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ABSTRACT: This research study describes the design, optimization, and characterization of two different types of 
chitosan-based nanoparticles as novel drug delivery systems of a protein drug, lactoferrin. A preclinical consistent base 
was obtained for both nanosystems, being considered as the first pharmacological treatment for keratoconus as an 
alternative to current invasive clinical methods. Both types of nanoparticles were obtained via the ionotropic gelation 
technique. The size and morphology of the nanoparticles were studied as a function of the preparation conditions. A 
mean size of 180.73 ± 40.67 nm, a size distribution (PDI) of 0.170 ± 0.067 and positive  potential values, ranging from 
17.13 to 19.89 mV were achieved. Lactoferrin was successfully incorporated into both types of nanocarriers. In vitro 
release profiles showed a lactoferrin enhanced, prolonged and controlled delivery from the polymeric matrix. These 
formulations also demonstrated no stability or cytotoxicity problems, as well as appropriate mucoadhesive properties, 
with a high permanence time in the ocular surface. Thus, both types of nanoparticles may be considered as 
nanocarriers for the controlled release of lactoferrin as novel topical ophthalmic drug delivery systems.

INTRODUCTION
Conventional administration routes have been the preferential methods for drug release in the management of ocular 

pathologies (1). Nevertheless, micro and nanoparticles developed in the past decades are becoming the most 
promising ocular drug delivery systems (DDS), showing a great therapeutic potential because of their ability to shelter 
drugs from degradation, enhance ocular penetration and modulate or control drug pharmacokinetics. As a result, an 
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efficacy improvement, a drug toxicity reduction and an upsurge in the residence time in the target tissue were observed 
(2). 

The ability of prolonging the drug release to the target tissue makes these carriers more attractive since they can 
reduce the rate of administration, also improving patient compliance to treatment. A more recent strategy based on the 
incorporation of cyclodextrins (CDs) in nanometric carriers has risen in the past decades. Its aim is focused in the 
design of versatile DDS that are able to encapsulate drugs with unfavorable physicochemical properties (3). 

Keratoconus is a progressive bilateral degenerative corneal ectasia that affects young adults, causing great visual 
disability, with great impact on life quality and social health, worsening over time (4). The keratoconus prevalence 
established from 1/2000 in the worldwide population, has evolved to higher rates in several countries with the 
development of topographic and corneal tomographic techniques that allow an earlier diagnosis (5). 

There is no available medical or pharmacological treatment to prevent the development or decrease the progression 
of this disease. Besides, the optical treatment for visual rehabilitation (glasses or contact lenses) in initial and moderate 
stages does not stop the ectasia progression, making it necessary to recur to implanting intracorneal ring segments 
(ICRS) or corneal transplant in advanced stages, with limited visual recovery (6). Currently, the only conservative 
treatment that has proven effectiveness in slowing or delaying the keratoconus progression was corneal cross linking 
(CXL). However, CXL is only being performed in progressive stages with visual impairment, and it is not effective in all 
cases, possibly due to the exclusive use of topographical criteria (7).

Despite the high prevalence of the disease and the visual disability that it causes from an early age, both the etiology 
and progression determinant factors remain unclear. Besides that, its etiology appears to be multifactorial or represents 
the final common path of different pathological processes (8).

The corneal tissue degeneration in progressive keratoconus comprises the expression of inflammatory and immune 
intermediaries, including cytokines, proteases and other molecules. Furthermore, a decrease in lactoferrin lacrimal 
levels in patients with keratoconus was observed (9). Resulting outcomes propose the immunological processes as the 
main core in the ecstatic disorder pathogenesis.

Lactoferrin (Lf) is an 80 kDa iron-binding glycoprotein that has shown different biological effects (10). Corneally, Lf 
was observed to promote in vivo and in vitro corneal epithelial wound healing (11). The innate and adaptive reactions of 
the immunological system may be also modulated by this protein by promoting changes in the humoral and cellular 
components, as well as inducing extracellular and intracellular signaling pathways involving Toll-Like receptors (TLRs), 
which regulate the gene expression of cytokines and other inflammatory mediators (12). Recently, our group confirmed 
the TLR2-4 receptors overexpression in the myeloid line cells (monocytes and neutrophils) of keratoconus patients, as 
well as a decrease in Lf lacrimal levels (13,14).

Two important criteria (corneal contact time and drug penetration) should be taken into account in a topical 
ophthalmic formulation that improve ocular bioavailability. Novel DDS are required for ocular drug delivery due to the 
numerous disadvantages of the conventional ocular dosage forms.

Previous studies (15) have confirmed that small proteins (MW < 66 kD) showed a slow diffusion rate through the 
excised corneal tissue (100-fold slower than glucose). Consequently, a low Lf diffusion rate is expected in the 
experimental conditions due its higher molecular weight. Thus, it is essential to promote a Lf residence time increase on 
the corneal surface and a penetration improvement into the stroma.

The novelty of this current work relies on challenging both chitosan-based formulations appropriateness for the 
enhancement of the drug corneal permanence and penetration, as well as assess the ability to sustain and control the 
drug release. These novel DDS are non-irritant to the ocular surface and produce an improved ocular retention time, 
thus providing greater efficacy and bioavailability. Additional advantages include: (I) high biocompatibility, (II) easiness 
of elaboration, (III) no need for high restrictions during the formulation procedure, high encapsulation and loading 
efficiencies, higher physical stability upon storage, and improved drug permeability.

Cyclodextrins can positively influence the protein stability, both thermally (temperature increase, ...) and chemically 
(inactivation by acids, ...). Furthermore, cyclodextrins can chemically interact with aromatic amino acids and promote 
the formation of inclusion complexes. SBE- -CD, a -CD derivative, can also stabilize proteins, not only by the 
formation of inclusion complexes, but also by electrostatic interaction phenomena (16). Moreover, this cyclodextrin can 
act as a complexing agent in the formation of chitosan nanocarriers by ion gelation technique, being able to act as an 
alternative substitute to the TPP. In addition, it has also been described the role of this cyclodextrin in terms of 
penetration and adhesion phenomena to corneal and scleral tissue.

Likewise, the main purpose for this site-specific and controlled release strategy is mainly based on the achievement 
of an improved pharmacokinetic and pharmacodynamic drug profile, as well as a better immunogenicity and system 
recognition for an enhanced therapeutic efficacy.

The aim of this work was based on the design, preparation, and characterization of lactoferrin-loaded CS/TPP and 
CS/SBE- -CD nanoparticles as topical ophthalmic drug delivery systems as a pharmacological alternative for 
keratoconus treatment. A comparison between the traditional CS/TPP nanoparticles and CS/SBE- -CD nanoparticles 
in order to carry out the immobilization of high molecular weight proteins intended for topical ophthalmic administration. 
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An effort to demonstrate the suitability of both chitosan-based formulations to control the lactoferrin delivery and 
enhance the corneal permeability was also carried out by obtaining a consistent preclinical base, not just through in 
vitro tests, but also with ex vivo and in vivo assays. Certainly, a novel ocular biopermanence study of polymeric 
nanoparticles based on a radiolabeling technique with different radiotracers were carried out to assess the bioadhesion 
of particles intended for ophthalmic topical administration.

MATERIALS

Low molecular weight chitosan (LMWCS; Mw = 150 kDa, 85% deacetylation degree and 85% purity grade) and 
pentasodium tripolyphosphate (TPP) were purchased from Sigma-Aldrich (St Louis, USA). Glacial acetic acid, sodium 
hydroxide (NaOH) and hydrochloric acid (HCl) were acquired from Merck (Darmstadt, Germany). Sulfobutylether-β-
cyclodextrin (SBE- -CD; Mw = 2160 Da, substitution degree = 3.00 – 6.50) was provided by Cyclolab Ltd (Budapest, 
Hungary). Lactoferrin was acquired from Sigma-Aldrich (St Louis, USA). Type II porcine mucin was purchased from 
Sigma Chemical Co (St Louis, USA). Visking® dialysis tubing cellulose membrane (14,000 g/mole molecular weight cut-
off) was purchased from Sigma Aldrich (St. Louis, Missouri, USA). Ultrapure water (Milli-Q®, Millipore Iberica, Madrid, 
Spain) was used throughout the entire work. All other chemicals and reagents were of the highest purity grade 
commercially available.

EXPERIMENTAL METHODS

Screening study: CS/TPP and CS/SBE- -CD nanoparticles formation. Chitosan-based nanoparticles were 
prepared by ionotropic gelation. This technique is based in the electrostatic interaction of chitosan amino groups 
(positively charged) with the TPP (17) or SBE- -CD (18) groups (negatively charged). Preliminary experiments were 
carried out before the drug encapsulation process to determine the best ratio between components that enable the 
nanoparticle’s formation.

Preparation of blank CS/TPP nanoparticles. A 0.2% (w/v) chitosan solution was prepared by dissolving LMWCS in a 
1% (v/v) acetic acid aqueous solution under stirring (500 rpm) for 24 h at room temperature. Dilutions were made in 
Milli-Q® water to the final desired concentrations. The pH was then adjusted to 5 (pH 5) with a 1M NaOH aqueous 
solution and stored in refrigeration (4 ± 2°C) until use. A tripolyphosphate (TPP) aqueous solution was prepared by 
dissolving the salt in Milli-Q® water to a final concentration of 0.2% (w/v) under stirring (500 rpm) for 24 h at room 
temperature and then stored in refrigeration (4 ± 2°C) until use. All TPP and chitosan solutions were filtered through a 
0.22 µm PVDF membrane (Merck Millipore Durapore™) prior to storage.

CS/TPP nanoparticle’s formation occurred by the addition of the TPP solution to the chitosan solution drop-wisely (v = 
10 mL/min) at a 5:1 (v/v) CS:TPP ratio under vigorous magnetic stirring (> 750 rpm) at room temperature for 30 min in 
order to promote nanoparticle’s gelation (17). TPP final concentrations in the preparation varied from 0.05% to 0.2% 
(w/v), while CS final concentrations follow the same pattern, from 0.05% to 0.2% (w/v).

Resulting CS/TPP nanoparticle’s suspensions were centrifuged for 1 h at 14000 rpm at 25°C and the obtained 
sediment was resuspended in double-distilled water, analyzed and finally lyophilized, using 10% (w/v) trehalose as 
cryoprotectant. Dried particles were re-dispersed in a specific ocular buffer (pH 7.4) and characterized in terms of size, 
surface charge and morphology.

Preparation of blank CS/SBE- -CD nanoparticles. Chitosan and SBE- -CD solutions were prepared by dissolution 
in Milli-Q® water. A 0.2% (w/v) chitosan aqueous solution was prepared by dissolving LMWCS in a 1% (v/v) acetic acid 
aqueous solution under stirring (500 rpm) for 24 h at room temperature, filtered through a 0.22 µm PVDF membrane 
(Merck Millipore Durapore™) and pH was subsequently adjusted to 5 (pH 5) with a 1M NaOH aqueous solution and 
stored in refrigeration (4 ± 2°C) until use. The SBE- -CD solutions were prepared by jointly dissolving the cyclodextrin 
in desired concentrations into Milli-Q® water under stirring for 24 h at room temperature. 

CS/SBE- -CD nanoparticle’s formation occurred by the addition of the SBE- -CD solution to the chitosan solution drop-
wisely (v = 10 mL/min) at a 5:1 (v/v) CS:SBE- -CD ratio under vigorous magnetic stirring (> 750 rpm) at room 
temperature for 30 min, allowing the system’s complete stabilization. SBE- -CD final concentrations in the preparation 
varied from 0.1% to 0.5% (w/v), while CS final concentrations range from 0.025% to 0.1% (w/v).

Resulting CS/SBE- -CD nanoparticle’s suspensions were centrifuged for 1 h at 14000 rpm and 25°C, and the sediment 
was then resuspended in double-distilled water, analyzed and subsequently lyophilized, using 10% (w/v) trehalose as 
cryoprotectant. Dried particles were re-dispersed in a specific ocular buffer (pH 7.4) and characterized in terms of size, 
surface charge and morphology.



4

Preparation of lactoferrin-loaded CS/TPP nanoparticles. Lactoferrin-loaded CS/TPP nanoparticles were prepared 
by the addition of predetermined amounts of protein (from 0.1 to 1.0 mg/mL) to the TPP aqueous solution under 
magnetic stirring (> 750 rpm), prior to the nanoparticle’s formation by the ionotropic gelation technique, as previously 
described (see Preparation of blank CS/TPP nanoparticles). The lactoferrin was added to the TPP solution due to the 
protein’s isoelectric point (Ip = 7.28), where TPP aqueous solution showed a pH 9, as a way to keep the protein’s 
isoelectric balance during the elaboration process.  

Resulting lactoferrin-loaded CS/TPP nanoparticle’s suspensions were centrifuged for 1 h at 14000 rpm at 25°C and the 
obtained sediment was resuspended in double-distilled water, analyzed and lyophilized, using 10% (w/v) trehalose as 
cryoprotectant. Dried particles were re-dispersed in a specific ocular buffer (pH 7.4) and characterized in terms of size, 
surface charge and morphology. The supernatant was recovered for further analysis.

Preparation of lactoferrin-loaded CS/SBE- -CD nanoparticles. Predetermined amounts of lactoferrin (from 0.1 to 1 
mg/mL) were incubated under magnetic stirring (500 rpm, 1 h) in a SBE-β-CD solution to promote the inclusion 
complex formation. These inclusion-complexed solutions were then used for nanoparticle’s formation by the ionotropic 
gelation technique, as previously described (see Preparation of blank CS/SBE- -CD nanoparticles).

Resulting lactoferrin-loaded CS/SBE- -CD nanoparticle’s suspensions were centrifuged for 1 h at 14000 rpm at 25°C 
and the obtained sediment was resuspended in double-distilled water, analyzed and lyophilized, using 10% (w/v) 
trehalose as cryoprotectant. Dried particles were re-dispersed in a specific ocular buffer (pH 7.4) and characterized in 
terms of size, surface charge and morphology. The supernatant was recovered for further analysis.

Physicochemical characterization of chitosan-based nanoparticles.

Particle size, size distribution and  potential. The average particle size, polydispersity index (PDI) and  potential 
of the chitosan-based nanoparticles were assessed by dynamic light scattering (DLS) with non-invasive back dispersion 
at 25°C, using a Malvern Zetasizer Nano ZS instrument (ZEN3600, Malvern Instruments Ltd., Malvern, UK). A 1:10 
dilution in purified water was applied to samples before measurement in order to reduce the opalescence during size 
analysis and subsequently placed in disposable polystyrene cuvettes (DTS1070, Malvern Instruments Ltd., Malvern, 
UK) for the analysis. Each batch was analyzed in triplicate. DLS subsets were defined as presented: (I) 120 seconds 
temperature stabilization time for each sample, (II) 3 analysis runs for each formulation, and (III) 20 determinations per 
run for each sample.

Morphological evaluation. The morphological examination of the CS/TPP and CS/SBE- -CD nanoparticles was 
performed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM analysis were 
performed by placing the samples on a metal stub double-sided conductive adhesive tape and iridium sputter-coating 
the samples prior to observation in an analytical scanning electron microscope (ZEISS EVO LS 15/EDX, ZEISS®) 
(Jena, Germany), under different magnifications. TEM analysis was performed by staining samples with 2% (w/v) 
phosphotungstic acid for 10 min, placed on copper grids with Formvar® film and dried overnight for TEM observation by 
using a JEOL JEM-F200CF-HR microscope (JEOL®) (Peabody, USA). The air-dried batches were imaged using a 200 
kV acceleration power.

Production yield (PY) of nanoparticles. The PY (%) of the colloidal systems was acquired by the application of the 
centrifugation technique (19), with minor modifications. Briefly, predefined volumes of the NPs suspensions were 
centrifuged without glycerol bed (14000 rpm, 1h, 25°C), the supernatants were then discarded, and the sediment was 
vacuum-dried for 48h at 50 ± 2°C (until constant weight). The PY (%) was then estimated by comparing the final weight 
with the NPs theoretical weight, as presented:

Production yield (%) = (Nanoparticles weight)/(Total initial solids weight)·100

Encapsulation efficiency (EE) and loading capacity (LC) of nanoparticles. EE (%) and LC (%) of the resulting 
formulations were acquired after isolation by centrifugation, as previously described. EE denotes the entrapped drug 
(%) from the total amount of drug initially added to the preparation, while LC refers to the percentage of encapsulated 
drug into the NPs. The amount of unbound lactoferrin was determined in the supernatant by UV-Vis spectrophotometry 
(Cary 60 UV-Vis, Agilent Technologies®) (California, USA) at a 280 nm wavelength. The EE and LC of lactoferrin were 
respectively calculated as presented below:

EE (%) = (Total amount of drug - Amount of unbound drug)/(Total amount of drug)·100

LC (%) = (Total amount of drug - Amount of unbound drug)/(Nanoparticles weight)·100
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Stability studies. The NPs aggregation or contraction phenomena are expected to be influenced by the drug 
physicochemical properties. Additionally, chemical processes, including oxidation or hydrolysis, may also alter the 
useful lifespan of chitosan-based nanoparticle suspensions. The stability of chitosan-based nanoparticles should be 
assessed in terms of structural changes, such as contraction and swelling processes, among others (20).

Stability to storage. The stability study during storage was designed as per ICH guidelines (21), with minor 
modifications. Selected nanoparticle’s formulations were freshly prepared, isolated by centrifugation and resuspended 
in a specific ocular buffer (pH 7.4), considering size changes and possible precipitation phenomena. Nanoparticles 
were incubated at three different temperature conditions: (I) in refrigeration (4 ± 2°C), (II) at room temperature (25 ± 
2°C), and (III) oven temperature (37 ± 2°C) for a 8 h (short-time stability) and 3-month (long-term stability) period 
respectively, under orbital agitation (100 rpm) sheltered from the light. Samples were collected at predetermined time 
points for both studies. Nanoparticle’s size and size distribution were measured by DLS, performing every 
measurement in triplicate.

Stability to pH. The pH-dependent nanoparticle’s physical stability evaluation was carried out in freshly prepared 
samples. Once obtained and after a three-times Milli-Q® water washing, suspensions were kept in refrigeration at 4 ± 
2°C as stock suspensions. 500 µL of each formulation were taken to test tubes and diluted to a 5 ml volume using Milli-
Q® water. pH was then adjusted to predetermined values (2, 4, 6, 7, 8, 10 and 12) by using 0.1M NaOH or 0.1M HCl 
aqueous solutions, as appropriate. Samples were kept in refrigeration at 4 ± 2°C for 24 h, followed by the particle size, 
PDI and  potential measurements. Each sample was measured in triplicate.

Stability to ionic strength. NPs physical stability assessment in terms of ionic strength was performed in freshly 
prepared samples. Once obtained and after a three-times Milli-Q® water washing, suspensions were kept in 
refrigeration at 4 ± 2°C as stock suspensions. 500 µL of each formulation were taken to test tubes and diluted to a 5 ml 
volume using NaCl aqueous solutions with predetermined molarity values (0.2, 0.4, 0.6, 0.8, 1.2, 1.4, 1.6 and 2M). 
Samples were kept in refrigeration at 4 ± 2°C for 24 h, followed by the particle size, PDI and  potential measurements. 
Each formulation was tested and measured in triplicate.

In vitro release study. The dialysis technique is one of the most versatile and widespread used to assess drug 
delivery from nanosized DDS. In this method, two different chambers are physically separated by the usage of a 
dialysis membrane. Several modifications have subsequently been applied in crucial factors as a way to improve the 
experimental process (22). Furthermore, the ease of the system and sampling procedure make it an appropriate, 
simple, and uncomplicated technique to assess the drug delivery profile from a wide-ranging variety of nano-sized DDS 
(23).

The Lf release from CS/TPP and CS/SBE- -CD NPs was assessed to predict the drug diffusion and pharmacokinetic 
behavior from the DDS in simulated physiological conditions. The osmolality of formulations was adjusted to better 
replicate the topical ophthalmic administration. Hence, freshly prepared lactoferrin-loaded CS/TPP and CS/SBE- -CD 
nanoparticles were suspended in PBS (pH 7.4 and ionic strength 0.075 M) due to the fact that the buffer osmolality is in 
the optimal range (from 0.025 to 0.15 M) for a physiological environment proof-of-concept assay and characterization in 
terms of drug delivery (24).

The lactoferrin release rate from CS/TPP and CS/SBE- -CD nanoparticles was determined by UV-Visible 
spectrophotometry (Cary 60 UV-Vis, Agilent Technologies®) (California, USA), using Franz diffusion cells. The receptor 
chamber was fully filled with 7 mL of phosphate buffer medium (PBS, pH 7.4) containing 0.02% (w/v) sodium azide, 
while donor chamber was filled 3 ml of a known amount of lactoferrin-loaded nanoparticles. Both chambers were 
separated by a Visking® dialysis membrane. Sink conditions were established in order to simulate in vivo 
pharmacokinetic behavior.

Franz diffusion cells were subsequently placed in an orbital shaker bath (Unimax 1010/Incubator 1000, Heidolph®) 
(Schwabach, Germany) which was kept at 37°C and under magnetic stirring (100 rpm). At predetermined time points, 1 
ml was taken from the receptor chamber, and refilled with an equivalent volume of fresh PBS solution in order to 
maintain sink conditions. The study was run for 24 h, and each formulation was tested in triplicate.

Lactoferrin concentrations in the pH 7.4 isotonic PBS solution were measured using UV-Vis spectrophotometry (Cary 
60 UV-Vis, Agilent Technologies®) (California, USA) at a 280.0 nm wavelength. Resulting data demonstrated that 
reference solutions remained stable for at least a week, protected from light exposure and under refrigeration (4 ± 2°C).

Cytotoxicity analysis. The accomplishment in designing, developing and certifying alternative trials to replace the 
Draize rabbit eye irritation test has remained indefinable due to the difficulty of comparing in vitro resulting data with the 
in vivo data obtained from the animal models (robustness and consistency), but some tests have shown considerable 
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potential for the evaluation of ocular irritancy. Organotypic models have risen as the most promising alternative 
approaches to the eye irritation assessment, including isolated eyes or components thereof, among others (25). The 
effectiveness of these in vitro and ex vivo procedures is well established within different regulatory societies and 
industry for explicit and restricted determinations.

The Bovine Corneal Opacity and Permeability test (BCOP) is appropriate to evaluate the DDS harshness into the 
ocular surface, where injury depth can be estimated in an ex vivo tissue model. Nevertheless, the BCOP resolution for 
minor ocular cytotoxicity grades is deficient. Hence, BCOP can be considered as a pre-validation assay and it is 
suggested to be used in tandem with other assays measuring different cytotoxicity endpoints, such as the Hen’s egg 
test on the chorioallantoic membrane assay (HETCAM), among others (26). On its behalf, the chorioallantoic 
membrane (CAM) of the fertilized chicken eggs is also considered an appropriate model for assessing the effects of 
DDS on the eye tissue, being able to detect even mild or very mild ocular irritant compounds.

Bovine Corneal Opacity and Permeability test (BCOP). The BCOP test is an organotypic assay used to assess the 
potential cytotoxicity of formulations, avoiding the keeping and killing of laboratory animals (animal replacement 
compliance).

The use of in situ isolated corneas have the advantage that all corneal layers can be assessed, from the epithelium to 
the endothelium. Furthermore, tests on isolated corneas generally involve simple techniques with accurate measurable 
endpoints. 

The use of BCOP assay is based on the method developed by Tchao et al. (1988) (27) and adapted by Gautheron et 
al. (28), with minor modifications. Briefly, freshly excised eyes were collected from a local slaughterhouse and 
transported in superfusion containers that enable their maintenance for the desired period, enough for the formulation’s 
testing in the laboratory. The eyes were then inspected by macroscopic analysis and the corneas, free of defects, were 
dissected and used as the test systems.

Freshly isolated corneas were vertically mounted in Franz diffusion cells, used as holders, with the corneal epithelial 
surface upwards. The mounted corneas divided the diffusion cell into two different chambers (donor and receptor, 
respectively). All Franz diffusion cells were incubated in a thermostatic bath with controlled temperature (37 ± 2°C) and 
under magnetic stirring (100 rpm) during the entire assay. 

In the BCOP test, corneal opacity changes were assessed by the onset of two different techniques, these being the 
luxmetry and the UV-Vis spectrophotometry. Luxmetry is assessed by placing the dissected cornea inside a specially 
designed luxmeter (Gossen Mavolux 5032C USB) (Nürnberg, Germany). On the other hand, UV-Vis spectrophotometry 
is determined by transmittance scan (from 200 to 800 nm), positioning the cornea in an specific holder in order to allow 
the light to pass through, from the source to the receiver of the spectrophotometer (Cary 60 UV-Vis, Agilent 
Technologies®) (California, USA). Each formulation was evaluated in triplicate.

A procedure for formulation’s addition and opacity measurements was established as presented: (I) determination of 
the initial opacity values for freshly excised corneas by luxmetry and UV-Vis spectrophotometry; a corneal blank was 
made before luxmetry determination in order to remove basal light, while the cornea itself was used as blank (at a 800 
nm wavelength) before spectrophotometry determination, (II) addition of 1 mL PBS into the Franz cell’s donor 
compartment and cornea’s incubation for 10 minutes, followed by the opacity determination, (III) 1 mL of the formulation 
is added to the upper chamber (enfolding the corneal epithelium) for 10 minutes, followed by its removal and 
subsequent addition of PBS for 120 minutes; after this time, the opacity determination is repeated.

Likewise, after measuring the opacity, 1 mL of the 0.4% (w/v) fluorescein aqueous solution was added to the epithelium 
side to evaluate the corneal permeability by assessment of the media optical density (OD) (PBS) in the receptor 
chamber at a 490 nm wavelength, as a way to assess corneal permeability changes. 

The opacity and permeability measurements were used to calculate the in vitro irritation score (IVIS) (28). Furthermore, 
classification of test formulations can be done according to the Kay and Calandra score (28). The mathematical 
equation used for the IVIS determination is presented as:

IVIS = mean opacity value + (15 × mean permeability OD490 value)

Hen’s egg test on the chorioallantoic membrane (HET-CAM). The HET-CAM cytotoxicity assay for the assessment 
of irritant substances is based on the Draize test (1944) (29) and has become one of the most widely used international 
standard assay for ocular irritation evaluation (OECD TG 405, 2002; EC B.5).  However, different validated alternative 
tests (animal replacement) showed considerable promise for ocular irritancy evaluation. The HET-CAM assay is a new 
organotypic model that enables the identification of cytotoxic compounds, similarly to the Draize test procedure (30).
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In the HET-CAM assay, three outcomes are measured, these being: (I) hemorrhage, (II) lysis and (III) coagulation of 
the chorioallantoic membrane at the 9th day of embryonation, when nervous system and pain sensitivity have not been 
developed yet. These reactions can be quantified through an irritation score (IS) and subsequently classified as follows: 
(I) 0-0.9 as no irritation, (II) 1-4.9 as slight irritation, (III) 5-8.9 as moderate irritation and (IV) 9-21 as severe irritation, 
following the Kalweit et al. criteria (31). All HET-CAM procedures were applied following the handling of animal 
materials frameworks.

The protocol used was adapted from the procedure previously described by Spielmann and Liebsch (32). Briefly, 
fertilized Broiler eggs (50 – 60 g weight) were obtained from the regional hatchery technology center and incubated for 
nine days in specific conditions (37 ± 0.5°C and 65% ± 5% RH). The trays containing eggs were automatically rotated 
in every 2 h until eighth day, where rotation was stopped, and the eggs were maintained in the axial position for the 
proper placement of the CAM. 

At ninth day of incubation, viable embryos were used by creating a window on the head of the eggs through which 
formulations (300 µL) were instilled. After placing the formulation onto the CAM, an assessment of the aforementioned 
factors over a 5 min period was performed by using an Olympus SZ61TR Stereomicroscope and an Olympus CellSens 
Entry software. Images were taken at the beginning (before formulation’s administration) and at the end (after the trial 
period) of the assay and each replicate was recorded during the entire process in order to carefully assess the 
presence or absence of toxic effects (if required). These measurements were individually studied, and subsequently 
combined to obtain a final score, which was used to categorize the irritation grade of each formulation. A 0.9% (w/v) 
NaCl aqueous solution was used as negative control, while a 1M NaOH aqueous solution was employed as positive 
control. Each formulation was evaluated in triplicate.

Mucoadhesion study. The interaction between chitosan and mucin defines the chitosan-based DDS behavior. 
Interactions between chitosan and mucin are related to intrinsic factors (polymer nature) and external factors 
(environment where the interaction occurs). The interrelationship between both types of factors must be taken into 
account. Thus, four different outcomes could be observed as a result of the interaction between chitosan-based 
nanoparticles and the ocular mucin layer (see Figure S-1, Supporting Information): (I) adsorption of the nanoparticles to 
the mucus layer, (II) nanoparticle’s removal with the mucus layer renewal, (III) loss of functionality of the nanoparticles 
when covered by mucin, or (IV) passage through the mucin layer and reach the cornea.

Accordingly, the mucoadhesive properties of chitosan-based DDS should be deeply studied. Two different approaches 
were used to assess the ocular retention time of the formulations after topical ophthalmic administration into the eye, as 
presented: (I) in vitro ocular retention study by biophysical techniques (  potential measurements), (II) ex vivo ocular 
retention study by using excised bovine eyes, and (III) in vivo ocular retention study by using male Sprague-Dawley rats 
as animal model.

In vitro ocular mucoadhesion study. The in vitro ocular surface retention study was based on a mucoadhesion assay 
procedure, considering the electrostatic interaction between the chitosan amino groups (positive charge) and mucin 
structure (negative charge) (33). 

Experimentally, mucoadhesion study was performed following the procedure described by Mazzarino et al. (34), with 
minor modifications. Equal volumes of 0.4 mg/mL mucin solution and CS/TPP or CS/SBE- -CD nanoparticles were 
vortexed for 1 min and furtherly kept in an orbital incubator (37 ± 2°C, 100 rpm) for 2 h. Chitosan/mucin interactions 
were then stopped by maintaining the nanoparticle’s suspensions on an ice bath (2 - 8°C) for 45 min and the  potential 
of the resulting mixtures was subsequently measured. It must be taken into account that nanoparticle’s  potential was 
measured before and after the incubation process with the mucin solution, and the mucoadhesion ability was measured 
as the difference between both values.

Ex vivo ocular mucoadhesion study. The ex vivo corneal surface retention study was adapted from the original 
procedure described by Belgamwar et al, (2009) (35), with minor modifications. For this purpose, freshly excised eyes 
were collected from a local abattoir and transported in superfusion containers that allow their maintenance for a 
specified time period, enough for the formulation’s testing in the laboratory. The eyes were then inspected by 
macroscopic analysis and viable ones were selected for further analysis.

Viable excised eyes were washed with PBS (pH 7.4) in order to remove possible impurities and then placed on 
manually developed specific holders, positioning the corneal epithelial surface upwards. 500 µL of the 0.4% (w/v) 
fluorescein-stained chitosan-based nanoparticles were added drop wisely, and excess was collected and reapplied, 
repeating this procedure 10 times. The final residual solution was measured for fluorescence intensity by UV- Vis 
spectrophotometry (Cary 60 UV-Vis, Agilent Technologies®) (California, USA) at a 490.0 nm wavelength, comparing it 
to the initial intensity values, obtained by measuring the suspension prior to the instillation.
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The ex vivo corneal mucoadhesion of the CS/TPP and CS/SBE- -CD nanoparticles was subsequently quantified 
through the following mathematical equation:

Mucoadhesion (%) = ((Abs0 - V0) – ((AbsF - VF))/((Abs0 – V0))·100

Where Abs0 and AbsF represent the absorbance value for the initial and final fluorescein-stained chitosan-based 
suspensions, V0 refers to the volume applied to the viable excised eyes, and VF indicates the final volume of the 
suspension not adsorbed to the mucosa. Each formulation was tested in triplicate. 

In vivo mucoadhesion study.

Evaluation of the radiolabeling stability and efficiency of chitosan-based nanoparticles. Radioactive fluoride (18F) 
is one of the most frequently applied positron emitters due to its optimal positron characteristics (t1/2 = 109.7 min), 
making it almost ideal for Positron Emission Tomography (PET) imaging. In spite of all these advantages, 18F is mostly 
clinically applied into two different forms, these being 2-[18F]fluoro-2-deoxy-D-glucose (18F-FDG) and 18F-Choline. 

Recently, different approaches were studied to track different types of colloidal systems using 18F-FDG or 18F-Choline 
labeling (36,37). Based on this literature review, the assessment of the radiolabeling stability and efficiency of 18F-FDG 
or 18F-Choline chitosan-based nanoparticles was carried out by incubation with a known amount of the radiotracer for a 
45 min period at 25 ± 2ºC, and under magnetic stirring (200 rpm) (ThermoCell® Mixing Block, Tamar Laboratory 
Supplies Ltd., Israel). Samples were then centrifuged at predetermined times (0.5, 1.5 and 3.0 h) (14000 rpm and 4ºC) 
(Eppendorf® 5427R, Eppendorf Iberica, Spain), supernatant and remnant were separated into two different centrifuge 
tubes, and radiotracer activity was finally measured by using an activimeter (Capintec® CRC 15R Dose Calibrator, New 
Jersey, USA). In order to point out, both types of the 18F-based aqueous solution (18F-FDG and 18F-Choline) were 
provided by the PET Radiopharmaceutical Unit (Cyclotron) of the University Hospital Complex of Santiago de 
Compostela (CHUS).

The radiolabeling efficiency of chitosan-based nanoparticles was assessed by measuring the 18F-FDG or 18F-Choline 
activity respectively, both in the supernatant and the remnant vials, taking into account the incubation time and the 
radiotracer decay. Mathematical analysis was then performed to the resulting data to obtain the radiolabeling efficiency 
and to assess the labeling stability over time.

Experimental in vivo evaluation of the ocular biopermanence. The in vivo assessment of the ocular surface 
retention time of the formulations was carried out by Positron Emission Tomography (PET) and Computed Tomography 
(CT) combined technique. Both methodologies for leading the radiolabeling and the subsequent measurable ocular 
surface permanence evaluation of topical ophthalmic formulations were described in previous works (38).

In vivo studies were performed on male Sprague-Dawley rats (250 ± 35 g), supplied by the animal facility at the Center 
for Experimental Biomedicine (CEBEGA, USC, Spain). The animals were maintained in individual enclosures under 
predetermined temperature (22 ± 1ºC) and relative humidity (60 ± 5%) conditions, with circadian cycles (12/12 hours) 
controlled by artificial light and fed ad libitum. Animals were familiarized for 7-day period prior to the experiment’s 
commencement. All animals were preserved according to the Association for Research in Vision and Ophthalmology 
Statement (ARVO), as well as the official laboratory standards for animal experimentation (39). Each formulation was 
tested in quadruplicate (four eyes, two animals) in order to accomplish the 3Rs regulatory frameworks (40).

The microPET and CT acquisition was performed by using the Albira PET/CT Preclinical Imaging System (Bruker 
Biospin, Woodbridge, Connecticut, United States). Sedated animals were placed into the PET/CT bed with a muzzle 
mask (2.5% (v/v) isoflurane/oxygen), monitoring the breathing frequency during the achievement period. Then, 7.5 µL 
of 18F-FDG radiolabeled chitosan-based nanoparticles were instilled into the ocular surface. After the instillation, static 
PET frames at predetermined times (0, 30, 75, 120, 240 and 300 minutes) were acquired in order to estimate the 
pharmacokinetic behavior. An Elizabethan collar was placed in each animal between PET studies to prevent the rat 
from scratching their eyes and removing the previously instilled formulation. 

Imaging reconstruction (0.5 x 0.5 x 0.5 mm3 pixel size) was carried out by using the maximum likelihood expectation 
maximization algorithm (MLEM) (6 iterations). Image analysis was made using the specific software (41). Regions of 
Interest (ROIs) were manually acquired and processed after imaging reconstruction for the different frames over time 
by delimiting the total radiotracer’s uptake of each eye (15 x 15 x 15 mm, 1767.10 mm3), and the resulting data were 
adjusted by the radiotracer’s radioactive decay (half-life time: 109.7 min). Results were repeated on consecutive 
predefined time frames. The radiotracer uptake (mean ± SD) acquired from the first time-point after topical ophthalmic 
administration of the formulations was considered as the fitting factor. The subsequent measurements from the 
successive time-points were described as percentage of the fitting factor. Resulting graphs of formulation’s radioactivity 
vs time were subsequently made, comparing the results against a control solution (18F-FDG buffered solution). 
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The adjustment of the retained formulation over time to a mono-exponential decay equation using a single 
compartmental model was carried out by non-lineal regression using the GraphPad Prism® software (42). Non-
compartmental analysis was also carried out by estimating the mean residence time (MRT) and the total area under the 
curve (AUC) of the remaining percentage of formulations over time.

Data analysis. A pairs of groups comparison was performed by a one-tailed Student’s T and multiple group 
comparison tests, as well as by one-way or two-way analysis of variance (one-way or two-way ANOVA), or by non-
parametric Kruskal Wallis test with a 95% significance level (p < 0.05) throughout these studies, using the GraphPad 
Prism v.8.00 software (GraphPad Software, Inc. CA, USA). All data were shown as a mean value and its standard 
deviation (mean ± SD). Tukey’s, Bonferroni’s or Dunnet’s tests were subsequently applied for post-hoc contrast.

RESULTS AND DISCUSSION

Screening study: CS/TPP and CS/SBE- -CD nanoparticles formation.

Preparation of CS/TPP nanoparticles. CS/TPP NPs were prepared via the ionotropic gelation technique, based on 
the ionic interaction between CS and TPP, leading to the formation of inter- and intramolecular connections (17). The 
ion gelation method was mild, and a few minutes were taken to create the final nanoparticles.

CS/TPP NPs preparation was carried out in acidic conditions due to the fact that the pH of the medium influenced the 
protonation of the CS amino groups (pH interval = 5 - 6). Pilot studies were focused to the selection of the optimal 
proportion for the CS/TPP nanoparticle’s formation. The presence of opalescence in the resulting solutions was used 
as a signal of NPs formation, subsequently confirmed by DLS.

Phase formation diagram
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Figure 1. Phase diagram formation of CS/TPP NPs.

The increase in the turbidity of the suspensions (CS/TPP NPs formation) was directly proportional to the amount of TPP 
used, but particle aggregation rapidly and drastically occurred (see Figure 1). Higher available amount of TPP led to the 
formation of larger nanoparticles and flocculating aggregates as a consequence of dominantly inter- and intramolecular 
cross-links. All the suspensions prepared in the selected interval of TPP and CS concentrations were deeply analyzed 
in terms of particle size, size distribution and surface charge (see Figure S-2, Supporting Information).

The preliminary results of these preparations indicate that a 1:1 (w/w) CS/TPP ratio and a 5:1 (v/v) phase ratio turned 
out to be the best proportion for CS/TPP nanoparticle’s formation.

Preparation of CS/SBE- -CD nanoparticles. The ratio between CS and SBE- -CD is a critical parameter in the 
nanoparticle’s formation and restricts the resulting particle size. Hence, it was essential to estimate the best CS/SBE- -
CD ratio to promote the best conditions for the formation of the nanosystems before the drug encapsulation. Different 
concentrations of CS and SBE- -CD were used to establish the optimum preparation conditions for nanoparticle’s 
formation. The CS/SBE- -CD NPs preparation was carried out in acidic conditions since the pH of the medium 
influenced the protonation of the CS amino groups (pH 5).

In the present study, SBE- -CD was incorporated into final formulations to improve drug stability, water solubility, 
encapsulation efficiency and release profile into the nanocarriers. Carried-out studies have shown that all NPs were in 
the nano-sized interval and showed a positive  potential. Likewise, the phase diagram of nanoparticle formation (see 
Figure 2) reveals the existence of an interval with different specific ratios of SBE- -CD and CS in order to make 
nanoparticle’s formation possible. Two different systems were identified in the phase diagram, including (I) opalescent 
dispersion and (II) aggregates (see Figure 2) for the tested concentration interval.

The increase in the turbidity of the suspensions (CS/SBE- -CD NPs formation) was directly proportional to the amount 
of SBE- -CD used, but particle aggregation promptly and significantly occurred (see Figure 2). Higher available amount 
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of SBE- -CD led to the formation of larger nanoparticles or flocculating aggregates as a consequence of dominantly 
inter- and intramolecular interactions between both components. All the suspensions were deeply analyzed in terms of 
particle size, size distribution and surface charge (see Figure S-3, Supporting Information).

Phase formation diagram
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Figure 2. Phase diagram formation of CS/SBE- -CD NPs.

Based on the resulting data, an optimum CS/SBE- -CD ratio was selected for the preparation of lactoferrin-loaded NPs, 
these being composed of 0.05% (w/v) chitosan and 0.25% (w/v) SBE- -CD solutions in a 5:1 (v/v) phase ratio.

Physicochemical characterization of nanoparticles. 

Particle size, size distribution and  potential. Particle size and size distribution of novel nanoparticulate systems 
are important factors considering their potential purpose for topical ophthalmic administration. Indeed, it is well known 
that particles in the nanometric range influence biological parameters, such as the in vivo distribution through biological 
barriers, drug delivery to the target tissue, drug content, stability or toxicity, among others (43). 

Preliminary results of CS/TPP nanoparticles indicate that a 5:1 (v/v) CS/TPP ratio turned out to be the best proportion 
for nanoparticle’s formation. The average size was 160.56 ± 20.65 nm. The polydispersity index (PDI) was lower than 
0.3 for the chosen CS/TPP ratio (about 0.170 ± 0.067), indicating that a homogeneous dispersion was obtained. The 
distribution curve suggests the presence of two different particle size populations: a small fraction of 1000 nm (< 2%) 
(nanoparticle aggregates) and a major population of around 150 nm (> 98%) (nanoparticles). Nevertheless, during the 
elaboration procedure, nanoparticle’s suspensions were filtered through a 0.45 µm PVDF membrane filter in order to 
remove the larger aggregates. Regarding the surface charge, compact complexes were spontaneously formed due to 
the interaction between CS and TPP; hence, final formulations were measured by DLS, obtaining high positively  
potential values (16.13 ± 1.67 mV) (see Table 1) due to the CS presence in the surface (44). This positively charged is 
required to prevent particle aggregation phenomena and promote electrostatic interaction with the negatively-charged 
cell phospholipidic bilayer (45).

On its behalf, CS/SBE- -CD nanoparticles were developed under the assumption that these systems could be 
prepared in the absence of TPP, by only mixing CS with different amounts of SBE- -CD, a negatively charged CD 
derivative, which could be more effectively incorporated into nanoparticles as a consequence of strong ionic 
interactions with the amino groups of the CS. The average size was 227.3 ± 20.52 nm. The polydispersity index (PDI) 
was found to be smaller than 0.3 (0.182 ± 0.07), indicating a relative homogeneity in the resulting formulation. The  
potential studies of the nanoparticles showed high positive values (about 17.2 ± 1.25 mV), revealing that the NPs 
surface was mostly composed of CS (see Table 1).

 Table 1. Physicochemical characterization for blank and lactoferrin-loaded chitosan-based nanoparticles.

Formulation [Lactoferrin] (mg/mL) Size (nm) PDI  Potential (mV)

Blank CS/TPP NPs - 160.56 ± 20.56 0.170 ± 0.067 16.13 ± 1.67

Blank CS/SBE- -CD NPs - 227.3 ± 20.52 0.182 ± 0.070 17.2 ± 1.25

Lactoferrin-loaded CS/TPP NPs 0.1 125.59 ± 10.01 0.244 ± 0.050 9.42 ± 0.76

0.5 166.46 ± 42.27 0.287 ± 0.040 9.41 ± 1.90
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1.0 150.48 ± 13.44 0.294 ± 0.150 8.69 ± 1.36

Lactoferrin-loaded CS/SBE- -CD 
NPs

0.1 221.83 ± 9.48 0.220 ± 0.038 15.53 ± 1.55

0.5 242.01 ± 20.26 0.266 ± 0.040 16.62 ± 3.10

1.0 196.07 ± 3.02 0.213 ± 0.014 14.54 ± 2.49

*Each measurement was carried out in triplicate (n = 3)

Morphological evaluation. SEM images were examined to demonstrate that the nanoparticle’s size was kept after the 
freeze-drying process. SEM analysis after the freeze-drying process confirmed the presence of monodisperse 
population of spherical in shape and irregular surface particles with size below 300 nm, although some aggregation 
phenomena due to the drying process was observed (see Figure S-4, Supporting Information). Thus, the freeze-dried 
formulations guarantee the nanoscale size, where the microstructural analysis confirmed the morphology and size of 
the nanoparticles. These results were aligned with TEM morphological evaluation for both types of nanoparticles.

The TEM images provide information about the particle size and morphology of nanoparticles, as well as confirm 
previous DLS measurements. The microstructural analysis confirmed that both types of nanoparticles are presented as 
a predominantly monodisperse population of isolated and spherical particles with well-defined solid and consistent 
structure (see Figure 3). 

Figure 3. TEM images of chitosan-based nanoparticles (CS/TPP NPs – 1 and 2 - and CS/SBE- -CD NPs – 3 and 4 -, 
respectively). Images 1, 3 and 4 were obtained with a 5.00 kX magnification, while image 2 was obtained with a 15.00 kX 
magnification, in order to better appreciate CS/TPP nanoparticle morphology.

A diameter interval of 103.7 ± 13.2 nm (CS/TPP NPs) and 185.0 ± 12.1 nm (CS/SBE- -CD NPs) was obtained for the 
resulting nanoparticulate systems based on the TEM micrographs, smaller than the diameter determined by DLS. This 
could have been expected since the nanoparticles were dispersed in an aqueous phase for DLS analysis (CS swelling 
in water), while the TEM trials were performed in dry samples (46).

Production yield, encapsulation efficiency and loading capacity of nanoparticles. Two different chitosan-based 
nanosystems were developed for protein encapsulation. It is known that chitosan acidic solutions (pH 5) may interact 
with the negatively charged polyanions, such as TPP or SBE- -CD, ionic cross-linkages, leading to the formation of 
chitosan-based nanoparticles (47). 

Table 2 shows the production yield (PY), encapsulation efficiency (EE) and loading capacity (LC) values of the resulting 
lactoferrin-loaded CS/TPP and CS/SBE- -CD nanoparticles. The encapsulation efficiency determination demonstrated 
that the elaboration process of lactoferrin-loaded CS/TPP and CS/SBE- -CD nanoparticles was reproducible and 
efficient with production yield values above 31.53 ± 3.94% and 24.00 ± 2.69%, respectively (see Table 2). It must be 
considered that the drug:polymer ratio in this study ranged from 1:1 to 1:1.4. A directly proportional increase in the EE 
and LC values was observed with the increase in the amount of drug added into the formulation (e.g., 5:1 or 10:1 
ratios). A two-way ANOVA analysis was applied to the resulting data in order to determine the existence of differences 
between CS/TPP and CS/SBE- -CD nanoparticles. The results indicate that there were no significant differences in 



12

terms of PY, and between formulations with the same Lf concentration in terms of EE and LC, but significant 
differences (p < 0.05) were observed between increasing Lf-concentration formulations in terms of EE and LC. 

Effect of protein loading on size, surface charge, EE (%) and LC (%). Lactoferrin, which shows an isoelectric point 
(Ip) around 7.28 (48), was directly added to the anionic solution (pH 9, where the protein would be positively charged) 
and then TPP or SBE- -CD aqueous solutions were added drop wisely. As shown in Table 2, the presence of the 
model protein has a small influence on particle size. In order to point out,  potential values of both lactoferrin-loaded 
CS/TPP and CS/SBE-β-CD NPs were lower than blank formulations (see Table 2), suggesting that the protein could 
not be just encapsulated inside the nanosystems, but also attached to the nanoparticle’s external shell, partly masking 
the CS’s inherent positive charges. This finding is supported by the study carried out by Tantra el al. (49), where it is 
suggested that NPs external charges are influenced by the molecular organization of all the compounds at the NPs 
shell and the net constituted by the chemical positions.

Likewise, visual analysis of the resulting data (see Figure 4) seems to indicate that an increased in the EE and LC 
values is observed by increasing the amount of lactoferrin added to the formulation, but without significant modifications 
in size. A two-way ANOVA analysis confirmed this hypothesis, where statistically significant differences (p < 0.05) were 
observed for both types of nanoparticles in terms of EE (%) and LC (%), but not in terms of size (p > 0.05). Thus, an 
increase in the initial amount of lactoferrin could improve EE and LC values in this kind of chitosan-based nanosystems.

A Dunnet’s multiple comparisons test was also applied to assess the existence or absence of statistically significant 
differences in terms of size. No differences were observed for both types of formulations (p > 0.05). Similarly, a Tukey’s 
multiple comparisons test was applied to evaluate the existence or absence of statistically significant differences in 
terms of EE (%) and LC (%), where statistically noteworthy variances were detected for both chitosan-based 
nanosystems (p < 0.0001) over the increased amount of incorporated lactoferrin.

Stability studies.

Stability to storage. The short-term stability determination of CS/TPP and CS/SBE- -CD nanoparticles was performed 
by determining the size, size distribution and surface charge by keeping samples at three different temperature sets (4 
± 2°C, 25 ± 2°C/60 ± 5% RH and 37 ± 2°C/60 ± 5% RH) for 8 h, while the long-term stability study was carried out 
under the same conditions but for a 3-month period. 

Previous studies have also shown the CDs role in the nanoparticle’s stabilization. Certainly, -CD derivatives have 
been widely used to improve the aqueous solubility and the chemical stability of different active substances, by forming 
host−guest complexes. This complexation process usually leads to a modulation of the drug physicochemical 
properties of the guest molecule (i.e., solubility, ocular penetration, or stability) (50).

Formulation [Lf] (mg/ml) Size (nm) PY (%) EE (%) LC (%)
Blank CS/TPP NPs - 130 ± 20.65 84.39 ± 2.65 - -

Blank CS/SBE- -CD NPs - 227.28 ± 
20.52 85.80 ± 3.42 - -

Lf-loaded CS/TPP NPs

0.1 135.59 ± 
10.01 85.89 ± 4.96 24.78 ± 3.60 12.39 ± 1.80

0.5 146.46 ± 
22.27 84.13 ± 2.96 34.85 ± 2.24 26.14 ± 1.68

1.0 150.48 ± 
13.44 84.19 ± 2.67 47.19 ± 2.97 43.47 ± 5.04

Lf-loaded CS/SBE- -CD 
NPs

0.1 221.83 ± 
19.48 83.86 ± 2.02 20.49 ± 6.00 11.18 ± 3.27

0.5 242.01 ± 
20.26 85.37 ± 3.51 38.67 ± 1.01 30.26 ± 0.79

1.0 215.51 ± 
18.77 84.91 ± 2.95 52.84 ± 1.05 43.44 ± 3.69

 

Table 2. PY, EE and LC values for chitosan-based nanoparticles.
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*Each measurement was carried out in triplicate (n = 3)

Figure 4. (1) Evolution of size (nm) over increased lactoferrin concentration for CS/TPP and CS/SBE- -CD nanoparticles. PDI 
values were under 0.3 (from 0.194 to 0.244 for CS/TPP NPs, and from 0.213 to 0.287 for CS/SBE- -CD NPs), associated with 
a uniform and monodisperse population. (2) EE (%) values over increased lactoferrin concentration for CS/TPP and CS/SBE-

-CD nanoparticles. (3) LC (%) values over increased lactoferrin concentration for CS/TPP and CS/SBE- -CD nanoparticles.

The results for the short-term stability study showed that both formulations (CS/TPP and CS/SBE- -CD nanoparticles) 
did not suffer a significant change in their size following incubation for 8 h (data not shown, included into the long-term 
stability study; see Figure S-5, Supporting Information). Same results were observed for long-term stability over a 3-
month period (see Figure 5). 

Resulting data were analyzed and no changes in size were observed during the studied period, where size varied 
within an interval of less than 10% of the initial average size.  A two-way ANOVA analysis was also applied, and no 
statistically significant differences (p < 0.05) were observed for the studied period. Thus, it can be concluded that both 
types of nanoparticles are stable over time.

Stability to pH. Changes in the pH conditions of the media may be generally associated with nanoparticle’s collapse, 
breakage, or coalescence phenomena. Figure 6 shows particle size and  potential changes of CS/TPP and CS/ SBE-

-CD nanoparticles for the tested pH interval.

A transition from positive to negative  potential values was gradually observed with increasing pH values. 
Nevertheless, no particle size changes were observed from pH 2 to 7, while aggregation phenomenon appears in basic 
pH range (up to pH 8). In order to point out, although topical ophthalmic formulations should have a pH value similar to 
the tear film (pH 7), the presence of salts, proteins and others ocular substances, provides the ocular surface a 
buffering ability, increasing the pH interval that can be tolerated by the eye without causing ocular surface damages or 
tearing (pH interval: from 4 to 8) (51); hence, these formulations could be safely applied into the eye by topical 
ophthalmic administration.
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Figure 5. Long-term stability-to-storage study for CS/TPP and CS/SBE- -CD NPs (“a)” and “b)”, respectively) over a 3-month 
period. Stripped lines show the 10% variation size interval from the initial mean size values, which comprises the nanoparticle 
stability range. 
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Figure 6. Changes in size and  potential values of CS/TPP (a) and CS/SBE- -CD (b) NPs over the studied pH interval.

Stability to ionic strength. Changes in the ionic strength conditions of the media may be generally associated with 
nanoparticle’s collapse, breakage, or coalescence phenomena. This statement is supported by the DLVO theory, which 
explains a decrease in the thickness of the diffuse bilayer with accumulative ionic strength values (52). Thus, an 
increase in the particle-particle interaction leads to a rise in the nanoparticle’s aggregation phenomenon.

The physical stability to ionic strength depends on possible time-dependent aggregation, flocculation or sedimentation 
phenomena of the nanoparticles (53). Changes in the particle compactness over time may also influence either of these 
processes. Figure 7 shows the resulting data for the stability-to-ionic-strength study of CS/TPP and CS/SBE- -CD NPs 
for the ionic strength tested interval. 
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Both CS/TPP and CS/SBE- -CD NPs were in the nanometric size range for normal values of ionic strength in an ocular 
medium (from 0.075 to 0.15M). The colloidal stability of CS/TPP nanoparticles was kept constant regardless of the 
increased ionic strength conditions of the media, although a ζ potential lowering was observed with the increasing salt 
concentration of the media. Indeed, as observed in Figure 7, CS/TPP formulations stored in the presence of NaCl were 
mostly stable in terms of size, turbidity, and particle compression changes over the time period studied. 

Nevertheless, a coalescence process was observed in the CS/SBE- -CD NPs with increasing amounts of NaCl in the 
media. This phenomenon suggests that electrostatic repulsion is the predominant stabilization mechanism for this type 
of formulation. Aggregation process may be associated with the high concentration of monovalent ions (mainly Na+) of 
the cyclodextrin formulation (  135 mOsm/kg, see SBE- -CD technical sheet specifications), which in turn contributes 
to an increase in the final nanoparticle formulation osmolality. Even so, the CS/SBE- -CD NPs remained stable over 
the normal ionic strength interval (0.075M to 0.15M), making them appropriate DDS for topical ophthalmic 
administration.
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Figure 7. Changes in size and  potential values of CS/TPP (a) and CS/SBE- -CD (b) NPs over the ionic strength studied 
interval.

In vitro release study. The preliminary in vitro release study from lactoferrin-loaded CS/TPP and CS/SBE- -CD 
nanoparticles proves that both formulations present a sustained release pattern, compared to the control solution (Lf 
buffer solution) as shown in Figure 8. The in vitro protein release profiles obtained for each formulation showed two 
different release phases, as follows: (I) a first initial burst release due to the drug desorbed from the NPs surface and 
(II) a plateau release phase, resulting from the protein diffusion from the polymer matrix as a consequence of 
bioerosion processes.
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Figure 8. In vitro release study of CS/TPP and CS/SBE- -CD NPs. The first graph shows the raw cumulative amount of 
lactoferrin released over time (h), while the second graph presents the cumulative percentage of lactoferrin released over time 
(h).

The resulting data from lactoferrin cumulative release from CS/TPP and CS/SBE- -CD NPs were fitted to two different 
kinetic models (Higuchi and Peppas and Korsmeyer) in order to identify the release mechanism. The best correlation 
data was obtained with the Higuchi kinetic model, suggesting that diffusion was the main release mechanism (see 
details in Table 3).

Formulation
Higuchi Peppas and Korsmeyer

k ( g·cm-2· min-0.5) R2 k ( g·cm-2· min-n) n R2

CS/TPP NPs 32.13 0.8663 52.50 0.3585 0.8451

CS/SBE- -CD NPs 29.42 0.8245 102.7 0.1614 0.8211

Table 3. Release data of chitosan-based nanoparticles into the Higuchi diffusion kinetics and Peppas and 

Korsmeyer equation.

Cytotoxicity analysis.

Bovine Corneal Opacity and Permeability test (BCOP). Endpoints measured during the BCOP test for both types of 
formulations were assessed in terms of opacity (light transmission through the cornea by luxmetry and UV-Vis 
spectrophotometry) and permeability (fluorescein passage through the entire corneal tissue). 

Firstly, opacity and permeability values were independently studied to evaluate whether formulations induce corrosivity 
or severe irritation (see Figure S-6, Supporting Information). Resulting data indicate that no significant structural 
changes were observed in terms of corneal opacity and fluorescein permeability, comparing them with the negative 
control solution (PBS and ethanol as negative and positive control solutions, respectively) (see Figure 9).

Likewise, opacity and permeability data were corrected for background or control values prior to further statistical 
determinations were calculated. The IVIS score was then calculated by combination of both types of empirically derived 
values for each formulation. Both formulations (CS/TPP and CS/SBE- -CD NPs) resulted in an in vitro Irritation Score 
of 0 (IVIS = 0), showing no cytotoxicity effects compared to control formulations (see Figure 9). 

Figure 9. BCOP results for chitosan-based nanoparticles. (1) Resulting data of corneal transparency for both chitosan-based 
nanoparticles, compared to the results of the control solutions. (2) Opalescence data of corneal tissue after the administration 
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of chitosan-based formulations, compared to control values. (III) Fluorescein corneal permeability for CS/TPP and CS/SBE- -
CD nanoparticles compared to the control solution results.

Hen’s egg test on the chorioallantoic membrane (HET-CAM). The CAM is a no innervated tissue and constitutes a 
well-developed vascularization model and an easy-to-study alternative strategy for ocular irritation assessment due to 
the broad inflammatory process response, similar to that induced in the Draize test, as it can be carried out with better 
effectiveness and faster determinations than other in vivo assays (54). Thus, the HET-CAM assay was used to assess 
the cytotoxicity and biocompatibility of prepared nanoparticles.

CS/TPP and CS/SBE- -CD nanoparticles were evaluated, and the resulting data were compared with those obtained 
for the BSS and NaOH solutions, used as negative and positive control formulations, respectively. All formulations 
show no cytotoxicity effects (Irritation Score = 0), comparing them with both control formulations (see Figure S-7, 
Supporting Information). This is in good agreement with previously published works (55), as well as in accordance with 
the results of the BCOP test, confirming that the materials used and the developed nanosystems are non-toxic and 
biocompatible.

Ocular surface mucoadhesion study.

In vitro mucoadhesion study. Ocular mucus layer is a heterogeneous three-dimensional network composed of a 
mucin fiber’s network where nanoparticles may diffuse through and/or be retained (56,57). Hence, the mucus layer can 
affect the stability of CS/TPP and CS/SBE- -CD nanoparticles (58). Chitosan is a mucoadhesive polymer that may 
increase the residence time of the formulation, consequently improving the drug bioavailability (59). In this study, the 
interaction between mucin and CS/TPP and CS/SBE- -CD nanoparticles was determined by DLS (60), evaluating the 
size and  potential changes before and after the nanoparticle/mucin interaction (61). 

Figure 10 shows the size and  potential values for CS/TPP and CS/SBE- -CD nanoparticles, before and after the 
incubation in mucins suspensions. The increased size after the incubation procedure suggests that the interaction 
between mucin and CS/TPP or CS/SBE- -CD nanoparticles led to the formation of nanoaggregates and a decrease in 

 potential values, probably due to the electrostatic interaction between chitosan and mucin (61). Furthermore, a strong 
ability of CS/TPP and CS/SBE- -CD nanoparticles to interact with mucin through electrostatic forces was proved, 
emphasizing their potential as mucoadhesive DDS (34).
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Figure 10. Changes in size (a) and  potential (b) values for chitosan-based nanoparticles during the in vitro ocular surface 
retention study.

Ex vivo corneal surface mucoadhesion study. Mucin layer in the corneal surface is a key factor that must be 
considered in the design and development of pharmaceutical forms intended for the topical ophthalmic administration. 
Figure 11 shows the mucoadhesion variation for both types of chitosan-based nanoparticles in terms of the difference 
in the fluorescein concentration before and after the ex vivo ocular surface retention study.



18

M
uc

oa
dh

es
i o

n 
(%

)

Fluores
ce

in so
l. (

C -)

CS/TPP N
Ps

CS/SBE-β-C
D N

Ps
0

20

40

60

Figure 11. Mucoadhesion values (%) for chitosan-based nanoparticles during the ex vivo ocular surface retention study.

It was found that mucoadhesive properties of chitosan-based formulations were greater in the in vitro studies than ex 
vivo studies. This may be since formulations were instilled in a single administration during the ex vivo study, reducing 
the contact time between the formulation and the mucin layer, compared to the in vitro ocular surface retention study, 
where formulations were kept in contact with the mucin solution for a predetermined time. Thus, a reduction in the 
mucoadhesive strength of nanoparticles is observed. 

In addition, a one-way ANOVA analysis was applied and statistically significant differences (p < 0.05) were observed by 
comparing the resulting data obtained for both formulations with the control fluorescein solution.

In vivo ocular surface permanence study. 

Evaluation of the radiolabeling stability and efficiency of chitosan-based nanoparticles. Figure S-8 (Supporting 
Information) shows the 18F-FDG or 18F-Choline radiolabeling stability and efficiency for chitosan-based nanoparticles, 
respectively. As presented, 18F-FDG chitosan-based nanoparticles showed a high radiolabeling efficiency (up to 70%) 
and great stability along the studied period (up to 3h), while 18F-Choline radiolabeling efficiency was lower (around 20%) 
but maintaining stability over time. 

It must be taken into account that 18F-Choline radiolabeling efficiency increased over time (from 10 to 25%), possibly 
due to the fact that more incubation time is needed for the radiolabeling process to take place. Based on these results, 
18F-FDG was selected as the radiotracer for further in vivo radiolabeling assays.

Experimental in vivo evaluation of the residence time on the ocular surface. Figure 12 shows the 18F-FDG-
radiolabeled chitosan-based ocular biopermanence along the studied interval, compared to a control solution (18F-FDG 
aqueous buffered solution, pH 7.4). The ocular permanence of the both chitosan-based nanoparticles was 
characterized on male rats by 18F-FDG radiolabeling, followed by the radioactivity assessment in a microPET system 
over a 5 h (300 min) period. It is a useful and non-invasive technique employed in the determination of the 
pharmacokinetic profiles of topical ophthalmic DDS (38,62,63).

In the present study, a higher residence time was observed for both types of nanoparticles, compared to the control 
solution, despite the fact that all formulations show a composition close to the tears. The resulting data was properly 
fitted to a monoexponential decay profile using a single compartmental model (R2 = 0.9813 for CS/TPP NPs, R2 = 
0.9935 for CS/SBE- -CD NPs, and R2 = 0.9930 for 18F-FDG control solution) (see Figure 12). These results support the 
idea that both formulations exhibit good mucoadhesive, headline penetration and, presumably, direct cell uptake 
properties, and are in good agreement with the PET data described in previous studies (39-41).
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Figure 12. 18F-FDG radiolabeled chitosan-based NPs clearance ratio (%) from the ocular surface determined by PET, 
compared to a control solution (18F-FDG buffered aqueous solution). Ocular biopermanence (%) remaining on the ocular 
surface over time was calculated assuming initial biopermanence value (%) recorded in the ROI.

Table 4 shows the pharmacokinetics parameters (t1/2, MRT, and k) of the 18F-FDG radiolabeled chitosan-based 
nanoparticles and 18F-FDG control formulations. Statistically significant differences (p < 0.05) were observed between 
both types of formulation compared to the control solution in terms of diffusion coefficient (k, min-1) and half-life time (t1/2, 
min), but no differences between both chitosan-based nanoparticle formulations. Similar behavior was also observed 
for MRT, AUC and % dose 30 min parameters.

Both types of nanoparticles show greater biopermanence than the control formulation (see Figure 13). However, the 
apparent lower ocular permanence of the CS/SBE- -CD NPs observed in the monoexponential decay curve shown in 
Figure 12 may be associated with their more sensitivity to the presence of salts in the tear film that produces a 
decrease of the NP surface charge with a possible increase in the aggregation phenomena, causing a slight decrease 
in the adherence to the corneal mucous layer.

Table 4. Release data of chitosan-based nanoparticles into the diffusion

Formulation K (min-1) t1/2 (min) MRT (min) AUC % dose 30 
min

Mean SD Mean SD Mean SD Mean SD Mean SD

CS/TPP NPs 0.008 0.005 114.4 72.
0 127.3 47.

1 17114 9874.0 79.8 10.5

CS/SBE- -CD NPs 0.013 0.005 60.5 20.
1 89.9 13.

7 9316 2553.7 62.4 14.3

18F-FDG Control solution 0.041 0.012 17.7 4.5 59.1 17.
6 4131 919.9 26.0 7.8
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Figure 13.  Fused PET/CT images displayed in coronal plane representing rat’s eye and nasolacrimal duct at different time 
points (0, 30, 75, 120, 240 and 300 min) post-administration.

CONCLUSION

The preparation of CS/TPP and CS/SBE- -CD nanoparticles by ionotropic gelation is highly sensitive to different 
environmental parameters, as well as preparation procedure conditions. The elaboration process of both types of 
nanoparticles involves several critical parameters, including the optimization of chitosan’s, TPP’s or SBE- -CD’s 
concentration, pH and ionic strength of the media or CS/TPP or CS/SBE- -CD ratio, among others, in order to obtain 
stable nanoparticles of tunable size and charge (64,65).

In the present work, low molecular weight chitosan with highest degree of deacetylation was selected and novel ionic 
crosslinked nanoparticles composed of CS/TPP and CS/SBE- -CD loaded with lactoferrin were successfully prepared. 
An average particle size of 160.56 ± 20.65 nm and 227.3 ± 20.52 nm, as well as a surface potential of 16.13 ± 1.67 mV 
and 17.2 ± 1.25 mV were obtained for CS/TPP and CS/SBE- -CD nanoparticles, respectively. Both formulations were 
spherical in shape and irregular surface particles with size below 300 nm.

Similarly, both formulations show good stability to storage for, at least, three months, as well as no particle size 
changes were observed from pH 2 to 7 interval and were in the nanometric size range for normal values of ionic 
strength in an ocular medium (from 0.075 to 0.15M). A controlled release of lactoferrin was also achieved from the both 
types of nanoparticles, confirming their use as potential drug delivery systems for protein drugs.

Results also demonstrated mucoadhesive nanoparticles without relevant cytotoxicity. A strong ability of CS/TPP and 
CS/SBE- -CD nanoparticles to interact with mucin through electrostatic forces was observed, showing a higher ocular 
retention profile for, at least, 240 min.
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In conclusion, it is proposed, for the first time, two different chitosan-based formulations as biodegradable 
mucoadhesive nanocarriers for delivery of lactoferrin. This is supported by extensive in vitro and in vivo characterization 
studies. A preclinical consistent base was achieved for the first pharmacological treatment for keratoconus as an 
alternative to the current invasive clinical methods, since there are no therapeutic alternatives, only existing non-
pharmacological (use of contact lenses or glasses) or surgical procedures as palliative or supportive treatment.

Analogously, both nanoparticles show appropriate physicochemical properties suitable for topical ophthalmic 
administration, supporting the idea that they are retained in the corneal layer, prolonging the drug release time from the 
tissue itself, something that may guarantee the patient's adherence to the treatment, since a lower dosage frequency 
would be required. Furthermore, the versatility of these systems would allow including them in different pharmaceutical 
forms for ophthalmic administration based on the requirements and characteristics of the patient, as a new way to 
partially personalize and individualize the therapeutic strategy. Nevertheless, a better correlation with in vivo data 
should be profoundly explored in order to deeply understand the real potential of these nanocarriers as a topical 
ophthalmic alternative strategy for the prevention and treatment of keratoconus.
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