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Abstract

Our work tackles the combined advantages of both nanotechnology and the bioadhesive gel properties which were utilized to
design an ocular drug delivery system that is capable to treat ocular inflammation. Nanoparticles encapsulating an antibiotic drug,
ofloxacin, were fabricated using emulsion solvent evaporation technique adopting 2° full factorial design to evaluate the effect of
formulation parameters: that is to say, the molecular weight of the polymer (polycaprolactone), amount of Kolliphor P188, and
presence of the charge inducer (chitosan hydrochloride) on the measured responses: drug entrapment efficiency (EE%), particle
size (PS), polydispersity index (PDI) and zeta potential (ZP). The results show that the optimized LPCL-NP2 formulation
(composed of low molecular weight polycaprolactone, 500 mg of Kolliphor P188, 0.25% chitosan hydrochloride, and 50 mg
ofloxacin) displayed a sphere shape with EE%, PS, PDI, and ZP values of 89.73 +0.04%, 195.4 £ 13.17 nm, 0.323 +£0.01, and
55.4+0.66 mV, respectively. DSC study confirmed the amorphous nature of the drug. The optimized nanoparticle formulation
was then further incorporated into the following two ocular formulations: gel (LPCL-NP2-G4) and in situ forming gel (LPCL-
NP2-ISG4). The penetration of optimized ocular formulations was assessed by confocal laser scanning microscopy. The anti-
microbial study was conducted for the following three ocular formulations: LPCL-NP2 presented as eye drops, LPCL-NP2-G4,
and LPCL-NP2-ISG4 as well as the market product using rabbits which were infected in their eyes with Escherichia coli. Results
revealed that rabbits treated with LPCL-NP2-ISG4 demonstrated a remarkable antibacterial efficacy and evident low bacterial
growth which was additionally assured by the histopathological examination of eye biopsies compared with the other investi-
gated groups. Thus, a novel ofloxacin-loaded nanoparticle formulation based on polycaprolactone is presented in the form of
mucoadhesive non-irritating in situ forming ocular gel possessing a superior antibacterial activity.

Keywords Polycaprolactone - Ocular drug delivery - Ofloxacin - Nanoparticles - Mucoadhesive - Confocal laser scanning
microscopy
Introduction

Being particulate carriers with a size of less than 1 pum where
the drug can be dissolved, entrapped, encapsulated, or at-
tached to their surfaces, nanoparticles (NPs) comprise poten-
, ) tial drug delivery devices. They possess unique advantages,
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drug release at the target site to achieve maximum therapeutic
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route. It has been always known that many obstacles can face
the conventional medications for the ophthalmic drug delivery
represented by the reduced diffusion through reflex of
blinking and the relevant effect of tear turnover or the possi-
bility of binding to proteins besides the non-productive ab-
sorption through the conjunctiva [3]. Thus, designing a
corneal-targeted controlled-release delivery system based on
polymeric NPs can be promising to achieve a widely spaced
dosing schedule with improved efficiency of therapy and pa-
tient compliance.

Ofloxacin (OFX) is a potent broad-spectrum antibiotic be-
longing to the second-generation fluoroquinolone with a no-
ticeable effect against Gram-positive and Gram-negative bac-
teria [4]. It can be applied via the ocular route infections from
numerous anaerobes, various species of Staphylococcus, as
well as Chlamydia species [5]. Still, significant loss of the
bioavailability, that can reach up to 90%, is attained following
the application of topical ocular drugs owing to the previously
mentioned problems [3, 6].

Among the commonly used polymers as a drug delivery
matrix, polycaprolactone (PCL) attained great attention lately
because of its biocompatibility and biodegradability [7]. PCL
could be used as either a single polymer or in polymer blends
with others [8]. Besides being cheap, soluble in a wide range of
solvents with low melting point [3], PCL has been reported to
possess good controlled release and optimum drug loading
capability [9, 10], with excellent stability [11]. However, the
major restriction of the ocular application of PCL-based NPs is
their rapid clearance from the eye surface resulted from their
negatively-charged surfaces [3]. Such a problem can be solved
by coating PCL NPs by a mucoadhesive positively charged
polymer, like chitosan. Chitosan and its derivatives are notice-
ably explored in many types of research for modification and
improvement of different delivery systems [12, 13]. The main
reason for CS selection is due to its cationic nature as well as its
distinguished mucoadhesive properties. The surface medica-
tion of NPs by applying a coat of CS can guarantee a sustained
retention time at the desired site of action and hence could
result in a greater improvement of drug bioavailability [14].

Therefore, in the current study, the beneficial advantages of
NPs were exploited and OFX was successfully entrapped in
PCL NPs. Surface modification with CS-HCI was performed
to enhance targeting and prolonging adherence at the eye sur-
face. The prepared NPs were subjected to in vitro, ex vivo, and
in vivo evaluations.

Materials and methods
Materials

Ofloxacin (OFX) was kindly provided from Rameda
Pharmaceuticals, 6th of October City, Giza, Egypt.
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Polycaprolactone (Mwt 14,000), polycaprolactone (Mwt
45,000), Kolliphor P188, Pluronic F127, and cellulose mem-
brane (molecular weight cut-off 12,000-14,000 g/mol) were
purchased from Sigma-Aldrich, USA. Chitosan hydrochloride
(CS HCI) was a generous gift from Zhejiang Chemicals
Import & Export Cooperation, China. Methocel, fructose, so-
dium citrate, as well as buffer-forming salts were purchased
from Sisco Research Laboratories Pvt. Ltd., India.

Methods
Preparation of OFX-loaded nanoparticles

OFX-loaded NPs were prepared by the emulsification solvent
evaporation technique [15] adopting a 2* full factorial design.
Specific weights of OFX (0.15% w/v) and PCL (0.75% w/v)
were dissolved in dichloromethane. Kolliphor P188 was dis-
solved in deionized water in two different concentrations (2.5
to 5% w/v). The emulsion was formed as the organic phase
was slowly dropped into the aqueous one with the aid of a
homogenizer. The resulted emulsion was subjected to rotary
evaporation under vacuum at 60 °C, and the rest of the organic
solvent was evaporated [16, 17]. PCL-based nanoparticulate
systems were prepared based on a 2° full factorial experimen-
tal design where the impact of various formulation variables
was clearly revealed and an optimum formula can be easily
detected; this was achieved with the aid of Design-Expert®-8
Software. Three factors (PCL molecular weight, concentration
of Kolliphor P188, and presence or absence of CS HCI) were
evaluated, each at two levels. The dependent parameters in-
cluded particle size, zeta potential, and encapsulation efficien-
cy. The detailed description of OFX-loaded NP composition
is presented in Table 1.

Evaluation of the prepared nanoparticles

Assessment of the size and zeta potential The average size
and surface charges of the prepared NPs were estimated using
a Zetasizer (Malvern Instrument, Worcestershire, UK).
Dilution of the dispersion with deionized water is a must be-
fore analysis. Three measurements were conducted at a fixed
angle of 90° at room temperature for each sample, and the
average was recorded.

Drug entrapment assessment The prepared formulations were
centrifuged under cooling using a large capacity refrigerated
centrifuge (Union 32R, Korea) for 1 h at 9000 rpm. The de-
termination of the amount of OFX entrapped within the NPs
was performed in an indirect way by calculating the concen-
tration of free drug which remained dispersed in the separated
supernatant media applying the following equation [18-20]:
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Table 1 Composition of OFX-
loaded PCL nanoparticles Formula PCL (mol wt) Conc. of Kolliphor P188 (mg) CS HCI (%w/v)
LPCL-NP1 14,000 500 -
LPCL-NP2 0.25
LPCL-NP3 1000 -
LPCL-NP4 0.25
HPCL-NP5 45,000 500 -
HPCL-NP6 0.25
HPCL-NP7 1000 -
HPCL-NP8 0.25

Entrapment efficiency (%)

_ Total amount of OFX—amount of free OFX

1
Total amount of OFX x 100

In vitro OFX release study In vitro release of OFX from the
prepared formulations was assessed by the previously report-
ed dialysis bag diffusion technique [21]. The cellulose dialysis
bags (1 cm width and 7 cm length) were ready for use after an
overnight soaking in the release media. A definite volume of
OFX-loaded PCL NPs (2 mL) was filled within the dialysis
bags with a secured closure of their ends. Bags were inserted
in vials filled with 25 mL of phosphate buffer (pH 7.4) and
subjected to thermostatically controlled shaking at 100 rpm/
min maintained at 37+ 1 °C [22, 23]. At predetermined time
intervals, the concentration of drug was estimated from with-
drawn samples by a spectrophotometrical assay at 288 nm.
The release medium remained at a constant volume by
replenishing the withdrawn samples with fresh ones. The re-
lease experiment was performed in triplicate. To understand
the mechanism and kinetics of OFX released from the pre-
pared NPs, the data were fitted using linear regression equa-
tions where the drug-release order was recorded.

Optimization An optimum formula exhibiting desirable char-
acteristics demonstrated in possessing the smallest particle
size, highest zeta potential, and entrapment efficiency values;
as well as sustained in vitro drug release profile with reason-
able release efficiency was selected for further studies.

Assessment of particle morphology The morphology of the
selected NP formulation was manifested using TEM (JEOL,
JEM-1230, Tokyo, Japan). One drop of the diluted sample
was inserted on a standard formvar carbon-coated copper grid
(200 mesh F/10 nm C/3—4 nm, Electron Microscopy
Sciences). Staining was performed with 2% (w/v) phospho-
tungstic acid before examination. The photo was captured at
suitable magnification power (X9000).

X-ray powder diffraction X-Ray powder diffraction (XRPD)
pattern of OFX, PCL, CS HCI, and optimized OFX-loaded

NPs were examined using X-ray diffractometer (Scintag Inc.,
USA). Irradiation of the samples was performed using Ni
filtered, CuKa radiation at certain conditions (45 kV voltage,
20 diffraction angle, and a 9 mA current at a scanning rate of
1° min~" with 20 diffraction angle over a range of 0 to 90°.

Differential scanning calorimetry The thermal characteristics
of selected NP formulation along with its components were
determined by differential scanning calorimetry DSC131 evo
(SETARAM Inc., France). Standards of mercury, indium, tin,
lead, zinc, and aluminum were used to calibrate the instru-
ment. N, and He were exploited as the purging gasses.
Instruments were programmed to heat the zone from 25 to
300 °C with a heating rate 10 °C/min. Weighed samples
(5 mg) in aluminum crucible 120 uL were introduced to the
instrument. The thermogram results were processed using
CALISTO data processing software v.149. Any shift or
disappearance/appearance of peaks was recorded.
Preparation of the topical ophthalmic formulations

Two subsequent formulations were developed from the select-
ed NP formulation, namely, temperature-triggered in situ gel-
ling system and a preformed gel.

Preparation of temperature-triggered in situ gelling system
containing OFX-loaded PCL NPs The in situ gelling system
was prepared by mixing the selected OFX-loaded PCL NPs
containing 0.15% (w/v) OFX with (15, 18, 20, and 22% w/v)
pluronic F127. Different concentrations of pluronic F127
were dissolved in deionized water by cooling and then kept
at room temperature [18].

Preparation of gel system containing OFX-loaded PCL NPs
The optimized PCL NPs were mixed with methylcellulose
polymer in different concentrations (0.5, 1, 2, and 3% w/v).
In brief, methyl cellulose (MC) gel bases were prepared by
dispersing different amounts of the polymer in distilled water
with the help of a magnetic stirrer until homogenous disper-
sion. The dispersion was kept for 48 h in the refrigerator to
obtain a transparent solution. LPCL-NP2 was added to the
MC solution with the incorporation of 10% w/v fructose.

@ Springer
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Characterization of topical ophthalmic formulations

Determination of formulation pH About 0.5 g of the selected
OFX-loaded NPs and its corresponding gel and in situ gelling
system were diluted with distilled water to a volume of 10 mL.
The pH values were estimated at 25 °C by a digital pH meter
(Jenway, Bibby Scientific Limited, Staffordshire, UK) previ-
ously standardized using buffer solutions (pH 7.0 and 10.0).
All measurements were performed in triplicate.

Rheological study The flow curves of prepared and in situ gels
were obtained using a computerized rheometer equipped with
acone and plate at 37 °C (plate diameter at 40 mm, cone angle
at 4°). Continuous variation of the speed rate, for each sample,
from 1 to 100 s™' and then backward from 100 to 1 s~ was
applied, and the resulting viscosity was recorded.

In vitro drug release studies The in vitro release of OFX from
the studied formulations (the optimized OFX-loaded PCL
NPs as well as from the corresponding gel and in situ gel)
was evaluated using the dialysis bag diffusion technique as
reported by Yang et al. [24]. Regarding 25 mL of phosphate
buffer, pH 7.4 was used as release medium. The sample was
placed into a cellulose acetate dialysis bag (molecular weight
cutoff 12,000-14,000) sealed at both ends and immersed in
the buffer. Samples were stirred at 100 rpm, and maintained at
3741 °C [25, 26]. At predetermined time intervals, samples
were withdrawn from the release medium and assayed spec-
trophotometrically at 288 nm. Each withdrawn sample was
replaced by an equal volume of fresh release medium.

Microbiological studies

Sterility study Plain ophthalmic dosage forms and others con-
taining OFX were inoculated on blood agar medium, com-
posed of Tryptic soy agar (TSA, Difco), containing rabbit
blood (5% v/v), and eosin methylene blue. A suspension of
standard Escherichia coli was seeded in the prepared agar
plates. After an incubation period of 48 h at 37 °C, examina-
tion of the media was performed seeking evaluation of the
bacterial colony count.

Antibacterial activity study Evaluation of the antimicrobial
activity of the studied formulation was done through the disc
diffusion method [27]. Healthy, male albino rabbits weighing
about 2.5 to 3.0 kg were utilized in this study after getting the
required approval from the Animal Ethics Committee of the
National Research Centre (NRC) (approval number: 16142).
All of the guidelines established by the NRC for taking care
and use of laboratory animals were taken into consideration.
The animals were freely allowed to standard food and water.

Rabbits were infected in their eyes with Escherichia coli
where the antimicrobial activity of the studied formulations
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was compared with the marketed eye drop product Oflox®.
The study was performed via insertion of sterile diameter filter
paper discs (6 mm, Whatman no. 1) under the eyelid for 1 min
at predetermined time intervals (0.5-6 h) after a single instal-
lation (50 pL) of the studied formulations each in the right
eyes of six rabbits (conjunctival sac region). Then, the discs
were inserted in the nutrient broth tubes inoculated with
100 puL of the bacterial suspension. The inoculated broth
was then incubated at 37 + 0.5 °C for 24 h where the inhibition
of bacterial growth was estimated by measuring the cultures’
optical density using a UV spectrophotometer at 600 nm.
Percentage of inhibition, which is related to the level of drug
in the eye tears following the topical application of tested drug
formulae, was calculated using the NB medium inoculated
with Escherichia coli as control.

The growth inhibition percent (%) was calculated accord-
ing to the following equation [28]:

[(Ac—As) /Ac] x 100

where A, is the optical density of control and Ay is the
optical density of the sample.

Corneal visualization using confocal laser scanning
microscopy

The penetration of fluorescently labeled formulations
through the cornea was assessed using invert confocal laser
scanning microscopy (CLSM) (LSM 510 Meta, Carl Zeiss,
Jena, Germany). Rhodamine B (RhB; a fluorescent dye)
was chosen to simulate the incorporated drug. To achieve
this target, RhB-loaded PCL NPs were prepared applying
the same technique employed for preparing OFX-loaded
PCL NPs but with a 0.15% w/v concentration of RhB,
replacing OFX in the prepared formulations. One drop of
each of the studied systems (RhB-loaded PCL NPs) and its
incorporated form within gel and in situ gel formulations
was applied every hour, 6 times in all. When all of the
instillations were over, an intravenous injection of an over-
dose of sodium pentobarbital was given to rabbits to eu-
thanize them through the marginal ear vein. Isolation of
corneas and rinsing in physiological saline were done to
prepare the samples for mounting on glass slides and sub-
sequent observation by CLSM. For confocal imaging, a
CLSM system (TCS SP2/AOBS, Leica, Germany) linked
to an inverted microscope with a HCX PL APO 100, 1.40—
0.70 o0ilCS objective) (DM IRE2, Leica, Germany) was
used. Excitation lasers of Ar and HeNe (excitation 485
and 595 nm, respectively) were the best for RhB. LEICA
confocal software version 4.2 (Carl Zeiss microimaging,
Gottingen, GMBH) was used to process image acquisition
and analysis [21, 29].
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Histopathological examination

Each intact eye globe was fixed in 10% neutral buffered for-
malin. The fixative was adequately covering the eye.
Horizontal sections passing by the cornea were taken for his-
tological examination after 24 h. Two parallel horizontal cuts
were made. The samples were immersed in 10% buffered
formalin for 24 h at room temperature and processed for par-
affin embedding. The ocular tissue was thoroughly
dehydrated in a graded ethanol from 50, 60, 70, 90-95, and
100% to avoid distortion of the tissue, and the water in the
specimen was gradually replaced by the alcohol and then
cleared using two bathes of xylene. Dehydration and clearing
were performed at room temperature and then followed with
liquid paraffin infiltration. The tissue was embedded in the
correct orientation on its edge in the mold to permit examina-
tion of all corneal thickness [30]. Four micrometer-thick sec-
tions were done using a microtome (Leica HistoCore
BIOCUT). The obtained tissue slides were stained with
hematoxylin and eosin (H&E) [31]. The structure was ob-
served under the light microscope (Leica, DM-6000,
Wetzlar, Germany) with integrating camera for histopatholog-
ical changes.

Stability study

To perform the study, an adequate storing of the selected
OFX-loaded NP formulations in sealed amber colored glass
vials at refrigerator temperature (2—4 °C) was assured in a dark
environment for 9 months. At predetermined time intervals of
storage (after 3, 6, and 9 months), both assessing of the phys-
ical appearance as well as analyzing critical formulations’ pa-
rameters concerning drug entrapment efficiency, particle size,
PDI, and zeta potential were performed and compared with
fresh formulations [32, 33]. The experiments were performed
in triplicate.

Statistical analysis

The statistical analysis of the obtained data (n =3) was per-
formed using a validated statistical program (SPSS®-17.0;
SPSS Inc., Chicago, IL). P values of less than 0.05 were con-
sidered statistically significant after determining the signifi-
cance of differences by one-way analysis of variance
(ANOVA) followed by the least significant difference test.

Results and discussion

Emulsification solvent evaporation is a successful method for
preparing PCL NPs. As indicated by its name, the method
comprises two steps; emulsion formation and then solvent
evaporation. First, in the emulsion step, an organic phase

containing the polymer dissolved in a suitable organic solvent
is emulsified in an aqueous phase (containing a suitable sur-
factant) to produce a simple O/W emulsion. Then, in the sol-
vent evaporation step, the resulting “oil” droplets were solid-
ified as the organic solvent was removed by evaporation lead-
ing to the precipitation of the polymer around the droplets, and
hence, solidified particles were produced. The solvent evapo-
ration process in this article was carried out in a rotary evap-
orator where the increased temperature and reduced pressure
promoted the evaporation process.

Preparation of OFX-loaded nanoparticles

OFX-loaded PCL NPs were successfully prepared using the
emulsion solvent evaporation technique. Kolliphor P188 was
used as the surfactant for completing the emulsification pro-
cess. It is a non-ionic surfactant approved by the FDA. It can
act as both an emulsifier and a co-emulsifier in the nanoparti-
cle manufacture procedure, resulting in smaller particle sizes
with small PDI [34]. As a stabilizer, it can offer an extra steric
stabilization effect through preventing fine colloidal particles
from aggregation in their system. Smaller particles are often
produced when Kolliphor P188 is specifically used [35].

Evaluation of the prepared nanoparticles
Measurement of particle size and zeta potential

Values of particle size, polydispersity index, and zeta potential
are shown in Table 2. It can be demonstrated that particle size
of'the prepared PCL NPs is affected by the grade of PCL used,
the concentration of surfactant, and the presence of CS-HCI
(Fig. la). The increasing molecular weight of PCL from
14,000 to 45,000 caused a significant increase in NP size
(Fig. 1a). This can be explained by the increased viscosity of
the polymer solution as a function of its concentration or its
molecular weight of the polymer. Consequently, higher mo-
lecular weight polymer solutions are expected to yield larger
nanoparticle sizes at a fixed concentration of the same poly-
mer [36].

As demonstrated in Table 2 and Fig. 1b, increasing
Kolliphor P188 concentration from 500 to 1000 mg caused a
significant increase in NP size (p < 0.05); this was perceived
upon comparing each formula against its analogue with higher
Kolliphor content. This could be explained by the accumula-
tion of more surfactant molecules within the formed NPs as
well as their surfaces. The increase of the number of polymer
chains per unit volume can lead to more massive structures
producing larger particle size [37].

Moreover, a significant increment in PCL NP sizes was
recorded upon addition of CS-HCI (p <0.05) (Fig. 1c). This
can be related to the adsorption and deposition of CS-HCI
molecules on the surface of the prepared NPs as well as the
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Table 2 Particle size, PDI, zeta

potential, and entrapment Formula Particle size (nm) £ S.D. PDI+S.D. Zeta potential (mV) +S.D. EE (%) +S.D.

efficiency values for the prepared

OFX-loaded PCL NPs LPCL-NP1 7841 £4.73 0.141 + 0.004 0.536 + 0.02 71.12 £ 1.94
LPCL-NP2 195.4 + 11.80 0.323 £ 0.008 55.4 +3.07 89.73 + 3.09
LPCL-NP3 139.6 £9.11 0.477 + 0.009 —0.836 + 0.03 58.52 + 1.80
LPCL-NP4 3472 +£22.14 0.588 = 0.010 59.4 £2.33 92.1 £ 2.00
HPCL-NP5 220 £ 11.01 0.536 = 0.018 —0.592 +0.01 60.00 = 0.89
HPCL-NP6 473.5 £ 1534 0.701 + 0.020 46.3 £2.23 93.16 £ 1.36
HPCL-NP7 319.6 = 10.10 0.385 = 0.007 —0.677 £ 0.03 65.70 = 0.98
HPCL-NP8 513.9 £ 1643 0.677 + 0.02 433 +£2.03 85.59 +4.21

increased viscosity of the resulting prepared solution which
affects the produced NP size [37]. The PDI of the prepared NP
formulations indicates good homogeneity and narrow size
distribution [38, 39].

Zeta potential of the NP formulations prepared with
CS-HC1 (LPCL-NP2, LPCL-NP4, HPCL-NP6, and
HPCL-NP8) showed positive charges with significantly ele-
vated values that might be attributed to the deposition of cat-
ionic molecules of CS-HCL on the surface of the PCL NPs
(Fig. 1d).

Drug entrapment assessment

Results of entrapment efficiencies of the prepared PCL NP
formulations are displayed in Table 2. The values of
OFX-EE ranged from 58.52 to 93.16%. The promising high
EE values obtained for all formulations can be related to the
similar hydrophobic nature of both OFX and PCL, which
facilitates integrating of OFX within the PCL matrix. The
values of EE were increased significantly upon incorporating
CS-HCI (Fig. le). This was observed when comparing each
single formulation versus its equivalent one containing
CS-HCI. The formed coating of PCL NPs by CS HCI can
prevent the escape of OFX and thus yielding high EE values.

In vitro OFX release study

Plotting the cumulative percentage of OFX released from the
prepared PCL NPs against time was used to give an insight on
their release patterns. As depicted in Fig. 2, sustained release
profiles were obtained over 6 h. The results reveal a slower
release of OFX from various PCL NP formulations. It can be
depicted that the release of OFX was controlled by PCL poly-
mer which ensures steady and effective absorption of OFX. A
biphasic drug release pattern was noticed, where the initial
burst release of OFX was related to the immediate dissolution
of OFX adsorbed on the surface of the NPs as well as the
hydrophilicity (HLB =29) of Kolliphor P188 which lead to
the formation of porous surfaces of PCL NP structure [40].
Then, a slow and sustained release phase of OFX is obtained
from the drug reservoir present on the polymer matrix core
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[41]. The release pattern integration of the investigated formu-
lations follows mostly the Higuchi’s model. This finding
proves that the systems under investigation followed the ma-
trix diffusion—based release kinetics.

Optimization of formulation variables

The experimental design is mainly exploited to survey the effect
of the studied variables on the resulted selected responses aiming
to recognize the optimum level for each factor [42]. The main
objective is to produce an optimized formulation with a given set
of restrictions to achieve a robust product with highly favorable
characteristics [43]. In the present study, Design Expert® 8 soft-
ware through graphical and numerical analyses suggested the NP
formulation LPCL-NP2 (composed of low molecular weight
PCL, 500 mg Kolliphor P188, and CS-HCI) to be the optimum
one with a desirability value of 0.949.

Transmission electron microscopy

Morphology of the selected NP formulation was examined
using transmission electron microscopy (TEM). NPs are
shown in Fig. 3. Micrograph reveals fine detached homoge-
nous NPs, sphere-shaped with dense structure and soft sur-
faces appearing as black dots.

X-ray powder diffractometry

As known that each material has a specific pattern as a finger-
print, XRPD is utilized for the identification of substances
forming any compound. XRPD studies were performed to
examine the changes in the crystallinity and nature of OFX-
loaded NPs. The XRPD patterns of OFX, PCL, CS-HCI, and
LPCL-NP2 are clarified in Fig. 4. As clearly seen in the figure,
OFX revealed intense characteristic peaks, both CS-HCI and
PCL revealed two sharp peaks for both of them at 26 =20 and
23.1 °C and at 20 =23.2 and 24.6 °C, respectively. On the
other hand, X-ray pattern of LPCL-NP2 showed an amor-
phous nature as verified by the loss of the individual sharp
peaks of all composing materials [44]. The obtained data il-
lustrated the possible interaction between OFX and the other
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Fig. 1 Design expert plot showing the significant formulation variables on particle size (a, b, and ¢), zeta potential (d), and EE (e)

components and subsequent encapsulation of the drug in the
formed NPs which resulted in the loss of its crystallinity.

Differential scanning calorimetry

The thermal characteristics of LPCL-NP2 formulation along
with its components were determined by differential scanning
calorimetry (DSC). DSC thermograms of OFX, PCL, CS-
HCI, Kolliphor P188, and LPCL-NP2 are demonstrated in

Fig. 5. As shown, OFX displays a sharp endothermic peak
at 276.92 °C which is attributed to drug melting and indicates
its crystallinity [45]. Equally, the DSC thermograms of PCL,
Kolliphor P188, and CS-HCl show endothermic peaks at 59.9,
52.44, and 201 °C, respectively, which correspond to their
melting temperature points. Conversely, the thermogram of
LPCL-NP2 showed the lack of the characteristic peaks of both
OFX and PCL demonstrating that OFX was completely dis-
persed inside the created NPs and proving transforming the
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Fig. 2 Release profiles of OFX 8
from the investigated PCL NPs
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drug to an amorphous form as well as its incorporation within
the NPs.

Preparation of the topical ophthalmic formulations
Two formulations were developed from the selected
LPCL-NP2 formulation, namely, temperature-triggered in situ

gelling system and a preformed gel.

Preparation of temperature-triggered in situ gelling system
containing OFX-loaded PCL NPs

An essential property for the ocular in situ gel system is to be
low-viscous free flowing liquid at non-physiological

Fig. 3 Transmission electron micrograph of the optimized formulation
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temperature to be administered easily as eye drops but under-
go in situ phase transition to transform to a gel which can
tolerate the shear forces in the cul de-sac and control the drug
release at physiological condition [46]. As shown in Table 3,
formula LPCL-NP2-ISG4 containing pluronic F127 in a final
concentration of 22% demonstrated the best in situ gel trans-
formation and thus was selected for further studies.

Preparation of gel system containing OFX-loaded PCL NPs

A combination of two polymers, namely methyl cellulose
(MC) and fructose in different concentrations, and their im-
pact on the degree of gelation were investigated (Table 4). The
best degree of gelation was manifested upon mixing 3% w/w
MC and 10% fructose (LPCL-NP-G4). A high gelation tem-
perature was recorded due to the low intermolecular hydrogen
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Fig. 4 XRP diffractograms of (a) OFX, (b) PCL, (¢) CS-HCI, and (d)
LPCL-NP2
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Fig. 5 DSC thermograms of (a) OFX, (b) PCL, (¢) CS-HCI, (d)
Poloxamer 188, and (e¢) LPCL-NP2

bonding between MC [47]. Moreover, fructose is a monosac-
charide that increases the viscosity more rapidly compared
with other sugars. Also, it is an outstanding humectant to keep
moisture for an extended period even at conditions of low
humidity [48].

Characterization of topical ophthalmic formulations
pH measurement

It is known that ocular annoyance and hurting sensation can
result if the difference in the pH values of the instilled oph-
thalmic products and tear fluid is very far [49]. For this reason,
the perfect pH for safe ophthalmic products should be equal to
that of the tear fluid which is about 7.4 [50]. It was found that
the pH of LPCL-NP2, LPCL-NP2-G4, and LPCL-NP2-ISG4
ranges from 7.3 +£0.03 to 7.4 4+0.01. These results are within
the required range.

In vitro release of OFX from nanoparticle formulations

Figure 6 illustrates the data of OFX released from LPCL-NP2,
LPCL-NP2-G4, and LPCL-NP2-ISG4. OFX exhibited a

Table 3  In situ gelling capacity of OFX-loaded PCL NP-based in situ
gels prepared using different concentrations of pluronic F127

In situ gel system Pluronic F127 (%w/v) Degree of gelation®

LPCL-NP2-ISG1 15 -
LPCL-NP2-ISG2 18 -
LPCL-NP2-ISG3 20 +
LPCL-NP2-ISG4 22 ++

# Grades of gelation: (—) no gelation, (+) slow weak gelation, and (++)
immediate stiff gelation which lasts for extended period of time

sustained release pattern from the investigated formulations
which extended over 6 h. The data demonstrated that the in-
clusion of the LPCL-NP2 into the ocular gel or the in situ
forming gel did not significantly affect the release rate of
OFX, ensuring the appropriateness of incorporating the
LPCL-NP2 inside the ocular gel or the in situ forming gel
without affecting the intended drug release pattern.

Rheological behavior The rheological properties of the op-
timized ocular formulations are presented in Fig. 7 by plot-
ting the shear rate versus the viscosity (flow curve). The
rheological behavior of the in situ gel formulations (LPCL-
NP2-ISG4) exhibited pseudoplastic flow characteristics
(shear thinning systems). It was found that the viscosity
increases at low shear rates and decreases under condi-
tions. This is an advantageous characteristic of shear-
thinning systems in displaying greater viscosity in the open
eye, stabilizing the tear film which is preferred commer-
cially [51]. Same rheological property was depicted for the
LPCL-NP2-G4 formulation in displaying a non-Newtonian
flow where a shear thinning behavior was recorded. It had
been reported that a gel formulation can be stored at any
temperature showing unchangeable viscosity, and for this
reason, it is characterized by its high stability [52].
However, it may lead to blurred vision as well as foreign
body sensation when applied on the eye surface [53].

Microbiological studies
Antibacterial activity study

The antimicrobial effect of LPCL-NP2, LPCL-NP2-ISG4,
and LPCL-NP2-G4 compared with the marketed eye drop
Oflox® was evaluated after their application on the infected
rabbit’s eye with E. coli.

LPCL-NP2-ISG4 showed a remarkable effect since the
second hour until the third hour, a plateau formation during
the period of treatment was noticed (Fig. 8).

The significant difference shown by LPCL-NP2-ISG4 in
its antibacterial activity compared with LPCL-NP2 and the
market product returned to the prospective advantage of ve-
sicular carriers to come in close contact with the surfaces of
cornea and conjunctiva, accordingly, raising the prospect of
ocular drug absorption [54]. Moreover, the gelling capability
of agglutinating to the eye tissues leads to a prolonged OFX
effect.

Corneal visualization using confocal laser scanning
microscopy

Figures 9 (a—c) Illustrate the transcorneal penetration of the

tested formulations using rhodamine B (RhB) dye—loaded
LPCL-NP2, LPCL-NP2-G4, and LPCL-NP2-ISG4.
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Table 4 OFX-loaded PCL NP—

based gel formulations Gel system

Methyl cellulose (% w/v)

Fructose (% w/v) Degree of gelation®

LPCL-NP2-G1 0.5
LPCL-NP2-G2
LPCL-NP2-G3
LPCL-NP2-G4

10 -
10 -
10 +
10 ++

 Grades of gelation: (—) no gelation, (+) slow weak gelation, and (++) immediate stiff gelation which lasts for

extended period of time

RhB-LPCL-NP2 applied to the normal eye revealed uni-
form penetration of the dye all over the thickness of the
corneal epithelium to the basement membrane and the lim-
ited area of the bowman’s membrane (Fig. 9a). This finding
can be related to the rapid washout of the formulation before
the free drug release is completed. Meanwhile, RhB-LPCL-
NP2-G4 irregularly penetrates the epidermal layer of the
cornea and appeared limited to the superficial part of the
corneal epithelium. The fluorescence took gelatinous ap-
pearance (Fig. 9b). This denotes that the gel formula faced
a sort of ocular penetration resistance. It is known that the
specific system of the eye components and organization
grants a high resistance to all external materials, including
ocular drug delivery [55, 56]. Although the RhB-LPCL-
NP2-ISG4 revealed irregular penetration of the corneal ep-
ithelial surface, fluorescence reactions were disclosed all
through the layers of the cornea, sclera, and conjunctiva
(Fig. 9¢). The fluorescence distribution was depicted all
over the different corneal layers as well as the superficial
epithelial layers, the basal epithelial layers, and the collag-
enous Bowman'’s layer. Moreover, the distribution of fluo-
rescence all over the hydrophilic stroma was apparent.
Besides, the intense fluorescence was found to spread
through deeper corneal layers—the Descemet’s membrane
and the endothelium. The corneal permeation and the
muco-adhesion measurements of the Rh-LPCL-NP2-ISG4
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Fig. 6 Release profiles of OFX from the investigated LPCL-NP2, LPCL-
NP2-ISG4, and LPCL-NP2-G4
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allowing prolonged residence time on the cornea favored
intercellular and intracellular penetration to take place [57].

Histopathological examination

Histopathological examinations of corneal sections of the in-
vestigated rabbit’s eye are displayed in Fig. 10 (a—f). The
microscopic examination of the normal corneal biopsy
showed a vascular corneal structure with thin continuous ep-
ithelial basement membrane, no break in the bowman’s mem-
brane with any inflammatory cells disclosed in the substantial
propria apart from very few scattered lymphocytes between
the normal collagenous lamellae. Also, the Descemet’s mem-
brane did not show any thickening or breaks as well the con-
junctiva covering the anterior surface of the sclera showed
intact epithelial surface and a loose vascular tissue (Fig.
10a). On the other hand, Fig. 10b presenting the corneal sec-
tion of the infected untreated rabbit revealed signs of corneal
ulcer in the form of thinned comeal epithelium at different
sites, breaks in the corneal epithelial basement membrane
resulting in tissue folding. Also, the section showed ulcerated
areas with edematous sclera and conjunctiva with inflamma-
tory cellular infiltration of ciliary body and dystrophy involv-
ing the endothelial layer of the cornea. On the contrary, infect-
ed treated eye with the LPCL-NP2 revealed intact corneal
epithelium, well-formed collagenous tissue of the bowman
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Fig. 7 Rheology profiles of LPL-NP2-G4 (a) and LPL-NP2-ISG4 (b)
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membrane, corneal stroma comparable to the control section,
intact Descemet’s membrane, and few inflammatory cells
scattered between collagenous lamellae of cornea and sclera.
Meanwhile, edema of sclera and conjunctiva involving all the
examined surface was noticed (Fig. 10c). The infected treated
eye with the LPCL-NP2-G4 (Fig. 10d) disclosed sites of

Fig. 9 CLSM images of RhB—
loaded nanoparticle formulations
after 2 h in vivo application on
rabbit’s eye. (a) LPCL-NP2, (b)
LPCL-NP2-ISG4, and (¢) LPCL-
NP2-G4

ulcerated cornea. The destructed epithelial layer in the case
of the applied gel formula was deep, but no breaks were no-
ticed in the epithelial basement membrane. The collagenous
lamellae of the bowman membrane underneath the corneal
epithelium appeared separated by moderate edema and in-
flammatory cells scattered in the cornea, sclera, and the
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Fig. 10 Photomicrographs of histopathological study for the examined
rabbits stained section with hematoxylin—eosin (H&E) of the cornea (C),
conjunctiva (cj), and sclera (S) (magnification x10) of (a) normal tissue
architecture with normal lining epithelium (thick arrow), (b) infected

vascular conjunctival stroma. These pathological changes can
be explained based on the revealed limited penetration of the
corneal epithelium by the rhodamine dye—loaded NP gel for-
mula (Fig. 9b). The detected histopathological changes in the
infected treated eye with the LPCL-NP2-ISG4 were compara-
ble with the changes denoted in LPCL-NP2 formula treated
eye, but with mild noticed edema of the cornea and sclera.
This limited edema pointed to minimize damage in the endo-
thelial corneal layer in this tested group. It was reported that
lack of effective pumping by the endothelial cells increases
hydration of the corneal stroma, which disrupts the normally
uniform periodic spacing of collagen fibrils [58]. Very fine
undulation and redundancies of the bowman membrane at
the site of localized corneal stromal edema were noticed
(Fig. 10e). In the same time, the infected treated eye with the
market product Oflox® revealed thinning of the corneal
epithelium in some areas as results of superficial ulcer
formation. Diffuse separated collagenous lamellae all over
the corneal stroma and the sclera secondary to edema with
inflammatory cellular infiltrate were depicted in the
examined sections (Fig. 10f).

@ Springer

tissue of the untreated eye, (¢) corneal tissue that received Rh-LPCL-
NP2, (d) corneal tissue that received Rh-LPCL-NP2-ISG4, (e) corneal
tissue that received Rh-LPCL-NP2-G4, and (f) corneal tissue that re-
ceived Oflox® (market product)

These findings are consistent with what is studied previ-
ously that the uses of low viscosity eye drop can be quickly
cleared before the complete release of the drug. Thus, integrat-
ing OFX within NPs can overcome this drawback by acting as
a reservoir, which is capable of defeating the rapid drug loss
and washing out [59]. Additionally, the combination of the
proposed LPCL-NP2 in an in situ gel could maintain the drug
retention on the eye surface for successful convenience and
improved permeation through ocular tissues [60].

Stability study

Over the study period, drug entrapment efficiency, particle
size, and PDI, as well as physical appearance were assessed
after 3, 6, and 9 months of storage and compared with fresh
formulations. The stability results showed that entrapment ef-
ficiency, particle size, zeta potential, and PDI values for
LPCL-NP2-ISG4 and LPCL-NP2-G4 did not change signifi-
cantly over 9 months as shown in Fig. 11(a—d). Besides, no
further precipitation or stratification was observed in the for-
mulae during storage at 4 °C. However, LPCL-NP2 revealed a
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significant decrease in entrapment efficiency and zeta poten-
tial (Fig. 11a and c), respectively, accompanied with signifi-
cant increase in both particle size and PDI values (Fig. 11b
and d), respectively. Regarding these results, it can be hypoth-
esized that OFX stability is best controlled in LPCL-NP2-
ISG4 and LPCL-NP2-G4 formulations.

Conclusions

Our study has visualized the effectiveness of the innovative
PCL NPs encapsulating the antibiotic drug, OFX using emul-
sion solvent evaporation technique. Low molecular weight
PCL succeeded to formulate an optimum formulation
(LPCL-NP2) showing small nano-sized particles with low
PDI value, adequate positive zeta potential, and high entrap-
ment efficiency. LPCL-NP2 was further incorporated in a
preformed gel (LPCL-NP2-G4) as well in a temperature trig-
gered in situ forming gelling system (LPCL-NP2-ISG4). The
efficacy of LPCL-NP2, LPCL-NP2-ISG4, and LPCL-NP2-
G4 formulae versus the market product Oflox® in inhibition
of Escherichia coli—infected rabbit’s eyes and the treatment of
associating corneal ulcer were evaluated. The LPCL-NP2-
ISG4 preparation revealed the maximum corneal, conjuncti-
val, and scleral penetration seen by CLSM. The stability study
performed for 9 months showed no significant changes
concerning the entrapment efficiency, particle size, zeta

potential, and PDI values regarding both the LPCL-NP2-
ISG4 and LPCL-NP2-G4 formulations.

This study presents noninvasive innovative ocular drug
delivery systems for OFX. The promising LPCL-NP2-ISG4
can enhance drug effectiveness by increasing ocular drug pen-
etration and absorption. Moreover, it possibly will reduce
drug administration frequency and improve patient compli-
ance. Also, this study has highlighted the limited effectiveness
of the gel formula for eye application.
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