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A B S T R A C T   

Treatment of posterior eye diseases with intravitreal injections of drugs, while effective, is invasive and asso
ciated with side effects such as retinal detachment and endophthalmitis. In this work, we have formulated a 
model compound, rapamycin (RAP), in nanoparticle-based eye drops and evaluated the delivery of RAP to the 
posterior eye tissues in a healthy rabbit. We have also studied the formulation in experimental autoimmune 
uveitis (EAU) mouse model with retinal inflammation. Aqueous RAP eye drops were prepared using N-palmitoyl- 
N-monomethyl-N,N-dimethyl-N,N,N-trimethyl-6-O-glycolchitosan (Molecular Envelope Technology – MET) 
containing 0.23 ± 0.001% w/v RAP with viscosity, osmolarity, and pH within the ocular comfort range, and the 
formulation (MET-RAP) was stable in terms of drug content at both refrigeration and room temperature for one 
month. The MET-RAP eye drops delivered RAP to the choroid-retina with a Cmax of 145 ± 49 ng/g (tmax = 1 h). 
The topical application of the MET-RAP eye drops to the EAU mouse model resulted in significant disease 
suppression compared to controls, with activity similar to dexamethasone eye drops. The MET-RAP eye drops 
also resulted in a reduction of RORγt and an increase in both Foxp3 expression and IL-10 secretion, indicating a 
mechanism involving the inhibition of Th17 cells and the up-regulation of T-reg cells. The MET-RAP formulation 
delivers RAP to the posterior eye segments, and the formulation is active in EAU.   

1. Introduction 

Uveitis is a condition that involves inflammation of the uveal tract 
(Squires et al., 2017). It is mainly categorized based on the site of the 
inflammation into anterior, intermediate, posterior, and pan-uveitis. 
Anterior uveitis is the most common form of the disease, and posterior 
uveitis constitutes 15%–22% of uveitis cases (Tan et al., 2016). Uveitis is 
the fifth most common cause of visual loss in the developed world 
(Durrani et al., 2004; Eskandarpour et al., 2017). The role of CD4+T cells 
has been demonstrated using the experimental autoimmune uveitis 
(EAU) model in which inflammation is induced by immunization with 
retinal peptides (Dick, 1995; Boldison et al., 2014), and effector Th1 
and/or Th17 CD4+T cells are mediated in disease development/pro
gression (Eskandarpour et al., 2017; Agarwal and Caspi, 2012). The 

hallmarks of EAU are the onset of ocular inflammation, disruption of the 
retinal architecture, and partial to complete destruction of the photo
receptor cell layer, which leads to visual loss (Caspi, 2003). The disease 
may be clinically scored using a non-invasive advanced retinal imaging 
approach. The first-line treatments are immunosuppressive drugs (ste
roids, Cyclosporine (CsA)) that can have serious side effects when given 
long-term (Uy et al., 2015). Intravitreal ocular implants have thus been 
approved for use in posterior uveitis, and these include the controlled 
release of implanted steroids (e.g. Ozurdex, 700 µg) (Ensign et al., 
2019), thus minimizing the frequency of treatment. 

Rapamycin (RAP) is a specific inhibitor of mTOR, that has been 
shown to have potent immunosuppressive activity (Powell and Delgoffe, 
2010; Li et al., 2014) and RAP has been explored to prevent chronic 
inflammatory diseases such as uveitis (Nguyen et al., 2018). Intravitreal 
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RAP (Opsiria) is being developed and the US FDA’s acceptance for re
view of Opsiria was important (FDA’s acceptance of Santen’s Opsiria 
marks a milestone for the company, n.d.). These intravitreal approaches 
carry the risks associated with injectables, such as the risk of endoph
thalmitis, retinal and vitreous hemorrhage, and retinal detachment 
(Ensign et al., 2019). Oral RAP has been reported to be effective in non- 
infectious posterior uveitis (Shanmuganathan et al., 2005). However, 
gastrointestinal and dermatological side effects have been observed with 
oral RAP formulations (Shanmuganathan et al., 2005). Effective topical 
administration of RAP requires the drug to permeate the ocular tissues 
and locate within retinal tissue. It is our hypothesis that eye drops with a 
similar level of efficacy to intravitreal dosage forms would offer patient 
convenience and an improved safety profile. In the first instance we 
sought to test the ability of our formulation to deliver drug to the retinal 
tissues. A further objective of the study was to evaluate the effectiveness 
and mechanism of action of nanoparticulate RAP in a disease model of 
posterior uveitis. 

RAP is practically insoluble in water (aqueous solubility = 2.6 µg/ 
mL), has a high molecular weight (MW 914 Da), and contains no func
tional groups that may be ionized in the pH range between 1 and 10 
(Buech et al., 2007). RAP is extremely hydrophobic with a reported log 
P = 5.77 (Cholkar et al., 2015). To formulate RAP into aqueous eye 
drops and test these eye drops for the delivery of RAP to the posterior 
eye tissues, a known non-irritant (Uchegbu et al., 2021), mucoadhesive 
ocular penetration enhancer - N-palmitoyl-N-monomethyl-N,N- 
dimethyl-N,N,N-trimethyl-6-O-glycolchitosan (Nanomerics’ Molecular 
Envelope Technology – MET) was used (Qu et al., 2006; Siew et al., 
2012; Badr et al., 2021). We also evaluated the polymeric RAP formu
lation in a posterior uveitis model. 

2. Materials and methods 

2.1. Materials 

RAP powder (MW 914.12 g/mol) was purchased from Cambridge 
Biosciences (Cambridge, UK). Ascomycin (ASC) powder (MW 792.02 g/ 
mol) was purchased from Generon Ltd. (Slough, UK). MET (DP18DQ19, 
MW 15 kDa) was supplied by Nanomerics Ltd. (London, UK). Water, 
Acetonitrile, Methanol, and Formic Acid analytical grade solvents were 
purchased from VWR (Leicestershire, UK). All other chemicals and re
agents used were of analytical grade. For the in vitro studies, Statens 
Seruminstitut Rabbit Cornea (SIRC) and Madin-Darby Canine Kidney 
(MDCK) cell lines were purchased from LGC standards – ATCC (Ted
dington, UK). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT), Eagle’s minimum essential medium, fetal bovine serum, 
non-essential amino acids, and fluorescein isothiocyanate (FITC) 
dextran 4-kDa (FD-4) were supplied by Sigma-Aldrich (Gillingham, UK). 
Penicillin-streptomycin, Sodium pyruvate, and glutaMAX were pur
chased from Life technologies Ltd. (Paisley, UK). Hanks balanced salt 
solution was supplied from Fisher Scientific (Loughborough, UK). So
dium caprate (C10) was purchased from Santa Cruz biotechnology 
(Texas, USA). Transwells with a polycarbonate membrane (pore size =
0.4 µm, surface area = 1.12 cm2) were obtained from Corning®, VWR 
International (Leicestershire, UK). For the in vivo studies, Interphotor
eceptor retinoid-binding protein (IRBP)1-20 peptide 
(GPTHLFQPSLVLDMAKVLLD) was supplied from Cambridge Peptides 
(Cambridge, UK). Complete Freund’s Adjuvant (CFA) and Pertussis 
toxin from Sigma-Aldrich (Gillingham, UK). Mycobacterium tubercu
losis from Difco Voigt Global Distribution (Kansas, USA). RORγt- R- 
phycoerythrin (PE) and CD4-Brilliant Ultraviolet 395 nm were obtained 
from BD Biosciences (Oxford, UK). Interleukin-17 (IL-17) -Brilliant Vi
olet 421 nm and -PE, Forkhead box protein P3 (Foxp3)-FITC, T-box gene 
expressed in T cells (T-bet) -allophycocyanin and Alexa Fluor 642 nm, 
IL-10-PE and FITC were all obtained from BioLegend (London, UK). 

2.2. Drug formulation studies 

A thin-film hydration method was used to encapsulate RAP within 
the MET nanoparticles. The thin-film hydration method was previously 
reported to encapsulate tacrolimus within MET nanoparticles (Badr 
et al., 2021). MET has been used to encapsulate prednisolone for topical 
ocular delivery (Qu et al., 2006) and encapsulate the hydrophobic drug 
cyclosporine A (Siew et al., 2012; Uchegbu et al., 2021). RAP powder (2 
mg) was dissolved in absolute ethanol (0.2% w/v, 1 mL). MET (15 mg) 
was dispersed in filtered deionized water (1.5% w/v, 1 mL). Both 
preparations were mixed and placed in a Savant Vacuum Evaporator 
(ThermoFisher Scientific, Waltham, USA) at 45 ◦C and spun under 
vacuum for 2 h until a thin, dry film was formed. The dry film was 
rehydrated with glycerol (2.6% w/v, 1 mL) as an isotonicity agent 
(Heaton et al., 1986) and mixed vigorously for 30 min to disperse the 
film in the solvent. The mixture was subsequently sonicated using MSE 
Soniprep 150 sonicator MSE UK Ltd. (London, UK) at 50% of its 
maximum output for 5 min in an ice bath. The formulation was adjusted 
to a pH of 7.0 using a calibrated pH meter PHS-W Series Benchtop pH/ 
mV meter from SciQuip Ltd. (Shropshire, UK) with 1.0 M NaOH and a 
simulated sterile filtration step was carried out using a 0.22 µm poly
ethersulfone (PES) sterile filter. The formulation was then analyzed for 
drug content, particle size distribution, zeta potential, viscosity, and 
osmolarity. 

2.2.1. HPLC analysis of RAP 
The HPLC method was developed for RAP using an Agilent 1220 

infinity chromatographic system fitted with a vacuum degasser, qua
ternary pump, auto-sampler, column compartment with a thermostat, 
and an ultraviolet (UV) detector (Agilent Technologies, Berkshire, UK). 
A gradient method was developed using a mobile phase consisting of (A) 
phosphoric acid (0.1%), (B) acetonitrile as follows: 70% A (0–3 min), 
10% A (3–4 min), 10% A (4–8 min), 70% A (8–9 min). A reversed-phase 
onyx monolithic C18 (Phenomenex Inc., Torrance, USA) column (100 ×
4.6 mm; particle size, 5 μm) was used. 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, the injection volume was 10 µL, and 
the run time was 9 min. 

A standard curve was prepared as follows. Briefly, a RAP stock so
lution was prepared at a concentration of 2 mg/mL in acetonitrile. RAP 
working solutions were prepared by serially diluting RAP stock solutions 
into acetonitrile to obtain RAP working solutions at a range of concen
trations (0.0625–1.0 mg/mL). For quantifying the RAP content in the 
formulation, an aliquot of the prepared filtered MET-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 con
centration was determined by HPLC from the standard curve (y =
6.7149x + 270.34, r2 = 0.9964; where y = peak area and x = the RAP 
concentration). 

2.2.2. Stability measurements 
The MET-RAP formulation stability was determined by measuring 

the physicochemical properties over 28 days at different storage tem
peratures and relative humidities (RH). Formulations were stored at 
room temperature (25 ± 2 ◦C / 60 ± 5% RH), refrigeration temperature 
(5 ± 3 ◦C) and under accelerated conditions (40 ± 2 ◦C / 75 ± 5% RH). 
The storage stability conditions were chosen according to the Interna
tional Conference on Harmonization (ICH) guidelines (Nezlin, 2003; 
Niazi, 2003), and the measurements were done in triplicate. 

Samples were withdrawn from the stored formulations immediately 
after preparation and at days 7 and 28 of storage. The samples were 
analyzed to determine if the encapsulated drug concentration, size dis
tribution, zeta potential, pH, osmolarity, and viscosity were altered on 
storage. The samples were also visually inspected for any macroscopic 
changes, including precipitation, turbidity, and color changes. Statisti
cal analysis was performed using two-way ANOVA with Tukeýs post- 
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test. All data were expressed as mean ± SD. (statistical significance was 
set at p < 0.05). 

2.2.3. Particle size and zeta potential measurements 
The particle size distribution and zeta potential of the formulation 

were determined on a Malvern ZetaSizer Nano ZS (Malvern Panalytical, 
Malvern, UK). The size distribution analysis was performed using dy
namic light scattering at a backscattering angle of 173◦ and a temper
ature of 25 ◦C. An aliquot of the sample (100 μL) was placed in a 
disposable plastic cuvette and subsequently loaded into the instrument 
without dilution. The particle size was reported as intensity distribution, 
and the mean size of the individual peaks and their corresponding per
centages were determined and recorded as mean ± SD of three inde
pendent measurements. The zeta potential was measured by loading an 
aliquot of the sample (600 μL) into folded capillary cells (zeta cells, 
polycarbonate cell with gold-plated electrodes; Malvern Instruments, 
DTS1060C) and zeta potential measured at 25 ◦C, 40 V. The results were 
presented as mean ± SD, and the resulting data were analyzed using the 
DTS (Version 4.2) software, Malvern Instruments Ltd. (Malvern, UK). 

Transmission Electron Microscopy (TEM) was carried out using the 
Philips/FEI CM120 Bio Twin from Philips (Oregano, USA). The MET- 
RAP formulation was imaged by drying a drop of the formulation on a 
copper TEM grid (a 300 mesh-fomvar/carbon-coated grid) stained with 
a drop of uranyl acetate (1% w/v). The dried sample was then imaged 
under the microscope. 

2.2.4. Osmolarity measurements 
The osmolarity of the formulation (100 μL) was determined using 

Roebling Milliosmol Osmometer (Geminibv, Apeldoorn, The 
Netherlands) coupled with a digital display and a freezing needle. The 
machine was calibrated before each measurement with 300 mOsm/Kg 
reference standards solution (Reagecon Diagnostics Ltd., Clare, IE). The 
measurements were conducted in triplicate. 

2.2.5. Viscosity measurements 
The viscosity of the formulation was measured using an 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 
different 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. 

2.2.6. Solid-state analysis 
The solid-state analysis of the formulation was carried out on a 

Miniflex 600, Rigaku (Tokyo, Japan). The formulation was dried by 
freeze-drying. The X-ray diffraction patterns of the powdered materials 
were collected over the 2θ range of 5 − 45◦ at a speed of 5◦ per minute. 
Briefly, samples (5 mg) of freeze-dried MET, RAP raw material, MET and 
RAP raw material physically mixed, and the freeze-dried MET-RAP 
formulation were added to an XRD plate and analyzed. The data were 
analyzed using Origin, OriginLab (Northampton, USA). 

2.3. Biological in vitro studies 

The biological in vitro studies were carried out to study the cyto
toxicity of MET and the formulation on the SIRC cell line. Also, the effect 
of MET on paracellular transport was studied on a well-known MDCK 
monolayer model. 

2.3.1. Cytotoxicity study 
Statens Seruminstitut Rabbit Cornea cells (SIRC cell line, LGC stan

dards –ATCC, Teddington, UK) were seeded at 1x104 cells per well in 96- 
well plates and allowed to grow for one day in completed cell growth 
medium. Cells were then treated with increasing concentrations of MET 
dispersed in filtered deionized water (14.6 × 10-3 – 7.5 mg/mL, 100 μL 
per well), MET-RAP formulation (1.9 × 10-3 – 1 mg/mL, 100 μL per 

well), and RAP dissolved in dimethylsulfoxide (1.9 × 10-2 – 10 µg/mL, 
100 μL per well), all diluted with medium. Control groups received 
treatment with DMSO solution at the same volume and concentration 
used to prepare the RAP treatments, while the negative control was 
obtained by treating cells with supplemented cell growth medium. Cells 
were treated and incubated for 4 h at 37 ◦C and in a 5% CO2 environ
ment. After the incubation time, the medium was discarded, followed by 
washing the cells twice with Dulbecco’s phosphate buffer saline (DPBS). 
A fresh completed medium was then added to the cells, and the cells 
were then incubated for 24 h to allow for recovery. Subsequently, the 
medium in the plate was removed and washed twice with DPBS, 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 so
lution was gently aspirated. Subsequently, DMSO (200 μL) was added to 
each well, followed by mixing to ensure complete solubilization of the 
resulting formazan crystals. The plates were then read on a UV spec
trophotometer, SpectraMax M2 (Molecular Devices, Wokingham, UK) at 
a wavelength of 570 nm, and the IC50 values were determined by 
comparing the data from the test sample wells to the data obtained from 
control samples and analyzing the data using GraphPad Prism version 
9.0.1 for Windows, GraphPad Software (San Diego, USA). 

2.3.2. Permeability study 
Transport experiments were conducted to investigate the effect of 

MET on the transepithelial electrical resistance (TEER). The TEER value 
was used as a measure of monolayer integrity (Srinivasan et al., 2015). 
The permeability of the paracellular marker FD-4 (Ye et al., 2015) was 
assessed, and the permeation enhancer C10 (Krug et al., 2013) was 
employed as a positive control in the MDCK cell line. Transport studies 
were carried out using filtered HBSS, supplemented with (4-(2-hydrox
yethyl)-1-piperazineethanesulfonic acid - HEPES, 10 mM), and sodium 
bicarbonate (0.75% v/v), with the pH adjusted to 6.8 and 7.4 with 
NaOH (1 M). The pH values of 6.8 and 7.4 were chosen as this is the pH 
comfort range of the eye. MET (2 mg/mL) was prepared by dispersing 
the polymer in filtered deionized water and diluted with HBSS (1 mL) to 
provide a working solution (1 mg/mL). 

Transwells with a polycarbonate membrane (pore size = 0.4 µm, 
surface area = 1.12 cm2) were employed for the transport experiments 
on MDCK cells. MDCK cells (passage number 7–15) were grown on 12 
transwells with permeable support using supplemented growth medium 
for five days. Cells were seeded on transwells at a density of 5x105 cells 
per well and cultured according to standard protocols (Cho et al., 1989). 
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 days at 37 ◦C, and 5% CO2 
before the experiment was conducted. The cell culture medium in both 
chambers was changed every day for the MDCK cells. The TEER mea
surements were taken regularly using a MILLIPORE Millicell®-ERS 
voltohmmeter (Merck Millipore, Watford, UK). All TEER and transport 
experiments were carried out in triplicate. 

On the day of the experiment, the cell culture medium was removed, 
the monolayers rinsed twice with HBSS and then incubated for one hour 
with HBSS (0.5 mL) at 37 ◦C, before taking a baseline TEER measure
ment. Subsequently, HBSS in the apical chamber was removed, and 
MET, blank HBSS (as a negative control), and sodium caprate (Krug 
et al., 2013) (10 mM, as a positive control) were added to the apical 
chamber (0.5 mL). The cells were then incubated for two hours at 37 ◦C 
and 5% CO2, and the after-treatment TEER was measured. Following 
treatment, both the apical and basolateral chambers were washed once 
with HBSS. HBSS (1.5 mL) was then 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 begin
ning 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 
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at 37 ◦C and 5% CO2, and samples (250 µL) were taken from the baso
lateral chamber at 30-minute intervals. The samples taken were 
replenished with an equal volume of HBSS, and the TEER measurement 
was taken after incubation with FD-4. 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 for recovery. 

Samples taken from the apical and basolateral chambers were placed 
in black 96 well-plates covered with foil and analyzed using a BioTek 
SynergyTM HT Multi detection microplate reader (SpectraMax M2, Mo
lecular Devices, Wokingham, UK) at an excitation wavelength of 485 nm 
and an emission wavelength of 528 nm (Watson et al., 2015). The 
apparent permeability coefficient (Papp) in cm/s of FD-4 was calculated 
using the following equation: 

Papp =
dQ
dt

1
AC

(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. Statistical data analysis was performed with two-way 
ANOVA followed by Tukey’s multiple comparison test using GraphPad 
Prism version 9.0.1 for Windows, GraphPad Software (San Diego, USA). 
The value p < 0.05 was considered significant, and the measurements 
were done in triplicate from three independent experiments. 

2.4. Biological in vivo studies 

2.4.1. Pharmacokinetics study 
New Zealand white male rabbits (n = 12) weighing between 2.0 and 

3.0 kg were obtained from Envigo (Huntingdon, UK) and were accli
matized for at least seven days before the experiment. The rabbits had 
free access to water and food with 12 h of light/dark cycles throughout 
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 by the local ethics committee and the studies performed in 
accordance with the UK Animals (Scientific Procedures) Act 1986. 

2.4.2. Bioanalytical LC-MS/MS assay 

2.4.2.1. Preparation of working standard solutions. RAP stock solution 
was prepared at a concentration of 100 µg/mL in methanol (MeOH). 
RAP working stock solutions were prepared by serially diluting RAP 
stock solutions into MeOH to obtain RAP working stock solutions at a 
range of concentrations (0.0167–33.4 µg/mL). RAP working standards 
were prepared by serially diluting RAP working stock solutions into 
MeOH to obtain the RAP working standards ranging from a concentra
tion (0.5–1000 ng/mL). Ascomycin was used as the internal standard 
(IS). The IS stock solution was freshly prepared at a concentration of 
100 ng/mL in methanol. 

2.4.2.2. Preparation of standard and quality control curves. Working 
standard solutions were prepared to obtain an individual standard curve 
in each of the rabbit eye blank tissues (cornea, conjunctiva, sclera, 
choroid-retina, aqueous humor, and vitreous humor). Tissues were ho
mogenized 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 humor, vitreous 
humor, 30 µL) were transferred into a sterile polypropylene tube, and 
the absolute mass was weighed. Normal saline (470 µL) was added, and 
samples were vortex-mixed for 5 min. The mixtures were then homog
enized using probe sonication (model Q700) from Qsonica LLC 

(Newtown, USA) at 50% of its maximum output for 25–50 s in an ice 
bath. The homogenized samples were spiked with RAP working stan
dards (50 µL) in order to generate the standard curves. Also, samples 
were spiked with the internal standard ascomycin in MeOH (100 ng/mL, 
60 µL). Methanol (1060 µL) was added to precipitate the proteins. 

The quality control standard curves were generated to evaluate the 
recovery rate and the matrix effect on drug extraction. Blank samples 
were prepared similarly to tissue standard curves. Briefly, RAP working 
standard 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 min and centrifuged (5000 g 
× 10 min at 4 ◦C, Hettich Mikro 200R, Tuttlingen, Germany). 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 h. The residue was reconstituted in the LC-MS/ 
MS mobile phase (100 µL) and vortex-mixed for 5 min. The sample was 
once again centrifuged (2000 g × 2 min at 4 ◦C) to precipitate any tis
sues. Following this, the sample (80 µL) was transferred to HPLC vials. 
Ten µL of the reconstituted sample was injected into the LC-MS/MS 
system. 

2.4.2.3. Chromatography. Samples were analyzed using an Agilent 
6400 Series Triple Quadrupole LC/MS system (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 system control, data acquisition, and 
data processing. 

A sensitive LC-MS/MS method was used to determine the concen
tration of RAP 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 (part number: 186007949) from Waters Limited (Herts, UK) at a 
temperature of 50 ◦C and with the mobile flow rate of 0.5 mL/min. The 
run time was 6 min, followed by a 1-minute post-run time. The gradient 
mobile phase was (A) formic acid (0.1% v/v) in water and (B) formic 
acid (0.1% v/v) in acetonitrile (all were LC-MS grade solvents) as fol
lows: 60% A (0 – 1 min), 5% A (1 – 3 min), 5% A (3 – 5 min), 60% A (5 – 
6 min). RAP and ascomycin were monitored by positive electrospray 
ionization on an Agilent jet stream ion source with ionization source 
parameters as outlined (Table 1). Samples were scanned using multiple 
reaction monitoring mode for transitions of RAP m/z [M + Na]+ (936.4 
→ 409.1), and for ascomycin m/z [M + Na]+ (814.2 → 604.1), 
respectively. 

2.4.3. MET-RAP animal dosing 
Twenty-five µL of the MET-RAP 0.2% w/v formulation was admin

istered to both eyes. Briefly, the lower eyelid was gently pulled away 
from the eye globe and using a calibrated micropipette, 25 µL of the 

Table 1 
LC-MS/MS source parameters for RAP and ascomycin.  

Parameter RAP (Analyte) Ascomycin (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 
Nebulizer (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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formulation was applied in the lower conjunctival cul-de-sac. After 
dosing, the upper and lower eyelids were hand-held together for 
approximately 5 s to permit the formulation to come into contact with 
the cornea. The number of blinks in the next 60 s was recorded. Sub
sequently, after predetermined time points (1, 2, 4, 24 h, n = 3 each), the 
rabbit was culled with an intravenous injection of 20% w/v phenobar
bital (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 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 minimize cross-contamination: conjunctiva, aqueous 
humor, vitreous humor, lens, iris/ciliary body, cornea, choroid-retina, 
sclera. The harvested dried tissues were immediately stored in ice 
(2–5 h after dissection) and eventually stored at − 80 ◦C until further 
analysis could be performed. The aqueous humor was withdrawn using a 
26-gauge needle attached to a 2 mL syringe, while vitreous humor was 
aspirated using a 23-gauge needle attached to a 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 excised tissues were 
rinsed twice with 0.9% w/v normal saline before being added to a pre- 
weighed tube. 

For RAP extraction, the tissues were homogenized as described 
above, and a volume of the tissue homogenates (500 μL) and aqueous 
samples (aqueous humor and vitreous humor) were used. Briefly, to 
extract RAP, the protein precipitation method was used. To all the tissue 
homogenates, an aliquot of the IS in methanol (100 ng/mL, 60 μL) was 
added and vortexed for 5 min. Methanol (1110 μL) was added to pre
cipitate the proteins and extract RAP. Mixtures were then vortexed for 5 
min and centrifuged (5000 g × 10 min at 4 ◦C). Aliquots (1 mL) of the 
centrifuged homogenate supernatant were evaporated to dryness within 
the speed vac at 45 ◦C and spun under the vacuum evaporator for at least 
2 h. The residues were reconstituted in the LC-MS/MS mobile phase 
(100 µL) and vortex-mixed for 5 min. The samples were again centri
fuged (2000 g × 2 min at 4 ◦C) to precipitate any tissues. Aliquots of the 
resulting supernatants (80 µL) were transferred to HPLC vials. Ten µL of 
the reconstituted samples were injected into the LC-MS/MS system. 

2.4.4. MET-RAP animal pharmacodynamic study in C57BL/6J mice 
Female, 6–8-week-old C57BL/6J mice (n = 20) weighing between 

18.0 and 20.0 g were used for the pharmacodynamics study. Animals 
were obtained from Charles River (Harlow, UK) and were acclimatized 
for at least seven days before the experiment. All animals had free access 
to water and food with 12 h of light/dark cycles 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 (The Association for Research in 
Vision and Ophthalmology- Statement for the Use of Animals in 
Ophthalmic and Vision Research, n.d.). All animal studies were ethically 
reviewed by the local ethics committee, and experiments were per
formed in accordance with the Animals (Scientific Procedures) Act 1986 
and under a Home Office project license. 

2.4.4.1. Experimental autoimmune uveitis. Experimental autoimmune 
uveitis was induced as previously described (Eskandarpour et al., 2017; 
Boldison et al., 2014). Briefly, mice were immunized with a subcu
taneous 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). 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. The untreated control group received topical normal saline (pH =
7.4) as a negative control. The MET 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 aqueous formulation MET-RAP (0.2% w/v, pH ~ 
7.0–7.4) was topically applied as the treatment group. A commercial 
preparation of dexamethasone suspension Maxidex (DEX, 0.1% w/v) 
from Alcon (Camberley, UK) was applied topically as a positive control. 
All animals received treatment twice a day (5 µL) for seven days after 
signs of EAU was observed, using fundoscopy on day 13 post- 
immunization. 

2.4.4.2. Clinical scoring. Mice were assessed for early signs of EAU by 
fundoscopic observation using a Micron III fundus camera, Phoenix 
Research Labs (Pleasanton, USA). Images were scored from one to five 
by two blinded experienced independent observers and scored accord
ing to the criteria for EAU scoring, based on the level of the immune cell 
infiltration and the degree of retinal damage, as previously described 
(Gegg et al., 2005) before and after treatment at days 13, and 20 post- 
immunization, respectively. 

2.4.4.3. Retinal immunophenotyping by flow cytometry. Anti-mouse an
tibodies were used for retinal cell flow cytometry. Briefly, retinal layers 
from enucleated eyes were collected at day 20 post-immunization, 
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 ef
fect of treatments on immune cells. The level of intracellular expression 
of RORγt/IL-17 was determined to detect the percentage of T-helper 17 
(Th17) cells in the sample. In addition, the level of expression of T-bet 
was determined to detect the percentage of T-helper 1 (Th1) and the 
level of expression of IL-10 as a regulatory cytokine in foxp3 + Treg cells 
was also determined. 

Flow cytometry data were acquired using LSRFortessa, BD Bio
sciences (San Jose, USA), BD FACSDiva version 6.1.3 software. Statis
tical data analysis was performed with one-way ANOVA followed by 
Kruskal-Wallis multiple comparison test using GraphPad Prism version 
9.0.1 for Windows, GraphPad Software (San Diego, USA). The value p <
0.05 was considered significant. 

3. Results and discussions 

3.1. HPLC analysis of RAP 

A reverse-phase HPLC method was developed and used to quantify 
RAP drug content in the formulation. A calibration curve was con
structed by plotting the average peak area of RAP areas against con
centration. The method developed showed linearity of RAP in a 
concentration range (62.5–1000 µg/mL). The straight-line equation (y 
= 6.7149x + 270.34, r2 = 0.9964) was used to quantify the concen
tration of the encapsulated RAP in the formulation. The measured lower 
limit of quantification for RAP was 62.5 µg/mL. The calculated limit of 
detection and limit of quantification were 58.8 µg/mL, and 178.1 µg/ 
mL, respectively. 

3.2. Drug formulation and stability studies 

We manufactured 0.2% w/v RAP eye drops. The solvent evaporation 
method approach utilizing the MET polymer was used to formulate the 
lipophilic drug RAP. The level of palmitoylation and quaternization 
(mole%) of MET can be altered to meet the specific requirements of the 
formulation (Chooi et al., 2014). In this study, we chose MET with levels 
of palmitoylation (18%) and quaternization (20%) to balance the lip
ophilicity and hydrophilicity of the polymer. 

The stability of the MET-RAP formulations was determined by 
measuring their physicochemical properties over 28 days. Table 2 shows 
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the properties of all formulations upon storage at different conditions 
over 28 days. 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 when compared to day 0 (p >
0.05). MET-RAP stored at accelerated conditions (40 ± 2 ◦C / 75 ± 5%) 
showed no significant change in drug content at day 7 when compared 
to day 0, while the change in drug content was significant at day 28 
when compared to day 0 (p < 0.05) with 82.60% of the drug remaining 
in the formulation by day 28. 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 (Baranowski et al., 2014). Our results showed that the pH was in 
the acceptable range at all conditions and time points for all formula
tions (pH = 6.7 – 7.2). The particle size and zeta potential were deter
mined 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 MET micelles, as reported previously (Badr et al., 2021; Ahmad 
et al., 2010). It has been reported that in aqueous environments, MET 
self-assembles to form polymeric micelles with a particle size of between 
5 and 30 nm (Serrano et al., 2015). 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 (Serrano et al., 2015). 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 stored in the fridge on day 28 was not significantly different 
(p > 0.05) from the formulation’s particle size on day 0. However, there 
was a significant difference in the formulation particle size when stored 
at room temperature and at accelerated conditions (40 ◦C) when day 28 
was compared to day 0. Despite these size distribution changes the 
formulation did not show any visible signs of sedimentation or a loss of 
drug content when stored at room temperature or below. 

To further examine the characteristics of the formulation, electron 
microscopy was used to observe the morphology of the nanoparticles 
formed using the MET polymer. Fig. 1 shows that the MET-RAP 
formulation formed spherical nanoparticles, which are presumed to 
contain the encapsulated RAP. 

MET possesses an overall positive charge due to the presence of 
quaternary ammonium groups (Lalatsa et al., 2012). As such, we ob
tained a positive zeta potential with the MET-RAP formulation (+26 ±
4.7 mV) on day 0 over three independent experiments. There were no 
significant changes in the measured zeta potential on day 28 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 (300 mOsm/L) 
(Strandvik, 2009; Iyamu and Enobakhare, 2019). 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 (p > 0.05). The viscosity of the formulation was 
measured. The viscosity of the formulation is higher than that of plain 
water (1.4 mPa versus 0.89 mPa.s (Korson et al., 1969), respectively at 
25 ◦C) due to the presence of the MET polymer in the formulation (Qu 
et al., 2006). There were no significant changes in the viscosity at day 28 

Table 2 
Parameters of MET-RAP stored at the fridge (5 ± 3 ◦C), room temperature (25 ±
2 ◦C), and at an accelerated condition (40 ± 2 ◦C) for 28 days.  

Storage 
conditions 

Parameters Day 0 Day 7 Day 28 

5 ± 3 ◦C 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 (%) 

174 ±
2.2 (66 
± 0.4%) 

217 ±
23.1 ns (36 
± 4.3%) 

411 ± 18.7 
ns (35 ±
1.1%)  

Second peak size 
(nm) Peak intensity 
(%) 

14 ± 1.2 
(33 ±
0.8%) 

18 ± 3.01 
ns (64 ±
4.3%) 

14 ± 7.7 ns 

(45 ±
18.02%)  

Zeta potential (mV) +26 ±
4.7 

+14 ± 2.4 
# 

+5 ± 0.6 #  

Osmolarity (mOsm/ 
kg) 

322 ±
5.5 

331 ±
10.02 ns 

326 ± 7.6 ns  

Viscosity (mPa.s) 1.4 ±
0.01 

1.6 ± 0.03 
# 

1.4 ± 0.001 
ns 

25 ± 2 ◦C 
60 ± 5% 
RH 

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(%) 

174 ±
2.2 (66 
± 0.4%) 

276 ±
30.9 ns (28 
± 3.9%) 

665 ± 169.2 
# (40 ±
5.3%)  

Second peak size 
(nm) Peak intensity 
(%) 

14 ± 1.2 
(33 ±
0.8%) 

24 ± 6.6 ns 

(61 ±
15.2%) 

29 ± 7.3 * 
(39 ±
12.6%)  

Zeta potential (mV) +26 ±
4.7 

+15 ± 1.4 
# 

+5 ± 0.4 #  

Osmolarity (mOsm/ 
kg) 

322 ±
5.5 

332 ± 6.1 
ns 

329 ± 3.6 ns  

Viscosity (mPa.s) 1.4 ±
0.01 

1.6 ± 0.1 # 1.4 ± 0.01 ns 

40 ± 2 ◦C 
75 ± 5% 
RH 

Drug concentration 
(mg/mL) 

2.3 ±
0.01 

2.3 ± 0.01 
ns 

1.9 ± 0.02 #  

pH 7.2 ±
0.10 

6.8 ± 0.10 
# 

6.5 ± 0.04 #  

Main peak size (nm) 
Peak intensity (%) 

174 ±
2.2 (66 
± 0.4%) 

395 ±
85.5 ns (15 
± 1.6%) 

766 ± 244.2 
# (11 ±
2.5%)  

Second peak size 
(nm) Peak intensity 
(%) 

14 ± 1.2 
(33 ±
0.8%) 

25 ± 1.9 ns 

(86 ±
1.6%) 

31 ± 4.7 # 

(77 ±
20.01%)  

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 

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

Fig. 1. Transmission electron microscopy image of MET-RAP formulation. The 
image showed spherical nanoparticles that are presumed to contain the 
encapsulated rapamycin in the MET-RAP formulation. 
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compared to day 0, irrespective of the storage conditions (p > 0.05). As 
this formulation is intended for topical ocular administration in the eye, 
the slightly increased viscosity and the MET bioadhesive properties are 
important for promoting drug residence time at the ocular surface. 

Different approaches have been reported to achieve aqueous incor
poration of RAP, including; the use of microemulsions (Buech et al., 
2007), and the formulation as solid dispersions (Cho et al., 2015). The 
incorporation of 1 mg/mL of RAP in an aqueous-based formulation was 
achieved with a microemulsion containing triacetin and propylene 
glycol (Buech et al., 2007). The aqueous incorporation of RAP (196.7 
µg/mL) was achieved when RAP was spray-dried with 
polymethacrylate-based copolymers (Eudragit®) due to the formation of 
micelle-like structures (Cho et al., 2015). RAP at an aqueous level of 1 
mg/mL was achieved when amphiphilic block copolymer micelles of 
polyethylene glycol-b-poly(e-caprolactone) were used (Forrest et al., 
2006). Another report showed a RAP-loaded mixed nanomicellar 
formulation, i.e., vitamin E tocopherol polyethylene glycol succinate 
and octoxynol-40 led to high RAP aqueous concentrations (2 mg/mL) 
(Cholkar et al., 2015). All these approaches used high levels of excipi
ents, e.g., a viscosity enhancer povidone K 90 was used, triacetin (20%), 
and propylene glycol (40%) to enhance RAP levels in eye drop formu
lations. Our work showed that MET alone at a concentration of 0.75% 
w/v was able to achieve a high concentration of RAP (0.23% w/v) in our 
aqueous formulation. MET increased the RAP levels in the aqueous 
formulation by 1000-fold (from 2.6 µg/mL for RAP alone to 2300 µg/mL 
for the MET-RAP formulation). We have shown that RAP, when 
encapsulated with the amphiphilic MET, exhibits excellent stability over 
28 days of storage at 5 ◦C and room temperature, and this stability was 
due to the formation of larger polymeric drug-filled nanoparticles and 
micelles. Siew et al. reported that the MET CMC values to range from 21 
to 26 µM (Siew et al., 2012). Qu et al. showed that the MET CMC values 
are between 6 and 100 µM (Qu et al., 2006). This low CMC value makes 
the MET a prime candidate for use in drug delivery. Highly stable 
nanosystems will be less likely to disaggregate on dilution within bio
logical fluids in vivo prematurely, and as a result, will be able to trans
port their payload as intended (Siew et al., 2012). 

3.3. Solid-state analysis 

XRD patterns of tested compounds are presented in (Fig. 2). MET 
displays no distinct visible Bragg reflections; this demonstrates that MET 
is an amorphous material. The RAP raw material has sharp peaks; this 
confirms the plain drug to be a crystalline material, consistent with the 
literature (Kim et al., 2011). The physical mixture of the freeze-dried 
MET and RAP raw material still shows some crystalline peaks. In the 
case of the MET-RAP freeze-dried formulation, the reflections of RAP 

crystals have disappeared, and therefore the formulation comprises an 
amorphous solid dispersion. 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 
drop formulations as amorphous pharmaceutical materials may lead to 
enhanced drug solubility in eye drop formulations when compared to 
their crystalline drug (Hancock and Parks, 2000) and thus contributes to 
the stability of the formulation. The two peaks at about 40◦ in all the 
spectra are due to the plates’ background reflections. 

3.4. Biological in vitro studies 

3.4.1. Cytotoxicity study 
The IC50 values of treatment groups were obtained from the relevant 

dose–response curves. Fig. 3 shows the IC50 values for the MET poly
mer, MET-RAP formulation, and RAP on the SIRC cell line. MET polymer 
with high DQ18% and high DP20% has an IC50 of 632.9 ± 48.9 µg/mL. 
MET is a polycation polymer that has a positive charge that might 
destabilize the cell membrane to a certain extent and cause cytotoxicity 
even in the absence of the drug (López-Dávila et al., 2016). The 
formulation has an IC50 value of 23.69 ± 2.76 µg/mL, while RAP has an 
IC50 value of 3.77 ± 0.59 µg/mL. 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 (Milani et al., 2013). RAP binds to the 
immunophilin, FK binding protein to interact with mTOR and inhibits its 
function, leading to cell growth inhibition (Dutcher et al., 2004). The 
exact effect of how RAP reduced the metabolic activity of the SIRC cell 
line has not been evaluated. RAP has been approved for the prophylaxis 
of organ rejection in patients aged ≥ 13 years receiving renal transplants 
(FDA, 2010). Further studies are needed to define precisely the role of 
RAP on the inhibition of cell growth in the SIRC cell line. To our 
knowledge, this is the first data reporting the IC50 value of RAP on the 
SIRC cell line. The formulation reduces the toxicity of the drug, and this 
could mean that non-target tissues on the surface of the eye may be less 
likely to be affected by the drug. Our results demonstrated the good 
biocompatibility of the MET polymer and the formulation compared to 
RAP alone against the rabbit cornea cell line. 

3.4.2. Permeability study 
The development of tight junctions in MDCK cells at pH = 6.8 and 

7.4, as measured using a voltohmmeter, are showed in (Fig. 4). TEER 
values showed an initial rapid exponential increase before a peak is 
reached at a value of about 1200 O.cm2 (Ω.cm2) (1 day) followed by a 
steep decline (2 days), and then a period where the TEER values of about 

Fig. 2. X-Ray Diffraction analysis of the MET-RAP formulation as compared to 
MET and RAP raw materials. 

Fig. 3. 50% inhibitory concentration of the MET, MET-RAP formulation, and 
RAP on SIRC cell line. The IC50 was expressed as mean ± SEM from three 
independent experiments. MET IC50 = 632.9 ± 48.9 µg/mL, MET-RAP IC50 =
23.69 ± 2.76 µg/mL, RAP IC50 = 3.77 ± 0.59 µg/mL. 
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300 Ω.cm2 are stable (3–4 days). The TEER values increased during the 
exponential phase, with the steep increase in TEER corresponding to the 
growth and multiplication of cells before the cell monolayer reached 
confluence. This is followed by a subsequent drop in TEER due to tight 

junction formation. The TEER values were then stabilized in the sta
tionary growth phase. 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. There were no statistically 
significant differences in the measured 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. 

A standard curve of FD-4 was freshly prepared with each replicate of 
the experiment. 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. 

Fig. 5 shows the effect of the MET structure on transport across 
epithelial barriers in MDCK cells monolayer at pH 6.8 and 7.4 as 
measured using the paracellular marker FD-4. MET (DQ18%, DP20%) 
showed a significantly different permeability value at pH = 6.8 (Papp =
1.40 × 10-5 ± 2.25 × 10-6 cm/s) compared to pH = 7.4 (Papp = 1.08 ×
10-5 ± 3.83 × 10-6 cm/s). MET is a weak base with a pKa of 6.0 (Lalatsa 
et al., 2012); this means that MET is less protonated at pH 7.4 than pH 
6.8. Therefore, at a pH closer to pH = 6, MET is likely to enhance the 
paracellular transport compared to the physiological range. MET is an 
amphiphilic polymer that has a quaternary ammonium group. Quater
nary amine polymers have been reported to open tight junctions at in
testinal pH (Chen et al., 2013). The tight junction opening depends on 

Fig. 4. The development of TEER for MDCK cells monolayer on transwells. The 
MDCK cells were grown over five days. There were no significant differences in 
the measured TEER values between pH 6.8 and 7.4 from day four. Statistical 
significance was determined by two-way ANOVA with Tukey’s multiple com
parison test t, n = 3. 

Fig. 5. Effect of MET on the paracellular transport of FD-4 across MDCK cell monolayer (pH: 6.8, 7.4). (A) Apparent permeability coefficient Papp at 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. MET was prepared at 1 mg/mL, and sodium caprate was prepared at 10 mM. 
Statistical data analysis was performed with two-way ANOVA followed by Tukey’s multiple comparison test. The value p < 0.05 was considered significant, n = 3. 
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the degree of quaternization, meaning with a high degree of quaterni
zation, 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 (Chen et al., 2013). The MET Papp value at 
pH = 7.4 is statistically significant compared to the negative control 
HBSS at physiological pH. This means that MET could enhance tight 
junction opening and thus the paracellular transport at the tear pH, but 
to a lesser extent than it would at intestinal pH. These results were 
supported with the results from (Fig. 5B) in which the cumulative 
quantity of the transported FD-4 was significant at pH 6.8 compared to 
pH 7.4 due to the effect of the MET. However, there was no significant 
difference in the TEER value (Fig. 5C) between pH = 6.8 and 7.4, 96 h 
after treatment, meaning that the cells fully recovered after the treat
ment was removed. 

MDCK cells differentiate into a columnar epithelium when grown on 
a suitable membrane and form tight junctions (Cho et al., 1989). They 
are considered a good model for the study of mammalian epithelia 
(Rothen-Rutishauser et al., 1998). The MDCK cell line has been used to 
study the functional nature and P-glycoprotein role in lowering the 
bioavailability of ocular topical drugs (Dey et al., 2004). Dey et al. re
ported the existence of the P-gp efflux pump in rabbit cornea and sug
gested that the efflux pump may be responsible for the low ocular 
bioavailability (Dey et al., 2004). Thus, the MDCK cell line was used as a 
well-known transport model that forms tight junctions. In these studies, 
we used the MDCK cell line to predict the transport across epithelia that 
presumably involves opening tight junctions and to predict the transport 
across epithelia where the P-glycoprotein efflux pump may be 
operational. 

3.5. Biological in vivo studies 

3.5.1. Pharmacokinetics study 

3.5.1.1. Bioanalytical LC-MS/MS assay. The LC-MS/MS chromatograms 
for RAP and ascomycin are presented in (Supplementary Information, 
Fig. S1). Both RAP and ascomycin were ionized under the positive 
electrospray ionization for analyte quantification. The sodium adduct is 
employed as it was stable in the non-ammoniated mobile phase. Mul
tiple reaction monitoring mode was utilized to detect RAP and asco
mycin. 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 assay conditions 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 min for RAP and ascomycin, respectively (Supple
mentary Information). 

3.5.1.2. 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 humor, and vitreous humor. Table 3 shows the 
assay parameters used to analyze the tissues. Individual calibration 
curves for RAP in the mobile phase and each tissue were obtained by 
plotting the peak area ratios (RAP/ internal standard) versus the analyte 
concentration. The calibration curves were linear for RAP in a concen
tration range of 0.5–500 ng/mL for RAP in the mobile phase, with an 
r2>0.99. The measured lower limit of quantification (LLOQ) for RAP 
was 0.5 ng/mL for RAP in the mobile phase and in the choroid-retina. 
The measured LLOQ for RAP in the cornea, aqueous humor, and vitre
ous humor was 1 ng/mL, while the measured LLOQ for RAP in the 
conjunctiva and the sclera was 10 ng/mL. The signal-to-noise ratios 
calculated by MassHunter workstation software were ≥ ten for the drug 
in the mobile phase and the drug in all tissues at the lower limit of 
quantification. 

Accuracy was examined by analyzing the RAP in the ocular tissues 
and RAP dissolved in the mobile phase. 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 (Guideline on 
bioanalytical method validation, 2012). The accuracy of the method 
must be between 85% and 115% of the nominal value in all the stan
dards, except at the LLOQ level, which is between 80 and 120% ac
cording to bioanalytical method validation in the US Food and Drug 
Administration (US FDA) guidelines (Earla et al., 2012; Bioanalytical 
Method Validation Guidance for Industry, 2018). The average percent
age of the accuracy of all the standards was 90.97%. This is in line with 
the guideline on bioanalytical method validation in which a range of ±
15% of the nominal value is acceptable for the non-zero calibrators and 
between ± 20% at the LLOQ. Precision was calculated using the coef
ficient of variation (CV) (standard deviation/mean) multiplied by 100. 
The precision of the method should be within 15% of the nominal 
concentration except at the LLOQ, which should be within 20% of the 
nominal concentration (Guideline on bioanalytical method validation, 
2012). The average CV of all the standards was 21.40%. The average 
precision for the aqueous humor, vitreous humor and cornea fell outside 
these values, but accuracy for all the values within these tissues outside 
of the LLOQ ranged from 42.58 to 138.62%. The average precision in the 
main tissue of interest – the choroid retina - was 18.2%, with accuracy 
for all values outside of the LLOQ ranging from 74.24 to 127.17%. 

3.5.1.3. MET-RAP pharmacokinetics animal study. We examined the 
delivery to the back of the eye using MET-RAP (25 µL, 0.2% w/v). The 
ocular tissue distribution study was conducted in healthy New Zealand 
White rabbits following topical instillation of the formulation into the 
conjunctival cul-de-sac. Topical single instillation of 0.2% w/v MET- 
RAP resulted in detectable and quantifiable RAP levels in the back of 
the eye tissues, i.e., sclera (total back and front) and choroid-retina. RAP 
concentrations were also quantified in the anterior chamber eye tissues, 
cornea, and conjunctiva. No RAP was detected in the aqueous humor 
and vitreous humor (LLOQ = 1 ng/mL) at all time points. 

Fig. 6 shows the ocular drug distribution of RAP in a healthy rabbit 
model, and the pharmacokinetic parameters are presented in (Table 4). 
The Cmax of RAP in the sclera and the choroid-retina was 37 ± 47 ng/g 
(tmax = 2 h) and 145 ± 49 ng/g (tmax = 1 h), respectively. The Cmax of 
RAP in the cornea and the conjunctiva was 735 ± 339 ng/g (tmax = 1 h) 

Table 3 
Assay parameters of RAP in blank and ocular tissues.  

Parameters Equation 
of the 
straight 
line 

Linearity 
(ng/mL) 

r2 Accuracy 
(%) 

Precision 
(%) 

Blank y =
0.0607x +
0.3745 

0.5–500  0.9972  –  – 

Conjunctiva y = 0.04x 
+ 0.5204 

10–500  0.9973  70.94  16.79 

Aqueous 
humor 

y =
0.0612x +
0.8589 

1–500  0.9965  101.73  26.68 

Vitreous 
humor 

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  
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and 636 ± 349 ng/g of tissue (tmax = 2 h), respectively. These tissue 
levels were achieved following a single ocular dose of 50 µg RAP in the 
MET-RAP formulation. 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. 

A recent study reported RAP levels in the sclera and choroid-retina 
following the single-dose topical application of a nanomicellar eye 
drop formulation 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 
(Cholkar et al., 2015). No RAP was detected in the vitreous humor 
(Cholkar et al., 2015). The level of RAP in the choroid-retina in the study 
was 2-fold the concentration identified in our study. The volume used by 
Cholkar et al. (Cholkar et al., 2015) was higher than the current work, 
50 µL vs. 25 µL, which doubled the dose applied to 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, about ~ 0.1% RAP of the 
total dose applied was detected in the sclera in our work compared to ~ 

0.5% RAP in Cholkar et al. work. In another study, Earla et al. have 
reported the level of RAP in the cornea (2261 ± 507 ng/g tissue) after 1 
h following a 50 µL administration of vitamin E tocopherol polyethylene 
glycol succinate: octoxynol-40: RAP formulation at a RAP concentration 
of 0.2% w/v (Earla et al., 2012). The level of RAP in the aqueous humor 
was below their reported limit of quantification (Earla et al., 2012). The 
level of RAP in the cornea in the Earla et al. (2.3% of the total dose 
applied) study was 50% higher than the level detected in the current 
work (1.5% of the total dose applied). This slight difference in tissue 
deposition levels may be due to the different volumes used in both 
studies. It is important to acknowledge that all animals in the previous 
two studies (Cholkar et al., 2015; Earla et al., 2012) were anesthetized 
before the dosing, and the anesthesia was maintained throughout the 
experiment. There is growing evidence that gravity markedly influences 
vertical eye position and movement (Pierrot-Deseilligny, 2009). Argu
ably, when the eyelids are closed and the animals in a horizontal posi
tion, there will be an absence of gravity associated with preventing rapid 
drainage of applied eyedrops through the nasolacrimal duct. Our work 
was conducted on awake rabbits, and the blink rate was recorded. It is 
our view that the differences in drug levels seen in these earlier studies 
when compared to our own may be attributed to the different study 
designs (anesthetized rabbits in the earlier studies vs. awake rabbits in 
the current study). The average tear fluid volume is approximately 7 µL 
in both rabbits and humans (Ham et al., 2006). It has been reported that 
the tear turnover rate in non-anesthetized rabbits is about 0.53 µL/min, 
with a range of 0.47–0.66 µL/min. In anesthetized animals, tear turn
over rate is negligibly small or absent (Chrai et al., 1973). The tear 
turnover in awake animals would impact on the residence time of the 
formulation in the corneal pocket and could reduce drug absorption 
compared to anesthetized rabbits. Our results confirm previous findings 

Fig. 6. In vivo RAP drug distribution in rabbit ocular tissues following the instillation of 25 µL of MET-RAP 0.2% w/v.  

Table 4 
Pharmacokinetics parameters of RAP after single ocular instillation of MET-RAP 
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  
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(Cholkar et al., 2015) on the absence of RAP in the vitreous humor. 
For a topical drug to reach the back of the eye tissue, it may follow 

the corneal and/or conjunctival-scleral pathway (Hughes et al., 2005). 
RAP is practically insoluble in water, and due to its high lipophilicity, 
the drug was not able to translocate across the cornea to the aqueous 
humor and vitreous humor. Since the drug must cross the corneal barrier 
to reach the aqueous humor and retina (Cochereau-Massin et al., 1991), 
this indicates that RAP may follow the conjunctival/ scleral pathway to 
arrive at the retina. We have shown that MET, with its mucoadhesive 
properties (Siew et al., 2012), 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) (Buech et al., 2007). The purpose of 
the study was to use a needle-free formulation to achieve a therapeutic 
effect. These results indicate that MET may be used as a novel carrier for 
RAP, and the formulation could be an alternative to the current invasive 
injections/ implant approaches used to access the retina. 

3.5.1.4. Ocular tolerability. The blink rate following dosing is an 
acceptable method of assessing acute ocular irritation (Carlisle and 
Digiovanni, 2015), although other parameters such as erythema and 
swelling are also used to assess ocular irritation. The blink rate was 
assessed in the first 60 s post-dosing after a single instillation of MET- 
RAP (25 µL, 0.2% w/v). The number of blinks was taken as a pre
liminary investigation into the possible irritant nature of the formula
tion. Normal saline (25 µL) was used as a control (n = 6 eyes). 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) 
(Fig. 7A). Rabbits share ocular features with humans, including a com
parable vitreous volume and internal structure, and thus a similar 
diffusional path for topically administered compounds to reach the 
posterior segment (Rodrigues et al., 2018). The rabbits blink at a rate of 
4–5 blinks/60 min (Rodrigues et al., 2018) when compared to the 
human blink rate (17.6 ± 2.4 blinks/min during rest) (Bentivoglio et al., 
1997; Kaminer et al., 2011). This may suggest that there is a difference 
in the reaction to drugs between rabbits and humans because rabbits 
seem to show higher ocular sensitivity to instilled substances (Toshida 
et al., 2009), and there may be a more considerable contact time for 
drugs topically applied in the animal due to its significantly lower blink 

rate (Maurice, 1995). It is noteworthy that a direct comparison to a 
standard irritant substance such as RAP alone or high concentrations of 
sodium lauryl sulfate (Bondi et al., 2015) has not been carried out. 

The assessment of irritation of the MET-RAP formulation to rabbits’ 
eyes was visually evaluated using the criteria of erythema and swelling 
(Fig. 7B). There were no visible signs of erythema, tearing or swelling, 
following the ocular administration of MET-RAP. These data suggested 
that MET-RAP as a formulation, while increasing the rabbit eye blink 
rate, does not cause dose-limiting ocular irritation to rabbits’ eyes, and it 
is a capable system for topical treatment of inflammatory retinal 
diseases. 

3.5.2. MET-RAP animal pharmacodynamic study in C57BL/6J mice 
Experimental autoimmune uveitis is being used as a model of retinal 

disease. In this study, this animal model was used to explore the impact 
of an aqueous-based lipophilic drug-loaded polymeric nanoparticle 
formulation (MET-RAP) intended for topical ocular delivery to treat 
inflammatory/autoimmune ocular mouse disease and to investigate the 
mechanism of action of RAP in the EAU model. 

3.5.2.1. EAU clinical scoring. All animals in all groups showed early 
signs of the development of EAU at day 13 (pre-treatment, Fig. 8A). The 
average scores of the negative control groups were (2.90 ± 0.88 and 
3.80 ± 0.79) for the saline and MET groups pre-treatment, respectively. 
The average score of the positive control group DEX was (4.00 ± 0.94), 
while the treatment group MET-RAP scored (3.50 ± 0.94). There were 
no statistically significant differences (p > 0.05) among all groups on 
day 13 (pre-treatment). 

The clinical scoring post-treatment (day 20, 7 days of treatment) are 
shown in (Fig. 8B). The average scores of the negative control groups 
were (10.70 ± 4.88 and 13.60 ± 3.81) for the saline and MET groups 
post-treatment, respectively. There were no statistically significant dif
ferences (p > 0.05) among the negative control groups at day 20 (post- 
treatment), suggesting a severe progression of the EAU and no effect of 
the negative control treatments on suppressing EAU development. The 
treatment group MET-RAP showed a statistically significant difference 
(p < 0.05) compared to the negative control groups. The average score 
of all animals in the formulation MET-RAP group post-treatment 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 MET-RAP formulation when 

Fig. 7. Assessment of ocular tolerability of the MET-RAP formulation to rabbits’ eyes. (A) The average blink rate in both eyes, assessed immediately after dosing in 
all treatment groups (animals killed at 1 hr, 2 hr, 4 hr and 24 hr) = 5.10 ± 0.52 blinks/min compared to negative control group = 1.0 ± 0.41 blinks/min (p < 0.05). 
(B) All rabbits showed no signs of erythema, tearing or swelling, following the ocular administration of MET-RAP formulation – animals were examined immediately 
after dosing. Statistical analysis was performed on the blink rate with One-way ANOVA with Tukey’s multiple comparison analysis. The value p < 0.05 was 
considered significant. 
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compared to the DEX group, there were no statistically significant dif
ferences (p > 0.05) between the MET-RAP group and the positive con
trol group (DEX) on day 20 (post-treatment). Additionally because of the 
variable response to saline post treatment, there was no statistical sig
nificance between the DEX group and saline (p > 0.05). These results 
suggest that MET-RAP formulation was able to suppress EAU progres
sion, and it was as effective as marketed eye drops Maxidex®. 

Fundoscopy data from the EAU experiment imaged are shown in 
Fig. 8. Before the treatment, both groups (MET and MET-RAP) showed 
clear evidence of early disease development with inflammation around 
the optic nerve. The representative fundus images from an IRBP- 
immunized mouse treated with the MET control showed severe EAU 
on day 20, while a substantial attenuation of clinical signs following 
topical treatment with the MET-RAP formulation was observed at the 
end of the experiment, on day 20. 

3.5.2.2. Retinal immunophenotyping by flow cytometry. Immunopheno
typing of retinal cells isolated from enucleated eyes post-treatment, 
using flow cytometry, is presented in this section. Retinal flow cytom
etry identified the presence of CD4+ T cells in all treatment groups with 
no significant differences (Supplementary Information, Fig. S2). How
ever, a statistically significant decrease was observed in the total RORγt 
level in CD4+ T cells treated with MET-RAP compared to the negative 
control and the positive control (Fig. 9A). RORγt is a specifying tran
scription factor of Th17, which belongs to the RAR-related orphan nu
clear receptor family and regulates Th17-associated genes such as IL-17 
and Th17 differentiation (Castro et al., 2017). Th17 cells play an 
essential role in the development of autoimmune diseases. The cytokines 
involved in Th17-mediated autoimmune diseases are important con
tributors to the pathogenic changes observed in EAU (Sun et al., 2015). 
There were no statistically significant differences in the expression level 
of IL-17 between all treatment groups. 

(A) Before treatment (B) After treatment

MET

MET-
RAP

i

ii

iii

iv

Fig. 8. Clinical scoring and fundoscopy images of the EAU experiment. (A) at day 13 (pre-treatment), (B) at day 20, (post-treatment). Fundus images from an IRBP- 
immunized mouse show EAU development pre-treatment in (i) MET control groups, (ii) MET-RAP formulation group. Fundus images post-treatment showing severe 
EAU in (iii) MET control groups. (iv) MET-RAP formulation after treatment group showing no signs of progression of EAU. Arrows indicate areas of interest. 
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The T-box transcription factor is expressed in CD4+ T lymphocytes 
and committed to Th1 T-cell development (Dorfman et al., 2005). We 
found no significant differences in the expression of both RORγt and T- 
bet for the MET-RAP formulation compared to other groups (Supple
mentary Information, Fig. S3). Double positive RORγt+/T-bet+ cells 
have been reported in EAU (Shoda et al., 2015), but their uveitogenicity 
remains to be investigated. This could suggest that MET-RAP does not 

affect Th1/17 or Th1 cells in EAU progression compared to controls. 
Unfortunately, we did not obtain reliable data on the IFNγ expression as 
a cytokine marker for Th1 cells to conclude on the impact of MET-RAP 
on Th1 cells. However, we have shown here that MET-RAP formulation 
specifically attenuates EAU progression by lowering the RORγt expres
sion (Fig. 9A). 

The Foxp3 is a lineage specifying transcription factor for T regulatory 

RORγt

IL-17

Saline MET MET-RAP DEX

(A)

Foxp3

IL-10

Saline MET MET-RAP DEX

(B)

Fig. 9. Flow cytometer plot of the expression of (A) IL-17 and RORγt in CD4+ T cell; (B) Foxp3 and IL-10 in CD4+ T cell.  
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cells within the CD4+CD25+ T cell population (Liu et al., 2013; Lu et al., 
2014). Fig. 9B showed the increased expression of Foxp3 and IL-10 in 
the MET-RAP treated group compared to the vehicle control. These re
sults suggested that the specificity of MET-RAP formulation on attenu
ating EAU progression through increasing Treg cells level. 

In the present study, we explored the impact of a MET-RAP novel 
formulation on delivering RAP to the back of the eye upon topical 
application of eye drops and in a separate study the effect of MET-RAP 
on EAU. We have shown that MET-RAP decreased the RORγt level, 
increased Foxp3 expression and IL-10 secretion, and suppressed the 
disease progression. These results suggest that MET-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. 

4. Conclusion 

The corneal epithelial mucosa possesses an overall negative charge. 
Thus, the adhesion of positively charged nanoparticles such as MET is 
favored at physiological pH. We show that MET is a permeation 
enhancer, and this is supported by detecting sufficient drugs in the 
ocular tissues within our awake rabbit model. The MET-RAP formula
tion was stable for 28 days at room temperature and on refrigeration. 
MET delivered RAP into the rabbits’ ocular tissues and delivered the 
drug to the choroid-retina in a concentration higher than RAP thera
peutic levels. MET-RAP successfully controlled the progression of EAU 
in a mouse model of EAU. We have shown that MET-RAP decreased the 
level of RORγt, increased Foxp3 expression, and IL-10 secretion, and 
thus conclude that it is likely that RAP is able to reduce the progression 
of EAU via a polarity switch between Th17 and Treg CD4 + T-cells. MET- 
RAP eye drops could thus be used to control a wide range of inflam
matory and autoimmune disorders, including posterior uveitis. 
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