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Abstract

Ciprofloxacin (CIP) is an antibacterial agent prescribed for the treatment of ocular infections. The
objective of the present project is to investigate the effect of surface PEG functionalization of the
Nano structured lipid carriers (NLCs) on formulation stability, ocular penetration and distribution.
CIP NLCs were tested with different molecular weight (poly ethylene glycol) PEGs ranging from
(2K to 20K) grafted onto the phospholipid and with different chain lengths (14-18 carbons) of
phospholipids derivatized with PEG-2K. Drug load in the formulations was maintained at 0.3%
wi/v. Formulations prepared were evaluated with respect to /in vitro release, transcorneal
permeation, autoclavability, morphological characteristics and /n vivo ocular tissue distribution.
Scanning Transmission electron microscopy (STEM) studies revealed that the PEG-CIP-NLCs
were spherical in shape. Transcorneal penetration of CIP was optimum with PEG molecular
weight in between 2K to 10K. Carbon chain length of the phospholipid, however, did not affect
transcorneal penetration of CIP. /n vivo ocular tissue CIP concentrations attained from the various
formulations was consistent with the /n7 vitro data obtained. The results suggest that surface
functionalization of PEGs, within a specified range of molecular weight and surface packing
density, significantly enhance trans-ocular penetration and impart sterilization-stabilization
characteristics into the formulations.
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1. Introduction

Delivery of drugs, especially to the back-of-the eye tissues comprising sclera, choroid,
retina, and vitreous body, is restricted by multiple physiological processes, anatomic, static,
dynamic and efflux barrier functionalities (1, 2). Efflux protein pumps expressed on ocular
tissues restrict transmembrane permeability of drugs, thus lowering penetration of substrates
from the systemic, topical or periocular routes (3, 4). Topical application is the most favored
route because of the ease of administration, lack of associated complications and minimal
nonspecific systemic exposure. Only 5-10% of the topically administered dose, however,
reaches the inner ocular tissues (5, 6). Although advances have been made with respect to
delivery into the anterior segment ocular tissues, significant challenges still exist for very
lipophilic molecules in view of the formulation restrictions placed by the sensitivity of the
ocular tissues. Several formulation approaches such as inclusion of viscosity enhancers in
aqueous ophthalmic solution or suspension formulations, ion-exchange resin based
formulations, implants, transporter targeted systems, emulsions, films and other nanoparticle
mediated drug delivery strategies have been described in the literature, and some are
commercially available (7-10). Despite technological advancements in the formulation
strategies, delivery of therapeutic agents efficiently into the back-of-the eye ocular tissues
through the topical route remains elusive (11). Ointments have been successful to some
extent but various drawbacks, including difficulty in application and problems in vision,
have limited its usefulness. Success in back-of-the eye delivery mainly depends on
formulation platform, candidate’s physicochemical properties and absorption pathway.
Penetration of drugs across alternatively polarized (lipophilic and hydrophilic) ocular layers,
and through the corneal tight junctions, is highly dependent upon their physicochemical
properties. Thus, the molecules should exhibit optimum physicochemical aspects and are to
be formulated in appropriate dosage forms for enhanced retinal delivery (12, 13).

Kinetics, bio-distribution and release profile of drugs could be dramatically modulated with
nano particulate systems (14, 15). Nanoparticles have been observed to exhibit superior
penetration characteristics into the inner ocular tissues compared to solution or suspension
formulations (16). Lipid based systems such as nanostructured lipid carriers (NLCs) are
potential carriers for therapeutic agents, especially hydrophobic molecules, and possess
favorable properties including but not limited to biocompatibility, mucoadhesion,
penetration /retention capability, lower clearance rate, controlled release, greater stability
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and protection of the drug candidate from chemical degradation. NLC’s can be formulated
from a wide variety of lipids (solid/liquid) and phospholipid combinations with varying
composition, to achieve desired morphometrical, physicochemical, surface charge and
release characteristics. Mixture of solid and liquid lipids used in NLC’s create imperfections
in the crystal lattice accommodating higher drug loads while maintaining similar penetration
capabilities as the solid lipid nanoparticulates (SLNs). In addition, NLCs allow higher drug
loading compared to SLNSs, exhibit better encapsulation efficiency, lesser drug expulsion and
higher stability (17-19). Reports suggest that PEGylated amphiphilic lipids possess the
ability to transform into lipid based lyotropic crystals with thermodynamically stable self-
assembled structures in aqueous environment (20, 21). In recent years, PEGylation
technology (functionalization of nano carriers with PEG’s and appropriate ligands) has been
widely used to improve the pharmacokinetics, bioavailability and tissue distribution
characteristics of a variety of nanoparticles, because the hydrophilic and inert PEG creates a
steric barrier on the surface of nanoparticles and minimizes protein binding (22). The bulky
and highly hydrated corona of the PEG extending from the lipid bilayer into the aqueous
phase is critical for enhancing steric stabilization of the nanoparticles (23). Also,
incorporation of PEG could allow better stabilization against aggregation, on storage and on
sterilization - by amorphization and inducing imperfections in crystal lipid lattices (24, 25).

Ciprofloxacin (CIP) belongs to class of fluoroquinolone antibiotics and is active against a
broad spectrum of gram-positive and gram-negative bacteria. It is usually prescribed as the
first line of treatment for corneal keratitis, allergic conjunctivitis and other bacterial
infections of the eye. CIP is a zwitterion with pKa values of 6.0 (acidic group) and 8.8 (basic
group) and an isoelectric point of 7.2 where it is least soluble (neutral species). The
compound is currently marketed as an ophthalmic solution and needs frequent dosing due to
its poor ocular bioavailability (26). Because of solubility issues, the formulation has to be
maintained at an acidic pH. On topical application, however, because of the buffering action
of the tear fluid, the pH of the instilled formulation is quickly neutralized as a result of
which the solubility of CIP in that environment is significantly reduced and precipitation can
take place. Consequently, penetration of CIP into the interior ocular tissues is hampered. In
general, there exists a need to enhance drug penetration into the ocular tissues through the
topical route. Moreover, improved delivery and penetration of ocular drugs with solubility
issues, such as CIP, would be highly beneficial for intervening in complications associated
with bacterial infections.

The objective of the current research is to assess the effect of type and density of surface
PEGylation of CIP loaded NLCs in terms of process (including autoclave sterilization) and
storage stability characteristics and ocular disposition.

2. Materials and Methods

CIP was obtained from Sigma Aldrich (St. Louis, MO). DSPE-mPEG-1000, DSPE-
mPEG-10000, DSPE-mPEG-20000, (N-Carbonyl-methoxypolyethylene glycol-5000)-1,2
di-myristoyl-sn-glycero phosphoethanolamine (DMPE-mPEG-5000) were received from
Creative PEG Works (Winston Salem, NC). 1,2-dipalmitoyl-sn-glycero
phosphoethanolamine (DPPE), DMPE-mPEG-2000, and DPPE-mPEG-2000 were obtained
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from NOF America Corporation (White Plains, NY). DSPE-sodium (C1g), DMPE-sodium
(C14), DPPE-sodium (C4g), DSPE-mPEG-2000 and DSPE-PEG-5000 were obtained from
Lipoid® (Ludwigshafen Germany). Glyceryl Monostearate was obtained as a gift sample
from Gattefossé (Paramus, NJ). Amicon® Ultra centrifugal filter devices with regenerated
cellulose membrane (molecular weight cut off 100 kDa), Poloxamer 188, Tween®80, high
performance liquid chromatography (HPLC) - grade solvents, and other chemicals
(analytical grade) were obtained from Fisher Scientific (Hampton, NH). Whole eyes of male
albino New Zealand rabbits were obtained from Pel-Freez Biologicals (Rogers, AR). Male
albino New Zealand rabbits were procured from Harlan Labs (Indianapolis, IN).

2.1. Formulations

CIP-NLCs and PEGylated CIP-NLCs (PEG-CIP-NLCs)—Glyceryl monstearate
(GMS), DSPE-sodium C4g (phospholipid) and oleic acid (liquid lipid) were used to prepare
the DSPE-CIP-NLCs by ultra-sonication method. Briefly, GMS and oleic acid were melted,
DSPE-sodium salt was added in small increments to form homogenous lipid mixture and
then CIP was dispersed therein to obtain a lipid phase. An aqueous phase, containing
surfactants (Poloxamer 188 (0.25% wi/v) and Tween® 80 (0.75% w/v) and glycerin (2.25%
wi/V) in bi-distilled water, was heated. The hot aqueous phase was then added to the melted
lipid phase under stirring to form a premix. The premix was then sonicated at 16,000 rpm
for 6 min using T 25 digital Ultra-Turrax to form a hot pre-emulsion. The pre-emulsion
obtained, was subjected to ultra-sonication (Vibracell™) at an amplitude of 80 for 6 min
resulting in the formation of hot emulsion dispersion. The hot emulsion obtained was slowly
cooled to room temperature to form NLCs. The pH of the resulting formulation was adjusted
to 5.0 using 0.1 N NaOH.

A portion of the phospholipids in the DSPE-CIP-NLC formulations were replaced with
PEGylated phospholipids, N-(Carbonyl-methoxypolyethylene glycol-2000)-DSPE (DSPE-
mPEG2000), to prepare the PEG-CIP-NLCs (PEG(2K)-CIP-NLC). Total amount of the lipid
in the NLCs was 6% of which solid lipid constituted 50% and oleic acid made up the
remaining 50%. Drug load in the formulations was maintained at 0.3% wi/v.

Additional PEG-CIP-NLCs were prepared wherein the molecular weight of the PEG (1K,
2K, 5K,10K and 20K) grafted to DSPE was varied (DSPE-mPEG-1K/DSPE-mPEG-5K /
DSPE-mPEG-10K/DSPE-mPEG-20K) to study the effect of the PEG molecular weight on
the biopharmaceutical characteristics of the NLCs. CIP formulations were also prepared
with mPEG-2K derivatized phospholipids of different chain lengths such as PEG 2000-1,2-
dimyristoyl/dipalmitoyl-sn-glycero-3-phosphoethanolamine, sodium salt (DMPE C44/DPPE
C1)- These formulations, wherein the PEG molecular weight is constant (2K) but the lipid
chain length is different (DPPE and DMPE), were designed to understand the role of the
phopspholipid chain-length on the PEG-CIP-NLC characteristics. A detailed description of
the composition of all the CIP-NLC and PEG-CIP-NLC formulations tested, including the
associated formulation codes used, have been presented in Table 1. All the components
(lipids/surfactants) used in the formulations are represented by weight (mg).

Table 5 includes several placebo formulations (SLNs/NLCs) prepared using different lipid
(solid/liquid) mixtures (combinations varying composition and/or total lipid content) tested
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for physical autoclave stability. The lipid excipients and surfactants used in the formulation
are represented by weight (mg). Two batches (n=2) of formulations each with batch size of
10.6 g (volume ~10 mL) were used for stability testing. NLCs that were unstable on
autoclaving were reformulated by replacing 50% of the phospholipid (DSPE) with
PEGylated (2K) DSPE to yield PEG(2K)-NLCs. The effect of PEG surface packing density
(0-40%) and molecular weight (1K, 2K and 5K) on the autoclave stability of the PEG-NLCs
was subsequently studied.

Chitosan coated NLCs (CIP-ChCI-NLCs) and CIP control solution—The DSPE-
CIP-NLC formulation was coated with chitosan chloride (ChCl — 0.25% w/v) by adding
ChCl solution into the final formulation (Table 1). Surface adsorption was confirmed by way
of change in the zeta potential value.

CIP control formulation—Marketed CIP ophthalmic Solution 0.3% wi/v was used as
control formulation for the studies (Mfg. By: Hi-Tech Pharmacal; Lot # 622553).

2.2. Particle size, zeta potential and polydispersity Index (PDI) measurement

The hydrodynamic radius and the PDI of the NLC formulations were determined by photon
correlation spectroscopy, using Zetasizer Nano ZS Zen3600 (Malvern Instruments, Inc.) at
25°C and 173° backscatter detection, in disposable clear cells. The measurements were
obtained using a helium-neon laser of 633 nm, and the particle size analysis data was
evaluated using volume distribution. Zeta potential measurements were carried out at 25°C
in disposable cells using the same instrument. For measurement of particle size distribution
and zeta potential, NLC samples were diluted (1:500) with water. Bi-distilled and 0.2 pM
filtered water was used for these measurements, and were performed in triplicates.

2.3. Scanning transmission electron microscopy (STEM) studies

Lipid nanoparticulate formulations were characterized by scanning transmission electron
microscope (Zeiss Auriga®-40 dual beam) using 1% w/v uranyl acetate as a stain. A freshly
glow discharged 200 mesh copper grid with a thin carbon was used as a base support for the
sample. A small drop (10-20 uL) of sample was placed on a piece of parafilm and the grid
was floated on top of the sample for 30 sec, then the grid was removed and excess sample
was blotted using a piece of filter paper. Grid was then floated on a drop of distilled water
for 10 sec, the water was removed and the grid with sample was floated on a drop of stain
for 1 min after which excess stain was blotted again. After drying for at least 30 min, the
samples were imaged in a Zeiss Libra operating at 30kV and in STEM mode.

2.4. Analytical method for in vitro sample analysis

Samples were analyzed for CIP content using an HPLC-UV method. The system comprised
of Waters 717 plus Autosampler, Waters 2487 Dual A Absorbance detector, Water 600
controller pump, and Agilent 3395 Integrator. A Phenomenex Luna® C1g 4.6 mm x 250 mm
column was used under isocratic elution for chromatographic analysis. The mobile phase
used was mixture of acetonitrile and triethanolamine buffer (150:850 v/v) with pH adjusted
to 2.36 using orthophosphoric acid. Triethanolamine buffer is made up of water,
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triethanolamine and 25 mM phosphoric acid in the ratio of (996:1.6:1.57 v/v). The flow rate
was set at 1 mL/min with A, (detection wavelength) of 299 nm during the analysis (27).

2.5. Assay and Entrapment Efficiency

The assay (total drug content) is determined in the CIP NLC formulations. The lipid in the
DSPE-CIP-NLC and PEG-CIP-NLC formulations was precipitated using 50:50 binary
mixture of 0.1N HCI and 190-proof alcohol and, drug content in the supernatant after
centrifugation (13,000 rpm for 20 min), was measured using an HPLC system following
appropriate dilution. The percentage of CIP entrapped (% EE) in DSPECIP-NLC and PEG-
CIP-NLC was determined by measuring the concentration of free drug in the aqueous phase
of an undiluted formulation. The EE was evaluated by an ultrafiltration technique with a 100
kDa centrifugal filter device (Amicon Ultra). An aliquot (500 pL) of the corresponding
formulation was added to the sample reservoir and centrifuged at 5,000 rpm for 10 min. The
filtrate was analyzed for drug content using HPLC. The %EE was calculated using Eq. (1)
below. All the measurements were carried out in triplicates.

wi — wf

%EE= [ } x 100

wi

@)

Where W;=total drug content, and Wr=amount of free drug in aqueous phase.

2.6. Terminal moist heat sterilization and stability assessment of CIP formulations

CIP loaded NLCs (DSPE-CIP-NLC and PEG-CIP-NLCs) and placebo formulations were
prepared and put into appropriately labelled glass vials, affixed with sterilization indicator
tapes, subjected to moist-heat sterilization (121°C for 15 min under 15 psi), in thermo-
controlled autoclave (AMSCO® Scientific Model SI-120). Stabilizing agents and cloud point
modifiers such as polyvinyl pyrrolidone (PVP K30), polyvinyl alcohol (PVA Avg Mol wt
30K-70K Da), PEG 400, PEG 1000, PEG 4000, PEG 6000 at concentrations of 0.25% and
0.5% w/v were used in the DSPE-CIP-NLCs. Following autoclaving, sterilized samples
were evaluated in terms of physical appearance, color, morphometrical and physicochemical
characteristics against unsterilized reference formulations kept at room temperature.
Sterilization cycle was confirmed by change in the color of indicator tapes on the glass vials.

2.7. In vitro release studies

In vitrorelease of CIP from the respective formulations such as marketed CIP ophthalmic
control solution (0.3% w/v), DSPE-CIP-NLCs and PEG (2K)-CIP-NLCs were evaluated
using Valia-Chien® cells (PermeGear, Inc.). Spectra/por® membrane (3.5K MWCO) was
mounted on diffusion cells between donor/receptor chambers and fastened with clamps,
through which transport kinetics were studied. The temperature of the cells was maintained
at 34°C with the help of a circulating water bath. Five milliliters of isotonic phosphate buffer
(IPBS - pH 7.4) containing 2.5% w/v RMBCD was used as the receptor media during the
course of the experiment (6 h). Five hundred microliters of the formulations was added into
the donor chamber. Aliquots (600 uL) were withdrawn from the receiver chamber and
replaced with an equal volume of the 2.5% w/v RMBCD in IPBS (pH 7.4) solution at
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predetermined time points. Donor CIP concentration was maintained at 0.3% w/v in all the
formulations. Samples taken were analyzed using high performance liquid chromatography-
UV (HPLC-UV) system.

2.8. In vitro corneal permeation studies

The corneas excised from whole eyes, obtained from Pel-Freez Biologicals, were used for
the determination of /n vitro transcorneal permeability. Whole eyes were shipped overnight
in Hanks balanced salt solution, over wet ice, and were used immediately upon receipt. The
corneas were excised with some scleral portion to help secure the membrane onto the
diffusion cells. After excision, the corneas were washed with the (IPBS; pH 7.4) and
mounted on Valia-Chien cells (PermeGear, Inc®) with the epithelial side facing the donor
chamber. The temperature of the cells was maintained at 34°C with the help of a circulating
water bath. Five hundred microliters of CIP formulations (CIP ophthalmic control solution,
DSPE-CIP-NLCs and PEG (2K)-CIP NLCs was added to the donor chamber and the CIP
concentration was maintained at 0.3% w/v in formulations. The receiver chamber consisted
of 5 mL of RMBCD (2.5% wi/v) in IPBS (pH 7.4) solution for all the transport studies.
Aliquots (600 pL) were withdrawn from the receiver chamber at predetermined time points,
until 3 h, and replaced with an equal volume of receiver medium. Samples were stored at
—80°C until further analysis.

Additionally, effect of carbon chain length (DMPE/DPPE/DSPE-mPEG-2000) and
molecular weight of PEG’s (DSPE-PEG-1K/2K/5K) on transcorneal permeability of CIP
from PEG-CIP-NLCs was investigated using side-by-side diffusion apparatus. Three
milliliter’s of CIP formulations was added to the donor chamber and receiver medium
consisted of 3.2 mL of RMBCD (2.5% wi/v) in the IPBS (pH 7.4). A slight difference in the
donor and receiver chamber volumes helped to maintain the normal corneal curvature
through marginally elevated hydrostatic pressure. The contents of both chambers were
stirred continuously with a magnetic stirrer. Aliquots (600 pL) were withdrawn from the
receiver chamber at predetermined time points until 3 h and replaced with an equal volume
of the solution.

2.9. Biosample preparation for determination of CIP in ocular tissue homogenates

In vivo sample analysis was carried out using a previously validated HPLC-UV method
following method revalidation. Mixture of ice cold acetonitrile and 0.1% formic acid (1 mL)
was added to the sample to precipitate proteins and extract the drug from individual, tissues
namely cornea, sclera, iris-ciliary (IC) and retina-choroid (RC), after cutting them into small
pieces. The samples were centrifuged for 1 h at 13,000 rpm and the supernatant was then
collected for further analysis. Aqueous humor (AH) (200 uL), vitreous humor (VH) (500
uL) tissues were precipitated by adding an ice cold mixture of acetonitrile & formic acid;
200 pL for AH and 500 pL for VH in the ratio (1:1). Standard calibration curves constructed
from various ocular tissues such as cornea (20-500 ng/mL), sclera (20-500 ng/mL), AH
(10-200 ng/mL), VH (10-200 ng/mL), IC (10-200 ng/mL), RC (10-200 ng/mL) were used
to determine the drug concentration in the samples. All the standard curves had a coefficient
of determination r2 = 0.96. The accuracy and precision of the bio-analytical method was
determined by analyzing the quality control (QC) drug samples of all ocular matrices at
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three different concentration levels (50,100,200 ng/mL) each prepared in sextuplicate (/7=6).
The inter-day and intra-day variabilities in precision (% RSD) ranged between 3.97-12.6%
and 4.57-9.78% in ocular tissue homogenates tested. The intra-assay and inter-assay
accuracies, expressed as the percentage difference between the measured concentration and
the nominal concentration ranged from —7.57% to 11.35% and —10.3% to 12.6% in ocular
tissues respectively. The precision and accuracies of the QC samples obtained met the
requirements set forth under bioanalytical guidance (Guidance for Industry: bioanalytical
method validation in Food and Drug Administration guidelines of September 2013) (28).
Recovery of CIP was evaluated by spiking drug in blank tissues and comparing the expected
CIP concentration with standard concentration. Recovery values were observed in AH
(90.3%), VH (92.9%), cornea (89.7%), sclera (87.2%), IC (91.5%) and RC (93.3%).
Interference was not observed from co-eluted protein residues with respect to CIP peaks in
all the tissues. Limit of Detection (LOD) in various ocular tissues was determined in AH (10
ng/mL), VH (10 ng/mL), cornea (20 ng/mL), sclera (20 ng/mL), RC and IC (10 ng/mL).

bioavailability studies

In vivo bioavailability of CIP was determined in conscious Male New Zealand albino rabbits
weighing between (2-2.5 kg), procured from Harlan labs. All the animal studies conformed
to University of Mississippi Institutional Animal Care and Use Committee (IACUC) and
Association for research in vision and ophthalmology (ARVO) approved protocols. CIP
formulations namely marketed ophthalmic control solution, DSPE-CIP-NLCs and PEG
(1K/2K/5K/20K)-CIP-NLCs were evaluated /n vivo. These topical formulations (100 pL)
were instilled as two doses (50 pL each dose) at two different time points, =30min and 0
min, to reduce pre-corneal loss. At the end of 2 h post application of the second drop (0
min), rabbits were euthanized with an overdose of pentobarbital, injected through a marginal
ear vein. The eyes were washed thoroughly with ice cold DPBS and were immediately
enucleated. The intraocular tissues were separated and stored at —80 °C until further analysis
using an HPLC-UV system. All experiments were carried out in triplicate.

2.11. Data analysis

The steady-state flux (SSF) for transcorneal experiments was calculated by dividing the rate
of transport by the surface area. Flux was calculated using Eg. (2).

Flux(J)=(dM/dt)/A  (2)

Where, Mis the cumulative amount of drug transported, and A is the surface area of the
corneal membrane (0.636cm?) exposed to the permeant (drug).

The transcorneal permeability was determined by normalizing the SSF to the donor
concentration, Cg according to Eq. (3).

Permeability (Papp)=Flux/Cd ©)
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2.12. Statistical analysis

3. Results

One way-ANOVA coupled Post-Hoc test was employed to analyze the differences between
groups. Data obtained was considered to be statistically significant at level of (p<0.05).

3.1. Physicochemical characteristics of CIP containing lipid nanoparticle formulations

A detailed description of the composition of all the CIP-NLC and PEG-CIP-NLC
formulations tested, including the associated formulation codes used, have been presented in
Table 1. Physicochemical characteristics of the various NLCs are presented in Table 2.
Hydrodynamic radii of all the NLC formulations did not vary significantly whereas the
entrapment efficiency values with the PEG-CIP-NLC formulations were comparatively
higher than that with the CIP-NLCs. PEG(2K)-CIP-NLCs displayed higher entrapment
efficiency — a 10% increase in entrapment in comparison to DSPE-CIP-NLCs. Zeta potential
of DSPE-CIP-NLCs decreased with PEG derivatization from —12 to -2 mv, confirming
surface charge neutralization by the PEG. Coating of the CIP-NLCs (DSPE-CIP-NLC) with
chitosan (ChCl), on the other hand, increased the positive charge on the NLCs (Table 2).

3.2. Scanning transmission electron microscopy (STEM) studies

The STEM images of the representative samples are shown in Figure 1. STEM images of
CIP NLCs showed the presence of spherical as well as rod-shaped nanoparticles whereas
PEG-CIP-NLs appeared to be spherical in shape with a well-defined periphery. Particle sizes
obtained with TEM and DLS techniques may not be in agreement for the polydisperse
formulations due to the respective operating principles and other contributing factors. Zeta
sizer measures particle size based on intensity of scattered light whereas STEM measures it
from each individual particle. Particle size agreements may hold true in monodisperse
formulations (29-31).

3.3. Autoclave stability of CIP formulations

Physicochemical characteristics of the various NLC formulations, post terminal moist heat
sterilization are presented in Table 3. Following sterilization, PEGylated NLCs were able to
preserve their characteristics, whereas particle size and PDI was increased in the DSPE-CIP-
NLCs and was also accompanied by a 14% decrease in entrapment efficiency. Moreover, the
DSPE-CIP-NLC formulation was observed to be physically unstable (color, lipid phase
separation) on steam sterilization. Addition of various reported stabilizing agents and cloud
point modifiers such as polyvinyl pyrrolidone (PVP K30), polyvinyl alcohol (PVA Avg Mol
wt 30K-70K Da), PEG 400, PEG 1000, PEG 4000, PEG 6000 at concentrations of 0.25%
and 0.5% w/v in the DSPE-CIP-NLC formulations did not stabilize the phospholipids during
the sterilization process.

Particle size and PDI of PEG-CIP-NLC formulations increased and entrapment efficiencies
decreased as a function of increasing molecular weights of PEG (2K to 20K) used in the
formulation. Moreover, PEG (20K)-CIP-NLCs appeared to be unstable during the
sterilization process, with visible supernatant oil droplets. PEGs with molecular weights of
up to 10K were observed to stabilize the DSPE-CIP-NLC formulations (Table 4).
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Formulations (represented in tables 3 and 4) did not exhibit any statistically significant
difference in physico-chemical characteristics, pre and post terminal moist heat sterilization
except DSPE-CIP-NLCs and PEG(20K)-CIP-NLCs, which were unstable.

Studies were then undertaken to delineate the effect of the formulation components on
autoclave stability. For this purpose, placebo formulations were used. Data on the effect of
autoclaving on the physical stability of different placebo formulations, prepared using
different lipids/phospholipids, is summarized in Table 5. Non-PEGylated NLCs prepared
using phospholipids (DSPE) in combination with high melting triglyceride oils such as
sesame, castor and soybean oils were stable post sterilization. NLCs prepared using a
combination of the phospholipid with a fatty-acid (oleic acid) or caprylic/capric triglyceride
(Miglyol®829) or Transcutol P were, however, unstable. These formulations were stabilized
when PEGylated phospholipid (PEG(2K)-DSPE) was used - 50% of the total DSPE used
was PEGylated in these experiments.

The effect of PEG concentration (surface packing density) on autoclave stability of
phospholipid containing DSPE-CIP-NLC formulations is presented in Table 6. In these
experiments the fraction of PEGylated lipid was varied from 0 to 40%, out of the total
phospholipid content in the DSPE-CIP-NLCs, using PEG grafted lipids of different
molecular weights - DSPE-PEG-1K/2K/5K. It was observed that DSPE-mPEG-5K
stabilized the CIP-NLCs when used at a concentration of 30% w/w of total phospholipid in
the formulation. Also, DSPE-mPEG-2K had to be used at a minimum of 40% w/w of the
total phospholipid in the formulation for stabilization. Thus, higher molecular weight PEGs
required lower PEGylated lipid concentrations to impart stability to the CIP-NLCs
composition containing phospholipid and oleic acid.

3.4. In vitro release studies

These studies combined release and transmembrane diffusion — simulating ocular CIP
penetration following topical application of the formulations. CIP flux from the DSPE-CIP-
NLC and PEG(2K)-DSPE-CIP-NLC formulations, under the test conditions employed, were
similar but the control formulation (0.3% Ophthalmic marketed control solution) showed a
higher flux across the membrane — presumably because of the elimination of the release step
from the process (Figure 2).

3.5. In vitro corneal permeation studies

In vitro transcorneal flux of CIP from the PEG(2K)-CIP-NLCs was almost 3-fold greater
than that achieved with control solutions. CIP flux from the PEG(2K)-CIP-NLCs was about
2-fold higher compared to the DSPE-CIP-NLCs. Transcorneal flux of CIP from the chitosan
coated NLCs (CIP-ChCI-NLC) was slightly better than that from the PEG(2K)-CIP-NLCs
(Figure 3).

Carbon chain length of the phospholipid did not appear to affect transcorneal penetration of
CIP from the PEG-CIP-NLCs. The molecular weight of PEG used to derivatize the
phospholipid, however, had a significant effect on transcorneal flux of CIP (Figure 4). PEG
(2K)-CIP-NLCs (DSPE-mPEG-2000) and PEG (5K)-CIP-NLCs (DSPE-mPEG-5000)
enhanced transcorneal permeability of CIP by about 1.8-fold and 2.5-fold, respectively,
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when compared to nonPEGylated CIP-NLCs (DSPE-CIP-NLCs). PEG (1K)-CIP-NLCs did
not exhibit a significant increase over the CIP-NLCs. Thus, based on the data presented in
Figures 3 and 4, it can be inferred that PEG-NLCs prepared with PEG-lipids with PEG
molecular weights of 2K or greater are preferred to enhance ocular penetration of CIP.

In another set of studies, comparative corneal permeability of PEG-CIP-NLCs prepared with
phospholipids (DSPE) grafted with higher molecular weight PEGs namely DSPE-
PEG-2K/5K/10K/20K was determined. Although, transcorneal penetration of CIP exhibited
an increasing trend with an increase in molecular weight of PEG from 2K to 10K, the
difference in flux was not significantly different (Figure 5).

3.6. In vivo bioavailability studies

Following topical application of the formulations (Table 1) in conscious NZW rabbits, CIP
levels in all ocular tissues tested, 2 h post dosing, were observed to be nearly 2-folds higher
with the PEG(2K)-CIP-NLCs compared to DSPE-CIP-NLCs (non-PEGylated CIP-NLCs).
The results were consistent with the /n7 vitro observations. PEG(2K)-CIP-NLCs generated
higher CIP concentrations in all ocular tissues tested except for the cornea — where CIP-
ChCI-NLCs were observed to be slightly better (Figure 6).

Retinal CIP concentrations achieved with the PEG(2K)-CIP-NLCs is significantly higher
compared to all other topical formulations. PEG(5K)-CIP-NLCs was similar, if not slightly
better than the PEG(2K)-CIP-NLCs with respect to CIP levels obtained in the anterior
segment tissues — AH, cornea and IC. CIP levels in the posterior segment or back-of-the eye
tissues (retina-choroid) was, however, below detection levels with the PEG (5K)-CIP-NLCs.
The PEG(10K)-CIP-NLCs and PEG(20K)-CIP-NLCs achieved much lower CIP
concentrations in all ocular tissues tested in comparison to the PEG(2K)-CIP-NLCs (Figure
6). CIP concentrations in the AH and IC, achieved with the PEG(2K)-CIP-NLC and
PEG(5K)-CIP-NLC formulations, were far greater than the minimum inhibitory
concentration (MI1C90), approximately 0.5 pg/mL (32), even 2 h post topical dosing. In
contrast, commercial CIP eye drops barely maintained MIC90 levels in the AH, I1C and
cornea, 2 h post dosing, while CIP levels were undetectable or below MIC in the other
ocular tissues tested.

4. Discussion

The focus of this project was to evaluate the effect of surface functionalization on ocular
penetration of drugs from lipid nanocarriers and formulation stability. CIP was chosen as the
model drug for preparing these formulations. Entrapment efficiency and release properties of
drugs from lipid nanocarriers are highly dependent upon interfacial area, surface charge,
inner structural organization, as well as nanoparticulate dimensions (33, 34). The size of the
NPs plays a key role in their adhesion to and interaction with the biological cells. Smaller
particles can be best internalized by receptor-mediate endocytosis uptake mechanism, while
larger particles have to be taken up by phagocytosis (35-39).

In recent years, NLCs are increasingly being considered as viable carriers in drug delivery,
but the present work introduces a new paradigm involving the concept of surface

Int J Pharm. Author manuscript; available in PMC 2018 August 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balguri et al.

Page 12

functionalization/modification of nanoparticles and their sterilization - stabilization
characteristics. Particle size and surface properties such as charge, morphology,
hydrophilicity and surface modification with targeting ligand functionalization are the major
controlling factors for interactions with the biological milieu (40, 41). Reports suggest that
surface modification of nanoparticles by coating with hydrophilic substances such as PEGs
could further improve ocular bioavailability, mainly due to enhanced interaction with ocular
mucosal epithelium and decreased phagocytic uptake (42, 43). Fresta et al formulated
PEG-6000 coated polyalkyl-2-cyanoacrylate nanosphere encapsulated acyclovir
formulations and reported that the higher ocular bioavailability was achieved by polyalkyl-2-
cyanoacrylate colloidal carrier, but no significant difference was observed between coated
and uncoated nanospheres (44). These results may have resulted from a weak interaction of
PEG molecules with the surface of colloidal particles. In the present project, we explored the
effect of nanoparticle surface modification, by adsorption of Chitosan chloride or by firmly
surface anchored PEG moieties, on ocular distribution and disposition. Also, the
characteristics of the PEG’s, optimal molecular weights and their relative concentrations
needed to achieve improved penetration, was studied.

Drug release from the nanoparticles appears to be controlled by erosion and diffusion
mechanisms through lipid matrix (45, 46). Interaction between nanoparticles and ocular
epithelial cells could be attributed to endocytosis mechanism. Based on the transcorneal
permeation data obtained, it could be said that penetration of CIP depends upon the
molecular weight of grafted PEG’s rather than it’s carbon chain length (47). The
permeability was not improved with PEG-1K and a decrease in the transmembrane flux was
observed with PEG-20K, indicating the required range of molecular weights is between 2—
10K for optimal penetration characteristics. The /in7 vitro transcorneal permeability, an
experimental set-up wherein the mucus layer is absent, data suggests that the PEGylation not
only affects penetration across the mucus layer but also influences penetration across the
corneal epithelial layers. When the PEG molecular weight went above 10K the penetration
enhancing effect was lost, which could probably be because of the increased hydrophilicity
and steric interference of the molecules. PEGylation range within which the formulations
exert the optimal penetration and steric stabilization characteristics was further confirmed by
the /in vivo ocular distribution of CIP from the PEG-CIP-NLCs (Figure 6). PEGylated NLCs
were able to deliver CIP, but penetration of CIP into posterior and anterior ocular tissues
decreased as a function of increasing molecular weight of the PEG’s (48, 49). These results
indicate that the lipid conjugated PEGs with relatively higher molecular weights (greater
than 5K) impart higher surface hydrophilicity onto the nanoparticles, which limits the
penetration and partition of drugs across the surface mucus layer and epithelial membrane.
The results were consistent with the /n vitro observations. PEG-CIP-NLCs generated higher
CIP concentrations in all ocular tissues except for the cornea — in which case ChCI-NLCs
were observed to be slightly better (Figure 6). This, suggests that surface modification with
chitosan favors retention of the nanoparticles at the superficial ocular layers (charge-charge
interaction), whereas PEG grafting facilitates transport of the molecules across the mucus
layers as well as the cornea and other ocular tissue, consistent with earlier reports (42, 50,
51).
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Tai-Lee ke et al prepared two sustained release formulations of CIP using marketed CIP
solution (0.3% wi/v) with Dodecyl Maltoside as a penetration enhancer and carbopol/HPMC
as viscosity enhancers. Two hours post-topical instillation (30 pL), AH and corneal CIP
concentrations obtained with HPMC and carbopol formulation were 0.5 pg/mL and 4.2 pg/g,
respectively (52). Taha et al prepared ciprofloxacin loaded liposomes (0.3% wi/v) and
evaluated AH concentration after 2 h following topical application (50 pL) in conscious
rabbit model. The AH level was increased by ~0.3-fold when compared to marketed
ophthalmic solution (53). In another study, 50 uL of CIP loaded pluronic micelles (0.3 %
w/v) enhanced AH concentration of CIP by 10%, 2 h post topical application, when
compared to commercial CIP eye drops (54). In the present study ocular bioavailability of
CIP was enhanced in the anterior and posterior segment ocular tissues, ranging from ~3-5-
fold increase with PEG-CIP-NLC formulation, in comparison to control marketed
formulation. This is significantly better than all earlier reports as well as the currently
marketed ophthalmic formulation.

All ophthalmic products need to be sterilized. Autoclavable products are preferred, from a
manufacturability point of view, over products that need aseptic processing or sterilization
by filtration. Reports suggest that phospholipids undergo acidic/basic hydrolysis (pH < 5;
pH > 9) and hence should be aseptically processed (55, 56). Our studies here demonstrate
that selection of NLC formulation components can have a significant impact on the
formulation stability during the sterilization process. Whereas long chain triglycerides
components were stable, shorter chain length fatty acids and triglyceride containing NLCs
could not withstand the autoclaving step. When a fraction of the phospholipids, in the heat
unstable NLCs, were replaced with PEGylated phospholipids, the formulations are
stabilized, suggesting that PEGs are able to preserve the supramolecular and molecular
structure of colloids and protect the lipid environment. Addition of PEG externally or other
known stabilizers to the NLCs did not impart thermal stability during the autoclave cycle.
Additionally, it was observed that PEG-CIP-NLCs with PEG molecular weights of up to
10K stabilize the NLCs during the sterilization process, whereas PEG 20K fails to do so.
Steric stabilization of liposomal formulations using PEG conjugated lipids is well
documented in the literature (57-59). PEG has also been reported to be a surface modifying
agent for improving permeability characteristics and decreasing phagocytic uptake of
particulate drug carriers (60, 61). To the best of our knowledge, however, this is the first
report that establishes the importance of the molecular weight and surface density of the
PEG for preparing autoclave stable NLCs with enhanced transepithelial penetration and
delivery characteristics, especially to the back-of-the eye tissues.

Interestingly, whereas chitosan chloride coated NLCs produced higher CIP concentrations in
the cornea and sclera, the outer tunic of the eye, this did not translate into higher CIP
penetration into the inner ocular layers. This, along with the observation that the CIP-NLCs
(no surface modification) produced low CIP levels in all ocular tissues, suggests that
PEGylation within the specified ranges improve transepithelial penetration of the CIP-NLCs
into the deeper ocular tissues.
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5. Conclusion

Surface functionalized nanostructured lipid carriers appear to be a promising and effective
platform for topical ocular delivery. Surface modification strategies could improve ocular
retention and intraocular penetration of therapeutics agents; thus enhancing ocular
bioavailability and distribution. In conclusion, PEG grafted phospholipids/amphiphilic di-
block copolymers with molecular weights in the range of 2K — 5K lead to optimal ocular
penetration of molecules, including back-of-the eye and also autoclave stability.
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STEM images of CIP loaded NLCs. A) CIP NLCs. B) PEG(2K)-CIP-NLCs.

Figure 1.
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Figure 2.
In vitro release of CIP obtained across Spectra/Por® membrane (MWCO: 3.5 KDa) from

CIP loaded PEGylated NLCs (PEG(2K)-CIP-NLCs), 0.3% w/v CIP ophthalmic Solution,
and CIP-NLCs (DSPE-CIP-NLCs) obtained using Valia-Chien cells at 34°C. (Dose: 500 pL;
1500 pg).
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Figure 3.

Transcorneal flux of CIP obtained from CIP ophthalmic Solution, DSPE-CIP-NLCs,
PEG(2K)-CIP-NLCs and Chitosan Chloride coated DSPE-CIP-NLCs (CIP-ChCI-NLCs)
using Valia-Chien cells at 34°C (Dose: 500 pL; 1500 ug; n=4). * symbol denotes statistical
significance of PEG(2K)-CIP-NLCs and CIP-ChCI-NLCs when compared to control and
DSPE-CIP-NLCs (p<0.05).
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Figure 4.
Transcorneal flux of CIP obtained from various topical NLC formulations tested with

different molecular weights of PEG grafted, DSPE phospholipid (PEG-1K (PEG(1K)-CIP-
NLCs/2K (PEG(2K)-CIP-NLCs/5K (PEG(5K)-CIP-NLCs) and varied chain lengths of
PEG-2000 conjugated phospholipids (DMPE(2K)-CIP-NLCs, DPPE(DPPE(2K)-CIP-NLCs)
using side-by-side diffusion cells (PermeGear, Inc) at 34°C (Dose: 3 mL; 0.3% w/v) (n=4). *
symbol denotes statistically significant difference of CIP flux from PEG(2K)-CIP-NLCs
when compared to DSPE-CIP-NLCs whereas ¢ symbol indicates statistically significant
difference of CIP flux from PEG(5K)-CIP-NLCs in comparison to all the formulations
(p<0.05).
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Figure 5.
Transcorneal flux of CIP obtained from NLC systems with higher molecular weights of

PEG’s grafted to DSPE phospholipid (2K/5K/10K (PEG (10K)-CIP-NLCs/20K (PEG
(20K)-CIP-NLCs), using side-by-side cells at 34° C (Dose: 3 mL; 0.3% w/v; n=4).
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Figure 6.

Ocular tissue concentrations of CIP obtained from CIP Ophthalmic control Solution, DSPE-
CIP-NLCs, Chitosan coated DSPE-CIP-NLCs (CIP-ChCI-NLCs) and CIP loaded PEGylated
NLCs with different molecular weights of PEGs (DSPE-PEG-2K, DSPE-PEG-5K,
DSPE-10K, DSPE-20K) 2 h post topical application (Dose: 300 pug; 100 L at —30 and 0
min) in a conscious rabbit model. (AH-Aqueous humor, IC-Iris ciliary bodies and RC-Retina
choroid). MIC90 of CIP is marked as a horizontal line in the figure. Statistical analysis by
One way ANOVA with post-hoc test was performed, where symbol (*) on the ocular tissues
represent statistically significant difference of CIP concentrations from different
formulations in comparison to control solution. (¥) represents statistically significant
difference of retinal concentrations obtained from PEG (2K)-CIP-NLCs compared to all the
formulations.
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