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Introduction: Untreated ocular infections can damage the unique fine structures of the eye with possible visual impairments and
blindness. Ciprofloxacin (CIP) ophthalmic solution is prescribed as first-line therapy in ocular bacterial infections. Natamycin (NT)
ophthalmic suspension is one of the progenitors in ocular antifungal therapy. Nanostructured lipid carriers (NLCs) have been widely
examined for ocular penetration enhancement and distribution to deeper ocular tissues. The objective of the current study was to prepare
NLCs loaded with a combination of CIP and NT (CIP-NT-NLCs) and embed them in an in-situ gelling system (CIP-NT-NLCs-IG). This
novel formulation will target the co-delivery of CIP and NT for the treatment of mixed ocular infections or as empirical treatment in case
of limited access to healthcare diagnostic services.
Methods: CIP-NT-NLC and CIP-NT-NLC-IG formulations were evaluated based on physicochemical characteristics, in vitro release,
and ex vivo transcorneal permeation studies and compared against commercial CIP and NT ophthalmic eye drops.
Results and Discussion: NLCs formulation (0.1% CIP and 0.3% NT) showed particle size, polydispersity index, and zeta potential of
196.2 ± 1.2 nm, 0.43 ± 0.06, and −28.1 ± 1.4 mV, respectively. Moreover, CIP-NT-NLCs showed entrapment efficiency of 80.9 ± 2.9 and
98.7 ± 1.9% for CIP and NT, respectively. CIP-NT-NLCs-IGformulation with 0.2% w/v gellan gum demonstrated the most favorable
viscoelastic characteristics for ocular application. CIP-NT-NLCs and CIP-NT-NLCs-IG formulations exhibited a sustained release pattern
for both drugs over 24 h. Moreover, CIP-NT-NLCs and CIP-NT-NLC-IG formulations showed 4.0- and 2.2-folds, and 5.0- and 2.5-folds
enhancement in ex vivo transcorneal permeability of CIP and NT, respectively, compared to the control formulations.
Conclusion: The results suggest that this dual nanoparticulate-based in-situ gelling drug delivery system can serve as a promising
topical delivery platform for the treatment of ocular infections.
Keywords: keratitis, ciprofloxacin, natamycin, dual, nanostructured lipid carriers, sustained, in-situ gel, stability, transcorneal flux,
permeability

Introduction
Microbial keratitis (MK) is defined as a nonviral corneal infection, caused by bacteria, fungi, and/or protozoa.1 MK is an
emergency that could result in vision loss for which the prospect of visual rehabilitation is often poor.1 Global estimates
of MK as a cause of unilateral blindness range from 1.5 to 2 million cases per year, although this figure is likely
conservative due to underreporting in developing countries.1 MK results in approximately 1 million clinical visits
per year to healthcare practitioners and 58,000 registered emergency departments in the USA.1 In addition, MK costs
the US healthcare system an estimated 175 million US dollars in direct health expenditures, and approximately
70 million dollars in Medicare and Medicaid-related costs.1,2

Corneal infection induced by more than one microorganism occurs as a result of co-infection, or as a secondary
infection on top of an existing microorganism.3 Multiple investigations, performed in different areas of the world, have
reported a high incidence rate of ocular co-infection by bacteria and fungi.3–7 According to a 10-year study at a tertiary
referral center in the USA, a relatively high incidence rate of mixed bacterial-fungal infections was reported.8 Therefore,
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the possibility of a co-infection by bacterial and fungal microorganisms should be considered. Thus, the objective of the
current study was to develop a dual drug-loaded formulation for the treatment of mixed bacterial and fungal ocular
infections and use as an empirical therapy to delay the rapid progression of infections in cases of limited access to proper
diagnostic tools eg, in low and middle-income countries.

Natamycin (NT) is the only commercially available broad-spectrum polyene topical antifungal (Natacyn® eye drops)
used as a first-line antifungal agent. Although NT eye drops have been existing in the market for almost 40 years, NT
demonstrates low pre-corneal retention and a 2.0% ocular bioavailability (BA) only.9 Therefore, NT eye drops require
frequent administration: one drop is instilled in the conjunctival sac every 1- to 2- h for the first 3–4 days and then
reduced to one-drop 6–8 times daily for 14–21 days or until clinical resolution of active fungal keratitis.9 This dosage
regimen could reduce patient compliance. Moreover, NT eye drops have been reported to cause side effects such as
allergic reaction, chest pain, dyspnea, corneal opacity, eye edema, eye discomfort, eye irritation, eye hyperemia, foreign
body sensation, eye pain, paresthesia, and tearing.10

Ciprofloxacin (CIP) is a broad-spectrum fluoroquinolone bactericidal antibiotic. It targets two topoisomerase enzymes
involved in bacterial DNA synthesis, DNA gyrase and DNA topoisomerase IV. It is active against aerobic gram-positive
and gram-negative bacteria, and is, thus, effective in the treatment of a wide variety of ocular bacterial infections.11 CIP
is available for ocular administration as ophthalmic solutions and ointments (0.3% w/v CIP base). Commercial CIP
ophthalmic solution (Ciloxan®) requires frequent administration due to poor ocular BA while blurred vision, itching,
redness, eye discomfort, and dryness are associated with the ocular application of the ointment.12 The patient information
leaflet for Ciloxan® eyedrops state that the dosing (continued during the nighttime) is as follows: 2 drops are instilled in
the conjunctival sac every 15 min for the first 6 hours, followed by 2 drops every 30 min during the first day and reduced
to two drops every hour during the second day, and then 2 drops every 4 h for other 12 days during corneal ulcer
treatment. Based on the clinical response, the doctor will advise the patient if the treatment needs to be continued for
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longer than 14 days or discontinued. For other bacterial infections, the dosing regimen is 1 or 2 drops 4 times a day;
however, for severe infections, the dose for the first 2 days may be increased to 1 or 2 drops every 2 h, while the patient is
awake. Thus, the recommended dosage regimen, similar toNT, is not patient-friendly. Moreover, the solubility of CIP is
low at tear fluid pH, and precipitation can take place upon installation of the commercial ophthalmic solution, leading to
reduced efficacy and ocular BA of this drug.13

The epidemiology of MK has been investigated through the analysis of microorganisms cultured from corneal tissue.
Based on the literature review, the most frequently implicated microorganisms in MK are Staphylococcus and
Pseudomonas species for bacteria and Candida and Fusarium species for fungus.14,15 NT is preferred over other antifungal
agents because of its activity against ocular infections caused by filamentous fungi, its safety, and its effectiveness at low
concentrations.9 CIP is prescribed in the treatment of bacterial keratitis, 16 endophthalmitis, 17 bacterial and allergic
conjunctivitis, 18 and many other bacterial infections of the eye. Moreover, CIP has been reported to enhance the activity
of many antifungal drugs better than other fluoroquinolones against Candida albicans and Aspergillus fumigatus.19

Therefore, CIP and NT were selected for the development of the dual drug-loaded nanostructured lipid carriers (NLC)
formulation.

Topical ocular administration is the most widely accepted non-invasive route of drug administration to treat ocular infections
because of ease of administration and patient compliance.12 However, reflex blinking, tear turnover, tear dilution, and
nasolacrimal drainage are physiological and anatomical ocular barriers that limit the delivery of therapeutic agents to their
intraocular destination through the topical route.16,17 Novel nanotechnology-based drug delivery systems for improving
penetration through these barriers have been widely examined.10,13,20–22 Lipid nanocarriers are easy to prepare, biocompatible,
nonirritant, sustain drug release, and have been reported to improve ocular penetration of many active pharmaceutical
ingredients.23,24 NLCs have been developed as second-generation lipid-based nanoparticles to overcome the drawbacks of
low entrapment efficiency (EE) and drug expulsion on storage associated with solid lipid nanoparticles (SLNs).25,26 A less
ordered solid lipid matrix structure that is created by the addition of a liquid lipid to the solid lipid, to convert SLNs to NLCs, is
the main factor behind increasing drug load within the formulation and improving stability during storage.27

In-situ gelling (IG) systems are in the solution state at the time of topical application but undergo sol-to-gel
transformation upon contact with the physiological fluids or mucosa.22 Sol-to-gel phase transition, triggered by different
physicochemical stimuli that are physiologically present on the ocular surface such as temperature, ionic strength, and
pH, is the main advantage of their use.22 Prolonged ocular surface retention can improve the ocular BA of drugs and lead
to better therapeutic outcomes.20,21 Furthermore, reducing the precorneal removal of the gel decreases the absorption into
systemic circulation during ocular administration and thereby lowers the risk of side effects.21

The present study aimed to develop dual drug-loaded NLCs (CIP-NT-NLCs) and NLC-IG (CIP-NT-NLC-IG)
formulations, using ion-sensitive IG agent, to enhancepre-corneal retention, ocular penetration, and to enhance the
therapeutic outcomes, with concurrently reduced drug exposure, for the treatment of mixed bacterial and fungal ocular
infections. Accordingly, CIP-NT-NLCs were prepared and characterized based on the physicochemical parameters such
as particle size, polydispersity index, and zeta potential and subjected to a three-month stability study. CIP-NT-NLCs
were then converted into an IG system (CIP-NT-NLC-IG) by the addition of gellan gum. CIP-NT-NLCs and CIP-NT-
NLCs-IG formulations were further evaluated for stability, in vitro release, and ex vivo transcorneal permeation studies
using commercial dosage forms as a control.

Materials
NT was purchased from Cayman Chemicals (Ann Arbor, MI, USA). CIP base (CAS number: 85721-33-1) was obtained
from Sigma Aldrich (St. Louis, MO). Glyceryl distearate (Precirol® ATO 5) was a generous gift sample from Gattefossé
(Paramus, NJ, USA). Poloxamer 188, oleicacid, castor oil, Polysorbate 80, Amicon® Ultra centrifugal filter devices with
regenerated cellulose membrane (molecular weight cut off 100 kDa), 0.5 mL cup-like design Thermo Scientific™ Slide-
A-Lyzer™ MINI Dialysis Device (10K molecular weight cutoff) and High Performance Liquid Chromatography (HPLC)
grade solvents were acquired from Fischer Scientific (Hampton, NH, USA). Gellan gum was obtained from MP
Biomedicals, LLC (Santa Ana, CA, USA). Centrifuge tubes, HPLC vials, and scintillation glass vials were obtained
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from Fischer Scientific (Hampton, NH, USA). The whole eyes of male albino New Zealand rabbits were obtained from
Pel-Freez Biologicals (Rogers, AR, USA).

HPLC Method for in vitro Sample Analysis
Samples were analyzed for CIP base and NT content using an HPLC-UV method. The HPLC system consisted of a Waters
717 plus auto-sampler coupled with a Waters 2487 Dual λ Absorbance UV detector, and an Agilent 3395 Integrator. The
mobile phase consisting of a mixture of phosphate buffer (25 mM, pH of 2.4adjusted using NaOH solution) and acetonitrile
(70:30), was pumped at 1 mL/min flow rate through C18 Phenomenex Luna® (5μm, 250×4.6 mm) column. The temperature
for this analysis was set at 25°C, the injection volume was 20 μL, and the UV detection wavelength was set to 290 nm. The
method was found to be linear over a CIP base and NT concentration range of 1–30 μg/mL. The validation of the analytical
method was included as a supplementary (Table S1 and Figure S1) report with the manuscript.

Preparation of CIP-NT-NLCs
NLC formulations were prepared by the homogenization method.17 Briefly, solid and liquid lipid were melted at 80.0 ± 2.0°C.
Accurately weighed amountNT was added in small portions followed by CIP base to prepare the oily phase. An aqueous
phase, containing surfactants (Poloxamer 188 and Polysorbate 80) and glycerin in Milli-Q water, was also heated at 80.0 ±
2°C. Then, the hot aqueous phase was added dropwise to themolten oily phase under continuous magnetic stirring at 2000 rpm
for 10 min to form a coarse emulsion. Using a T25 digital Ultra-Turrax (IKA, Germany) at 15,000 rpm for 5 mins (65 ± 2°C),
the coarse emulsion was further emulsified to form a hot nanoemulsion. Cooling this nanoemulsion to room temperature
resulted in the formation of the NLC colloidal dispersion. Production parameters like different homogenization speeds,
different ratios of total lipids to surfactant, and different primary surfactant concentrations (Polysorbate 80) in the formulation
were tested during the preparation of NLC placebos. Other parameters like mixing time and homogenization time were
selected based on earlier reported studies.17

Preparation of CIP-NT-NLC-IG
The NLCs preparation method, as described above, was also followed for the preparation of IG formulations.
However, the volume of water used to prepare NLCs was split into two equal parts: one part was used to prepare
the aqueous solution of gellan gum, and the other half was used to prepare the aqueous solution of surfactants as
described above.

Control Formulations
CIP Hydrochloride Ophthalmic Solution Control (CIP-HCl-C)
CIP hydrochloride ophthalmic solution (Ciprofloxacin Ophthalmic Hydrochloride Solution, 0.3% as a base, Alcon
Laboratories, Texas, USA; Lot # 295240F) was diluted using Dulbecco’s phosphate-buffered saline (DPBS, pH 7.2) to
ensure concentration of CIP base in the control (CIP-HCl-C) and test formulations were equal.

NT Ophthalmic Suspension (NT-C)
NT ophthalmic suspension (Natacyn®, 5.0% w/v, Alcon Laboratories, Texas, USA; Lot # 271802F) was also diluted with
DPBS to ensure concentration of NT in the control (NT-C) and test formulations were equal.

Characterization of NLCs
Particle Size (PS), Polydispersity Index (PDI), and Zeta Potential (ZP)
Photon correlation spectroscopy using Zetasizer (Nano ZS Zen3600, Malvern Panalytical Inc., Westborough, MA, USA)
was used for PS, PDI, and ZP measurement of the nanodispersions at room temperature (25°C) in disposable, solvent
resistant, micro cuvette (ZEN0040). The cuvette was flushed out with 0.22 µm filtered Milli-Q water before sample
loading to ensure the absence of dust/particulates in the cuvette before measurement. PS and PDI were analyzed based on
volume distribution. ZP measurement was performed on the same diluted samples. The samples were further diluted 100
times with Milli-Q water to avoid multi-scattering phenomena. All measurements were carried out in triplicate.
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CIP and NT Content (Assay)
CIP and NT content in the CIP-NT-NLCs formulations were determined by the lipid precipitation method.9,13 For
CIPcontent analysis, 10 μL NLC formulation was mixed with a 990 μLsolvent mixture (0.1N HCl and ethanol (1:1)). For
NT content determination, an accurately measured volume of the NLC formulation (10 μL) was extracted in methanol
(990 μL). The mixtures were then centrifuged (AccuSpin 17R centrifuge, Fisher Scientific, USA) at room temperature for
20 mins at 13,000 rpm, and the supernatant was collected and analyzed for CIP and NT content following appropriate
dilution using HPLC. All measurements were conducted in triplicates.

Entrapment Efficiency (EE)
The EE of CIP and NT in the CIP-NT-NLCs formulation was determined by quantifying the amount of unentrapped drug
in the aqueous phase of the nanocarriers. The EE was evaluated by an ultrafiltration technique with a 100 kDa centrifugal
filter device (Amicon Ultra). Formulation (500 μL) was added to the sample reservoir and centrifuged for 20 mins at
13,000 rpm. The filtrate was analyzed for both drugs using HPLC following appropriate dilution. All measurements were
carried out in triplicates, and the % EE was calculated by using the following equation (Eq.1):

%EE ¼
Wa� Wf

Wi

� �

x100 (1)

WhereWa = amount of drug (CIP or NT) determined in the assay, Wf= amount of free drug (CIP or NT) in the aqueous
phase, and Wi= initial amount of drug (CIP or NT) weighed.

Drug-Excipient Compatibility Study – Fourier Transform Infrared Spectroscopy (FTIR)
The infrared spectra of the samples were obtained using an Agilent Cary 660 FTIR Spectrometer (Agilent Technologies,
Santa Clara, CA) in the wavelength range of 800–4000 cm−1. Pure drugs, lipid excipients along with their physical
mixture, placebo, and CIP-NT-NLCsformulation were studied for any drug-excipients incompatibility. The bench was
equipped with a MIRacle Attenuated Total Reflection (Pike Technologies MIRacle ATR, Madison, WI), which was fitted
with a single-bounce, diamond-coated ZnSe internal reflection element.

Characterization of NLC-IG
In vitro Gelling Characteristics of NLC-IG Formulations
The gel formation time (GT) is the time needed for IG formulations to change from a free-flowing liquid to a gel, without
agitation, upon contact with simulated tear fluid (STF). The time needed for the gel to dissolve or break, recorded based
on visual inspection every hour for the first 8 h and then every 4 h for the rest of the experiment, was considered as the
gel residence time (GRT). STF with a pH of 7.0 ± 0.2 was prepared by adding 0.0084% calcium chloride, 0.138%
potassium chloride, 0.678% sodium chloride, and 0.218% sodium bicarbonate, in deionized water, and was used as
a medium for evaluation of the rheological behaviour.17 The GT and GRT of the formulations with different gellan gum
concentrations were determined by adding the formulation (50 µL) to freshly prepared STF (2 mL) in glass vials
maintained at 34.0 ± 1.0°C in a shaking water bath (PrecisionTM, Fisher Scientific, USA) operated for 24 h at 100 rpm.

Viscosity of NLC-IG Formulations
Brookfield cone and plate viscometer (LV-DV-II+ Pro Viscometer, Middleboro, USA) was used to measure the viscosity
(η) of all IG formulations using a CPE 52 spindle operated at 10 rpm. Each IG formulation (1.0 mL) was placed in the
viscometer cup plate in the absence and presence of STF. STF was added to the formulation in a ratio of 7:50
(0.14:1.0 mL) to measure the viscosity of the formed gel after topical application. The formulation to STF ratio was
selected based on that a standard eyedropper dispenses 0.05 mL (50 µL) per drop and nasolacrimal drainage helps to
maintain a precorneal fluid volume of about 7 to 10 μL at any time.28 The temperature of the cup was maintained at 34°C
using a circulating water bath. The viscosity measurement of all IG formulations was carried out in triplicates.
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Surface Morphology—Transmission Electron Microscopy (TEM)
The analysis was performed using a JEOL 1400-Flash transmission Electron Microscope (JOEL, Peabody, MA, USA).
TEM samples were examined according to a negative staining protocol with a solution of UranyLess. A carbon-plated
copper grid was placed above one drop (20 µL) of the formulation for 60 sec and the excess sample was removed with the
aid of a filter paper after grid removal from the formulation surface. Next, the grid was placed above one drop (20 µL) of the
staining solution for 60 sec, and the excess stain was also drawn off the grid with the aid of a filter paper. The grid was then
allowed to dry for a few minutes by air. The grid was examined under the transmission electron microscope.

In vitro Release from NLC and NLC-IGformulations
Based on the solubility reports of NT and CIP in different dissolution media, IPBS (pH 7.4) containing 2.5% w/v randomly
methylated beta-cyclodextrin (RMβCD) was selected as the dissolution medium for the in vitro release studies.9,13 In vitro
release profiles of CIP and NT from CIP-HCL-C, NT-C, CIP-NT-NLC, and NLC-IG formulations were evaluated using the
diffusion method. Formulation (200 μL) was added to the donor compartment (0.5 mL cup-like design Thermo Scientific™
Slide-A-Lyzer™MINI Dialysis Device, 10K molecular weight cutoff), mounted on the top of a 20 mL scintillation glass vial
(receiver compartment). STF was added along with the NLC-IG formulations inside the donor compartment at a ratio of 7:50
to form a gel. The content of the receiver compartment was maintained under continuous magnetic stirring at 34°C. Samples
(1 mL) were removed from the receiver compartment and replenished with an equivalent volume of freshly prepared
dissolution medium at pre-determined time points (0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h). Samples were quantified using
HPLC. The NTand CIP release data were analyzed for release kinetics using Microsoft (MS) Office excel statistical functions
(Office 365, 2016, USA), and fitted to different mathematical models to understand the possible release mechanism.

Ex vivo Transcorneal Permeation Studies
Transcorneal permeation of NT and CIP from the NLC, NLC-IG, CIP-HCL-C, and NT-C formulations were performed on
corneas isolated from rabbit whole eyes. The eyes were kept under cold condition in Hanks’ balanced salt solution and shipped
overnight, and immediately upon their arrival, the corneas were carefully excised and used for permeation studies. The
isolated corneas were washed in IPBS solution, pH 7.4. The cornea was clamped in between the two chambers of the vertical
diffusion cells (PermeGear® Inc., Hellertown, PA, USA) with the epithelial surface facing the donor chamber which contains
test or control formulations. Thirty microliters of STF were added to the NLC-IG formulation (200 μL) in the donor
compartment to form a gel on the corneal surface, mimicking in vivo conditions. The content of the receiver chamber
(5.0 mL of 2.5%w/v solution of RMβCD in IPBS; pH 7.4) was maintained under continuous magnetic stirring and the
temperature was kept at 34°C with the aid of a circulating water bath. Samples (0.5 mL) were collected from the receiver
chamber at pre-determined time points and replaced with an equivalent volume of the receiver medium. The samples were
quantified using the HPLC method mentioned above. The cumulative amount of drug permeated (Qn), steady-state flux (Jss),
and transcorneal permeability coefficient (Peff), across the isolated rabbit cornea, were calculated to study the transcorneal
permeation of CIP and NT. All samples were analysed in triplicates. Qn was calculated using the following equation (Eq.2):

Qn ¼ VrCr nð Þ þ∑x¼n
x¼1Vs x� 1ð ÞCr x� 1ð Þ (2)

Where, n is the sampling time point; Vr is the volume in the receiver compartment (mL), VS is the volume of theAliquot collected
at the nth time point (mL) and Cr(n) is the drug concentration in the receiver compartment at the nth time point (µg/mL).

The rate of transcorneal permeation (dQ/dt) was calculated using the slope of Qnversus the time plot. Jss of the drug
was determined using the following equation (Eq.3):

Jss ¼ dQ=dtð Þ=A (3)

Where Q is the amount of drug transported and A is the effective area of permeation (0.636 cm2).
The permeability of the drug was calculated by the following equation (Eq.4):

Peff ¼ Jss=C0 (4)

Where C0 is the initial donor concentration for CIP or NT.
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Stability Studies of CIP-NT-NLCs and CIP-NT-NLC-IG
The stability of NLC and NLC-IG formulations were evaluated at refrigerated (RF, 4 ± 2°C, NLC only) and room
temperature (RT, 25 ± 2°C) storage conditions. Briefly, 10mL of NLC or NLC-IG dispersions were filled into 20 mL
scintillation glass vials. The CIP-NT-NLCs formulation was evaluated for any change in PS, PDI, ZP, drug content (CIP
and NT), and % EE (CIP and NT) at predetermined time intervals over three months. NLC-IG formulation was evaluated
based on the changes in GT, GRT, and η with and without STF addition during one-month storage.

Statistical Analysis
SPSS software (IBM SPSS Statistics software, SPSS 28, USA) was used for statistical analysis of data. Statistically
significant difference between the data was compared at a “p” value less than 0.05 (p < 0.05).

Results and Discussions
Preparation and Physical Characterization of NLC Placebos
Two different NLC placebo formulations were prepared using glyceryl distearate (solid lipid), castor oil (liquid lipid),
and oleic acid (liquid lipid), selected based on the lipid solubility profile of CIP and NT in our earlier
investigations.9,13,16,17 Surfactants (Poloxamer 188 and Polysorbate 80) and glycerin (2.25% w/v, tonicity adjusting
agent) were used to prepare the aqueous phase. Many trials were performed to develop NLC formulations based on two
different liquid lipids, different lipid to surfactant ratios, testing different concentrations of Polysorbate 80, and variation
in homogenization speed.

Effect of Polysorbate 80 concentration
Polysorbate 80 has been reported to be the primary surfactant in the preparation of NLC formulations. Therefore, the
effect of different concentrations of Polysorbate 80 on physical parameters during NLCspreparationat 15,000 rpm
homogenization speed for 5 mins was studied. Increasing Polysorbate 80 concentration from 0.75 to 2.0% w/v decreased
PS significantly (p < 0.05) from 384.4±7.9 to 142.3±3.9 nm for oleic acid-based NLC placebos (P1-P4, P9) compared to
a decrease in PS from 420.2 ± 12.2 to 225.2 ± 10.2 nm for castor oil-based NLC placebos (P5-P8), as shown in Table 1.
However, no significant change in the PDI and ZP (p > 0.05) was observed. The decrease in PS could be attributed to the
significant decrease in surface tension and surface free energy produced during homogenization.17

Table 1 Effect of Different Concentrations of Polysorbate 80 on Particle Size, Polydispersity Index, and Zeta Potential of Different
NLC Placebos (Mean ± SD, n = 3)

Formulation Composition
(%w/v)

P1 P2 P3 P4 P5 P6 P7 P8

Glyceryl distearate 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0

Oleic acid 1.0 1.0 1.0 1.0 – – – –

Castor oil – – – –

Polysorbate 80 0.75 1.0 1.5 2.0 0.75 1.0 1.5 2.0

Poloxamer 188 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

Glycerin 2.25 2.25 2.25 2.25 2.25 2.25 2.25 2.25

Water up to (mL) 10 10 10 10 10 10 10 10

Particle size (nm) 384.4±7.9 291.6±10.4 211.7±4.5 142.3±3.9 420.2±12.2 352.5±5.4 261.3±6.5 225.2±10.2

Polydispersity index 0.41±0.06 0.42±0.08 0.39±0.02 0.38±0.01 0.55±0.07 0.55±0.02 0.59±0.03 0.57±0.09

Zeta potential (mV) −28.5±1.5 −29.6±0.7 −31.4 ±1.3 −27.1±1.7 −29.2±1.5 −27.4±1.7 −32.3±1.3 −31.6±1.1

Abbreviation: P, placebo.
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Effect of Different Homogenization Speeds
The effect of homogenization speed on oleic acid-based NLC placebo formulations with 2% w/v Polysorbate 80 was studied.
Increasing homogenization speed (from 14,000 to 15,000) decreased PS significantly from 314.5 ± 5.7 to 142.3±3.9 nm,
andPDI from 0.49 ± 0.06 to 0.38 ± 0.01. There was no significant change in ZP. Moreover, increasing homogenization speed
above 15,000 resulted in the blackening of the formulation, which could be attributed to the charring of lipids due to very high
shear energy. Therefore, 15,000 rpm was selected as the optimal speed for the homogenization step during NLC preparation.

Effect of Total Lipids to Surfactant Ratio
The effect of increasing lipid to surfactant ratio for the NLC placebos composed of glyceryl distearate and oleic acid is
shown in Table 2. Increasing total lipid to surfactant ratio (2:1 (P4) to 3:1 (P9)) significantly increased PS from 142.3 ±
3.9 to 226.0 ± 11.2 nm. At the same time, PDI increased from 0.38±0.01 to 0.60 ± 0.05. However, no significant change
in ZP was observed. This observation could be due to the increase in the viscosity of the formulation on increasing the
amount of lipid, which could make the applied shear during homogenization insufficient for further size reduction.29

Therefore, a 2:1 total lipid to surfactant ratio was selected for the preparation of dual drug-loaded NLCs.

Preparation and Physical Characterization of NLCs
Following the physical characterization of the nine different placebos, P4 and P8 formulations were selected for dual
drug loading as shown in Table 3. NT drug load was selected based on our earlier investigations by Patil et al, wherein
the NT-NLCs prepared with 0.3% w/v NT drug load achieved higher drug concentrations into the posterior ocular tissues
compared to commercial natamycin eye drops during in vivo ocular biodistribution studies in male New Zealand white
albino rabbits.9 CIP drug load was also selected based on our earlier investigations by Youssef et al, wherein the
transcorneal flux and permeability of the drug (0.1% w/v) from CIP-NLCs were improved by 4.0- and 3.5-fold,
respectively when compared to the commercial eye drops.17

Oleic acid-based NLC (F1) showed significantly lower PS and PDI values than castor oil-based NLC dispersions (F2)
which could be due to the single hydrocarbon chain of oleic acid compared to the branched triglyceride structure of
castor oil. The ZP values were however not affected. This observation was consistent with earlier reports.30 Although EE
of NT was not affected (p > 0.05) by the type of liquid lipid used for NLC preparation, the EE of CIP decreased
significantly (p < 0.05) in the F2 formulation. Therefore, the F1 formulation was selected for stability evaluation based on
its smaller PS and narrower PDI, and because of the high EE achieved for both drugs.

Table 2 Effect of Total Lipid to Polysorbate 80 Ratio (2:1 and 3:1) on Particle Size,
Polydispersity Index, and Zeta Potential of NLC Placebos, Composed of Glyceryl
Distearate and Oleic Acid (Mean ± SD, n = 3)

Formulation Composition (%w/v) P4 P9

Glyceryldistearate 3.0 4.5

Oleic acid 1.0 1.5

Polysorbate 80 2.0 2.0

Poloxamer 188 0.25 0.25

Glycerin 2.25 2.25

Water up to (mL) 10 10

Particle size (nm) 142.3±3.9 226.0±11.2

Polydispersity index 0.38±0.01 0.60±0.05

Zeta potential (mV) −27.1±1.7 −27.8±0.5

Abbreviation: P, placebo.
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Assay and EE for CIP-NT-NLCs
In the preparation of NLC formulations, the drug molecules need to be dissolved or dispersed in the oily phase, prior to
the homogenization process, to obtain maximum drug entrapment and prevent drug precipitation post-preparation of the
lipid-based nanocarriers.31 Moreover, higher EE is obtained with NLCs, compared to SLNs, due to the blend of solid and
liquid lipids creating a disordered crystalline structure that provides higher space for more drug loading.32 Higher EE of
CIP in F1 formulation (80.9 ± 2.9) compared to F2 formulation (19.2 ± 2.2) could be due to higher solubility of CIP in
oleic acid compared to castor oil. However, higher EE of NT in both F1 and F2 formulations suggests that the EE of NT
is highly dependent on solid lipid glyceryl distearate because NT is not soluble in oleic acid and this is in agreement with
an earlier report.9,10 F1 and F2 formulations showed a % CIP content of 102.9 ± 3.0 and 98.9±2.6, respectively. For NT,
F1 and F2 formulations showed % NT content of 100.9±2.8 and 98.7 ± 4.3, respectively, as shown in Table 3.

Stability of CIP-NT-NLCs
PS, PDI, and ZP are considered as good indicators of physical stability, while drug content is a good indicator of the
chemical stability of the NLCs dispersion. Moreover, EE is also regarded as a good indicator of the physicochemical
stability of the solid crystalline core. The physicochemical stability of the F1 formulation was determined by the storage of
these colloidal dispersions atRF and RTfor 90 days. The formulation did not show any aggregation or cracking, upon visual
inspection, for 90 days (last-time point tested) at both storage conditions. Some changes, but statistically insignificant, were
observed in PS, ZP, PDI, % assay, and % EEvalues, as shown in Figure 1. This demonstrates that the NLC formulations
were stable at both RF and RTconditions. The stability of the formulation could be due to the electrostatic repulsion, which
is the main requirement for the stability of lipid NPs, as well as the use of steric stabilizers.17

Table 3 Effect of Liquid Lipid on Particle Size, Polydispersity Index, Zeta Potential, % Drug
Content, and % Entrapment Efficiency (Mean ± SD, n = 3)

Formulation Composition (%w/v) F1 F2

Ciprofloxacin 0.1 0.1

Natamycin 0.3 0.3

Glyceryldistearate 3.0 3.0

Oleic acid 1.0 –

Castor oil – 1.0

Polysorbate 80 2.0 2.0

Poloxamer 188 0.25 0.25

Glycerin 2.25 2.25

Water up to (mL) 10 10

Particle size (nm) 196.2±1.2 283.4±4.2

Polydispersity index 0.43±0.06 0.66±0.03

Zeta potential (mV) −28.1±1.4 −29.1±2.4

Drug content (%) CIP 102.9±3.0 98.9±2.6

NT 100.9±2.8 98.7±4.3

Entrapment efficiency (%) CIP 80.9±2.9 19.2±2.2

NT 98.7±1.9 95.5±2.5
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Characterization of CIP-NT-NLC-IG
Gellan gum is one of the most promising in-situ gelling polymers applicable in pharmaceutical technology.33 Gellan gum
(Gelrite®) is commercially available in the market as a low-acetyl gellan gum grade, this polymer undergoes gelation in
the presence of mono and/or divalent cations.33 Na+, Mg2+, and Ca2+ cations are naturally present in the tear fluid and
induce gel formation of this polymer upon instillation as a liquid formulation into the cul-de-sac.33 Gellan gum-based
in situ gelling systems have been utilized in the formulation development of many drugs such as timolol maleate, 34 CIP
hydrochloride, 35 and indomethacin.36 The critical parameters to be considered during the application of gels for the

A B

C D

E

Figure 1 (A) particle size (PS), (B) polydispersity index (PDI), (C) zeta potential (ZP), (D) drug content of ciprofloxacin and natamycin, and (E) entrapment efficiency (EE)
of ciprofloxacin and natamycin for F1 formulation over three months storage at 4°C and 25°C (mean ± SD, n = 3).
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ocular surface are GT and GRT; lower GT is required to reduce loss due to tear turnover, and longer GRT is required for
prolonged precorneal residence time. In the ocular milieu, GT <5 secs has been reported as an immediate sol-to-gel phase
transition for ocular sol-to-gel transforming systems because the interblink time has an average of 4.0 ± 2.0 secs in
normal individuals.37 The thickening property of gellan gum is due to the aggregation of the double helices, achieved by
decreased repulsion owing to mono or divalent cation binding to the helices in specific coordination sites around the
carboxylate groups of the polymer, resulting in the rapid formation of an intact hydrogel matrix by cross-linking, and
these mono and divalent cations are abundant in tear fluid.38

F1-IG systems were prepared by adding various amounts of gellan gum (0.2, 0.3, and 0.4% w/v) to NLCs and the IG
systems were evaluated based on rheological properties as shown in Table 4. GT of all F1-IG formulations was
instantaneous, and GRT was more than 24 h for all tested gellan gum concentrations. A viscosity up to 50 cP allows
easy topical ocular application.39 The viscosity of F1-IG3 and F1-IG4 formulations was not in the range of commercial
ophthalmic solutions in the absence of STF. The viscosity of the F1-IG2formulation was found to be the lowest in the
presence (22.3 ± 0.1 cP) and absence of STF (11.2 ± 0.2 cP). Therefore, F1-IG2 formulation was considered as the
optimized IG formulation for further studies.

Stability Studies of the Optimized CIP-NT-NLC-IG
The stability of the F1-IG2 formulation was studied for a month at RT storage conditions, and the viscosity data is
presented in Figure 2. This formulation showed a good stability profile with respect to viscosity, GT, and GRT during
one-month storage at room temperature. There was nosignificant change (p > 0.05) in the viscosity of the formulation
was also observed. Therefore, this formulation was further evaluated for in vitro release and ex vivo transcorneal
permeation studies.

FTIR Studies
FTIR spectra were collected for pure CIP, pure NT, pure glyceryl distearate, oleic acid, physical mixture (CIP, NT, oleic
acid, and glyceryl distearate), P4, and F1 formulations, to check for any incompatibility between the excipients and
actives during and after preparation of nanodispersions (Figure 3). There were no peaks observed for both drugs in the
physical mixture spectrum due to the high solubility of both drugs in liquid and solid lipids. Blank (placebo) and dual
drug-loaded NLCs displayed a similar spectrum with a broad O-H stretching band at 3200–3600 cm−1which is due to the
external phase (H2O). The FTIR did not show any characteristic peaks for both drugs in the NLC formulation due to the
solubilization of the drug within the lipid matrix; the observed peaks were characteristic of some functional groups of the
lipid excipients.

TEM
TEM micrographs obtained for F1 and F1-IG2 formulation revealed spherical shape. Moreover, no aggregation of NLCs
particles was observed (Figure 4). Furthermore, the PS of NLCs was found to be less than 200 nm which is in a close
agreement with the PS obtained with Zetasizer.

Table 4 The Viscosity of F1 and F1-IG Formulations with Different Gellan Gum Concentrations (mean±SD, n = 3)

Formulation Gellan Gum (% w/v) GT GRT (h) η without STF (cP) η with STF (cP)

F1 0.0 NA NA 4.9±0.1 5.1±0.1

F1-IG2 0.2 Immediate >24 11.2±0.2 22.3±0.1

F1-IG3 0.3 Immediate >24 75.9±2.8 308.4±4.4

F1-IG4 0.4 Immediate >24 128.0±6.7 800.0±10.2

Abbreviations: GT, gelation time; GRT, gel residence time.
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In vitro Release Studies
The in vitro release of CIP and NT from F1, F1-IG2, CIP-HCl-C, and NT-C formulations were evaluated by the dialysis
method, and data is presented in Figure 5. The percentage cumulative release of CIP from CIP-HCL-C, F1, and F1-IG2
were 91.5 ± 1.4%, 80.5 ± 3.2%, and 65.3 ± 4.0%, respectively within the time course of the experiment (24 h). CIP-HCl-C
solution release data was reproducible with the earlier reported release studies.17 The overall cumulative percentage release
of NT from NT-C, F1, and F1-IG2 were 74.5 ± 2.6, 49.3 ± 2.4, and 25.2 ± 2.%, respectively. Thus, both F1 and F1-IG2
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Figure 3 FTIR spectra of (A) ciprofloxacin, (B) natamycin, (C) oleic acid, (D) Glyceryl distearate, (E) physical mixture (ciprofloxacin, natamycin, oleic acid and glyceryl
distearate), (F) placebo NLC (P4), and (G) NLC formulation (F1).

Figure 2 Viscosity of F1-IG2 formulation in the presence and absence of STF following one-month storage at 25°C (mean ± SD, n = 3).
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formulations sustained the release of both drugs compared to the corresponding control formulations. CIP and NT are
lipophilic drugs, and this could be a reason for the sustained release behavior from the lipid matrix of NLC and NLC-IG
formulations. Moreover, sustained drug release profiles from the core crystalline lipid matrix could also be due to both
drugs being embedded and entrapped in the core solid lipid matrix which leads to extended drug release.40

Figure 5 In vitro release of ciprofloxacin and natamycin from F1, F1-IG2, NT-C, and CIP-HCL-C formulations through thermo scientific™ slide-A-lyzer™ MINI dialysis
device (10K MWCO) (mean ± SD, n = 3).

Figure 4 Transmission electron micrographs of F1 (A) and F1-IG2 (B) formulations.
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To predict the possible release pattern from theF1, F1-IG2, NT-C, and CIP-HCL-C formulations, the release data were
analyzed using different release models; Zero-order, First-order, Higuchi matrix, and Korsmeyer–Peppas to check the
goodness of fit.41 The R2 value for each model is shown in Table 5. For CIP, the highest R2 value was observed for
Korsmeyer–Peppas model, followed by the Higuchi’s, First-order, and Zero-order models for both formulations (F1, F1-
IG2). For NT release from both formulations, the highest R2 value was also observed with theKorsmeyer–Peppas model,
followed by the zero-order, first-order, and Higuchi’s models. All calculated slope values (n) of the Korsmeyer-Peppas
model for both drugs from NLC and NLC-IG formulations indicated non-Fickian or anomalous drug release profiles,
controlled by erosion and diffusion release mechanisms for NLCs and NLC-loaded hydrogels.42

Kowalski et al studied the CIP MIC90 values against 177 MK isolates. For fluoroquinolone-resistant Staphylococcus
aureus, the MIC90 value of CIP was 64 µg/mL, while the MIC90 value against Pseudomonas aeruginosawas 0.125 µg/mL.43

The data from the release studies reveal that the CIP content in the receiver solutions, obtained from both formulations – 184
µg/mL from NLC and 110 µg/mL from NLC-IG – was above the MIC90 values against both types of bacteria, from the very
first time point (30 min). TheMIC90 of NT is reported to be in the range of 1.56 to 6.25 µg/mL against Fusarium species,44 and
0.25 to 4.0 µg/mL againstCandida species.45 The data from the release studies reveal that within 30 min the NTconcentration
achieved from the NLC formulation (174 µg/mL), was higher than the MIC90 against both fungal species. However, from the
NLC-IG formulation, NTconcentration (30 µg/mL) exceeded theMIC90 values only after the third hour. The presence of lipid
metabolizing enzymes within the ocular tissue could improve NT release from the lipid matrix and achieve the MIC of the
drug within the first 30 min after topical application.

Ex vivo Transcorneal Permeation Studies
Despite having a nictitating membrane and very low blinking frequency, the rabbit eye is generally considered the
reference animal model for ocular experiments because of several similarities between the rabbit’s eye anatomy and the
anatomy of the human eye.46 It is relatively easy to use compared to porcine or bovine models for both ex vivo and
in vivo studies; therefore, it is useful for establishing ex vivo-in vivo correlations.46 The transcorneal flux and
permeability coefficient of test and control formulations are shown in Figure 6. The transcorneal flux and permeability
of CIP from F1 and F1-IG2 formulations were 3.8- and 2.0-fold, and 4.0- and 2.2-fold higher, respectively, compared to
the CIP-HCl-C. The transcorneal flux and permeability of NT from F1 and F1-IG2 formulations were 4.5- and 2.3-fold,
and 5.0-and 2.5-fold higher, respectively, compared to the NT-C formulation.

Table 5 Mathematical Model Fitting of Release Kinetics of Ciprofloxacin and Natamycin from F1 and F1-IG2
Formulations (Mean ± SD, n = 3)

Equation Q0-Q = kt ln Q = kt Q0-Q = kt1/2 log (Q0-Q) = nlogt + logk

Coefficient of determination (R2)

Formulation Zero-order First-order Higuchi Korsmeyer-Peppas

R2 n

CIP

F1 0.8756 0.9561 0.9908 0.9989 0.54

F1-IG2 0.8935 0.9566 0.9795 0.9897 0.57

NT

F1 0.9897 0.9796 0.9043 0.9911 0.83

F1-IG2 0.9887 0.9828 0.8340 0.9977 1.2

Notes: Where, Qo and Q represent initial drug content at the time to and drug content at time t, respectively; Zero-order model: % drug released vs
time; First order model: amount drug remaining vs time; Higuchi model: % drug released vs square root of time; Korsmeyer–Peppas model: log % drug
released vs log time.
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The transcorneal flux of CIP and NT from F1 formulation was 1.9- and 2.0-fold higher, respectively, compared to that
from the F1-IG2 formulation. The permeation data complements the data from the release study with the IG formulation
displaying a more sustained release profile, thereby leading to lower transcorneal flux for both drugs.

NLCs are capable of enhancing ocular drug permeation through the cornea because their lipid components may
interact with the oily layer of the tear film, allowing nanocarriers to remain in the conjunctival sac for a long time, where
they act as a drug depot and resist washing away by continuous tear fluid drainage.47 These nanocarriers can also form
a film on the ocular surface, allowing the sustained release of the loaded drugs.17 Furthermore, nanocarriers below 200
nm could be internalized by a receptor-mediated endocytosis uptake mechanism through the corneal cells.48 Gellan gum
is utilized as an ion-sensitive gelling agent for different medical uses. Higher mucoadhesion of polymer with cellular
glycoproteins through hydrophobic interactions/van der Waals forces/ionic/hydrogen bonding leads to prolonged contact
time of hydrogel with the ocular surface, resulting in enhanced ocular drug penetration.49

Conclusion
Dual drug-loaded NLCs and their IG formulations were successfully prepared, using gellan gum as an in-situ gelling
agent. NLC and NLC-IG formulations exhibited physical and chemical stability for three- and one month, respectively at
conditions tested. An effective sustained release profile, and enhanced transcorneal permeability and flux of both drugs
was observed when compared to the control formulations. Thus, NLC and its in-situ gel formulations could be used to
co-deliver of CIP and NT for the treatment of mixed ocular infections or for empirical treatment in case of limited access
to health care diagnostic services.

Data Sharing Statement
The data presented in this study are available upon request from the corresponding author.

Funding
This project was supported in part by grant #P30GM122733 from the National Institute of General Medical Sciences,
National Institutes of Health. The content is solely the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Figure 6 Transcorneal flux and permeability of ciprofloxacin and natamycin from F1, F1-IG2, NT-C, and CIP-HCl-C formulations through the isolated rabbit cornea (mean ±
SD, n = 3, *; means significant difference compared to control formulation).
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