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Abstract

Infections of the eye are among the leading causes of vision impairment and vision loss worldwide. The ability of a drug to
access the anterior parts of the eye is negligible after systemic administration. Effective drug delivery to the eye is a major
challenge due to the presence of protective mechanisms and physiological barriers that result in low ocular availability after
topical application. The main purpose of this work was the improvement of the corneal and conjunctival permeation of the
antibiotic Ciprofloxacin, a wide spectrum antibiotic used for the most common eye infection, using a self-dissolving polymeric
film. Films were prepared by the solvent casting technique, using polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol
graft co-polymer (Soluplus), polyvynyl alcohol, and propylene glycol. Films were homogeneous in drug content and thickness,
as demonstrated by adapting the Swiss Roll technique followed by microscopy observation. These films proved in vitro to
control the release of the Ciprofloxacin. Ex vivo permeability studies using Franz diffusion cells and porcine cornea and
sclera showed an effective permeability of the drug without inducing irritation of the tissues. Films swelled in contact with
artificial tears forming an in situ gel over 20 min, which will improve drug contact and reduce the need of multiple dosing.
The antibiotic activity was also tested in vitro in five types of bacterial cultures, assuring the pharmacological efficacy of the
films. The developed films are a promising drug delivery system to topically treat or prevent ocular infections.
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Abbreviations PEG Polyethylene glycol
CPX Ciprofloxacin PG Propylene glycol
CPXb  Ciprofloxacin base form PVA Polyvinyl alcohol
CPXs  Ciprofloxacin salt form SD Standard deviation
DMSO Dimethyl sulfoxide SI Swelling index

HEC Hydroxy ethyl cellulose

HPMC Hydroxy propyl methyl cellulose
LD Limit of detection Introduction
LQ Limit of quantification

The eye is a very sensitive organ, vulnerable to a wide
variety of pathologies and accidents that may compromise
its correct performance. Among the main diseases of the
anterior eye segment are cataracts, dry eye, inflammatory
processes, infections, and tumours. Infectious pathologies
such as trachoma and corneal ulcers, glaucoma, age-
related macular degeneration, and diabetic retinopathy
refer to the posterior eye segment. Some of them are the

PBS Phosphate-buffered saline
PCL Polycaprolactone
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important causes of vision impairment worldwide [1].
The causative agents for infecting the eyes may range
from microbes such as bacteria, viruses, fungi, and even
parasites. An infection of the eye with such microbes
requires immediate treatment as it may threaten normal
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vision. According to the cause and type of infection,
medication may include different type of antibiotics [2].
Besides, antibiotics are also used for infection prophylaxis
after surgery.

Commonly, the treatment of the anterior segment diseases
requires that the drug either remains onto the eye surface
to address surface-affecting diseases (i.e., certain infections
or to stimulate tear production) or reaches the aqueous
humour that bathes the anterior face of the crystalline lens.
Since after systemic administration the ability of a drug to
reach the anterior segments is nearly null, intense efforts for
developing efficient topical ophthalmic formulations have
been made during the last decades [3-5].

Despite the accessibility of the eye surface, drug delivery
to the eye is a challenge, due to its anatomy, physiology, and
biochemistry [6]. The main barriers to drug diffusion through
the cornea include tear dilution, nasolacrimal drainage,
blinking, low formulation volume, low residence time, and
the corneal and conjunctival layers [7]. The application of a
drop of a liquid or semisolid formulation is not an efficient
way of administration to the eye. In situ forming gels have
been suggested as an alternative to improve drug contact
to the eye, reduce blurred vision, and decrease the tear
production compared with ointments [8]. Another problem of
traditional dosage forms is that coordination of patient non-
blinking and application of the formulation while pressing the
container may also be difficult for elderly patients, children,
or persons affected of certain disabilities, what leads to a
large imprecision in the dose administered [9, 10].

As another alternative to eye drops, ocular films have been
developed to increase drug permanence on the eye. They are
polymeric solid or semi-solid, thin, sterile films, which are
placed onto the conjunctiva. With the convenience of direct
application, these formulations display advantages, such
as direct tissue contact for extended periods of time, along
with sustained release [11] Due to the presence of polymers,
the release pattern of drugs from the ocular films can be
modelled in accordance with the type of drug, as well as a
targeted delivery. The ideal mechanisms of drug release from
these films are diffusion, osmosis, or bioerosion [12].

Polymeric films of Ciprofloxacin (CPX) for enhancement
of posterior and anterior ocular segment delivery have
not been reported until now. Hence, we developed and
characterized self-dissolvable CPX films to improve
drug contact with the cornea and to achieve a sustained
release of the drug, while the film is slowly dissolved by
the tears. Their dissolvability is an additional advantage,
as they do not need to be removed after drug release. This
new ocular film would use the solubility enhancement
ability of Soluplus micelles, together with the prolonged
contact time with the cornea and user-friendliness of a
dry film. This novel formulation is inspired in the work

of Alopaeous et al., who designed Soluplus-based films
for buccal delivery of furosemide. The authors postulated
that Soluplus present in the film will disperse and form
micelles after application on a wet surface [13]. In the
low volume of the tears, the Soluplus concentration is
expected to be above the critical micellar concentration. A
slow hydration and disintegration of the film is desirable
to improve the drug permanence onto the cornea. Here, the
micelles containing the drug in a soluble form can produce
a concentration gradient over the cornea ensuring passive
diffusion over the barrier. The film suffers a transformation
from a dry, solid, and stable formulation into an advanced
ocular delivery system after contact with the tears [13].

We tried to use the minimum possible amount of
materials to prevent interactions between them and the eye,
minimize lacrimal production that would dissolve the film
in a faster manner, and reduce drug permanence at the target
point. Additionally, the use of these films would reduce
dosing, compared with conventional eye drops, and improve
patient compliance.

The films were prepared using Soluplus and water-soluble
polymeric biocompatible and biodegradable materials,
with proven no eye-irritation properties. Soluplus is a
grafted, biocompatible, biodegradable copolymer, which
is a combination of hydrophilic and hydrophobic elements.
Several plasticizers were also used to improve flexibility and
humidity of the films [14, 15].

Films were made applying the solvent-casting technique
into a tailor-made mold to assure homogeneity between
batches and an even distribution of the drug within the
film [16, 17]. The drug was incorporated in both the base
form and the ionic form to test the possible influence of the
enhancer in the permeability of the two drug forms.

All the prepared films were preliminary characterized.
Those with the most adequate properties for the application
pursued were selected for further studies, which comprised
the measurement of the content uniformity, stability of
the films, in vitro drug release, swelling process, ex vivo
permeability studies though isolated porcine cornea and
sclera, and microbiological activity assessment.

Materials and methods
Materials

CPXb was bought from Acros Organics (New Jersey,
USA), and CPXs was acquired from Cayman Chemical
Company (Michigan, USA). Soluplus was kindly donated
by BASF SE (Ludwigshafen, Germany). Poly-vinyl alcohol
(PVA), polycaprolactone (PCL), gelatin from bovine
skin, and chitosan were purchased from Sigma-Aldrich
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(Missouri, USA), and propylene glycol (PG), polyethylene
glycol (PEG), hydroxy ethyl cellulose (HEC), and hydroxy
propyl methyl cellulose (HPMC) were purchased from
Fagron Iberica (Barcelona, Spain). Organic solvents such
as DMSO and chloroform were purchased from Sigma-
Aldrich (Missouri, USA). For the phosphate-buffered
saline (PBS) used, sodium chloride, potassium chloride,
sodium phosphate dibasic, and potassium phosphate
monobasic were purchased from Scharlab (Barcelona,
Spain). Ultrapure water used throughout the studies was
obtained from a Q-POD dispenser (Merck Millipore,
Burlington, MA, USA). Acetonitrile for the HPLC mobile
phase was purchased VWR International (Radnor, PA,
USA). Dialysis membranes (Spectra/Por molecular porous
membrane tubing) for in vitro release studies were acquired
from Repligen (MA, USA). Corneas were from porcine
eyes procured from a local slaughterhouse Mercavalencia
(Valencia, Spain).

Methods
High-pressure liquid chromatography

A previous published isocratic HPLC-UV method was
adapted for the determination of CPX [18]. The mobile
phase consisted of a mixture of phosphate buffer Na,HPO,
(pH 3) and acetonitrile (77:23 v/v). The UV detector was
set at 277 nm, flux was 1.0 mL/min, the volume injection
was 50 pL, and the temperature was maintained at 22 °C.
A Kromasil C18 HPLC Column of 5-pm particle size, pore
size 100 A and LXI1.D. 150 mm X 4.6 mm were used. All
the liquids used were of HPLC grade. The CPX retention
time was 4.2 min, and the analysis duration was 6.0 min.

Film formulation

Different polymers, polymer-combinations, and
plasticizer proportions were investigated (Tables S1-
S6 of Supplementary materials). Among them, two
different film formulations were chosen based on their
organoleptic properties and their controlled release
kinetics. Each film was prepared with the molecular
form of CPX (CPXb) and with the hydrochloride salt
of CPX (CPXs), resulting in four film candidates. Their
composition is described in Table 1.

The polymeric films were prepared in triplicate
using the direct dissolution and solvent casting method.
First, Soluplus was dispersed in PBS under high
magnetic stirring for 1 h (700 rpm). CPX was added
to the dispersion to a final concentration of 0.3% w/v,
corresponding to the commercially available CPX eye
drops and ointment (Ciloxan Alcon Laboratories Pty.

@ Springer

Ltd., Fort Worth, TX, USA). The mixture was kept under
medium stirring (350 rpm) for 4 h. In a different beaker,
PVA was dissolved in PBS warmed at 90 °C to facilitate
dispersion. After complete dispersion, the volume was
corrected to compensate the evaporation. Then, both
liquids were mixed and propylene glycol was added at a
concentration of 2% w/v. Propylene glycol was selected
as plasticizer, based on the works of Shirwaikar and Rao,
who investigated it for ophthalmic use and proved it as
non-toxic to the rabbit eye [19]. The final dispersion
was left under medium magnetic stirring overnight. The
solution was then left on the bench for at least 3 h, to
ensure complete air bubble removal.

For the film casting, a non-stick metal surface coupled
with the tailor-made mold was used, thus allowing an even
and homogeneous thickness of the films. The mixture was
poured into the molds and placed in an oven at 40 °C for
at least 8 h. After complete evaporation of the solvent, the
metal surface was left to cool for 1 h at room temperature
and the films were peeled off slowly, wrapped in aluminium
foil, and stored in plastic containers at 4° C.

Film characterization

Drug content To calculate the amount of drug per square
centimetre of film and check the uniformity of the drug
distribution within the film, 10 samples of the same size
were punched out from different points of the film area
(corners and centre), weighted, and placed in beakers with
5 mL PBS. Five samples of each film were then analyzed
by HPLC in triplicate [20]. They were left under magnetic
stirring for 2 h at room temperature to ensure complete
dissolution.

Film thickness To measure the thickness of the films, we
adapted the Swiss Roll technique [21], originally developed
to prepare tissues for paraffin or methacrylate embedding
for histological analyses followed by optical microscopy
(Nikon Eclipse 50i; Nikon, Tokyo, Japan). Films (n = 3) were
observed using a light microscope with camera (Nikon digital
camera, DXM1200C; Nikon, Tokyo, Japan). Film thickness
was estimated processing the pictures with the Axiovision
software Rel 4.8 (Carl Zeiss Microscopy GmbH, Germany).

Swelling index test A swelling test was performed as
drug release from the polymeric matrix is affected by
swelling in the presence of water. Five samples of each
formulation were weighed, placed into a basket, and
inserted into 20 mL of PBS pH 7.4 at a temperature of
32 + 0.5 °C. At pre-determined time intervals (0.5, 1, 1.5,
2, and 5 min), the films were extracted from the solvent



Drug Delivery and Translational Research (2021) 11:608-625

611

and weighted after solvent removal. The swelling index
(SI,) was calculated according to the following equation
[13], based on the degree of fluid uptake, as reported by
Nanda el at. [22]:

SI, = W, — W,-100

where W, is the initial weight of the sample and W, is its
weight at time ¢.

Dissolution onto porcine eye ex vivo A piece of methylene
blue-coloured film (type 2) was punched out and placed onto
the surface of ex vivo porcine eyes (n = 3). Every 120-150 s, an
artificial tear drop is added to the eye surface, trying to mimic
the in vivo production. Film dissolution and colouring of the
cornea and sclera were observed, as indicative of drug release
in situ over 20 min. The test was recorded in a video clip for
documentation purposes.

Film stability

Films were stored for 3 months at room temperature and 4
°C, protected from light. They were periodically inspected
to check organoleptic property changes or degradation signs.
They were also weighed to evaluate possible weight loss.
The drug content was also determined by HPLC every week
during the first month and two every weeks until the third
month.

In vitro release studies

In vitro release studies were carried out using static
Franz-type diffusion cells with an effective diffusion area
of 0.385 cm? and a receptor chamber filled with 3 mL of
PBS (pH 7.4) (n = 5). Temperature was maintained at 32
°C throughout the experiment. A Spectra/Por molecular
porous membrane was used to separate donor and
acceptor compartments. Previously weighed film samples
were placed on the membrane in the donor chamber
and covered with 150 pL of PBS to simulate lacrimal
fluids [23]. For comparative purposes, and due to the
transformation of the films into gels onto the corneal
surface, two hydrogels containing CPXb were prepared
as previously described for the films, but without
following the casting and drying processes. Both the
donor compartment and the sampling port were covered
with Parafilm to avoid leakage and solvent evaporation.
Samples of 200 pL were collected at 1, 2, 3, 4, 5, 6, 21,
22,23, and 24 h. At every sampling time, the volume was
replaced with pre-warmed PBS.

The released CPX was quantified using the same
HPLC analytical method described above. The
cumulative amounts of CPX versus time were calculated,
and the total drug amount released was plotted versus
time. The release profiles were fitted to the Korsmeyer-
Peppas controlled-release model [20].

Ex vivo permeability studies

The ocular tissues were obtained from freshly sacrificed
animals kindly donated by a local slaughterhouse. The
eyes were transported immersed in saline solution
(sodium chloride 0.9%), maintained in an ice bath and
used within 2 h of extraction. The eyes were placed on
a clean surface, and the corneas were removed carefully,
cutting circumferentially behind the limbus using a
scalpel. The separated corneas and scleras were then
rinsed with saline and placed in between the donor and
receptor chambers of the Franz cells, with the outer
surface facing upwards (n = 5). The donor chamber was
filled with 150 pL of PBS to simulate lacrimal fluids
[23]. Donor compartments and sampling ports were
also covered with Parafilm to avoid leakage and solvent
evaporation. About 200 pL samples were collected every
hour for a period of 6 h. Each time, the sample volume
was replaced with the same volume of pre-warmed PBS.
It should be noted that the permeability properties of the
tissues are lost a few hours after excision [24]. The CPX
concentration in the samples was analyzed using the same
HPLC analytical method described above. Commercially
available eye drops (Ciloxan Alcon Laboratories Pty. Ltd.,
Fort Worth, TX, USA) were used as a positive control.
The cumulative amount of CPX permeated (M,) per
area was calculated using the following equation (1):

Mn = Vrcr(n) + szlvsu_ncr(x—]) (1)

in which, » is the sampling time point; V, and V, are the
volumes (mL) of the receptor chamber and of the samples
collected at the nth time point, respectively; and Cr(n)
is the concentration of the drug in the receptor chamber
medium at the n time point (pg/mL). M, was fitted by
linear regression and plotted versus time [7].

The steady state flux (/) and the lag time of CPX
were determined based on the slope of the graph and the
x-intercept, respectively. The trans-corneal permeability of
the drug was calculated by the following equation (1) [25]:

_ Steady state flux (J)
" Donor concentration (Cy,,)

Permeability (P )

awo)
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The flux was calculated as the slope (Q/¢) of the linear
section of the amount of drug in the receptor chamber (Q)
versus time (¢), and Cy,, is the initial concentration of CPX
in the donor chamber [25]. The results were reported as
the mean values + standard deviation (SD).

Corneal inspection and drug extraction from cornea
and sclera

After the experiments, all the corneas were visually
inspected after the 6h test to verify that none of them
showed any damage or their appearance was modified,
indicating irritation [26, 27].

Afterwards, the corneas or sclera from all permeability
studies were collected, rinsed with fresh PBS, and placed
in vials with 5 mL of the mobile phase used for the analysis
to extract the remaining drug in the tissue. The vials were
left under constant agitation for 24 h. Samples from the
supernatants were collected, filtered, and analyzed by
HPLC.

Antimicrobial activity

To ensure the antimicrobial activity of CPX after the formulation
process, the films were tested in vitro using 5 microorganism
types, related with most common ocular infections
[28-31] Staphylococcus aureus (CECT 59), Pseudomonas
aeruginosa (CECT 108), Escherichia coli (CECT 45), Proteus
mirabilis (CECT 170), and Enterococcus faecalis (CECT 184).
Sterile spreaders were used to apply microbial colonies on
Mueller-Hinton agar plates. The films were then placed onto
the inoculated agar plates, accompanied with a blank film, to
check the absence of antimicrobial activity from the polymeric
film itself [32, 33]. A 5-pg CPX commercially available disk
(Liofilchem, Roseto, Italy) was also used as positive control.
Untreated bacterial colonies were used as a negative control.
During 24 h of incubation, growth inhibition areas were
observed around the formulations. Antibiotic susceptibility
was determined by disk diffusion according to standard
microbiological procedures (CLSI, 2010). Resistances to
chemotherapeutic agents were deduced from the diameter of the
growth inhibition areas, according to the known diameters for
susceptibility and resistance provided by Liofilchem Diagnostici
(Italy).

Data analysis and statistical analysis
All data processing was performed in Microsoft Excel 2016
(Redmond, WA, USA) and SPSS version 22.0 (IBM Corp,

Armonk, NY, USA). Data are expressed as the mean + standard
deviation (SD) unless otherwise stated. Statistical differences
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were determined using the Student ¢ test or two-way ANOVA
followed by Bonferroni post hoc analysis, where p values below
5% were considered significant. Pictures were processed using
Axiovision software (Carl Zeiss Microscopy GmbH, Germany).
And videos recorded were edited using VSDC Free Video Editor
(Flash-Integro, LLC).

Results and discussion
Validation of the HPLC method

The HPLC method was validated within the range of
0.625-10 pg/mL and showed acceptable inter- and intra-assay
precision, accuracy, and stability. The detection limit (LD) was
0.016 pg/mL, and the quantification limit (LQ) was 0.054 pg/
mL. The coefficient of variation and relative error was< 10%
for all samples, making the method suitable and reliable for the
required sample analysis of this work, according to the OCDE
guidelines [34].

Film formulations: preparation and characterization

From all the tested polymers and concentrations (see
Supplementary Materials Tables S1-S6), we observed that
low polymer concentrations or the use of low molecular
weight polymers resulted in soft films, while higher
concentrations or higher molecular weight polymers
resulted in more viscous solutions which were not adequate
to cast films. Modifications in the matrix composition using
different polymers/grades or combinations provided the
necessary flexibility. From all the prepared formulations,
two of them demonstrated the best organoleptic, flexibility,
and softness properties, so they were studied further. Up
to our knowledge, these films are the first reported films
prepared with Soluplus/PVA by the solvent-casting
technique, although they are inspired in the ones prepared
by Shamma et al. by the freeze-drying method [35]. Film 1
was prepared with Soluplus/PVA/PG in 3.3:6.6:2 (% w/v),
and Film 2, with the proportions 5:10:3 (% w/v). Both
films were prepared with CPXb and CPXs forms. Films
were labelled as: Film 1b, Film 1s, Film 2b, and Film 2s,

Table 1 Composition of the four selected films

Soluplus (% PVA (% wiv) PG (%w/v)
w/v)

Film 1b 33 6.6 2

Film 2b 5 10 3

Film 1s 33 6.6 2

Film 2s 5 10 3
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corresponding b to CPXb and s to CPXs. The composition
of the CPX-loaded films is summarized in Table 1. The
four films were transparent and homogeneously whitish,
probably due to the presence of the Soluplus micelles,
as a concentration dependent whitening of water with
the addition of the polymer was observed. However, this
whitening should not interfere with vision, as the films
are intended to be inserted onto the sclera, and not used as
contact lenses. The films also presented a smooth surface,
good organoleptic properties, and the desired flexibility,
manually evaluated by stretching. The thinner the films,
the more comfortable they will be for the patient, although
these films are intended to dissolve within < 30 min, forming
a gel. Thickness was homogeneous all over the films and
ranged between 39.41 + 0.60 and 28.54 + 0.56 pm, as it is
shown in Table 2 and Fig. 1. To measure the thickness of
the films, we adapted the swiss roll technique, originally
developed to prepare tissues for paraffin or methacrylate
embedding for histological analyses, followed by optical
microscopy and combined with the thickness measuring
tool AxioVision Software Rel 4.8 (Carl Zeiss Microscopy
GmbH, Germany). We had no access to an electronic device
to measure thickness, and the manual equipment available at
our laboratories was insufficiently accurate for these films.
Up to our knowledge, there is no previous use of the swiss
roll technique to evaluate polymeric films, but according to
our experience, this technique is able to accurately evaluate
the thickness of our films all over their surface in the same
sample. The results obtained here agree to previous studies
of the research group, as the thickness was homogeneous
all over the films, showing no significant differences [36].
However, as it happened in the drug content experiments,
there was a slight, not significant, trend to obtain thinner
parts of the films on the petri-dish outer ring compared to the
centre. Therefore, according to our experience, the technique
used here is more suitable to obtain homogeneous films.
Even though previous results of our research group
used the Petri-dish as mold producing even surfaced
films, the tailor-mold fitted on an anti-adherent surface
could improve the peel off process and thickness
homogeneity. Additionally, the new technique would

Table 2 Drug content (pg) of each film (n = 10) and film thickness
(pm).

Drug content (pg) Thickness (pm)

Mean (SD) CV (%) Mean (SD) CV (%)
Film 1b 76.7 £ 5.8 5.1 39.41 + 0.60 1.5
Film 1s 613+1.9 3.6
Film 2b 485+ 176 3.1 28.54 + 0.56 1.9
Film 2s 50.86 + 1.3 3.1

Mean + SD and coefficient of variation (CV)

avoid the 24h shaking process to homogeneously
distribute the gel onto the Petri dish surface, significantly
reducing the production process duration [37].

The drug content measured for each film from 10
random sites is also presented in Table 2. As it can be
observed from the low variability in drug content (< 10%),
it can be concluded that the preparation process produced
homogeneous films all over the film surface.

The selected method of preparation was the solvent
casting technique, because it has proven to be an
adequate technique to prepare films showing a good and
homogeneous drug distribution [38]. Besides, among
the several available techniques of film manufacturing,
solvent casting is an undoubtedly widely used method
mainly due to the straightforward manufacturing
process and its low cost [39]. However, one of the
main challenges in film formation by a casting process
is to assure content uniformity in the formulation.
Agglomeration or sedimentation of solid particles or the
presence of air bubbles on the surface are often observed
due to the drying process. These alterations can lead to
homogeneity problems, which were not observed in our
approach [40].

The drug distribution results found in these studies
are consistent with the previous works from our research
group, where the solvent-casting technique [37]. Other
authors have prepared CPX films by the solving casting
method but using other polymers and with different
therapeutic applications, but few of them have measured
the homogeneity in drug content. Wu et al. developed
mucoadhesive buccal CPX-films for periodontitis, using
sodium carboxymethyl cellulose and sodium alginate as
polymers, showing good drug loading (94.50 + 0.04 to
99.69 + 0.21%), but the authors did not measure drug
distribution [41]. Salguero et al. developed hybrid
composite films based on layered double hydroxide
and hyaluronan to deliver CPX for the prophylaxis and
treatment of opportunistic infections in wounds. The
authors also reported that the solvent-casting process
produced a quite homogeneous film, with CV% values
ranging between 6.6 and 7.3% in all cases. Moreover,
the CPX content they found was similar for all the films
prepared [42]. Garcia et al. developed dendronized
chitosan films loaded with CPX for wound dressing.
Their films showed excellent CPX content uniformity
with very low CV%, indicating that the casting solvent
method employed was also successful [43]. All these
approaches were also consistent with our findings,
demonstrating that the technique employed is adequate
and effective.

We had no access to an electronic device to measure
thickness, and the manual equipment available at our
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laboratories was insufficiently accurate for these films.
Therefore, we decided to adapt the swiss roll technique.
Up to our knowledge, there is no previous use of this
technique to evaluate polymeric films, but according
to our experience, this technique is able to accurately
evaluate the thickness of our films all over their surface

Fig. 1 Film thickness measure-
ments. a Film 1 and b Film 2

@ Springer

in the same sample. Results are presented in Fig. 1
and Table 2. The homogeneity was demonstrated as no
significant differences were seen. Moreover, the use of
the mold presented the slight, not significant, trend to
obtain thinner parts of the films on the Petri-dish outer
ring compared with the centre in previous studies [37].
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Fig.2 Swelling index of 150
Films 1 and 2 as a function of
time (n = 5). Black circle, Film
1; white circle, Film 2. The X
sign corresponds to the com- 100
plete dissolution of the films
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Recent studies confirmed the potential role of nanogels
and in situ forming gels in prolonging precorneal residence
time and thus improved ocular drug availability [44, 45].
These films adjusted easily to the corneal surface, and they
shortly turned into a gel, as they swelled after hydration by
the tear fluid, until their complete dissolution (see Fig. 2
and Table 3). In both cases, for Film 1 and 2, prepared
without CPX, a wetting process occurs first, in which the
swelling index increases, followed by a second erosion
process where it decreases. No differences are observed
between films during wetting, although the erosion process
is significantly slower for Film 2. In our approach, Film
2 dissolves completely in the PBS medium later than
Film 1 what was expected due to the higher polymer
concentration. A video clip presenting the swelling and
erosion of a methylene blue-coloured film (type 1) is also
attached to this manuscript.

Our results are comparable with the work of Salguero
and coworkers previously cited, who also evaluated the
swelling properties of their CPX films for the treatment of
opportunistic infections in wounds. The authors concluded
that the swelling behaviour of both films was dependent on
the medium [42]. They also observed that in all cases, the

films did not preserve their form and changed to a gel-like
structure at the end of the assay. In our case, we decided to
maintain the phosphate buffer saline as representative of
the physiological medium. The only study we could find
where the combination PVP/Soluplus was used did not
report swelling studies, although their reported moisture
uptake [35]. The moisture uptake study was conducted at a
quite high relative humidity of 75%, which was < 2% (w/w),
indicating good mechanical stability of the film upon stor-
age. These findings are very positive for our film also, as our
data show a strong evidence of films dissolution, which is
dependent of the water volume. During storage, we expect
the films not to degrade, due to the small amounts of envi-
ronmental water and the possibility to seal the dosage forms
with the appropriate conditioning materials. After applica-
tion of the film onto the eye, the dissolution rate of the film
is expected to be slow, due to the small amounts of tears
covering the eye-surface. This fact is confirmed in our case
through the experiment shown in the video clip 2. Here, we
applied a blue-coloured film onto the eye surface and added
a drop of artificial tear every 120-150 s. We can observe
that the film transforms completely into a gel and the cornea

Table 3 Swelling Index of
Films 1 and 2 after 30, 60, 90,

Swelling index (+ SD)

120, 180, and 300 s (n = 5) 30" 60" 90" 120" 180" 300"
Film 1 29.5+12.0 72.4 +24.0 —-275+123 -678+96 - -
Film 2 383 +15.1 100.0 + 28.8 70.6 +25.8 —-2385+183 —4416+79 -
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Fig.3 Dissolution from film to gel onto ex vivo porcine eye. a Film min), d Eye with the film-gel (# = 6 min), e Eye with the film-gel
loaded with methylene blue as a dye component, b Eye without film (t =11 min), and f Eye with the film-gel (+ = 20 min)
(t = 0 min), ¢ Eye with the hydrated film with artificial tears (r = 1
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and sclera start colouring blue while the film dissolves (see
Fig. 3).

Stability studies

The stability studies comprised an organoleptic evaluation
and the analysis of drug content within 3 months. Films
were stored in two different conditions, room temperature
and 4 °C, preserved from light. The organoleptic properties
remained unchanged under the evaluated period. No
changes in colour, odour, flexibility, transparency, or
any visual damage were observed in the 3-month period.
As it can be observed from the data presented here, drug
concentration remained stable in all films as demonstrated
by non-statistically significant slope of linear correlation
between amount of CPX and time over the evaluated period.
No significant decrease could be observed respect to the
initial concentration. Stability was independent of the film
composition and of the drug form. Stability has usually been
one of the weaknesses of films due to poor long-term results
[46]. Prodduturi et al. managed to develop promising poly
(ethylene oxide) films loaded with a poorly soluble drug
such as cotrimoxazole through a hot-melt extrusion process.
The results obtained were good in terms of characterization
and physical properties such as bioadhesion; however,
recrystallization processes were observed, and the chemical
stability was decreasing significantly and gradually from
the moment of its elaboration [47]. Very similar results
and limitations were obtained by Senta-Loys et al., who
made Orodispersible films loaded with tetrabenazine [48].
However, a long-term stability study should be performed
before in vivo animal studies were conducted.

In vitro CPX release form films
The in vitro release profiles from the films are presented

in Table 4. It can be observed that the release profiles are
influenced by the CPX-form and the polymer composition,

Table4 Release parameters of the four films, according to the Korsmeyer-
Peppas equation (n =5)

Korsmeyer-Peppas equation

parameters

N K % max R?
Film 1b 0.89 + 0.06 1031 + 1.8 88.7+52 0.98
Film 2b 0.68 + 0.11 475+ 0.8 82.6 +9.4 0.99
Film 1s 0.57 + 0.08 23.78 +4.3 108.1 +13.2 0.98
Film 2s 0.72 + 0.06 10.76 + 1.6 101.2+49 0.99
Gel 1 0.64 + 0.09 11.94+19 91.2+32 0.99
Gel 2 0.80 + 0.05 6.62+1.1 86.1 +10.2 0.99

as the higher the polymer concentration, the slower the
release, and the release was also faster when CPXs were
used compared with the CPXb.

In our data, we compare the release differences of CPXb
and CPXs from a hydrophilic matrix, finding differences
among them, which was expected. Sink conditions were
maintained all over the release studies, so solubility
limitations can be discarded from this difference in
behaviour. Several authors also refer to the presence of high
quantities of water-soluble additives into the formulations,
but in our case, the only additive was the plasticizer, whose
concentration remained constant in all films.

As we expected, increasing concentrations of polymers
produced a slower release than the lower concentrations.
CPXs, due to its higher solubility in aqueous medium, were
also released faster than CPXb in all the formulations tested.
The gels were also able to control the release of drug but at
a lower extent, as the formation of the gels from the films
needs some time for hydration. This finding is relevant to
understand the improvement of our formulation respect to a
semisolid preparation/hydrogel.

According to Siepmann et al., when talking about
hydrophilic matrices, when they contact the biological
fluids, water penetrates the matrix and dissolves the drug,
which then diffuses out of the matrix. However, in this
type of matrices, the swelling and polymer dissolution
processes must be taken into account to fully understand
the release mechanisms. The swelling process produces
significant changes in the volume of the system, thus
changing the drug concentration. Besides, the mobility
of the molecules increases, increasing the drug and water
diffusion coefficients. For poorly water-soluble drugs,
the drug dissolution process must be taken into account
as well, as dissolved and non-dissolved drug coexist
within the matrix and it is assumed that drug dissolution
within the matrix is fast compared with drug diffusion
out of the matrix [49]. Diffusion of penetrants through
polymers often does not follow the standard Fickian
model, and the controlled drug release is due to the
restricted mobility of small drug molecules dispersed or
dissolved in the dense macromolecular matrix films [50].

The release rates of the four films have been
adjusted to the Korsmeyer-Peppas model finding good
correlations (R?> > 0.98). The calculated parameters and
the fitting parameters are summarized in Table 4. The
release exponent, n, is the slope value of log Q#/Qoo
versus log time curve. When 0.5 < n < 1.0, diffusion
and non-Fickian transport are implied, associated with
the relaxation of polymer chains in the film matrix, due
to swelling and erosion [51]. This parameter was in the
range of 0.5 < n < 1.0 which suggests that the release
of CPX from all formulations followed a non-Fickian
diffusion mechanism.
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The ability of hydrophilic matrix systems to control
the delivery of all types of drugs have been extensively
investigated [52, 53]. However, to the best of our knowledge,
there is no previously reported release assay with Soluplus-
based films. Shama et al. prepared freeze-dried Soluplus/
PVA films for the oral delivery of spironolactone, an
insoluble drug for the paediatric use. The authors performed
a solubility test, because their aim was to enhance the drug
solubility and, at the same time, prepare a solid dosage form
convenient for the paediatric use, but not a release one [35].

Alopaeous et al. also designed mucoadhesive buccal
films as a mucin-retentive hydrogel scaffold. Their films
were prepared with Soluplus, including other polymers
with more hydrophilic and known mucoadhesive properties:
hydroxypropyl methylcellulose Lycoat [13]. Their film, as in
our case, was expected to have a longer residence time on the
oral mucosa, but their objective was to achieve a fast release
of the micelles to facilitate buccal absorption According to
their release aims, authors performed disintegration tests but
not a release assay as intended in our work.

The release properties can be controlled by the
hydration, swelling, and dissolution processes of the
matrix polymers. In the buccal mucosa, the release
is therefore enhanced by the amount of water in the
absorption area [54]. It should be pointed out here that
tear turnover rate in human eyes (0.5-2.2 uL min~!) or
total tear volume in a healthy eye (7-9 pL) [55] could
represent sufficient volume of dissolution medium,
but in a slow way. Therefore, the release of drug from
the formulations in this study is expected to be more
prolonged in vivo than as shown by our data. This was
demonstrated in the in vivo study carried out by Desai
and colleagues. In their study, they obtained differences
between the in vivo and in vitro release conditions
because of the dissolution volume used to obtain sink
conditions. In their in vitro study, the formulation
was placed in 2 mL of dissolution media, whereas in
the animal study, the formulation was exposed to just
7-10 pL of the tear volume in the ocular cavity. A
markedly high release of drug was observed in vitro

Table 5 Permeability parameters of the four films and control (n = 5).

release conditions, whereas a twofold slower release
was observed in vivo [56]. Therefore, the release of CPX
from self-dissolvable thin ocular films in this study is
also expected to be more prolonged during the in vivo
studies, where the tear volume and turnover rate is
significantly lower.

In vitro absorption of CPX through cornea and sclera

The cumulative amounts of permeated CPX per diffusional
area of cornea and sclera versus time are presented in Fig. 4
a and b, and the calculated permeability parameters are listed
in Table 5 (and Tables S7-S8 of the Supplementary Material
section). Unfortunately, the low eye viability after excision
does not allow prolonged permeability assays, which would
be of special interest when testing a controlled release
formulation, as it is the case. Besides, this ex vivo surrogate
does not mimic real conditions in terms of blinking, tear
production, and formulation removal, which can be very
important in the final performance.

Our data show that CPX permeability coefficient control
is not significantly different among eye-drops, Films 1b
and 1s. The differences in the flux depend on differences
in CPX concentrations in the donor compartment. This
finding implies that the rate-limiting process in both cases
is permeability through the cornea and not the release. On
the contrary, Film 2b and 2s exhibit lower Kp values as
consequence of controlled release of the drug.

Previous data reported using Soluplus in ocular permeability
showed a significant enhancement of acyclovir solubility,
but similar permeability coefficients compared with the free
drug in solution. [25]. However, we cannot directly compare
the effect to our data because the authors increased drug
concentrations, according to the increased solubility produced
by Soluplus, while our concentrations remained constant in
the hydrogel mixtures to facilitate direct comparisons between
formulations. This means that the thermodynamic activity
in the donor compartment of the cells containing the films is
lower than in the case of the eye-drops. Due to the presence
of the solubility enhancer Soluplus, the CPX concentration is

Cornea Sclera

Flux (pg/cmzlh) KP (107%) (cm/s) Lag time (h) Flux (pg/cmzlh) KP (107%) (cm/s) Lag time (h)
Film 1b 3.16 + 0.81 1.4 +0.37 0.51 +0.32 35.01 +6.39 162 +29 0.51 +0.35
Film 2b 0.68 + 0.22 0.46 + 0.10 0.31 +0.25 7.13 £ 1.94 48 +1.3 0.14 +0.19
Film 1s 2.02 +0.36 1.39 £ 0.2 1.64 +0.18 1473 £ 2.14 102+ 1.4 0.91 +0.55
Film 2s 0.69 + 0.15 0.38 +£ 0.08 1.08 + 0.54 9.02 + 0.87 4.9 + 047 0.1 +£0.30
Control 2.8+09%4 1.29 +0.43 0.50 + 0.19 32.70 + 1.78 152 +0.8 0.61 +0.15
Mean+SD
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far away from the solubility saturation. The permeability of
CPX saturated films could be of interest in further studies, to
evaluate the ability of Soluplus to enhance ocular availability,
due to the increase in drug concentration in the donor and/or its
interactions with the ocular barriers. Despite the great interest
of this scientific question, this aim was beyond the purpose
of this work at the beginning, as our interest was to evaluate
if the films could produce a slow prolonged release to assure
continuous permeability through the ocular layers.

On the other hand, as mentioned above, this experimental
system has the limitation of keeping the donor formulation
in continuous contact with the eye throughout the whole
experiment and cannot reproduce the physiological clearance
processes. Therefore, the CPX eye-drops are kept continuously
in contact with the ocular layers, allowing CPX permeation
without interruption. This situation would not happen in the

Time (hours)

Time (hours)

practice, because tear-drainage and blinking would fastly
remove the eye-drops from the eye surface, thus interrupting
the permeability. That phenomenon would not happen in the
case of the films, as they would slowly dissolve and release CPX
over a longer time.

The obtained CPX eye-drop permeability on both cornea
and sclera correlates well with the reported values in previous
studies, thus confirming the goodness of our control and the
usefulness of the selected experimental method [57, 58].

Our data also show an increased permeability of CPX
through the sclera compared with the cornea, as previously
reported. This finding agrees also with the general behaviour
in ocular permeability studies. The CPX contained in Film 2, as
demonstrated by the release experiments, is made available in
a slower manner, thanks to the matrix systems, what is usually
reflected in lower permeability ratios in this kind of set-up [59].
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Fig.5 Extracted amounts of

CPX after the permeability 25 *
assays through cornea and
sclera
20 A

o

3

= 15 A *

c

>

o

5 *

©

o 10 A

o

S _

5 ] -
T
1
0 N e (333]
CORNEA ESCLERA
BFilm1b OFilm2b @Fim1s E@Film2s KBControl

CPX determination in cornea and sclera

After the permeation experiments, the separated tissues
were removed from the Franz cells and visually inspected.
No changes in the tissue opacity were observed, indicating
absence of irritation.

The effectiveness of a topical antimicrobial agent in the
treatment of microbial keratitis is in part dependent on the
physicochemical properties of the antimicrobial solution and
the structure of the cornea. The concentration of the agent
within the cornea is used as a measure of these properties [60].
Therefore, CPX was extracted using the HPLC-mobile phase
as solvent. A previous mass balance test and blank extraction
test were performed to assure 100 + 10% drug recovery and no
interferences with the HPLC-method [61].

Figure 5 represent the amount extracted from cornea
and sclera tissues, respectively. The presented data are
in agreement with the results found in the permeability

experiments. CPX was also remaining in the donor
compartments (+ 10%), meaning that the films were able
to control drug release beyond the permeability assays
period and confirming their ability to reduce dosing.
Significantly higher amounts of drug were recovered in
both cornea and sclera when the films contained CPX in
molecular form compared with those that contained it
in salt form. This is due to the fact that the non-ionized
forms of drugs have better permeability and retention
capacity in the tissues than the ionized forms. Besides,
Film 1, due to its lower drug release control, showed
a more immediate disposition of higher amounts of
drug that logically determines the final amount of drug
found after 6 h. The differences observed between the
different formulations in the cornea are not so evident in
the sclera, probably because the thickness of the tissue is
much lower, and therefore, the ability to retain the drug
is also smaller. In addition, the structure of the sclera,

Table 6 Sensitivity and

. % S. aureus P. mirabilis E. faecalis E. coli P. aeruginosa
resistance results obtained
for the films, blank film, and Control S _ + _ + +
control for the five types of
. e R + - + - -
bacteria culture (S =sensitivity, i
R =resistance) Film 1b S + + + + +
R — — — — —
Film 2b S + + - + +
R - - + - -
Film 1s S + + - + +
R — — - — —
Film 2s S + + - + +
R - - + - -
Blank film S X X X X X
R X X X X X
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Fig.6 Radius of inhibition growth of the different microorganism angle, Film 2b; black square, Film 2s. a Escherichia coli; b Proteus
induced by CPX films, the blank film, and CPX control. Black cir- mirabilis; ¢ Pseudomonas aeruginosa; d Enterococcus faecalis; e
cle, Film 1b; white circle, control; white diamond, Film 1s; white tri- Staphylococcus aureus
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Fig.7 Inhibition growth of CPX films, blank film, and CPX control
in the different microbial cultures 24 h after application. a Staphy-
lococcus aureus, b Escherichia coli, ¢ Proteus mirabilis, d Pseu-

that facilitates permeability to the posterior parts of the
eye, may also contribute to the decreased capacity for
drug retention in the tissue [62]. Even though, significant
differences can still be observed in CPX retention in the
sclera between Film 1b and the rest of the formulations.
Balguri et al. studied the ocular disposition of CPX from
topical, PEGylated nanostructured lipid carriers in vitro and
in vivo. Their in vivo permeability results were consistent with
the in vitro observations. CPX accumulation in the different
tissues was only assayed in vivo. All the formulations tested and
the control solution showed the same trend; the accumulation in
sclera was always much lower compared with the cornea [63].
Previous studies with aciclovir loaded Soluplus micelles
also showed greater amount of acyclovir accumulated in both
cornea and sclera compared with the solution. These findings
and our own data allow the hypothesis of a possible influence
of the Soluplus as a permeability enhancer for ocular drug
delivery, which is worth to investigate in further studies.

Evaluation of the antimicrobial activity of CPX-films

The agar diffusion assay results showed a considerable
antibacterial efficacy of the tested CPX-loaded films, while

@ Springer

Film2b

Film2s

Control

Fim1b

Film1ls

Blank

domonas aeruginosa, e Enterococcus faecalis, d Enterococcus faeca-
lis (inhibition growth halos highlighted)

no bactericidal activity could be attributed to the blank
film. Escherichia coli, Proteus mirabilis, and Pseudomonas
aeruginosa were sensitive for the control and all the
formulations after 24 h. In certain cases, bacterial regrowth
and reduction phenomena of the inhibition areas were
observed (Proteus mirabilis). In the case of Staphylococcus
aureus, the films were effective even though the
commercial control disc inhibition halos presented an
insufficient diameter to consider the microorganism as
sensitive, according to the established standards (Table 6).
Enterococcus faecalis presented a double inhibition
halo (see Fig. 7e and f), so the inner mark was used for
the subsequent calculations and considerations. This
microorganism type was only sensitive for the Film 1b,
while the Film 1s showed an intermediate efficacy, since
the halo radius was larger than the standard resistance. In
general, the highest areas of inhibition were produced by
the formulations with the lowest concentration of polymers
(Figs. 6 and 7), probably since after their gradual wetting
throughout the study, the release occurs more quickly.
During the diffusion studies on agar plates, the wetting
of the films was much more moderate, and consequently,
the release process did not occur in the same way. It is
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probable that, under in vivo conditions, the wetting and
dissolution of the films are intermediate between both
types of approaches, observing a similar antimicrobial
effect between the two types of films for all the challenged
microorganisms.

The efficacy of CPX formulations has been widely
reported in the literature, but we considered the importance
of antimicrobial resistance to classic antibiotics, especially
after the application of anti-COVID-19 measures worldwide,
which can easily raise antimicrobial resistances, due to the
continuous use of antiseptic agents. Several formulations
increased ocular CPX antimicrobial activity, when compared
with the eye drops. For example, its encapsulation in
cubosomes, which form a bicontinuous lipid bilayer, with a
high structural similarity with the microbial cell membranes,
enable membrane fusion and allow drug transfer into
microbial cells [64]. A copolymer composed of pullulan and
polycaprolactone (PCL) was also used to synthesize CPX-
loaded core-shell nanospheres, which were incorporated into
HEMA-based contact lenses. Their bactericidal activity was
tested using liquid cultures of Staphylococcus aureus and
Pseudomonas aeruginosa, which effectively inhibited the
proliferation of the bacteria [65].

The developed ocular films have therefore the potential
of once-a-day application in the treatment of ocular infec-
tions such as bacterial conjunctivitis. Further studies in ani-
mal models would be needed to corroborate the access of
the drug to the ocular chambers at pre-selected time points
and the absence of local side effects or tissue modifications.

Conclusion

Self-dissolving films can improve the current treatments
for eye infections, as they can deliver the drug with a sus-
tained release profile, achieving an adequate absorption,
providing an adequate pharmacological activity against
the most common types of microorganisms that cause
ocular infections, and presenting adequate organoleptic
properties to improve patient acceptance.
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