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Nanostructured lipid carriers (NLC) are novel lipidic nanosystems that provide significant improvements in terms
of high drug loading capacity and controlled drug release. The purpose of the present work was based on the
design, development, and physicochemical characterization of lactoferrin-loaded NLCs as a new therapeutic
alternative for the keratoconus treatment. Lactoferrin-loaded NLCs were successfully prepared by a double
emulsion/solvent evaporation method. The resultant NLC were assessed in terms of particle size, size distribu-
tion, surface charge, morphology, encapsulation efficiency (EE), loading capacity (LC), stability, cytotoxicity, in
vitro release, and ocular surface retention. Resulting data showed a size of 119.45 + 11.44 nm, a 0.151 + 0.045
PDI value and a surface charge of —17.50 + 2.53 mV. Besides, high EE and LC values were obtained (up to 75%).
The in vitro release study demonstrated a lactoferrin controlled release pattern. NLCs were also stable, non-toxic
and show mucoadhesive properties. Thus, a consistent preclinical base was obtained, where NLC may be
considered as a potential controlled release novel drug delivery system of lactoferrin for the keratoconus
treatment.

1. Introduction to the different barriers that may hinder the drug transport and its

subsequent low residence time at the target site. Hence, an idyllic drug

The eye is one of the daintiest, highly protected, and complex organs,
with distinctive structure, composition, and biochemistry. In contrast to
the conventional systemic drug delivery pathways, topical ophthalmic
administration is a non-invasive and the most favored pathway for drug
delivery, particularly to the anterior segment of the eye. Nevertheless,
the ocular bioavailability of the active substances may be very low due
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delivery system (DDS) that effectively ranges the target site without
disturbing the ocular structural barriers is needed [1-4].

NLC have shown great promise properties (e.g., drug protection,
enhanced bioavailability, dose reduction, or prolonged circulation time,
among others) as controlled DDS in the recent years [5,6]. Nano-
particulate lipidic DDS have reached enough interest in the recent years,
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predominantly due to their biocompatibility with the ocular surface, as
well as to their lipophilicity and capability of permeating physiological
barriers. Other properties, such as simplicity in the elaboration method,
cost-effectiveness ratio and the practicability of large-scale manufac-
ture, turn them into attractive and marketable drug delivery alternatives
to the anterior segment of the eye [7,8].

NLC are a novel generation of lipid nano-sized systems which were
designed to surpass the drawbacks of previously developed lipidic
colloidal systems (liposomes, solid lipid nanoparticles, ...). NLC exist as
a solid lipid matrix at body and room temperature, where a percentage is
changed for a mixture of liquid lipids, resulting in a less ordered lipid
matrix. NLC formulations were deeply studied due to their potential as
ocular DDS to enhance corneal permeation and improve the drug
bioavailability, as well as safety, non-invasive and improve patient’s
compliance [1,9]. Moreover, the mucoadhesive nature of NLC improves
their contact with the eye surface, leading to a sustained residence time,
greater bioavailability and reduced side effects [10]. NLC have also
shown high drug encapsulation and loading efficiencies for both lipo-
philic and hydrophilic drugs [11,12], long shelf-life and large scale
production [13-16].

Keratoconus (KC) is a degenerative ecstatic corneal disorder with a
progressive bilateral pattern that mainly appears in young adults,
leading to pronounced visual disability, deteriorating over time [17].
Currently, there is no available treatment related to the prevention of
the development or progression delay of this disease. Moreover, the
palliative care does not curb the progression of the ecstatic disorder;
invasive surgical procedures are used as the ultimate alternative, pref-
erably intracorneal ring segments (ICRS) implantation, corneal trans-
plant, or corneal cross linking (CXL), with incomplete visual upturn
[18,19]. The etiology and its progression determinants are still unclear
despite its high prevalence, although a multi-factorial pattern is diluci-
dated, as the last common trail of several pathological processes [20].

Keratoconus progression is related to a gradual increase of inflam-
matory intermediaries, comprising cytokines and cell adhesion glyco-
proteins. Certainly, different studies have proven the correlation
between the overexpression of Tumor Necrosis Factor a (TNF-a),
Interleukin-6 (IL-6), and Matrix-9-Metalloprotease (MMP-9) was
described as a key factor in the KC progression [21,22]. Additionally, a
noteworthy diminution in lactoferrin lacrimal levels, as well as other
glycoproteins, was also noticed in the KC pathogenesis [23,24]. These
findings may indicate that immunological courses may be related to the
appearance and development of this corneal ectasia.

Lactoferrin (Lf) is a globular protein (two homologous globular N-
and C- lobes) with iron-binding capacity [25,26], as well as different
biological effects, including anti-inflammatory [27,28], antibacterial
[29-31], antiviral [32-34] and antitumoral [35,36], among others.
Consequently, the use of Lf in different surface ocular pathologies as
Sjogren syndrome, idiopathic dry eye, vernal, irritative or giant papil-
lary conjunctivitis, keratoconjunctivitis, bacterial and viral ocular in-
fections has been previously proposed [37]. Additionally, this protein
has also proven to modulate the humoral and cellular response involving
Toll-Like receptors (TLRs) and to stimulate the corneal wound healing
[37-39]. A TLR 2-4 receptors overexpression, an increase in pro-
inflammatory cytokines and a Lf lacrimal levels decrease in gran-
ulocytes of keratoconus patients were previously demonstrated by our
group [40-42]. These and other evidences indicate that Lf may also have
an important role in the keratoconus treatment [22-24].

The aim of the present work was grounded on the design, develop-
ment, and characterization of Lf-loaded NLCs as nanosized systems
intended for the topical ophthalmic treatment including KC. Similarly,
the central commitment of this site-specific and controlled-delivery
approach is predominantly centered on the understanding of enhanced
pharmacokinetics and pharmacodynamics drug properties, together
with better immunogenicity to improve the therapeutic effect. An effort
to prove the appropriateness of NLC to control the Lf release and
improve its corneal permeability was also studied by acquiring a strong
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preclinical foundation. Indeed, a new ocular biopermanence assay based
on a radiolabeling method was performed to evaluate the NLC bio-
adhesion proposed for topical instillation.

2. Materials

Glycerol monostearate 40-55 was purchased from Roig Farma S.A.
(Barcelona, Spain). Soy lecithin was acquired from Acofarma® (Barce-
lona, Spain). Cholesterol from lanolin was provided by Sigma Aldrich
Chemie GmbH (St Louis, USA). Compritol 888 ATO (a mixture of mono-,
di- and triglycerides of behenic acid (C22)) and Capryol® 90 (propylene
glycol monocaprylate) were generously presented by Gattefosse (Paris,
France). Miglyol® 812 N (medium-chain triglycerides) was kindly
donated by IOI Oleochemical GmbH (Witten, Germany). Poloxamer 407
(Kolliphor® P 407), Poloxamer 188 (Kolliphor® P 188) and D-
a-Tocopherol Polyethylene Glycol 1000 Succinate were supplied by
Sigma Aldrich Chemie GmbH (St Louis, USA). Lactoferrin was acquired
from Sigma-Aldrich (St Louis, USA). All supplementary elements and
reagents were of the uppermost available pureness score.

3. Methods
3.1. Preparation of lactoferrin-loaded NLC

Lf-loaded NLC were obtained by a customized double emulsion/
solvent evaporation technique (DE/SE) (see details of the NLC compo-
sition in Table 1). Briefly, the mixture of solid and liquid lipids was
dissolved in 5 mL dichloromethane (organic phase). Inner aqueous
phase (W1) was prepared by dissolving predetermined amounts of Lf in
PBS, containing a 30% (w/v) Kolliphor® P407. The first emulsion was
obtained by emulsification of the aqueous phase with the organic phase
in a 1:5 (v/v) ratio by sonication (Bandelin Sonoplus® HD3200, Ger-
many) at 15% sonication amplitude for 2 min (pulse: 30 s — 5 s). The
second emulsion (W2) was obtained by adding the first emulsion to an
a-Tocopherol PEG aqueous solution in a 1:10 (v/v) ratio by sonication at
20% sonication amplitude for 5 min (pulse: 30 s — 5 s). The organic
solvent in the double emulsion was evaporated during the sonication
process. Double emulsion was then included into a maturation medium,
composed of a 0.5% (w/v) Kolliphor® P188 aqueous solution (included
into an ice-bath) for 3 h under magnetic stirring (100 rpm). Resulting
NLC were then filtered through a 0.8 mm cellulose acetate filter and
subsequently ultracentrifugated at 50000 rpm and 25 °C for 1 h (TL-100
Ultracentrifuge, Beckman Coulter). The final NLC concentrate was
resuspended in Milli-Q® water, examined and subsequently lyophilized.
The supernatant was retrieved for additional studies.

3.2. Physicochemical characterization of lactoferrin-loaded NLC

3.2.1. Particle size, size distribution and ¢ potential

Particle size and size distribution are crucial characteristics due to
their influence on the final formulation properties (stability, solubility,
release rate or biological behavior, among others). The average size, PDI
and surface charge of the NLCs were determined by dynamic light
scattering (DLS) with non-invasive back scattering (DLS-NIBS) at 25 °C
(ZEN3600, Malvern Instruments Ltd., UK). Sample preparation was
described in previous works [43]. Each batch was tested in triplicate.

3.2.2. Morphological evaluation

Morphology denotes the outer features of nanoparticles. NLC are
presumably anisometric particles (high surface area), where oil droplets
are included between the solid platelets and the surfactant layer [44]. In
addition, particle morphology significantly influences a lot of physico-
chemical characteristics, such as the encapsulation efficiency, loading
capacity, drug release, pharmacokinetics, biodistribution or cellular
uptake, among others [45,46].

The NLC morphological examination was carried out by Scanning
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Table 1

Composition of the previously optimized Lf-loaded NLC formulation.
Solid lipid Liquid lipid Surfactant
Name Ratio (w/v) Name Ratio (w/v) Name Ratio (w/v)
Glycerol monostearate 12% Capryol® 90 15% Kolliphor® P 407 30%
Compritol® 888 ATO 12% Miglyol® 812 N 45% Kolliphor® P 188 0.5%
Soy lecithin 12-30% a-Tocopherol-PEG 0.5%
Cholesterol 5-7.5%

Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM), as previously described [43]. Briefly, SEM analysis were carried
out by positioning the freeze-dried NLCs on a metal specific holder and
iridium coating was further applied preceding the microscopical anal-
ysis under different magnifications. An appropriate preparation pro-
cedure was also performed over the samples prior to TEM analysis (JEM-
F200CF-HR microscope) by dyeing formulations with a 2% (w/v)
phosphotungstic acid aqueous solution and ulterior all-night drying.

3.2.3. Determination of production yield, encapsulation efficiency and
loading capacity

The production yield (PY) of the resulting NLC was obtained by the
centrifugation procedure [47], with negligeable changes. Briefly, fixed
NLCs volumes were ultracentrifuged at 50000 rpm and 25 °C for an 1 h.
Ultracentrifugation led the NLC concentration in the surface of the
suspension. Aqueous residue was then discarded, and the concentrated
NLC were finally freeze-dried. The PY was then estimated as presented:

Nanoparticlesweight

A-100

Productionyield(%) = .
roductionyield (%) Totalinitialsolidsweight

Encapsulation efficiency (EE) and loading capacity (LC) of NLCs
were obtained after separation by centrifugation, as previously
described (see section 3.1.). The amount of boundless Lf was measured
in the resulting aqueous residue by UV-Vis spectrophotometry (A =
280.0 nm). EE and LC were finally estimated as presented below:

__ Totalamountofdrug — Amountofunbounddrug ;

EE(%) A-100

Totalamountofdrug

Totalamountofdrug — Amountofunbounddrug A-100

LC(%) =
(%) Nanoparticlesweight

3.3. Stability studies

Several colloidal structures (micelles, liposomes or nanoemulsions)
included into the NLC formulations may have an important impact on
the NLC stability. Aggregation or coagulation phenomena may arise
because of collisions among particles, leading to caking or flocculation
throughout long-term stability [48].

3.3.1. Stability to storage

The stability-to-storage assay was planned according to the ICH
guidelines [49], with negligeable adjustments. Resulting NLC formula-
tions were freshly prepared, contemplating size changes and probable
aggregation phenomena. Three different temperature subsets were
established for the NLC incubation (4 °C, 25 °C, and 37 °C for an 8 h and
3-month period for short and long-term stability respectively, under
magnetic stirring, protected from light. Samples were taken at pre-
defined intervals for particle size and distribution determination, car-
rying out every measurement in triplicate.

3.3.2. Stability to pH

The NLC stability assessment to pH changes was performed in newly
prepared formulations. NLC were preserved at 4 + 2 °C as standard
formulations. A prefixed volume of each NLC suspension (500 pL) was
included and diluted to a final volume using double-distilled water (5
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mL). pH was subsequently changed to prearranged values (from 2 to 12).
Resulting formulations were preserved in cooling temperature for 1 day,
prior to the measurement by DLS analysis. Each sample was triplicate
measured.

3.3.3. Stability to ionic strength

Newly prepared NLC formulations were subjected to ionic strength
changes to complete the assessment of their physical stability. NLC were
preserved at 4 £+ 2 °C as standard formulations. A prefixed volume of
each NLC suspension (500 pL) was included into a final volume using
double-distilled water (5 mL). The ionic concentration was subsequently
changed to prearranged values (from 0.2 to 2.0 M). Resulting formula-
tions were preserved in cooling temperature for 1 day, prior to the
measurement by DLS analysis. Each sample was measured thrice.

3.4. In vitro release study

The dialysis method is commonly used to quantify the drug release
from nanosized systems. In the present system, two compartments are
divided by a dialysis membrane, as previously described [43], building
an appropriate system to evaluate the drug release behavior from
different types of DDS [50-52].

The Lf release from NLC was evaluated to forecast the drug diffusion
and kinetic profile from the delivery systems. The Lf release rate from
NLC was measured by UV-Vis spectrophotometry, using Franz diffusion
cells. The assembly, filling and conditioning process was explained in
detail in previous works [43]. The assay was performed for a 1-day
period, and NLCs were tested in triplicate. The diffused protein was
finally measured by UV-Vis spectrophotometry at a 280.0 nm wave-
length. Analytic validation was previously obtained by our group and
showed linearity (R = 0.999) over a concentration interval of 0.4882 —
500 pg/mL and LOD and LOQ values of 0.9765 ug/mL and 1.9531 pg/
mlL, respectively (data not published). Results proved that NLCs
remained stable for at least 7 days, sheltered from light and under
cooling.

3.5. Ophthalmic toxicity analysis

The achievement in planning and creating alternative experiments to
swap the Draize test has persisted slippery because of the complications
of matching the in vitro outcomes and animal information. The alter-
native approaches encompass organotypic models, whose effectiveness
was well proven for specific and limited purposes [53-55].

The Bovine Corneal Opacity and Permeability test (BCOP) is an
appropriate assay for the evaluation of mild, moderate, and severe
ocular irritants. Nonetheless, the BCOP steadfastness is limited for mild
irritancy levels. Henceforth, BCOP may be contemplated as a pre-
validation test, whose results can be used in combination with alterna-
tive irritancy tests, such as the Hen’s Egg Test on the Chorioallantoic
Membrane assay (HET-CAM) assay [56-59]. In turn, the HET-CAM test
is also contemplated a suitable template for modelling the consequences
of materials on ocular tissues [55].

3.5.1. Bovine corneal opacity and permeability test (BCOP)
The BCOP is an organ-like trial that permits the appraisal of the
hypothetical ocular irritancy of formulations, safeguarding the animal
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replacement compliance. A complete scan of all corneal layers can be
performed by using in situ isolated corneas, enabling the assessment of
accurate quantifiable endpoints.

The BCOP basis were previously described by Tchao et al. (1988)
[60] and improved by Gautheron et al. [61], with negligeable variations.
The assembly, conditioning, application procedure of the formulations
and opacity measurements were explained in detail in previous works
[43]. Briefly, BCOP test was carried out by using fresh bovine corneas
obtained from a local slaughterhouse (Compostelana de Carnes S.L.,
Santiago de Compostela). The initial corneal opacity was firstly deter-
mined by luxmetry and UV-Vis spectrophotometry, taking into account
the corneal blank values prior to measurement determination to remove
background light exposure. Second, 1 mL PBS was added into the Franz
cell’s donor chamber, followed by cornea’s incubation for 60 min and
subsequently opacity determination. Third, 1 mL formulation was
incorporated into the upper compartment for 10 min, trailed by its
removal and posterior PBS addition for 2 h; the opacity establishment
was then made again. Finally, the permeability assessment was furtherly
quantified by adding a prefixed volume of a 0.4% (w/v) fluorescein
solution (1 mL) to the donor chamber for 90 min and subsequently
assessing the PBS optical density (OD) in the receptor compartment at
490.0 nm to estimate the potential corneal permeability variations. The
resulting data were finally used to estimate the so-called in vitro irrita-
tion score (IVIS) [61,62], by applying the following mathematical
equation:

IVIS = meanopacityvalue + (15 x meanpermeabilityOD y9yvalue)

3.5.2. Hen’s egg test on the chorioallantoic membrane (HET-CAM)

The HET-CAM test is one of the most common organotypic models
used for the identification of irritative compounds, as an alternative to
the standard Draize test [63]. In this test, three potential consequences
were determined (hemorrhage, lysis and coagulation) and subsequently
quantified by means of an irritation score (IS), considering the Kalweit
et al. criteria [64]. All practices with eggs were trailed by the appro-
priate principles and techniques for management of animal supplies.

The procedure was adjusted from the guidelines formerly developed
by Spielmann and Liebsch [65], with minor modifications. The assem-
bly, conditioning, application procedure of the formulations and irri-
tancy measurements were explained in detail in previous works [43].
Each NLC suspension was evaluated in triplicate.

3.6. Ocular surface retention study

3.6.1. Ex vivo ocular surface retention study

The protocol previously developed by Belgamwar et al, (2009) and
Gradauer et al, (2012) was taken as a reference to perform the ex vivo
corneal surface retention study [66,67], with negligible changes.
Thereby, newly removed eyes were obtained from a home-grown
abattoir, macroscopically inspected and feasible ones were chosen for
additional exploration. Excised eyes were placed on individual con-
tainers, with the corneal surface up. Then, a prefixed volume of a 0.4%
(w/v) fluorescein stained NLC suspension (500 pL) were instilled,
repeating this process ten times. The residual NLC suspension was
measured at a 490.0 nm wavelength by UV-Vis spectrophotometry in
order to determine the fluorescence intensity. Each formulation was
tested in triplicate. The NLC mucoadhesion data was finally quantified
as presented:

(Initialabsorbance — Initialvolume) — (Finalabsorbance — Finalvolume) -
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3.6.2. In vivo ocular surface retention assay

3.6.2.1. Radiolabeling stability and efficiency of NLC. Radioactive fluo-
ride (*®F) is one of the most employed positron emitter because of its
ideal positron properties (t1/2 = 109.7 min, Eg; max = 635 keV, and p*
intensity = 97%). In recent years, a series of approaches were studied to
trace nanosized systems using the 2-['®F]-fluoro-2-deoxy-D-glucose
(*8F-FDG) labeling technique [68-71]. The experimental procedure for
the labeling of NLCs and the subsequent assessment of the labeling ef-
ficiency was already detailed in previous works [43].

The NLC radiolabeling efficiency was evaluated by the '*F-FDG ac-
tivity measurement, together in the supernatant (containing the NLC)
and the aqueous residue, in view of the maturation period, as well as the
radiotracer disintegration. Finally, a mathematical treatment was
applied to the subsequent results to calculate the radiolabeling effi-
ciency and to evaluate the labeling stability over time.

3.6.2.2. In vivo evaluation of the ocular biopermanence. The NLC’s bio-
permanence was executed by Positron Emission Tomography (PET) and
Computed Tomography (CT) combined procedure. Both approaches
were described in previous works in order to guide the radiolabeling and
the successive quantitative biopermanence assessment of new DDS
intended for topical ophthalmic administration [43,72].

The in vivo studies were performed on male rats, provided by the
university’s animal-housing unit. The animals were firstly acclimatized
and maintained in separate containers under precise environmental and
feeding conditions. All animals were manipulated taking into account
the ARVO frameworks, together with the standard guidelines for labo-
ratory animals [73]. NLC were analyzed in quadruplicate to undertake
the 3Rs governing outlines [74]. The assembly, conditioning, applica-
tion procedure of the formulations and the measurements of the in vivo
ocular biopermanence were explained in detail in previous works [43].
The GraphPad Prism® and pKSolver® software were used to establish
the appropriate correlation fitting between the remaining formulation
activity and time into a single exponential decay equation by means of a
single compartment prototype [75]. Non-compartmental approach was
additionally performed by approximating the mean residence time
(MRT) and the total area under the curve (AUC) of the NLC remaining
percentage versus time.

4. Results and discussion
4.1. Preparation of lactoferrin-loaded NLC

The choice of an adequate technique for the NLC elaboration is
highly dependent on the drug physicochemical characteristics. A great
variety of methods were successfully developed for the incorporation of
hydrophobic compounds into the NLC, but there are hardly any
described methods for the encapsulation of hydrophilic drugs (e.g.,
proteins) into NLC, due to the difficulties involved (drugs with high
hydrophilicity are significantly ejected from the hydrophobic matrix
into the dispersing aqueous phase) [76-79]. Nevertheless, the DE/SE
preparation method, where the first emulsion acts as a reservoir, is
typically employed to encapsulate hydrophilic drugs, whereas the sec-
ond emulsion serves as a diffusion barrier, preventing drug leakage from
internal to external aqueous phase.

M dhesion(%) =
ucoadhesion(%) (Initialabsorbance — Initialvolume)

147

A-100




R. Varela-Fernandez et al.

Initial screening studies were carried out to assess the formulation
and processing parameters of the NLC preparation procedure. Drug:lipid
ratio, oil:aqueous phase ratio, surfactant concentration, volume of the
maturation medium, and sonication time were identified as critical
factors in producing stable formulations. The results from the initial
screening trials (data not shown) suggested that specific values of these
parameters are required in the obtention of NLC.

Likewise, colloidal systems involve small particle size and narrow
size distribution for high stability and low ocular toxicity [13]. Opti-
mized NLC formulations were in the nanometric range, as a unimodal
population with a relatively narrow size distribution, and negatively
charged surface. These are several of the most important prerequisites
for ocular application of nanoparticulate systems [80].

4.2. Physicochemical characterization of NLC

4.2.1. Particle size, size distribution and surface charge

The NLC traditional diameter varies from 10 to 1000 nm, although a
50-300 nm size interval is especially desired for site-specific drug
release [13]. A higher barrier permeability, improved uptake, rapid
action, and controlled release are one of the most important advantages
of these lipid nanocarriers.

The average size of both blank and lactoferrin-loaded NLC was below
150 nm (see Table 2). The PDI was found to be lower than 0.3, denoting
a relative uniformity in the final NLC suspension. The NLC surface
charge revealed high negative values (-18.25 + 2.20 and —17.98 + 2.54
for blank and lactoferrin-loaded NLC, respectively), being attributed to
the chemical nature of the lipid matrix and the surfactants included into
the maturation medium (Kolliphor® P188).

Moreover, at lower amounts of lipids, the ability of surfactant to
stabilize particles could be enhanced [81]. Surfactant amount also had a
significant effect on PDI that could feasibly be associated with the lower
predisposition to form aggregates [82,83]. Even though, surfactants
proportion in the optimized NLC formulations may stabilize the system
without causing an increase in the PDI values.

4.2.2. Morphological evaluation

The TEM analysis offered evidence about the NLC’s particle size and
morphology and confirmed previous DLS data, where a size below 200
nm was found for the final NLC. Further, the microstructural analysis
confirmed that NLC were mostly composed of a uniform population of
anisometric, spherical in shape and well-defined size particles (see
Fig. 1).

TEM images also showed the nanocapsular structure of the NLC
where a less dense non-lipid core corresponding to the aqueous gelled
core was observed, as well as a denser external lipid layer. The presence
of the aqueous core is very important for the immobilization of lacto-
ferrin since its hydrophilic nature prevents the glycoprotein dispersion
to the lipid layer.

SEM analysis demonstrated that the NLC external characteristics
were maintained after the elaboration process. SEM analysis also proved
the presence of a population of anisometric particles (see Fig. 1).
Accordingly, the lyophilized NLC suspensions guaranteed the nanoscale
size, being these results aligned with the TEM morphological evaluation.
To point out, it must be considered that the NLC’s irregular shape
observed in SEM images could be caused by the water extraction from

Table 2
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the NLC core as consequence of the lyophilization process (see Fig. 2).

4.2.3. Production yield, encapsulation efficiency and loading capacity of
NLC

Fig. 3 shows the PY, EE and LC data of the final Lf-loaded NLC. The
EE assessment confirmed that the preparation process of the Lf-loaded
NLC was reproducible and efficient with PY values above 78.92 +
9.12% for the optimized lactoferrin-loaded NLC (Cr¢ = 1 mg/mL) (see
Table 2). A correlation in the EE and LC data was perceived with the
proportional Lf increase into the NLC suspension (see section 4.2.4). It
must be considered that the drug:lipid ratio varied from 1:7.5 to 1:45,
reaching high values of EE and LC (up to 75%) for a 1 mg/mL lactoferrin
concentration, as presented in Fig. 3 (see section 4.2.4).

4.2.4. Effect of protein loading on size, EE, and LC

Fig. 3 displays the Lf loading effect on size, EE, and LC for Lf-loaded
NLC over the increased amount of Lf (from 0.1 to 1.0 mg/mL). Resulting
data suggest that Lf amount has a negligeable effect on particle size,
although it must be considered that the drug:lipid ratio ranged from
1:7.5 to 1:45, so that the influence may be masked by the large amount
of lipidic components. Nevertheless, a correlation in the EE and LC data
was found over the increased Lf amount (from 0.1 to 1 mg/mL),
although no difference was found in terms of size increase.

Resulting data was subsequently evaluated by a one-way ANOVA
analysis, where differences among the Lf-loaded NLC might be observed.
EE (%) and LC (%) data were found to be significantly different between
NLC formulations (F = 124.7, P < 0.0001 for EE and F = 175.4, P <
0.0001 for LC). These results suggest that NLCs might further encapsu-
late the drug into their matrix, leading to high drug uptake.

These results showed that NLCs have a greater ability to immobilize
Lf than previously developed chitosan-based nanoparticles [43]. In this
previous study, a consistent preclinical base was obtained by our group
based on the design, development, and characterization of chitosan-
based NPs to immobilize and promote a controlled release of Lf.
Certainly, the ability of chitosan/tripolyphosphate nanoparticles (CS/
TPP NPs) and chitosan/sulfobutylether-p-cyclodextrin nanoparticles
(CS/SBE-B-CD NPs) to immobilize and release Lf was studied. In this
previous research, EE values of 47.19 + 2.97% and 52.84 + 1.05% and
LC values of 43.47 4+ 5.04% and 43.44 + 3.69% for CS/TPP and CS/SBE-
B-CD NPs were obtained for a 1 mg/mL [43]. Nevertheless, these results
were lower than those obtained for the present NLC formulations, which
showed values greater than 75% for the same Lf concentration. The high
immobilization capacity of NLCs could be explained by its nanocapsule
structure. The presence of the aqueous polymeric reservoir in the core
improves the immobilization of lactoferrin, that can also be adsorbed to
the surface of the external lipid layer.

4.3. Stability studies

The physical stability of NLC dispersions is one of key product
characteristics to be assessed. NLC formulations are usually heteroge-
neous and thermodynamically unstable systems. Hence, a noteworthy
predisposition to lose physical stability during storage is presumably
observed in this type of formulations [84], although the use of an
optimized stabilizer composition may maintain the physical stability for
several years [85].

Particle size, polydispersity index, and surface charge of blank and Lf-loaded NLC formulations. Results are represented as the mean + S.D. (n = 3).

Formulation [Lf] (mg/mL) Size (nm) PDI ¢ Potential (mV)

Blank NLC - 115.97 + 15.58 0.152 + 0.037 —18.25 + 2.20

Lactoferrin-loaded NLC 0.1 117.91 + 12.90 0.146 + 0.042 —18.57 + 2.47
0.5 123.09 + 8.29 0.165 =+ 0.040 —17.86 + 1.51
1.0 119.45 + 11.44 0.151 + 0.045 —17.50 £+ 2.53
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Fig. 2. SEM images of lactoferrin-loaded NLC formulations.
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Fig. 3. Evolution of size (nm) and { potential (mV), as well as EE (%) and LC (%) values, over increased lactoferrin concentration for NLC formulations.

4.3.1. Stability to storage

The NLC’s stability study was carried out by measuring the size, PDI
and ¢ potential at three different temperature sets (see section 3.3.1.) for
two different periods (8 h and 3 months, for short and long-term stability
study, respectively) (see Fig. 4). Resulting data for both stability studies
proved that NLCs were stable in terms of size and size distribution along
the studied periods. A one-way ANOVA analysis was finally employed,
and no differences (p greater than 0.05) were spotted along the pre-
defined interval, agreeing with the experimental results.

4.3.2. Stability to pH

Fig. 5 shows particle size and surface charge variations of NLC for-
mulations for the tested pH interval. Changes along the studied pH in-
terval are presumably associated with the composition of the resulting
formulation, where both solid and liquid lipids determine the nano-
carrier’s surface charge. Hence, aggregation phenomena were detected
in the lower acidic pH interval (from pH 2 to 4), because of the
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interaction between the acidic media (high proton concentration) and
the negatively charged groups of the lipid nanocarriers, neutralizes the
nanoparticle’s surface charge ({ potential ~ 0). Nevertheless, from a pH
6 value, NLC remained stable in size, where high negatively { potential
values were also observed, supporting these results. Thus, NLC would be
suitable for topical ophthalmic administration without producing
corneal injuries or lacrimation (pH interval: from 4 to 8) [86].

4.3.3. Stability to ionic strength

The collapse, rupture, or coalescence of the NLC may be associated
with modifications in the ionic concentration of the media. This report is
reinforced by the electrical double-layer theory, where increasing ionic
strength values are associated with a decrease in the double layer
thickness [87]. Therefore, an upsurge in the contact between particles
may produce an intensification in the NLC’s aggregation.

The time-dependent caking, flocculation or deposition phenomena
may occur on NLC suspensions due to changes on ionic strength of the
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Fig. 6. Changes in size and surface charge values of NLC over the ionic strength predefined range. Graph a) represents the changes for NLC formulations in PBS,

while Graph b) shows the changes for NLC formulations in Milli-Q® water.

media [88]. Fig. 6 shows the changes in size and surface charge of NLC
formulations along the ionic strength range.

In the absence of additional NaCl salt and at a pH 7.4 value,
lactoferrin-loaded NLC aqueous dispersions are stable systems, exhibit-
ing no signal of caking or aggregation for, at least, 3 months (see section
4.3.1.). NLC stability is determined by electrostatic repulsive forces from
the negative surface charge, being supported by previous studies
[89,90]. Nevertheless, aggregation phenomena occurred in almost the
entire studied ionic strength interval, possibly since NLC were just
dispersed in PBS (pH 7.4 and 0.15 M ionic strength). A shift from a
steady to an unsteady NLC formulation occurs for additional ionic
strength values higher than 0.2 M and lower than 1.6 M, as presented in
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the Fig. 6a). A similar pattern was observed for the NLC formulations
using Milli-Q® water instead of PBS for high ionic strength values (see
Fig. 6b)), while for the 0.2 to 0.5 M range, the NLC size has remained
unchanged, supporting the idea that PBS conditions such stability.
Hence, an upsurge in the sodium ions concentration to the NLC colloidal
suspension could compress the electric double layer weakened of
nullified the magnitude of electrostatic repulsive influence, producing a
noteworthy decrease of the ¢ potential. Consequently, a minimum in-
crease in the ionic strength led to the coalescence of the NLC. In any
case, the NLC suspension in the final formulation (PBS pH 7.4) presented
suitable values of ionic strength and osmolarity for topical ophthalmic
administration, without the need to add additional salts to the medium.



R. Varela-Fernandez et al.

Diffusion (Q)
300~
o~
£
2
£
B 200
2
€
=
8 100+
X}
[¢]
©
=
0 T T T T T 1
0 4 8 12 16 20 24
Time (h)

European Journal of Pharmaceutics and Biopharmaceutics 172 (2022) 144-156

Diffusion (%)
__ 1004 -e- Control (LF solution)
g
; 80- -o- NLC
[
@
@ 604
e
£ 401
P
5
5 204
(1]
-
0"' T T T T T !
0 4 8 12 16 20 24
Time (h)

Fig. 7. In vitro release study of NLC, compared to a control solution. The first diagram illustrates the raw cumulative amount of Lf. The second diagram shows the

cumulative percentage of Lf.

Table 3
Release data of NLC into the Higuchi and Peppas and Korsmeyer diffusion ki-
netics equation.

Higuchi Peppas and Korsmeyer
Formulation  k (mg-cm~> R k (mg-cm~2. n R
min~ %) min™)
NLC 22.08 0.9754  26.67 0.45 0.9761

4.4. In vitro release study

Compared to the Lf buffered solution, the pilot in vitro release study
from Lf-loaded NLC proved a controlled and maintained delivery
behavior, as presented in Fig. 7. The in vitro Lf delivery profiles acquired
for the NLC exhibited two dissimilar release stages caused by the
nanocapsule structure and the different location of the Lf, adsorbed to
the external lipid layer and immobilized into the polymeric gelled core.
It can be observed: (I) a burst release due to the Lf desorption from the
NLC surface, and (II) a sustained release due to the Lf diffusion across
lipid layer from the NLC aqueous core.

Results from Lf cumulative release from NLC were adjusted to several
kinetic models to find the pharmacokinetics and release behavior, where
Higuchi and the Peppas and Korsmeyer kinetic models showed the best
correlation data. In the latter model, a n value of 0.45 was obtained,
advocating diffusion as the leading delivery mechanism (see details in
Table 3). In absence of in vivo proteins with catalytic behavior (e.g.,
lipase, colipase), the main Lf delivery mechanism from the lipid NPs and
NLC is assumed to be based on drug diffusion and lipid matrix erosion
processes, but once the systems penetrate tissues, the in vivo lipid
degradation by enzymes could be taken by increasing the intracellular
release of the cargo. On the other hand, Robciuc et al. [91] (n) have
previously described the presence of sphingolipid-specific enzymes,
acid-and-neutral sphingomyelinases, as well as ceramidases in tears of
healthy patients, forming part of the homeostatic system of the ocular

1. Fresh excised cornea

Transmittance (%)
Transmittance (%)

2.60min PBS

surface. This enzymatic composition can be modified by the presence of
bacterial lipases or extracellular stress. Thus, lipids and lipidic nano-
systems can be altered on the ocular surface by the presence of enzymes,
both in tear fluid or within the corneal epithelial cells and, therefore, the
in vivo release could be faster.

4.5. Ophthalmic toxicity analysis

4.5.1. Bovine corneal opacity and permeability test (BCOP)

Corneal changes due to NLC administration were expressed as
opacity and permeability values. Firstly, results were individually
analyzed to assess whether NLC produce corneal irritation. No note-
worthy variations were detected for NLC formulations, compared to the
control solutions results (see Fig. 8). The IVIS score was finally obtained,
where NLC showed a IVIS = 0, suggesting no corneal toxicity conse-
quences compared to control formulations (see Fig. 9).

4.5.2. Hen’s egg test on the chorioallantoic membrane (HET-CAM)

NLC formulations were assessed, comparing results with those ac-
quired for the negative and positive control solutions (Fig. 10). NLC
showed no cytotoxicity effects (IS = 0), being in accordance with the
BCOP test results (see section 4.5.1.). Thus, resulting data confirmed
that the constituents and the final lipidic formulations are non-toxic and
biocompatible.

4.6. Ocular surface retention study

4.6.1. Ex vivo ocular surface retention study
Corneal mucin layer is a critical parameter that should be considered
in the NLC design and development for ophthalmic delivery. The
mucoadhesion variation for NLC formulations was expressed as the
difference in the fluorescein concentration before and after the study.
Thus, a mucoadhesion percentage of 29.16 + 6.54% and 47.23 +
4.41% was obtained for the control solution and the NLC formulation,

3. 10min Formulation + 120min PBS
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Fig. 8. Evolution of corneal transparency for NLC formulations over time during BCOP assay.
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Fig. 10. Images of CAM membranes after the administration of NLC during the HET-CAM test, compared to the control solutions. (A) lactoferrin-loaded NLC, (B)
NaCl aqueous solution (negative control), and (C) NaOH aqueous solution (positive control).
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Fig. 11. '®F-FDG radiolabeling efficiency and stability for NLCs over time.

respectively. Furthermore, a one-way ANOVA analysis was then per-
formed, and statistically noteworthy differences (p < 0.05) were spotted
by comparison of the results for NLCs with the standard data. This is in
good agreement with previously published works [92,93], where NLC
have proven a prolonged corneal MRT and a significant uptake along the
corneal epithelium, conditioned by the small particle size and homo-
geneous particle size distribution.

1004
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Fig. 12. Ocular biopermanence of a '®F-FDG radiolabeled NLC and a '®F-FDG

aqueous solution (control), estimated considering the primary biopermanence
data (%) in the ROL
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4.6.2. In vivo ocular surface retention study

4.6.2.1. Radiolabeling efficiency and stability of NLC. Fig. 11 displays the
18E.FDG radiolabeling efficiency and stability for NLC formulations,
respectively. As observed, '®F-FDG NLC formulations presented an
appropriate radiolabeling efficiency (higher than 75%) and stability for,
at least, 3 h. 'F-FDG was confirmed as a suitable radiotracer for NLC,
and it was used in further in vivo radiolabeling assays.

4.6.2.2. Experimental in vivo evaluation of ocular biopermanence. Fig. 12
displays the '®F-FDG-radiolabeled NLC ocular biopermanence for a 300-
min period, compared to the standard solution. The corneal surface
retention study of the NLC formulations was evaluated by the ®F-FDG
radioactivity assessment in a PET system.

The NLC ocular biopermanence was carried out on rats using '®F-
FDG as a radiotracer, trailed by the radioactivity evaluation in a PET
equipment over the studied time (see details in Fig. 12). In this study, a
higher MRT was detected for the NLCs, compared to the standard so-
lution, even though both formulations consist of an ocular buffered so-
lution (PBS, pH 7.4), whose composition is close to tears. Results were
accurately adjusted to a monoexponential decline outline by a single
compartmental model (R = 0.9578 for NLC and R = 0.9930 for the
standard solution) (see Fig. 13). The resulting data are in good agree-
ment with the idea that NLCs exhibit appropriate mucoadhesive, direct
cell uptake, and corneal penetration, and according to the PET data of
previous studies [94-96].

Table 4 displays the pharmacokinetics factors (k, t; 2, MRT, AUC and
R) of the '®F-FDG radiolabeled NLC and '8F-FDG standard solution.
Statistically significant differences (p < 0.05) were spotted concerning
NLC and control solution for the studied interval, where NLC showed a
higher ocular retention profile.

The NLC ocular permanence obtained by PET was similar to that
previously observed for the mucoadhesive Lf-loaded CS/TPP and CS/
SBE-B-CD NPs [43]. Corneally, chitosan-based NPs showed a t;,» and
MRT of 114 4+ 72 h and 127 + 47 h for CS/TPP NPs, and 60 4 20 h and
90 + 14 h for CS/SBE-B-CD NPs, respectively. Thus, results confirmed
the great bioadhesive ability of the NLC in the ocular mucosa.
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Fig. 13. Fused PET/CT images during the 5 h-studied interval. (I) 18F_FDG buffered aqueous solution, (II) 18F_FDG radiolabeled NLC.

Table 4
Ocular biopermanence parameters for 18F_FDG radiolabeled NLC and '8F-FDG control (named as “control” in the table) formulations.
Formulation K (min~1) t1/2 (min) MRT (min) R2
Mean SD Mean SD Mean SD Mean SD
NLC 0.0071 0.0027 107.82 38.10 141.33 26.21 81.1 9.5
Control 0.041 0.012 17.7 4.5 59.1 17.6 26.0 7.8

5. Conclusion

In the biomedical field, nanoparticulate DDS have been extensively
studied in the latest decades. Certainly, NLC have risen as a promising
alternative to the conventional pharmaceutical forms in terms of the
efficient delivery of therapeutics by different administration routes,
including the topical ophthalmic pathway. Likewise, additional physi-
cochemical properties of their excipients, such as high biocompatibility,
biodegradability, and non-toxicity, support the use of NLC as new suit-
able DDS. The ease of scale, the controlled release profile, high stability
and improved also reinforce the use of these novel nanosystems.

The elaboration of stable and tunable-size Lf-loaded NLC by double
emulsion/solvent evaporation method is highly complex and is deter-
mined by different key process conditions, including the optimization of
lipids concentration (both solid and liquid lipids), sonication and ther-
mal shock conditions, among others.

In the present work, lactoferrin-loaded NLC showed an average
particle size 0f 119.45 4+ 11.44 nm, a 0.151 + 0.045 nm PDI and a 17.50
+ 2.53 mV ¢ potential, as well as spherical and uniform shape. Similarly,
these lipid nanosystems show good stability to storage (up to 3 months),
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to a 6-12 pH interval and to a 0.075-0.6 M ionic strength range in
appropriate media. A controlled release of Lf was also proven, corrob-
orating their use as possible DDS for hydrophilic drugs. Resulting data
also confirmed their mucoadhesive properties through electrostatic
forces for, at least, 240 min, with no evidence of tissue cytotoxicity.

To sum up, a NLC system was proposed for the first time for the
topical ophthalmic delivery of lactoferrin, as an alternative to the pre-
sent aggressive clinical approaches. Its design and development were
reinforced by a consistent in vitro and in vivo characterization base.
Similarly, NLC showed suitable physicochemical characteristics for
ocular administration, delaying the drug release, and assuring the pa-
tient’s adherence-to-treatment. Additionally, these lipid nanosystems
versatility would permit their use in a huge variety of pharmaceutical
forms for topical ophthalmic delivery.
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