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ABSTRACT

Ocular inflammation is one of the most common comorbidities associated to ophthalmic surgeries and disorders.
Since conventional topical ophthalmic treatments present disadvantages such as low bioavailability and relevant
side effects, natural alternatives constitute an unmet medical need. In this sense, lactoferrin, a high molecular
weight protein, is a promising alternative against inflammation. However, lactoferrin aqueous instability and
high nasolacrimal duct drainage compromises its potential effectiveness. Moreover, nanotechnology has led to an
improvement in the administration of active compounds with compromised biopharmaceutical profiles. Here, we
incorporate lactoferrin into biodegradable polymeric nanoparticles and optimized the formulation using the
design of experiments approach. A monodisperse nanoparticles population was obtained with an average size
around 130 nm and positive surface charge. Pharmacokinetic and pharmacodynamic behaviour were improved
by the nanoparticles showing a prolonged lactoferrin release profile. Lactoferrin nanoparticles were non-
cytotoxic and non-irritant neither in vitro nor in vivo. Moreover, nanoparticles exhibited significantly increased
anti-inflammatory efficacy in cell culture and preclinical assays. In conclusion, lactoferrin loaded nanoparticles
constitute a safe and novel nanotechnological tool suitable for the treatment of ocular inflammation.

1. Introduction

an external insult that includes different molecular and functional me-
diators, involving recruitment and activation of inflammatory cells and

Ocular inflammation constitutes one of the most common conse- release of inflammatory mediators, such as cytokines, interleukins,
quences associated to ophthalmic disorders and it is associated to a wide prostaglandins and enzymes (Anfuso et al., 2017).
range of pathologies (Mazet et al., 2020). It is a non-specific response to Regarding the anterior segment of the eye, a wide range of ocular
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pathologies are tightly associated with ocular inflammation including
dry eye disease or keratoconjunctivitis sicca (Chen et al., 2019), mi-
crobial or viral infection (Pearlman et al.,, 2013), post-operative
inflammation, seasonal allergic conjunctivitis, blepharitis (Tamhane
et al,, 2019), or uveitis related to patients with psoriatic arthritis
(Abbouda et al., 2017; Foster et al., 2016).

In this area, topical administration is the most suitable route for
ocular treatments due to its ease of handling, non-invasiveness, and
effectiveness avoiding systemic side effects associated with oral
administration (Mazet et al., 2020).

Current treatment for ocular inflammation consists mainly on the
administration of corticosteroids and non-steroidal anti-inflammatory
drugs (NSAIDs), in monotherapy or in combination. Nonetheless, its
prolonged use include severe adverse events (Caplan et al., 2017; Car-
nahan and Goldstein, 2000; Foster et al., 2016).

To address these issues, the research for alternatives in the treatment
of ocular inflammation is crucial. Therefore, recently, lactoferrin (LF) is
an iron-binding glycoprotein that modulates the innate and adaptive
reactions of the immunological system. This protein is associated to anti-
inflammatory effects as well as antibacterial, antifungal, antiviral,
antiparasitic and immunomodulatory properties. Moreover, it has been
investigated due to its multifunctional capacities to combat several
ocular diseases (Gonzalez-chavez et al., 2009; Kanyshkova et al., 2001;
Lee et al., 2020; Wang et al., 2017).

LF three-dimensional structure reveals a protein folded into two
highly homologous lobes with iron-binding capacity. Each of these lobes
can bind a ferric ion stably and reversibly, with the simultaneous
binding of a bicarbonate anion. LF is secreted by neutrophils and
exocrine glands. Colostrum and milk present the highest levels of this
glycoprotein, but it is also detected in fluids such as tears, saliva, or
gastrointestinal secretions (Tamhane et al., 2019). During infection or
inflammation processes it has been observed that LF concentration in-
creases due to neutrophil recruitment (Ward et al., 2005). Specifically,
at ocular level, LF is one of the most abundant proteins in the tear fluid,
comprising around 20-30 % in basal and reflex tears (Hanstock et al.,
2019). Moreover, LF is presented in vitreous humour and different
ocular tissues, such as cornea, iris and retinal pigment epithelium
(Rageh et al., 2016).

Human and bovine LF possess similar functions due to their high
sequence homology (Rosa et al., 2017). Therefore, most of the in vitro
and in vivo studies have been carried out employing bovine LF (bLF),
generally recognized as safe substance (GRAS) by the Food and Drug
Administration (FDA) and the European Food Safety Authority (EFSA)
(European Food Safety Authority, 2012; Rosa et al., 2017). bLF has a
powerful anti-inflammatory activity (Haversen et al., 2002). It is inter-
nalized from the apical side of the host cells and located in the nucleus,
being N-lobe the responsible for the union, internalization and orien-
tation (Suzuki et al., 2009). Thus, it has the capacity of modulating the
inflammatory response in corneal epithelial cells attenuating the nuclear
transcription factor kappa B (NF-kB)-induced transcription of genes for
various inflammatory mediators (Gu and Wu, 2016; Rosa et al., 2017).

In addition, the generation of reactive oxygen species (ROS) is also
involved in the inflammation process. It has been described that free
iron is responsible for potentiating redox reactions, as it can easily
accept or donate electrons that contribute to the formation of ROS
(Kanwar et al., 2015). Therefore, eliminating free iron and inhibiting
redox activities through chelation is a potentially useful therapeutic
strategy to treat inflammatory ocular diseases (Chen et al., 2017).

Nonetheless, bLF presents some instability in aqueous solution
(Wang et al., 2019). In addition, hydrophilic substances administered as
eye drops are rapidly eliminated via conjunctiva and nasolacrimal duct.
It results in a pre-corneal drug half-life of 1-3 min and it has been re-
ported that, due to tear turnover, only 5 % of the dose penetrates the
cornea and reaches intraocular tissues (Liu et al., 2015; Sanchez-Lopez
et al., 2016).

During recent years, ocular active administration using controlled
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release systems has been emerging owing to improved permeability,
bioavailability and stability, providing great advantages over conven-
tional pharmaceutical dosage forms (Cano et al., 2017).

Therefore, to overcome these problems, drug encapsulation into
biodegradable polymeric nanoparticles (NPs) has been carried out in
order to increase its stability, therapeutic activity, and half-life in the
ocular tissues allowing its release in a sustained way (Shi et al., 2010).

One of the most widely used polymers in these drug delivery systems
is poly (lactic-co-glycolic acid) (PLGA), due to its biocompatibility and
biodegradability. This compound is accepted by European Medicines
Agency (EMA) and Food and Drug Administration (FDA) as Generally
regarded as safe subtance (GRAS) that possess the ability of vectoriza-
tion of the organism towards the therapeutic target (Sharma et al.,
2016).

Hence, the aim of this study was the physicochemical development
of polymeric bLF-NPs as topical ophthalmic drug delivery system for the
treatment of ocular inflammation. This study highlights the incorpora-
tion of high molecular weight proteins like bLF within nanostructured
systems. Moreover, the evaluation of their cytotoxicity and anti-
inflammatory efficacy has been carried out by both in vitro and in vivo
studies. Furthermore, corneal permeability and prolonged release of the
active compound were decisive in the formulation assembly. Thus, the
objective of improving the pharmacokinetic and pharmacodynamic
drug profile was also pursued.

2. Experimental
2.1. Materials

bLF was purchased from Azienda Chimica e Farmaceutica (Italy);
PLGA Resomer® 50:50 503H was acquired from Boehringer Ingelheim
(Germany); ethyl acetate and Kolliphor®P188 (P188), ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide
(NHS), N-diisopropylethylamine (DIEA), rhodamine 110 (Rho) chloride,
trypsin-EDTA (1X), insulin, hydrocortisone, lipopolysaccharide (LPS)
and tetrazolium bromide (MTT) were purchased from Sigma Aldrich
(MO, USA). Keratinocyte serum-free medium, human recombinant
epidermal growth factor, bovine pituitary extract, penicillin, strepto-
mycin, fetal bovine serum, IL-8 and TNF-a Human ELISA Kit were ob-
tained from Thermo Fisher Scientific (Life Technologies, CA, USA).
Human corneal epithelial cell line immortalized with adenovirus 12-
SV40 hybrid virus (HCE-2, ATCC® CRL-11135) was purchased from
LGC Standards (Barcelona, Spain). Water filtered through a Millipore®
MilliQ system was used for all the experiments and all the other reagents
used were of analytical grade.

2.2. Fabrication of nanoparticles

bLF loaded NPs were produced by a modified double emulsion
method described elsewhere (Lamprecht et al., 2000; Tao Meng et al.,
2003). Briefly, the organic phase (o) was formed dissolving a pre-
determined amount of PLGA in 2 mL of ethyl acetate. Aqueous phase
(w1) was obtained by dissolving bLF in 2.5 mL of deionized water. The
primary emulsion (w;/0) was formed by applying ultrasonic energy
during 30 s. Secondary emulsion (w1/0/w3) was formed by mixing the
wi/0 emulsion with 1.5 mL of deionized water containing P188 (1.8
mg-mL 1) following by the application of ultrasonic energy. Then, 1 mL
of P188 (0.02 mg-mL~!) was added dropwise under magnetic stirring,
and the organic solvent was evaporated overnight (Sanchez-Lopez et al.,
2018).

The production of NPs fluorescently labelled with rhodamine 110
(Rho) followed the same approach above described, but adding 20 % of
Rho-PLGA from the total amount of PLGA (Gonzalez-Pizarro et al.,
2019a; Igbal et al., 2015). Briefly, for the obtention of polymer Rho-
PLGA, a quantity of PLGA 503H reacted with NHS and EDC dissolved
in chloroform. Subsequently, the activated PLGA (NHS-PLGA) was
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subjected to a procedure of washing/precipitation three times with cold
diethyl ether. The resultant NHS-PLGA was dried and labelled with Rho
by dissolving in chloroform with DIEA. The obtained polymer was
submitted to three washing/precipitation cycles by adding an 80/20
mixture of diethyl ether and cold methanol. Finally, it was lyophilized
and stored at — 20 °C (Gonzalez-Pizarro et al., 2019a).

2.3. Design of experiments

To obtain the optimal formulation, a design of experiments (DoE)
was employed using a 23 central composite design matrix generated by
StatGraphics Centurion XVLI. This design was developed to analyse the
effects of the independents variables (bLF, PLGA and P188 concentra-
tions) on the dependent parameters (average particle size (Z,y), poly-
dispersity index (PI), zeta potential (ZP) and encapsulation efficiency
(EE)) (Nekkanti et al., 2015). Each factor was studied at five different
levels (see Table 1) and the responses were modelled through the full
second-order polynomial Eqn 1:

Y=L+ X0+ X+ X5 1 X5 +50XG +P3 X5+ 1o Xi Xo +13X1 Xa 2, X0 X
(@9)

where Y is the measured response, By to po3 are the regression co-
efficients and X;,X5 and X3 are the studied factors (Cano et al., 2018).

2.4. Physicochemical characterization

Different physicochemical parameters were determined to charac-
terize the bLF-NPs using a ZetaSizer NanoZS (Malvern Instruments,
Malvern, UK). Z,, and PI of NPs were determined by dynamic light
scattering. ZP was determined measuring particle electrophoretic
mobility using a combination of Laser doppler velocimetry and phase
analysis light scattering (PALS). Samples were diluted (1:20) and mea-
surements were carried out by triplicate in 10 mm diameter cells and
disposable capillary cells DTS1070 (Malvern Instruments), respectively,
at 25 °C (Anaraki et al., 2020).

2.5. Encapsulation efficiency

2.5.1. Indirect determination of encapsulation efficiency

With the objective of elucidating the percentage of bLF encapsulated
in the NPs, the EE was determined indirectly by measuring the non-
entrapped drug in the dispersion medium. The non-loaded drug was
separated from NPs by ultracentrifugation at 4 °C and 45000 rpm for 60
min (Beckman Optima®, Ultracentrifuge, California, USA). Then, su-
pernatant was used to evaluate the EE according to the following Eqn 2
(Gonzalez-Pizarro et al., 2018):

Total amount of bLF Free amount o fbLF
Total amount of bLF

EE (%) = 100 )

The amount of the bLF in the aqueous phase was quantified by a
reverse-phase high-performance liquid chromatography (RP-HPLC)
method (Aguilar, 2004). The methodology used was validated in
accordance with international guidelines (EMEA, 2011), including the
evaluation of linearity, sensitivity, accuracy, and precision. Briefly,
samples were quantified using HPLC Waters 2695 (Waters, Massachu-
setts, USA) separation module and a Europa® Protein 300 Cg column (5

Table 1
Matrix of the factorial design including coded levels and their corresponding
values in the experimental design.

Levels
Factor -1.68 -1 0 +1 +1.68
cbLF (mg-mL~') 1.60 5 10 15 18.40
¢PLGA (mg-mL~1) 0.32 1 2 3 3.68
cP188 (mg-mL™") 7.28 10 14 18 20.72
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pm, 250 x 4.6 mm) with a mobile phase formed by a water phase of 0.1
% trifluoro acetic acid (TFA) and an organic phase of acetonitrile/
water/TFA (95:5:0.1), in a gradient (from 95 % to 25 % of water phase in
4 min and back in next 4 min, maintaining this ratio until 25 min) at a
flow rate of 0.75 mL-min~'. A calibration curve with a bLF concentra-
tion ranges from 0.1 to 1 mg-mL~! was prepared. A diode array detector
Waters® 2996 at a wavelength of 219 nm was used to detect the bLF and
data were processed using Empower 3® Software.

2.5.2. Direct determination of the encapsulation efficiency:
Immunohistochemical method

Electrophoresis of bLF was carried out using the polyacrylamide gel
in the presence of sodium dodecyl sulphate (SDS). This technique is used
to separate and identify proteins based on their molecular weight. Pro-
teins in the presence of SDS are denatured and negatively charged so
they migrate to the anode in an electric field based on molecular weight.
Gels with a polyacrylamide concentration of 10 % were used. The mo-
lecular weight marker used was the BENCHMARK® Prestained Protein
Ladder (Invitrogen®). Subsequently, gel staining was performed with
Coomassie bright blue, and protein analysis was carried out by Western
Blot (Pillai-Kastoori et al., 2020). The protein present in the samples was
detected using antibodies specific for bLF.

2.6. Morphological characterization

Morphology of the optimized formulation of bLF-NPs was deter-
mined by Transmission Electron Microscopy (TEM), performed on a
JEM 1010 microscope (JEOL, Akishima, Japan). Copper grids were
activated with UV light and diluted bLF-NPs (1:5) were placed on the
grid surface, previously subjected to negative staining with uranyl ace-
tate (2 %) (Cano et al., 2018).

Surface morphology and roughness were characterized by Atomic
Force Microscopy (AFM) on a Dimension Icon microscope (Bruker,
Massachusetts, USA). bLF-NPs were taped onto a glass slide and scanned
in tapping mode (scan size of 2 um, scan rate of 0.894 Hz, samples/line
of 512) (You et al., 2020).

2.7. Interaction studies

bLF-NPs were ultracentrifuged (Beckman Optima® Ultracentrifuge,
California, USA) at 45000 rpm and 4 °C, for 60 min, and the pellet was
dried and pulverized to obtain the dry powder samples. Then, thermo-
grams were obtained by Differential Scanning Calorimetry (DSC) on a
Mettler T A 4000 system (Greifensee, Switzerland) equipped with a DSC-
25 cell. Samples were weighed using a Mettler M3 Microbalance (Met-
tler Toledo, Ohio, USA), in perforated aluminium pans and heated under
a flow nitrogen at a rate of 10 °C/min. Data were evaluated using 9.01
DB Metter STARe V software (Mettler Toledo, Ohio, USA) (Sanchez-
Lépez et al., 2016).

Fourier Transform Infrared (FTIR) spectra of bLF-NPs and their
components were carried out using a Thermo Scientific Nicolet iZ10
with an ATR diamond and DGTS detector. The scanning range was
525-4000 cm ™!, the spectral resolution was 4 cm ! and 32 scans
(Carvajal-Vidal et al., 2019).

2.8. y-Irradiation sterilization

With the aim of eliminating any source of bacterial contamination,
bLF-NPs were sterilized using a dose of 25 kGy of ®°Co as y-irradiation
source (Aragogamma, Barcelona, Spain). According to the European
Pharmacopoeia, this dose represents the adequate absorbed dose for the
purpose of sterilizing pharmaceutical products when bioburden is not
known (Bozdag et al., 2005), maintaining a valid sterility assurance
level (SAL) of 107° (Ramos Yacasi et al., 2016). The influence of
y-irradiation on the physicochemical properties of the NPs was
evaluated.
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2.9. Biopharmaceutical behaviour

2.9.1. Invitro drug release

In vitro release profile was evaluated using a direct dialysis bag
technique due to the water solubility of bLF (Cano et al., 2018). The
release medium was 0.1 M phosphate buffer saline solution (PBS) at pH
7.4, and bLF-NPs were place in 1 mL dialysis bags (Float-A-Lyzer®
dialysis device, 1000 kDa) (Repligen®, Massachusetts, USA). Dialysis
medium was PBS buffer, and it was maintained under magnetic stirring
at 37 °C. At different time intervals, 1 mL of sample was taken from the
release medium and replaced with fresh buffer solution. It was analysed
by RP-HPLC method previously described and data were adjusted to the
most common pharmacokinetic models (Cano et al., 2019).

2.9.2. Ex vivo corneal permeation study

The ex vivo bLF permeation study from bLF-NPs was carried out
using isolated cornea from New Zealand rabbits (2.5-3.0 kg males),
according to the Ethics Committee of Animals Experimentation from the
University of Barcelona (CEEA-UB), and under veterinary supervision.
Animals were anesthetized with intramuscular administration of keta-
mine HCI (35 mg-kg~!) and xylazine (5 mg-kg ) and euthanized by an
overdose of sodium pentobarbital (100 mg-kg™!) administered through
marginal ear vein under deep anaesthesia (Sanchez-Lopez et al., 2016).
Eyes were removed, immediately excised, and transported in artificial
tear solution to the laboratory. Corneas were fixed in Franz cells be-
tween the donor and receptor compartment with a diffusion area of 0.64
cm?. In all experiments, 1 mL of the test formulation (bLF-NPs or 9.32
mg-mL~! of free bLF) was incubated in the donor compartment and
immediately covered to avoid the sample evaporation. The receptor
compartment was filled with PBS at 32 + 0.5 °C and it was kept under
magnetic stirring. 300 uL. were withdrawn from the receptor compart-
ment at pre-selected times during 6 h and replaced by an equivalent
volume of fresh receptor medium at the same temperature. Sink con-
ditions were maintained throughout the experiment.

The cumulative amount of bLF permeated was calculated, at each
time point, from bLF amount in receptor medium and plotted as function
time (Gonzalez-Pizarro et al., 2018). Samples were measured using the
RP-HPLC method (Smith et al., 1985; Wang et al., 2017).

To quantify the sample inside the tissue, recovery of the corneal
structure was analysed. The tissue was washed with distilled water,
weighted, and sonicated in MQ® water for an hour, using an ultrasound
bath.

Values were reported as the mean + SD. Three replicates of each
sample were carried out. Permeation parameters were obtained by
plotting the cumulative bLF permeated versus time, calculating x-
intercept by linear regression analysis. The permeability coefficient (K})
(cm-h’l), steady-state flux (J) (pg-h’l-cm’2) and amount of permeated
at 24 h (Q24) (ug) were calculated (Gomez-Segura et al., 2020).

2.10. NP short-term stability

The stability of bLF-NPs stored at different temperatures (4 and
25 °C) was studied by multiple light scattering using Turbiscan® Lab
(Iesmat, Madrid, Spain). This technique identifies the different desta-
bilization phenomena of the colloidal suspension such as creaming,
sedimentation, flocculation, and coalescence. For this purpose, a glass
measurement cell was filled with 20 mL of sample. The light source is a
pulsed near infrared light source (A = 880 nm) and it is received by
backscattering detector at an angle of 45° from the incident beam due to
the opacity of the NPs formulation. Backscattering data were acquired at
1, 15 and 30 days for 24 h at intervals of 1 h. Moreover, morphometric
parameters (Z,y, PI and ZP) were also measured.
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2.11. Cell culture assays

2.11.1. Cytotoxicity assays

Human corneal epithelial cells (HCE-2) were used to perform cyto-
toxicity assays. As these cells belong to corneal tissue, they present a
greatly suitable line to carry out the in vitro studies of bLF-NPs for ocular
administration. Keratinocyte serum-free medium was the culture me-
dium for HCE-2 cells. It was supplemented with bovine pituitary extract
0.05 mg-mL~! and epidermal growth factor 5 ng-mL~! containing in-
sulin 0.005 mg~mL’1, 10 % (v/v), fetal bovine serum, hydrocortisone
500 ng-mL~! and penicillin 100 U-mL™! plus streptomycin 100
mg-mL~L. Cells were grown on a culture flask to 80 % confluency in a
humidified 10 % CO, atmosphere at 37 °C.

To highlight the possible cytotoxicity of the formulations, cell
viability tests were performed on HCE-2 corneal cell line using MTT
(Bromide of 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazole as an
indicator of viability. 0.1 mL of a cell density of 1 x 10° were seeded in
96-well plates and incubated at 37 °C for 24 h. Later, cells were exposed
to bLF-NPs and free bLF at different drug concentrations (0.04-0.1
mg-mL’l). After 24 h of incubation, cells were washed with PBS and
incubated with 0.25 % MTT in fresh medium for 2 h. Then, this medium
was extracted, and DMSO was added for cell lysis. The absorbance was
measured at . = 560 nm by an automatic Modulus™ Microplate
Photometer (Turner BioSystems, CA, USA). Data were analysed by
calculating the percentage of MTT reduction and expressed as percent-
age of control (untreated cells).

2.11.2. Determination of proinflammatory cytokines

To evaluate the anti-inflammatory activity of the bLF-NPs and free
bLF, HCE-2 cells were seeded (1 x 10° cell-mL ™) in 12-well plates and
grown until 90 % confluency. Samples were added to the culture me-
dium at 0.2 mg~rnL’1 (drug concentration of loaded NPs) and inflam-
mation was induced with lipopolysaccharide (LPS) (1 pg~mL’1). Cells
stimulated only with LPS were used as a positive control and untreated
cells as a negative control. After 24 h incubation, the supernatants were
collected and centrifuged (16000 g for 10 min) at 4 °C and stored at
—80 °C until use. Unknown levels of the pro-inflammatory cytokines,
interleukin 8 (IL-8) and tumour necrosis factor o (TNF-a), were quan-
tified using ELISA kits (BD Biosciences, CA, USA) according to manu-
facturer’s instructions. Results were expressed as pg-mL L.

2.11.3. Cellular uptake assay

To evaluate the internalization of NPs in HCE-2 cells, 1 x 10°
cellmL™! HCE-2 were grown in eight-well chamber slider (ibidi®,
Grafelfing, Germany) until 80 % confluence and posteriorly incubated
with bLF-NPs at different dilutions ratios (1:10; 1:50 and 1:100) at 37 °C
for 48 h. Non-internalized NPs were removed by washing three times
with PBS and cells were fixed with 3 % paraformaldehyde for 30 min at
25 °C. Subsequently, cells were subjected to triple PBS washes and then,
the nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) for
15 min at 25 °C. Finally, mounting solution (PBS) was added for
microscopic analysis. Images were acquired using a Leica TCS SP5
confocal laser scanning microscopy (Leica Microsystems, Wetzlar, Ger-
many) with a 63x oil immersion objective lens (Gonzalez-Pizarro et al.,
2019a).

2.12. Ocular tolerance

2.12.1. Invitro study: HET CAM test

In vitro ocular tolerance was assessed using the HET-CAM test to
ensure that the formulation of bLF-NPs was non-irritating when
administered as eye-drops. Irritation, coagulation, and haemorrhage
phenomena were measured by applying 300 pL of the formulation
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studied on chorioallantoic membrane of a fertilized chicken egg and
monitoring it during the first 5 min after the application.

This assay was conducted according to the guidelines of ICCVAM
(The Interagency Coordinating Committee on the Validation of Alter-
native Methods). The development of the test was carried out using 3
eggs for each group (free bLF, bLF-NPs, positive control (NaOH 0.1 M)
and negative control (0.9 % NaCl)). The ocular irritation index (OIl) was
calculated by the sum of the scores of each injury according to the
following expression (Eqn 3):

(301 —H)-5 (301 —V)-7 (301 —C)9

Ol=""60 * 30 ' 30 &)

where H, V and C are times (s) until the start of haemorrhage (H),
vasoconstriction (V) and coagulation (C), respectively. The formulations
were classified according to the following: OII < 0.9 non-irritating; 0.9
< OII < 4.9 weakly irritating; 4.9 < OII < 8.9 moderately irritating; 8.9
< OII < 21 irritating (Derouiche and Abdennour, 2017; Shalom et al.,
2017).

2.12.2. In vivo study: Draize test

The formulations were evaluated using primary eye irritation test of
Draize to ensure the results obtained from the HEM-CAM test (Sanchez-
Lopez et al., 2016). For this experiment, New Zealand male albino
rabbits (2.0-2.5 kg, St. Feliu de Codines, Barcelona, Spain) were used.
50 pL of each sample were instilled in the ocular conjunctival sac (n = 3/
group) and a mild massage was applied to guarantee the passage of the
sample through the eyeball. The possible appearance of irritation signs
(corneal opacity and area of corneal involvement, conjunctival hyper-
emia, chemosis, ocular discharges, and iris abnormalities) was observed
at the time of instillation and after 1 h from its application and if
necessary, at predefined intervals: 24 h, 48 h, 72 h, 7 days, and 21 days
after administration. The opposite untreated eye was used as a negative
control. Draize test score was determined directly by observing the
anterior segment of the eye and changes in the structures of the cornea
(turbidity or opacity), iris and conjunctiva (congestion, chemosis,
swelling and secretion).

2.13. Invivo efficacy studies

2.13.1. Prevention of inflammation

The evaluation of the prevention of inflammation ability of bLF-NPs
in comparison with the free bLF and the control group (NaCl 0.9 %) was
carried out. First, each sample was administered and subsequently, an
inflammatory stimulus was applied in New Zealand male albino rabbits
(n = 3/group). The study consisted of the application of 50 pL of each
formulation. After 30 min of exposure, 50 pL of 0.5 % sodium arach-
idonate (SA) dissolved in PBS was instilled in the right eye and the left
eye was used as a control. The evaluation of prevention of inflammation
was carried out from the application of formulations up to 210 min,
according to the Draize modified test scoring system (Sanchez-Lopez
et al., 2016).

2.13.2. Inflammation treatment

The induction of inflammation with the objective of evaluating the
anti-inflammatory effect of bLF-NPs compared to the free protein and
the control group (NaCl 0.9 %), was carried out using New Zealand male
albino rabbits (n = 3/group). The study was conducted with the appli-
cation of 50 pL of 0.5 % sodium arachidonate (SA) dissolved in PBS in
the right eye, using the left eye as a control. After 30 min of exposure, 50
pL of each formulation was instilled. Evaluation of inflammation was
performed from the application of formulations up to 180 min according
to Draize modified scoring system (Sanchez-Lopez et al., 2016).

2.14. Statistical analysis

Two-way ANOVA, followed by Tukey post hoc test, was performed
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for multi-group comparison. Student’s t test was used for two-group
comparisons. All the data are presented as the mean + S.D. Statistical
significance was set at P < 0.05 by using GraphPad Prism 8.4.3 and
ImageJ was used to analyse images.

3. Results and discussion
3.1. Design of experiments

A composite central factorial design was carried out with the
objective of optimizing the formulation, evaluating the effect of the
concentrations of bLF, PLGA and P188 on the physicochemical proper-
ties of the developed NPs. The response parameters and their magni-
tudes for each of the 16 experiments are given in Table 2.

The response surface (Fig. 1a) and the Pareto diagram (Fig. 1b)
showed that bLF concentration influences the EE, increasing the
encapsulation of bLF at middle concentrations. At bLF concentrations
between 8 and 11 mg-mL™}, an increase in EE was observed, reaching
the 50-60 % encapsulation. Accordingly, the Pareto diagram (Fig. 1b)
confirmed that only the bLF concentration exerted a significant influ-
ence on EE. With concentrations lower than 7 mg-mL !, and higher than
12 mg-mL ™1, EE markedly decreases. With regard to PLGA, although its
influence is not statistically significant, from the surface responses plots,
it can be observed that until reaching concentration values around 19
mg-mL~}, a directly proportional relationship between PLGA and EE is
observed (at fixed P188 concentration of 1.8 mg-mL’l, and a bLF con-
centration around 9 mg-mL™1). However, after exceeding this concen-
tration the EE begins to decrease. This trend may be explained by the
limited polymer incorporation capacity and the bLF high molecular
weight (87 kDa). Thus, meaning that at 19.01 mg-mL’1 the maximum
loading capacity is reached.

Regarding the average size of the NPs, the response surface (Fig. 1c)
reveals that at a constant concentration of PLGA (19.01 mg-mL’l), an
intermediate concentration of bLF and low concentrations of surfactant
favour lower particle sizes. In all cases, the NPs obtained have an
average size bellow 250 nm, so they are all suitable for ocular admin-
istration (Wadhwa et al., 2009).

Likewise, the response surface (Fig. 1d) analysing the PI, shows that
the surfactant concentration affects the values obtained significantly,
observing that at higher concentrations of P188 and PLGA, the PI rea-
ches values of 0.2 in the range of monomodal systems. Instead, at lower
P188 concentrations optimal values of PI was obtained (<0.1), charac-
teristic of a monodispersed system. This tendency can be explained by
the phenomenon of absorption in the polymeric surface of the sub-
stances, given the positive charge that bLF-NPs possess. It is possible that
bLF is being placed both inside the polymer matrix and on its surface.
The surfactant is also placed on the NPs surface. Increasing the surfac-
tant concentration, the surface of the NPs would be saturated, thus
increasing the PI and their average size (Masoudipour et al., 2017). Yan
et al. observed that the surface absorption of the surfactant can change
the smooth polymeric NPs appearance into a slightly rough one (Yan
et al., 2010).

The PLGA used possess a great negative ZP, due to the ionization on
the surface of polymer of carboxylic end groups. However, it has been
reported that the presence of surfactant P188 can lead to a reduction in
their surface charge (Vega et al.,, 2012). The hydrophobic poly-
oxypropylene chains bind the surface of the NP, and the hydrophilic
polyoxypropylene chains remain protruding in the medium around it,
masking the negative surface charge present in the NPs. In this case,
besides the surfactant, the active principle to be encapsulated, bLF, has a
positive charge at medium pH, so it also covers the negative charge of
the polymer, obtaining as a result a ZP of approximately + 30 mV. The
positive charge prolongs the residence time on the epithelial layer of the
cornea and thus facilitates drug penetration and achieves a sustained
release (Andrés-Guerrero et al., 2017).

From the results obtained in the factorial design, an optimized
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Table 2
Values of the 23" star central composite rotatable factorial design, parameters, and measured responses.
cbLF cP188 cPLGA Zav PI EE
Coded level (mg-mL’l) Coded level (mg~mL’1) Coded level (mg-mL’l) (nm) (%)
Factorial points
1 -1 5 -1 1 -1 10 1351 + 2.5 0.122 + 0.044 43.96
2 1 15 -1 1 -1 10 130.6 + 1.9 0.138 + 0.034 32.39
3 -1 5 1 3 -1 10 112.0 + 3.2 0.090 + 0.021 34.67
4 1 15 1 3 -1 10 110.2 + 2.8 0.089 + 0.031 23.26
5 -1 5 -1 1 1 18 133.1 + 4.5 0.077 £ 0.002 44.83
6 1 15 -1 1 1 18 116.7 £ 1.6 0.074 + 0.022 30.23
7 -1 5 1 3 1 18 187.0 + 4.2 0.141 £+ 0.010 49.36
8 1 15 1 3 1 18 146.5+ 1.3 0.125 + 0.021 44.83
Axial points
9 1.68 1.6 0 2 0 14 134.7 £ 2.7 0.220 + 0.024 35.18
10 —1.68 18.4 0 2 0 14 2431 +7.6 0.083 + 0.009 45.56
11 0 10 1.68 3.68 0 14 148.6 £ 1.2 0.143 + 0.046 50.75
12 0 10 -1.68 0.32 0 14 1574+ 1.6 0.122 + 0.028 47.87
13 0 10 0 2 1.68 20.72 148.2 + 4.1 0.181 + 0.012 37.94
14 0 10 0 2 -1.68 7.28 125.1 +£ 1.3 0.144 + 0.005 49.03
Center points
15 0 10 0 2 0 14 146.0 £ 5.1 0.100 + 0.027 55.82
16 0 10 0 2 0 14 132.2 4+ 3.7 0.158 + 0.019 50.60
Results presented as mean =+ standard deviation.
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Fig. 1. (a) EE (%) surface response at a fixed P188 concentration (1.8 mg-mL’l); (b) Pareto diagram for EE (%); (c) Z,, surface response at a fixed PLGA con-
centration (19.01 mg~mL’1); (d) PI surface response at a fixed bLF concentration (9.32 mg-mL’l).

Table 3
Physicochemical parameters of optimized bLF-NPs formulation.
cbLF cP188 cPLGA Zay PI zp EE
(mg~mL’l) (mg-mL’l) (mg~mL’1) (nm) (mV) (%)
9.32 1.80 19.01 128.4 0.058 31.0 56.00
+ 5.0 + +0.8 + 3.00

0.030

Data presented as mean + standard deviation.

formulation was selected focusing mainly on the EE values (%) and on
the adequate homogeneity of the sample (PI). It can be noted in Table 3,
the optimized bLF concentration was 9.32 mg-mL ™}, 19.01 mg-mL~! of
polymer and 1.80 mg-mL ™! in the case of P188. The morphometry (Zyy,
PI) and surface charge (ZP) of optimized formulation, determined by
photon correlation spectroscopy and laser doppler velocimetry,
respectively (Table 3) are suitable for ocular administration (Sanchez-
Lopez et al., 2016). The EE of bLF in the nanoparticles was 56.00 + 3.00
%.

The NPs were ultracentrifuged, and the pellet and supernatant were
separated. A polyacrylamide gel electrophoresis was carried out in
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Fig 2. (a) bLF western blot analysis: 1. bLF control; 2. bLF in NPs; and 3. bLF in supernatant. (b) Microscopy studies of bLF-NPs by TEM; and (c) by AFM.
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Fig. 3. Interaction studies of bLF-NPs. (a) DSC thermograms. (b) FTIR spectra.
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denaturing conditions to separate the protein based on its molecular
weight, then a western blot was carried out using anti-bLF antibodies. It
was observed that 50 % of the initial bLF is within the systems thus
confirming the results of EE (%) obtained by the HPLC method (Fig. 2a).

3.2. Morphological characterization

The morphological characterization of the optimized formulation of
bLF-NPs was carried out by imaging using TEM and AFM (Fig. 2b and
2c). Images revealed a spherical shape of NPs, without any signs of ag-
gregation phenomena and average particle diameters like those ob-
tained in the morphometry tests performed by PCS.

3.3. Interaction studies

A factor that greatly affects the release of the active substance in in
vitro and in vivo studies is the physical state of the drug inside the NPs.
Therefore, a DSC study was carried out presenting the thermograms of
bLF, P188, PLGA and bLF-NPs in the Fig. 3a. The bLF thermogram shows
an acute endothermic accident that corresponds to its fusion, with a
maximum temperature (Tpax) of 170.41 °C which was not detected in
bLF-NPs. This data suggest that bLF is encapsulated within the polymer
matrix in an molecular dispersion or a solid solution state (Cano et al.,
2019; Vega et al., 2012). P188 surfactant revealed a sharp melting
endotherm characterized by a AH = 132.69 J-g ! and a Tyay = 53.46 °C
(Gonzalez-Pizarro et al., 2018). It is noted a peak belonging PLGA that
shows the onset of the glass transition (Tg) at 47.09 °C and in the bLF-
NPs at 44.55 °C. This slight decrease of NPs Ty is attributed to the
interaction between bLF and the polymer matrix (Sanchez-Lopez et al.,
2017).

To evaluate the interaction between bLF and PLGA, the FTIR analysis
was performed (Fig. 3b). There was no evidence of covalent bonds be-
tween the protein and PLGA. The IR spectrum of bLF showed protein
characteristic peaks, amide I at 1638 em ™! due to C = O and C-N
stretching vibration and amide II at 1520 cm™! corresponding to the
N-H bending with contribution of C-N stretching vibration. At 3279
cm ! the band is given by the signal of the stretching vibration of O-H in
water molecules, indicating the presence of residual HoO (Wang et al.,
2017; Yao et al., 2014). In the PLGA analysis, a characteristic strong
band appeared at 1750 cm ™! due to stretching vibration of the carbonyl
group. The weak peaks at 3002 and 2956 em ™! correspond to stretching
vibration of the alkanes and it appeared the medium peaks at the band of
1159 and 1088 cm ™! corresponding to the stretching vibration C-O and
C-0-0, respectively (Gonzalez-Pizarro et al., 2018). In the case of P188
two strong peaks are showed, at 2874 cm™! corresponding to the
stretching vibration of CH and at 1096 cm™' signal given by the
stretching vibration of C-O (Yan et al., 2010). bLF-NPs showed a similar
profile to PLGA and P188 with further weak intensity peaks due to bLF
(amide I, IT and O-H).

3.4. Effects of y-irradiation on bLF-NPs

Since bLF-NPs were going to be administered as eye-drops, the
formulation should be sterilized. In this sense, bLF-NPs were y-irradiated
and morphometrically characterized to ensure that the irradiation

Table 4
Physicochemical properties and EE of bLF-NPs before and after sterilitzation.
Average size PI zp EE (%)
(nm) (mV)
bLF-NPs 131.6 £ 0.8 0.061 + 30.4 + 60.00 +
0.019 0.2 3.00
bLF-NPs 25 134.7 £ 0.8 0.084 + 28.5 + 57.00 =
kGy 0.020 0.2 1.00

Data presented as mean =+ standard deviation.
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process did not affect the chemical structure of the system. As seen in
Table 4, the results obtained demonstrated that y-irradiation had no
effect on the physicochemical parameters of the optimized NPs. It has
shown not significant differences between NPs before and after sterili-
zation. In this area, some authors reported that higher doses of y-irra-
diation might favour the tendency to decrease particle size and ZP and
increase the PI value of polymeric NPs. The difference in the case of bLF-
NPs could be due to the use of a different surfactant that does not present
the “long chain extension” phenomenon that leads to the chain scission,
such as polyvinyl alcohol molecule, and a consequent reduction in NP
molecular weight. However, these physicochemical changes generate a
barely perceptible effect on the PLGA NPs. therefore, these slight mod-
ifications do not affect the medical properties of bLF-NPs (Ramos Yacasi
et al., 2016; Tapia-Guerrero et al., 2020).

3.5. Biopharmaceutical behaviour

3.5.1. Invitro drug release

The in vitro release of bLF from bLF-NPs and free bLF was carried out
using a direct dialysis bag technique. The cumulative drug release pro-
file revealed a controlled and prolonged release of bLF from NPs. Fig. 4a
shows a faster release of the bLF from the NP during the first 5 h than
free bLF, due to the drug weakly bound on the surface of NPs (Carvajal-
Vidal et al., 2019). After that, the release speed decreases significantly,
performing a sustained release without reaching a plateau (83.6 % after
48 h). PLGA matrix of controlled release systems usually presents an
initial burst with a zero-order release profile and a posterior slower
release from the polymeric matrix by diverse routes as diffusion through
the polymer, erosion of the PLGA matrix or a combination of both (Cano
et al.,, 2018; Fu and Kao, 2010; Sanchez-Lopez et al., 2016). The
Korsmeyer-Peppas model was the best one that adjusted the NPs
formulation (r* = 0.99, AIC = 57.37). Free bLF showed a faster release,
reaching 95 % after 22 h. The most appropriate release profile corre-
sponds to a first-order equation (r? = 0.97, AIC = 80.76), characterized
by a rapid release followed by a constant release (Fangueiro et al.,
2016). To obtain the kinetic model that better fits for bLF release, data
were adjusted to the most common kinetic models (Table 5).

3.5.2. Ex vivo corneal permeation

Ex vivo corneal permeation of bLF-NPs and free bLF were carried out
to study its behaviour and compare different permeation parameters
(Fig. 4b). According to Table 6, the bLF-NPs formulation presents sta-
tistically significant differences (p < 0.05) against free bLF in all
examined permeation parameters, except for the case of bLF retained
amount (QR). With respect to the steady-state flux (J) value is one third
higher in the case of bLF-NPs, hence bLF from NPs permeated the cornea
faster than free bLF. This fact is due to the greater lipophilicity of
polymer than free protein, since the epithelium layer of the cornea is
composed of lipid, and restricts the entry of hydrophilic substances,
acting as a rate limiting factor for the eye level drug administration (Soni
et al., 2019; Talluri et al., 2010). The different permeation parameters
follow the same ratio, with the permeability coefficient (K,) and the
quantity permeated at 24 h (Q24) higher in the case of bLF-NPs than in
the free bLF. It justifies the effect of bLF on the cornea and aqueous
humor (Sanchez-Lopez et al., 2016). Otherwise, no significant differ-
ences in the bLF QR in both formulations can be observed. Regarding the
NPs formulation, the retained quantity may be from the non-
encapsulated percentage of bLF and the initial burst from the fraction
of bLF weakly bound or adsorbed on the surface area of the NPs (Vega
et al., 2012).

Therefore, this formulation may deliver the drug effectively to the
specified area by releasing bLF slowly across the corneal tissue, which
would be beneficial for the treatment of ocular inflammation such as
that induced by allergens, traumatisms or microbial infection (Schultz,
2018).
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Fig. 4. (a) In vitro release profile of bLF-NPs (Korsmeyer-Peppas equation) against free bLF (first order equation). (b) Ex vivo corneal permeation profile of bLF-NPs

compared with free bLF.

Table 5
Parameters for kinetic models of bLF-NPs and free drug solution.
Models bLF-NPs Free bLF
AIC R? AIC R?
Zero Order 94.45 0.75 100.99 0.79
First Order 89.67 0.84 80.76 0.97
Higuchi 85.44 0.89 88.21 0.93
Hyperbola 82.79 0.91 77.88 0.97
Korsmeyer-Peppas n = 0.007 n = 0.022
57.37 0.99 80.64 0.97

Table 6
Pharmacokinetic parameters adjusted to linear regression of the ex vivo corneal
permeation of bLF-NPs against bLF.

Parameters Free bLF bLF-NPs

J (ughtem™?) 70.55 + 8.53 100.69 + 16.75*
Kp - 10° (cmh™%) 7.57 + 0.91 10.80 + 1.79*
Q24 (ng) 1081.63 + 130.77 1544 + 257.31*
QR (ug-g lem™?) 1.07 + 0.01 1.04 + 0.01

Statistical significance: *p < 0.05. J, steady-state flux; Kp, permeability coeffi-
cient; Q24, permeated amount at 24 h; QR, retained amount.

W
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3.6. Stability of nanoparticles

The prediction of the accelerated stability of the bLF-NPs was studied
for 30 days. The optimized formulation was evaluated after 1, 15 and 30
days of storage at 4 and 25 °C. Turbiscan® Lab was used to determine
destabilization processes such as the variation in the speed of migration
of the particles (vertical sections of the graph) and the variation in size
(horizontal section of the graph) (Fig. 5).

The migration of the particles to the upper part of the cell leads to a
decrease in the concentration in the lower part. This is shown as a
decrease in the backscatter signal (negative peak) and vice versa for the
phenomena that occurs in the upper part of the vial. The backscatter
profile with a deviation of + 5 % is considered that it does not present
significant variations in particle size. Variations of + 10 % indicate that
the formulation is unstable (Cano et al., 2017). This system allows
predicting the instability processes of NPs before they can be detected by
other techniques (Celia et al., 2009). It was observed that the back-
scattered light profile did not show fluctuations greater than 5 %, which
indicates that the sample remained stable stored at 4 °C. The stability is
associated with the high ZP of the NPs, approximately + 30 mV,
avoiding electrostatic interaction between particles and its flocculation
and precipitation (Retamal Marin et al., 2017).
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Fig. 5. Backscattering profile of bLF-NPs stored at 4 °C.
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Fig. 6. (a) Effect of bLF-NPs on the viability of HCE-2 cells. The 100 % cell viability correspond with the average of MTT reduction values of untreated cells. (b)
Quantification of secreted IL-8 proinflammatory cytokine in LPS-stimulated HCE-2 cells; (c¢) Quantification of secreted TNF-a. Negative control: no treatment;
Positive control: LPS. Values are expressed as the mean + SD; *p < 0.05; **p < 0.01 significantly lower than LPS-induced cytokine concentration.

3.7. Cytotoxicity of nanoparticles

Safety of bLF-NPs was assessed in HCE-2 cells. Results are shown in
Fig. 6a. After 24 h of incubation, bLF-NPs did not show relevant cyto-
toxic effects. For concentrations up to 186 pg-mL ™2, cell viability was
higher than 80 %. At higher concentrations cell viability was close to 80
%. Free bLF showed no cytotoxic effects at all concentrations tested,
since viability was kept close to 100 %.

LF is one of the most abundant components in the healthy tear fluid
and contributes to iron retention mechanisms against pathogens and
mitigates oxidative stress (Seen and Tong, 2018). Tear LF represents
20-30 % of the total proteins with concentrations ranging between 0.63
and 2.9 mg-mL™}, depending on sex and age, in healthy patients (Fla-
nagan and Willcox, 2009; Lawrenson, 2018). Upon stimulation, such as
oxidative stress or acute inflammation, the basal tear flow (1 pL-min’l)
is significantly increased (Hanstock et al., 2019). bLF-NPs could provide
a long-lasting protein concentration since the formulation is 3-fold more
concentrated in lactoferrin than healthy tears. This fact improves its
bioavailability, for cases in which the tears LF concentration is
compromised (Ponzini et al., 2020).

Considering other formulation components, it has been reported that
PLGA is a biocompatible, biodegradable, and safe polymer for the

10

internalization and delivery of substances with pharmacological activ-
ities (Han et al., 2016).

Finally, the slight decrease in HCE cell viability, not observed for free
bLF, may be due to the presence of the P188 surfactant. However, sur-
factants have been widely used as emulsifiers to prevent protein ag-
gregation during manufacturing processes, shipping or storage (Wang
et al., 2019; Yan et al., 2010). Although the most commonly used sur-
factants in biological products are polysorbates due to their widely
known degradation, the evaluation of alternatives such as P188 has
provided promising results. In fact, P188 is the surfactant that has been
used in the production of commercialized biological drug products
(Wang et al., 2019).

These results confirm the biocompatibility of the developed bLF-NPs
with corneal cells, according to the generally recognized as safe (GRAS)
designation of the formulation components (Han et al., 2016).

3.8. Anti-inflammatory activity of nanoparticles in HCE-2 cells

The ability of NPs to inhibit the inflammatory response produced by
LPS was evaluated in HCE-2 cells through the analysis of IL-8 and TNF-a
secreted cytokines (Fig. 6b and 6c). In the absence of NPs (positive
control) LPS induced high secretion levels of both cytokines (Diaz-
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Garrido et al., 2019). Treatment with bLF-NPs significantly decreased
the expression of both cytokines to levels similar to that triggered by free
bLF (p < 0.05).

There is evidence that in many ocular disorders involving chronic
inflammation, tears present depleted levels of some proteins such as LF
or lysozyme (Tamhane et al., 2019). In turn, these pathologies involve
overexpression of different inflammatory mediators, specially IL-8 and
TNF-a cytokines (Chen et al., 2019). It has been reported that elevated
tear levels of IL-8 cause migration of neutrophils, basophils, and T
lymphocytes causing exacerbation of the symptoms (Tamhane et al.,
2019). Multiple studies have shown the presence of elevated levels of
TNF-a, which is thought to represent a measure of the general inflam-
matory state of the ocular surface in patients with different oph-
thalmopathies (Aketa et al., 2017; Chen et al., 2019; Ghasemi, 2018).

LF has been reported to modulate the expression of several cytokines
through different mechanisms (Lee et al., 2020). This protein is known
to interact with cell surface receptors involved in the inflammatory
response. For example, LF competes with bacterial LPS for binding to
CD14 receptor, thus diminishing NF-kB-induced transcription of various
genes for inflammatory mediators (Haversen et al., 2002; Kruzel et al.,
2017). Meanwhile, in the context of iron sequestration, LF can control
oxidative burst from neutrophils and macrophages that trigger the in-
flammatory response (Rosa et al., 2017). These results indicated that an
anti-inflammatory effect was achieved with the bLF-NPs.

3.9. Cellular uptake of Rho-bLF-NPs

After 48 h incubation of HCE-2 cells with Rho-bLF-NPs at different
concentrations (1:10; 1:50 and 1:100), the NP associated green fluo-
rescence was visualized by confocal fluorescence microscopy. The nu-
cleus was stained with DAPIL. In the merged images, the Rho-NPs were
found in the cytoplasm. As expected, untreated control cells did not
show any green fluorescence signal from rhodamine, but nuclei were
properly dyed with DAPI emitting blue florescent light (Fig. 7).

Different studies have proved the cellular internalization of PLGA
NPs within corneal cells (Gonzalez-Pizarro et al., 2019a; Li et al., 2021;
Sahetal., 2017; Sanchez-Lopez et al., 2016). The uptake is dependent on
the NPs size, concentration, and incubation time. It is showed that 100

Nuclei Treatment

bLF-Rho-NPs

Control
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nm NPs are internalized mainly by receptor-mediated endocytosis in
corneal cells, rather than larger NPs that present absorption on the cell
surface (Qaddoumi et al., 2004). Furthermore, the low density lipo-
protein receptor-related protein 1 (LRP1) has been identified by Higuchi
et al. as the primary LF receptor in corneal epithelium (Higuchi et al.,
2016). The LRP1 expression levels were 8.7-fold higher than intelectin-
1, another LF corneal receptor (Higuchi et al., 2016). This fact suggested
that the bLF-NPs uptake may also be carried out through LRP1 pathway.

3.10. Ocular tolerance results

3.10.1. In vitro ocular tolerance of NPs

To stablish ocular tolerance, HET-CAM in vitro test was applied. bLF-
NPs and free bLF were tested in the CAM of 3 eggs for formulation, to
determine the possible rapid irritation reaction. The addition of 1 M
NaOH (positive control) produced an intense vasoconstriction and
haemorrhage. In contrast, 0.9 % NaCl (negative control) produced no
reaction over the time tested. Similarly, the application of free bLF so-
lution or bLF-NPs into the CAM did not expose any sign of intolerance or
vascular alteration. Considering Fig. 8, it is possible to confirm the
suitability for ocular administration. As a result of the study, bLF-NPs
are classified as a non-irritating substance at the ocular level
(Table 7). These results are in agreement to those acquired by other
authors with regard to polymeric NPs and bLF loaded for ocular
administration (Abrego et al., 2015; Sanchez-Lopez et al., 2016; Varela-
Fernandez et al., 2021).

3.10.2. In vivo ocular tolerance of NPs

The optimized NPs formulation was evaluated using the primary
irritation test or Draize test (Sanchez-Lopez et al., 2016). Due to the
sensitive nature of the eye, possible irritating effects or ocular damage,
the in vivo ocular irritation test was of great relevance. Rabbit model are
preferred to carry out this assay since its eyes are wide and well-reported
physiologically, in addition to its handling and availability. Despite this
advantages, its eyes are normally more predisposed to irritation than the
human eye (Yousry et al., 2017). The Draize test was carried out with the
certainty that each of the instilled substances has already been tested by
other authors individually (Gonzalez-pizarro et al., 2019b; Sanchez-

Merged

3D Surface plot

Fig 7. Cellular uptake of bLF-NPs (dilution 1:50). Images are representative of three independent biological experiments. 3D surface mapping analysis of internalized

NPs (green signal).
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Fig. 8. HET-CAM test: (a) Free bLF; (b) bLF-NPs and (c) Positive control. (d)
Ocular inflammation prevention. (e) Ocular inflammation treatment test.
Values are expressed as mean + SD; *p < 0.05, ** p < 0.01 and ***p < 0.001
and ****p < 0,0001 significantly lower than the inflammatory effect induced
by SA; $p < 0.05, $$p < 0.01 and $$$p < 0.001 and $$$$p < 0,0001 signif-

icantly lower than the inflammatory effect induced by free bLF.

Table 7

In vitro ocular tolerance (HET-CAM).
Formulation Medium score Classification
bLF-NPs 0.07 Non-irritant
Free bLF (9.32 mg-mL ™) 0.07 Non-irritant

Lopez et al., 2016). Draize test was accomplished considering the
formulation safety, obtained in the previously performed in vitro irrita-
tion test. According to the obtained results, the total score for all rabbits
was zero, without signs of ocular inflammation, redness, or increased
tear production after instillation of bLF-NPs. Hence, the NPs could be
classified as non-irritant substances.
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3.11. In vivo anti-inflammatory efficacy

Two studies were carried out to determine the anti-inflammatory
efficacy of the NPs, to confirm its capacity to prevent and treat ocular
inflammation.

In vivo inflammatory prevention capacity of the formulations
developed was evaluated. First, the formulations (bLF-NPs or free bLF)
were applied, after 30 min, a drop of 0.5 % arachidonic acid (SA), the
inflammation agent, was instilled. In the case of the positive control,
physiological serum was administered instead of the bLF formulations.
Notable differences were shown between the inflammation produced by
SA and treated with bLF formulations or physiological serum. However,
a slightly faster recovery and decrease in inflammation was observed in
the case of those treated with bLF-NPs rather than free bLF over the time,
probably due to tear clearance (Sanchez-Lopez et al., 2016). bLF-NPs
showed significant differences regarding positive control (p <
0.0001). Therefore, polymeric bLF-NPs exerted a preventive effect of
inflammation due to the long-lasting release of bLF in the medium and
its internalization on the corneal cells (Fig. 8d).

In vivo inflammatory treatment was also evaluated. Inflammation
with significant hyperaemia was induced by SA after 30 min exposure
(Fig. 8e). Then, bLF-NPs and free bLF were applied and the degree of
inflammation was measured. It was observed that both formulations
presented anti-inflammatory activity. However, the administration of
bLF-NPs produced a statistically significant reduction of inflammation
signs to a greater extent and faster than free bLF. This fact may be due to
the improved ocular surface adherence of bLF-NPs, thus the residence
time in the cornea might be longer (Sanchez-Lopez et al., 2016). In
addition, bLF-NPs also promote bLF stability in aqueous solution (Wang
et al., 2019; Wang et al., 2017). Therefore, bLF-NPs prolonged release
and protection exerted by the polymeric matrix might increase corneal
bLF concentration producing an anti-inflammatory action that lasted for
a longer period. Polymeric nanostructured systems provide an enhanced
bioavailability of bLF on the ocular surface, at the corneal level, and, as
previously reported, possess the ability to reach deeper tissues such as
vitreous humor or retina, being beneficial in the treatment of inflam-
mation (Bisht et al., 2017; Gonzalez-Pizarro et al., 2018).

4. Conclusions

In summary, we have developed a novel nanotechnological tool in
the treatment of ocular inflammation based on the incorporation of bLF,
an anti-inflammatory and antioxidant high molecular weight protein,
into polymeric NPs. This controlled release system has demonstrated to
be stable without signs of flocculation or precipitation. Furthermore,
corneal permeability and prolonged release of the active compound has
been achieved improving the pharmacokinetic and pharmacodynamic
drug profile. Both in vitro and in vivo studies confirm that these systems
do not present any sign of cytotoxicity or ocular irritation. Moreover, the
bLF-NPs present in vivo anti-inflammatory efficacy either in the pre-
vention and in the treatment of symptoms. Therefore, bLF loaded PLGA
NPs constitutes a suitable system to treat and prevent ocular
inflammation.
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