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Abstract
Treatment of diseases affecting the posterior

segment of the eye with

intravitreal injections of drugs are effective yet invasive and associated with side
effects such as retinal detachment and endophthalmitis. Rapamycin (RAP) was
explored in eye research for chronic inflammatory disorders such as posterior
uveitis. Tacrolimus (TAC) suspension is used to treat moderate to severe
atopic keratoconjunctivitis (AKC) and vernal keratoconjunctivitis (VKC). This
study's objectives were to formulate the hydrophobic compounds: RAP and
TAC in aqueous eye drop formulations, with the overall aim of using these
formulations to treat posterior uveitis, AKC and VKC, respectively. A thin-f ilm
hydration method was used to encapsulate RAP and TAC within the chitosanbased amphiphile: N-palmitoyl-N-m onom ethyl-N,N-dimethyl-N,N,N-trim et hy l6-O-glycolchitosan (GCPQ). The formulations were characterised, and their
stability

studied

under

three

storage

conditions

for one month. The

biocompatibility of GCPQ was assessed by measuring the IC50 value in a
standard MTT assay. Experimental autoimmune uveitis (EAU) was used as a
mice model to explore how RAP would clinically function on retinal disease .
The ocular biodistribution of the formulations was studied in healthy rabbits,
and LC-MS/MS analysed

the ocular tissues.

Nanoparticles

formulation s

(GCPQ: RAP, 0.2% w/v) and (GCPQ: TAC, 0.1% w/v) were produced with
characteristics within the ocular comfort range. The formulations were stable
on refrigeration for one month. GCPQ demonstrates good biocompatibility in
3

vitro with IC50 ranging from 0.44–4.5 mg/mL. On topical application in vivo,
GCPQ delivered RAP to the rabbit choroid-retina one-hour post-dosing at
concentration 145±49 ng/g of tissue. The topical application of GCPQ: RAP
0.2% w/v on EAU mice model suppressed the disease progression. The TAC
concentrations in rabbit cornea and conjunctiva one-hour post-dosing were
4452±2289 and 516±180 ng/g of tissue, respectively. A topical ocular aqueous
RAP and TAC eye drop formulations have been prepared with the ability to
deliver sufficient drugs to the relevant ocular surface tissues.
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Impact statement
Topical ocular drug delivery with eye drops is commonly used in the treatment of
anterior segment disorders, such as allergic conjunctivitis. Severe allergic
conjunctivitis, i.e., atopic and vernal keratoconjunctivitis, is a sight-threatening
disease with no overall gold standard form of therapy. Patients with severe disease
are treated with anti-allergy drugs and corticosteroids. Prolonged steroid use is
associated with glaucoma and hence is not ideal. Therefore, the development of
alternate medications to improve patient compliance and avoid the side effects of
current treatment is necessary. Tacrolimus ointment has been shown to be
effective for patients with severe ocular allergic conditions. However, ointment
dosage form to the eye is not well tolerated by many patients. Hence, a simple
aqueous eye drops formulation of tacrolimus with sufficient eye exposure to cornea
and conjunctiva would circumvent steroids' side effects and improve patients'
compliance.
Efficient topical ocular drug delivery to the eye's posterior segment remains
challenging due to the eye anatomical and physiological barriers. Posterior
segment disorders, such as age-related macular degeneration and posterior
uveitis, require immediate clinical intervention to prevent vision loss. Patients
presenting with posterior eye diseases are offered injections into the eyeballs.
These intravitreal injections are effective but invasive and associated with ocular
complications, such as retinal detachment and increased intraocular pressure.
Intravitreal injections are associated with a significant burden on the patient’s
5

psychological health as well. Treatment-related anxiety is shared among the
patients before the injection. Other considerations include; the financial and travel
issues associated with the treatment. Therefore, developing non-invasive topical
eye drops would overcome most of these problems and enhance patient
compliance.
We used a known non-irritant, mucoadhesive, ocular penetration enhancer -Npalmitoyl-N-monomethyl-N,N-dimethyl-N,N,N-trimethyl-6-O-glycolchitosan

to

formulate the hydrophobic drugs, i.e., tacrolimus and rapamycin within positively
charged amphiphiles. This nanotechnology-based project seeks to uncover a new
drug delivery approach in a bid to target varied conditions such as allergic
conjunctivitis and posterior uveitis. We demonstrated the delivery of two novel eye
drops formulations containing tacrolimus and rapamycin to the anterior and
posterior segment of the eye upon single instillation to healthy rabbits, respectively.
Experimental autoimmune uveitis is being used as a mice model to study the preclinical impact of GCPQ: RAP formulation. GCPQ: RAP as an aqueous-based eye
drop formulation has been shown to suppress retinal inflammatory diseases. Thus,
this formulation may be used in the future as an alternative to invasive intravitreal
injection.
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HA

Hyaluronic acid

HCL

Hydrochloric acid

C0

Initial donor concentration

IFN

Interf eron

IL

Interleukin

IS

Internal standard

ICH

International Conference on Harmonisation

IRBP

Interphotoreceptor retinoid-binding protein

Ivitr

Intravitreal injection

IV

Intravenous

kDa

Kilo Daltons

LOD

limit of detection

LOQ

Limit of quantification

LCMS

Liquid chromatography–mass spectrometry

LLOQ

Lower limit of quantification

MDCK

Madin-Darby Canine Kidney cell line

mTOR

Mammalian target of rapamycin

MeOH

Methanol

MEM

Minimum Essential Medium Eagle

MET

Molecular envelope technology

MWCO

Molecular weight cut off

MRM

Multiple reaction monitoring

NMP

N-methyl-2-pyrrolidone

GCPQ

N-palmitoyl-N-monomethyl-N, N-dimethyl-N, N, N-trimethyl-6-O-glycolchitosan
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NFAT

Nuclear f actors of activated T-lymphocytes

NMR

Nuclear magnetic resonance

Mn

Number averaged molecular weight

ꭥ

Ohm

QD

Once a day

OChiPEG

O-octanoyl-chitosan-polyethylene glycol

PNS

Palmitic acid N-hydroxysuccinimide ester

pGC

palmitoylated GC

P-gp

Permeability glycoprotein

PTX

Pertussis toxin

PK

Pharmacokinetics

FBS

Fetal bovine serum

PBS

Phosphate buffer saline

PVA

Poly vinyl alcohol

PLGA

Poly(lactic-co-glycolic acid)

PDI

Polydispersity index

PEG

Polyethene glycol

PES

Polyethersulfone

PTFE

Polytetrafluoroethylene

QELS

Quasielastic light scattering

RAP

Rapamycin

QPR

Ratio of quaternary ammonium to palmitoyl groups

RI

Ref ractive index

ROR

Related orphan receptor

RH

Relative humidity

RT

Retention time

RPE

Retinal pigment epithelium
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RP-HPLC

Reversed phase HPLC

SMEDDS

Self -emulsifying drug delivery system

SNR

Signal to noise ratio

SEC

Size exclusion chromatography

C10

Sodium caprate

NaOH

Sodium hydroxide

SNP

Solubilising nanoparticle technology

SD

Standard deviation

SE

Standard error

SIRC

Statens Seruminstitut Rabbit Cornea

STK

Stock solution

TAC

Tacrolimus

IC50

The half maximal inhibitory concentration

TID

Three times a day

TJ

Tight junction

TEER

Transepithelial electrical resistance

TEM

Transmission electron microscopy

TEA

Triethylamine

TMC

Trimethyl chitosan

BID

Two times a day

UV

Ultraviolet

UK

United Kingdom

USA

United States of America

VEGF

Vascular endothelial growth factor

VKC

Vernal keratoconjunctivitis

Mw

Weight averaged molecular weight

WS

Working standards
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Stks

Working stocks solutions

XRD

X-ray diffraction

ZO

Zonula occludens
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1. Introduction
The eyes are a unique organ in contrast to other parts of the central nervous
system; the external eye is readily accessible for drug administration because it is
located outside the cranium 1. Conditions that affect the front of the eye may be
treated with topical eye drops 2. However, back of the eye diseases are commonly
treated as an entirely separate ocular region, and advanced delivery systems have
been designed for the back of the eye 2.
The eyes are one of the most critical and complex sensory organs; they act as a
gateway to collect external images and transmit them to the brain as signals
through the optic nerve 3. As a result, mechanisms exist for the clearance of foreign
materials from the cornea to maintain visual acuity. These clearance mechanisms
create difficulties in the development of formulations for ophthalmic therapy 4.
Three factors may have to be considered when attempting drug delivery to the
eyes; how the blood-eye barrier (systemic to ocular) or cornea (external to ocular)
is crossed to reach the site of action, how to localise the pharmacodynamic action
at the eye and minimise drug action on other tissues, and how to prolong the
duration of drug action such that the frequency of drug administration can be
reduced 4.
The complexity surrounding the physiology and anatomy of the eyes renders them
highly impervious to drugs and treatments

3.

The natural anatomical and

physiological ocular barriers to drug bioavailability have an impact on the ocular
pharmacokinetics 2. The ocular bioavailability is poor after eye drop administration
31

(< 5 %); this could be attributed to a relatively short contact time of the drug
(< 1 minute)

5

and rapid drug elimination from the eye 6. Thus, higher drug dosing

frequencies may be necessary; for example, pilocarpine eyedrops (1.0% w/v) are
administered 3-6 times daily, which may increase the risk of ocular side effects 7.
The increased risk of systemic side effects following oral and systemic
administration of a drug to treat targeted ocular tissues could limit the utility of
these routes of administration which necessitate high dosage to observe significant
therapeutic efficacy 4,8.
Conventionally, two significant segments govern the anatomy of the human eye;
the anterior segment and the posterior segment 9. Figure 1-1 shows the anterior
segment consists of the cornea, conjunctiva, aqueous humour, iris, ciliary body
and the lens, whereas the posterior segment comprises sclera, choroid, retina and
vitreous humour

10 .

32

Figure 1-1: Schematic diagram of the human eye.
The figure was drawn with Edraw Max software.

33

1.1.

Ocular drug delivery barriers

Drug delivery to the eye is challenging due to the presence of biological barriers
11 . Overcoming these

ocular barriers and delivering drugs efficiently to the targeted

ocular tissues is not trivial. Drugs are prevented from reaching targeted ocular
tissues by static and dynamic ocular barriers 3. In general, these barriers may be
classified based on their anatomical location and functional properties as anterior
and posterior segment barriers 3.
1.1.1. Anterior segment barriers
Static and dynamic barriers are the main anterior segment barriers. The static
barriers mainly include the cornea, conjunctiva, and blood-aqueous barrier (BAB).
The dynamic barriers mainly involve the production and drainage of tear and the
opposite directional flow of the aqueous humour 3.
1.1.1.1. Anterior segment static barriers
Cornea
The cornea is the outermost part of the anterior of the eye. It refracts and transmits
light to the lens and retina 2, and protects the eye against exogenous substances,
including topically applied drugs from penetrating deeper ocular tissues 3. The
ocular surface is coated with a mucus film layer of glycoproteins (mucins)

12 .

The

cornea has five distinct layers in which the stroma makes up to 90% of its thickness
4.

The corneal epithelium is the outer layer of the cornea, made of five to six layers
34

of epithelial cells 3, acts as a barrier to drug absorption because they are held
together and tightly bound by tight junction’s proteins such as zonula occludins-1
(ZO-1) 13. Due to the lipophilic nature of the corneal epithelium, it is considered as
the rate-limiting barrier for hydrophilic drugs 5, whereas the hydrophilic stroma may
act as a rate-limiting barrier for lipophilic drugs

3.

The corneal endothelium

monolayer has leaky tight junctions (200 times more permeable than the corneal
epithelium) that allow water and nutrients into the stroma from the anterior
chamber

14 .

Thus, the corneal endothelium represents a weaker barrier for drug

delivery as compared to the corneal epithelium 4.
Conjunctiva
Conjunctival tissue may act as a permeability barrier to topically applied drugs. The
conjunctiva expresses efflux protein such as permeability glycoprotein (P-gp) on
the cell membrane providing a primary barrier for drug delivery into ocular tissues
5.

The presence of the conjunctival blood capillaries can cause a significant drug

loss into the systemic circulation, thereby lowering the ocular bioavailability

8.

However, the conjunctiva is more permeable compared to the cornea; this is
mainly because of the larger paracellular pore diameter (3 nm ± 1.6) for the
conjunctiva and (2 nm ± 0.2) for the corneal epithelium

15 .

The conjunctiva has

approximately 230 times greater paracellular space than the cornea

15 , due

to the

conjunctiva larger surface area (17 cm 2) as compared to the cornea (1 cm 2) 16,17.
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Blood-aqueous barrier
Following systemic administration, drug delivery to the anterior segment of the eye
is limited by the presence of the BAB 5. This barrier is located in the uvea and is
composed mainly of the endothelial cells of iris-ciliary blood vessels and the nonpigmented ciliary epithelium

18 .

1.1.1.2. Anterior segment dynamic barriers
Tear drainage
The tear film is considered as one of the physiological obstacles against topically
applied drugs

11 . It

is produced by the lacrimal glands

2

and protects the eyes from

exposure to the external environment 2. The tear film is composed of three layers;
an aqueous layer, a superficial lipid layer, and a mucus layer adhering to the
corneal epithelium 2. Typically, the average tear volume in human is 7 μL 4 and the
average tear pH is 7.0 - 7.4 4. Thus, eye drops instilled with a pH lower than 6.6
and higher than 9.0 are commonly associated with irritation, reflex tears, and rapid
blinking 4, thus reducing the ocular bioavailability.
A dynamic equilibrium exists in the pre-corneal tear film as it goes through a
continuous cycle of production (0.5 - 2.2 µL/min), evaporation, and drainage 5.
Following topical ocular administration, the drug is primarily accumulated in a
conjunctival cul-de-sac and mixed with the lacrimal fluid 5. Most of the topically
administered solutions are washed away within just 15 - 30 seconds after
instillation 8. Hence, the majority of the administered drug is lost (~ 95 %)
36

8

as a

result of tear drainage into nasolacrimal ducts, tear dilution, and drug binding to
tear proteins 3, therefore reducing the ocular bioavailability 5.
Aqueous humour
The aqueous humour is an ocular fluid that is continuously formed in humans at
the rate of (2.5 μL/min) from epithelial cells of the ciliary body

19 . If

topically applied

eye drops traverse the corneal barrier, they may encounter the flow of the aqueous
humour. The aqueous humour flows towards the cornea and may cause drugs to
be drained out through the trabecular meshwork into the canal of Schlemm 20.
1.1.2. Posterior segment barriers
Static and dynamic barriers are the main posterior segment barriers. The static
barriers include the sclera, Bruch’s membrane, blood-retinal barrier (BRB), and
efflux pumps, whereas the dynamic barriers include choroidal blood supply and
lymph circulation 3.
1.1.2.1. Posterior segment static barriers
Sclera
The sclera is a tough fibrous tissue that protects the eye and maintains the eyes’
shape 2. Drug permeability through the sclera is mainly dependant on lipophilicity ,
molecular weight, and surface charge of the particles 3. With increasing lipophilicity
and molecular weight, the permeability through aqueous scleral pores may be
decreased

3,5

A study conducted on human sclera, utilising different molecular
37

weight compounds, found that the smallest molecular weight compound, 5fluorouracil (MW = 130 Da) had the highest permeability. In contrast, dextran 70
kDa (MW = 70,000 Da) had the lowest permeability

21 .

The charge of the particles

may have an effect on drugs to permeate the sclera

22 . Positively

charged particles

may exhibit high retention in the sclera presumably due to their binding to the
negatively charged proteoglycan matrix 8. Elsaid et al. reported that the positively
charged amphiphilic chitosan derivative, O-octanoyl-chitosan-polyethylene glycol
graft copolymer allows for strong electrostatic interaction between the micelles and
the negatively charged proteoglycan matrix of the sclera

23 . This

resulted in higher

scleral retention of the micelles which could prolong the sclera residence time of
the drug

23 .

Bruch’s membrane
The Bruch’s membrane regulates the exchange of nutrients, fluids, metabolic
waste, oxygen and biomolecules between the choroidal blood circulation and the
retina
24 .

24 . It is

located between the retinal pigment epithelium (RPE) and the choroid

During disease states such as age-related macular degeneration (AMD), the

thickness of the Bruch’s membrane increases, resulting in the accumulation of
extracellular debris

3

and subtherapeutic drug concentrations in retinal tissues

38

25 .

Blood-retinal barrier
BRB may be divided into the inner and outer BRB. The inner BRB comprises retinal
capillary endothelial cells, whereas the outer BRB comprises tight junctions of the
RPE cells 26. The BRB limits the drug from accessing the posterior segment of the
eye from the blood 8. It primarily regulates the transfer of drugs from the eye after
intravitreal injection and into the eye following systemic and topical administration
27 .

Efflux pumps
Efflux pumps such as P-gp that are expressed on the apical and basal sides of
human RPE have been reported

28 .

At the cellular level, these efflux pumps are

actively involved in reducing the intracellular drug concentrations and act as a
significant barrier to drug delivery 3.
1.1.2.2. Posterior segment dynamic barriers
Choroidal blood supply and lymph circulation
Since the choroid is a highly vascularised tissue containing ~ 80% of the total
ocular blood supply and supplied with lymph vessels 3, topically applied drugs may
be drained into the systemic circulation leading to subtherapeutic
concentrations in retinal tissues 3.
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drug

1.2.

Factors affecting ocular drug permeation

1.2.1. Ionisation and pH
The aqueous solubility of a drug depends on the extent of its ionisation, and in
general, drugs in an ionised state are more readily soluble than the unionised
drugs

29 .

To be effectively absorbed across the cornea, the drug must exhibit

differential solubility, i.e. ionised and unionised forms coexist

30 .

The unionised

form is required to partition into and diffuse across the corneal epithelium. The
stroma is predominantly aqueous, and therefore ionisation of the drug must occur
to enable partitioning into this phase

30 . Following

diffusion to the interface between

the stroma and the endothelial layer, the absorption of the unionised form occurs
30 .

Hence, for drugs to be well absorbed through the cornea, they may need to

have a mixed hydrophilic/lipophilic nature with an intermediate partition coefficient
4.

The eye can tolerate topical ophthalmic preparations at a pH range of 6.6 - 9.
Formulations close to the physiological tear pH (7.0 - 7.4) 4 are preferable to avoid
discomfort and increased lacrimation 2.
1.2.2. Osmolarity
The tonicity of human tears may influence ocular drug delivery. Osmosis occurs
as the particles traverse the semipermeable membrane from an area of high solute
concentration to an area of low solute concentration until equilibrium is reached,
and the pressure responsible for this movement is called osmotic pressure
40

31 . The

normal tear film osmolarity is between (288 - 293 mOsmo/L) 4, and the body fluids,
including blood and tears, have an osmotic pressure corresponding to that of 0.9%
w/v sodium chloride

31 . Eye

drops should be isotonic to minimise cell damage and

maximise drug efficacy 32. Thus, solutions with a lower osmotic pressure than body
fluids are commonly called hypotonic, whereas hypertonic solutions have a higher
osmotic pressure than body fluids

31 .

Theoretically, when a hypertonic solution is

applied to the eye, it may encourage the passage of water from the site of an
ophthalmic application through the tissues of the eye, which may result in
dehydrating effect on the corneal epithelium 2. Conversely, a hypotonic solution
tends to draw water from surrounding tissues toward the site of the topical
application causing oedema

31 .

1.2.3. Viscosity
An optimum viscosity value is necessary for topical eye drops formulations.
Viscosity enhancing materials may be used in ophthalmic solutions to improve the
precorneal residence time and enhance drug absorption

2.

This increased

precorneal residence time may be due to a reduction in tear drainage rate 2. A high
viscosity value was reported to have an impact on the rate of tear drainage

33 .

viscosity value of ~ 2.0 mPa.s was reported for topical ophthalmic application

A

34.

As compared to water’s viscosity at room temperature (0.89 mPa.s) 35, a viscosity
value of ~ 2.0 mPa.s may enhance the precorneal residence time.
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1.3.

Ocular drug distribution

The ultimate goal of topical ocular drug delivery systems is to maximise the ocular
drug absorption with minimum systemic absorption 5. The concentration of drugs
reaching the intraocular tissues is determined by the rate of drug uptake by the
cornea and the rate of drug loss from the precorneal area 4. Drug diffusion and
distribution into the posterior tissues of the eye after topical administration may
occur via several pathways as following
-

36

(Figure 1-2):

Diffusion across the conjunctiva and the sclera followed by penetration into the
Bruch’s membrane and the RPE.

-

Direct entry through the cornea to the intraocular tissues.

-

Absorption into the systemic circulation either through the conjunctival vessels
or via nasolacrimal duct and eventually systemic delivery to the retinal vessels.

42

Topical Administration

Conjunctival Route

Corneal Route
Cornea

Aqueous
Chamber
Intraocular
Tissues

Lateral Diffusion

Conjunctiva

Sclera

Posterior
Chamber
(iris)
Choroid

(Bruch’s
Membrane)

Systemic Route

Posterior Tissues

Figure 1-2: Drug distribution pathways to the back of the eye following topical
administration.
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1.4.

Routes of ocular drug administration

Diverse ocular routes of administration have been utilised to achieve successful
drug delivery to the eye, reduce side effects, and enhance patient compliance.
Typically, there are four modalities exploited to deliver drugs to the eye: topical,
systemic, periocular/transscleral,

and intraocular

injection

37 .

Table

1-1

summarises various routes of ocular drug administration.
Topical ocular administration is the most common route for eye delivery, and the
majority of ophthalmic drug formulations are in the form of eye drops 4. It is the
preferred route for complications associated with the anterior segment, owing to
its ease of access and patient compliance. The inability to sustain high local drug
concentration of drugs and the relatively short contact time with the eye are
significant problems with eye drop formulations 4.
The systemic administration of drugs to treat ocular disorders mainly involves
conditions affecting the optic nerve, retina, and uveal tract 4. However, drug
delivery to the anterior and posterior segment of the eye following systemic
administration is limited due to the presence of BAB and BRB 38. Less than 2% of
plasma drug concentrations are present in the vitreous humour; thus, frequent high
doses are generally required with a risk of systemic side effects 5.
Periocular or transscleral ocular drug delivery involve; retrobulbar, sub-tenon, subconjunctival, and posterior juxtascleral administration

39 .

Furthermore, intraocular

administration is intended to deliver drugs to the eye either anteriorly via
intracameral or posteriorly through intravitreal and suprachoroidal injections.
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Table 1-1: Comparison of different properties of ocular routes of administration.
Routes of administration

Adverse events

Duration

- Conjunctival redness and
irritation.

30 min – 4
hr.

•
•
•
•
•

High tear dilution and turnover rate.
Cornea, conjunctiva, sclera, choroid,
RPE act as barriers.
Involve the presence of efflux pumps.
Bioavailibiltiy (< 5%).
Involve the presence of BAB, BRB.
High dosing causes toxicity.
Bioavailibiltiy (< 2%).

- Minimum local exposure.
- High systemic exposure.

< 30 min.

o Delivery to the anterior and

•

Conjunctival and choroidal circulation.

- Haemorrhage.

3 months.

Sub-tenon

o High vitreal drug level.
o Mild systemic exposure.

•
•

RPE acts as a barrier.
Injection risk.

- Haemorrhage.

Six hr – 1
month.

•

Injection risk.

Retro-bulbar

o High local dose of anaesthetic.
o Minimum influence on

- Retro-bulbar
haemorrhage.
- Globe perforation.

Up to 3
hours.

o The site for depot formulations.
o Sustain drug in macula for up

•

- Increase in intraocular
pressure

6 months.

o Comprise the direct delivery to

•
•
•

Invasive.
Poor patient compliance.
Expensive.

-

21 hr – 7
weeks.

•

Injection risk.

- Toxic anterior segment
syndrome.
- Toxic endothelial cell
destruction syndrome.

Up to 3
hours.

- Associated with the
steroids drugs.
- Ocular pain.

4– 6
months.

Topical

Sub-conjunctival

Posteriorjuxtascleral

Intravitreal

Intraocular

Challenges

o High patient compliance.
o Non-invasive.

•
•

o Patient compliance.
o Non-invasive.

Systemic

Periocular

Benefits

posterior segment.
o The site for depot formulations.

Intracameral

chamber.
o Used for anaesthetic agents.

o Reduced exposure to the
Supra-choroidal

Surgery.

to 6 months.

o High drug level in the anterior

vitreous and anterior segment.
o High exposure to choroid and
retina.
o Mild systemic exposure.

4,37

4,5,37,38

37,39

intraocular pressure.

vitreous and retina.
o Sustain the drug level.
o Evades BRB.
o Bioavailability (100%)

Ref.

• Pressure from injection on the ocular
surface.
• Patient discomfort.
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Retinal detachment.
Haemorrhage.
Cataract.
Endophthalmitis.

37,39

37,39

37,39,40

37,39

37,39

37,39,41

1.4.1. Topical eye drops for the back of the eye diseases
Up to date, there are no eye drops formulations on the market to target the back of
the eye diseases. Few candidates in clinical trials (Table 1-2) have been tested for
the feasibility of using eye drops to manage back of the eye diseases. Briefly,
regorafenib (30 mg/mL) and pazopanib (5, 10 mg/mL) are multikinase inhibitors
formulated as eye drops suspensions that are being developed by Bayer
(Leverkusen, DE) and GlaxoSmithKline (Middlesex, UK), respectively. Abruptly,
both drug entities were terminated after phase II trials due to insufficient exposure
in the back of the eye

42,43 .

Phase II clinical trials were conducted in 2010, for

studying the efficacy of topical mecamylamine solution (10 mg/mL), a nicotinic acid
receptor antagonist developed by CoMentis, Inc., (San Francisco, USA), in patients
of diabetic macular oedema (DME) receiving maintenance injections of either
ranibizumab or bevacizumab. There were no serious adverse events and no drugrelated adverse events, but only 38% of the patients showed visual improvement
44 .

PAN-90806 is a small molecule selective VEGF receptor antagonist that has been
developed in clinical trials. This cyclodextrin-based PAN-90806 (2, 6, 10 mg/mL)
was developed by PanOptica, Inc. (New Jersey, USA) to treat wet AMD. Phase I
clinical trial was completed in 2016 with an advance to Phase II. In pre-clinical
studies, PAN-90806 showed comparable performance to intravitreal anti-VEGF
However, there is no news on the progress of this formulation.

46

45.

Table 1-2: List of topical eyes drops in clinical trials for the back of the eye diseases.
Drug

Formulation

Model

Method

Regorafenib

- Monohydrate oil
suspension.
- 30 mg/mL.

Phase II
terminated.

- One drop (25 μL)
TID for 12 weeks

- Lactate solution.
- 2 mg/mL.

Phase III
failed.

- One drop BID for
nine months in
combination with
Lucentis® injection.
- Initial results after
ten weeks.

Squalamine
(OHR-102)

Pazopanib

- Eye drops
suspension
- 5, 10 mg/mL

Phase II
terminated.

Mecamylamine
HCL
(ATG-003)

- An ophthalmic
solution
containing
benzalkonium
chloride
- 10 mg/mL.

Phase II
completed.

PAN-90806

- Cyclodextrinbased eye drops
solution.
2, 6, 10 mg/mL

Phase I
completed.

Different
concentrations and
frequencies are
utilised in
comparison to
intravitreal
ranibizumab.
- Twice a day for 48
weeks.
- Two trials; one with
(ranibizumab or
bevacizumab) in wet
AMD, and the other
with DME.
Different
concentrations and
frequencies are
utilised

Results

Comments

- The study was terminated after
completion of Phase II because
efficacy was not sufficient.
- There were no drug-related safety
concerns.
- Patients receive a combination of
topical OHR-102, and Lucentis®
achieved better visual acuity than
the control group who received
Lucentis® only.
- Retrospective subgroup analysis
failed on phase III.
- Lack of efficacy identified during
preliminary analysis.
- Pazopanib treatment did not reduce
as needed ranibizumab injections by
≥ 50% (prespecified efficacy
criterion).

-

Multikinase inhibitor
For wet AMD
Developed by Bayer
It terminated in 2016.

- 8/21 patients showed improvement
in wet AMD.
- 38% of patients with DME showed
spontaneous improvement.
- 4/21 patients showed progression of
DME.

- Nicotinic acetylcholine receptor
antagonist.
- For wet AMD, and DME.
- Developed by CoMentis.
- Phase II completed in 2010.

- Pharmacokinetics data showed that
drug concentration continued up to
17 hours after dosing.
- Animal studies showed comparable
performance to intravitreal VEGF.

- Small-molecule selective
VEGF receptor antagonist
- For wet AMD, diabetic
retinopathy.
- Developed by Pan-Optica
- Phase I completed 2016.

- Aminosterol that binds
intracellular calmodulin to
inhibit angiogenesis
- For wet AMD
- Developed by OHR
Pharmaceuticals.
-

Multikinase inhibitor
For wet AMD
Developed by GlaxoSmithKline
Phase II terminated in 2014.

AMD: age-related macular degeneration, QD: once a day, BID: two times a day, TID: three times a day, VEGF: vascular endothelial growth factor.
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42,43

46,47

43

44
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1.4.2. Intravitreal injections for the back of the eye diseases
Current therapeutic approaches to treat back of the eye diseases are mainly by
invasive intravitreal injections

48 .

Nevertheless, it is still the only efficient route of

administration owing to its 100% bioavailability at the site of action

49 .

Table 1-3

shows the intravitreal injections that are currently on the market.
Pegaptanib sodium (Macugen®) is the first antiangiogenic medication that has been
approved in 2004 to treat wet AMD

50 .

It is a PEGylated aptamer that binds to

extracellular vascular endothelial growth factor. Macugen® was developed by
Eyetech Pharmaceuticals (New York, USA) and is administered once every six
weeks

50 .

Bevacizumab (Avastin®) is an anti-VEGF humanised full-length

monoclonal antibody utilised as an off-label medication to treat wet AMD 51. Avastin®
has first received the approval to treat colon cancer in 2004, and it was developed
by Genentech Inc. (San Francisco, USA)

51 .

The markedly lower cost of

bevacizumab as compared to similarly effective drugs such as ranibizumab has led
to its adoption for the treatment of exudative AMD. Ranibizumab (Lucentis®),
developed by Genentech Inc. (San Francisco, USA) is an anti-VEGF humanised
fragment monoclonal antibody that received the FDA approval in 2006 to treat wet
AMD and DME 52. Aflibercept (Eylea®) is a recombinant fusion protein that has been
approved in 2011 for wet AMD, and this drug was developed by Regeneron
Pharmaceuticals, Inc. (New York, USA)

53 .

Recently, brolucizumab (Beovu®)

developed by Novartis (Basel, Switzerland), approved by the FDA in October 2019,

48

was followed by European Commission approval for use in the European Union in
February 2020, for the treatment of wet AMD 54.

Table 1-3: Current intravitreal medications available on the market to treat back of
the eye diseases.
Drug

MOA

Formulation

Dose

Pegaptanib
Sodium
(Macugen®)

Anti-VEGF that
binds to
extracellular
VEGF.
Anti-VEGF
humanised
monoclonal
antibody.

PEGylated
pegaptanib
sodium aptamer

- 0.3 mg/90 µL.
- Once every 6
weeks.

Full-length
antibody

- 1.25 mg/50 µL.
- Once every
month

£50

Anti-VEGF
humanised
fragment
monoclonal
antibody.

Antibody
fragment

- 0.5 mg/50 µL.
- Once every
month.

£742

Anti-VEGF

Recombinant
fusion protein

- 2 mg/50 µL
- Once per month
for three months,
followed by one
dose every two
months.

£816

- 6 mg/50 µL
- Once every 8-12
week

£1360

Bevacizumab
(Avastin®)

Ranibizumab
(Lucentis®)

Aflibercept
(Eylea®)

Brolucizumab
(Beovu®)

Anti-VEGF

Humanised
single-chain
antibody
fragment
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Cost/
dose
£514

Comments
- Approved in
2004.
- For wet AMD.
- 50 kDa.
- Approved in
2004 for colon
cancer.
- Off-label in wet
AMD.
- 148 kDa.
- Approved in
2006.
- For wet AMD.
- 48 kDa.
- Approved in
2011.
- For wet AMD,
macular
oedema.
- VEGF trap-eye.
- 115 kDa.
- Approved in
2019.
- For wet AMD

Ref.

50

51

52

53,55

54

However, despite encouraging outcomes in halting the disease and improving the
vision, intravitreal injection of anti-VEGF agents may be associated with devastating
ocular complications and systemic adverse events

56 .

Table 1-4 describes the

adverse events and complications associated with intravitreal injection

56 .

The mainstream ocular complications that are shared among patients receiving
intravitreal injections and are not related to underlying ocular diseases are; ocular
haemorrhage (10% of patients), intraocular inflammation (up to 2.9% of patients),
endophthalmitis (1.6% of patients), and injections related intraocular pressure
elevation

56 .

However, within specific ocular diseases such as AMD and diabetic

retinopathy (DR), tear in RPE (up to 27%) and retinal detachment (5.2%) were
observed in patients receiving intravitreal injections

56 .

Although anti-VEGF therapies are highly effective in treating wet AMD and diabetic
macular oedema, a monthly intraocular injection is not an ideal drug delivery
platform, and it is hard to maintain patient compliance

57 .

Intravitreal injections are

associated with a significant burden on the patient’s psychological health as well.
Treatment-related anxiety is shared among the patients before the injection

58 . Other

considerations include; the financial and travel issues associated with the treatment
58 .
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Table 1-4: Adverse events and complications associated with intravitreal injection.
Adopted from 56.
Adverse events and complications associated with intravitreal injection
Unrelated to the underlying ocular disease
Adverse event
Endophthalmitis

Intraocular
inflammation
Rhegmatogenous
retinal detachment
Intraocular pressure
elevation
Ocular haemorrhage
Systemic safety

Related to specific ocular disease

Observation

Disease

In multicentre clinical trial
(0.019% - 1.6 %).

Diabetic
retinopathy, retinal
vascular occlusion
AMD

With ranibizumab (1.4% -2.9%).
With bevacizumab (0.09% 0.4%).
(0%-0.67%).
Injection procedure-related and
develops in a few hours.
Subconjunctival haemorrhage
(10%).
Out of 1173 patient receiving
bevacizumab for 12 months, 18
(1.5%) showed the following:
- Blood pressure elevation
(0.59%).
- Cerebrovascular accidents
(0.5%).
- Myocardial infarction (0.4%).
- Deaths (0.4%).
- Iliac artery aneurysm (0.17%)
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Adverse
event

Observation

Tractional retinal
detachment

(5.2%) majority
within 5 days

Tear of retinal
pigment
epithelium

(0.06% - 27%)

1.5.

Common back of the eye diseases

Globally, the estimated number of people visually impaired in the world is 285 million,
39 million blind and 246 million having low vision. According to the World Health
Organization statistics, 65 % of people are visually impaired, and 82% of all blind
patients are aged 50 years and older

59 .

Ocular disorders are commonly classified by whether they affect the anterior or
posterior segment. The most prevalent disorders that can affect the posterior or back
of the eye are; age-related macular degeneration, diabetic macular oedema, diabetic
retinopathy 5, and noninfectious posterior uveitis

60 .

There is a substantial global public health burden of AMD. Generally, AMD is the
leading cause of blindness, with 8.7% of individuals over the age of 60 years
suffering from the disease

61 .

Over 600,000 people in the United Kingdom are

affected by AMD, and the number may increase as the population ages

62 .

A

systemic analysis projected the number of people globally that will be suffering from
AMD in 2020 would be around 196 million, increasing to 288 million in 2040

61 . AMD

is defined as an abnormality of the retinal pigment epithelium that leads to
degeneration of the overlying
loss of central vision

1.

photoreceptor cells in the macula and consequent

The disease is characterised by the accumulation of

membranous debris underneath the RPE basement membrane, which forms drusen.
Drusen are small, yellowish extracellular deposits of lipid, cellular debris and protein,
including

complement components,

anaphylatoxins,

modulators,

and high-

temperature requirement A serine peptidase 1. The formation of drusen can be
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caused by RPE dysfunction or by a change in the composition or permeability (to
nutrients) of Bruch’s membrane 1. There are two major categories of AMD: early “dry
or non-exudative”, and an advanced “wet or exudative”. Dry AMD is not associated
with loss of vision and accounts for 85% of the AMD cases. It is characterised by the
presence of drusen, and hyper- or hypo-pigmentation of the RPE 1. In contrast,
advanced AMD is usually associated with loss of vision and accounts for 15% of the
AMD cases. It can be further classified into geographic atrophy, which is
characterised by atrophy of the RPE and photoreceptor cells, or choroidal
neovascularisation

1.

Wet AMD is associated with the growth of abnormal blood

vessels into the subretinal space
been

implicated

in

choroidal

1,63 . Vascular

endothelial growth factor A has

neovascularisation

and

increased

vascular

permeability, resulting in loss of vision. It is produced by many ocular cell types in
response to hypoxia and has multiple functions in the eye. It stimulates endothelial
cell growth, promotes vascular permeability and induces dissociation of tight junction
components 1.
Diabetic retinopathy is a microvascular complication of diabetes that is characterised
by increased vascular permeability in the initial stages of the disease and a
consequent loss of vision

64 .

Diabetic retinopathy is the leading cause of blindness

and visual impairment in working-age individuals over the 30 years 1. A metaanalysis study was conducted to estimate the prevalence of blind people or visually
impaired because of DR from 1990 to 2010. Globally in 2010, out of overall 32.4
million blind and 191 million visually impaired people, 0.8 million were blind, and 3.7
million were visually impaired because of DR, respectively
53

65 .

A pooled analysis of

studies (35 studies, 22,869 patients) from 1980-2008 provided a global estimate of
the prevalence of the stages of DR. Among all diabetic patients, the overall
prevalence of DR is estimated to be 34.6%, 6.96% for the proliferative DR, 6.81%
for the diabetic macular oedema, and 10.2% for the vision-threatening diabetic
retinopathy

66 .

Uveitis is a condition that involves inflammation of the uveal tract

67 .

It is mainly

categorised based on the site of the inflammation into anterior, intermediate,
posterior, and panuveitis. Anterior uveitis is the most common encountered class,
and posterior uveitis constitutes 15% – 22% of all cases of uveitis

60 . Posterior

uveitis

is an intraocular inflammatory disease that affects the retina and choroid. It is
classified as an autoimmune disease because of the involvement of effector CD4+T
cells

68 .

Some

uveitis

conditions

are

associated

with

specific

Human Leukocyte Antigen associations and common responses to retinal antigens
69–71 . Uveitis

is the fifth most common cause of visual loss in the developed world

72 .

Uveitis accounts for 10% to 25% of all cases of total blindness in the developing
world, with significant vision loss occurring in up to 35% of children and adults

41,73.

The incidence of uveitis has been estimated between 17 and 52 per 100,000 of the
population annually, and the prevalence as 38 – 714 cases per 100,000 of the
population

73 .
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1.6.

Common front of the eye diseases

Common anterior or front of the eye diseases include; cataract, dry eye, glaucoma,
and allergic conjunctivitis
of world blindness
the vision

75 .

74 .

10 . Cataracts

have been reported to be responsible for 51%

Cataract is defined as an opacity of the lens that deteriorates

The oxidative stress is a significant factor in the genesis of senile

cataract (the commonest cataract type). The oxidative processes upsurge with age
in the human lens and concentration of proteins found is significantly higher in
opaque lenses. This leads to breaking down and aggregation of protein and
culminates in damage to fiber cell membranes. Advanced that in the ageing eye,
barriers develop that prevent glutathione and other protective antioxidants from
reaching the nucleus in the lens, making it susceptible to oxidation
surgery is the most common approach to manage the disease
might be not available in many countries

77 ,

76 .

Cataract

but this approach

78 .

Dry eye disease is a multifactorial disease of the ocular surface with loss of
homeostasis of the tear film

79 . Dry

eye disease is characterised by instability of the

tear film that can be due to an insufficient amount of tear production, which results
in increased evaporation of the tears. Therefore, the dry eye can be divided into two
groups: aqueous production deficient, and evaporative dry eye disease

80 .

Tear-

deficient dry eye due to the poor production of tears by the tear glands is found in
older patients, postmenopausal women, and patients with autoimmune diseases
such as Sjogren’s syndrome and rheumatoid arthritis

80 .

Also, the dysfunction of the

lacrimal functional unit causes changes in the composition of the tear fluid and tear
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film stability leading to inflammation of ocular surface 80. Therefore, the eye does not
produce adequate tears as an anti-inflammatory component of the eye is lacking,
and irritation of the eye is not controlled. This causes activation of inflammatory cells,
including T-lymphocytes by the immune system of the body. T-cells release
cytokines, which causes inflammation of ocular surface and glands, thereby resulting
in abnormal tears and dry eye symptom

80 .

Evaporative loss of tear fluid and dry

eyes are usually associated with inadequate lipid layer. The lipid layer stabilises and
retards evaporation of the underlying aqueous layer

80 .

Also, environmental factors

such as; contact lens wear, or reduced blinking because of driving, and computer
work are associated with evaporative dry eyes disease

80 . In

epidemiological studies

performed globally, dry eye disease prevalence ranges from 5 - 50 %

81 .

Inflammation on the surface of the eye may be controlled with prescription eye drops
that contain cyclosporine (Restasis®) or corticosteroids
steroid use is associated with glaucoma

83

82 .

However, prolonged

and hence is not ideal.

Glaucoma is a common eye condition where the optic nerve becomes damaged. It
is caused by fluid building up in the front part of the eye, which increases pressure
inside the eye 84. Glaucomas can be classified into two broad categories: open-angle
and angle-closure glaucoma

85 .

In patients with open-angle glaucoma, there is

increased resistance to aqueous outflow through the trabecular meshwork. In
contrast, access to the drainage pathways is obstructed by apposition of the iris in
patients with angle-closure glaucoma
irreversible vision loss worldwide

86 .

85 .

Glaucoma is the leading cause of

The global prevalence of glaucoma for

populations aged 40 - 80 years is 3.54%. In 2013, the number of people (aged 40 56

80 years) with glaucoma worldwide was estimated to be 64.3 million, increasing to
76.0 million in 2020 and 111.8 million in 2040

87 .

Allergic conjunctivitis is caused by an allergen-induced inflammatory response in
which allergens interact with IgE bound to sensitized mast cells resulting in the
clinical ocular allergic expression. The pathogenesis of allergic conjunctivitis is
predominantly an IgE-mediated hypersensitivity reaction. Activation of mast cells
induces enhanced tear levels of histamine, tryptase, prostaglandins and leukotrienes
88 .

Allergic conjunctivitis affects 6 – 30% of the general population in Europe, with

25% of cases involving severe and persistent disease

89 . Vernal

keratoconjunctivitis

(VKC) and atopic keratoconjunctivitis (AKC) represents two severe forms of ocular
allergies

90

that affect 4 – 39% of allergic conjunctivitis patients, depending on

geographical location

89

and age

91 .

overall gold standard form of therapy

VKC is a sight-threatening disease with no
92 .

AKC is also a sight-threatening condition

which affects adults mostly and is usually present as a co-morbidity with atopic
dermatitis

93 .

Patients with severe disease are treated with anti-allergy drugs, and

corticosteroids and treatment are frequently inappropriate
is associated with glaucoma

83

89 .

Prolonged steroid use

and hence is not ideal, especially with the younger

patients.
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1.7.

Ocular drug delivery systems in the development

Novel drug delivery systems are required to overcome the eye’s anatomical and
physiological barriers and, most importantly, improve patient safety and compliance.
Despite the challenges in manufacturing efficient ocular drug delivery systems, many
innovative approaches are being developed. Table 1-5 briefly describes the various
ocular drug delivery system technologies and devices currently in progress

94 . These

technologies target anterior and posterior eye diseases and are focused on
overcoming the inherent shortcomings of existing therapies, such as short ocular
contact time, low ocular bioavailability, high dosing frequency, limited drug
penetration and invasiveness of treatments

94 .

Lacrimal puncta are natural openings located in the inner part of the top and bottom
eyelids. A punctual plug developed by Angiotech Pharmaceuticals Inc. (Vancouver,
CA) is an FDA approved medical device inserted into the puncta to block tear
drainage. Ocular Therapeutix Inc. (Massachusetts, US), developed OTX-TP that
delivers travoprost to the ocular surface for open-angle glaucoma and ocular
hypertension via an intracanalicular punctual plug for up to 3 months. It consists of
a PEG-based hydrogel with embedded travoprost–loaded PLA microspheres

95 . Mati

Therapeutics, Inc., (Texas, US), also developed (Evolute® latanoprost) to treat
open-angle glaucoma and ocular hypertension

94,95 .

However, foreign body

sensation post-placement may be a significant deterrent in some patients

95 .

Ocular inserts are sterile drug-loaded micro-devices placed in or around the eye to
release therapeutic drugs over a prolonged duration. Di-(ethylhexyl)phthalate,
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ethylene-vinyl acetate formulated-pilocarpine (Ocusert®), and bimatoprost-loaded
silicon matrix inserts are two examples to treat glaucoma

95 .

Patient education and

age continue to be a significant challenge for successful use of the inserts as it
requires a refined manual technique to place the insert with weekly replacement.
The difficulty of device insertion, irritation during insertion, and ejection of the device
from the eye are other challenges in ocular inserts

95 .

The ease of availability and application of contact lenses make them an ideal drug
delivery system for anterior segment diseases such as glaucoma. Vinyl pyrrolidone
loaded-pilocarpine and vitamin E loaded-timolol are examples of ocular contact
lenses. However, the decreased ion and oxygen permeability and lens-related
infections due to continuous wear significantly limit the application of contact lenses
for drug delivery

95 .

Ozurdex is a degradable PLGA-dexamethasone intravitreal implant produced by
Allergan plc (Dublin, IR)

96 .

This implant was approved in 2010 to treat macular

oedema and noninfectious uveitis
pars plana

beneath

97 . Refillable

intraocular implants are placed in the

the conjunctiva using standard

surgical procedures.

Ranibizumab is a refillable implant (every 6 months), being investigated in clinical
trials for neovascular age-related macular degeneration

98 . In

phase II clinical trial, >

80% of patients could go beyond 6 months without needing a refill

98 .

The authors

concluded that the implant had similar efficacy to the monthly dosing regimen of
intravitreal ranibizumab

98 .

However, these implants are invasive and require a

procedure for implantation in the eye. Following injection, patients may be at risk for
potential complications, including the development of severe eye infection or
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increased eye pressure. The subsequent surgical procedures to remove the
refillable implants make them a less favourable choice for drug delivery

95 .

Gene therapy has been explored as a potential treatment for retinal conditions
ranging from AMD to rare hereditary diseases, such as Leber’s congenital
amaurosis. Luxturna® (voretigene neparvovec) is a prescription gene therapy
product used for the treatment of patients with inherited retinal disease due to
mutations in both copies of the RPE65 gene

99 .

Luxturna®, developed by Spark

Therapeutics (Pennsylvania, US), has received FDA approval in 2018. It is given as
a surgical injection beneath the retina of each eye. After the first eye is treated, the
second eye will be treated at least 6 days later

60

100 .

Table 1-5: Summary of ocular drug delivery technologies in development.
Target
Segment

Technology

Punctual plug 94,95

Anterior

Topical inserts 95

Contact lenses 95

Iontophoresis 101

Polymeric

96,97

Implants

Posterior

Refillable 98

Encapsulated
cells 102

Gene therapy 99,100

Particulate system 103–107

Description

Indication

Example

- Drug loaded polymeric medical
device
- Reside in puncta to release the
drug over time
- Biodegradable
- Non-invasive
- Rests under the eyelids over the
sclera to release the drug over
time
- Non-degradable
- Non-invasive

- Glaucoma
- Allergic
conjunctivitis

- OTX-TP
- Evolute
latanoprost

- Glaucoma

- Ocusert

- Drug-containing soft contact
lens
- Function as a contact lens and
drug reservoir to release the
drug over time.
- Non-degradable
- Non-invasive
- A wearable electrical device.
- Low-amplitude electrical
current to promote the
migration of a charged drug
substance across the biological
membrane
- Non-invasive
- Can deliver to posterior as well.
- Drug-containing polymer
- Implanted in various ocular
compartments
(subconjunctival or intravitreal)
to release the drug over time
- Biodegradable
- Posterior and interior
- Invasive
- Refillable drug containing a
reservoir
- Placed in the subconjunctival to
release the drug over time
- Non-degradable
- Initial implantation is invasive,
but refills are minimally invasive
- Cells containing reservoir
- In vivo production of therapeutic
protein over time
- Invasive

- Glaucoma

- Vinyl pyrrolidone
loadedpilocarpine
- Vitmine E loadedtimolol

- Dry eye
- Anterior
uveitis

- Charged
formulation of
dexamethasone
phosphate
(Eygate II)

- Posterior
uveitis
- Retinitis
pigmentosa
- Glaucoma

- PLGAdexamethasone
(Ozurdex)

- Wet AMD

- Ranibizumab

- Wet AMD
- Retinitis
pigmentosa
- Glaucoma

-

- The viral vector-based delivery
system
- Injected into ocular
compartments to deliver genetic
material
- Invasive
- Various drugs containing
particulates (polymeric,
liposomes)
- Biodegradable
- Posterior and interior
- Topical or injectable

- Leber’s
congenital
amaurosis.

61

- Ocular
inflammation
- Dry eye
- Glaucoma
- Wet AMD

ARPE-19 cells

- Luxturna®
(voretigene
neparvovec)

- Dexamethasone/
cyclodextrin
complexes
(OCS-01)
- Hyaluronic acidbased (OBG)
- NM134 (MET)

1.7.1. Strategies for improving eye drops ocular drug bioavailability
The main inconvenience of conventional eye drops is the rapid washout of the drugs
due to nasolacrimal drainage or ophthalmic barriers

108 .

The ocular drug

bioavailability can be improved by either prolonging retention time in the cul-de-sac
using viscosity enhancers and mucoadhesive agents, or by increasing the ocular
permeability by using penetration enhancers, prodrugs and colloidal systems such
as nanoparticles

108 .

Nanotechnology may have an impact on topical ocular drug delivery in the future.
Due to nanotechnology, it may be added to control the drug release at the target
site, prolong the drug residence time on the precorneal area and enhance corneal
permeation, and be amenable to surface modification that may enhance the
targeting to a specific receptor

5,109,110 .

Cyclodextrins (CDs) are natural cyclic oligosaccharides that are formed by bacterial
digestion of starch

103 . CDs

are cone-shaped with a hydrophilic outer surface and a

lipophilic central cavity 103. CDs can form hydrophilic inclusion complexes, guest/host
complexes where the lipophilic drug is the guest, and the CDs is the host

103 .

The

complex is kept together as the drug sits in the hydrophobic core of the cyclodextrin
molecule. Oculis Pharmaceuticals (Lausanne, CH) has developed a new technology
called solubilising nanoparticle (SNP) technology. The SNP technology uses a novel
formulation approach incorporating drug/cyclodextrin complexes to address: the
limited solubility of drugs in eye drop formulations, the quick removal by tear flow,
and the inability to deliver drugs to the retina
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104 .

One of the leading compounds

developed by Oculis is OCS-01 that is investigated for diabetic macular oedema.
The OCS-01 comprises dexamethasone/cyclodextrin complexes that reached
Phase II according to the company pipeline

104,111 . Another

candidate developed by

Oculis is a single-chain antibody fragment technology designed explicitly for topical
delivery to the anterior segment. OCS-02 is a novel topical anti-TNF alpha antibody
in advanced Phase II that has shown efficacy in the anterior inflammatory eye,
including uveitis and dry eye disease and was in-licensed from Novartis

104,111 .

Pharmaceutical approaches based on nanotechnologies and the development of
eye drops composed of mucoadhesive polymers such as hyaluronic acid (HA) and
chitosan are emerging strategies for the efficient treatment of ocular diseases to
increase the drug’s bioavailability at the ocular surface 105.
Eyegate pharma (Massachusetts, US) is developing an eye gel formulation based
on hyaluronic acid (OBG), whereby the HA is modified and then cross-linked
according to the company’s pipeline. The cross-linking slows the degradation of the
HA and provides a matrix for incorporating therapeutic agents

107 . The

cross-linking

allows the product’s viscosity to be increased, and with the mucoadhesive properties
of HA, the residence time in the tear film is improved

107 .

OBG is an eye gel that

provides a thin coating to the surface of the eye, serving as a protectant to facilitate
and accelerate corneal re-epithelisation. It is intended for the management of corneal
epithelial defects and the re-epithelisation of the ocular surface following surgery,
injection, traumatic, and non-traumatic conditions

107 .

Nanomerics (London, UK) has developed a modified glycol chitosan-based
molecular envelope technology (MET)

106 .
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Nanomerics received supportive pIND

guidance from the US FDA on the development of NM134. NM134 is indicated for
the treatment of potentially sight-threatening eye disease. Nanomerics’ MET delivers
drugs across biological barriers and significantly increases drug bioavailability .
Nanomerics’ MET is non-irritant on topical application to the eye, enables the
formulation of hydrophobic drugs in aqueous media and is an ocular penetration
enhancer

106 .

Developing a novel and convenient approach that can deliver the drug to the front
and back of the eye after topical instillation with the aid of nanotechnology will be our
chosen area of research.
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1.8.

Rationale, aims, and objectives

From an ophthalmic drug delivery perspective, adequately formulated and
investigated nanoparticles are reported to be based on polysaccharides; this is due
to their favourable characteristics such as low cost and non-toxicity biodegradability,
biocompatibility, and stability

112 .

It is imperative to design a novel topical ocular

delivery system using adhesive materials to enhance the retention time on the eye’s
surface. Without adhesion properties, nanoparticles can be eliminated as quickly as
solutions from the precorneal site

113 .

Chitosan is a cationic polymer and natural polysaccharides derived from chitin that
is found in the exoskeleton of crustaceans

114 .

Chitosan is a suitable candidate in

ophthalmic formulations due to its biocompatibility and biodegradability properties
115 . Chitosan

has a mucoadhesive property resulting from the cationic behaviour and

the presence of free hydroxyl and amino groups, allowing the polymer to interact
with a negatively charged mucin in an acidic environment by hydrogen and
electrostatic bonding

116 .

Intravitreal injection is considered the primary therapeutic approach to treat the back
of the eye diseases

117 .

However, these invasive injections are associated with

adverse events, devastating ocular complications, and poor patient compliance 56. A
case study of exudative AMD patients associated with loss of vision undergoing
intravitreal injections showed the following

118 : before

intravitreal injections, patients

showed choroidal neovascularisation with a turbid RPE. After intravitreal injection,
patients developed a tear in the RPE 118. These results highlight the importance of
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developing alternative approaches to intravitreal injections for the back of the eye
diseases.
Application of lipophilic compounds for an ophthalmic preparation is potentially not
trivial because of their low aqueous solubility

114 .

Hence, the principle for this work

is to develop a nanoparticulate drug delivery system for ophthalmic applications that
is based on the possible encapsulation of lipophilic drugs in a polymeric nanoparticle
matrix, which may lead to potential entrapment of the polymeric nanoparticles in the
ocular mucus layer and thus to a prolonged drug residence time and slow formulation
drainage. Therefore, the work aims to design and formulate an aqueous-based
lipophilic drug-loaded polymeric nanoparticle intended for topical ocular delivery to
the anterior and posterior segments of the eye.
We hypothesise that by utilising an amphiphilic glycol chitosan-based polymer, the
residence time of a lipophilic drug in the corneal epithelium will be enhanced, leading
to possible delivery of the drug to the anterior and posterior segments of the eye.
Specific objectives of this work include:
1.

Synthesise an amphiphilic glycol chitosan-based polymer as a novel
penetration enhancer vehicle for lipophilic drugs.

2.

Formulate an aqueous-based (lipophilic drug) loaded polymeric nanoparticles
for topical ophthalmic delivery.

3.

Optimise and characterise the formulation such that it is suitable for topical
delivery to the eye.

4.

Study the short-term stability of the formulation.
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5.

Inspect the toxicity profile and the permeability of the synthesised polymer
and the formulation in vitro.

6.

Examine the pharmacokinetic properties of the formulations in vivo.

7.

Study the pharmacodynamic effect of the formulation on a diseased model in
vivo.

The experimental plan for this project is shown in Figure 1-3.
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Figure 1-3: Flowchart of the experimental plan of the project.
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2. Amphiphile synthesis and characterisation
2.1.

Introduction

The main challenge associated with ocular drug delivery is to maintain an optimum
drug concentration at the site of action in order to achieve an optimum therapeutic
response

119 .

For topical ocular formulations, highly hydrophobic compounds are

difficult to formulate and to access the back of the eye. Also, the use of intravitreal
injections is problematic and complicated

120 .

Such limitations can be overcome by

utilising a novel drug delivery system such as polymeric micelles.
Most of the polymeric micelles used in drug delivery consist of amphiphilic di-block
(hydrophilic-hydrophobic) polymers, tri-block (hydrophilic-hydrophobic-hydrophil ic )
polymers, and ionic (hydrophilic-ionic) copolymers 120. Amphiphiles are compounds
possessing both hydrophilic and lipophilic components (Figure 2-1)

121 .

At low

concentrations of amphiphiles in water, amphiphiles orient themselves at the airwater interface, and they exist as monomers in bulk disperse phase

122 .

As the

concentration of the amphiphiles increases, the amphiphile molecules aggregate
above their critical micelle concentration (CMC); this property gives amphiphiles a
unique character of self-assembly in an aqueous environment forming colloidal
particles called micelles

122 .

The driving force for micelle formation in an aqueous

environment is due to the hydrophobic interactions, and the entropy gained due to
the release of water of solvation

122 . Amphiphiles

have surface-active properties and

have a wide range of applications in the field of drug delivery
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122 .

The use of polymeric amphiphiles for ocular drug delivery has gained attention in
recent years

123 .

The potential for these systems to aid in drug delivery has been

researched extensively

123 . Polymeric

micelles generate clear aqueous liquids which

allow easy application in the form of eye drops without any visual interference.
Enhanced stability, larger cargo capacity, non-toxicity, ease of surface modification
and controlled drug release are additional advantages with polymeric micelles.
Finally, simple and cost-effective fabrication techniques render their industrial
acceptance relatively high

120 .

Chitosan is a natural, non-toxic biopolymer, consisting of glucosamine and Nacetylglucosamine units produced by the deacetylation of chitin, a major component
of the shells of crustaceans

124 .

Chitosan is insoluble at neutral and at alkaline pH

and forms salts with organic and inorganic acids, and is known to swell when in
solution

125 .

These limitations necessitated the search for chemical modifications

that improve the chitosan properties in drug delivery. Several chemical modifications
such as oligomerisation, alkylation, acylation, quaternisation, hydroxyalkylation,
carboxyalkylation, thiolation, sulfation, phosphorylation, enzymatic modifications
and graft copolymerisation along with many modifications have been carried out 126.
These modifications are based on substitutions and grafting at the free –NH2 of
chitosan to improve the drug release and the solubility at a broad pH range

126 .

The trimethyl chitosan has attracted attention in ocular drug delivery due to its
mucoadhesive property

127,128 . The

mucoadhesive properties of trimethyl chitosan

result from the interactions taking place between its positively charged quaternary
ammonium groups and the negatively charged sulfate and sialic acid groups of
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mucosa

128 .

Hence, it is regarded as a suitable excipient to prepare buccal, nasal,

ocular, and vaginal dosage forms 129.
Glycol chitosan is a water-soluble chitosan derivative with hydrophilic ethylene
glycol branches and reactive functional groups for facile chemical modifications

130.

Thus, modifications with groups having amphiphilic properties allow for the
encapsulation of hydrophobic substances, thus expanding the utility of chitosan in
drug formulation. It should be stated that the amino group of chitosan has a pKa
value of about 6.5; hence, chitosan is positively charged and soluble in acidic
solutions with a charge density dependent on the pH and the degree of
deacetylation

131 . Chitosan

has been reported to be fully protonated at pH = 3, 50%

protonated at pH = 6.5, and completely deprotonated at pH = 8.5

132 .

The

deprotonation of amine groups of chitosan in an elevated pH environment could
result in chitosan not interact electrostatically with negatively charged mucin on the
eye surface

132 .

However, a study was conducted by Rodriguez et al. utilising a

fluorescently labelled chitosan on ex vivo bovine corneas to determine the polymer
retention and the mucoadhesive properties

133 . They

found that the chitosan polymer

was retained significantly longer on the corneas as compared to FITC-dextran
(18.6±2.06 %, remaining fluorescent (%) after washing, p < 0.05), suggesting that
chitosan bear specific mucoadhesive properties with the corneal epithelium, and this
mucoadhesion is predominantly due to an electrostatic attraction and the hydrogen
bonding

133 . This

could suggest that chitosan may enhance a residence time in the

corneal epithelium when in contact with the tear fluids.
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This chapter covers the synthesis and characterisation of glycol chitosan-based
polymeric amphiphiles, specifically N-palmitoyl-N-monomethyl-N, N-dimethyl-N, N,
N-trimethyl-6-O-glycol-chitosan (GCPQ). An illustration of the polymers’ synthesis
experimental plan is shown in Figure 2-2.

+

+

Lipophilic core

+

+

+

+

+
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Hydrophilic shell
Encapsulated drug

+

Figure 2-1: Schematic representation of an amphiphilic micelle.

• Aim

• Synthesise a library of
GCPQ polymers for drug
formulation studies.

Polymer
synthesis

NMR
• Different degree of
palmitoylation (DP 20%)
• Different degree of
quaternisation (DQ 5,
10, 20%)

• Different MW polymers
• Low MW: < 20 kDa.
• Moderate MW: 20 – 40 kDa.
• High MW: > 40 kDa.

Drug
formulation
• Model drugs:

i. Rapamycin
ii.Tacrolimus

GPC

Figure 2-2: Illustration of the experimental plan for the GCPQ polymer synthesis.
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2.2.

Synthesis of glycol chitosan-based amphiphiles

GCPQ (Figure 2-3) is a glycol chitosan-based amphiphilic polymer, with a
hydrophobic palmitic acid molecule that is covalently linked to a hydrophilic sugar
backbone

134 . GCPQ

is a polycationic polymer that has positive charge quaternary

ammonium groups that increase the water dispersibility of the molecule

135 .

It has

been shown that the GCPQ enhanced the bioavailability of drugs to the systemic
circulation and in the aqueous humour via oral

135 ,

and the ocular route

136,

respectively. GCPQ forms micelles in an aqueous environment and the micelles are
formed at CMC values range from 6 to 100 µM

135 .

GCPQ acts in formulations by

increasing the aqueous level of hydrophobic drugs and enhancing transport
mechanisms

135,137 .

GCPQ is mucoadhesive and is likely to bind with negatively

charged sialic acid residues of mucin in the eye surface 135,137.
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2.2.1. Materials
Chemical

Supplier

Glycol Chitosan (GC)

Wako Pure Chemicals (Shanghai, CN)

Palmitic acid N-hydroxysuccinimide ester (PNS) Toronto Research Chemical Inc.,
(North York, CA)
Visking cellulose dialysis tubing molecular

Medicell Membranes Ltd. (London, UK).

weight cut off (MWCO) 3500 daltons
N-methyl-2-pyrrolidone (NMP)

Acros Organics (New Jersey, US)

Triethylamine (TEA)

Sigma-Aldrich (Gillingham, UK)

Iodomethane

Sigma-Aldrich (Gillingham, UK)

Glacial acetic acid

VWR (Leicestershire, UK)

Hydrochloric acid (HCL)

Fisher Scientific (Loughborough, UK)

Amberlite IRA-410

Sigma-Aldrich (Gillingham, UK)

Methanol-d4

Sigma-Aldrich (Gillingham, UK)

Deuterium oxide

Sigma-Aldrich (Gillingham, UK)

Deuterium chloride

Sigma-Aldrich (Gillingham, UK)

Diethyl ether

Sigma-Aldrich (Gillingham, UK)

Acetone

Sigma-Aldrich (Gillingham, UK)

Polyethersulfone (PES) filters 0.22 μm

VWR (Leicestershire, UK)

Sodium hydroxide

Sigma-Aldrich (Gillingham, UK)

Sodium iodide

Sigma-Aldrich (Gillingham, UK)

Dimethyl sulfoxide (DMSO)

Acros Organics (New Jersey, US)

Polyethene glycol (PEG, 20 kDa)

Sigma-Aldrich (Gillingham, UK)

Water double deionised

Merck Millipore (Hertfordshire, UK)
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2.2.2. Methods
GCPQ was synthesised and characterised according to a protocol set up in the lab
and previously described

134,135,137,138 .

Briefly, glycol chitosan was degraded,

followed by palmitoylation step, and a final quaternisation step, as shown in Figure
2-3. These steps are outlined in this section:
2.2.2.1. Acid degradation of glycol chitosan
GC (Molecular weight ~ 120 kDa, 10 g) was suspended in HCL (4 M, 760 mL) in a
borosilicate glass vessel and allowed to dissolve under magnetic stirring for 20 min
at room temperature. The GC solution was then placed in a pre-heated water bath
at 50 °C and degraded for predetermined time points (2, 6, 24, and 48 hours) with
continuous stirring to obtain high, moderate, and low molecular weights polymers.
The degraded GC (dGC) was purified by exhaustive dialysis against distilled water
(5 L) using a dialysis membrane of MWCO 3.5 kDa with six changes of water over
24 hours. The resulting dialysate was then snap frozen and freeze-dried to obtain a
white fibrous solid yielded 60 – 80%, and the structure was studied using nuclear
magnetic resonance (NMR).
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2.2.2.2. Palmitoylation of degraded glycol chitosan
Degraded GC (dGC, 6 g) was dissolved in dimethyl sulfoxide (DMSO, 180 mL) using
a clean, dry flask and the mixture magnetically stirred at room temperature for 16
hours protected from light. TEA (6.9 mL) was added to the mixture, and the mixture
stirred until complete dissolution of the dGC. PNS was added to the mixture
according to the target degree of palmitoylation. PNS (2.19 g) was added to obtain
a level of palmitoylation of ~ 20%. The reaction was left to proceed with magnetic
stirring, protected from light for at least 15 hours at room temperature.
Subsequently, the mixture was precipitated by adding acetone, diethyl ether (1: 2,
900 mL) and the palmitoylated GC (pGC) was left to precipitate in a fume hood
overnight. After settling of the precipitate, the supernatant was decanted, and the
solid product was washed three times with acetone (300 mL), and three times with
diethyl ether (300 mL). The pGC product was filtered using a glass sintered filter
(porosity 3) and dried under vacuum for at least 24 hours. The pGC appeared as
small white solid granules yielded 70 – 100%.
2.2.2.3. Quaternisation of palmitoyl glycol chitosan
Palmitoylated glycol chitosan (3 g) was dispersed in NMP (240 mL) in a borosilicate
glass vessel for a minimum of 2 hours. Powdered sodium hydroxide (390 mg) was
added to the pGC dispersion with continuous stirring at room temperature for 40
minutes, after which sodium iodide (462 mg) was added while saturating the vessel
with nitrogen gas. Finally, methyl iodide was added (density = 2.28 g/cm 3, 4.5 mL)
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to the pGC suspension and the reaction stirred under a nitrogen atmosphere in a
pre-heated oil-bath at 36 °C. The reaction was stopped after 1.5, 4.5 and 24 hours
to obtain a level of quaternisation of <10%, ~10%, and ~20%, respectively.
Subsequently, the product was precipitated with diethyl ether (1.2 L) and left to settle
overnight. The supernatant was then decanted, and the product washed with diethyl
ether (300 mL) and subsequently decanted. Afterwards, the crude residue was
solubilised in methanol (50 mL) and dialysed extensively against distilled water (5
L) using a dialysis membrane of MWCO 3.5 kDa with a minimum of six changes
over 48 hours. Subsequently, to remove the iodide ions in solution, the dialysate
was treated with an ion exchange resin amberlite IRA-410 (6 g resin / 1 g polymer)
and stirred for a minimum of 15 minutes. The resin mixture was filtered into a clean
flask using a glass sintered filter (porosity 3). The filtered solution was then snap
frozen and freeze-dried to obtain a white fibrous solid.
Gel Permeation Chromatography with Multi-Angle Laser Light Scattering (GPCMALLS) determined the molecular weight of the synthesised GCPQ, and the
structure was studied using NMR spectrometry. The degree of palmitoylation (DP)
was determined using the (Equation 2-1), and the degree of quaternisation (DQ)
was determined using the (Equation 2-2). Proton NMR (1H-NMR) spectra were used
to compare the ratio of the integrals from the palmitoyl methyl protons signal (δ =
0.86 ppm) or quaternary ammonium methyl groups (δ = 3.4 ppm), to that of the
integrals from the sugar ring/ethylene glycol (δ = 3.5 – 4.5 ppm). As the sugar ring
protons are constant in every repeating unit, this allows us to calculate the
percentage of sugar units which contain palmitoyl or quaternary groups.
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Equation 2-1
𝑫𝑫𝑫𝑫 (%) = �

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝛿𝛿 0.86 𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝛿𝛿 3.5 − 4.5 𝑝𝑝𝑝𝑝𝑝𝑝
�
÷
3
9

Equation 2-2
𝑫𝑫𝑫𝑫 (%) = �

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝛿𝛿 3.4 𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝛿𝛿 3.5 − 4.5 𝑝𝑝𝑝𝑝𝑝𝑝
�
÷
9
9

The ratio of quaternary ammonium to palmitoyl groups (QPR) was calculated as
follows:
Equation 2-3
𝑸𝑸𝑸𝑸𝑸𝑸 = �

𝐷𝐷𝐷𝐷 (%)
�
𝐷𝐷𝐷𝐷 (%)
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Acid
degradation

Palmitoylation

(dGC)
Degraded Glycol
Chitosan
Glycol Chitosan
(GC)

Iodomethane
(CH3I)
Palmitoyl
Glycol Chitosan (pGC)

Quaternary Palmitoyl Glycol Chitosan (GCPQ)

Figure 2-3: Schematic representation of the synthesis of GCPQ.
Structure of GCPQ, n = unmodified GC units, x = GC units with hydrophobic palmitoyl group, y = GC
units with trimethyl ammonium group (quaternary ammonium), m = dimethyl and z = monomethyl
ammonium groups formed during quaternisation.
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2.3.

Polymer characterisation techniques

2.3.1. Nuclear magnetic resonance
Nuclear magnetic resonance is a spectroscopic technique that allows for structure
elucidation and quantification

139 . The

principle of NMR is based on the fact that the

signal is produced by the excitation of the nuclei in the sample that can absorb
energy when the sample is placed in an external magnetic field, and subjected to a
radio frequency that depends on the type of nucleus (e.g. proton 1H or carbon-13
13 C),

and the chemical environment of the nucleus

140 .

The characteristics of the

chemical structure of the molecule are obtained from the signal patterns produced
when the excited nucleus relaxes to the lower energy state

141 .

The presence of electron-withdrawing atoms will have an impact on the resonanc e
frequency and will result in different chemical shifts (δ). The chemical shift of an
atom is the difference between the resonance frequency of the atom being analysed
and that of a reference standard

142 . These

chemical shifts are generally recorded

as peaks in the NMR spectrum and the relative area under these peaks are directly
proportional to the number of protons giving rise to the signal

143 .

Protons that are

surrounded by electron-donating groups are shielded protons, and the chemical shift
will appear to the right of the 1H-NMR. In contrast, protons that are close to high
electron-withdrawing groups will require a less applied magnetic field to change the
direction of their spin and are known as de-shielded protons, and the chemical shift
will appear to the left of the 1H-NMR. Moreover, 1H-1H Correlated Spectroscopy

80

(COSY) is used as a two-dimensional tool that shows the interaction between
neighbouring protons
1H

144 .

and COSY NMR were performed on dGC, pGC and GCPQ. In a glass vial, each

compound (10 mg) was dissolved in a suitable solvent (1 mL). One mL of deuterium
oxide (D2O) was used to dissolve dGC, pGC was dissolved in a mixture of
deuterated methanol (MeOD): D2O: deuterated acetic acid (CD3CO2D) (8:4:1), and
GCPQ was dissolved in MeOD with a drop of deuterium chloride. Subsequently ,
each solution (700 µL) was transferred to a clean NMR tube and analysed using
Bruker AMX 500 MHz spectrometer (Bruker Ltd., Coventry, UK). The spectra
obtained were processed using Topspin software for windows.
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2.3.2. Gel Permeation Chromatography-Multi-Angle Laser Light Scattering
(GPC-MALLS)
Gel Permeation Chromatography coupled with Multi-Angle Laser Light Scattering
detector, and a differential Refractive Index (dRI) detector was used to measure the
molecular weight of the polymer produced

145 .

GPC is a size exclusion

chromatography (SEC) technique which separates macromolecules based on the
size of the molecules. SEC technique involves the use of column filled with beads
that contain pores of different sizes which make up the stationary phase and the
solvent for the samples that is the mobile phase. In SEC, the polymer is dissolved
in the mobile phase and injected into a column packed with porous particles of
defined pore size

146 . The

high molecular weight material elutes first, while the low

molecular weight material elutes later from the SEC column

146 .

This is because

small-sized molecules get trapped in the pores and therefore move through the
column slowly. In contrast, larger-sized molecules move faster through the column
because they do not fit into the pores of the gel

146 .

Simultaneous measurement of light scattering intensity and concentration allows
direct determination of the weight-average molecular weight of the eluted fraction
147 ,

therefore, the multi-angle laser light scattering detector, which measures the

intensity of light scattered by the polymer was used. The eluting compound is
characterised for molecular weight by measuring changes in the refractive index of
the sample, with changes in concentration (dn/dc).
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The molecular weights of the GCPQ polymers were determined using a Wyatt gel
permeation chromatography multi-angle laser light scattering instrument equipped
with Dawn Heleos II MALLS, Optilab rEX interferometric refractometer (λ= 690 nm)
and quasielastic light scattering (QELS) detectors (Wyatt Technology Corporation,
Santa Barbara, USA). The mobile phase used was filtered acetate buffer (0.25 M
sodium acetate, 0.2 M glacial acetic acid, pH = 4.0) and methanol (35: 65 v/v) for
GCPQ.
Polyethene glycol (PEG) analytical standard for GPC (MW 20,000 Da) was used as
a reference standard before the measurements. PEG samples were prepared and
filtered at a concentration (1 mg/mL) in the mobile phase. Primary polymer samples
were dissolved on running buffer (10 mg/mL) and filtered using 0.2 μm PTFE syringe
filter. Samples (1 mg/mL, 200 μL) were injected using an Agilent 1200 series
autosampler (Agilent Technologies Ltd., Cheshire, UK) on to a POLYSEP-GFC-P
guard column (35 × 7.8 mm) attached to a POLYSEP-GFC-P 4000 column (300 ×
7.8 mm) from (Phenomenex, Torrance, UK). The measurements were performed at
room temperature with a mobile phase flow rate of 0.7 mL/min and a run time of 20
minutes.
Following injection of the polymer, the specific refractive index increments overconcentration

(dn/dc) were measured

by manually

injecting

six different

concentrations ranging from 1.0 – 6.0 mg/mL prepared as shown in (Table 2-1).
Samples were dissolved in the mobile phase, passed through the dRI detector set
at 25°C and wavelength of 690 nm. The pump flow rate was 0.7 mL/min. The data
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obtained from both dn/dc and GPC-MALLS experiment were analysed using the
ASTRA software for Windows, supplied by Wyatt Technologies.

Table 2-1: Preparation of samples using a stock solution (primary sample°ontaining
10 mg/mL polymer) for dn/dc measurements.
Sample

Running

Primary sample

Final Volume

Polymer Conc.

#

buffer (µL)

(µL)

(µL)

(mg/mL)

1

1350

150

1500

1

2

800

200

1000

2

3

700

300

1000

3

4

600

400

1000

4

5

500

500

1000

5

6

400

600

1000

6
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2.4.

Results and discussion

2.4.1. NMR
Proton- and COSY NMR confirmed the chemical structure of the synthesised
polymers, the degree of palmitoylation, and the degree of quaternisation. The twodimensional correlation spectroscopy NMR was used to identify the crosscorrelation between protons on the spectrum

148 .

Figure 2-4 and Figure 2-5 showed the NMR spectrum of the degraded glycol
chitosan, and the protons assignments are given in Table 2-2. The reactions yield
of the degradation of GCs were ~ 60 – 80% from the undegraded GC used.

Figure 2-4: Proton NMR for degraded glycol chitosan.
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Figure 2-5: COSY NMR for degraded glycol chitosan (dGC).

Table 2-2: Proton assignments for degraded glycol chitosan (dGC).
Item

NMR chemical shift

Corresponding proton on

(ppm)

the structure

i

2.09

CH3 (acetyl group)

b

3.1-3.2

CH (Carbon 2)

c-h

3.5-4.5

CH
(sugar ring/ethylene glycol

D2 O

4.7

Water protons

a

4.8

CH (Carbon 1)
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Following the degradation of the glycol chitosan, the palmitoylation step was carried
out. Figure 2-6 and Figure 2-7 showed the generated spectrum of the palmitoylated
glycol chitosan (pGC). The multiple peaks appeared in (δ = 2.04-2.09) is due to the
presence of deuterated acetic acid in the solvent used to dissolve pGC. The protons
assignments for palmitoylated GC are given in Table 2-3.

Figure 2-6: 1H-NMR for palmitoylated glycol chitosan (pGC).
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Figure 2-7: COSY NMR for palmitoylated glycol chitosan (pGC).
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Table 2-3: Proton assignments for palmitoylated glycol chitosan (pGC).
Item

NMR chemical shift

Corresponding proton on the

(ppm)

structure

o

0.86

CH3 (Palmitoyl group)

l

1.2-1.4

CH2 (Palmitoyl chain)

k

1.6

-CH2-CH2-(CO)- of Palmitoyl chain

i

2.04-2.09

CH3 (acetyl group), multiple peaks is
due to deuterated acetic acid

j

2.2-2.3

-CH2-CH2-(CO)- of Palmitoyl chain

b

3.1-3.2

CH (Carbon 2)

CD3OD

3.31

Methanol protons

c-h

3.5-4.5

CH
(sugar ring/ethylene glycol)

D2 O

5.0

Water protons

a

4.8

CH (Carbon 1)
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Following the palmitoylation of the degraded glycol chitosan, the quaternisation step
was carried out. Figure 2-8 and Figure 2-9 showed the generated spectrum of the
GCPQ. The protons assignments for GCPQ are given in Table 2-4.

Figure 2-8: 1H-NMR for quaternary ammonium palmitoyl glycol chitosan (GCPQ)
with a nominal palmitoylation of 20 mole%.
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Figure 2-9: COSY NMR for quaternary ammonium palmitoyl glycol chitosan
(GCPQ).
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Table 2-4: Proton assignments for quaternary ammonium palmitoyl glycol chitosan
(GCPQ).
Item

NMR chemical shift

Corresponding proton on the

(ppm)

structure

o

0.86

CH3 (Palmitoyl group)

l

1.2-1.4

CH2 (Palmitoyl chain)

k

1.6

-CH2-CH2-(CO)- of Palmitoyl chain

i

2.09

CH3 (acetyl group),

j

2.2-2.3

-CH2-CH2-(CO)- of Palmitoyl chain

b

3.1-3.2

CH (Carbon 2)

CD3OD

3.31

Methanol protons

q

3.4

Quaternary protons

c-h

3.5-4.5

CH
(sugar ring/ethylene glycol)

D2 O

5.3

Water protons

a

5.6

CH (Carbon 1)
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The degree of palmitoylation (DP%), the degree of quaternisation (DQ%), and the
ratio of quaternisation to a palmitoylation (QPR) of the synthesised polymers are
summarised in Table 2-5. The various GCPQ polymers were named according to
the order of manufacturing. For example, GCPQ01 was synthesised first followed
by GCPQ02.
The level of palmitoylation was calculated by comparing the ratio of palmitoyl methyl
protons (δ = 0.86 ppm) to sugar protons (δ = 3.5 – 4.5 ppm) and the level of
quaternisation by comparing the ratio of quaternary ammonium (δ = 3.4 ppm) to
sugar protons as described in Equation 2-1 and 2-2, respectively.
Polymers were synthesised to obtain a similar level of palmitoylation ~ 20%, and
different levels of quaternisation of <10%, ~ 10%, and ~ 20%. As shown in Table
2-5, all polymers possess a degree of palmitoylation ranging from 18% to 28%, with
a reaction yield ~ 70 – 100% from the mass of dGC used. The reproducibility of
synthesis, as well as the level of substitution, are essential. Reproducible substituent
specifications are important for GCPQ as both the CMC and drug encapsulation
levels are dependent on the hydrophobicity of the polymer

138 .

Apart from the first

two polymers synthesised, i.e., GCPQ01 (level of palmitoylation 25%) and GCPQ02
(level of palmitoylation 28%), the remaining polymers synthesised showed a
consistent and reproducible level of palmitoylation ~ 20%. The marginal higher level
of palmitoylation observed in GCPQ01 and GCPQ02 is mainly attributed to the lack
of experience when these polymers were initially synthesised.
The hydrophobicity of the polymer is one of the essential factors affecting the
characteristics of materials. A higher level of palmitoyl substitution produces a more
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hydrophobic polymer and results in more efficient hydrophobic drug encapsulation
138 .

Martin et al. investigated the various degree of palmitoylation in controlling the

release of a model hydrophilic drug dextran. The most hydrophobic palmitoyl glycol
chitosan gel (20.31±2.22 mol% palmitoylation) resulted in the slowest controlled
release of dextran compared to the degree of palmitoylation of 12 and 11%

149 .

Le

et al. showed that the polymer hydrophobicity affects drug encapsulation and oral
drug delivery of cyclosporine A using amphiphilic poly(ethylenimine)

150 .

They

showed that the level of hydrophobic derivatisation was determined as (high > 12
mole%, medium = 7-12 mole% and low < 7 mole%)

150 , in

promoted by an increase in polymer hydrophobicity

which the drug loading is

150 .

Therefore, a level of

palmitoylation of ~ 20% was chosen to synthesise all the polymers and will be used
for the drug encapsulations studies.
GCPQ polymers were methylated to obtain a level of quaternisation of <10%, ~10%,
and ~20%, as shown in (Table 2-5). Quaternary chitosan derivatives are
characterised by their permanent cationic charge resulting in an increase of chitosan
solubility in water and keeping it soluble over a wide range of pH values

151 .

It has

been reported that the water solubility of N-trimethyl chitosan is highly dependent
on the degree of methylation

152 .

Different levels of quaternisation were chosen to

study the effect of this modification on the drug encapsulation and in the in vitro
permeability assay, which will be described in Chapter three and Chapter four,
respectively.
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Table 2-5: General characterisation of the synthesised polymers.

Polymer

Degradation

dGC:PNS

DP (%)

time (hr)

mass ratio*

MB-GCPQ01

24

1: 0.37

25

MB-GCPQ02

24

(w/w)

28

MB-GCPQ03

48

MB-GCPQ04

pGC:CH3I

DQ (%)

QPR

1: 3.42

5

0.187

(w/w)

10

0.350

21

5

0.237

48

20

9

0.463

MB-GCPQ05

2

19

8

0.433

MB-GCPQ06

2

18

13

0.753

MB-GCPQ07

24

22

10

0.483

MB-GCPQ08

48

21

14

0.640

MB-GCPQ09

2

18

16

0.913

MB-GCPQ10

24

18

19

1.020

MB-GCPQ11

24

21

10

0.490

MB-GCPQ12

24

22

16

0.753

MB-GCPQ13

6

22

15

0.697

MB-GCPQ14

6

19

19

1.000

MB-GCPQ15

24

18

20

1,083

MB-GCPQ16

48

18

18

1.000

mass ratio#

* dGC:PNS mass ratio; 1 g of dGC: 0.37 g of PNS to obtain ~20% DP.
# pGC:CH3I mass ratio; 1 g of pGC: 3.42 g of CH3I (1.5 mL). DQ% depends on the reaction time.
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2.4.2. GPC-MALLS
Finally, the GCPQs were named using the following nomenclature: GC(MW in kDa),
P(Mole% palmitoyl groups), and Q(Mole% quaternary ammonium groups). For
example, GCPQ02 with a molecular weight of 15 kDa and containing 28 mole%
palmitoyl groups and 10 mole% quaternary ammonium groups would be named as
follows: GC15P28Q10.
The molecular weight results were expressed as the number averaged molecular
weight (Mn), and the weight averaged molecular weight (Mw). The polydispersity
(PDI) was calculated as a ratio of Mw/Mn, and the dn/dc was measured. The
absence of the molecular weight data for other polymers and dGC is due to the
unavailability of the instrument.
Table 2-6 shows the characteristics of the analysed polymers. The PEG reference
standard (20 kDa) was measured before each measurement. The MW of the PEG
standard was 21 kDa, and the Mn was 20, while the PDI was reported as 1.056.
This value demonstrates the applicability of the instrument and represents a valid
measure for further analysis.
Glycol chitosan was degraded for (2, 6, 24, and 48 hours) to obtain high, moderate
and low molecular weight polymers. Synthesised GCPQ polymers with molecular
weights lower than 20 kDa were considered low molecular weight polymers. The
molecular weights of polymers from 20 to 40 kDa were considered moderate, and
polymers with molecular weights higher than 40 kDa were considered high
molecular weight polymers. Therefore, these polymers were synthesised to
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investigate the effect of the polymer molecular weight on the drug encapsulation
studies and the in vitro permeability assay, which will be described in chapter three
and chapter four, respectively.
The PDI of the polymers, calculated as the ratio of the weight average molecular
weight to the number average molecular weight, ranged between 1.08 to 1.34 for all
the GCPQs synthesised, suggesting a narrow molecular weight distribution of each
batch of GCPQ polymer produced.

Table 2-6: GPC-MALLS data obtained for the analysed polymers.
Polymer
PEG

Category for
MW
-

dn/dc
(mL/g)
0.130

Mw
(kDa)
20.94

Mn
(kDa)
19.84

PDI
(Mw/Mn)
1.056

MB-GCPQ02

Low

0.150

14.83

11.94

1.242

MB-GCPQ06

High

0.154

53.33

39.97

1.334

MB-GCPQ07

Low

0.155

15.90

12.62

1.260

MB-GCPQ08

Low

0.155

11.87

10.13

1.172

MB-GCPQ09

High

0.140

60.12

45.62

1.318

MB-GCPQ10

Low

0.145

16.05

12.74

1.260

MB-GCPQ11

Low

0.147

14.69

12.63

1.163

MB-GCPQ12

Low

0.155

18.16

15.05

1.207

MB-GCPQ13

Moderate

0.137

27.02

21.95

1.231

MB-GCPQ14

Moderate

0.133

29.87

25.31

1.180

MB-GCPQ15

Low

0.140

15.03

13.24

1.135

MB-GCPQ16

Low

0.139

10.15

9.36

1.085
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The GPC-MALLS for the reference standard (PEG, 20 kDa) is shown in (Figure
2-10). The chromatogram shows an elution time of 12 minutes corresponding to
20.94 kDa with a polydispersity of 1.056 The dn/dc value used for the PEG was
0.134 mL/g, as reported in the literature

153 .

The refractive index shows a peak at

about 16 minutes which is likely from the mobile phase.

Figure 2-10: GPC-MALLS chromatogram of the reference standard PEG.
Red-line; Light scattering, Blue-line; Refractive index.
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The GPC-MALLS for the analysed GCPQ is shown in (Figure 2-11). The
chromatogram shows an elution time of 12 minutes, corresponding to the molecular
weight as described in (Table 2-6). The dn/dc obtained for the GCPQ ranged from
0.133 to 0.155 mL/g. The refractive index shows a small peak at about 16 minutes,
which is likely a ghost peak due to the salts in the mobile phase.
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(A)

(B)

Figure 2-11: A typical GPC-MALLS chromatogram of analysed GCPQ.
(A); GCPQ, Red-line; Light scattering, Blue-line; Ref ractive index, Grey area; measured area. (B);
dn/dc.
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2.5.

Conclusion

The amphiphilic polymer GCPQ was synthesised and characterised. GCPQ
polymers with different molecular weights and a similar degree of DP% and varying
degree of DQ% were synthesised, as previously mentioned, by altering the reaction
parameters. As we are aiming to manufacture aqueous-based

eye drops

formulations, these polymers will be used for further studies in drug formulation and
mammalian cells assays.
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3. Drug encapsulation studies
3.1.

Introduction

Emerging drugs candidates are generally hydrophobic, as these hydrophobic
molecules show superior binding to receptor targets

135 . Their

low aqueous solubility

represents a significant obstacle in achieving adequate ocular bioavailability

154.

Different approaches have been exploited to overcome the low aqueous solubility
of drugs including chemical modifications to form a more soluble salt, particle size
reduction

of

the

formulation

through

high-pressure

homogenisation

155,

complexation with cyclodextrins, the use of surfactants, and more recently the
exploitation of the amphiphilic properties of polymers

135 .

Amphiphilic polymers bearing an alkyl chain can form highly stable self-assemblies
in aqueous media, with critical micellar concentrations in the μM range

135 .

GCPQ

is an amphiphilic polymer that has been utilised to facilitate the dissolution of
hydrophobic

drugs by forming polymeric micelles

156 .

A previous study

demonstrated that GCPQ micelles could improve the ability to encapsulate
hydrophobic drugs and that GCPQ micelles adhere to and penetrate the mucus
layer

135 .

Also, GCPQ has been shown to increase the transport of hydrophobic

drugs across the cornea

135 .

Thus, this chapter will focus on using GCPQ to encapsulate rapamycin and
tacrolimus as model drugs to investigate the topical ocular delivery to the posterior
and anterior segment of the eye, respectively (Figure 3-1).
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• GCPQ-RAP (0.2% w/v)
• GCPQ-TAC (0.1% w/v)

Drug
formulation

Optimisation
• Different formulation
methods used, e.g., direct
and solvent evaporation
methods.
• Different polymer: drug
mass ratios

• ICH standard for stability
testing
• 5°C, room temperature,
40°C.
• Short-term (30 days)

In vitro
• MTT assay
• Permeability assay

Stability

Figure 3-1: Illustration of the experimental plan for the drug formulations studies.
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3.2.

Model drugs:

3.2.1. Rapamycin
Rapamycin (RAP), also known as sirolimus, is a macrocyclic lactone (Figure 3-2)
produced

by Streptomyces hygroscopicus

157 .

Rapamycin, (Rapamune®),

developed by Wyeth Pharmaceuticals (New Jersey, USA), is available as an oral
solution (1 mg/mL) and tablets (0.5, 1 and 2 mg ) 158. RAP is an immunosuppressiv e
agent that acts on the mammalian target of rapamycin (mTOR)

159 .

mTOR is a

serine/threonine-specific protein kinase, which displays a central role in regulating
cell growth and metabolism

160 . RAP

binds to the immunophilin, FK binding protein

(FKBP12) to interact with mTOR and inhibit its function, leading to inhibition of cell
growth from the G1 to S phase

161

and cell proliferation

159 .

RAP does not interact

with calcineurin or its downstream effectors 161.
An effective topical administration of RAP requires the permeation of the drug to the
ocular tissues. However, due to its physicochemical characteristics (Table 3-1), RAP
is unlikely to produce high ocular permeation rates. RAP is practically insoluble in
water (2.6 µg/mL), has a high molecular weight (MW 914 Da), and contains no
functional groups that are ionisable in the pH range between 1 and 10
extremely hydrophobic with a reported log P = 5.77

162 .

RAP is

34 .

3.2.2. Tacrolimus
Tacrolimus (TAC) (Figure 3-2) is an immunomodulatory and anti-inflamm at ory
agent,

produced by Streptomyces tsukabaensis
104

163 .

In contrast

to RAP,

TAC/FKBP12 complex binds to calcineurin and inhibits its serine-threo n i ne
phosphatase activity, which is important for activating nuclear factors of
activated T-lymphocytes (NFATs)

163 .

The NFAT group of transcription factors
163 .

regulates the production of IL-2 and several T-cell-specific stimulators

Tacrolimus suppresses T cell activation and IL-2 production by binding to an
164 .

immunophilin and inhibiting the enzymatic activity of calcineurin
inhibits the progression from the G0 to G1 phase of the cell cycle
TAC displays
concentrations

similar
165 .

effects to cyclosporine

TAC

161 .

but at 100 times

lower

TAC topical ointment (Protopic®, 0.03 and 0.1% w/w) from

Fujisawa Healthcare, Inc., (Illinois, USA) has received the FDA approval in 2006
166 .

One gram of Protopic 0.1% ointment contains 1.0 mg of TAC as TAC

monohydrate (0.1% w/w)

167 .

This TAC skin ointment is licensed for the

treatment of moderate to severe atopic eyelid diseases and may hav e
secondary benefits for AKC

168 .

Ointment dosage forms are oily semisolid and

may associate with discomfort and irritation if applied topically to the eye

169 .

Also, ophthalm ic ointments are coupled with greasiness and transient blurring
of vision. Thus, patients may prefer aqueous ocular formulations or reserve the
use of ophthalmic ointments to night-tim e application

170 .

The development of TAC ophthalmic formulations as a clear aqueous solution
is challenging due to its hydrophobic characteristics (log P = 2.74)
insoluble in water (4-12 µg/mL)

172,173 ,

171 .

TAC is

and therefore aqueous formulations of

the drug at clinically useful concentrations are not easy to manufacture.
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Tacrolimus

Rapamycin

Figure 3-2: Chemical structure of rapamycin and tacrolimus.
The binding domain is highlighted in grey.

The physicochemical properties of model drugs are presented in (Table 3-1).

Table 3-1: Physicochemical properties of the model drugs
Property
Appearance
Molecular

RAP

TAC

white to off-white
powder 174

white crystalline
powder 175

C51H79NO13 176

C44H69NO12 175

formula
Molecular weight
Water solubility
Log P

914.187 g/mol
2.6 µg/mL
5.77

176

162

34

106

804.02 g/mol
4-12 µg/mL
2.74

177

172,173

171

3.3.

Encapsulation studies

3.3.1. Materials
Chemical

Supplier

Rapamycin

Cambridge Biosciences (Cambridge, UK)

Tacrolimus

Generon Ltd. (Slough, UK)

Ethanol (absolute)

UCL School of Pharmacy (London, UK)

Acetonitrile HPLC grade

Fisher Scientif ic (Loughborough, UK)

Sodium hydroxide

Sigma-Aldrich (Gillingham, UK)

Phosphoric acid (H3PO4) f or HPLC

SLS LTD (Nottingham, UK)

Glycerol

Fisher Scientif ic (Loughborough, UK)

Osmometer ref erence standard (300

Reagecon Diagnostics Ltd., (Clare, IE)

mOsmol/L)
Polyethersulf one (PES) f ilters 0.22 μm

VWR (Leicestershire, UK)

Water double deionised

Merck Millipore (Hertf ordshire, UK)
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3.3.2. Methods
3.3.2.1. Encapsulation of RAP
Different approaches were used to encapsulate RAP with different GCPQ polymers.
First, a direct approach was used to encapsulate RAP with GCPQ. This method was
used to encapsulate GCPQ with propofol

178 ,

and doxorubicin

179 .

Briefly, an

aqueous dispersion of GCPQ in 2.6% w/v glycerol (5 mg/mL) was added to the
powdered RAP (1 mg) to produce RAP in the formulation with a nominal drug
concentration (0.1% w/v). The mixture was vortex-mixed for 30 minutes at room
temperature. The mixture was subsequently sonicated using MSE Soniprep 150
sonicator from MSE UK Ltd. (London, UK) at 50% of its maximum output (10
Amplitude microns) for 5 minutes in an ice bath. The mixture was subsequently
adjusted for pH using a calibrated pH meter PHS-W Series Benchtop pH/mV meter
from SciQuip Ltd. (Shropshire, UK) using 1.0 M NaOH, and a simulated sterile
filtration step was carried out using a 0.22 µm sterile filter and the drug content,
particle size distribution, and zeta potential were measured.
Secondly, a thin-film hydration method was used to encapsulate RAP with GCPQ.
This method was previously reported to encapsulate hydrophobic compounds

180.

Briefly, RAP formulations (0.2% w/v) were prepared with (5:1, 7.5:1, and 10:1)
polymer-to-drug mass ratios. RAP solution was produced from RAP powder (2 mg)
dissolved in ethanol (1 mL). GCPQ dispersions were prepared from (10 mg, 15 mg,
and 20 mg) of GCPQ dispersed in filtered deionised water (1 mL), respectively.
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RAP solution (1 mL) was transferred into a glass vial, and the GCPQ dispersion (1
mL) was added to make a mixture of GCPQ: RAP (2 mL). The mixture was then
vortex-mixed for 30 minutes at room temperature and evaporated to dryness within
the speed vac using Savant Vacuum Evaporator from ThermoFisher Scientific
(Waltham, USA) at 45°C and spun under vacuum for 2 hours until a thin, dry film was

formed. The dry film was rehydrated by adding glycerol (2.6% w/v, 1 mL) as an
osmotic agent

181 , and

mixed for 30 minutes to disperse the film in the solvent. The

mixture was subsequently sonicated using MSE Soniprep 150 sonicator at 50% of
its maximum output for 5 minutes in an ice bath. The probe sonication method was
previously reported to encapsulate GCPQ with prednisolone for topical ocular
delivery

136

and to encapsulate the hydrophobic drug cyclosporine A 135.

The mixture was subsequently adjusted for pH with 1.0 M NaOH using a calibrated
pH meter, and a simulated sterile filtration step was carried out using a 0.22 µm
sterile filter. The formulation was then analysed for drug content, particle size
distribution, and zeta potential.
3.3.2.2. Characterisation of RAP formulation
3.3.2.2.1. High-performance liquid chromatography analysis of RAP
High-Performance Liquid Chromatography (HPLC) coupled with an ultra-violet (UV)
detection is a commonly used analytical technique to quantify the concentration of
a particular solute in sample

182 .

There are two phases in HPLC; the stationary

phase (column), and the mobile phase. The combination of a polar stationary phase
109

and a nonpolar mobile phase is a normal-phase chromatography. In reversedphase chromatography (RP-HPLC), which is the more common form of HPLC, the
stationary phase is nonpolar, and a gradient mixture of polar and organic solvents
make up the mobile phase

183 .

In RP-HPLC, the order of elution is the opposite of

that in a normal-phase separation, with the more polar solute eluting first

183 .

The

intensity of the UV signal increases linearly with the concentration of the solute,
which makes the quantification straightforward with the help of a standard curve.
A HPLC method was developed for RAP using the Agilent 1220 infinity
chromatographic system fitted with a vacuum degasser, quaternary pump, autosampler, column compartment with a thermostat and a UV detector from Agilent
technologies (Berkshire, UK).
A gradient method (Table 3-2) was developed using a mobile phase consisting of
acetonitrile, phosphoric acid (0.1%), a reversed-phase Onyx monolithic C18 column
from Phenomenex Inc. (Torrance, USA, 100 x 4.6 mm; particle size, 5μm). The
column temperature was maintained at 50°C, and the UV detector was set at a
wavelength of 298 nm. The flow rate was 1.0 mL/min, and the injection volume was
10.0 µL. The run time was 9 minutes.
For quantifying the RAP content in the formulation, an aliquot of the prepared filtered
GCPQ: RAP formulations (100 µL) was diluted with acetonitrile (100 µL) and
vortexed before sample injection. Ten μL of the sample was injected, and the RAP
concentration was determined by HPLC from the standard curve.
The standard curve was prepared as follows. Briefly, RAP stock solution was
prepared at a concentration of 2 mg/mL in acetonitrile. RAP working solutions were
110

prepared by serially diluting RAP stock solutions into acetonitrile to obtain RAP
working solutions at a range of concentrations (0.0625 – 1.0 mg/mL).

Table 3-2: HPLC gradient conditions of RAP
Time (min)

0.1% H3PO4 in H2O

Acetonitrile

Solvent A (%)

Solvent B (%)

0.00

70

30

3.00

70

30

4.00

10

90

8.00

10

90

9.00

70

30
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3.3.2.2.2. Particle size and zeta potential measurements
The particle size distribution and particle zeta potential of the formulations were
determined by Dynamic light scattering (DLS) on a Malvern ZetaSizer Nano-ZS from
Malvern Panalytical (Malvern, UK). The principle of DLS is that fine particles and
molecules undergoing a Brownian motion to scatter light diffuse at speed related to
their size; hence, smaller particles diffuse faster than larger particles

184 .

The

constant motion of these particles causes fluctuations in the light scattering intensity
of the solution, which allows calculating the diffusion coefficient that is related to the
particles' hydrodynamic size

185,186 .

.An aliquot of the sample (100 μL) was added in a disposable cuvette and measured
at 25°C. The light scattering was detected at 173º and collected in automatic mode,
typically requiring a measurement duration of 150 seconds. The data were recorded
as mean ± standard deviation (SD) from three independent measurements.
Transmission Electron Microscopy (TEM) was carried out using the Philips/FEI
CM120 Bio Twin from Philips (Oregano, USA). The principle of TEM imaging relies
on the ability of atoms to scatter a beam of electrons, which are focused on a
photographic film or phosphorescent screen to form an image

187 .

The resolving

power of TEM is 1000 times higher than that of an optical microscope

188 .

TEM

provides a much higher spatial resolution than a scanning electron microscope. The
sample for TEM is usually required to be pre-treated with heavy metals (staining)
such as lead acetate, uranyl acetate and osmium tetroxide to allow the visualisation
of small atoms or low electron-dense samples
112

187,189,190 . TEM can facilitate

the study

of the inner structure and analysis of the features on an atomic scale and in the
range of few nanometers

189 . Samples

were submitted to a technician and prepared

by drying a drop of the formulation on a copper TEM grid - a 300meshfomvar/carbon-coated grid and stained with a drop of uranyl acetate (1% w/v). The
dried samples were then imaged under the microscope.
The charge acquired by a particle or molecule in a given medium is its zeta potential
184 . It

arises from the surface charge and the concentration and types of ions in the

solution

184 . Therefore,

zeta potential is used as a measure of the electrical potential

at the stern layer. The zeta potential of particles and molecules is determined by
measuring their velocity while they are moving due to electrophoresis. Particles and
molecules that have a zeta potential will migrate towards an electrode if a field is
applied. The speed at which they move is proportional to the field strength and their
zeta potential

184 .

An aliquot of the samples (600 μL) was loaded into folded capillary cells (zeta cells,
polycarbonate cell with gold-plated electrodes; Malvern Instruments, DTS1060C)
and measured at 25°C and 40V. The results were presented as mean ± SD, and the
resulting data were analysed using the DTS (Version 4.2) software, Malvern
Instruments Ltd. (Malvern, UK).
3.3.2.2.3. Osmolarity measurements
The osmolarity of the formulation was determined by utilising Roebling Milliosmol
Osmometer coupled with a digital display and a freezing needle, Geminibv
(Apeldoorn, NL). The osmometer measures the freezing point of aqueous solutions.
113

The depression of freezing point compared to pure water is directly related to the
osmotic concentration

191 .

Compared with pure water, which freezes at 0°C, a

solution with an osmolality of 1 Osmo/kg H2O will freeze at (- 1.86°C)

191 . Due

to the

linear correlation between osmolality and freezing point, the measurement of the
freezing point is a determination of osmolality

192 .

The machine was calibrated before the measurement with distilled water for the zero
points and 300 mOsmol/L reference standards solutions. An aliquot of the
formulation (100 μL) was pipetted into a 1.5 mL polypropylene tube, and the
measurements were done in triplicate.
3.3.2.2.4. Viscosity measurements
The viscosity of the formulation was measured using m-VROC viscometer
Rheosense (San Ramon, USA). In M-VROC, the sample is injected at a constant
flow rate through the flow channel where multiple pressure sensors mounted within
the base, monitor the pressure drop from the inlet to the outlet. The pressure drop
is correlated with the shear-stress at the boundary wall. The shear rate describes
the velocity gradient. Hence, the shear rate is the speed of fluid inside the parallel
plates generated when shear stress is applied

193 . The

shear rate and shear stress

are directly related to the geometry of the rectangular slit and the flow rate, which
allow for viscosity measurements

194

The samples (500 µL) is inserted into the measuring cell using a 0.5 mL syringe with
extreme care to avoid air bubble formation. The viscosity was measured at different
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shear rates (1000 s-1, 2500 s-1, 5000 s-1, and 7500 s-1) at 25°C, and the
measurement was conducted in triplicate.
3.3.2.2.5. Solid-state measurements of GCPQ: RAP formulation
X-ray diffraction (XRD) confirmed the solid-state of the encapsulated RAP. XRD
peaks are produced by constructive interference of a monochromatic beam of Xrays scattered at specific angles from each set of lattice planes in a sample. The
peak intensities are determined by the distribution of atoms within the lattice.
Consequently, the X-ray diffraction pattern is the fingerprint of periodic atomic
arrangements in a given material

195 .

The data were acquired on a Miniflex 600, Rigaku (Tokyo, Japan). The patterns of
the powdered materials were collected over the 2θ range of 5 - 45° at a speed of 5°
per minute. Briefly, a sample (5 mg) of freeze-dried GCPQ, RAP raw material,
GCPQ: RAP physically mixed, and freeze-dried GCPQ: RAP formulation was added
to an XRD plate and analysed. The data were analysed using Origin, OriginLab
(Northampton, USA).
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3.3.2.2.6. Stability study of GCPQ: RAP formulation
The stability of the GCPQ: RAP optimum formulation was determined by measuring
the physicochemical properties over 28 days at different storage conditions and
relative humidity (RH). Formulations were prepared using the solvent evaporation
method and were stored at room temperature (25±2°C / 60±5% RH), under
refrigeration (5±3°C) and at a critical condition (40±2°C / 75±5% RH). The storage
stability conditions were chosen according to the International Conference on
Harmonisation (ICH) guidelines

196,197 ,

and the measurements were done in

triplicate.
An aliquot of the formulation (750 μL) was withdrawn at each storage condition
immediately after preparation day 0, day 7 and day 28 of storage. The samples were
analysed to determine if the encapsulated drug concentration, size distribution, zeta
potential, pH, osmolarity and viscosity were altered upon storage. The samples were
also visually inspected for any macroscopic changes, including precipitation,
turbidity and colour changes.
Statistical analysis was performed using two-way ANOVA with Tukeýs post-test. All
data were expressed as mean ± standard deviation (SD). (p < 0.05) was considered
statistically significant.
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3.3.2.3. Encapsulation of TAC
Different approaches were used to optimise the encapsulation of TAC with GCPQ
amphiphile. We were aiming to manufacture a GCPQ - TAC formulation with a drug
loading of 0.1% w/v, as this concentration was found to provide a clinical therapeutic
response

198 .

First, an application of a mechanical treatment approach utilising high-pressure
homogenisation (HPH) to encapsulate TAC within GCPQ nanoparticles was used.
This HPH method was previously reported to encapsulate tacrolimus into a nanoliposomal dry powder inhaler formulation

199 . The

advantages of using HPH are that

it may use to produce industrial-scale batches in a reproducible manner and at a
comparatively low cost

200 .

Briefly, TAC (0.1% w/v) formulations were prepared at 1:1, 2:1, 5:1 and 10:1
polymer, drug mass ratios. TAC solution was produced from TAC powder (2 mg)
dissolved in ethanol (2 mL). GCPQ dispersions were prepared from (2 mg, 4 mg, 10
mg and 20 mg) of GCPQ dispersed in filtered deionised water (2 mL), respectively.
TAC solution was then added to the polymer dispersion and thoroughly vortexmixed for more than 10 minutes to produce a clear liquid. The resulting GCPQ: TAC
mixture (4 mL) was loaded into a SpeedVac concentrator for 4 hours at 45°C to
evaporate all the solvents. The residual thin-film was then reconstituted with glycerol
(2.6% w/v, 2 mL) and mixed vigorously until a transparent liquid was obtained, thus
producing a 1 mg/mL nominal drug concentration in the GCPQ: TAC formulation.
Mixtures were subsequently adjusted for pH with 1.0 M NaOH using a calibrated pH
117

meter using 1.0 M NaOH. TAC formulations prepared from each polymer-to-drug
mass ratio after evaporation of the solvents and reconstitution passed through a labscale high-pressure homogeniser, Emulsiflex C5 from Avestin (Ottawa, CA) for one
cycle and ten cycles. The operating pressure of the homogeniser was kept between
10,000 and 15,000 psi. Finally, a simulated sterile filtration step was carried out
using a 0.22 µm sterile filter, and the formulations were analysed.
Secondly, A thin-film hydration method was used to encapsulate TAC within GCPQ
nanoparticles. This method was previously reported to encapsulate hydrophobic
compounds

201 and

was used to encapsulate RAP using GCPQ. The effect of GCPQ

polymer, drug mass ratios on encapsulation efficiency of TAC was assessed by
preparing formulations with 1:1, 2:1, 5:1 and 10:1 polymer, drug mass ratios without
the application of any mechanical treatment. TAC powder was dissolved in absolute
ethanol (0.1% w/v, 2 mL). GCPQ dispersions were prepared from (2 mg, 4 mg, 10
mg and 20 mg) of GCPQ dispersed in filtered deionised water (2 mL), respectively.
TAC solution was then added to the polymer dispersion and thoroughly vortexmixed for more than 10 minutes to produce a clear liquid. The resulting GCPQ: TAC
mixture (4 mL) was loaded into a SpeedVac concentrator for 4 hours at 45°C to
evaporate all the solvents. The residual thin-film was then rehydrated with glycerol
(2.6% w/v, 2 mL) as a tonicity agent
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and mixed vigorously for 30 minutes to

disperse the film in the solvent, thus producing a nominal drug concentration of 1
mg/mL in the GCPQ: TAC formulation. Subsequently, 1.0 M NaOH was used to
adjust the pH of the formulation to a value between 6.9 and 7.2 using a calibrated
pH meter. Finally, prior to analysis, the formulation was filtered through a 0.22 µm
118

polyethersulfone membrane sterile filter to remove the unencapsulated drug and
larger particles, as well as to simulate sterilisation of the formulation. The formulation
was then analysed for drug content, particle size distribution, zeta potential
distribution, viscosity and osmolarity.
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3.3.2.4. Characterisation of TAC formulation
3.3.2.4.1. High-performance liquid chromatography analysis of TAC
The HPLC method was developed for TAC using an Agilent 1220 infinity
chromatographic system fitted with a vacuum degasser, quaternary pump, autosampler, column compartment with a thermostat and an ultraviolet detector (Agilent
Technologies, Berkshire, UK). A gradient method (Table 3-3) was developed using
a mobile phase consisting of acetonitrile, phosphoric acid (0.1%), a reversed-phase
Onyx monolithic C18 column from Phenomenex Inc. (Torrance, USA) (100 x 4.6
mm; particle size, 5μm). The column temperature was maintained at 50°C, and the
UV detector was set at a wavelength of 215 nm. The flow rate was 1.0 mL/min, and
the injection volume was 10.0 µL, the run time was 7 minutes.
For quantifying the TAC content in the formulation, an aliquot of the prepared filtered
GCPQ: TAC formulation (100 µL) was diluted with acetonitrile (100 µL) and vortexed
before sample injection. Ten μL of the sample was injected, and the TAC
concentration was determined by HPLC from the standard curve.
The standard curve was prepared as follows. Briefly, TAC stock solution was
prepared at a concentration of 2 mg/mL in acetonitrile. TAC working solutions were
prepared by serially diluting TAC stock solutions into acetonitrile to obtain TAC
working solutions at a range of concentrations (0.0625 – 1.0 mg/mL).
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Table 3-3: HPLC gradient condition of tacrolimus.
Time

0.1% H3PO4 in H2O

Acetonitrile

(min)

Solvent A (%)

Solvent B (%)

0.00

40

60

4.00

5

95

5.50

5

95

7.00

40

60
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3.3.2.4.2. Particle size and zeta potential measurements
The particle size distribution and particle zeta potential of the formulation were
determined by dynamic light scattering on a Malvern ZetaSizer Nano ZS (Malvern
Panalytical, Malvern, UK).
The size distribution analysis was performed at a backscattering angle of 173º and
a temperature of 25ºC. An aliquot of the sample (100 μL) was placed in a disposable
plastic cuvette and was subsequently loaded into the instrument without any dilution.
The particle size was reported as intensity distribution, which describes the
relationship between light scattering intensity and the particle hydrodynamic
diameter

202 .

The mean size of the individual peaks and their corresponding

percentages were determined and recorded as mean ± standard deviation from
three independent measurements.
The zeta potential is the electrokinetic potential in a colloidal system and measures
the surface particle charge in a given medium

203 .

The zeta potential was obtained

via the electrophoretic light scattering technique. An aliquot of the sample (500 μL)
was loaded into the folded capillary cells (zeta cells, polycarbonate cell with goldplated electrodes; Malvern Instruments, DTS1060C) and measured at 25°C, 40V.
Measurements were performed in triplicate, and the results were presented as mean
± SD.
Transmission Electron Microscopy was carried out using the Philips/FEI CM120 Bio
Twin from Philips (Oregano, USA). Samples were submitted to a technician and
prepared by drying a drop of the formulation on a copper TEM grid - a 300mesh122

fomvar/carbon-coated and stained with a drop of uranyl acetate (1% w/v). The dried
samples were then imaged under the microscope.
3.3.2.4.3. Osmolarity measurements
The osmolarity of the formulation (100 μL) was determined using Roebling
Milliosmol Osmometer (Geminibv, Apeldoorn, NL) coupled with a digital display and
a freezing needle. The machine was calibrated before each measurement with 300
mOsm/kg reference standards solution from Reagecon Diagnostics Ltd. (Clare, IE).
The measurements were conducted in triplicate.
3.3.2.4.4. Viscosity measurements
The viscometer of the formulation was measured by utilising m-VROC viscometer
(Rheosense Inc., San Ramon, USA). Samples (500 μL) were inserted into the
measuring cell using a 0.5 mL syringe with extreme care to avoid air bubble
formation. The viscosity was measured at three different shear rates (5,000 s-1,
7,500 s-1 and 10,000 s-1) at 25°C.
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3.3.2.4.5. Stability study of GCPQ: TAC formulation
The stability of the GCPQ: TAC formulation was determined by measuring the
physicochemical properties over 30 days at different storage conditions and relative
humidity. Formulations were stored at room temperature (25±2°C / 60±5% RH),
under refrigeration temperature (5±3°C), and at accelerated conditions (40±2°C /
75±5% RH). The storage stability conditions were chosen according to the ICH
guidelines

196,197 , and the

measurements were done in triplicate.

Samples (750 μL) were withdrawn from the formulation at each storage condition
immediately after preparation, at day 7, and day 30 of storage. The samples were
analysed to determine if the encapsulated drug concentration, size distribution, zeta
potential, pH, osmolarity and viscosity were altered upon storage. The samples were
also visually inspected for any macroscopic changes, including precipitation,
turbidity and colour changes.
Statistical analysis was performed using two-way ANOVA with Tukeýs post-test. All
data were expressed as mean ± SD. (p < 0.05) was considered statistically
significant.
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3.4.

Results and discussion

3.4.1. Encapsulation of RAP
The HPLC chromatogram (Figure 3-3, A) shows a retention time of RAP at 6.5
minutes. The standard curve plotted from this chromatogram shows linearity over a
concentration range of 62.5 – 1000 µg/mL with a correlation coefficient of 0.9964
(Table 3-4). The equation of the average standard curve from three independent
experiments (y = 6.7149x + 270.34) was used to determine the concentration of the
encapsulated RAP in the formulation.
The measured lower limit of quantification (LLOQ) for RAP was 62.5 µg/mL. The
calculated limit of quantification (LOQ) and limit of detection (LOD) were presented
in Table 3-4. The following equations were used to calculate LOQ and LOD
according to ICH guidelines

204 :

𝑳𝑳𝑳𝑳𝑳𝑳 =

𝟑𝟑. 𝟑𝟑 𝝈𝝈
𝑺𝑺

Equation 3-1

𝑳𝑳𝑳𝑳𝑳𝑳 =

𝟏𝟏𝟏𝟏 𝝈𝝈
𝑺𝑺

Equation 3-2

where σ is the standard deviation of the response, and S is the slope of the
calibration curve.
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Table 3-4: HPLC assay parameters of RAP.
Parameter

Quantification
range (µg/mL)

Value

62.5 – 1000

Equation of
the straight
line
y= 6.7149x +

R2
0.9964

Limit of
detection
(µg/mL)
58.8

Limit of
quantification
(µg/mL)
178.1

270.34

(A)

8000
7000

y = 6.7149x + 270.34
R² = 0.9964

(B)

AUC

6000
5000
4000
3000
2000
1000
0

0

200

400

600

800

1000

Rapamycin concentration (µg/mL)

Figure 3-3: RP-HPLC chromatogram of RAP.
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1200

The optimum formulation was selected based on various methods studied to
compare the drug content, particle size distribution, zeta potential, and pH. Table
3-5 shows the drug content of the initial formulations. First, a direct approach was
used to incorporate the drug into the polymer aggregates. Two polymers GCPQ04
(MW; not determined, P20, Q09), and GCPQ10 (MW16, P18, Q19) were used with
RAP at (5:1) polymer: drug weight ratio. We have selected these polymers initially
with a nearly similar degree of palmitoylation and different degrees of quaternisation.
GC16P18Q19 is a more hydrophilic polymer owing to the presence of a higher
degree of quaternary ammonium group compared to GCP20Q09; QPR 1.020, and
0.463, respectively.
We were aiming to manufacture GCPQ: RAP with a drug content of more than 1
mg/mL as this concentration was sufficient to detect RAP in rabbit eyes posterior
tissues

34 . Unfortunately,

neither of these polymers achieved adequate drug content.

The encapsulation efficiency was reported as 32% and 29% for the GC16P18Q19
and GCP20Q09, respectively. The low encapsulation efficiency in the direct
approach could be attributed to the physicochemical property of RAP which favours
being solubilised before encapsulation, and as a result, enhances its encapsulation
205 .

This in line with a previous report that showed RAP enhanced solubility is

detectable only if the drug is dissolved in methanol and evaporated to dryness
before cyclodextrins and water is added

162 .

This is probably due to the fact that

RAP has different crystalline polymorphs with different water solubilities
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162 .

Table 3-5: Summary of different approaches used to encapsulate RAP within GCPQ.

Polymer
GCPQ04

GCP20Q09

GCPQ10 GC16P18Q19
GCPQ04

Encapsulation
method

Direct

GCP20Q09

GCPQ10 GC16P18Q19

GCPQ12 GC18P22Q16

Solvent
evaporation

5:1

Measured
Drug
content
(% w/v)
0.03±0.01

Theoretical
Drug
content
(% w/v)
0.1

5:1

0.03±0.01

5:1

Z-average
(nm)

PDI

Zeta
potential
(mV)

pH

376 ± 4.6

0.41 ± 0.04

43 ± 0.32

7.0±0.1

0.1

190 ± 10.3

0.44 ± 0.4

29 ± 2.04

7.4±0.1

0.13±0.06

0.2

268 ± 0.4

0.23 ± 0.01

26 ± 0.7

7.4±0.1

5:1

0.14±0.01

0.2

332 ± 3.1

0.29 ± 0.04

52 ± 1.5

6.9±0.1

7.5:1

0.14±0.01

0.2

150 ± 3.4

0.25 ± 0.01

31 ± 0.7

7.2±0.2

10:1

0.15±0.01

0.2

160 ± 1.5

0.33 ± 0.02

27 ± 4.7

7.4±0.1

7.5:1

0.11±0.02

0.2

376 ± 4.6

0.41 ± 0.04

43 ± 0.32

7.0±0.1

Polymer:drug
mass ratio
(w/w)
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Secondly, the solvent evaporation method approach was utilised to formulate RAP
with GCPQ as described in the method section. The following polymers were used
to encapsulate RAP; GCP20Q09 (MW; not determined, QPR 0.463), GC18P22Q16
(QPR 0.727), and GC16P18Q19 (QPR 1.020). These polymers were selected as
they have low, moderate, and high quaternary ammonium to palmitoyl group ratios,
respectively. Thus, GCP20Q09 is the most hydrophobic polymer followed by
GC18P22Q16 and GC16P18Q19 (most hydrophilic). As shown in Table 3-5, from
the drug content data, solubilising RAP with ethanol before mixing with the GCPQ
dispersion, enhances the drug encapsulation, as the drug content was significantly
higher than the direct approach for all polymers.
GCP20Q09 with a low QPR showed a good drug content of RAP in the formulation
(0.13±0.06% w/v), with a narrow particle size distribution (diameter = 268 ± 0.4 nm,
polydispersity index = 0.23 ± 0.01). GC18P22Q16 encapsulated a lower level of RAP
in the formulation (0.11±0.02% w/v) and presented with a higher particle size
distribution (376 ± 4.6 nm). GC16P18Q19 with high QPR produced the highest
concentration of RAP in the formulation (~ 0.15% w/v). An increase in the polymerdrug ratio did not improve the drug content in the formulation, and as such, the
polymer to drug ratio of 7.5:1, which shows a sufficient concentration of the drug
(0.14±0.01 % w/v), was chosen for subsequent studies to formulate RAP with GCPQ
and achieve a nominal drug concentration of 0.2% w/v.
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Figure 3-4: Dynamic light scattering experiments of the GCPQ: RAP formulations.
Direct approach: GCPQ04 - (5:1) (A) particle size distribution (376 ± 4.6 nm), (B) zeta potential (43
± 0.32 mV); GCPQ10 - (5:1) (C) particle size distribution (190 ± 10.3 nm), (D) zeta potential (29 ±
2.04 mV).
Solvent evaporation approach: GCPQ04 - (5:1) (E) particle size distribution (268 ± 0.4 nm), (F)
zeta potential (26 ± 0.7 mV); GCPQ10 - (5:1) (G) particle size distribution (332 ± 3.1 nm), (H) zeta
potential (52 ± 1.5 mV); GCPQ10 - (7.5:1) (I) particle size distribution (150 ± 3.4 nm), (J) zeta potential
(31 ± 0.7 mV); GCPQ10 - (10:1) (K) particle size distribution (160 ± 1.5 nm), (L) zeta potential (27 ±
4.7 mV); GCPQ12 - (7.5:1) (M) particle size distribution (376 ± 4.6 nm), (N) zeta potential (43 ± 0.32
mV).
Measurements were conducted in triplicate from three independent samples, n=3.
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The particle size distribution and the zeta potential for all formulations were studied.
With the direct method, both polymers showed a high polydispersity of 0.41 ± 0.04
and 0.44 ± 0.4 for GCP20Q09 and GC16P18Q19 (Figure 3-4, A, C), respectively.
The formulations had a positive zeta potential value due to the presence of GCPQ
on the surface of the nanoparticles. The positive charge of the particles is desirable
to prevent particle aggregation and promote the electrostatic interaction with the
negatively charged sialic acid residues of mucin on the eye surface 105. The overall
positive value of the zeta potential of the formulation is an indication of that the
formulation will be colloidally stable due to greater electrostatic repulsion between
the particles

105 ,

and this positive value may be essential to enhance the

mucoadhesion on the corneal surface and thus might increase the drug residenc e
time at ocular surface 105. The zeta potential was reported as +43 ± 0.32 and +29 ±
2.04, for GCP20Q09 and GC16P18Q19, respectively. The difference in the zeta
potential is attributed mainly to the slight differences in the pH values between both
formulations.
For the solvent evaporation method, all tested formulations had a relatively lower
polydispersity compared to the direct method; this indicates the uniformity of the
formulations synthesised (Table 3-5).
The size distribution of the optimised formulation is shown in (Figure 3-4, I).
GCPQ10: RAP formulations had a z-average mean size of 150 ± 3.4 nm with a
narrow polydispersity index of 0.25 ± 0.01. The size distribution graph (Figure 3-4, I)
shows that the formulations mainly were monomodal in their distribution,
demonstrating the size uniformity of our formulations.
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The pH of all formulations was adjusted to ~ 7.0 - 7.4 with 1.0 M NaOH. The optimum
pH for eye drops equals that of tear fluid and is about 7.4

206 .

To further examine the characteristics of the optimum formulation, electron
microscopy was used to observe the morphology of the nanoparticles formed using
the GCPQ polymer. Figure 3-5 shows that the GCPQ10: RAP formulation formed
spherical nanoparticles, which are presumed to contain the encapsulated RAP.

Figure 3-5: Transmission electron microscopy image of GCPQ10: RAP formulation.

133

3.4.1.1. Solid-state measurements of GCPQ: RAP formulation
XRD patterns of tested compounds are presented in Figure 3-6. GCPQ displays no
distinct visible Bragg reflections (Figure 3-6, A); this demonstrates that GCPQ is an
amorphous material. RAP raw material has sharp peaks (Figure 3-6, B); this
confirms the raw drug to be a crystalline material, consistent with the literature

207.

The physical mixture of the freeze-dried GCPQ and RAP raw material still shows
some crystalline peaks (Figure 3-6, D). In the case of the GCPQ: RAP freeze-dried
formulation, the reflections of RAP crystals have disappeared, and therefore the
formulation comprises an amorphous solid dispersion (Figure 3-6, C). This
represents an advantage, as the amorphous form of the drug often has rapid
dissolution and greater absorption compared to their crystalline forms. This is
important for eye drops formulations that could enjoy an enhanced solubility
advantage for amorphous pharmaceutical materials compared to their crystalline
counterparts

208 .

The two peaks at about 40° in all the spectra are due to the plates' background
reflections. Elsaid et al. reported RAP crystallography loaded with amphiphilic
chitosan derivative, O-octanoyl-chitosan-polyethylene

glycol (OChiPEG) graft

copolymer 23. They showed that upon the addition of RAP to the OChiPEG micelles,
the characteristic crystal peaks for the drug disappeared

23 .

This data indicates that

the drug is no longer crystalline and could mean the formation of intermolecular
interactions between the drug and the hydrophobic core of the micelles before drying
23 .
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D- GCPQ10:RAP (Physical mix)
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C- GCPQ10:RAP (Formulation)

B- Rapamycin (Raw material)
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Figure 3-6: X-Ray Diffraction analysis.
(A) GCPQ, (B) RAP raw material, (C) f reeze-dried formulation, and (D) GCPQ: RAP powder physical
mix.
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3.4.1.2. Stability studies of GCPQ: RAP formulation
The stability of the GCPQ: RAP formulations was determined by measuring the
physicochemical properties over 28 days. GCPQ10 amphiphilic polymer with
characteristics (GC16P18Q19, QPR = 1.0) was selected as it results in the
highest encapsulation of RAP with reproducible results over three independ e nt
experiments. Due to the unavailability of the polymer quantity for the stability
study, another polymer with similar characteristics GCPQ15 (GC15P18Q2 0,
QPR = 1.1) was synthesised and used for further studies.
Table 3-6 shows the properties of all formulations upon storage at different
conditions for one month. The formulation stored in the fridge (28 days, 2.5
mg/mL) displayed a similar drug content compared to formulations stored in the
fridge at day 0 (2.3 mg/mL), and day 7 (2.6 mg/mL). Formulations stored at room
temperature (25±2°C / 60±5% RH) showed no significant differences in drug
content at day 28 compared to day 0 (p > 0.05). GCPQ: RAP stored at
accelerated conditions (40±2°C / 75±5%) showed no significant change in drug
content at day 7 as compared to day 0, while the change in drug content was
significant at day 28 as compared to day 0 (p < 0.05).
The pH of all the prepared formulations was examined. The pH of the
formulation was adjusted to 7.2 ± 0.1 with 1.0 M NaOH. The optimum pH for eye
drops equals that of tear fluid and is 7.4

206 .

If the pH value gets outside the

acceptable range that is tolerated by eye (i.e. 6.6 – 7.8

209 ),

the patient may feel

discomfort, there may be irritation, and the drug bioavailability may decrease
136

because of increased tearing

210 .

Our results showed that the pH was at the

acceptable range at all conditions and time points for all formulations (pH = 6.7
– 7.2).
The particle size and zeta potential were determined for the formulations. The
formulation prepared for the stability study possessed two nanoparticle populations
after filtration. The main peak population with larger particle sizes (~ 174 nm) was
presumed to be the encapsulated RAP in the formulation. In contrast, the second
peak population with smaller particle sizes (~ 14 nm) was assumed to be empty
GCPQ micelles as has been reported previously

178 .

It has been reported that in

aqueous environments, GCPQ self-assembles to form polymeric micelles with a
particle size of between 5 and 30 nm

211 . Our

size distribution results in the stability

studies showed a bimodal distribution and this bimodal size is thought to be due to
an equilibrium being established between drug-filled nanoparticles and empty
micelles

211 . There

were no significant differences in the formulation particle size at

day 0 to day 7 of storage at all conditions and time points. The formulation particle
size that had been stored in the fridge at Day 28 was not significantly different
from the particle size of the formulation on Day 0. However, there was a
significant difference in the formulation particle size when stored at room
temperature and at accelerated conditions; when Day 28 day was compared to
Day 0.
The zeta potential is very sensitive to dilution, as this could cause variations in pH
and ionic strength, both of which affect the particle zeta potential

212 .

GCPQ

possesses an overall positive charge due to the presence of quaternary ammonium
137

groups

137 .

As such, we obtained a positive zeta potential with the GCPQ: RAP

formulation (+26 ± 4.7 mV) on Day 0 over three independent experiments. There
were significant changes in the measured zeta potential on Day 28 when
compared to Day 0, irrespective of the storage conditions (p < 0.05).
The tears have a tonicity equivalent to 0.9% w/v NaCl solution
209,213 .

34

(300 mOsm/L)

Topical ophthalmic drops require to be at optimal osmolarity ~ 300

mOsm/L to avoid adverse effects on the eye, with a mean osmolarity for healthy
eyes ranging from 270 (confidence interval (CI) ± 261–309 mOsm/L) to 328
mOsm/L (CI ± 279–365 mOsm/L)

214 .

The eye can accommodate tonicity values

between 0.6% and 1.3% w/v of sodium chloride solution

2,

which is equivale nt

to 200-450 mOsm/kg. Our formulation has an osmolarity value of 322 – 332
mOsm/kg, within the range tolerable by the eye, and the change in osmolarity
was not significant, irrespective of the storage conditions.
The viscosity of the formulation was measured. There were no signific ant
changes in the viscosity at day 28 compared to day 0, irrespective of the storage
conditions. The viscosity of the formulation is higher than that of plain water (1.4
mPa and 0.89 mPa.s

35 ,

respectively at 25°C), due to the presence of the GCPQ

polymer in the formulation

136 .

Clearance from the eye is reduced with the more

viscous eye drop formulations, and increasing viscosity of an instilled dose can
extend the residence time of solution in the conjunctival sac

37 .

As this formulation

is intended for topical ocular administration in the eye, the slightly increased
viscosity and GCPQ bioadhesive properties are important when it comes to
promoting drug residence time at the ocular surface.
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Different approaches have been utilised to aqueous incorporation of RAP including;
complexes with cyclodextrins, liposomal formulations, microemulsion, and solid
dispersion

157 .

The solubility of RAP in cyclodextrin complexes increased to 60-70

µg/mL compared to RAP alone, which has an aqueous solubility of 2.6 µg/mL with
the aim of the authors to achieve (1 mg/mL) solubility

162 .

This low increase in

solubility is presumed to be due to the size of RAP molecules being too large for
complete inclusion in cyclodextrin complexes, and only an inclusion of the side chain
of the RAP molecule into the cyclodextrins complexes occurred

162 .

Also, RAP

formulated with phospholipid liposomes, with the aim to achieve (1 mg/mL), did not
result in enhanced RAP solubility, and the drug could not be detected in these
liposomes by HPLC

162 .

Probably, the hydration of the lipid films in the aqueous

medium or the extrusion procedure (Liposofast® extruder, 21 cycles) is not suitable
for the preparation of formulations containing RAP

162 .

Linares-Alba et al. reported

that the inclusion of a lyophilization step is necessary to the manufacturing process
of a liposomal formulation containing RAP 215. However, this approach could have a
limitation in the large-scale production of RAP 215. Another study showed enhanced
aqueous incorporation of (196.7 µg/mL) was achieved when spray-dried with
polymethacrylate-based copolymers (Eudragit®) due to the formation of micelle-like
structures

157 .

The incorporation of 1 mg/mL of RAP in an aqueous-based

formulation was achieved with a microemulsion containing triacetin and propylene
glycol

162 .

Formulation modifications resulted in improving the RAP aqueous levels

to 1 mg/mL when amphiphilic block copolymer micelles of polyethylene glycol-bpoly(e-caprolactone) were used

216 .

Another report showed a RAP-loaded mixed
139

nanomicellar formulation, i.e., vitamin E tocopherol polyethylene glycol succinate
and octoxynol-40 had led to high RAP aqueous concentrations (2 mg/mL)

34 .

All

these approaches used high levels of excipients, e.g., a viscosity enhancer povidone
K 90 was used, triacetin (20%), and propylene glycol (40%) to enhance RAP
aqueous levels. Our work showed that GCPQ alone as a vehicle at a concentration
of 7.5 mg/ mL was able to achieve a high concentration of RAP (2.3 mg/ mL). GCPQ
increased the RAP solubility in the formulation by 1000-fold (from 2.6 µg/mL for RAP
alone to 2300 µg/mL for the GCPQ: RAP formulation).
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Table 3-6: Parameters of GCPQ: RAP optimum formulation stored at the fridge (5 ±
3°C), room temperature (25 ± 2°C), and at accelerated conditions of (40 ± 2°C) for
28 days.
Storage
conditions

5±3°C

25±2°C
60 ± 5% RH

40±2°C
75 ± 5% RH

Parameters

Day 0

Drug concentration
(mg/mL)

2.3 ± 0.01

2.6 ± 0.02

#

2.5 ± 0.01

#

pH

7.2 ± 0.10

6.9 ± 0.04

#

6.9 ± 0.04

#

Main peak size (nm)
Peak intensity(%)
Second peak size (nm)
Peak intensity (%)

174 ± 2.2
(66 ± 0.4%)
14 ± 1.2
(33 ± 0.8%)

Zeta potential (mV)

+26 ± 4.7

+14 ± 2.4

Osmolarity (mOsm/kg)

322 ± 5.5

331 ± 10.02

Viscosity (mPa.s)

1.4 ± 0.01

1.6 ± 0.03

#

1.4 ± 0.001

Drug concentration
(mg/mL)

2.3 ± 0.01

2.5 ± 0.02

#

2.4 ± 0.04

ns

pH

7.2 ± 0.10

6.7 ± 0.03

#

6.7 ± 0.10

#

Main peak size (nm)
Peak intensity(%)
Second peak size (nm)
Peak intensity (%)

174 ± 2.2
(66 ± 0.4%)
14 ± 1.2
(33 ± 0.8%)

Zeta potential (mV)

+26 ± 4.7

+15 ± 1.4

Osmolarity (mOsm/kg)

322 ± 5.5

332 ± 6.1 ns

Viscosity (mPa.s)

1.4 ± 0.01

1.6 ± 0.1

Drug concentration
(mg/mL)

2.3 ± 0.01

pH

7.2 ± 0.10

Main peak size (nm)
Peak intensity (%)
Second peak size (nm)
Peak intensity (%)

174 ± 2.2
(66 ± 0.4%)
14 ± 1.2
(33 ± 0.8%)

Zeta potential (mV)

+26 ± 4.7

+18 ± 2.5

ns

+16 ± 1.4 *

Osmolarity (mOsm/kg)

322 ± 5.5

324 ± 9.3 ns

322 ± 5.5 ns

Viscosity (mPa.s)

1.4 ± 0.01

1.7 ± 0.03

1.4 ± 0.01

ns = not significant; * = p < 0.05; # = p < 0.005.
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Day 7

Day 28

217 ± 23.1 ns
(36 ± 4.3%)
18 ± 3.01 ns
(64 ± 4.3%)

411 ± 18.7 ns
(35 ± 1.1%)
14 ± 7.7 ns
(45 ± 18.02%)
+5 ± 0.6 #

#
ns

276 ± 30.9 ns
(28 ± 3.9%)
24 ± 6.6 ns
(61 ± 15.2%)
#

326 ± 7.6 ns
ns

665 ± 169.2 #
(40 ± 5.3%)
29 ± 7.3 *
(39 ± 12.6%)
+5 ± 0.4 #
329 ± 3.6 ns

#

1.4 ± 0.01

ns

2.3 ± 0.01

ns

1.9 ± 0.02

#

6.8 ± 0.10

#

6.5 ± 0.04

#

395 ± 85.5 ns
(15 ± 1.6%)
25 ± 1.9 ns
(86 ± 1.6%)

#

766 ± 244.2 #
(11 ± 2.5%)
31 ± 4.7 #
(77 ± 20.01%)

ns

Figure 3-7 shows the results of the drug content and visual appearance of all
formulations upon storage at three different conditions. As shown in (Figure 3-7, A)
there is a slight loss of the drug content (~17%) for the formulation stored at (40 ±
2°C / 75 ± 5%), and this drug loss can be observed with slight precipitation of the
formulation after 28 days (Figure 3-7, B).
RAP is very unstable in phosphate-buffered saline and HEPES buffer under all
conditions; their degradation effect on the drug is slower at 4° - 8°C and fastest at
37°C, at which temperature almost all of the drug is destroyed within 24 hours

207.

RAP is unstable in electrolyte solutions, and it can be degraded in an acidic
environment via ring-opening and fragmentation

157 .

Previous studies reported a

rapid degradation of RAP in simulated gastric fluid (pH 1.2) compared to intestinal
fluid (pH 6.8), acetate buffer (pH 4.0), and distilled water

207 .

Sun et al. reported on the stability of RAP formulated in self-microemulsifying drug
delivery systems stored in at 4°C, 25°C, and 40°C

205 .

They found that the storage

stability of RAP was improved significantly with decreasing temperature, suggesting
that formulations of RAP should be stored at a lower temperature. Another study
reported the stability of RAP (1 mg/mL) at room temperature

162 . RAP

microemulsion

containing 20% triacetin and 40% propylene glycol was stable over a storage period
of 12 months at 15 - 35°C 162.
We have shown that RAP, when encapsulated with the amphiphilic GCPQ, exhibits
excellent stability over 28 days of storage at 5°C, and room temperature and this
stability was due to the formation of a micelle-like structure. Siew et al. reported that
the GCPQ CMC values to range from 21 to 26 µM
142

135 .

Qu et al. showed that the

GCPQ CMC values are between 6 – 100 µM

136 .

This low CMC value makes the

GCPQ a prime candidate for use in drug delivery. Highly stable nanosystems will be
less likely to prematurely disaggregate on dilution within biological fluids in vivo, and
as a result, will be able to transport their payload as intended
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135 .

(A)

(B)

Day 0

Day 7

Lef t: Fridge (5°C)
Middle: Room temperature (25°C)
Right: Accelerated degradation
condition (40°C)

Day 28

Figure 3-7: GCPQ: RAP physical stability over 28 days of storage.
(A) Drug content; (B) visual appearance. The 40°C sample shows drug sedimentation after 28 days.
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3.4.2. Encapsulation of TAC
A reverse-phase HPLC was developed and used to quantify tacrolimus drug
content in the formulation. A calibration curve was constructed (Figure 3-8) by
plotting the average peaks areas of TAC against concentration. The method
developed showed linearity of TAC in a concentration range (0.0625 – 1.0 mg/mL).
The straight-line equation (y= 5667.3x + 11.85) with r2 = 0.9996 was used to quantify
the concentration of the encapsulated TAC in the formulation (Table 3-7).
The measured lower limit of quantification for tacrolimus was 62.5 µg/mL. The
calculated limit of quantification and limit of detection were presented in Table 3-7.
Equations (Equation 3-1, Equation 3-2), as previously described, were used to
calculate LOQ and LOD according to ICH guidelines
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204 .

Table 3-7:Tacrolimus HPLC Assay Parameters
Parameter

Value

Quantification

Equation of

range (µg/mL)

62.5 - 1000

Limit of

Limit of

the straight

detection

quantification

line

(µg/mL)

(µg/mL)

13.46

40.80

y= 5667.3x +

R2

0.9996

11.85

6000
5000

y = 5667.3x + 11.85
R² = 0.9996

AUC (a.u)

4000
3000
2000
1000
0

0

0.2

0.4

0.6

0.8

1

Concentration (mg/mL)

Figure 3-8: Average standard curve of tacrolimus in RP-HPLC.
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1.2

The level of palmitoylation and quaternisation of GCPQ can be altered to meet the
specific requirements of the formulation

138 .

In this study, we chose GCPQ with

similar levels of palmitoylation and quaternisation, (GCPQ16: GC10P18Q18, QPR
1.0), to balance the lipophilicity and hydrophilicity of the polymer. We adopted this
strategy in order to overcome the corneal barrier functions, precisely the opposite
characteristics of the tight junction epithelium and stroma of the cornea

217,218 . The

corneal epithelium is lipophilic, which will restrict the movement of hydrophilic
compounds, whereas the stroma is hydrophilic and will limit the movement of
lipophilic compounds. This dual nature of the cornea acted as a strong barrier for
drug entry into the ocular globe. Therefore, compounds must possess both
hydrophilic and lipophilic properties to overcome the corneal barrier.
The results of the encapsulation of tacrolimus within GCPQ using high-pressure
homogenisation method are presented in (Table 3-8). We passed the formulation
through the machine for one cycle and ten cycles. For the one cycle method, the
polymer-to-drug mass ratios (5:1, and 10:1) did not show a high encapsulation of
tacrolimus in the GCPQ (0.25, and 0.3 mg/mL), respectively. Also, after ten cycles,
the polymer-to-drug mass ratios (5:1, and 10:1) did not produce a sufficient
encapsulation of tacrolimus in the GCPQ (0.32, and 0.46 mg/mL), respectively.
These results demonstrated that mechanical treatment significantly alters the
concentration of the encapsulated tacrolimus, possibly due to the drug being
adhered to the inner part of the homogeniser. Zhang et al. reported the cationic
nanoemulsion formulation of tacrolimus for ophthalmic delivery

219 . They

passed the

tacrolimus formulated in a blend of the two non-ionic surfactants, Tween 80 and
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poloxamer 188, the cationic agent, Cetalkonium chloride, osmotic pressure
regulator, glycerine, the oily component, medium-chain triglyceride as well as castor
oil, and water for (8 cycles, 600 bar) in high-pressure homogeniser with a cooling
jacket at the exit of the valve to reduce the risk of high temperature
achieved high tacrolimus encapsulation efficiency (99 ± 1%)

219 .

219 .

They have

As reported, they

have used a blend of materials and excipients that could provide stable media to
formulate tacrolimus. The cooling jacket at the exit of the HPH valve offers a cooling
process to avoid tacrolimus degradation at elevated temperature. In contrast, we
used GCPQ to formulate tacrolimus without cooling process at HPH. This process
could give rise to an elevated temperature of the formulation, and as a result, low
tacrolimus encapsulation efficiency using HPH was observed. Another report
showed that tacrolimus formulated in self-micro emulsifying drug delivery system
was not stable under high temperature and high humidity

220 .

It is clear that

formulation strategies involving tacrolimus should not encounter high temperature
and as such, high encapsulation of tacrolimus could be achieved.
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The effect of GCPQ polymer-to-drug mass ratios on the encapsulation efficiency of
tacrolimus was assessed by preparing formulations with 1:1, 2:1, 5:1 and 10:1
polymer-to-drug mass ratios without the application of any mechanical treatment
(Table 3-8). Polymer to drug mass (F5, F6) have a low encapsulated tacrolimus
concentration within GCPQ, encapsulation efficiency (EE) = (0.20 ± 0.02 mg/mL and
0.3 ± 0.03 mg/mL), respectively. We observed a cloudy appearance in both
formulations upon reconstitution with (2.6% w/v) glycerol solutions. This observation
may suggest that the polymer composition was insufficient to encapsulate tacrolimus
and that most of the drug particles were suspended rather than dispersed in the
aqueous phase. Hence, we increased the polymer to drug mass (F7, F8) to 5:1 and
10:1, respectively. With F7 and F8, we obtained clear liquids upon reconstitution
with (2.6 % w/v) glycerol solution, suggesting that most of the drug was encapsulated
in the formulations (F7; EE = 75 ± 7.6%, F8; EE = 87 ± 5.8%).
Generally, treatments with a high-pressure homogeniser generated high shear
forces as a result of extreme pressure change, thus producing nanoparticle
populations with smaller in size

221 . However,

GCPQ: TAC formulation (5:1) treated

with ten cycles of HPH showed the highest particle size distribution (346 ± 4 nm).
This may have occurred due to a substantial increase in the surface area of the
nanoparticles following the mechanical treatment, thus promoting aggregation.
As shown in Table 3-8, polymer-to-drug mass ratio (10:1) with the solvent
evaporation method give the best encapsulation of tacrolimus with the GCPQ (~ 0.9
mg/mL), with a particle size (~ 200 nm). Thus, we decided to test this formulation
further for stability

studies and subsequent
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animal pharmacokinetic work.

Table 3-8: Summary of different approaches used to encapsulate tacrolimus within GCPQ.

Polymers

Encapsulation
method
HPH
(1 cycle)

GCPQ16

HPH
(10 cycles)

(GC10P18 Q18)
Solvent
evaporation

Formu
lation

Polymer: drug
mass ratio
(w/w)

Measured
Drug
content
(% w/v)

Theoretical
Drug
content
(% w/v)

EE
(%)

F1

5:1

0.025±0.001

0.1

25 ± 7

F2

10:1

0.030±0.001

0.1

30 ± 10

F3

5:1

0.032±0.001

0.1

32 ± 12

F4

10:1

0.046±0.001

0.1

46 ± 10

F5

1:1

0.02±0.002

0.1

20 ± 2

F6

2:1

0.03±0.003

0.1

34 ± 3

F7

5:1

0.07±0.001

0.1

75 ± 7.6

F8

10:1

0.09±0.001

0.1

87 ± 5.8
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Particle size (nm)
Peak intensity (%)
Main peak

Second peak

200 ± 29
(81 ± 2%)
247 ± 20
(61 ± 4%)
346 ± 4
(81 ± 2%)
145 ± 2
(72 ± 1%)
198 ± 11
(57 ± 2%)
133 ± 4
(46 ± 0.3%)
149 ± 2
(86 ± 0.1%)
195 ± 28
(52 ± 4%)

10 ± 0.5
(12 ± 1%)
10 ± 0.3
(37 ± 4%)
56 ± 7
(9 ± 1%)
10 ± 0.4
(28 ± 1%)
9 ± 0.2
(43 ± 0.5%)
9 ± 0.04
(51 ± 1%)
11 ± 0.1
(14 ± 0.1%)
11 ± 0.4
(47 ± 3%)

Electron microscopy was used to observe the morphology of the nanoparticles
formed using GCPQ polymer. Figure 3-9 shows that GCPQ: TAC formulation form
spherical vesicles which expectedly contains the encapsulated tacrolimus. Images
showed two distinct nanoparticle populations

with larger particles are the

encapsulated tacrolimus, and the smaller particles are the empty GCPQ micelles.

Figure 3-9: Transmission electron microscopy of GCPQ: tacrolimus formulation.
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3.4.2.1. Stability studies of GCPQ: TAC formulation
The stability of the GCPQ16: TAC formulations were determined by measuring
the physicochem ical properties over 30 days. Table 3-9 shows the properties of
all formulations upon storage at different conditions for 30 days. After 30 day s
of storage, the formulation stored in the fridge displayed excellent drug content
stability compared to formulations stored at room temperature and 40°C at all
time points (p < 0.05). The tacrolimus in the formulation stored at (5±3°C)
displayed a similar drug content at Day 0 (0.99 ± 0.002 mg/mL) as compared to
Day 30 (0.94 ± 0.049 mg/mL) (p > 0.05).
GCPQ: TAC Formulations stored at room temperature and under accelerated
storage conditions showed significant changes in drug content at Day 7, and
Day 30 compared to day 0. Analysis of most of the parameters had suggest ed
that the formulation stored under accelerated storage conditions (40 ± 2°C / 75
± 5% RH) had the lowest stability. The tacrolimus concentration fell substanti a lly
from (0.99 ± 0.002 mg/mL) to (0.04 ± 0.001 mg/mL) after 30 days, indicati ng
that almost 95% of the drug was lost from its original content.
All prepared formulations were examined for pH. The pH of the formulation was
adjusted to 7.1 ± 0.1 with 1.0 M NaOH. The pH of the GCPQ: TAC formulation
stored at 40 ± 2°C showed a reduction in the pH after 30 days of storage; with
the pH falling to 6.3 ± 0.01. As described, the optimum pH for eye drops equals
that of tear fluid and is 7.4

206 .

If the pH value gets outside the acceptable range

that is tolerated by eye 6.6 – 7.8

209 ,

the patient may feel discomfort, there may
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be irritation, and the drug bioavailability can decrease because of increased
tearing

210 .

The GCPQ: TAC formulation stored in the fridge showed a pH value

within the acceptable range (6.8 – 7.1). The pH of the GCPQ: TAC formulation
stored at room temperature and accelerated degradation conditions showed a
reduction in the pH after 30 days of storage (6.5 ± 0.05) and (6.3 ± 0.01),
respectively. GCPQ is a weak base with a pKa of 6.0 but yet forms micellar
dispersions over a range of pH values, up to a pH value of 9

138 .

The 6-O-gly c ol

unit enables GCPQ to produce micelles at neutral pH, as chitosan is insolub le
in neutral media and is only soluble at acidic pH, whereas GC is soluble at
neutral

pH

138 .

measurements.

Moreover,

temperature

As the temperature

plays

rises,

a significant

molecular

role

vibrations

in pH

increase,

resulting in water's ability to ionise and form more hydrogen ions. As a result,
the pH will drop

222 .

This principle is observed when GCPQ: TAC formulation s

are stored at an elevated temperature, and as such, the pH value decreases. A
similar outcome was observed with GCPQ: RAP formulation. The pH of the
GCPQ: RAP formulation stored at 40 ± 2°C showed a reduction in the pH after
30 days of storage; with the pH falling from 7.2 ± 0.1 to 6.5 ± 0.04.
The size and surface potential were determined for the prepared formulation s.
The GCPQ: TAC formulation possessed two nanoparticle populations after
filtration. The main peak population with larger particle sizes (~ 200 nm) was
presumed to be the encapsulated tacrolimus in the formulation. In contrast, the
second peak population with smaller particle sizes (~ 10 nm) was assumed to
be empty GCPQ micelles as has been reported previously
153

105 .

The average size

of the main peak population following filtration was 235 ± 64 nm, and the
corresponding percentage intensity was 49 ± 4.6%. The size of the smaller
population was 13 ± 0.5 nm, with a percentage intensity of 48 ± 2.0%.
There were no significant differences in the formulation particle size on Day 0, Day
7, and Day 30 day of storage at room temperature and at accelerated condition s
(p > 0.05). The change in the formulation particle size stored in the fridge at Day
30 when compared to Day 0 was significant, but the sample remained clear of
any visual precipitation (Figure 3-10, B).
GCPQ possess an overall positive charge due to the presence of quaternary
ammonium groups on their surface 137. As such, we obtained a positive zeta potential
value with the GCPQ: TAC formulation (16 ± 4.6 mV) over three independent
experiments. There were no significant differences in the formulation zeta potential
when Day 0 was compared to Day 7 and Day 30 irrespective of the storage,
indicating that the formulations remained colloidally stable as there should be
electrostatic repulsions between the individual nanoparticles

223 .

Our formulations are isotonic and have an osmolarity value range of 308 – 327
mOsm/kg, which is within the range tolerable by the eye. Hypertonic and
hypotonic formulations can induce a burning sensation after instillation, leading
to excessive lacrimation and consequently drug removal from the ocular surfac e
224 .

Clinical evaluation of tacrolimus eye drops with high osmolality values of

more than 1000 mOsm/kg has been shown to induce ocular irritation in patients
following the formulation's instillation into the eyes
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225 .

The viscosity of the formulations ranged from 1.4 - 1.7 mPa.s at 25°C (p > 0.05,
two-way ANOVA). The viscosity of the formulation is higher than that of plain
water (0.89 mPa.s at 25°C)
formulation

136 .

35 ,

due to the presence of the GCPQ polymer in the

GCPQ is known to be mucoadhesive in the gastrointestinal tract 226.

As this formulation is intended for topical ocular administration in the eye, the
slightly increased viscosity and the GCPQ bioadhesive properties are essenti al
when it comes to promoting drug residence time at the ocular surface.

155

Table 3-9: Parameters of GCPQ: TAC optimum formulation stored at the fridge
(5±3°C), room temperature (25±2°C), and at a critical condition of (40±2°C) for 30
days.
Storage
conditions

5±3°C

25±2°C
60 ± 5% RH

40±2°C
75 ± 5% RH

Parameters

Day 0

Drug concentration
(mg/mL)

0.99 ± 0.002

1.00 ± 0.001

pH

7.1 ± 0.1

6.8 ± 0.01

Main peak size (nm)
Peak intensity (%)
Second peak size(nm)
Peak intensity (%)

235 ± 64
(49 ± 5%)
13 ± 1
(48 ± 2%)

234
(53
11
(47

Zeta potential (mV)

+16 ± 4.6

+21 ± 4.2

Osmolarity
(mOsm/kg)

327 ± 3.1

319 ± 3.1 ns

Viscosity (mPa.s)

1.7 ± 0.003

1.6 ± 0.04

Drug concentration
(mg/mL)

0.99 ± 0.002

0.87 ± 0.004

pH

7.1 ± 0.1

6.7 ± 0.02

Main peak size (nm)
Peak intensity (%)
Second peak size(nm)
Peak intensity (%)

235 ± 64
(49 ± 5%)
13 ± 1
(48 ± 2%)

194
(40
12
(60

Zeta potential (mV)

+16 ± 4.6

+21 ± 3.1

Osmolarity
(mOsm/kg)

327 ± 3.1

314 ± 4.5 *

314 ± 3.1 *

Viscosity (mPa.s)

1.7 ± 0.003

1.5 ± 0.02

1.7 ± 0.01

Drug concentration
(mg/mL)

0.99 ± 0.002

0.27 ± 0.002

pH

7.1 ± 0.1

6.8 ± 0.01

Main peak size (nm)
Peak intensity (%)
Second peak size(nm)
Peak intensity (%)

235 ± 64
(49 ± 5%)
13 ± 1
(48 ± 2%)

Zeta potential (mV)

+16 ± 4.6

+18 ± 3.1

Osmolarity
(mOsm/kg)

327 ± 3.1

308 ± 2.5 #

310 ± 4.5 #

Viscosity (mPa.s)

1.7 ± 0.003

1.4 ± 0.03

1.6 ± 0.01

ns = not significant, * = p < 0.05, # = p < 0.005.
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Day 7

Day 30
ns

6.9 ± 0.1

#

± 16 ns
± 2%)
± 1 ns
± 2%)

+19 ± 2.4

ns

326 ± 10.02
1.5 ± 0.01

#
#

± 17 ns
± 2%)
± 1 ns
± 2%)

174
(38
12
(62

#
#

#

156 ± 12 ns
(34.43±2.19)
12 ± 1 ns
(65.57±2.19%)

#
#

#

± 11 ns
± 1%)
± 1 ns
± 1%)

+24 ± 2.3

ns

ns

0.41 ± 0.006
6.5 ± 0.05

#

#

#

373 ± 7 *
(61 ± 2%)
13 ± 2 *
(39 ± 2%)

ns

ns

0.94 ± 0.049 *

ns

ns

0.03 ± 0.001
6.3 ± 0.01

#

#

218 ± 52 ns
(33.97±3.12%)
13 ± 1 ns
(65.33±3.10%)
+23 ± 3.5

ns

#

Figure 3-10 showed the results of the drug content and visual appearance of all
formulations upon storage at three different conditions. As shown in Figure 3-10, A
there is a loss of the drug content for the formulation stored at room temperature
(25±2°C / 60±5% RH) and at accelerated conditions (40±2°C / 75±5% RH). This
drug loss is observed as the precipitation of the formulation after 30 days (Figure
3-10, B). The GCPQ: TAC stored at the fridge for 30 days was a clear formulation at
the end of the storage period. This finding was consistent with the findings of
others. Rodriguez et al. demonstrated that tacrolimus formulated with Liquif ilm
eye drops containing polyvinyl alcohol (0.03% w/v), did not degrade when stored
for 90 days at low temperature, either in the fridge (5±3°C) or the freezer (17.5±2.5°C)

225 .

They concluded that the tacrolimus formulation stored at room

temperature showed a considerable decline by 50% in the drug content (0.015%
w/v)

225 .

We have found a similar observation where tacrolimus stored at room

temperature showed a reduction in the drug content by ~ 50% after 30 day s
(0.99 mg/mL for day 0, and 0.41 mg/mL for day 30).
The temperature is an essential factor in the stability under the storage of
tacrolimus ophthalmic formulations

225 .

Peterka et al. reported the sensitivity of

an amorphous form of tacrolimus at an elevated temperature and humidity (50°C
/ 75% RH)
increased

227 .

The proportion of TAC impurities in amorphous material

with higher

moisture

content. Amorphous

material

has higher

thermodynam ic activity and tends to be chemically and physically less stable
than the corresponding crystalline material

227 .

This can be explained by the fact

that amorphous material is more hygroscopic than crystalline material, and
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water

absorbed

on the surface increases

degradation

of

amorphous material by providing a reaction medium or acting as a reactant

227 .

Based on these results,

our formulation

the chemical

appeared

to be stable against

degradation when stored in the fridge. Thus, samples of tacrolimus should be
analysed immediately and formulations stored at low temperatures (+4°C).
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(A)

(B)

Day 0

Day 7

Lef t: Fridge (5°C)
Middle: Room temperature (25°C)
Right:

Accelerated degradation

condition (40°C)

Day 30

Figure 3-10: GCPQ: TAC physical stability over 30 days of storage.
Precipitation is clearly seen in the formulations stored at room temperature and
accelerated degradation conditions.
(A) Drug content; (B) visual appearance.
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3.5.

Conclusion

The amphiphilic polymers GCPQ with different molecular weights and similar
degrees of DP% and varying degrees of DQ% were synthesised and used for
manufacturing an aqueous-based eye drop formulations of the model drugs, RAP
and TAC. The solvent evaporation method approach utilising the GCPQ polym er
was used to formulate the model drugs. When encapsulated within GCPQ
nanoparticles, we have shown that RAP exhibits excellent aqueous incorporation
levels with an increase of up to 1000-fold compared to RAP alone. The GCPQ: RAP
formulation (~0.2% w/v) was stable over 30 days of storage at 5°C, and room
temperature and this stability were due to the formation of micelle-like structures.
This formulation will be used for a further pharmacodynamics experiment on a
diseased animal model. Also, the biodistribution pharmacokinetic profile will be
studied in a healthy New Zealand rabbits’ model. We manufactured a clear
aqueous TAC eye drops formulation (0.1% w/v). GCPQ as a novel delivery
system for ocular delivery was able to enhance the TAC solubility up to 100fold. A GCPQ: TAC formulation was stable against degradation when stored in
the fridge for 30 days. This formulation will be used to study its pharmacokinetic
profile in healthy New Zealand rabbits’ model.

160

4. Biological in vitro Studies
4.1.

Introduction

Upon topical ocular administration, precorneal factors and anatomical barriers
negatively affect the bioavailability of topical formulations; leading to bioavailabilities
of less than 5%

8.

The pre-corneal factors that inhibit drug absorption are: rapid

drainage of eye drops, blinking, the tear film, tear turn over and induced lacrimation
228 . The

cornea is the main ocular anatomical barrier. It is the anterior-most layer of

the eye and is considered the primary barrier limiting the entry of exogenous
substances into the eye and protects the intraocular tissues
tight junctions on the conjunctival epithelium
through the conjunctiva

27

229 and

8,20 .

The existence of

the possible systemic absorption

also limit the ocular drug absorption. The presence of the

proteoglycan matrix in the sclera also plays a central role in ocular drug permeation
8.

Cellular barriers in the body act as a gateway between the external environment and
internal compartments; therefore, drug molecules can traverse these barriers
through two distinct pathways: the paracellular and transcellular pathways (Figure
4-1, A). The paracellular pathway involves the movement of drug molecules between
the junctions of the cells, whilst with the transcellular pathway, drugs can penetrate
these barriers through cell membranes

230 .

The epithelial barrier consists of various intercellular junctions, such as the adherens
junction, gap junction, desmosome and tight junctions

231 .

Tight junctions are the

most apically located intercellular junctions in epithelial cell sheets
161

232,233 . There

are

four primary groups of transmembrane proteins that have been described at
conventional epithelial tight junctions; occludin, members of the claudin family,
tricellulin, and junction adhesion molecules

232,233 .

These proteins form the

paracellular seals by interacting with their extracellular domains to occlude the
intercellular space

231 .

Tight junctions act as a semipermeable barrier to the

paracellular transport of ions, solutes and water, and are considered to function as
a fence that divides apical and basolateral domains of membranes

233 .

It has been reported that tight junctions’ proteins were found in rat corneal epithelium
including occludin, localised at the cell borders of the superficial layer, whereas
claudin-1 was found mainly in the basal and wing cell layers

13 . Chen

et al. reported

the presence of zonula occludens-1 (ZO-1), zonula occludens-2 (ZO-2), occludin
and claudin-1 in rabbit corneas and these were all localised contiguously at the
superficial cell boundary

234 .

As the cornea is considered the main barrier for topically applied drugs and we intend
to use rabbits as an animal model for the in vivo studies, we decided to use the
Statens Seruminstitut Rabbit Cornea (SIRC) cell line to study the cytotoxicity profile
of GCPQ and the effect of GCPQ’s structure on the transport of drugs across the
cornea. Also, the Madin-Darby Canine Kidney (MDCK) cell line was employed as
the MDCK cell line is a well-known model for the study of tight junctions, and it was
thus used as a model to explore the effect of the GCPQ’s structure on drug transport
across the corneal epithelium.
Whereas intracellular trafficking is often studied in standard wells or coverslips, the
absence of a basolateral compartment precludes cell polarisation and the ability to
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study transport across cell layers. To overcome this obstacle, transport across cell
monolayers has been long studied using transwell inserts (Figure 4-1, B), which
consist of an upper (apical) chamber, a porous, permeable membrane where cells
attach and form a tight monolayer, and a lower (basolateral) chamber

235 .

In the

transwell, transport can be measured in the apical-to-basolateral direction by
administering a treatment into the upper chamber, followed by the transport through
the cell monolayer and the underlying porous membrane, and finally collecting the
medium in the lower chamber for quantification of transported material. Transport in
the basolateral-to-apical direction can also be measured by initial administration to
the lower chamber and subsequent collection from the upper chamber

235 .

While

many factors involved in the in vivo delivery are eliminated, the transwell in vitro
model provides useful preliminary information regarding transport mechanisms

235 .

This chapter is focused on the study of the cytotoxicity of GCPQ and the formulation,
and the effect of different properties of GCPQ on the epithelial barriers. Two cell lines
will be tested for the cytotoxicity and the permeability studies: the MDCK and the
SIRC cell lines.
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(A)

(B)

Transwell
insert

Cells
monolayer
Polycarbonate
f ilter

Medium

Figure 4-1: Schematic diagram of (A) mechanisms of drug transport through the cell
membrane; (B) cells monolayer formed on the transwell membrane.
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The experimental design for the in vitro cytotoxicity and permeability assays is shown
in Figure 4-2.

MTT assay

• MTT assay
• Permeability assay
• MDCK
lines.

and

SIRC

cell

• Different GCPQ polymers
(IC50).
• GCPQ-RAP formulation
(IC50)

• Development of cells’
monolayer.
• Determine the apparent
permeability coefficient of
a paracellular marker FD4 kDa.

Permeability
assay

In vitro

In vivo
• PK study in rabbits.
• PD study in mice with
experimental autoimmune
uveitis

Figure 4-2: Illustration of the experimental plan for the in vitro studies.
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4.2.

Effect of GCPQ polymeric nanoparticles on cellular toxicity

4.2.1. Introduction
It is essential to determine the concentration or dose at which the therapeutic agent
becomes unsafe for therapeutic purposes. Preclinical testing is vitally important to
eliminate unsuitable candidates before the expense of clinical research is incurred.
The use of cell culture for the initial preclinical screening of potential therapeutic
compounds is common as cultured cells can be selected to represent the disease of
interest or its associated biochemical anomalies. It is vital to obtain accurate, reliable
results from the in vitro cytotoxicity assays employed in the initial stages of preclinical
research as this data may influence the success of a drug candidate to proceed into
the development process

236 .

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
has become the gold standard for the determination of cell viability and proliferation
236 . Several

tetrazolium-based assays, such as the XTT, MTS, and WST assays, in

which water-soluble formazan products are generated, eliminate the need for
washing, and solvent solubilisation steps, have been developed but have not
replaced the well-established MTT assay

236 .

However, MTT assay is associated

with certain limitations such as background interference and a necessary step to
solubilise the crystal formazan

237 .

Thus, this section focuses on determining the

effect of GCPQ polymeric nanoparticles on the cells metabolic activity by measuring
the IC50 values using the MTT assay.
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4.2.2. Materials

Chemical

Supplier

MDCK cell line

LGC standards – ATCC (Teddington, UK)

SIRC cell line

LGC standards – ATCC (Teddington, UK)

Eagle’s minimum essential medium

Sigma-Aldrich (Gillingham, UK)

Foetal bovine serum

Sigma-Aldrich (Gillingham, UK)

Non-essential amino acids

Sigma-Aldrich (Gillingham, UK)

MTT reagent

Sigma-Aldrich (Gillingham, UK)

Penicillin-streptomycin

Lif e technologies Ltd. (Paisley, UK)

Sodium pyruvate

Lif e technologies Ltd. (Paisley, UK)

glutaMAX

Lif e technologies Ltd. (Paisley, UK)

DMSO

Fisher Scientif ic (Loughborough, UK)

167

4.2.3. Methods
4.2.3.1. MTT assay
The MTT assay is a colourimetric assay that measures the reduction of water-soluble
(yellow) MTT reagent to an insoluble coloured (dark purple) formazan product by
mitochondrial succinate dehydrogenase

238 . The

tetrazolium ring is cleaved in active

mitochondria, and so the reaction occurs only in living cells

239 .

The cytotoxicity of

GCPQ was assessed by the measurement of the IC50 value in a standard MTT
assay.
The SIRC and the MDCK cell lines were seeded at 1x104 cells per well in 96-well
plates and allowed to grow for one day in cell growth medium containing minimum
essential medium supplemented with foetal bovine serum (10% v/v, 50 mL),
glutaMAX (1% v/v, 5 mL), non-essential amino acids (1% v/v, 5 mL), penicillinstreptomycin (1% v/v, 5 mL), and sodium pyruvate (1% v/v, 5 mL).
The MDCK cell line was treated with GCPQ10, and the SIRC cell line was treated
with GCPQ07, GCPQ09, and GCPQ10. Both cell lines were treated with increasing
concentrations of polymers dispersed in filtered deionised water (10 mg/mL) and
diluted with medium (9.7 x 10-3 – 5 mg/mL, 100 μL per well).
On the SIRC cell line, cells were treated with increasing concentrations of GCPQ13
and GCPQ14 dispersed in filtered deionised water (15 mg/mL) and diluted with
medium (14.6 x 10-3 – 7.5 mg/mL, 100 μL per well). These concentrations were
selected based on screening experiments conducted to determine the appropriate
working ranges.
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GCPQ10: RAP formulations were prepared (2 mg/mL rapamycin) at 5:1 and 7.5:1
polymer to drug mass ratio. SIRC cells were treated with increasing RAP
concentrations. GCPQ10: RAP formulation diluted with medium (1.9 x 10-3 – 1
mg/mL, 100 μL per well).
The cell viability using RAP was also determined. Rapamycin was prepared by
dissolving RAP in DMSO (1 mg/mL), followed by a further dilution of rapamycin to
give a concentration of 20 µg/mL using DMSO in water (1% v/v). This stock solution
of RAP was used to treat SIRC cells with increasing concentrations of RAP diluted
with medium (1.9 x 10-2 – 10 µg/mL, 100 μL per well). Control groups received
treatment with DMSO solution at the same volume and concentration used to
prepare the RAP treatments.
Cells were treated and incubated for 4 hours at 37°C and in a 5% CO2 environment.
The four-hour treatment time was chosen to mimic the possible dose frequency.
After the incubation time, the treatment was discarded, and the cells washed with
Dulbecco’s phosphate-buffered saline (DPBS). Then, supplemented cell growth
medium (MEM, FBS 10%, glutaMAX 1%, non-essential amino acids 1%, penicillinstreptomycin 1%, sodium pyruvate 1%, 200 μL) was added, and the cells were
incubated for 24 hours to allow for recovery. Subsequently, the medium was
aspirated from five wells, and some cells were treated with 1% Triton X-100 prepared
in DPBS (100 μL per well) as a positive control for 20 minutes. It is well-known that
the Triton X-100 causes 100% of cells lysis

240,241 .

The toxicity of Triton X-100

molecules arises because of the disrupting action of its polar head group on the
hydrogen bonding present within the cell’s lipid bilayer, leading to the disruption of
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cellular structure of the cell membrane at concentrations above the Triton X-100
CMC (0.19 to 0.20 mM) 241.
MTT solution was prepared by adding MTT reagent to DPBS (5 mg/mL). This MTT
solution was then diluted with medium to a final concentration of 0.5 mg/mL and
filtered through a 0.22 µm filter protected from light. The medium in the plate was
removed, and the MTT solution (0.5 mg/mL, 200 μL) was added to each well followed
by incubating the cells with the MTT solution for two hours at 37°C and in a 5% CO2
environment. Following this incubation period, the MTT solution was gently
aspirated. Subsequently, DMSO (200 μL) was added to each well, followed by
mixing to ensure complete solubilisation of the resulting formazan crystals. The
plates were then read on a UV spectrophotometer, SpectraMax M2 from Molecular
Devices (Wokingham, UK) at a wavelength of 570 nm.
For the analysis, the absorbance of the background values was subtracted. The
background value for the RAP treatment group was DMSO solution at the same
volume and concentration used to prepare the RAP treatments plus empty wells.
The background for all other groups was the value obtained from empty wells. The
cytotoxicity was determined as the ratio between the measured absorbance values
of treated and untreated cells. The IC50 values (concentration of the treatment at
which 50% of cells are viable) were determined by analysing the data using Prism
software (GraphPad Software, USA).
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4.2.4. Results and discussion
Table 4-1 shows the IC50 values for the GCPQ polymers, GCPQ: RAP formulations,
and rapamycin on MDCK and SIRC cell lines. The IC50 values of treatment groups
were obtained through the dose-response curves.

Table 4-1: Ranking of minimum inhibitory concentration (IC50) of the tested
materials on MDCK and SIRC cell lines.
Compound

Properties

QPR

GCPQ10

(GC16, P18, Q19)

1.05

Cell
IC50 (µg/mL)
line
(mean ± SE)
MDCK 4.54 ± 0.36 x 103

GCPQ13

(GC27, P22, Q15)

0.68

SIRC

3.31 ± 0.19 x 103

GCPQ09

(GC60, P18, Q16)

0.89

SIRC

2.78 ± 1.43 x 103

GCPQ07

(GC16, P22, Q10)

0.45

SIRC

2.05 ± 0.22 x 103

GCPQ10

(GC16, P18, Q19)

1.05

SIRC

632.90 ± 48.90

GCPQ14

(GC30, P19, Q19)

1

SIRC

438.2 ± 0.1

GCPQ10: RAP

(5:1) polymer to drug mass ratio

-

SIRC

36.75 ± 4.41

GCPQ10: RAP

(7.5:1) polymer to drug mass ratio

-

SIRC

23.69 ± 2.76

Rapamycin

-

-

SIRC

3.77 ± 0.59
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GCPQ polymers with high DQ% and a relatively high QPR value ~1, showed low
IC50 values. GCPQ10 (P18%, Q19%, QPR 1.05) and GCPQ14 (P19%, Q19%, QPR
1) has an IC50 of 632.9 ± 48.9 µg/mL, and

438.2 ± 0.1 µg/mL, respectively,

compared to GCPQ13 (P22%, Q15%, QPR 0.68) that has an IC50 of 3.31 ± 0.19
mg/mL on SIRC cell line (Table 4-1, Figure 4-3). Hence, irrespective of the molecular
weight, as the DQ increases, the toxicity increases significantly (p < 0.05), as shown
with GCPQ10 (P18%, Q19%, QPR 1.05) and GCPQ07 (P22%, Q10%, QPR 0.45).
GCPQ10 was also tested for cytotoxicity on MDCK cell line. We observed a higher
IC50 value on the MDCK compared to SIRC cell line 4.54 ± 0.36 mg/mL and 632.90
± 48.90 µg/mL, respectively. The IC50 of GCPQ10 in the MDCK cell line is about
seven-fold higher than in the SIRC cell line. It has been reported that there is a trend
of decreasing cell viability with increasing DQ% or decreasing DP% in both MDCK
and colon adenocarcinoma (Caco-2) cells by the MTT assay

242 .

GCPQ is a polycation polymer that has a positive charge that might destabilise the
cell membrane to a certain extent and cause cytotoxicity even in the absence of the
drug

243 .

MDCK is a canine kidney cell line while SIRC is a rabbit corneal cell line;

the previous results indicate that the polymer's cytotoxicity is a cell type-dependent.
The cytotoxicity of GCPQ was reported and assessed by measuring the IC50 value
in a standard MTT assay seeded at 700 cells per well, and exposure time = 4 hours
134 .

A prototype of GCPQ with a high molecular weight of 176 kDa, 6 mole % of

palmitoylation and 4 mole % of quaternisation was reported to have an IC50 of 1.28
mg/mL in A431 cell line

134 .

Compared with some other permeation enhancers, this

value is much higher and represents a safer system for drug delivery. The cationic
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polymer poly-L-lysine has an IC50 of 0.007 mg/mL while poly-L-ornithine has an
IC50 of 0.004 mg/mL in the A431 cell line seeded at 700 cells per well, and exposure
time = 4 hours

244 . The

cytotoxicity of chitosan derivatives has also been reported.

Trimethylated chitosan derivatives were shown to have IC50 values ranging from
about 0.05 mg/mL to about 1.0 mg/mL in a breast cancer epithelial (MCF-7) cell line
seeded at 1x104 cells/well in a 96-well plate, exposure time = 6 and 24 hours. The
IC50 value (0.05 mg/mL) was lower for trimethyl chitosan derivatives with higher
trimethylation levels (76%)

245 . A

general trend of increasing toxicity with increasing

trimethylation degree was reportedly related to toxicity, with no effect on cell viability
when molecular weight was increased

245 .
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(GCPQ07)

(GCPQ09)

(GCPQ10)

(GCPQ13)

(GCPQ14)

(GCPQ10: RAP, 5:1)

(RAP)

(GCPQ10: RAP, 7.5:1)

Figure 4-3: MTT assay on SIRC cell line.
n= 3 independent experiments.
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The cytotoxicity of the formulations and the drug alone was evaluated on the SIRC
cell line. The IC50 values of GCPQ10: RAP at a polymer-drug ratio of 5:1 and 7.5:1
are presented (Table 4-1, Figure 4-4). Formulations exhibited concentrationdependent IC50 values. GCPQ10: RAP (5:1) has an IC50 value of 36.75 ± 4.41
µg/mL, compared to GCPQ10: RAP (7.5:1) that has an IC50 value of 23.69 ± 2.76
µg/mL (p < 0.05). It is conceivable that the higher polymer concentration relative to
the drug that presents in the formulation derived the lower IC50 value measured.
Cells treated with GCPQ10: RAP (7.5:1) will be exposed to a slightly more mol %
quaternary ammonium groups units as compared to (5:1) polymer to drug mass ratio,
and with a presence of RAP in the formulation, a lower IC50 value was observed.
Rapamycin alone in the SIRC cell line shows an IC50 value of 3.77 ± 0.59 µg/mL
that is significantly lower when compared to formulations (p < 0.05). Table 4-2 shows
some literature data on the reported IC50 value of RAP. Wang et al. reported the
IC50 of RAP on human retinoblastoma cell line (Y79) using Cell Counting Kit-8 assay
246 .

Cells were treated with (0.1, 0.2, and 0.4 μmol/L) of RAP for 48 hours. The

proliferation of Y79 cells was inhibited by RAP in a dose-dependent manner. The
IC50 value of RAP was reported (0.122 ± 0.026 μM = 0.11 μg/mL) on Y79 cell line.
Rapamycin was found to induce G1 cell cycle arrest in the human retinoblastom a
cells

246 .

Another study showed that the IC50 value of RAP against Y79 cells was

(0.136 ± 0.032 μM = 0.12 μg/mL) using MTT assay

247 . The

IC50 value of RAP using

MTT assay on a human retinal pigment epithelial cells was reported as 0.18 μg/mL
248 .

In cytotoxicity studies on an epithelial human breast cancer cell line (MDA-MB-

231), the IC50 of RAP solution and RAP-PLGA nanoparticles were 20.3 µM (18.5
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µg/mL) and 11.4 µM (10.4 µg/mL), respectively

249,250 . Another

the IC50 value of RAP in MCF-7 cells was (0.4 µg/mL)

report showed that

251 .

Table 4-2: Literature data reported the IC50 of RAP in different cell lines.
Seeding
density
3 x 10 3
cells/well

96-well
plates

MTT

3 x 10 3
cells/well

96-well
plates

72 hours

0.136 ± 0.032 µM
(0.12 μg/mL) 247

Human retinal pigment epithelial
cell line (RPE)

MTT

5 x 10 3
cells/well

96-well
plates

12 hours

0.18 μg/mL 248

Epithelial human breast cancer cell
line (MDA-MB-231)

MTT

5 x 10 3
cells/well

96-well
plates

24 hours

RAP solution = 20.3
µM (18.5 µg/mL) 249,250

Epithelial human breast cancer cell
line (MDA-MB-231)

MTT

5 x 10 3
cells/well

96-well
plates

24 hours

RAP nanoparticles =
11.4 µM (20.4 µg/mL)

Human breast cancer cell line
(MCF-7)

Trypan blue
exclusion

1 x 10 5
cells/well

6-well
plates

8 days

Cell line

Assay

Human retinoblastoma cell line
(Y79)

Cell Counting
Kit-8

Human retinoblastoma cell line
(Y79)
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Plate

Exposure
time
48 hours

RAP (IC50)
0.122 ± 0.026 µM
(0.11 μg/mL) 246

249,250

0.4 μg/mL 251

The IC50 value of RAP on the SIRC cell line in our work was 3.77 ± 0.59 µg/mL (4.13
µM). Milani et al. reported that RAP did not show toxicity at concentrations (0.1 – 10
µg/mL) using the MTT assay in a human corneal fibroblast culture

252 .

To our

knowledge, this is the first data reporting the IC50 value of RAP on the SIRC cell
line, and these results demonstrate the variability of the IC50 values on different cell
lines. There were statistically significant differences when comparing the IC50 values
of the formulations to the IC50 of the RAP alone (p < 0.05) (Figure 4-4). Therefore,
the formulation reduces the toxicity of the drug so that tissues on the surface are
less likely to be affected. Our results demonstrated the good biocompatibility of the
synthesised polymers and formulations against rabbit cornea cell line.
Rapamycin IC50 result indicates the sensitivity of the SIRC cell line to the mTOR
inhibitor, rapamycin. mTOR is a serine/threonine-specific protein kinase, which
displays a central role in regulating cell growth and metabolism

160 . Rapamycin

binds

to the immunophilin, FK binding protein to interact with mTOR and inhibit its function,
leading to inhibition of cell growth and cell proliferation

159 .

The exact effect on how

RAP reduced the metabolic activity of the SIRC cell line has not been evaluated.
Rapamycin has been approved for the prophylaxis of organ rejection in patients aged
≥13 years receiving renal transplants

253 .

Further studies are needed to define

precisely the role of RAP on inhibition of the cell growth in the SIRC cell line.

177

Figure 4-4: Minimum inhibitory concentration (IC50) of the formulations and
rapamycin on SIRC cell line.
Statistical significance was determined by one-way ANOVA with Tukey’ multiple
comparison post-test, n=3; *= p < 0.05 was considered significant.
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This in vitro screening study will enable the selection of molecules with acceptable
toxicity profiles and inform the starting dose for the subsequent in vivo studies. The
starting in vivo dose may be selected with reference to the cytotoxicity data. For
example, an in vivo dose of the carrier in weight per kg body weight may not exceed
1000X the IC50 value in weight per mL and as such a particulate carrier with an IC50
value of 1 mg/mL will be administered at a starting dose of less than 1000 mg/kg. In
fact, a fraction of this dose will be given, for example, 10% of this calculated dose.
This threshold IC50-dose relationship has been reported in the animal project license
number (70/7224) and has been obtained from previous work

254 .

Therefore, the cytotoxicity data raises the question of what effect these modifications
will have on other biological processes in cells, including permeation enhancement.
It has been reported that the GCPQ promotes the absorption of both hydrophobic
and hydrophilic drugs through enhancing the dissolution of the drug from the
nanoparticles, bioadhesion of the nanoparticles to the functional aspects of the
gastrointestinal tract, and the promotion of transcellular transport

135 .

The effect of

the GCPQ structural modifications on enhancing paracellular transport has not been
fully elucidated.
Therefore, we designed a series of experiments to test the hypothesis that increasing
the level of DQ% will increase the permeation enhancement across epithelial
barriers. We used two barrier models, the MDCK and the SIRC cell lines. Therefore,
we treated MDCK cell monolayer and SIRC cells with GCPQ polymers under similar
conditions as the cytotoxicity assays and determined the effects on paracellular
transport enhancement which will be discussed in the next section.
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4.3.

Effect of GCPQ structural modifications on transport across epithelial

barriers
4.3.1. Introduction
There are two main pathways for particles to diffuse across the epithelium, namely:
the transcellular (i.e., across the cell membrane) and the paracellular (i.e., between
the aqueous pores of the cells) pathways. Due to the narrow diameter of the
junctions between the epithelial cells (~ 0.8 nm), it is possible that only the
transcellular route is effective for colloidal translocation

255 .

The transcellular

pathway can be further divided into; simple diffusion, carrier-mediated, and
endocytosis 2. This section focuses on studying the effect of different properties of
GCPQ on the paracellular transport on epithelial barriers of MDCK and SIRC cell
lines.
MDCK cells differentiate into a columnar epithelium when grown on a suitable
membrane and form tight junctions
study of mammalian epithelia

257 .

256 .

They are considered a good model for the

The MDCK cell line has been used extensively to

study the transepithelial transport of drug candidates with some reports showing
similar apparent permeability coefficient (Papp) values as Caco-2 cells

258 .

The

MDCK cell line has an advantage over the Caco-2 cell line as it may be used for
higher throughput studies due to the cell’s faster growth and rapid formation of tight
junctions. This rapid growth makes the MDCK cell line a useful tool for rapid
membrane permeability screening as monolayers form tight junctions in 3-5 days
compared to 21-25 days for Caco-2 cells 259. Also, the MDCK cell line has been used
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to study the functional nature and P-glycoprotein (P-gp) role in lowering the
bioavailability of ocular topical drugs

260 .

The SIRC cell line has been used in vitro to assess the corneal physiology ,
immunology, toxicology, and permeability of compounds

261 .

SIRC cells have

characteristics similar to human corneal epithelial cells, and they have been used as
a model for corneal epithelial cell research

262 .

SIRC cells have been reported to

form multiple elongated epithelial-like cell layers when grown for ten days on the
surface of transwell inserts

263 . Therefore,

the SIRC cell line was used in this study.
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4.3.2. Materials

Chemical

Supplier

Fluorescein isothiocyanate dextran f our kDa (FD-4)

Sigma-Aldrich (Gillingham, UK)

Hank’s Balanced Salt Solution (HBSS)

Fisher Scientif ic (Loughborough, UK)

Sodium caprate (C10)

Santa Cruz biotechnology (Texas,
USA)

Collagen Type I solution f rom rat tail

Lif e technologies Ltd. (Paisley, UK)

Transwells with a polycarbonate membrane (pore

Corning®, VWR International

size = 0.4 µm, surf ace area = 1.12 cm2)

(Leicestershire, UK)

Transwells collagen-coated polytetraf luoroethylene

Corning®, VWR International

(PTFE) membrane (pore size = 0.4 µm, surf ace area

(Leicestershire, UK)

= 1.12 cm2)
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4.3.3. Methods
Transport experiments were conducted to investigate the effect of the degree of
quaternisation (DQ%) and the degree of palmitoylation (DP%) of GCPQ on the
transepithelial electrical resistance (TEER). The TEER value was used as a
measure of monolayer integrity
4

265

264 . The

permeability of the paracellular marker FD-

was assessed, and the permeation enhancer sodium caprate (C10)

266

was

employed as a positive control on MDCK and SIRC cell lines.
Since the MDCK cell line is primarily used to study the transport across the intestinal
mucosa at pH 6.8

267 ,

further studies were carried out to determine the influence of

changing the pH to the physiological range (pH = 7.4) on the permeability across the
MDCK cell monolayer.
Transport studies using filtered HBSS, supplemented with (4-(2-hydroxyethyl)-1piperazineethanesulfonic acid - HEPES, 10 M), and sodium bicarbonate (0.75% v/v),
with the pH adjusted to 6.8 and 7.4 with NaOH (1 M) were carried out. pH values of
6.8 and 7.4 were chosen as this lies within the pH range in the small intestine and
the eye, respectively. GCPQ (2 mg/mL) was prepared by dispersing the polymer in
filtered deionised water and diluting with HBSS (1 mL) to provide a working solution
at (1 mg/mL).
MDCK and SIRC cells (passage number 7-15), were grown on 12 transwells with
permeable support using supplemented growth medium for five and ten days for
MDCK and SIRC cell lines, respectively. Transwells with a polycarbonate membrane
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(pore size = 0.4 µm, surface area = 1.12 cm 2) were employed for the transport
experiments on MDCK cells.
The SIRC cells were grown on polycarbonate membranes coated with collagen Type
I as recommended by Corning®, VWR International (Leicestershire, UK). The
recommended coating volume is (0.25 mL), and the washing volume is (0.4 mL) on
12 transwell inserts. Briefly, transwells were coated with collagen at a coating density
(10 µg/cm 2). Collagen stock solution (3 mg/mL, 0.45 mL) diluted with acetic acid
(0.02 M, 2.55 mL) to make a working solution (3 mL) of collagen at a coating density
(10 µg/cm 2) in transwells on the growth surface area (1.12 cm 2). The collagen
working solution (0.25 mL) was added to the apical side of the transwells, and the
inserts were allowed to dry in a biological safety cabinet, partially covered for one
hour. The remaining collagen was aspirated from the inserts, and the inserts rinsed
once with DPBS (0.4 mL) and once with the cell culture medium (0.4 mL). The
collagen coating helps the cells to attach to the transwell support and stimulates their
proliferation and differentiation

20,268 .

To ensure the suitability of our results after

coating, transwells readily coated from the company with collagen on polystyrene
permeable support (pore size = 0.4 µm, surface area = 1.12 cm 2) were used as
reference transwells for our own coated transwells.
Both cells lines were seeded on transwells at a density of 5x105 cells per well and
cultured according to standard protocols

256 .

Briefly, cells with medium (0.5 mL) in

the apical compartment and medium (1.5 mL) in the basolateral compartment were
allowed to grow and differentiate on the transwells for five and ten days for MDCK
and SIRC cells, respectively, before the experiment was conducted, at 37°C and 5%
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CO2. The cell culture medium in both chambers was changed every day for the
MDCK cells, and on alternate days for SIRC cells. The TEER measurements (Figure
4-5) were taken regularly using a MILLIPORE Millicell®-ERS voltohmmeter (Merck
Millipore, Watford, UK). All TEER and transport experiments were carried out in
triplicate.

Figure 4-5: Schematic diagram of the measurement of the TEER on the transwell.
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On the day of the experiment, the cell culture medium was removed, and monolayers
were rinsed twice with HBSS, and then incubated for one hour with HBSS (0.5 mL)
at 37°C before taking a baseline TEER measurement. Subsequently, HBSS on the
apical chamber was removed, and different GCPQs, blank HBSS as a negative
control, and sodium caprate (10 mM)

266

as a positive control were added to the

apical chamber (0.5 mL) and incubated for two hours at 37°C and 5% CO2, and the
after-treatment TEER was taken.
Following treatment, both chambers were washed once with HBSS, and HBSS (1.5
mL) was added to the basolateral chamber, and filtered FD-4 in HBSS buffer (1
mg/mL, 0.58 mL) was added to the apical chamber. Samples (80 µL) were taken
immediately at the beginning of the experiment from the apical chamber to calculate
the initial donor concentration (C0), and at the end of the experiment to facilitate
mass balance calculations. The plates were then incubated for two hours at 37°C
and 5% CO2, and samples (250 µL) were taken from the basolateral chamber at 30minute intervals. The samples taken were replenished with an equal volume of
HBSS, and the TEER measurement was taken after FD-4 incubation.
Later, the FD-4 was removed, and the cells were washed once with HBSS and once
with the cell culture medium. The medium was then added to both chambers, and
the cells were incubated at 37°C and in 5% CO2 to allow recovery.
Samples taken from the apical and basolateral chambers were placed in black 96
well-plates covered with foil and analysed using BioTek Synergy TM HT Multi
detection microplate reader (SpectraMax M2, Molecular Devices, Wokingham, UK)
at an excitation wavelength of 485 nm and an emission wavelength of 528 nm
186

269 .

The apparent permeability coefficient (Papp) in cm/s of FD-4 was calculated using
the following equation:

𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂 =

𝒅𝒅𝒅𝒅
𝟏𝟏
𝑿𝑿
𝒅𝒅𝒅𝒅 𝑨𝑨𝑨𝑨

Equation 4-1

where, dQ/dt is the rate of change of concentration in the basolateral chamber over
time, A is the surface area of the cell monolayer, C is the initial concentration in the
apical chamber. The concentration of the collected samples was determined from a
freshly prepared standard curve of FD-4. The Papp is defined as the flux or the flow
rate of a compound normalised by the membrane surface area and the initial donor
concentration

270 .
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4.3.4. Results and discussion
This section of the thesis will present data aimed at elucidating the possible
mechanism by which different GCPQs interact with epithelial barriers. The MDCK
cell line is a well-established cell line that has been extensively used as a model for
studying the mechanisms underlining the transport of materials across the
differentiated epithelial cells

271 . MDCK

was also used to study the role of P-gp as a

barrier to the ocular drug absorption of erythromycin 260.
Thus, the MDCK cell line was used initially as a well-known transport model that
forms tight junctions and as a surrogate model to explore the effect of the GCPQ
structure on the transport across epithelia. A previous report showed the use of the
MDCK monolayer transport model to test the functionality of the P-gp efflux pump in
rabbits corneas

260 . Dey

et al. reported the existence of the P-gp efflux pump in rabbit

cornea and suggested that the efflux pump may be responsible for the low ocular
bioavailability

260 .

Hence, the MDCK cell line may be used to predict the transport

across the corneal epithelium, and we are using this cell line for this purpose in this
work.
Different GCPQ polymers were tested to determine the best GCPQ candidate that
can be used for the subsequent in vivo studies. Furthermore, a study was carried
out to ascertain the influence of pH on the transport as the normal tear pH is reported
to be at 7.4

272 .

Then, SIRC cell line was employed to study the effect of GCPQ on corneal epithelial
cells. Therefore, a series of experiments were designed to investigate the effect of
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DQ% and DP% on TEER and the permeability of the paracellular marker FD-4.
Sodium caprate (C10), a well-reported paracellular permeation enhancer was used
as a positive control

266 .

4.3.4.1. Transport across MDCK cell line
Figure 4-6 shows the development of tight junctions in MDCK cells at pH 6.8 and
7.4, as measured using a voltohmmeter. TEER values showed an initial rapid
exponential increase before a peak is reached at a value of about 1200 ohm.cm2
(Ω.cm 2) (1 day) followed by a steep decline (2 days), and then a period where the
TEER values of about 300 Ω.cm 2 are stable (3-4 days). The TEER values increased
during the exponential phase

273 , with

the steep increase in TEER corresponding to

growth and multiplication of cells before reaching confluence. This is followed by a
subsequent drop in TEER due to tight junction formation. The TEER values were
then stabilised in the stationary growth phase

273 .

Reaching a stable value of TEER

is regarded as an indication of full differentiation of the epithelial monolayer with the
formation of tight junctions in MDCK cells

257 .

Figure 4-6 shows that there were no statistically significant differences in the
development of TEER values between pH 6.8 and 7.4 on day four. Thus, the
subsequent transport assays were carried out during the periods of stable TEER
values, i.e., Day 4-5 for the MDCK cell line at pH 6.8 and 7.4.
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TEER value (Ω*cm2)

Development of TEER over time

Figure 4-6: The development of TEER for MDCK cells monolayer on transwells.
The MDCK cells were grown over five days. Statistical significance was determined
by two-way ANOVA with Tukey post-test, n=3.
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Table 4-3 shows the characteristics of the GCPQ polymers that have been used in
the transport studies. We aimed to synthesise polymers with similar DP ~ 20% as
described in chapter 2. A wide range of GCPQ polymers with different molecular
weights and DQ% were used to establish the effect of structural modifications on
cellular transport mechanisms. Polymers with a DQ of more than 10% were selected
as these polymers are more hydrophilic and were required to encapsulate the cargo,
as shown in Chapter 3.
Screening experiments were conducted to test the different properties of GCPQ and
select the optimum polymers for subsequent studies. UO-GCPQ03 was obtained
from a former lab member and is a known polymer that can open the tight junctions
on MDCK cell monolayers.
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Table 4-3: Characteristics of the different batches of GCPQ used in the transport
studies.
Polymer

MW (kDa)

DP (%)

DQ (%)

QPR

GCPQ02

15

28

10

0.357

UO-GCPQ03*

09

19

12

0.632

GCPQ04

not determined

20

9

0.450

GCPQ06

53

18

13

0.722

GCPQ07

16

22

10

0.454

GCPQ09

60

18

16

0.889

GCPQ10

16

18

19

1.056

*UO-GCPQ03 polymer was obtained from Dr Uchechukwu Odunze as a control of a
known polymer that opens the tight junctions on MDCK cells monolayer.
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A standard curve of FD-4 was freshly prepared with each replicate of the experiment.
Figure 4-7 shows the FD-4 standard curve that has been used to determine the
unknown concentration of the collected samples on MDCK and SIRC cell lines. The
standard curve plotted shows linearity over a concentration range of 0.977 – 125
µg/mL with a correlation coefficient of 0.999. The equation of the standard curve (y
= 244.34x + 12.585) was used to determine the concentration of the transported
paracellular marker FD-4.

y = 244.34x + 12.585
R² = 0.999

35000

Average signal

30000
25000
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10000
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0

0
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FD-4 Concentration (µg/mL)

Figure 4-7: A standard curve of fluorescein isothiocyanate-dextran (MW = 4 kDa).
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Figure 4-8 shows the apparent permeability coefficient and the cumulative transport
of FD-4 across MDCK cell monolayer after exposure to GCPQ polymers. No
increase in transport was seen with cells treated with HBSS, pH 6.8, which served
as a negative control.
Sodium caprate is a sodium salt of the aliphatic saturated 10-carbon medium-chain
fatty acid capric acid that is clinically employed as an absorption-enhancing agent in
a rectal ampicillin suppository

274 .

Sodium caprate, the positive control, significantly

enhanced the transport of FD-4 across the monolayer. It has been reported that the
presence of protein kinase C is required for the proper assembly of tight junctions
275 ,

and the effect of sodium caprate on permeation enhancement is due to the

increase in the intracellular calcium level through activation of protein kinase C to
induce the contraction of calmodulin-dependent actin filaments, followed by dilation
of the paracellular pathway

276 . Krug

et al. reported that the effect of sodium caprate

in enhancing the paracellular absorption is due to the reduction of tricellulin in
tricellular tight junctions and of claudin-5 in bicellular tight junctions while no effect
of C10 has been observed in the transcellular pathway

266 .

Polymers with relatively high DP% and low DQ% were studied. GCPQ02 (DP28%,
DQ10%), GCPQ04 (DP20%, DQ09%), and GCPQ07 (DP22%, DQ10%) did not
show any significant differences in the transport of FD-4 compared to the negative
control. Siew et al. reported that the GCPQ (MW = 12 kDa, DP16%, DQ08%, 5
mg/mL), and the palmitoylated glycol chitosan (pGC, DP49%, 5 mg/mL) did not open
the tight junction on Caco-2 cell line

135 . There
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were no significant differences in the

transport of the paracellular marker Lucifer Yellow (0.4 µg/mL) as compared to the
negative control 135. This is in line with our observation in which GCPQ with low DQ%
did not result in tight junctions opening.
High molecular weight polymers (GCPQ06; MW = 53 kDa, GCPQ09; MW = 60)
showed no significant difference in the apparent permeability coefficient compared
to the negative control. GCPQ06 and GCPQ09 shared the same DP of 18%, but
slightly different in DQ, 13% and 16% for GCPQ06 and GCPQ09, respectively. This
result showed that despite a high DQ%, the molecular weight of the polymer could
play a role in opening the tight junctions on MDCK cells monolayer. Kowapradit et
al. showed that trimethyl (64% degree of substitution) chitosan (parent MW = 276
kDa) did not enhance the transport of FD-4 in Caco-2 monolayers

277 . A recent

report

showed that the permeability of oligopeptides across Caco-2 cell monolayers
decreases with increasing the molecular weight of oligopeptides
Chitosan in solution has been shown to open tight junctions

278 .
279

and results in a

reduction of TEER across Caco-2 cell monolayers. Thus, polymers in solution may
behave differently from their aggregated amphiphilic analogues. Although the
cationic polymer−poly(ethylenimine) in solution opens tight junctions, the amphiphile
cetyl quaternary ammonium poly(ethylenimine) did not open tight junctions

280 . It

is

speculated that the self-assembly of the amphiphile prevents the interaction of the
polymer monomers, presumably polymer monomer cationic groups with the
appropriate tight junction proteins to a certain extent and in this way prevents the
opening of tight junctions

135 .
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Interestingly, there is an increased rate of transport of FD-4 for the polymer with the
highest DQ%, and low molecular weight (GCPQ10, DP18%, DQ19%, MW = 16 kDa).
GCPQ10 shows a significantly different increase in the transport of FD-4 compared
to the negative control. A positive linear slope was observed, suggesting a constant
increase in the rate of FD-4 transport across the MDCK cells monolayer layer (Figure
4-8, B). This shows that DQ% plays a role in paracellular transport of FD-4 as shown
in (GCPQ10, DP18%, DQ19%, MW = 16 kDa) as compared to (UO-GCPQ03,
DP19%, DQ12%, MW = 9 kDa)
Thus, polymers with high DP% and low DQ% (GCPQ02, GCPQ04, GCPQ07) did
not show a statistically significant difference in the apparent permeability coefficient
compared to the negative control. In contrast, GCPQ10 with a high DQ% relative to
DP% showed a significant difference in the transport of FD-4 across the monolayer
compared to the negative control.
These results are in contrast to previous reports on the mechanism of permeation
enhancement by GCPQ, which suggested that there is no involvement of the
paracellular transport pathway

135,137 .

Therefore, there appears to be a balance

between the effect of DP and DQ's effect on the paracellular permeability enhancing
effect of GCPQ. For polymers of similar DP, the effect on paracellular transport is
graded upwards with increasing DQ as is evident for polymers with DP of about 20%,
and different DQ 9%, 10%, and 19%. It has been reported that polymer with only
high palmitoyl chain (DP49%) and no quaternary group does not affect the
paracellular transport enhancement

135 .
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It should be stated that the effect on paracellular transport of the level of DQ in GCPQ
may depend on the degree of palmitoylation. Previous research in our group showed
that a steep increase in flux is observed at a QPR of around one, after which the flux
increases at a slower rate over a wide QPR range

281 .

A maximum flux appears to

be reached at a QPR just under two, so increasing the QPR further does not cause
significant increase flux

281 . It

has been reported that GCPQ with a high DP of about

37%, even with a very high DQ of 23% (MW = 10 kDa, QPR 0.62) did not result in a
statistically significant increase in paracellular transport

281 .

The molecular weight could also play a role in determining the enhancement of the
paracellular transport of GCPQ. We have shown that GCPQ10 (MW = 16 kDa) was
able to open the tight junctions on MDCK monolayers compared to high molecular
weight polymers (GCPQ06; MW = 53 kDa, GCPQ09; MW = 60), and low molecular
weight polymers (MW = 10 - 12 kDa)

135,281 .

Kaiser et al. reported that chitosan

nanocapsule loaded capsaicin (MW = 17 kDa) lowered the TEER and enhanced the
permeability of FD-4 in MDCK cell monolayers

282 .

Apparently, positive charges contribute to the effects of chitosan and its derivatives
on paracellular transport

283 .

However, our results also suggest that an increase in

the hydrophobic palmitic acid chains or the decrease in QPR and increase in the
molecular weight reduce the ability of positive charges on the polymer to modulate
the tight junctions. The exact reason for this is not clear, but one plausible
explanation might be steric hindrances to electrostatic interactions between the
positive charges of more soluble polymer with relatively high DQ%, low DP%, low
molecular weight and the negatively charged membrane components. These results
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suggest that the MW, DP, and DQ are important parameters for achieving an
enhanced effect on paracellular transport in MDCK cells. Thus, GCPQ10 will be
further explored in the transport across the epithelium and will be compared at
different pH values with an extensively studied polymer (UO-GCPQ03, MW = 09
kDa, DP19%, DQ12%) obtained from a former lab member.
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(A)

(B)

Figure 4-8: Screening experiments on the effect of different properties of GCPQ (1
mg/mL) on the paracellular transport of FD-4 across MDCK cell monolayer.
(A) Apparent permeability coefficient Papp – left axes -, and the Papp folds change
relative to negative control – right axes -; (B) The cumulative transported quantity of
FD-4 from the apical to basolateral chambers over-time points.
Statistical significance was determined by (A) one-way ANOVA with Tukey’ multiple
comparison post-test, (B) two-way ANOVA with Tukey post-test, n=3; *= p < 0.05
was considered as a significant difference.
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Figure 4-9 shows the effect of the GCPQ structure on transport across epithelial
barriers in MDCK cell monolayers at pH 6.8, and 7.4. Two polymers were compared
for this experiment, with similar DP but different DQs, GCPQ03 (DP19%, DQ12%),
and GCPQ10 (DP18%, DQ19%).
At pH = 6.8, both polymers showed a gradual response compared to their response
at pH = 7.4 (Figure 4-9, A). Moreover, the polymer with the highest DQ retained its
potency as a transport facilitator at both pH values with no significant differences
due to pH observed (p = 0.1642). GCPQ03 (DP19%, DQ12%) showed a significantly
different permeability value at pH = 6.8, compared to pH = 7.4 (p < 0.05). GCPQ is
a weak base with a pKa reportedly about 6.0

138 ;

this means that GCPQ is less

protonated at pH 7.4 compared to pH 6.8. At a pH of 6.8, we can expect a different
response depending on the DQ. Therefore, at acidic pH, GCPQ03 and GCPQ10 are
likely to enhance the paracellular transport. Only the polymer with very high QPR will
enhance tight junction opening and thus the paracellular transport at the tear's pH.
This is in line with our findings in which GCPQ10 (QPR = 1.056) at pH = 7.4, showed
a significantly different transport of the paracellular marker FD-4 compared to
GCPQ10 at pH = 6.8 (p < 0.05). It has been reported that GCPQ polymers with high
QPR are more hydrophilic and will have more surface charge density compared to
polymers with low QPR at neutral pH

281 .

These results could suggest that GCPQ

with high DQ could have an impact on increasing the ocular transport at pH 7.4.
Moreover, GCPQ10 showed significantly different transport kinetics of FD-4 at both
pH values, when compared to the negative control at 120 minutes (p < 0.05). A
positive linear slope was observed, suggesting a constant increase in the rate of FD200

4 transported across the MDCK cell monolayers (Figure 4-9, B). In line with this work,
the effect of GCPQ on the TEER value was assessed for all the tested compounds
and at both pH values. The TEER value dropped two hours after treatment,
suggesting an opening of the tight junctions

264 . The

TEER value returned to its pre-

treatment value 72 to 96 hours after treatment with GCPQ03.
For GCPQ10, cells did not fully recover at 96 hours post-treatment, as the TEER
value was significantly lower than the control at both pH values. A recent report
showed that the chitosan-based nanoparticles could be internalised inside the cells
up to two weeks

284 . GCPQ

is a polycation polymer that forms nanoparticles with a

positive surface charge. The degree of the cytotoxicity has been shown to depend
on the extent of the positive charge on the surface of the nanoparticles

243 . The

IC50

value of GCPQ10 on MDCK was (4.54 ± 0.36 mg/mL), which was 4-folds higher than
the concentration used in the transport study (1 mg/mL); this means that GCPQ10
is not toxic and cells might need a temporal exposure to the growth medium for a full
recovery.
GCPQ is an amphiphilic polymer that has a quaternary ammonium group.
Quaternary amine polymers have been reported to open tight junctions at intestinal
pH 156. The tight junction opening depends on the degree of quaternisation, meaning
with a high degree of quaternisation, the polymer will be more likely to have a higher
charge density and be more likely to open tight junctions with the net result that such
polymers with high levels of quaternary ammonium groups have a high solute
transport capability

156 . For

example, trimethyl chitosan (TMC) was studied as a tight

junction opening polymer at pH 6.2 and 7.2. The TMC with 60% quaternisation was
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more potent than TMC that had 40% quaternisation in enhancing the transport of a
paracellular marker at both pH values

285 .

The underlying mechanism for chitosan opening the tight junctions is presumed to
be mediated by the electrostatic interaction between the positively charged chitosan
and the negatively charged integrin

286 .

This electrostatic interaction leads to a

conformational change of integrin and its clustering along the cell border, F-actin
reorganisation, and Claudin-4 down-regulation, eventually disrupting the tight
junctions, and increase in the paracellular permeability

286 .

Thus, GCPQ can be

structurally modified by increasing or decreasing its DQ to maintain its charge
density at various pH values and therefore retain its paracellular permeability
enhancement effect. These results indicate the potential utility of GCPQ polymers in
different physiological pH environments, such as the eye.
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(A)

(B)

(C)

Figure 4-9: Comparison of the effect of GCPQ (1 mg/mL) on the paracellular
transport of FD-4 across MDCK cell monolayer (pH: 6.8, 7.4).
(A) Apparent permeability coefficient Papp combined graph for pH 6.8 and 7.4; (B)
Transport of FD-4 at pH 6.8, and 7.4; (C) TEER value at pH 6.8 and 7.4.
Statistical significance was determined two-way ANOVA with Tukey post-test, n=3;
*= p < 0.05 was considered as a significant difference.
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The QPR, which is the ratio of DQ% to DP%, serves as a measure of hydrophilicity
and can be plotted against the Papp and molecular weight, as shown in (Figure
4-10). The figure shows that while the Papp increases with QPR (DQ13%, DQ16%),
the effect is still dependent on the level of DP% and molecular weight as no effect
can be seen with GCPQ06 (DP18%, MW 53 kDa), and GCPQ09 (DP18%, MW 60
kDa), respectively.

Figure 4-10: Correlation of Papp permeability of GCPQ polymers relative to its
structural modifications across MDCK cell monolayer, pH = 6.8.
The highlighted area is assumed to be the suitable range of polymers that can
enhance the transport across the epithelium and open the tight junctions on the
MDCK cell line.
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Table 4-4 shows the order of GCPQ polymers by Papp in MDCK cells compared
with HBSS relative to the pH. There is a positive correlation between Papp and QPR
suggesting that hydrophilicity (QPR = 0.5 – 1) increases permeation enhancement
with molecular weight (10 – 16 kDa) while hydrophobicity (QPR < 0.5) decreases
permeation enhancement even with a similar molecular weight (Figure 4-10).
However, high molecular weight polymers (> 50 kDa) even with high hydrophilicity
(QPR > 0.7) did not result in a significant permeation enhancement (Figure 4-10,
Table 4-4).
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Table 4-4: Ranking of GCPQ polymers by Papp in MDCK cells compared with HBSS
relative to pH = 6.8, and 7.4.
Properties
ID

(MW kDa,
DP%, DQ%)

Mean Papp x 10-6

Papp fold

(cm/s)

change

Cumulative
transport of

QPR

pH

FD-4 at 2 h (µg)

HBSS

-

0.77 ± 0.47

1

2.99 ± 0.41

-

6.8

GCPQ02

(15, 28, 10)

0.17 ± 0.01

0.49

1.56 ± 0.02

0.357

6.8

GCPQ06

(53, 18, 13)

0.20 ± 0.01

0.56

1.73 ± 0.1

0.722

6.8

GCPQ04

(nd, 20, 09)

0.34 ± 0.05

0.96

2.84 ± 0.25

0.450

6.8

GCPQ07

(16, 22, 10)

0.56 ± 0.29

1.59

5.24 ± 2.66

0.454

6.8

GCPQ09

(60, 18, 16)

0.71 ± 0.23

2.01

5.74 ± 1.52

0.889

6.8

GCPQ03*

(09, 19, 12)

9.20 ± 4.56

12.23

73.75 ± 37.68

0.632

6.8

GCPQ10

(16, 18, 19)

14.00 ± 2.25

19.02

114.17 ± 17.77

1.056

6.8

C10

-

20.10 ± 1.48

27.44

166.18 ± 13.58

-

6.8

HBSS

-

0.51 ± 0.62

1

4.15 ±4.65

-

7.4

GCPQ03*

(09, 19, 12)

3.70 ± 1.91

12.86

29.92 ± 15.79

0.632

7.4

GCPQ10

(16, 18, 19)

10.80 ± 3.83

35.73

87.90 ± 32.21

1.056

7.4

C10

-

20.50 ± 2.50

57.17

164.98 ± 22.48

-

7.4

*GCPQ03 polymer was obtained from Uchechukwu Odunze as a control of a known
polymer that opens the tight junctions on MDCK cells monolayer.
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4.3.4.2. Transport across SIRC cell line
It has been reported that SIRC cells grown on six-well transwell filters without
collagen did not develop enough trans electrical epithelial resistance (TEER value <
100 Ω.cm 2)

261 .

In contrast, another report showed that SIRC cells grown on

collagen-coated polycarbonate transwell for 8 - 14 days formed a monolayer (TEER
value ~ 1800 Ω.cm 2) and were used for transport experiments

287 .

Figure 4-11 shows the development of tight junctions in SIRC cells on the transwell
filters coated with collagen at pH 7.4, as measured using voltohmmeter. TEER
values showed an initial period of rapid exponential increase before a peak was
reached at a value of about 1100 Ω.cm 2 (2 days), followed by a slight decline at a
value of about 1000 Ω.cm 2 (5 days), and then a period where the TEER values of
about 1350 Ω.cm 2 are stable (7-10 days). The TEER values increased during the
exponential phase
phase

273 .

273 . The

TEER value was then stabilised in the stationary growth

Reaching a stable value of TEER is regarded as an indication of full

differentiation of the cells with the formation of tight junctions in SIRC cells

287 .

Figure 4-11 showed that there was no statistically significant difference in the
development of TEER between Days 7, 9, and 10. This is in line with a previous
report that showed that SIRC cells grown on collagen-coated polycarbonate
transwell for 8 - 14 days were used for transport experiments

287 .

The collagen

coating helps the cells to attach to the transwell support and stimulates their
proliferation and differentiation

20,268 .

It has been reported that different receptors,

such as integrins, receptor tyrosine kinases and immunoglobulin-like superfamilies,
207

can mediate cell adhesion to collagen

288 .

In our initial work, Growing of SIRC cell

monolayers for ten days using the same conditions as with the MDCK cell
monolayers on transwells with a polycarbonate membrane (pore size = 0.4 µm,
surface area = 1.12 cm 2) and without collagen did not result in the formation of tight
junctions as TEER values were at the baseline level. Becker et al. reported that when
SIRC cells were cultured on permeable polyester transwell filters, the TEER values
remained at the level of those obtained with the blank filter inserts, suggesting that
the cells did not develop tight junctions

289 .

These results demonstrated the

importance of using collagen as an attachment factor when working with the SIRC
cell line in transport studies. Thus, the subsequent transport assays were carried out
during the periods of stable TEER values, i.e., on Day 10 for the SIRC cell line and
at pH = 7.4.
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TEER value (Ω*cm2)

Development of TEER over time

Figure 4-11: The development of TEER for SIRC cells on transwells coated with
collagen.
SIRC cells were grown over ten days. Statistical significance was determined by
one-way ANOVA with Tukey post-test, n=3; *= p < 0.05.
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The effect of GCPQ on the FD-4 transport across the SIRC cell monolayer, grown
on collagen, was studied. Transwells coated with collagen at 10 µg/cm 2 were
prepared in the lab according to the protocol from the company. To confirm the utility
of this coating, readily coated transwells with collagen on polystyrene with 0.4 µm
pore PTFE membrane were used for comparison.
Figure 4-12 showed the apparent permeability coefficient and the cumulative
transported quantity of FD-4 due to the effect of GCPQ on both transwells. Neither
of the polymers used GCPQ03 (DP19%, DQ12%, QPR 0.632), and GCPQ10
(DP18%, DQ19%, QPR 1.050) showed any significant transport enhancement of the
paracellular marker FD-4 on the SIRC cell line compared to the negative control. The
positive control (C10) showed a significant enhancement in the transport of FD-4
compared to the negative control (p < 0.05). TEER values showed no significant
difference between pre-and post-treatment of GCPQ03 and GCPQ10 when
compared to the negative control (p = 0.501).
The comparative results showed there were no significant differences between the
transwells coated from the company to the transwells coated in the lab. This
indicates the efficiency of our coating for any subsequent work.
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(A)

(B)

Figure 4-12: Effect of GCPQ (1mg/mL) on the paracellular transport of FD-4 across
SIRC cell line coated with collagen.
(A) the apparent permeability coefficient of GCPQ03 and GCPQ10 coated with
(collagen at 10 µg/cm 2 in the lab, collagen treated PTFE from the company); (B)
Transport of FD-4.
Statistical significance was determined two-way ANOVA with Tukey post-test, n=3;
*= p < 0.05.
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Tight junction proteins are the primary determinant of the paracellular permeability
233 .

They primarily include tetraspan proteins, occludin, the claudin family, and

tricellulin which are associated with the cytoskeleton via scaffolding proteins, such
as zonula occludens

266 .

The cornea is a tissue that has tighter junctions than the intestine, lung and nasal
mucosa; making drug absorption via the paracellular route more difﬁcult compared
to other organs 2. The cornea is divided into three distinct layers (Figure 4-13):
epithelium, stroma, and endothelium. The epithelium is a tight junction tissue with
five to seven layers of cells (0.1 mm thick) that are relatively impervious to hydrophilic
compounds

290 .

The superficial corneal epithelial cells are joined to one another by

desmosomes and are surrounded by ribbon-like tight junctional complexes zonula
occludens. The presence of these tight junctional complexes retards paracellular
drug permeation from the tear film into intercellular spaces of the epithelium as well
as inner layers of the cornea 8.

Figure 4-13: Schematic diagram of distinct layers of the cornea.
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Goskonda et al. showed that the mannitol as a hydrophilic marker, which is
transported predominantly via the paracellular pathway, has low permeability on the
SIRC cell line (Papp = 0.58 × 10-6 cm/s) 287. It has been shown that SIRC cells grown
on the membrane support for ten days developed four to six layers of cells as
compared to the standard corneal epithelial monolayer

261 , while

the MDCK showed

a monolayer on the polycarbonate membrane transwell without any matrix treatment
256 . Although

transwells

the MDCK cell line developed a polarised epithelial cell monolayer on

257 ,

a recent study showed that SIRC cell line, when grown on collagen-

coated transwells, were a mixture of epithelial and fibroblast cells 291. Tight junctions
proteins are specific for epithelial/endothelial cells and should be absent in fibroblast
cells 291. Olivieri et al. investigated the expression of epithelial and fibroblast markers
in SIRC cell lines when compared to the level of expressions of the markers in the
human retinal pigmented epithelial (ARPE-19) cell line, and the human keratocyte
(HK) cell line

291 .

The SIRC cells were shown to express the tight junctions protein

markers occludin, claudin-1, and claudin-5 but to a lower extent than ARPE-19 (p ≤
0.05) 291. SIRC and ARPE-19 expressed the fibroblast markers lumican and vimentin
but to a lesser extent than HK cell line (p ≤ 0.05)

291 .

Thus, the presence of the

fibroblast character in the SIRC cell line could explain the different permeability
profile of GCPQ in SIRC as compared to MDCK cell lines.
Sodium caprate, the sodium salt of capric acid is an amphiphilic substance, with a
hydrophilic “head” (carboxylate ion) and a hydrophobic “tail” (aliphatic C10 chain)
and has a critical micelle concentration of about 50 mM 292. It has been approved as
an absorption enhancer in a rectal suppository
213

292 .

The mode of action of C10 has

been reported, in MDCK cells: claudins-4, -5 and occludin were displaced from lipid
rafts to more liquid membrane domains, whereas claudins-1, -2 and -3 were
unchanged after C10 treatment

293 .

A recent report showed that C10 selectively

influences the solubility of membrane microdomains primarily associated with
claudin-5 and tricellulin, and this effect is mediated by reversible removal of tricellulin
from the tricellular tight junction

266 .

The exact mechanism by how GCPQ would act in the cornea is still unclear. In the
current work, we speculate that GCPQ, like C10, could increase paracellular
transport through an occludin, and ZO-1 dependent mechanism

281,294 , and

MDCK

cells are more susceptible to GCPQ tight junction modulations than SIRC cells.
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4.4.

Conclusions

The biocompatibility of GCPQ and GCPQ drug formulations was assessed by
measuring the IC50 value in a standard MTT assay. GCPQ has shown to
demonstrate good biocompatibility against MDCK and SIRC cell lines.
We have shown that GCPQ can be engineered to have various paracellular transport
enhancements in MDCK cells. This degree of enhancement in paracellular transport
is dependent on the ratio of DQ% to DP% with polymers having higher QPR and
moderate MW between 10 – 20 kDa, resulting in higher apparent permeability
coefficient values for the paracellular marker, FD-4. This effect is also pH-dependent.
Polymers with high QPR values are likely to retain their permeation enhancement
properties at physiological pH. However, GCPQ was not able to modulate tight
junctions opening on SIRC cell line. The hybrid nature between epithelial and
fibroblastic cells in the SIRC cell line may be attributed to the absence of the
transport of FD-4. It is plausible to design a transport experiment on the SIRC cell
line using a transcellular marker to study the effect of different modifications of
GCPQ on SIRC cell line transcellular transport. Also, GCPQ could be studied on
human epithelial corneal models such as transformed human corneal epithelial cell
lines for future permeation experiments.
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5. Biological in vivo Studies
5.1.

Introduction

Intravitreal injection is a common route of drug administration to treat posterior ocular
diseases

295 .

The need for repeated eye puncture with intravitreal injections is

associated with several side effects such as endophthalmitis, haemorrhage, and
retinal detachment

296 . An

alternative to intravitreal injections is the transscleral drug

delivery route. Although transscleral delivery is comparatively easy and less invasive
than the intravitreal injection, the drug permeation to posterior eye tissues is
compromised by ocular static and dynamic barriers

297 .

Ocular barriers to

transscleral drug delivery include static barriers: sclera, choroid and retinal pigment
epithelium. Dynamic barriers include: lymphatic flow in the conjunctival and
episcleral tissues and blood flow in the conjunctiva and choroid

298 . However,

these

approaches only treat one eye and still carry the risks associated with injectables.
For these reasons, a delivery system that avoids intraocular injections and facilitates
drug entry to the posterior segment is of paramount importance.
The topical eye drop is the most widely preferred and non-invasive route of drug
administration to treat diseases affecting the anterior segment

297 . Conventional

drops account for 90% of the marketed ophthalmic formulations

10 . The

eye

reasons why

eye drops are a popular dosage form include: the ease of administration and patient
compliance

299 .

The ease of application of eye drops in both eyes without the need

for a surgical procedure makes them superior to the intravitreal injection. Although
this route is a viable method of drug delivery for the treatment of anterior segment
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diseases, it remains a significant challenge to deliver drugs topically to treat posterior
segment diseases efficiently

300 .

Thus, this chapter will focus on utilising rabbits as an animal model to test the
possible delivery of our formulation GCPQ: RAP to the back of the eyes Figure 5-1.
We hypothesised that by utilising an amphiphilic chitosan-based polymer, the
residence time of a lipophilic drug in the corneal epithelium would be enhanced,
leading to possible delivery of the drug particles to the posterior segment of the eye
via a non-corneal (conjunctival-scleral) pathway. Healthy New Zealand White rabbits
were used in this experiment. The main advantages of using rabbits as experimental
models in eye research are the large size of the rabbit eye relative to its body and
its similarity to the human eye
shown in (Table 5-1)

300 ,

301 .

Rabbits share ocular features with humans as

including a comparable vitreous volume and internal

structure, and thus a similar diffusional path for topically administered compounds to
reach the posterior segment

300 .

Also, the ease of handling and the economy of a

large breed model compared to others makes rabbits ideal for ophthalmic research
301 .

In a collaborative project, a well-studied experimental autoimmune uveitis is being
used as a mouse model of retinal disease, to determine whether topically
administered GCPQ: RAP may have clinical benefit. We aim to test the ability of
GCPQ to deliver therapeutic quantities of RAP to the retina effectively.

We

hypothesise that by utilising GCPQ: RAP, this formulation should be able to suppress
the inflammatory disease.
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Furthermore, a novel formulation GCPQ: TAC was developed to study the feasibility
of this formulation to deliver sufficient therapeutic quantities of TAC to the eyes’
anterior tissues in healthy New Zeeland White rabbits. This last formulation may find
use in the treatment of allergic ocular disorders.

• PK study in rabbits
• PD study in mice with
experimental autoimmune
uveitis (EAU).

In vivo

PK-1
• GCPQ-TAC 0.1% w/v.
• Healthy rabbits, n = 12.
• 25 µL of the formulation.
• Time points: 1, 2, 8 hours
(n = 4 each)

• GCPQ-RAP 0.2% w/v.
• Healthy rabbits, n = 12.
• 25 µL of the formulation.
• Time points: 1, 2, 4, 24
hours (n = 3 each).

PK-2

PD
• PD study in mice with EAU
(n = 20).
• GCPQ-RAP 0.2% w/v.
• 5 µL of the formulation,
twice a day for 7 days.

Figure 5-1: Illustration of the experimental plan for the in vivo studies.
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Table 5-1: Comparison of human and rabbit eyes.
Factor

Rabbit

Human

Tear volume (µL)

5-10

7-30

Tear turnover rate (µL/min)

0.5-0.8

0.5-2.2

Osmolarity of tear (mOsm/L)

305

305

Lacrimal

pH of lacrimal fluids

7.3-7.7

7.3-7.7

fluids

Lacrimal volume (µL)

7.5

7

Punctum/Puncta

1

2

Thickness (mm)

0.35-0.45

0.52-0.54

Diameter (mm)

15

11-12

Surface area (cm 2)

1.5-2.0

1.04

Tear

Cornea

Conjunctiva

The ratio of conjunctival surface 9

17

area to the corneal surface area
Aqueous

Aqueous humour volume (mL)

0.25-0.3

0.1-0.25

Humour

Turnover rate (µL/min)

3-4.7

2-3

pH

8.2

7.1-7.3

Spontaneous blink rate

4-5 blinks/hr

6-15

Other

blinks/min
Nictitating membrane

Present
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Absent

5.2.

GCPQ: RAP in vivo pharmacokinetic study in New Zealand healthy

rabbits
5.2.1. Introduction
Treatment of diseases affecting the posterior segment of the eye with topically
applied eye drops has not been effective because of inefficient delivery of the active
agent to the target site

302 . Up to

date, there are no eye drop medications that target

the posterior ocular tissues, i.e., the retina. A drug candidate that could provide
proof-of-concept data in humans to deliver topical eye drops to the retina includes
PAN-90806 from PanOptica, Inc. (New Jersey, USA). The phase I clinical trial of
PAN-90806 eye drops was completed in 2016 with an advance to Phase II clinical
trial. The preclinical data of PAN-90806 showed comparable performance to
intravitreal vascular endothelial growth factor injections

302 .

These data could

suggest the feasibility of delivering an appropriate eye drop formulation to the back
of the eye tissues in humans. However, there is no news on the progress of this
formulation.
Various researches have shown the capability of nanoformulations to reach back of
the eye tissues following topical application. Cholkar et al. reported a drug-loaded
nanomicellar formulation utilising vitamin E tocopherol polyethylene glycol succinate
and octoxynol-40 had been shown to reach the posterior tissues in rabbits

34 .

Another study showed that a small unilamellar vesicle liposomal formulation was
able to deliver transforming growth factor-β1 to the vitreous humour of New Zealand
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White rabbits

303 . Despite

this preclinical progress, successful translation to human

studies has yet to be demonstrated

300 .

Rapamycin (sirolimus), a natural product produced from the soil bacteria
Streptomyces hygrosopius, was approved in 1999, by the Food and Drug
Administration as a mammalian target of rapamycin (mTOR) inhibitor

159,304 .

The

approved drug, Rapamune, oral solution and tablets from Wyeth Pharmaceuticals
Inc. (Philadelphia, USA) is an immunosuppressive agent indicated for the
prophylaxis of organ rejection in patients aged ≥13 years receiving renal transplants
253 .

Rapamycin binds to the immunophilin, FK binding protein to interact with mTOR and
inhibit its function, leading to inhibition of cell growth and cell proliferation
also inhibits vascular endothelial growth factor production

304 .

159 .

RAP

Recently, RAP was

explored in eye research to prevent allograft rejections following corneal
transplantation
uveitis

305 , as

306 , retinal

well as for chronic inflammatory disorders such as posterior

and choroidal neovascularisation

and in autoimmune Sjogren’s syndrome

307 , diabetic

macular oedema

308,

309 .

Oral or intravenous administration of RAP for the back of the eye delivery is not
medically acceptable, due to its low solubility (water solubility = 2.6 µg/mL)
high lipophilicity (log P = 5.77)

34 .

34 ,

and

Various formulation and route of administration

methods have been used to deliver RAP to the eye. Strategies such as periocular,
subconjunctival

310 ,

and intravitreal implants/injections

310

of RAP are invasive and

associated with side effects such as retinal detachment, and endophthalmitis

34 .

Pharmaceutical approaches based on nanotechnologies and the development of
221

eye drops composed of the mucoadhesive chitosan derivative is an emerging
strategy for the efficient treatment of ocular diseases

136 .

The purpose of this section is to determine the feasibility of delivering the novel eye
drop formulation (GCPQ: RAP, 0.2 % w/v) to the posterior segment of the eye, and
to evaluate the pharmacokinetic profile of RAP in various ocular tissues upon single
instillation to healthy rabbits.
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5.2.2. Materials
Chemical

Supplier

Rapamycin (MW 914.187 g/mol)

Cambridge Biosciences (Cambridge, UK)

Ascomycin (MW 792.02 g/mol)

Generon Ltd. (Slough, UK)

Acetonitrile LCMS grade

VWR (Leicestershire, UK)

Methanol LCMS grade

Fisher Scientif ic (Loughborough, UK)

Water LCMS grade

VWR (Leicestershire, UK)

Formic acid LCMS grade

Fisher Scientif ic (Loughborough, UK)

5.2.3. Animals
New Zealand White male rabbits weighing between 2.0 – 3.0 kg were obtained
from Envigo (Huntingdon, UK) and were acclimatised for at least seven day s
before the experiment. The rabbits had free access to water and food througho ut
the study. Treatment of animals conformed to the Association for Research in
Vision and Ophthalmology statement for the use of animals in ophthalmic and
vision research. All animal studies were ethically reviewed and performed in
accordance with the Animals (Scientific Procedures) Act 1986.
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5.2.4. Methods
5.2.4.1. Bioanalytical LC-MS/MS Assay
5.2.4.1.1. Preparation of working standard solutions:
The development of RAP working standard solutions is shown in Table 5-2 and
Table 5-3. RAP stock solution (STK) was prepared at a concentration of 100 µg/mL
in methanol. RAP dissolves in methanol at (25 mg/mL)

176 .

RAP working stocks

solutions (Stks) were prepared by serially diluting RAP STK into MeOH to obtain the
Stks in Table 5-2, ranging from a concentration of (0.0167–33.4 µg/mL).
RAP working standards (WS) were prepared by serially diluting RAP working Stks
in MeOH to obtain the RAP working standards in Table 5-3, ranging from a
concentration of (0.5 – 1000 ng/mL). Ascomycin was used as an internal standard.
A stock solution of the internal standard was freshly prepared at a concentration of
100 ng/mL in methanol.

224

Table 5-2: Preparation of RAP stocks solutions.
Stock (STK) is 100 µg/mL (RAP in MeOH)
Prepare

Take from

µL

Add MeOH

Final volume

Conc.

(µL)

(µL)

(µg/mL)

ng/mL

Stks 10

STK

668

1332

2000

33.4

33,400

Stks 9

Stks 10

1125

375

1500

25.05

25,050

Stks 8

Stks 9

1000

500

1500

16.7

16,700

Stks 7

Stks 8

750

750

1500

8.35

8,350

Stks 6

Stks 7

600

900

1500

3.34

3,340

Stks 5

Stks 6

750

750

1500

1.67

1,670

Stks 4

Stks 5

750

750

1500

0.835

835

Stks 3

Stks 4

600

900

1500

0.334

334

Stks 2

Stks 3

150

1350

1500

0.0334

33

Stks 1

Stks 2

750

750

1500

0.0167

17
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Table 5-3: Preparation of RAP working standards solutions.
Prepare

RAP stock

RAP/MeOH

ASC/MeOH

In final

Final conc.

conc. (µg/mL)

(µL)

(µL) *

volume MeOH

(ng/mL)

(µL)
WS10

33.4

50

60

1670

1,000

WS9

25.05

50

60

1670

750

WS8

16.7

50

60

1670

500

WS7

8.35

50

60

1670

250

WS6

3.34

50

60

1670

100

WS5

1.67

50

60

1670

50

WS4

0.835

50

60

1670

25

WS3

0.334

50

60

1670

10

WS2

0.0334

50

60

1670

1

WS1

0.0167

50

60

1670

0.5

* Ascomycin concentration (100 ng/mL) in methanol.
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5.2.4.1.2. Preparation of standard and quality control curves:
Working standard solutions were prepared to obtain an individual standard
curve in each of the rabbits’ eyes blank tissues, and in the cornea, conjunctiv a,
sclera, choroid-retina, aqueous humour, and vitreous humour.
Tissues were homogenised according to the following protocol. Briefly, the solid
frozen tissue was cut into small pieces with scissors and ground to a fine powder
with a mortar and pestle placed in dry ice (Figure 5-2, A), and the absolute tissue
mass was weighed (30 mg). Aqueous samples (aqueous humour, and vitreous
humour, 30 µL) were transferred into a sterile polypropylene tube, and the
absolute mass was weighed. Normal saline was added to make a final volum e
(500 µL), and samples were vortex-mixed for 5 minutes. The mixtures were then
homogenised using probe sonication (MSE Soniprep 150 sonicator) from MSE
UK Ltd. (London, UK) at 50% of its maximum output for 25-50 seconds in an ice
bath (Figure 5-2, B). The homogenised samples were spiked with RAP working
standards (50 µL) in order to generate the standard curves (Table 5-4). In
addition, samples were spiked with the internal standard ascomycin in MeOH
(100 ng/mL, 60 µL). Methanol (1060 µL) was added to precipitate the protein.
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A

B

Figure 5-2: The homogenisation of solid tissue samples.
(A) the grinding of solid frozen tissue under dry ice; (B) homogenisation of ground
tissue with probe sonication.
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Table 5-4: Preparation of standard curves solutions of RAP in ocular tissue
homogenates.
Prepare

Normal
saline (µL) –

Spike with

Spike with

RAP/MeOH (50 µL) ASC/MeOH

In final volume

Final conc.

MeOH

(ng/mL)

in tissues

(µg/mL)

(µL) *

(µL)

WS10

500

33.4

60

1670

1,000

WS9

500

25.05

60

1670

750

WS8

500

16.7

60

1670

500

WS7

500

8.35

60

1670

250

WS6

500

3.34

60

1670

100

WS5

500

1.67

60

1670

50

WS4

500

0.835

60

1670

25

WS3

500

0.334

60

1670

10

WS2

500

0.0334

60

1670

1

WS1

500

0.0167

60

1670

0.5

* Ascomycin concentration (100 ng/mL) in methanol.
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The quality control standard curves were generated to evaluate the recovery
rate and the matrix effect on drug extraction. Blank samples were prepared
similar to tissue’s standard curve (Table 5-5). Briefly, RAP working standard s
samples (50 µL) were added to normal saline (500 µL) to generate the standard
curves. Samples were spiked with ascomycin in MeOH (100 ng/mL, 60 µL).
Methanol (1060 µL) was added to mimic the extraction protocol.
The mixtures were then vortexed for 5 minutes and centrifuged at (5000 g x 10
min at 4°C) with Hettich Mikro 200R (Tuttlingen, DE). An aliquot (1 mL) of the
centrifuged homogenate supernatant was evaporated to dryness within the
speed vac at 45°C and spun under vacuum in the evaporator for at least 2 hours.
The residues were reconstituted in the LC-MS/MS mobile phase (100 µL) and
vortex-mixed for 5 minutes. The samples were centrifuged at (2000 g x 2 min at
4°C) to precipitate any tissues. Following this, samples (80 µL) were transferred
to HPLC vials. Ten µL of the reconstituted sample was injected into the LCMS/MS system.
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Table 5-5: Preparation of quality control (blank) standard curves.
Prepare

Normal

RAP stock

Spike with

Spike with

saline (µL) -

conc.

blank

(µg/mL)

(µL)

(µL) *

(µL)

WS10

500

33.4

50

60

1670

1,000

WS9

500

25.05

50

60

1670

750

WS8

500

16.7

50

60

1670

500

WS7

500

8.35

50

60

1670

250

WS6

500

3.34

50

60

1670

100

WS5

500

1.67

50

60

1670

50

WS4

500

0.835

50

60

1670

25

WS3

500

0.334

50

60

1670

10

WS2

500

0.0334

50

60

1670

1

WS1

500

0.0167

50

60

1670

0.5

RAP/MeOH ASC/MeOH

* Ascomycin concentration (100 ng/mL) in methanol.
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In final

Final conc.

volume MeOH

(ng/mL)

5.2.4.1.3. Chromatography:
Samples were analysed using an Agilent 6400 Series Triple Quadrupole LC/MS
system from Agilent technologies (Berkshire, UK) comprising a degasser (HiP
Degasser 1260/G4225A), a binary pump (HiP 1260 binary pump/G1312B), an
autosampler (HiP sampler 1260/ G1367E), a column oven (G1316A) and a
triple-quadrupole

mass

spectrometer

(G6460A).

An Agilent

MassHunter

workstation software was used for data acquisition and data processing.
A sensitive LC-MS/MS method was applied to determine RAP concentration in the
eye tissue homogenates and blank tissue samples. Samples (10 µL) were
chromatographed over an XBridge BEH C8 XP column (2.5 µm, 2.1 mm X 50 mm)
equipped with a Vanguard Cartridge Holder guard column from Waters Limited
(Herts, UK) and at a temperature of 50°C, with the mobile flow rate of 0.5 mL/min.
The runtime was 6 minutes, followed by a 1-minute post run time. The mobile phase
was formic acid (0.1% v/v) in water and acetonitrile containing (LC-MS grade
solvents) in the following gradient conditions (Table 5-6):
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Table 5-6: LC-MS/MS mobile phase composition of RAP and internal standard.
Time

0.1% FA in H2O

0.1% FA in ACN

(min)

Solvent A (%)

Solvent B (%)

0.00

60

40

1.00

60

40

3.00

5

95

5.00

5

95

6.00

60

40
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Rapamycin and ascomycin were monitored by positive electrospray ionisation on an
Agilent jet stream ion source with ionisation source parameters as shown in Table
5-7, and samples were scanned using multiple reaction monitoring transitions of
RAP and ascomycin.

Table 5-7: LC-MS/MS source parameters for RAP and ascomycin.
Parameter

RAP

Ascomycin

(Analyte)

(Internal standard)

Capillary voltage (V)

3500

3500

Gas temperature (°C)

300

300

Gas flow (L/min)

5

5

Sheath gas heater (°C)

250

250

Sheath gas flow (L/min)

11

11

Nebuliser (psi)

45

45

Fragmentor (V)

200

300

Collision energy (V)

65

45

Precursor ion (m/z)

936.4

814.2

Product ion (m/z)

409.1

604.1
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5.2.4.2. GCPQ: RAP pharmacokinetics animal study:
New Zealand White albino male rabbits weighing between 2.0 and 3.0 kg, were
acclimatised for not less than seven days before the experiments. The rabbits had
free access to water and food throughout the study. Twenty-five µL of the GCPQ:
RAP 0.2 % w/v (Figure 5-3) formulation was administered to both eyes. Briefly, the
lower eyelid was gently pulled away from the eye globe and using a calibrated
micropipette, 25 µL of the formulation was applied in the lower conjunctiv al culde-sac. After dosing, the upper and lower eyelids were hand-held together for
approximately 5 seconds to permit the formulation to come into contact with the
cornea.

The number

of blinks in the next 60 seconds

was recorded.

Subsequently, after predetermined time points (1, 2, 4, 24 hours, n=3 each), the
rabbit was culled with an IV over-dose injection of 20% w/v phenobarbital (5 mL)
through the marginal ear vein using a 25-gauge butterfly needle.
The eye globe was enucleated using sterilised scissors, washed twice with 0.9%
w/v normal saline and dried on a filter paper. Subsequently, the various tissues
were dissected, rinsed twice with 0.9% w/v normal saline and dried on a filter
paper. The eye tissues were harvested in the following order to minimise crosscontamination: conjunctiva, aqueous humour, vitreous humour, lens, iris/cili ary
body, cornea,

choroid-retina,

sclera.

The harvested

dried

tissues

were

immediately stored in ice for (2-5 hours after dissection), and eventually stored
at -80°C until further analysis could be performed. The aqueous humour was
withdrawn using a 26-gauge needle attached to 2 mL syringe, while vitreous
235

humour was aspirated using a 23-gauge needle attached to 2 mL syringe. All
tissue dissections were performed using sterilised tools. Disposable scalpels,
tweezers and scissors were used as necessary. Any other sharp tools were
disinfected with 70% ethanol and washed with 0.9% w/v normal saline before
moving to the following tissue. All tissues were rinsed twice with 0.9% w/v
normal saline before being added to a pre-weighed tube.
For RAP extraction, the protein precipitation method was used. Briefly, the solid
frozen tissue was cut into small pieces with scissors and ground to a fine powder
with a mortar and pestle placed in dry ice, and the absolute tissue mass was
weighed. Aqueous samples (aqueous humour and vitreous humour) were
transferred into a sterile polypropylene tube, and the absolute mass was
weighed. Normal saline was added to a final volume (500 µL), and samples were
vortex-mixed for 5 minutes. The mixtures were then homogenised using probe
sonication (MSE Soniprep 150 sonicator) from MSE UK Ltd. (London, UK) at
50% of its maximum output for 25-50 seconds in an ice bath.
To all the tissue homogenates, an aliquot of the internal standard (100 ng/m L,
60 μL) was added and vortexed for 5 min. Methanol (1110 μL) was added to
precipitate the protein and extract the RAP. Mixtures were then vortexed for 5
minutes and centrifuged (5000 g x 10 min at 4°C). An aliquot (1 mL) of the
centrifuged homogenate supernatant was evaporated to dryness within the
speed vac at 45°C and spun under the vacuum evaporator for at least 2 hours.
The residues were reconstituted in the LC-MS/MS mobile phase (100 µL) and
vortex-mixed for 5 minutes. Samples were centrifuged (2000 g x 2 min at 4°C)
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to precipitate any tissues. An aliquot of the resulting supernatant (80 µL) was
transferred to HPLC vials. Ten µL of the reconstituted sample was injected into
the LC-MS/MS system.

GCPQ: Rapamycin - PK

(0.2% w/v, 25 µL)
(single dose = 50 µg)

1 hr
post-dosing
(n=3)

GCPQ: RAP
(7.5:1 w/w)

2 hr
post-dosing
(n=3)

4 hr
post-dosing
(n=3)

24 hr
post-dosing
(n=3)

Figure 5-3: Pharmacokinetics in vivo study design of GCPQ: RAP (25 µL, 0.2% w/v)
formulation.
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5.2.5. Results and discussion
5.2.5.1. Preparation of standard and quality control curves:
Working standards solutions were prepared to obtain a standard curve of RAP in the
mobile phase and each of the tissues: cornea, conjunctiva, sclera, choroid-retina,
aqueous humour, and vitreous humour. Table 5-8 shows the assay parameters used
to analyse the tissues. Individual calibration curves for the blank and each tissue
was obtained by plotting the peak area ratios (RAP / internal standard) versus the
analyte concentration. The calibration curves were linear for RAP in a concentration
range of 0.5 - 500 ng/mL for the blank, with an r2 greater than 0.99.
The measured lower limit of quantification (LLOQ) for RAP was (0.5 ng/mL) for the
blank and the choroid-retina. The measured LLOQ for the cornea, aqueous humour
and vitreous humour was (1 ng/mL), while for the conjunctiva and the sclera was (10
ng/mL).
The signal to noise ratio (SNR) explains the extraction efficiency of the assay and
quantifies the capability to remove all endogenous interfering components, which
are usually present in the biological matrix
used for LC-MS analysis

311 .

304 . Generally,

the SNR threshold of 10 is

The SNRs calculated by MassHunter workstati on

software were ≥ ten for the blank and all tissues at the lower limit of quantification.
Accuracy was examined by analysing ocular tissues and the blank sample, in which
the drug was dissolved in the mobile phase (Table 5-8). Accuracy was calculated by
dividing the ratio of the peak area in the presence of the matrix to the peak area in
the absence of a matrix multiplied by 100
238

312 .

Accuracy of the method must be

between 85% and 115% of the nominal value in all the standards, except at the
LLOQ level, which is 80 – 120% according to bioanalytical method validation in Food
and Drug Administration guidelines

304,313 . The average

percentage of the accuracy

of all the standards is 90.97%; this is in line with the guideline on bioanalytical
method validation in which a range ±15% of the nominal value is acceptable for the
non-zero calibrators, and between ±20% at the LLOQ 312,313.
Precision was calculated using the coefficient of variation (CV) (standard
deviation/mean) multiplied by 100 (Table 5-8). The precision of the analytical method
describes the closeness of repeated individual measures of analyte

312 .

The

precision of the method should be within 15% of the nominal concentration except
at the LLOQ, which is within 20%

13 . The

average CV of all the standards is 21.40%.
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Table 5-8: Assay parameters to analyse RAP in ocular tissues.
Parameters

Equation of the straight line

Linearity (ng/mL)

r2

Accuracy (%)

Precision (%)

y = 0.0607x + 0.3745

0.5 – 500

0.9972

-

-

y = 0.04x + 0.5204

10 – 500

0.9973

70.94

16.79

y = 0.0612x + 0.8589

1 – 500

0.9965

101.73

26.68

y = 0.0551x + 1.2327

1 – 500

0.9933

107.47

28.00

Cornea

y = 0.0619x + 0.7489

1 – 250

0.9920

105.97

27.61

Choroid-Retina

y = 0.0689x + 0.1223

0.5 – 500

0.9984

107.30

18.20

Sclera

y = 0.0345x + 0.1643

10 – 500

0.9988

52.42

11.10

Average

90.97

21.40

SD

23.52

7.03

Blank
Conjunctiva
Aqueous
humour
Vitreous
humour
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5.2.5.2. Bioanalytical LC-MS/MS assay
The LC-MS/MS chromatograms for RAP and ascomycin are presented in Figure 5-5.
Both RAP and ascomycin were ionised under the positive electrospray ionisation for
analyte quantification. The sodium adduct is employed as it was stable in the nonammoniated mobile phase. The formation of the adduct is a standard ionisation
method in electrospray ionisation mass spectrometry

314 . It

has been reported that

sodium adduct formation tends to dominate in weakly acidic mobile phases
containing 0.1% formic acid

314 .

Guan et al. observed the formation of [M + Na]+ in

a mobile phase containing 0.1% formic acid

315 .

The utilisation of formic acid-

containing mobile phase has the advantage in that these mobile phases never clog
the peak tubes and the seals

304 . Also,

the sodium adduct could have originated from

glassware, stainless steel, or as an impurity in chemicals or solvents

314,316 .

The

formation of sodium adducts in the analysis could be due to the addition of normal
saline in the extraction process. Jurchen et al. reported the formation of sodium
adduct when sodium chloride was employed in the extraction analysis

317 .

Multiple reaction monitoring mode was used to detect RAP and ascomycin. The
precursor ion to product ion transitions of m/z [M + Na]+ (936.4 → 409.1) and [M +
Na]+ m/z (814.2 → 604.1) were chosen for RAP and ascomycin, respectively, based
on the most abundant product ion. The MRM transition of RAP is in line with a
recently reported study

34 . Ascomycin

was used as the internal standard because of

its structural similarity to RAP, and it has a similar fragmentation pattern. Figure 5-4
showing structure of RAP and ASC and the fragmentation pattern of RAP.
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A

Rapamycin
MW 914.187 Da
m/z [M + Na]+: 936.3
x10

4

Ascomycin
MW 792.02 Da
m/z [M + Na]+ 814.2

+ESI Product Ion (2.92-3.11 min, 26 Scans) Frag=200.0V CF=0.000 DF=0.000 CID@60.0 (936.4 -> **) pi-3.d

2.6

B

2.4
2.2
2

Product ion
m/z [M + Na]+

409.1

Precursor ion
m/z [M + Na]+

1.8
1.6
1.4
1.2
1

345.1

208.9

0.8
319.9

0.6

427.0

0.2
0

380.9

285.0

0.4

123.9
100

125

152.0
150

244.9

192.8
175

200

225

250

367.0
275

300

325

350

375

453.2
607.2

396.8
400

581.6

473.8
425

450

475

500

600
575
550
525
Counts vs. Mass-to-Charge (m/z)

936.3

703.1
625

650

675

700

725

750

775

800

825

850

875

900

925

950

975

1000

Figure 5-4: Structure of RAP and ascomycin (A); fragmentation pattern of RAP (B).
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Rapamycin and ascomycin were extracted and separated from the blank matrices.
The assay condition had an adequate specificity for RAP, while no interfering peaks
were observed at its retention time. The retention time was 3.44 and 3.30 minutes
for RAP and ascomycin, respectively Figure 5-5.
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Figure 5-5: LC chromatogram for RAP at 100 ng/mL with retention time at 3.44
minutes (Right) and ascomycin 100 ng/mL with retention time at 3.30 minutes (Left).
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5.2.5.3. GCPQ: RAP pharmacokinetics animal study:
We examined the possible delivery to the back of the eye using GCPQ: RAP (25 µL,
0.2% w/v). The ocular tissue distribution study was conducted in healthy New
Zealand White rabbits following single topical instillation of the formulation into the
conjunctival cul-de-sac.
Figure 5-6 shows the ocular drug distribution of RAP in a healthy rabbit model.
Topical single dose instillation of GCPQ: RAP 0.2% w/v resulted in detectable and
quantifiable RAP levels in the back of the eye tissues, i.e. sclera and choroid-retina
(Figure 5-6). RAP concentrations were also quantified in the anterior chamber eye
tissues; cornea, and conjunctiva (Figure 5-6). No RAP was detected in the aqueous
humour and vitreous humour (LLOQ = 1 ng/mL) at all time points.
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Cornea

Conjunctiva

Sclera

Choroid-Retina

Figure 5-6: Pharmacokinetics in vivo RAP drug distribution study to rabbit’s ocular
tissues.
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The Cmax of RAP in the sclera and the choroid-retina was 37 ± 47 ng/g (tmax = 2
hours) and 145 ± 49 ng/g (tmax = 1 hour), respectively (Table 5-9). The Cmax of
RAP in the cornea and the conjunctiva was 735 ± 339 ng/g (tmax = 1 hour) and 636
± 349 ng/g of tissue (tmax = 2 hours), respectively (Table 5-9).
These tissue levels were achieved following a single ocular dose of 50 µg RAP in
the GCPQ: RAP formulation. A recent study reported RAP levels in the sclera and
choroid-retina following the single-dose topical application of a nanomicellar eye
drop formulation in a healthy rabbit (50 µL, 0.2% w/v, 100 µg RAP) 34. Cholkar et al.
used a polymeric matrix composed of vitamin E tocopherol polyethylene glycol
succinate and octoxynol-40. RAP concentration in the sclera and choroid-retina was
486 ± 90, and 362 ± 56 ng/g of tissue, respectively
vitreous humour

34 . The

34 .

No RAP was detected in the

level of RAP in the choroid-retina in the study was 2-fold the

concentration that has been identified in our study. The volume used by Cholkar et
al.

34

was higher than the current work, 50 µL vs 25 µL, which doubled the dose

applied 100 µg in the Cholkar study vs 50 µg of RAP in the current study. When
relating the level detected in the sclera to the total dose applied, only 0.1% RAP was
detected in the sclera compared to 0.5% RAP in the sclera in Cholkar et al. work.
The charge of the drug may affect its permeability across the sclera. Positively
charged particles may exhibit reduced permeability, presumably due to their binding
to the negatively charged proteoglycan matrix 8. Our formulation has a net positive
charge, while the formulation used by Cholakr et al. had a negative charge; this
probably explains the slightly lower level of the sclera that has been detected. Our
results capitulate the absence of RAP in the vitreous humour.
246

High RAP drug concentrations were detected in the cornea, and conjunctiva 1-hour
post-dosing. The level of RAP in the cornea was 735 ± 339 ng/g of tissue and in the
conjunctiva was 256 ± 65 ng/g of tissue. Earla et al. have reported the level of RAP
in the cornea (2261 ± 507 ng/g tissue) after 1 hour following 50 µL administration of
vitamin E tocopherol polyethylene glycol succinate: octoxynol-40: RAP formulation
0.2% w/v 304. The level of RAP in the aqueous humour was below their reported limit
of quantification

304 . The

level of RAP in the cornea in Earla et al. (2.3% of the total

dose applied) study was nearly 2-fold the concentration that has been detected in
the current work (1.5% of the total dose applied); this can be explained as the volume
they used was higher than the present work, 50 µL vs 25 µL, which subsequently
doubled the used dose to 100 µg in the Earla report vs 50 µg of RAP in the current
study. In addition, all animals in the previous two studies

34,304

were anaesthetised

before the dosing, and the anaesthesia was maintained throughout the experiment.
Also, there is growing evidence that gravity markedly influences vertical eye position
and movement 318. Arguably, when the eyelids are closed there will be an absence
of gravity associated with preventing rapid drainage of applied eyedrops. Our work
was conducted on vigilant rabbits, and so the blink rate was recorded. The average
tear fluid volume is approximately 7 µL in both rabbits and humans

319 . It

has been

reported that tear turnover rate in non-anaesthetised rabbits is about 0.53 µL/min,
with a range of 0.47-0.66 µL/min. At the same time, in anaesthetised animals, it is
negligibly small or absent

320 .

This process could impact the residence of the

formulation in the corneal pocket and could lead to a lesser extent of the formulation
being in contact with the cornea.
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The pharmacokinetics parameters of RAP after single ocular instillation of GCPQ:
RAP (25 µL, 0.2% w/v) ophthalmic solution in rabbits are shown in Table 5-9. The
pharmacokinetic parameters calculated were Cmax, tmax, and area under the
concentration-time curve (AUC). The AUC for each time point was calculated based
on the trapezoidal rule (Equation 5-1)

321 ;

𝒄𝒄𝟎𝟎 + 𝒄𝒄𝟏𝟏
Equation
𝑨𝑨𝑨𝑨𝑨𝑨𝟏𝟏 = 5- 1
× 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝟏𝟏−𝟎𝟎
𝟐𝟐

Equation 5-1

which c 0 is the concentration at the initial time point, c 1 is the concentration at the
second time point, time1-0 is the difference in the duration of time. Then, the sum of
all AUC’s was calculated to obtain the total AUC0-24 for each tissue in the function of
time. The AUC describe the drug concentration as a function of time and reflects in
this context the actual eye exposure to the drug after administration with respect to
time

322 . The

choroid-retina AUC/cornea AUC ratio is (0.41); this represents almost

half of the absorbed dose in the cornea find its way to arrive at the choroid-retina,
while no RAP was detected in the aqueous humour at all time points.
For a topical drug to reach back of the eye tissue, it may follow the corneal and/or
conjunctival-scleral pathway
= 2.6 µg/mL)

304 , and

323 . RAP is

practically insoluble in water (water solubility

due to its high lipophilicity (log P = 5.77)

34,324

and a relatively

high molecular weight (MW = 914 Da) 304, the drug was not able to translocate across
the cornea to the aqueous humour and vitreous humour. Since the drug must cross
the blood-ocular barriers to reach the aqueous humour and retina before diffusing
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passively into the vitreous humour

325 ,

this indicates that RAP may follow the

conjunctival/scleral pathway to arrive at the retina.
One of the significant drawbacks of topically applied drug formulations is
subtherapeutic drug levels reaching the posterior tissues

34 .

Rapamycin possesses

this challenge as it cannot permeate easily into the cell. This is because RAP is
lipophilic and may encounter the aqueous barrier in the tear fluid. Therefore, it is less
effective to maintain sufficient therapeutic concentration at the site of action.
However, we have shown that GCPQ with its mucoadhesive properties acts as a
permeation enhancer, enabling RAP to come in close proximity to the cells and
permeate the tissues, and to deliver the drug to the choroid-retina in a concentration
higher than its therapeutic levels (7–12 ng/mL)

162 .

A compound with a large

molecular weight is generally considered to have reduced transcorneal permeability,
and much of its intraocular access is by the non-corneal route

326 . This

suggests that

RAP would instead distribute mainly by the non-corneal route rather than the
transcorneal route

171 .

These results indicate that GCPQ may be used as a novel

carrier for RAP, and the formulation could be an alternative to the current invasive
injections/implants approaches used to access the retina.
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Table 5-9: Pharmacokinetics parameters of RAP after single ocular instillation of
GCPQ: RAP (25 µL, 0.2% w/v) ophthalmic formulation solution in rabbits.
Pharmacokinetic parameters Cornea

Conjunctiva

Sclera

Choroid-Retina

Cmax (ng/g tissue)

735 ± 339

636 ± 349

37 ± 47

145 ± 49

Tmax (hr)

1

2

2

1

AUC0-24 (ng.hr/g)*

2691

7387

262

1103

* AUC value is an approximation from four-time points.
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5.2.5.4. Ocular tolerability
The blink rate following dosing is an acceptable method of assessing acute ocular
irritation, although other parameters such as erythema and swelling are also used to
assess ocular irritation. In the first 60 seconds post-dosing after a single instillation
of GCPQ: RAP (25 µL, 0.2% w/v), the blink rate was assessed
After topical drop instillation, the upper and lower eyelids were hand-held together
for approximately 5 seconds to permit the formulation to come into contact with the
cornea, and the blink rate in the next 60 seconds was recorded. Normal saline was
used as a control (n = 3). Normal saline is frequently utilised as a control in ocular
formulations

327

to assesses the blinks rate in rodents

lacrimation characteristics in rabbits

329 .

328

and evaluates the

The average blink rate in both eyes in the

normal saline group was recorded as 1.0 ± 0.41 blinks/min. The average blink rate
in both eyes in all treatment groups was reported as (5.10 ± 0.52 blinks/min, p >
0.05) (Figure 5-7).
The assessm ent of irritation of the GCPQ: RAP formulation to rabbits’ eyes was
visually evaluated using the criteria of erythema and swelling (Figure 5-7). There
were no visible signs of erythema, tearing or swelling, following the ocular
administration of GCPQ: RAP. These data suggested that GCPQ: RAP as a
formulation does not cause dose-limiting ocular irritation to rabbits’ eyes, and it
is a capable system for topical treatment of diseased animal models such as
autoimmune uveitis.
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Figure 5-7: Assessment of ocular tolerability of the GCPQ: RAP formulation to
rabbits’ eyes.
(Top) Number of blinks in rabbits following single instillation of GCPQ: RAP (25 µL,
0.2% w/v); (Bottom) visual assessment of irritation of the GCPQ: RAP formulation
to rabbits’ eyes.
Time points: 1, 2, 4, 24 hours post-dosing (n=3 rabbits, each group). Statistical
analysis was performed with One-way ANOVA with Tukey’s multiple comparison
analysis. The values p < 0.05 were considered significant.
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5.3.

GCPQ: RAP In vivo pharmacodynamic study in C57BL/6J mice

5.3.1. Disclaimer
The following work was conducted in collaboration with a research group at UCL
Institute of Ophthalmology. A sincere appreciation is attributed to Dr Virginia L.
Calder and Dr Malihe Eskandarpour.
5.3.2. Introduction
The major retinal diseases associated with vision loss - age-related macular
degeneration, diabetic retinopathy, non-infectious posterior uveitis - all involve
impaired retinal function due to cell loss or damage

224 . These

diseases are difficult

to treat, as they are poorly understood. Despite some drugs known to be clinically
useful, they do not work in all cases and carry substantial risks

56,118,330,331 . The use

of bevacizumab (anti-VEGF mAb) in the wet form of AMD is well established, but
only 40-50% of patients respond

330 .

This treatment is only successful if the drug is

administered as an intravitreal injection to access the back of the eye 331. While there
is an increased risk from this route of administration such as infection and elevated
intraocular pressure

56,118 ,

it has also required considerable investment to deliver

specialist training to ophthalmic nurses.
Uveitis is a condition that involves inflammation of the uveal tract, i.e., iris, ciliary
body, and choroid, or adjacent ocular structures, e.g., retina, optic nerve, vitreous
humour, and sclera

67 .

Uveitis can be broadly classified as infectious when a

prominent infectious agent is recognised, or non-infectious, when it is believed to be
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immune-mediated

332 .

Uveitis is mainly categorised based on the site of the

inflammation. Figure 5-8 shows the anatomical classifications of uveitis that is
commonly distinguished as anterior, intermediate, posterior, and panuveitis.
Anterior uveitis is the most common form of intraocular inflammation that mainly
affects the anterior chamber of the eye. Intermediate uveitis is the least common
form of the disease, and the primary site of inflammation is in the vitreous. Posterior
uveitis is the second most common form of uveitis that primarily involves the choroid
and the retina of the eye. Panuveitis is a form of uveitis in which the inflammation
affects the anterior chamber, vitreous, choroid, and retina
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73

(Figure 5-8).

Figure 5-8: Classification of uveitis based on anatomical sites.
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Posterior uveitis is an intraocular inflammatory disease that affects the retina and
choroid. It is classified as an autoimmune disease because of the involvement of
effector CD4+T cells

68 .

Some uveitis conditions are associated with specific

Human Leukocyte Antigen (HLA) associations and common responses to retinal
antigens

69–71 .

Further evidence for the role of CD4+T cells has been demonstrated using the
experimental autoimmune uveitis (EAU) model in which a localised retinal
inflammation is induced by immunisation with retinal peptides

333,334 . CD4+T cells

are

essential to the immuno-pathogenesis of EAU. There are two subsets of CD4+T
cells, Th1 and Th17 cells which are involved in EAU development, and uveitogenic
Th1 and Th17 can adoptively induce EAU in naïve mice

335,336 .

This well-

characterised model, which reproduces particular aspects of the human disease, is
used to study disease mechanisms and validate the efficacy of treatments in
preclinical studies

335,337 . The

hallmarks of EAU are the onset of ocular inflammation,

disruption of the retinal architecture, and partial to complete destruction of the
photoreceptor cell layer, which leads to visual loss 338. The retinal disease can be
clinically scored throughout the study using advanced retinal imaging as a noninvasive approach.
The first-line treatments for patients with posterior uveitis are mainly limited to
systemic immunosuppressive drugs (steroids, CsA) that can have serious side
effects when given long-term

339 . Also,

it is unclear what levels of these drugs reach

the posterior chamber of the eye. Several studies reporting intraocular injectable
devices involve the use of slow-release of implanted steroids (Ozurdex, 700 µg) from
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Allergan plc. (Dublin, IE)

340 ,

thus minimising the frequency of treatment. Recently,

dexamethasone sodium phosphate salt-PLGA nanoparticles-incorporated divalent
zinc ion using a solvent diffusion nanoprecipitation

method was injected

subconjunctivally to a rat model of EAU and was found to reduce the inflammation
significantly

340 .

Moreover, based on ongoing research, intravitreal sirolimus (Opsiria) from Santen
Pharmaceutical Co., Ltd. (Osaka, JP) was accepted by the FDA for review to treat
non-infectious posterior uveitis

341 .

However, these approaches arguably only treat

one eye per injection and still carry the risks associated with injectables, such as
endophthalmitis, retinal and vitreous haemorrhage, and retinal detachment

340 . Thus,

the ease of application of eye drops in both eyes without the need for a surgical
procedure makes them superior to the intravitreal injection.
As described earlier, RAP is a specific inhibitor of mTOR that has been shown to
have potent immunosuppressive activity

342,343 . Recently,

RAP has shown a great

promise in eye research. In particular, RAP was explored for the prevention of
chronic inflammatory diseases such as uveitis

306 .

Oral RAP has been reported to

be effective in non-infectious posterior uveitis. However, gastrointestinal and
dermatological side effects have been observed, which limit its long term use
Uveitis is a predominantly T cell-mediated autoimmune disease

344.

345 . RAP suppresses

the cytokine driven T-cell proliferation and inhibits the production, signalling, and
activity of many growth factors relevant to uveitis

346 .

As shown in the previous section, GCPQ: RAP has been applied topically to rabbits’
eyes, and we demonstrated the ability of the formulation to deliver the drug to the
257

choroid-retina compartments. We detected a high RAP concentration in the choroidretina tissue of healthy rabbits, and this concentration was above the RAP
therapeutic level (7–12 ng/mL).
In this section, EAU is being used as a model of retinal disease. This animal model
is used to explore the impact of an aqueous-based lipophilic drug-loaded polymeric
nanoparticle

GCPQ: RAP intended for a topical ocular delivery to treat

inflammatory/autoimmune ocular mouse disease and to investigate the mechanism
by which RAP would exert its pharmacological benefits on the EAU model.
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5.3.3. Materials
Chemical

Supplier

Interphotoreceptor retinoid-binding protein

Cambridge Peptides, (Cambridge, UK)

(IRBP)1-20 peptide (GPTHLFQPSLVLDMAKVLLD)
Complete Freund’s Adjuvant (CFA)

Sigma-Aldrich (Gillingham, UK)

Pertussis toxin (PTX)

Sigma-Aldrich (Gillingham, UK)

Mycobacterium tuberculosis

Dif co Voigt Global Distribution
(Kansas, USA).

RORγt- R-phycoerythrin (PE)

BD Biosciences (Oxf ord, UK)

Fluorescein isothiocyanate (FITC)

BD Biosciences (Oxf ord, UK)

CD4-Brilliant Ultraviolet 395 nm

BD Biosciences (Oxf ord, UK)

Interleukin-17 (IL-17) -Brilliant Violet 421 nm and -

BioLegend (London, UK)

PE
Forkhead box protein P3 (FOXP3)-FITC

BioLegend (London, UK)

T-box gene expressed in T cells (T-bet) -

BioLegend (London, UK)

allophycocyanin and -Alexa Fluor 642 nm
CD25-Brilliant Violet 421 nm

BioLegend (London, UK)

IL-10-PE and FITC

BioLegend (London, UK)
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5.3.4. Animals
Female, 6-8-week-old C57BL/6J mice (n=20) weighing between 18.0 - 20.0 g were
used for the pharmacodynamics study. Animals were obtained from Charles River
(Harlow, UK) and were acclimatised for at least seven days before the experiment.
All animals had free access to water and food for the duration of the experiment.
Treatment of animals conformed to the Association for Research in Vision and
Ophthalmology statement for the use of animals in ophthalmic and vision research
347 .

All animal studies were ethically reviewed, and experiments performed in

accordance with the Animals (Scientific Procedures) Act 1986 and under a Home
Office project licence.
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5.3.5. Methods
5.3.5.1. Experimental autoimmune uveitis
Experimental autoimmune uveitis was induced as previously described

335 .

Briefly,

six- to eight-week-old female C57BL/6J mice (n = 20) were immunised with a
subcutaneous injection (200 µL) of IRBP1-20 peptide in PBS (300 µg/100 µL)
emulsified with CFA and supplemented with Mycobacterium tuberculosis (1.5
mg/mL,100 µL). Mice also received an intraperitoneal injection of pertussis toxin (0.4
µg/100 µL). Mice were left to develop the EAU for 13 days (Figure 5-9).

Figure 5-9: Design of the induction of Experimental Autoimmune Uveitis and
treatments.
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5.3.5.2. Distribution of animals
Animals were housed under specific pathogen-free conditions. Upon arrival, all mice
(n = 20) were housed in individually vented cages in a group of five animals in four
separate cages (Table 5-10). The untreated control group received topical normal
saline (pH = 7.4) as a negative control. Normal saline has been shown not to affect
the progression of EAU

335 . The

GCPQ polymer (0.75% w/v dispersed in 2.6% w/v

glycerol in water, pH = 7.4) was topically applied as vehicle control. The clear
solution formulation GCPQ: RAP (0.2% w/v, pH ~ 7.0-7.4) was topically applied as
the treatment group. A commercial preparation of dexamethasone suspension
Maxidex 0.1% w/v from Alcon (Camberley, UK) was applied topically as a positive
control. Maxidex has been shown to reduce the retinal inflammation in EAU 335. All
animals received treatment twice a day (5 µL) for seven days after signs of EAU was
observed using fundoscopy on day 13 post immunisation.
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Table 5-10: Distribution of animals and treatments groups in EAU experiment.

Mice
groups
Group 1
Group 2

Number of
animals per
group
5
5

Group name

Treatment

Negative
control

Normal Saline

Vehicle
control

GCPQ polymer (0.75% w/v)
dispersed in (2.6% w/v) glycerol in
water

Group 3

5

Treatment
group

GCPQ: RAP (0.2% w/v)

Group 4

5

Positive
control

Maxidex (0.1% w/v)
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Dose

(5 uL), twice
a day f or
seven days

5.3.5.3. EAU clinical scoring
Mice were assessed for early signs of EAU by fundoscopic observation using a
Micron III fundus camera, Phoenix Research Labs (Pleasanton, USA). Micron III can
produce precision in vivo imaging of mice retinae with excellent quality bright-field
images. It has video-rate frame image acquisition capabilities and relatively high
signal to noise ratio. Its unique contact objective lens affords a large field of view and
excellent lateral resolution with easy operation

348 .

Images were assessed by two blinded (unaware of which animals belonged to which
groups) experienced independent observers and scored according to the criteria in
Table 5-11 before and after treatment at days 13, and 20 post immunisation,
respectively.
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Table 5-11: The scoring system of Experimental Autoimmune Uveitis.

Criteria

Optic Disc

Retinal Vessels

Score
1

Infiltrate
Minimal

1-4 mild cuffings

inflammation

2

Retinal Tissue Structural Damage
1-4 small lesions

Retinal lesions or retinal

or

atrophy involving ¼ to ¾

1 linear lesion

retina area

Mild

>4 mild cuffings

5-10 small lesions

Pan retinal atrophy with

inflammation

or

or

multiple

1-3 moderate cuffings

2-3 linear lesions

(scars)

small

lesions

or
<3 linear lesions (scars)
3

Moderate

> 3 moderate cuffings

inflammation

>10 small lesions

Pan retinal atrophy with

or

>3 linear lesions

>3 linear lesions

or
confluent lesions (scars)

4

Severe

> 1 severe cuffings

inflammation
5

Linear lesion

Retinal detachment with

confluent

folding
Not visible

Not visible

Not visible

Not visible

(white out or

(white out or extreme

(white

extreme

detachment

extreme

detachment

out

detachment
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or

5.3.5.4. Retinal immunophenotyping by flow cytometry
Immunophenotyping describes a process used to identify cells based on the types
of antigens or markers on the surface of cells

349 .

These markers are usually

functional membrane and intracellular proteins and, by the use of specific antibodies,
cells can be identified by detecting particular antigens expressed by these cells

350 .

Flow cytometry technique allows for the analysis of multiple individual cell
parameters from heterogeneous population

351 .

In flow cytometry, cells are passed

through a narrow channel one at a time. Then, light is used to illuminate the cells in
the channel, and by utilising a serious of sensors, the types of light that are refracted
or emitted from the cells are detected. The forward scattered light is detected by a
sensor in the light path and is typically used to identify particle size. In contrast, side
scattered light is usually used to determine the granularity and complexity of the cell
in the light path

352 .

Fluorescence-activated cell sorting (FACS) analysis provides

additional flow cytometer functionality that allows for sorting a heterogeneous
mixture of cells into different populations by using specific antibodies tagged with
fluorescent dyes 352.
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Anti-mouse antibodies were used for retinal cell flow cytometry. Briefly, retinal layers
from enucleated eyes were collected at day 20 post immunisation, minced, and
filtered to remove any debris and then resuspended in FACS buffer (eBioscience,
Hatfield, UK) for cell surface marker staining. Retinal cells isolated for flow cytometry
were collected to study the effect of treatments on disease progression and to
determine the level of the expression of CD4+, CD25+, and FOXP3. The level of
intracellular expression of RORγt/IL-17 was determined to detect the percentage of
T-helper 17 (Th17) cells in the sample. The level of expression of T-bet was
determined to detect the percentage of T-helper 1 (Th1), and the level of expression
IL-10 as a regulatory cytokine in foxp3+ Treg cells was also detected.
Flow cytometry data were acquired using an LSRFortessa, BD Biosciences (San
Jose, USA) and BD FACSDiva version 6.1.3 software. Statistical data analysis was
performed with GraphPad Prism v.8.0.1, GraphPad Software (San Diego, USA).
Differences between groups were determined by one-way ANOVA with a KruskalWallis test. The values p < 0.05 were considered significant.
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5.3.6. Results and discussion
5.3.6.1. EAU clinical scoring
The clinical scorings of EAU experiments are shown in (Figure 5-10). Fundoscopy
images using Micron III were assessed by two independent observers and scored
according to the criteria in (Table 5-11) before and after treatment at days 13, and
20 post immunisation, respectively.
Figure 5-10, A shows the clinical scoring at day 13 before starting the treatment. All
animals in all groups have shown early signs of the development of EAU. The
average score of the negative control groups were (2.90 ± 0.88, and 3.80 ± 0.79),
for the saline and GCPQ group before treatment, respectively. The average score of
the positive control group DEX was (4.00 ± 0.94), while the treatment group GCPQ:
RAP scored at (3.50 ± 0.94). There were no statistically significant differences (p >
0.05) among all groups at day 13 before starting the treatment.
The clinical scoring at the end of treatment (day 20, 7 days of treatment) are shown
in (Figure 5-10, B). The average scores of the negative control groups were (10.70
± 4.88, and 13.60 ± 3.81) for the saline and GCPQ group after treatment,
respectively. There were no statistically significant differences (p > 0.05) among the
negative control groups at day 20 at the end of the treatment; suggesting a severe
progression of the EAU, and no effect of the negative control groups on suppressing
EAU development. The treatment group GCPQ: RAP showed a statistically
significant difference (p < 0.05) compared to negative control groups. The average
score of all animals in the formulation GCPQ: RAP group at the end of the treatment
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was (4.80 ± 2.30). Also, the positive control group DEX scored (6.50 ± 1.90) on day
20. Despite a lower scoring of the formulation GCPQ: RAP to DEX, there were no
statistically significant differences (p > 0.05) between the formulation GCPQ: RAP
group and the positive control groups at day 20 at the end of the treatment. These
results suggest that GCPQ: RAP formulation was able to suppress EAU progression,
and it was as effective as marketed eye drops Maxidex®.

A

B

Figure 5-10: Clinical scoring of EAU experiment.
(A) at day 13, before-, (B) at day 20, after treatment.
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Figure 5-11, A showed a direct comparison of clinical scoring within the groups’ preand post-treatment, at day 13 and day 20, respectively. There were statistically
significant differences (p < 0.05, two-way ANOVA) within the saline and the GCPQ
groups before and after treatment. The treated mice with GCPQ: RAP group showed
no statistically significant differences (p > 0.05, two-way ANOVA) before and after
treatment. Similarly, the positive control group DEX showed no statistically
significant differences (p > 0.05, two-way ANOVA).
Figure 5-11, B showed the specific criteria in which the clinical scoring has been
evaluated at the end of the experiment. In particular, the negative control groups
scored highly in all four criteria mentioned in (Table 5-11). As clearly shown, there
was a lower score for structural damage in the GCPQ: RAP and DEX groups
compared to the negative control groups. Moreover, the GCPQ: RAP group showed
a marginal reduction in retinal vessel cuffing, suggested by the lower clinical scoring
compared to all groups.
Nevertheless, the percentage differences in clinical scoring before and after
treatment are shown in (Figure 5-11, C). The saline group showed an overall
percentage increases in clinical scoring by (72.09%). Similarly, the GCPQ group
showed a percentage increase (72.06%). In contrast, the formulation GCPQ: RAP
group showed a slight percentage difference increase by (27.08%), while the positive
control group clinical scoring increased by (38.46%). We can notice a lower
percentage difference increase in clinical scoring in the treatment groups than
negative control groups. These results demonstrated the efficiency of the GCPQ:
RAP as a formulation in controlling the EAU progression.
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A

B

C

Figure 5-11: Comparison of clinical scoring of EAU experiment.
(A) numeric value before and after treatment, (B) specific criteria at the endpoint, (C)
percentage differences before and after treatment,
A: Two-way ANOVA with Tukey’s multiple comparison analysis. The values p < 0.05
were considered significant.
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Figure 5-12 gives the individual animal data in all groups in both eyes before and
after treatment. These are essential data as they allow us to document the variability
in each treatment group and further understand the pharmacological effects
observed in the EAU model.
Animals treated with saline showed a wide distribution of clinical scoring after
treatment. In the saline group, three out of five animals (6 eyes), showed a high
clinical scoring (>10). While, in the GCPQ group, four out of five animals (8 eyes),
showed a high clinical scoring (>15). Only one animal (2 eyes) in the GCPQ group
did not develop severe EAU. This is maybe due to technical error in dosing the
animal to establish EAU. Generally, clinical scoring of more than ten was reported
as severe EAU 335.
However, in the formulation group GCPQ: RAP, four out of five animals (8 eyes),
showed a low clinical scoring (< 5). Also, only one animal showed a moderate
increase in clinical scoring. Despite this increase, the clinical scoring remains below
the level defined as severe EAU (< 10). Figure 5-12, A showed statistically significant
differences (p < 0.05, two-way ANOVA) between the formulation GCPQ: RAP group
to negative control groups at the end of the treatment.
In the positive control group DEX, we can notice a slight increase in clinical scoring.
However, these values remain lower than the negative control groups (<10). Figure
5-12, A showed no statistically significant difference (p > 0.05, two-way ANOVA)
between the formulation GCPQ: RAP group to the positive control group at the end
of the treatment.
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A

B

Figure 5-12: Individual animal data of EAU.
(A) right and left eye before and after treatment. (B) Individual groups average
animal data before and after treatment; data were expressed as mean (two eyes) ±
SD.
A: Two-way ANOVA with Tukey’s multiple comparison analysis. The values p < 0.05
were considered significant.
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Figure 5-13 shows the fundoscopy data from the EAU experiment, as imaged with
Micron III. Before the treatment, both groups (GCPQ, and GCPQ: RAP) showing
clear evidence of disease with inflammation around the optic nerve (Figure 5-13, AB), respectively. The representative fundus images from an IRBP-immunised mouse
treated with GCPQ control showing a severe EAU on day 20 (Figure 5-13, C), while
a substantial attenuation of clinical disease following topical treatment of GCPQ:
RAP formulation was observed at the end of the experiment, on day 20 (Figure 5-13,
D).
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(GCPQ)

(GCPQ: RAP)

A

B

C

D

Before
treatment

After
treatment

Figure 5-13: Fundoscopy images of EAU.
Fundus images from an IRBP-immunised mouse show EAU development before
treatment in (A) GCPQ control groups, (B) GCPQ: RAP formulation group. Fundus
images after treatment showing severe EAU in (C) GCPQ control groups. (D) GCPQ:
RAP formulation after treatment group showing no signs for progression of EAU.
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5.3.6.2. Retinal immunophenotyping by flow cytometry
Immunophenotyping of retinal cells isolated from enucleated eyes after treatments
using flow cytometry are presented in this section.
Flow cytometry performed on the dissected retina from EAU eyes identified the
presence of CD4-expressing cells (Figure 5-14). Both subsets of CD4+ T cells, Th1
and Th17, have been detected in human uveitis and mediate the disease in EAU 335.
Treating EAU with topical administration of DEX showed a reduction in the level of
the expression of CD4+ compared to the control samples (p < 0.05). Despite a
marginal decrease in CD4+ level in the GCPQ: RAP treatment group, flow cytometric
analysis found this reduction was not significant as compared to the saline control
sample.

Saline

GCPQ

GCPQ:
RAP

DEX

Figure 5-14: Flow cytometer plot of CD4+ T cell.
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The level of expression of CD25 is presented in (Figure 5-15). CD25 is the α-chain
of the interleukin 2 (IL-2) receptor, and when expressed with α-, β-, γ-chain, the
receptor acquires a high affinity for IL-2

353 .

The expression of the IL-2α chain is

tightly restricted to peripherally activated T and B cells

353 .

Activation of CD25-IL-2

signalling is a sign of T cell activation and proliferation. Our results showed that there
were no significant differences in the expression of CD25 between all the groups.

Saline
GCPQ
GCPQ:
RAP
DEX

Figure 5-15: Flow cytometer plot of CD25+ T cell.

277

Flow cytometric analysis showed a statistically significant decrease in total RORγt
expression within CD4+ T cells treated with GCPQ: RAP, compared to the negative
control (p = 0.037) and the positive control (p = 0.022, Figure 5-16, A). RORγt is a
specifying transcription factor of Th17, which belongs to the RAR-related orphan
nuclear receptor family and regulates Th17-associated genes such as IL-17 and
Th17 differentiation

354 .

The level of the expression of IL-17 is presented in (Figure 5-16, B). There was no
statistically significant difference between all groups (p > 0.05). Th17 cells play an
essential role in the development of autoimmune diseases. The cytokines
productions involved in Th17-mediated autoimmune diseases are important
contributors to the pathogenic changes observed in EAU 355.
The level of the expression of RORγt in CD4+ T cells of individual animals and its
clinical scoring association is illustrated in (Figure 5-16, C). As shown, the GCPQ:
RAP treatment group presented with the lowest level of RORγt expression relative
to the lowest assessed clinical scoring compared to all groups. The level of RORγt
expression in GCPQ: RAP ranged from 13.9 to 26.1%, with a clinical scoring before
treatment (2.5 - 5) and after treatment (3 - 9). In contrast, in the saline group, RORγt
expression ranged from 22.4 to 42.4%, with a clinical scoring before the treatment
(2 - 4) and after treatment (4.5 - 16). These results suggest the specificity of our
novel formulation on attenuating the EAU progression by lowering the RORγt
expression. It has been reported that RAP has been shown to have an inhibitory
potential against acute Th17-polarized airway inflammation
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356 .

Saline

GCPQ

GCPQ:
RAP

RORƴt

DEX

A

IL-17

B

C
Saline Group

GCPQ Group

GCPQ: RAP Group

DEX Group

Figure 5-16: Flow cytometer plot of RORγt/IL-17.
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Figure

5-17

shows

the

expression

of

RORγt

and

T-bet.

The

T-

box transcription factor is expressed in CD4+ T lymphocytes committed to Th1 Tcell development

357 .

We found no significant differences in the level of the

expression of RORγt and T-bet for the GCPQ: RAP formulation as compared to other
groups. Double positive RORγt+/T-bet+ cells have been reported in EAU 358, but their
uveitogenicity remains to be investigated. This could suggest that GCPQ: RAP does
not affect Th1/17 or Th1 cells in EAU progression when compared to controls.
Unfortunately, we did not obtain reliable data on the IFNγ expression as a cytokine
marker for Th1 cells to conclude the impact of GCPQ: RAP on Th1 cells.

Saline

GCPQ

GCPQ:
RAP

RORƴt

DEX

T.bet

Figure 5-17: Flow cytometer plot of RORγt/T.bet.
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The transcription factor forkhead box P3 (FoxP3) is an important marker and
functional molecule for Treg cells. FoxP3 is considered the most specific marker for
Treg within the CD4+CD25+ T cell population
differentiation and function of Treg cells

359 ,

and responsible for the

360 .

Figure 5-18, A showed the increased expression of FoxP3 and IL-10 in the GCPQ:
RAP group compared to the vehicle control group (p < 0.05). The level of expression
of FoxP3/IL-10 in individual animals and its clinical scoring association is illustrated
in Figure 5-18, B. As shown, the GCPQ: RAP treatment group had the highest level
of Foxp3 and IL-10 expression relative to the lowest clinical scoring compared to all
groups, suggesting the specificity of our novel formulation on attenuating EAU
progression by upregulating Treg cells. Rapamycin has been shown to significantly
increase the expression of FoxP3 in induced Treg cells in vivo and in vitro
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360 .

A

Saline

GCPQ
GCPQ:
RAP

Foxp3

DEX

IL-10

B

0

3

4

3

6.5
8.6

3.5

4

%foxp3+/IL10

5

0

4

15

40

Figure 5-18: Flow cytometer plot FoxP3/IL-10.
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Posterior uveitis is a non-infectious, intraocular inflammatory disease affecting the
uvea and retina that can impair vision. Most of our understanding of the T cell
mechanisms involved have come from studies with experimental autoimmune
uveitis. Both subsets of CD4+ T cells, Th1 and Th17, have been detected in human
uveitis, and they mediate disease in EAU.
There are two distinct populations of T regulatory cells; natural Treg (nTreg) and
induced Treg (iTreg) cells

361 .

nTreg cells develop in the thymus and can express

FoxP3 cells, which serves as a marker to identify these cells

361 .

In contrast, iTreg

cells are derived from a population of conventional CD4+ T cells secrete both IL-10producing Tr1 (type 1 regulatory T) cells and TGF-β-producing CD4+ Th3 (T helper
3) cells

361,362 . While

effector T cells promote inflammation, regulatory T cells serve

to control it. Therefore, Treg cells play a vital role in autoimmune pathogenesis by
maintaining

self-tolerance

and by controlling

autoreactive CD4+ T effector cells

expansion

363 . CD4+CD25+Foxp3+

and activation of

regulatory T cells are the

most physiologically relevant due to their broad and indispensable roles
FoxP3 expression impairs the suppressive activity of Treg cells

362 . Loss

362 . Thus,

of

Treg cell

dysfunction is considered to be a significant factor in conferring the risk of human
autoimmune diseases

364 .

In the present study, we explored the impact of GCPQ: RAP novel formulation on
delivering the formulation to the back of the eye upon topical eye drops and contains
the EAU progression. We have shown that GCPQ: RAP suppressed the expression
of RORγt, upregulated Foxp3 expression and IL-10 secretion, and downregulated
the disease progression. Battaglia et al. reported that RAP selectively expands the
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murine CD4+CD25+FoxP3+ Treg cells and suppresses the proliferation of the effector
T cells in vitro

365,366 .

Human CD4+CD25+ Treg cells are similar to the murine

counterpart, are generated in the thymus and are characterised by the ability to
suppress proliferation of responder T cells 365. Therefore, RAP as an mTOR inhibitor
can both expand naturally occurring Treg and induced Treg cells from conventional
CD4+ T cells

367 .

These results suggest that GCPQ: RAP may switch CD4+ T cell

polarity from a Th17 to Treg phenotype (Figure 5-19) and thus represents a possible
therapeutic point for a wide range of inflammatory and autoimmune disorders,
including posterior uveitis.
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Differentiate of T-lymphocytes
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RAP
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Dendritic cell
Self-reactive T cells
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into periphery

T-bet, IFNγ
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IL-10 secretion

Th1
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infiltration

RORλt, IL-17

Naïve T cell
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IL-2

Leukocytes
recruitment

Th17

Th2

Suppress RORλt
expression

Resistance
to Uveitis

Figure 5-19: Schematic diagram of the development of uveitis and the role of RAP.
Uveitis acute inflammation is initiated by cells previously present in affected tissues, mainly resident
macrophages and dendritic cells 368. In autoimmune uveitis, self-reactive T cells leave the thymus,
and when they reach the eye, they come in contact with retinal antigens. Myeloid dendritic cells
present a solid ability to capture antigens, which enables them to stimulate T cells. Theref ore, Tlymphocytes may differentiate into Tregs, Th1, Th17 or Th2 f or precise immune response in function
of the antigen encountered and cytokine presence. Th1 and Th17 cells participate in inf lammatory
and autoimmune uveitis. Th1 cells are crucial for the development of uveitis, whereas Th17 cells play
a relevant role in the chronic phase of uveitis. Furthermore, the migration of Th1 and Th 17 to the eye
results in the breaking down of the blood-retinal barrier and, consequently, different leukocytes from
the circulation are recruited 368. However, induced Treg cells defeat both Th1 and Th17 cell responses
368
.
In the f igure, we can also see the role of RAP in uveitis. RAP suppresses the expression of RORγt,
upregulates Foxp3 expression and IL-10 secretion, and significantly reduces the disease progression.
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Nguyen et al. developed intravitreal RAP (Santen Pharmaceutical Co., Ltd., Osaka,
JP) for treating non-infectious uveitis

369 . In

the Nguyen study, the 440 µg dose every

two months to humans gave the best outcome: 22% of patients reaching the primary
endpoint and 52% (includes primary endpoint patients) achieving a secondary
endpoint. This is similar to the 220 µg dose to rabbits where RAP choroid-retina
levels were maintained at 30 - 2000 ng/ g over the two-months period (remaining
over 500 ng/ g for the first 30 days). With the 44 µg dose: 10% of patients achieved
the primary endpoint, and 35% (includes primary endpoint patients) achieved the
secondary endpoint. This is similar to the 22 µg dose in rabbits where RAP choroidretina levels were maintained at 0.5

- 600 ng/g over the two-months period

(remaining over 30 ng/ g for the first seven days) 306,369. Our GCPQ: RAP formulation
was given at 20 µg/day for seven days to mice of EAU. We have observed a strong
attenuation of EAU progression with this dose. In a recent study, RAP has been
shown to attenuate the ocular inflammation of EAU after 7.5 µg/day intraperitoneal
injections

370 .

On the pharmacokinetics study on a larger species, i.e. rabbits, RAP

was given at 50 µg/dose (single instillation). The level of RAP on the choroid-retina
after one-hour post-dosing was 145 ± 49 ng/g of tissue. This may suggest that a
repeated dose of the 0.4% w/v formulation is likely to yield an effect in humans
(assuming this gives us a tissue level of at least 300 ng/g). GCPQ: RAP given to
C57BL/6J mice with an already established EAU model was found to have no
hypersensitivity reaction or toxicity to the corneal tissues and to delay disease
progression as shown by fundoscopy imaging. Also, we have observed no effect of
GCPQ alone on the suppression of EAU.
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5.4.

GCPQ: TAC In vivo pharmacokinetic study in New Zealand healthy

rabbits
5.4.1. Introduction
Allergic conjunctivitis affects 6 – 30% of the general population in Europe, with 25%
of cases involving severe and persistent disease

89 .

Allergic ocular symptoms affect

40% of the US population at least once in their lifetime, with a prevalence rate of
29.7%

371 .

The majority of allergic conjunctivitis patients (55 - 81%) suffer from

seasonal allergic conjunctivitis, while the more severe forms of the disease: atopic
keratoconjunctivitis (AKC) and vernal keratoconjunctivitis (VKC) affect 4 – 39% of
allergic conjunctivitis patients, depending on geographical location; with particularly
high numbers of VKC (39% of allergic conjunctivitis patients) and AKC (39% of
allergic conjunctivitis patients) in Brazil

89 .

VKC affects children, resolves around

puberty and is more prevalent in boys with a prevalence of 1.16 – 10.55 per 10,000
of the general population in Western Europe
children

372 . VKC

therapy

92 . AKC

91

and 18% in Nigerian primary school

is a sight-threatening disease with no overall gold standard form of

is also a sight-threatening condition which affects adults mostly and

is usually present as a co-morbidity with atopic dermatitis

93 ,

dermatitis patients diagnosed with AKC in one Japanese study

with 67.5% of atopic
373 .

Notwithstanding

the rare diseases of AKC and VKC, an estimated 25% of ocular allergy patients have
frequent episodes (more than four times a week) for more than four weeks and are
classed as having a severe disease which impacts negatively on their quality of life
89 .

Patients with severe disease are treated with anti-allergy
287

drugs, and

corticosteroids and treatments are frequently inappropriate
is associated with glaucoma

83

89 .

Prolonged steroid use

and hence is not ideal, especially with the younger

patients.
Tacrolimus acts by binding to FK506 binding protein forming a complex which
inhibits calcineurin

374 .

This inhibition of calcineurin suppresses dephosphorylation

of nuclear factor activated T-cells (NFAT), resulting in suppression of the interleukin
2 gene, interferon gamma and interleukin 4 and interleukin 5; ultimately inhibiting the
proliferation of T-cells 375. Tacrolimus also inhibits the release of histamine from mast
cells

376 .

These mechanisms contribute to the effectiveness of TAC in allergic

conjunctivitis. In a 56 patient randomised controlled trial involving severe allergic
conjunctivitis (patients who were not responding

to anti-allergy drugs and

corticosteroids, n = 28 patients per arm), there was a significant drop in the objective
sign score in the treatment arm (Talymus 0.1% twice daily) when compared to the
placebo arm after 1 month of treatment, with a significant decrease in the objective
signs score observed one week into the treatment course

377 .

There were significant

changes in the giant papillae and corneal involvement scores with Talymus 0.1%

377.

A visual analogue scale was used to assess seven subjective symptoms, and five of
these symptoms (itching, discharge, hyperaemia, lacrimation and foreign body
sensation) were also significantly reduced in the treatment arm after 4 weeks of
treatment

377 .

A subsequent 1436 patient prospective observational study revealed

that the total signs and symptoms score reduced significantly from baseline one
month after dosing with Talymus 0.1% twice daily and that giant papillae and corneal
lesions were also significantly reduced

378 .

Both studies reported ocular irritation as
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the main side effect with mild ocular irritation affecting 46.2% of patients in the 56
patient study and a transient burning sensation affecting 3.2% of patients in the 1436
patient study

378 ,

although general ocular adverse events affected 6.2% of patients

in the 1436 patient study

378 . Other

studies have shown that a hospital compounded

TAC (TAC injection - Prograf - formulated in a balanced salt solution) containing
0.005% TAC was found to alleviate the signs and symptoms of VKC in a 10-patient
study

379 .

Additionally, a hospital compounded TAC formulation (TAC capsules –

Prograf – formulated in a balanced salt solution) containing 0.01% TAC was found
to be effective in reducing the signs and symptoms of VKC in a 62-patient study

380.

There is thus substantial evidence of the efficacy of TAC eye drops in severe allergic
conjunctivitis.
Talymus is approved in Japan

381,382 . A

cationic emulsion of CsA (Vekacia®, 0.1%

w/v), has been granted orphan drug status by the European Commission for the
treatment of VKC

83,374 .

However, Talymus is reported to provide a therapeutic

response in allergic conjunctivitis patients not responding to CsA

378 .

In order to overcome the limitations associated with the use of TAC, such as ocular
irritation and pain
92

378

transient blurring of vision due to the opacity of the formulation

and plasma exposure

383 ,

we used a known non-irritant, mucoadhesive ocular

penetration enhancer (GCPQ) 135,136 to formulate the hydrophobic drug TAC within
positively charged nanoparticles, presenting as a clear liquid. This formulation may
be useful in the treatment of AKC and VKC. The development of aqueous and clear
TAC ophthalmic formulations is challenging due to its hydrophobic characteristics
(log P = 2.74)

381

and poor water solubility (water solubility = 4 - 12 µg mL-1) 382,383.
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Here, we demonstrated the utility of delivering a novel eye drop formulation
(GCPQ: TAC, 0.1 % w/v) to the anterior segment of the eye and determine the
ocular pharmacokinetic profile of TAC in healthy rabbits.
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5.4.2. Materials
Chemical

Supplier

Tacolimus (MW 804.02 g/mol))

Generon Ltd. (Slough, UK)

Ascomycin (MW 792.02 g/mol)

Generon Ltd. (Slough, UK)

Acetonitrile LCMS grade

VWR (Leicestershire, UK)

Water LCMS grade

VWR (Leicestershire, UK)

Formic acid LCMS grade

Fisher Scientif ic (Loughborough, UK)

5.4.3. Animals
New Zealand white male rabbits weighing between 2.0 – 3.0 kg were obtained
from Envigo (Huntingdon, UK) and were acclimatised for at least seven day s
before the experiment. The rabbits had free access to water and food througho ut
the study. Treatment of animals conformed to the Association for Research in
Vision and Ophthalmology statement for the use of animals in ophthalmic and
vision research. All animal studies were ethically reviewed, and experim ents
performed in accordance with the Animals (Scientific Procedures) Act 1986.
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5.4.4. Methods
5.4.4.1. Bioanalytical LC-MS/MS Assay
5.4.4.1.1. Preparation of working standards solutions
Tacrolimus stock solution (STK) was prepared at a concentration of 100 µg/mL in
MeOH. Tacrolimus is reported to dissolve in organic solvents, such as DMSO,
methanol, and ethanol (> 25 mg/mL) 384. Tacrolimus working stocks solutions (Stks)
were prepared by serially diluting TAC stock solutions into MeOH to obtain Stks in
Table 5-12, ranging from a concentration of (0.0167 – 33.4 µg/mL).
Tacrolimus working standards (WS) were prepared by serially diluting TAC working
stocks solutions into MeOH to obtain the working standards in Table 5-13 ranging
from a concentration of (0.5 – 1000 ng/mL). A stock solution of the ascomycin
internal standard was freshly prepared at a concentration of 100 ng/mL in methanol.
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Table 5-12: Preparation of TAC stocks solutions.

Stock (STK) is 100 µg/mL (TAC in MeOH)
Prepare

Take from

µL

Add MeOH

Final volume

Conc.

(µL)

(µL)

(µg/mL)

ng/mL

Stks 10

STK

668

1332

2000

33.4

33,400

Stks 9

Stks 10

1125

375

1500

25.05

25,050

Stks 8

Stks 9

1000

500

1500

16.7

16,700

Stks 7

Stks 8

750

750

1500

8.35

8,350

Stks 6

Stks 7

600

900

1500

3.34

3,340

Stks 5

Stks 6

750

750

1500

1.67

1,670

Stks 4

Stks 5

750

750

1500

0.835

835

Stks 3

Stks 4

600

900

1500

0.334

334

Stks 2

Stks 3

150

1350

1500

0.0334

33

Stks 1

Stks 2

750

750

1500

0.0167

17
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Table 5-13: Preparation of TAC working standards solutions.

Prepare

TAC stock

TAC/MeOH

ASC/MeOH

In final

Final Conc.

conc. (µg/mL)

(µL)

(µL) *

volume MeOH

(ng/mL)

(µL)
WS10

33.4

50

60

1670

1,000

WS9

25.05

50

60

1670

750

WS8

16.7

50

60

1670

500

WS7

8.35

50

60

1670

250

WS6

3.34

50

60

1670

100

WS5

1.67

50

60

1670

50

WS4

0.835

50

60

1670

25

WS3

0.334

50

60

1670

10

WS2

0.0334

50

60

1670

1

WS1

0.0167

50

60

1670

0.5

* Ascomycin concentration (100 ng/mL) in methanol.
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5.4.4.1.2. Preparation of standard and quality control curves:
Working standard solutions were prepared to obtain an individual standard
curve for each of the rabbit eye blank tissues: the cornea, conjunctiva, sclera,
choroid-retina, aqueous humour, vitreous humour, and whole blood. Tissues
were homogenized according to the following protocol. Briefly, the solid frozen
tissue was cut into small pieces with scissors and ground to a fine powder with
a mortar and pestle placed in dry ice, and the absolute tissue mass was weighed
(30 mg). Aqueous samples (aqueous humour, vitreous humour, and whole
blood, 30 µL) were transferred into a sterile polypropylene tube, and the
absolute mass was weighed. Normal saline was added to a total volume (500
µL), and samples were vortex-mixed for 5 minutes. The mixtures were then
homogenized using probe sonication (MSE Soniprep 150 sonicator, MSE UK
Ltd., London, UK) at 50% of its maximum output for 25 - 50 seconds in an ice
bath. The homogenized samples were spiked with TAC working standards (50
µL) in order to generate the standard curves. Samples were then spiked with
the internal standard ascomycin in MeOH (60 µL). MeOH (1060 µL) was added
to precipitate the protein, as shown in (Table 5-14).
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Table 5-14: Preparation of standard curves solutions of TAC in ocular tissue
homogenates.

Prepare

Normal
saline (µL) –

Spike with

Spike with

TAC/MeOH (50 µL) ASC/MeOH

In final volume

Final Conc.

MeOH

(ng/mL)

in tissues

(µg/mL)

(µL) *

(µL)

WS10

500

33.4

60

1670

1,000

WS9

500

25.05

60

1670

750

WS8

500

16.7

60

1670

500

WS7

500

8.35

60

1670

250

WS6

500

3.34

60

1670

100

WS5

500

1.67

60

1670

50

WS4

500

0.835

60

1670

25

WS3

500

0.334

60

1670

10

WS2

500

0.0334

60

1670

1

WS1

500

0.0167

60

1670

0.5

* Ascomycin concentration (100 ng/mL) in methanol.
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The quality control standard curves were generated to evaluate the recovery
rate and the matrix effect on drug extraction (Table 5-15). Blank samples were
prepared similar to tissue’s standard curve. Briefly, TAC working standard s
samples (50 µL) were added to normal saline (500 µL) to generate the standard
curves. Samples were spiked with ascomycin in MeOH (60 µL). Methanol (1060
µL) was added to mimic the extraction protocol.
The mixtures were then vortexed for 5 minutes and centrifuged at (5000 g x 10
min at 4°C) with Hettich Mikro 200R (Tuttlingen, DE). An aliquot (1 mL) of the
centrifuged homogenate supernatant was evaporated to dryness within the
speed vac at 45°C and spun under vacuum in the evaporator for at least 2 hours.
The residues were reconstituted in the LC-MS/MS mobile phase (100 µL) and
vortex-mixed for 5 minutes. The samples were centrifuged at (2000 g x 2 min at
4°C) to precipitate any tissues. Following this, samples (80 µL) were transferred
to HPLC vials. Ten µL of the reconstituted sample was injected into the LCMS/MS system.
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Table 5-15: Preparation of quality control (blank) standard curves.
Prepare

Normal

TAC stock

Spike with

Spike with

saline (µL) -

conc.

blank

(µg/mL)

(µL)

(µL) *

(µL)

WS10

500

33.4

50

60

1670

1,000

WS9

500

25.05

50

60

1670

750

WS8

500

16.7

50

60

1670

500

WS7

500

8.35

50

60

1670

250

WS6

500

3.34

50

60

1670

100

WS5

500

1.67

50

60

1670

50

WS4

500

0.835

50

60

1670

25

WS3

500

0.334

50

60

1670

10

WS2

500

0.0334

50

60

1670

1

WS1

500

0.0167

50

60

1670

0.5

TAC/MeOH ASC/MeOH

* Ascomycin concentration (100 ng/mL) in methanol.
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In final

Final conc.

volume MeOH

(ng/mL)

5.4.4.1.3. Chromatography:
Samples were analyzed using an Agilent 6400 Series Triple Quadrupole LC/MS
system from Agilent technologies (Berkshire, UK) comprising a degasser (HiP
Degasser 1260/G4225A), a binary pump (HiP 1260 binary pump/G1312B), an
autosampler (HiP sampler 1260/ G1367E), a column oven (G1316A) and a
triple-quadrupole

mass

spectrometer

(G6460A).

Agilent

MassHunter

Workstation Software was used for system control, data acquisition and data
processing.
A sensitive LC-MS/MS method was applied to determine the concentration of TAC
in the eye tissue homogenates and blank tissue samples. Extraction samples (10
µL) were chromatographed over an XBridge BEH C8 XP column (2.5 µm, 2.1 mm X
50 mm) equipped with a Vanguard Cartridge Holder guard column from Waters
Limited (Herts, UK) and at a temperature of 50°C, with the mobile flow rate of 0.5
mL/min. The runtime was 4 minutes, followed by a 1-minute post run time. The
mobile phase was formic acid (0.1% v/v) in water and acetonitrile containing (LC-MS
grade solvents) in the following gradient conditions (Table 5-16):
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Table 5-16: LC condition of TAC and internal standard in LC-MS/MS analysis.
Time (min)

0.1% FA in H2O

0.1% FA in ACN

Solvent A (%)

Solvent B (%)

0.00

60

40

0.50

60

40

1.00

0

100

3.00

0

100

4.00

60

40

300

Tacrolimus and Ascomycin were monitored by positive electrospray ionization on an
Agilent jet stream ion source with the LC-MS parameters, as shown in (Table 5-17).
Samples were scanned using multiple reaction monitoring mode for transitions of
TAC m/z [M + Na]+ (826.3 → 415.2), and for ascomycin m/z [M + Na]+ (814.2 →
604.1), respectively.

Table 5-17: LC-MS/MS source parameters for TAC and ascomycin.
Parameter

TAC

Ascomycin

(Analyte)

(Internal standard)

Capillary voltage (V)

4000

4000

Gas temperature (°C)

300

300

9

9

Sheath gas heater (°C)

325

325

Sheath gas flow (L/min)

12

12

Nebuliser (psi)

45

45

Fragmentor (V)

300

300

Collision energy (V)

50

45

Precursor ion (m/z)

826.3

814.2

Product ion (m/z)

415.2

604.1

Gas flow (L/min)
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5.4.4.2. GCPQ: TAC pharmacokinetics animal study:
New Zealand White male rabbits weighing between 2.0 and 3.0 kg, were
acclimatized for not less than seven days before the experiments. The rabbits
had free access to water and food throughout the study. Twenty-five µL of the
GCPQ: TAC 0.1 % w/v formulation was administered to both eyes (Figure 5-20).
Briefly, the lower eyelid was gently pulled away from the eye globe and using a
calibrated micropipette, 25 µL of the formulation was applied in the lower
conjunctival cul-de-sac. After dosing, the upper and lower eyelids were handheld together for approximately 5 seconds to permit the formulation to come into
contact with the cornea. The number of blinks in the next 60 seconds was
recorded. Subsequently, after predeterm ined time points (1, 2, 8 hours, n=4
each), the blood sample was withdrawn (1-3 mL) through the marginal ear vein
using a 23-gauge butterfly needle. After blood collection, the rabbit was culled
with an IV over-dose injection of 20% w/v phenobarbital (5 mL) through the
marginal ear vein using a 25-gauge butterfly needle. The eye globe was
enucleated using sterilized scissors, washed twice with 0.9% w/v normal saline
and dried on a filter paper. Subsequently , the various tissues were dissec te d,
rinsed twice with 0.9% w/v normal saline and dried on a filter paper. The eye
tissues were harvested in the following order to minimize cross-contam inati o n:
conjunctiva, aqueous humour, vitreous humour, lens, iris/ciliary body, cornea,
choroid-retina, sclera. The harvested dried tissues were immediately stored in
ice for (2-5 hours after dissection), and eventually stored at -80°C until further
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analysis could be performed. The aqueous humour was withdrawn using a 26gauge needle attached to 2 mL syringe, while vitreous humour was aspirat ed
using a 23-gauge needle attached to 2 mL syringe. All tissue dissections were
performed using sterilized tools. Disposable scalpels, tweezers and scissors
were used as necessary. Any other sharp tools were disinfected with 70%
ethanol and washed with 0.9% w/v normal saline before moving to the following
tissue. All tissues rinsed twice with 0.9% w/v normal saline before they were
added to a pre-weighed tube.
For TAC extraction, a volume of the tissue homogenates (500 μL) and aqueous
samples were used. Briefly, to extract TAC, the protein precipitation method was
used. To all the tissue homogenates, an aliquot of IS (100 ng/mL, 60 μL) was
added and vortexed for 5 min. Methanol (1110 μL) was added to precipitate the
protein and extract the TAC. The mixture was then vortexed for 5 minutes and
centrifuged at (5000 g x 10 min at 4 °C). For each sample, an aliquot (1 mL) of
the centrifuged homogenate supernatant was evaporated to dryness within the
speed vac at 45 °C and spun under the vacuum evaporator for at least 2 hours.
The residue was reconstituted in the LC-MS/MS mobile phase (100 µL) and
vortex-mixed for 5 minutes. The reconstituted residue was centrifuged (2000 g
x 2 min at 4 °C) to precipitate any tissues. An aliquot of the resulting supernat a nt
(80 µL) was transferred to HPLC vial. Ten µL of the reconstituted sample was
injected into the LC-MS/MS system.

303

GCPQ: Tacrolimus - PK

(0.1% w /v, 25 µL)
(single dose = 25 µg)

GCPQ: TAC
(10:1 w /w)

1 hr
post-dosing

2 hr
post-dosing

8 hr
post-dosing

(n=4)

(n=4)

(n=4)

Figure 5-20: Pharmacokinetics in vivo study design of GCPQ: TAC (25 µL, 0.1% w/v)
formulation.
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5.4.5. Results and discussion
5.4.5.1. Preparation of standard and quality control curves:
Working standards solutions were prepared to obtain a standard curve of TAC in the
mobile phase and in each of the tissues: cornea, conjunctiva, sclera, choroid-retina,
aqueous humour, vitreous humour, and whole blood.
Table 5-18 shows the assay parameters used to analyse the tissues. Individu al
calibration curves for the blank and each tissue obtained by plotting the peak
area ratios (TAC / internal standard) versus the analyte concentration. The
calibration curves were linear for TAC in a concentration range (0.5 - 250 ng/m L)
when extracted from all tissues, with an r2 greater than 0.99.
Tacrolimus and ascomycin were efficiently extracted and separated from the
blank matrices. The measured LLOQ for TAC was 0.5 ng/mL for the blank and all
the tissues with SNR ≥ 10 at the lower limit of quantification.
Accuracy and precisions were calculated as previously described (section 5.2.5.1).
The average percentage of the accuracy of all the standards is 101.87%; this is
in line with the guideline on bioanalytical method validation in which a range of
between 85 and 115% of the nominal value are acceptable

312 .

The average CV of

all the standards is 13.52%. Our results demonstrate a CV within the acceptable
value.
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Table 5-18: Assay parameters of TAC in blank and ocular tissues.
Parameters

Equation of the straight line

r2

Linearity (ng/mL)

Accuracy (%)

Precision (%)

Blank

y = 0.4936x + 2.5483

0.9939

0.5 – 250

-

-

Conjunctiva

y = 0.5766x + 0.9188

0.9980

0.5 – 250

114.25

10.65

Aqueous

y = 0.4865x + 1.5001

0.9973

0.5 – 250

98.92%

11.88

y = 0.4937x + 1.2581

0.9987

0.5 – 250

110.32

26.65

Cornea

y = 0.5369x + 1.528

0.9964

0.5 – 250

105.53

11.86

Choroid-retina

y = 0.4892x + 0.6221

0.9998

0.5 – 250

96.30

14.14

Sclera

y = 0.5126x + 2.1769

0.9942

0.5 – 250

99.33

4.92

Whole blood

y = 0.4389x + 0.8

0.9994

0.5 – 250

88.41

14.52

Average

101.87

13.52

SD

8.81

6.60

humour
Vitreous
humour
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5.4.5.2. Bioanalytical LC-MS/MS assay
The LC-MS/MS chromatogram s for TAC and ascomycin are presented in (Figure
5-21). Both TAC and ascomycin were ionised under the positive electrosp ray
ionization for analyte quantification.
Multiple reactions monitoring mode was utilized to detect TAC and ascomycin. The
precursor ions to product ions transitions of m/z [M + Na]+ (826.3 → 415.2) and m/z
[M + Na]+ (814.2 → 604.1) were chosen for TAC and ascomycin, respectively, based
on the most abundant product ions. The assay conditions had an adequate
specificity for TAC, while no interfering peaks were observed at its retention
time. The retention time was 2.11 and 2.10 minutes for TAC and ascomycin,
respectively (Figure 5-21). The MRM transition of TAC is in line with a recently
reported study

385 .

Ascomycin was used as the internal standard because of its

structural similarity to TAC, and it has a similar fragmentation pattern.
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Counts vs. Acquisition Time (min)

Figure 5-21: LC chromatogram for TAC at 0.5 ng/mL with retention time at 2.11
minutes (top) and ascomycin at 100 ng/mL with retention time at 2.10 minutes
(bottom).
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5.4.5.3. GCPQ: TAC pharmacokinetics animal study:
We examined the delivery to the front of the eye using GCPQ: TAC (25 µL, 0.1%
w/v). The ocular tissue distribution study was conducted in New Zealand White
healthy

rabbits

following

topical

instillation

of the formulation

into the

conjunctival cul-de-sac.
Topical single instillation of 0.1% w/v GCPQ: TAC resulted in detectable and
quantifiable TAC levels in the front of the eye tissues, i.e. cornea (LLOQ = 0.5
ng/mL)

and conjunctiva

(LLOQ = 0.5 ng/mL)

(Figure 5-22). Tacrolim us

concentrations were also quantified in the aqueous humour (LLOQ = 0.5 ng/mL).
Moreover, TAC was detected in posterior chamber eye tissues; choroid-ret i na
(LLOQ = 0.5 ng/mL) (Figure 5-22). No TAC was discovered in the vitreous
humour (LLOQ = 0.5 ng/mL) and the whole blood (LLOQ = 0.5 ng/mL) at all time
points.
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Cornea

Conjunctiva

Sclera

Choroid-Retina

Aqueous humour

Figure 5-22: In vivo TAC drug distribution in rabbit ocular tissues following the
instillation of 25 µL of GCPQ: TAC 0.1% w/v.
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Figure 5-22 shows the ocular drug distribution of TAC in a healthy rabbit model. The
Cmax of TAC in the cornea, conjunctiva and sclera after 1 hour was 4452 ± 2289
ng/g, 516 ± 180 ng/g and 123 ± 84 ng/g of tissue, respectively with a tmax of 1 hour
in all tissues except the sclera where the tmax was 2 hours (Table 5-19). These
tissue levels were achieved following a single ocular dose of 25 µg TAC in the
GCPQ: TAC formulation. A recent study reported TAC levels in pig corneas
following multiple instillations of an aqueous formulation (50 µL, 0.07%)

385 .

This

formulation is based on Marinosolv technology containing glycyrrhizin (2% w/v),
escin (0.03% w/v), dexpanthenol (5% w/v), EDTA (0.1% w/v), mannitol (2.7%
w/v), iota-carrageenan (0.24% w/v), and propylene glycol (3% w/v) in a buffered
solution with TAC added after being dissolved in propylene glycol. The dissolv ed
TAC was then added to the aqueous solution

385 .

With two doses per day (70

µg TAC/day), and four doses per day (140 µg TAC/day), samples were collec ted
one hour after the last dose, and the TAC Cmax was reported as ~ 4.0 µg/g of
the cornea, irrespective of the dose (tmax = 1 hour)

385 .

For comparison, the

ocular corneal Cmax of TAC in eyes instilled four times with Talymus, an
ophthalmic TAC suspension (50 µL, 0.1% w/v, 200 µg TAC/day), was < 0.5 µg/g
(tmax = 1 hour)

385 .

In the current work, the GCPQ: TAC (25 µL, 0.1% w/v, 25 µg

TAC) formulation resulted in a higher corneal TAC level than that achieved with the
higher Talymus dose (25 µg TAC in GCPQ: TAC versus 200 µg TAC in Talymus).
Another study reported the Cmax of TAC following a single ocular instillation in
rabbits (30 µL, 0.1% w/v, 30 µg TAC/day) of TAC ophthalmic suspension

171

with

TAC levels in the cornea of ~ 300 ng/g, TAC levels in the conjunctiva of ~ 100 ng/g,
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and TAC levels in the sclera ~ 100 ng/g of tissue after 1 hour, respectively

171 . Once

again, the current GCPQ: TAC formulation delivered higher levels to the cornea and
conjunctiva even though the TAC doses were similar (25 µg versus 30 µg). The
nanoparticle GCPQ: TAC formulation is clearly superior in delivering the drug to the
cornea and conjunctiva when compared to suspensions. In a study comparing the
drug delivery efficiency in steroid solutions, gels, and suspensions

386 , Nourry

et al.

found that eye drop suspensions delivered less drug when compared to solutions
and gels

386 .

The suspensions delivered variable levels of drug (23-99%) into each

drop of the formulation, compared to solutions and gels, which released about 100%
of the content of the drug in each drop

386 . This

could explain the higher tissue levels

found with solutions and gels when compared to the use of a suspension

171,385 . It

must be stated that a straightforward comparison between both formulations was not
carried out in these reported studies. These TAC tissue levels from the GCPQ: TAC
0.1% w/v formulation would be sufficient to modify the local immune responses to
suppress the inflammatory and dry-eye conditions, to treat other ocular autoimmune
diseases and may be used to prevent the corneal transplant rejection

327 .

Following the ocular administration of GCPQ: TAC (25 µg), the Cmax of TAC in the
aqueous humour was 99 ± 37 ng/mL (tmax = 2 hours), while no drug was detected
in the vitreous humour (Figure 5-22, Table 5-19). In a recent study, Abul Kalam et
al. reported the level of TAC in the aqueous humour of rabbits eyes after a single
instillation

of TAC loaded ploy-lactide-co-glycolide (PLGA) nanoparticles

comparison to TAC aqueous suspension (50 µL, 0.03% w/v, 15 µg TAC)

327 .

in
The

concentration of TAC in the aqueous humour was 20 ng/mL and 30 ng/mL, form the
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TAC-PLGA and TAC aqueous suspension, respectively

327 . When

adjusting for dose

and assuming linearity, GCPQ: TAC delivers a 2-fold greater level of TAC in the
aqueous humour when compared to the use of PLGA nanoparticles or a suspension.
The PLGA nanoparticles described by Abul Kalam et al. had a net negative charge
327 . In

contrast, our GCPQ: TAC formulation nanoparticles have a permeant positive

charge, and this may explain the higher levels of TAC in the aqueous humour
obtained with GCPQ: TAC when compared to the PLGA nanoparticle formulation.
TAC from GCPQ: TAC (25 µL, 0.1% w/v, 25 µg TAC) was also delivered to the back
of the eye on topical ocular administration with a Cmax of TAC in the choroid-retina
of 189 ± 154 ng/g (tmax = 1 hour). On administration of the TAC suspension, the
levels of TAC in the choroid-retina were <10 ng/g of tissue after a single instillation
of 30 µg TAC from the TAC ophthalmic suspension

171 . Siegl

et al. have reported the

Cmax level of TAC in the pig choroid was 100 ng/g, or 50 ng/g of tissue (tmax = 1
hour), after two doses per day (70 µg TAC/day) or four doses per day (140 µg
TAC/day), respectively of the TAC formulation based on Marinosolv technology

385.

In the same studies, TAC Cmax in the pig retina was 60 ng/g and 90 ng/g of tissue
(tmax = 1 hour) after dosing 70 µg TAC/ day or 140 µg TAC/ day, respectively

385.

25 µg TAC dosed from GCPQ: TAC delivered higher levels of TAC to the choroidretina when compared to these two formulations. We have shown (section 5.2) that
GCPQ delivered RAP to the back of the eye’s tissues (choroid-retina) effectively.
We examined the plasma exposure to TAC following ocular dosing. We reasoned
that the conjunctival blood capillaries might lead to TAC being detected in the blood.
A certain fraction of the drug may reach the systemic circulation via conjunctival
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vessels and nasolacrimal duct 108. Thus, we examined the distribution of TAC in the
whole blood of the treated rabbits at all time points. The distribution of TAC between
whole blood to plasma is > 20:1; therefore, measurements of TAC are generally
undertaken in the blood rather than plasma

387 . TAC

was not detected in whole blood

(LLOQ 0.5 ng/mL) at all time points. Fujita et al. reported the level of TAC in whole
blood following 0.1% TAC suspension eye drops (~1 ng/g of tissue after 1-hour postdosing)

171 .

Although the therapeutic level of TAC is (5 – 10 ng/mL)

388 ,

such a

formulation tends to work locally in the eye, and it is not desirable for TAC to be in
the systemic circulation, due to the possibility of adverse drug events. The FDA has
issued a black box warning about the potential toxicity associated with prolonged
use Protopic (TAC 0.1% or 0.03% ointment) for children aged 2 – 15 years

389,390.

These concerns were based on rare cases of skin malignancy and lymphoma, and
a theoretical risk from the systemic use of TAC

389 .

Our results demonstrated an

absence of TAC in the blood, which is preferable in managing allergic ocular
diseases.
TAC has a molecular weight of 804.02 daltons

177 ,

and (log P = 2.74)

171 .

We

hypothesise that such a lipophilic drug, when presented to the cornea in molecular
form (e.g. when released from GCPQ nanoparticles) may partition into the cornea
through the epithelium and be gradually released into the aqueous humour through
the stroma and endothelium

171 .

It is conceivable that the positively charged

nanoparticles would allow an electrostatic interaction with the negatively charged
mucin from the ocular surface

108 .

Due to the presence of the sialic acid residues

from the terminal ends of the mucopolysaccharide chain, the mucin could interact
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electrostatically with the cationic GCPQ particles

108 .

GCPQ nanoparticles have a

permanent positive charge, due to the presence of quaternary ammonium groups on
the surface of the nanoparticles

211,391,392 . Thus, we

postulated that GCPQ would be

electrostatically attached to the negatively charged membrane in particulate form
and prolong the corneal and conjunctival retention of TAC, and may lead to slow
diffusion of the drug from the cornea to the aqueous humour

37 .

The transcorneal absorption route has been considered the main pathway for
ophthalmic drugs to gain access to intraocular tissues; however, the noncorne al
absorption route across the conjunctiva and sclera also contribute significan tly
to drug penetration

171,327 .

We have shown that GCPQ was able to act as a

permeation enhancer for the water-insoluble TAC into ocular tissues and to
deliver the drug to the cornea and conjunctiva (target tissues) in a concentrat i on
higher than its therapeutic levels (5–10 ng/mL)

388 .

These results indicate that

GCPQ may be used as a novel carrier for TAC and overcome both the static
and dynamic barriers to reach to target ocular tissues. The exact mechanism by
which GCPQ delivered TAC to the back of the eye tissues is not clear and further
studies to confirm the mechanistic pathway are required.
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Table 5-19: Pharmacokinetics parameters of TAC after single ocular instillation of
GCPQ: TAC ophthalmic formulation solution in rabbits.
Pharmacokinetic
parameters

Cornea

Conjunctiva Sclera

Cmax (ng/g tissue)

4452 ± 2289

516 ± 180

123 ± 84 189 ± 154 99 ± 37

Tmax (hr)

1

1

2

1

2

AUC0-8 (ng.hr/g)*

21026

2277

587

660

430

* AUC value is an approximation from three-time points.
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ChoroidRetina

Aqueous
humour

5.4.5.4. Ocular tolerability
The blink rate following dosing is an acceptable method of assessing acute ocular
irritation, although other parameters such as erythema and swelling are also used to
assess ocular irritation

393 .

In the first 60 seconds post-dosing after a single

instillation of GCPQ: TAC (25 µL, 0.1% w/v), the blink rate was assessed. After
topical drop instillation, the upper and lower eyelids were hand-held together for
approximately 5 seconds to permit the formulation to come into contact with the
cornea, and the blink rate in the next 60 seconds was recorded. Normal saline was
used as a control, n = 4. The average blink rate in both eyes in the normal saline
group was recorded as 1.0 ± 0.41 blinks/min. Normal saline is frequently utilized as
a control solution

327

in assessing the blinks rate in rodents

lacrimation characteristics in rabbits

329 .

328

and evaluating the

The average blink rate in both eyes in all

treatment groups was reported as (7.33 ± 1.32 blinks/min, p > 0.05, One way
ANOVA) (Figure 5-23).
Toshida et al. reported the blink rate in 3 minutes post-dosing in healthy rabbits
receiving a single instillation of 40 µL, 0.1% w/v CsA eye drops

394 . The

blink rate of

CsA-treated eyes (4.86 ± 0.86 blinks per 3 minutes) was significantly higher than
that of vehicle-treated eyes (1.71 ± 0.42 blinks per 3 minutes, p < 0.05)

394 .

The

average spontaneous blink rate of healthy human subjects has been reported to be
(17.6 ± 2.4 blinks/min during rest)
rabbits to be three blinks/hr

396 .

328,395 ,

while the average blink rate of healthy

It is not clear how the presence of the nictitating

membrane in rabbits can negligibly or can readily alter drug kinetics since it would
317

appear to be little more than a moderate extension of the conjunctival surface 396. In
rabbits, the tear flow rate and the total volume of tears are both similar to that in the
human

396 .

The blink rate data in rabbit treatment groups for the RAP and TAC

formulations as compared to human blink rate may suggest that there may be a more
considerable contact time for drugs topically applied in the animal

396 .

The irritation of the GCPQ: TAC formulation to rabbits’ eyes was visually
evaluated using the criteria of erythema and swelling (Figure 5-23). There were
no visible

signs

of erythema,

tearing

or swelling

following

the ocular

administration of GCPQ: TAC (Figure 5-23). These data suggest that GCPQ:
TAC as a formulation does not cause dose-limiting ocular irritation to rabbits’
eyes, and its use as a patient treatment for AKC and VKC warrants further study .
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Figure 5-23: Assessment of ocular tolerability of the GCPQ: TAC formulation to
rabbits’ eyes.
(Top) Number of blinks in rabbits following single instillation of GCPQ: TAC (25 µL,
0.1% w/v); (Bottom) visual assessm ent of perceptible irritation of the GCPQ: TAC
formulation to rabbits’ eyes.
Time points: 1, 2, 8 hours post-dosing (n=4 rabbits, each group). The statistical
analysis was performed with One-way ANOVA with Tukey's multiple comparison
analysis. The values p < 0.05 were considered significant.
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5.5.

Conclusion

The corneal epithelial mucosa possesses an overall negative charge. Thus, the
permeability of positively charged nanoparticles such as GCPQ is favoured at
physiological pH. In essence, GCPQ is a permeation enhancer supported by
detecting a sufficient drug in the ocular tissues and the resultant pharmacodynamics
response. From the in vivo pharmacokinetic study, GCPQ: RAP showed promise as
a formulation to reach the posterior eye tissues following a single topical application.
We have shown that GCPQ was able to deliver RAP into the rabbits' ocular tissues,
and to deliver the drug to the choroid-retina in a concentration higher than RAP
therapeutic levels (7 – 12 ng/mL). Also, GCPQ: RAP 0.2% w/v was successfully
utilised to control the progression of the mice model of EAU. We have shown that
GCPQ: RAP suppresses the expression of RORγt, upregulates Foxp3 expression
and IL-10 secretion, and reduces the disease progression. These results suggest
that GCPQ: RAP may switch CD4+ T cell polarity from a Th17 to Treg phenotype
and thus represents a possible therapeutic point for a wide range of inflammatory
and autoimmune disorders, including posterior uveitis.
With the difficulties of applying topical ointment and suspension forms of TAC, here,
we demonstrated the utility of using a 0.1% w/v aqueous-based GCPQ: TAC
formulation intended to treat VKC and AKC. From the in vivo pharmacokinetic study
in healthy New Zealand White rabbits, GCPQ sufficiently delivered TAC to the
cornea and conjunctiva (the target tissues) with a TAC concentration higher than the
therapeutic level following a single topical application.
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6. Conclusion and future work
6.1.

Conclusion

GCPQ is a glycol chitosan-based polymer that has a permanent positive charge in
the form of a quaternary ammonium group. GCPQ may provide mucoadhesive
characteristics with negatively charged sialic acid residues of mucin in the eye
surface, thus, promoting the ocular drug absorption possibly through intimate contact
with the corneal surface and slowly diffuse the cargo into ocular tissues. We have
further confirmed that GCPQ is an ocular penetration enhancer that significantly
increases the ocular tissue levels of hydrophobic drugs. The natural anatomical and
physiological ocular barriers represent significant challenges to ophthalmic drug
delivery. Major problems in topical ocular drug delivery include rapid precorneal drug
loss and low corneal permeability. For topical ocular formulations, highly
hydrophobic compounds are challenging to formulate due to their low aqueous
solubility. The use of intravitreal injections is problematic and associated with
systemic adverse events, devastating ocular complications, and poor patient
compliance. Such limitations may be overcome by utilising a novel drug delivery
system such as polymeric amphiphiles to formulate hydrophobic compounds for
anterior and posterior segments diseases. Glycol chitosan is a water-soluble
chitosan derivative with hydrophilic ethylene glycol branches and reactive functional
groups for facile chemical modifications. Thus, alterations with groups having
amphiphilic properties allow for the encapsulation of hydrophobic substances, thus
expanding the utility of chitosan in drug formulations. Glycol chitosan-based
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polymeric amphiphiles (GCPQ) with different molecular weights and a similar degree
of mole% palmitoylation (DP%) and varying degrees of mole% quaternary
ammonium groups (DQ%) were synthesised and characterised successfully. These
amphiphilic polymers were used to manufacture aqueous-based (RAP and TAC) eye
drops formulations.
We have shown that RAP, when encapsulated within GCPQ nanoparticles, exhibits
excellent aqueous incorporation levels with an increase of up to 1000-fold when
compared to RAP alone. The GCPQ: RAP formulation (~ 0.2% w/v) was stable over
30 days of storage at 5°C, and room temperature. Also, we manufactured a clear
aqueous TAC eye drops formulation

(0.1% w/v) that was stable against

degradation when stored in the fridge for 30 days. GCPQ, as a novel delivery
system for ocular delivery, was able to enhance the TAC aqueous incorporat i on
by up to 100-fold.
The biocompatibility of GCPQ and GCPQ drug formulations was assessed by
measuring the IC50 value in a standard MTT assay. GCPQ has been shown to
demonstrate good biocompatibility against MDCK and SIRC cell lines with IC50
values ranging from 0.44 – 4.5 mg/mL. In vitro assays on the transport of a
paracellular marker, FITC dextran, suggests that GCPQ does enhance paracellular
permeability on the MDCK cell line. This effect is dependant on the degree of
functionalisation with the palmitoyl and the quaternary ammonium groups, with a
high level of quaternisation (19 mole%) enabling paracellular transport.
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From the in vivo pharmacokinetic study, GCPQ: RAP showed promise as a
formulation to reach the posterior eye tissues following a single topical application.
We have demonstrated that GCPQ was able to deliver RAP into the rabbits' ocular
tissues and to deliver the drug to the choroid-retina in a concentration higher than
RAP therapeutic levels. Also, GCPQ: RAP 0.2% w/v was successfully utilised to
control disease progression in a mouse EAU model. We have shown that GCPQ:
RAP suppresses the expression of RORγt, upregulates Foxp3 expression and IL-10
secretion, and significantly reduces the disease progression. Also, GCPQ sufficiently
delivered TAC to the cornea and conjunctiva (the target tissues) following a single
topical application.
We demonstrated in this project the delivery of rapamycin as eye drops formulated
in an amphiphilic polymer to the posterior segment of the eye upon single instillation
to healthy

rabbits. In addition,

this rapamycin aqueous-based

formulation

suppresses the retinal inflammatory disease in the pre-clinical mice model. These
findings have shown that eye drops can reach the impervious back of the eye tissues
and modulate the immune response. This formulation may be used in the future for
patients with posterior eye diseases and could be used as an alternative to the
current invasive intravitreal injection. The finding from this study could offer older
patients the ability o
f self-administering their medications without the necessity of a surgical procedure.
Also, the physician preference to describe an easily administered treatment over the
risk of intravitreal injections could open the gate for a new route of administration to
the back of the eye being developed by the pharmaceutical industry.
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6.2.

Future work

We have shown that GCPQ is efficient at encapsulating hydrophobic drugs. It will be
interesting to determine if GCPQ can be structurally modulated to encapsulate
hydrophilic drugs and determine how this hydrophilic drug encapsulation affects
ocular bioavailability.
We know from this project that GCPQ does enhance paracellular transport across
epithelial barriers of the MDCK cell line by disrupting the monolayer tight junctions'
integrity. However, GCPQ was not able to modulate tight junctions opening on SIRC
cell line. Possibly the hybrid nature between an epithelial and fibroblastic cell in the
SIRC cell line may be the reason why there was no transport of the paracellular
marker (FD-4) across the SIRC monolayer. It would be interesting to design a
transport experiment on the SIRC cell line using a transcellular marker to study the
effect of different modifications of GCPQ on SIRC cell line transcellular transport.
Also, GCPQ could be studied on human epithelial corneal models such as
transformed human corneal epithelial cell lines for future permeation experiments.
We hypothesised that an amphiphilic chitosan-based polymer would increase the
transport of hydrophobic drugs into ocular tissues. We tested this hypothesis, and it
was proven; however, the exact mechanism by how GCPQ would act as a
penetration enhancer is still unclear. It would be interesting to construct an
experiment including a fluorescently labelled GCPQ and study the mechanistic
pathway for the ocular distribution of GCPQ. We know that GCPQ was able to deliver
RAP and TAC to the rabbits' ocular tissues following single topical instillation. It is
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interesting to study the pharmacokinetic profile of both model drugs upon repeated
dosing to healthy rabbits' model. It is also interesting to study the pharmacodynamic
effect of GCPQ: TAC eye drops formulation on allergic ocular diseases.
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