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Abstract: There are several approaches to treat ocular diseases, which can be invasive or non-invasive.
Within the non-invasive, new pharmaceutical strategies based on nanotechnology and mucoadhesive
polymers are emerging methodologies, which aim to reach an efficient treatment of eye diseases.
The aim of this work was the development of novel chitosan/hyaluronic acid nanoparticle systems
with mucoadhesive properties, intended to encapsulate antioxidant molecules (e.g., crocin) aiming to
reduce eye oxidative stress and, consequently, ocular disease. An ultraviolet (UV) absorber molecule,
actinoquinol, was also added to the nanoparticles, to further decrease oxidative stress. The developed
nanoparticles were characterized and the results showed a mean particle size lower than 400 nm,
polydispersity index of 0.220 ± 0.034, positive zeta potential, and high yield. The nanoparticles
were also characterized in terms of pH, osmolality, and viscosity. Mucoadhesion studies involving
the determination of zeta potential, viscosity, and tackiness, showed a strong interaction between
the nanoparticles and mucin. In vitro release studies using synthetic membranes in Franz diffusion
cells were conducted to unravel the drug release kinetic profile. Ex vitro studies using pig eye
scleras in Franz diffusion cells were performed to evaluate the permeation of the nanoparticles.
Furthermore, in vitro assays using the ARPE-19 (adult retinal pigment epithelium) cell line showed
that the nanoparticles can efficiently decrease oxidative stress and showed low cytotoxicity. Thus,
the developed chitosan/hyaluronic acid nanoparticles are a promising system for the delivery of
antioxidants to the eye, by increasing their residence time and controlling their delivery.

Keywords: nanoparticles; chitosan; hyaluronic acid; antioxidant; mucoadhesive; eye drug delivery

1. Introduction

Daily, living beings are exposed to oxidative stress (OS) due to reactive oxygen species
(ROS) produced within the cells or in the environment [1]. In the case of humans, some of
the most exposed and vulnerable tissues are located in the eye, such as the anterior segment,
cornea, lens, and trabecular meshwork [2,3]. Reactive oxygen species may result from
the normal aerobic cellular metabolism (mitochondrial electron transport chain) or from
the incidence of UV radiation, among others. Cells possess several antioxidant defense
systems that help to eliminate/neutralize ROS [2–5]. The OS causes an imbalance between
the production of ROS and the antioxidant power of the cell, leading to damage in DNA
and proteins, and causing harmful effects, which might even lead to cell apoptosis [2,3].
Oxidative stress can cause damage to neuronal cells, significantly contributing to the devel-
opment of neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease,
macular degeneration, glaucoma, and others [5]. The eyes are mostly affected by the
incidence of UV radiation, which is responsible for some pathologies of the ocular tissues,
such as glaucoma [2–5]. Therefore, the eye has evolved excellent antioxidant defenses that
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act at different levels and are mainly located in the more exposed ocular tissues [3]. The
human eye has an approximately globular, very complex structure composed of several
distinct tissues [6,7]. The tear film of the eye, the constant flow that exists on the cornea, is
constituted by three main layers (the oily or lipid layer, the aqueous layer, and the mucus
layer) and it has a normal mean pH value of 7.4 [8]. The eye is also composed of several
barriers with the function to keep the systematic circulation separated from the ocular
tissues, such as the cornea, the barrier for topical drug absorption, the retina, the barrier to
macromolecules, and the sclera, the barrier to diffusion of macromolecules [6,7,9].

The most common eye neurodegenerative pathologies occur at the retinal level, and
can affect the outer retina, such as in age-related macular degeneration, or the inner retina,
in glaucoma [9,10]. The use of antioxidants for the therapeutics of neurodegenerative
diseases is promising, because they have the capacity to scavenge ROS [5]. The cell
antioxidant defense system involves enzymatic and non-enzymatic antioxidants [11,12].
The non-enzymatic antioxidants act by reducing ROS, originating more stable molecules,
that are less noxious to cells. Examples of such antioxidants are ascorbic acid, vitamin
E, vitamin A, reduced glutathione, and crocin [11]. Crocin is a rare carotenoid found
in nature, which can easily be dissolved in water and, consequently, is widely applied
as a colorant in food and medicine, in comparison to other carotenoids [13]. Crocin is
responsible for the color of saffron (Crocus sativus L.) and its ethanolic extract has been
used in traditional medicine for the treatment of numerous illnesses (e.g., tumors). Due to
its powerful antioxidant activity, the extracts may also be useful for the treatment of brain
neurodegenerative disorders and ocular diseases [14–16]. In terms of eye drug delivery, the
treatment of posterior ocular diseases can be done by invasive or non-invasive approaches.
Non-invasive drug delivery methods, like topical delivery, could potentially eliminate
the risks of injection into the eyes, but their development has been challenging due to
the unique anatomy of the eye, which limits the bioavailability of these non-invasive
treatments [17,18]. In fact, one of the major challenges in ophthalmic drug delivery is to
overcome the physical and blood-ocular barriers of the eye. It has been suggested that
nanoparticles (NPs), capable of encapsulating and delivering drugs to the eye, may help
overcome these barriers [18]. Nanoparticles can be produced through chemical processes
or simple self-assembly processes and be tailored to control the release of therapeutic
agents [18–21]. The properties of the NPs are important factors in ocular delivery, such as
their surface charge, which determines their distribution in different regions of the eye,
their size, since they need to be small enough to penetrate the ocular barriers, and their
long-term release of the drug, which reduce the frequency of administration [18,19].

Polymers with mucoadhesive properties used to develop drug delivery systems (DDS)
may increase drug bioavailability, through the increase of its retention time [22–24]. In
the case of eye drug delivery systems, these polymers can attach themselves to corneal
or conjunctival mucin, through non-covalent bonds, and this mucoadhesive property
enhances bioavailability, through the prolongation of residence time, increased rate of
absorption, and drug targeting [22,25,26]. Mucoadhesion is characterized by the interaction
between the adhesive molecules and mucus glycoproteins, followed by the establishment
of secondary chemical bonds. In the case of the eye, the interaction occurs between
the mucoadhesive DDS and eye mucins, with subsequent formation of non-covalent
bonds [22,25,27]. The used mucoadhesive polymers can be water-soluble or water-insoluble
and should have enough hydrogen-bounding chemical groups, anionic surface charges,
high molecular weight, high chain flexibility, induction of spreading by surface tensions,
be non-irritant, and their degradation products should be nontoxic [22,25,26].

Currently, chitosan (CS) and hyaluronic acid (HA) are two of the most used mu-
coadhesive polymers in DDS [8]. Chitosan is derived from chitin, by deacetylation, and
presents mucoadhesive properties as well as pH response, with shear thinning and vis-
coelastic behavior [8,23,27]. This polymer is biocompatible, biodegradable, and shows
antimicrobial and wound healing properties [27]. The mucoadhesive properties of CS are
based on electrostatic interactions between its positively charged amino groups and the
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negatively charged sialic acid residues of mucin, which prolong the residence time of the
polymer in the eye cornea [23,27,28]. Hyaluronic acid is a high molecular weight linear
polymer composed of long chains of repeating disaccharide units of N-acetylglucosamine
and glucuronic acid, which is present in the synovial fluid and extracellular matrix of
connective tissues in vertebrates [27,29–31]. This polymer is frequently used in ocular DDS,
such as eye drops, due its biocompatibility, biodegradability, and mucoadhesive properties
which extend the pre-corneal residence time [27,32]. Hyaluronic acid also protects the
corneal epithelium against dehydration, reduces healing time, decreases the inflammatory
response caused by dehydration, and lubricates of the ocular surface [32].

The goal of the study reported herein was to prepare and evaluate an eye drop
formulation containing CS/HA NPs for the delivery of crocin and actinoquinol (ACT) into
the eye. Actinoquinol (C11H11NO4S) is a chemical compound that acts by absorbing UVB
radiation. Thus, when combined with HA in eye drops, it can provide protection against
the damaging effect of UVB radiation [33,34]. The ACT-HA eye drops help maintaining
corneal optics and suppress oxidative damage in the UVB-irradiated cornea [34]. The NPs
were characterized in terms of mean particle size, polydispersity index, zeta potential,
encapsulation efficiency, shape, interaction between components, and stability. To the best
of our knowledge, there is no reference in the literature showing the potential of these
nanoparticulate systems for the successful ocular administration of antioxidants.

2. Materials and Methods
2.1. Materials

Low-molecular weight chitosan (LMW CS, 100 kDa, 92% deacetylation) was ob-
tained from VegeTec (La Riche, France), sodium hyaluronate PrimalHyal™ brand (50 kDa,
1000 kDa, 3000 kDa) from Soliance (Argenteuil, France), and the sodium hyaluronate
eye drop grade quality (300 kDa—Eye) from Shandong Topscience was a kind gift from
Inquiaroma (Barcelona, Spain). Sodium chloride (NaCl) was from AppliChem (Darm-
stadt, Germany), ACT was from TCI Deutschland GmbH (Eschborn, Germany), while
crocin, 10 mM phosphate-buffered saline (PBS), and mucin from porcine stomach were
obtained from Sigma-Aldrich (Irvine, UK). All other reagents and solvents were of the
purest grade available and were generally used without further treatment. Purified water
was of Milli-Rx quality (Merck Millipore, Darmstadt, Germany).

The ARPE-19 (ATCC® CRL-2302™) cell line was obtained from the American Type
Cell Culture collection (Manassas, VA, USA). Cell culture media and supplements were
from Gibco (Thermo Fisher Scientific, Paisley, UK). The dyes used in the cytotoxicity studies
were from Sigma-Aldrich (Irvine, UK) and from Molecular Probes (Thermo Fisher Scientific,
Paisley, UK).

2.2. Methods
2.2.1. Manufacturing Process

The CS/HA, CS/HA/crocin, CS/HA/ACT, and CS/HA/crocin/ACT nanoparticles
were prepared using an ionic gelation technique, based on the complexation between
oppositely charged macromolecules, such as the establishment of hydrogen and ionic
bonds between the positively charged amino groups of CS and carboxyl groups of HA, as
previously described [27,35]. The homogenization process was done by magnetic stirrer
at 300 rpm for 15 min, with high shear homogenization using Ultra-Turrax T10 basic at
1400 rpm (IKA-Labortechnik, Germany) for 15 min and 2 min by manual stirring. Low-
molecular weight CS 1% (w/v) was prepared in a 1% (v/v) acetic acid aqueous solution.
The CS solution was diluted in 0.9% NaCl to prepare 1 mg/mL CS solutions, with pH
adjusted to 5.0 using 1 N NaOH. To prepare CS/HA nanoparticles, solutions of HA with
different molecular weight were prepared (HA 50 kDa, HA 1000 kDa, HA 3000 kDa, and
HA 300 kDa at 10 mg/mL). The CS/HA/crocin NPs were obtained by adding different
volumes of the solutions of HA and crocin (1 mg/mL) to the CS solution. The range of
tested crocin concentrations was from 4 to 1200 µg/mL. The same process was used to
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prepare CS/HA/ACT NPs, but the ACT solution (1 mg/mL) was added to the CS solution
instead of being added to the HA solution. The range of concentrations tested for ACT
was from 4 to 40 µg/mL. The CS/HA/crocin/ACT NP was obtained by combining the
two processes of preparation of CS/HA/crocin and CS/HA/ACT NPs. All the solutions
previously mentioned were prepared at room temperature and using purified water.

2.2.2. Nanoparticles Characterization

The particle size and size distribution (polydispersity index, PDI) were determined
by dynamic light scattering using a Zetasizer Nanoseries Nano S (Malvern Instruments,
Malvern, UK). The Zeta Potential (ZP) was measured using a Zetasizer Nanoseries Nano
Z (Malvern Instruments, Malvern, UK). The samples were diluted in filtered 0.22 µm
purified water and analyzed at 25 ◦C. The process yield was determined by the measure
of the absorbance at 600 nm [35] using FLUOstar Omega with a resolution from 1 to
10 nm (The Microplate Reader Company, BMG LABTECH, Ortenberg, Germany). All
the measurements were performed at room temperature and in triplicate (n = 3), and the
results are presented as the mean ± standard deviation (SD).

Encapsulation Efficiency and Drug Loading Determination

To determine the percentage of the drug encapsulation efficiency (%EE), 1 mL of
each of the samples (CS/HA/crocin, CS/HA/ACT and CS/HA/crocin/ACT NPs) was
centrifuged at 15,000× g for 15 min. The supernatant was analyzed to quantify the amount
of free drug by measuring the absorbance at 324 nm for crocin and 305 nm for ACT using
UV-Visible spectrophotometry (FLUOstar Omega, BMGLabtech, Ortenberg, Germany).
The concentration of each drug in the supernatants was determined using calibration curves
(500 µg/mL to 244 ng/mL concentration range for crocin and 250 µg/mL to 244 ng/mL,
for ACT). The crocin and ACT %EE and percentage of drug loading (%DL) of NPs were
determined using the following equations [35]:

% EE =
(C t−Cf)

Ct
× 100, (1)

% DL =
(C t−Cf)

Wnp
× 100, (2)

where Cf is the concentration of free crocin/ACT, Ct is the total concentration added to the
NP, and Wnp is the weight of the NPs.

Fourier-Transform Infrared Spectroscopy (FTIR)

For the FTIR analyses, the nanoparticles were freeze-dried for 24 h in the presence of
trehalose (10% w/v) as cryoprotector (Christ Alpha 1–4, Osterode am Harz, Germany). The
freeze-dried NPs were then mixed with KBr (3:1 KBr/sample ratio) and, after compression,
the tablets were analyzed in an IRAffinity-1 (Shimadzu Corporation, Kyoto, Japan). All
spectra were recorded at room temperature at a 4 cm−1 resolution and 50 times scanning
between 4000 and 500 cm−1.

Transmission Electron Microscopy (TEM)

The particles morphology analysis was performed using TEM according to the method
described by Marto et al. [36]. The optimized NPs were applied to the cooper grid, dried at
room temperature, and analyzed on Hitachi 8100 with ThermoNoran light elements EDS
detector and digital image acquisition.

2.2.3. Stability Testing

For the stability test, NPs were characterized and analyzed in terms of size, PDI, and
ZP, using the Zetasizer Nanoseries Nano S (for the size and PDI) and Zetasizer Nanoseries
Nano Z (for ZP). The testing was performed for 32 days, with samples collected at days 0,
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8, 15, and 32. The times used for the stability studies were chosen based on a one-month
preliminary study. All the measurements were executed in triplicate (n = 3) at 4 ◦C and the
results were presented as mean ± SD.

2.2.4. In Vitro Assays

In these assays, the NP were tested for their cytotoxicity in human cells, and their
antioxidant activity was evaluated. The ARPE-19 (human retinal pigment epithelial)
cell line was maintained in RPMI 1640 culture medium supplemented with 10% fetal
bovine serum, 100 units/mL of penicillin G (sodium salt) (Life Technologies, Paisley, UK),
100 µg/mL of streptomycin sulfate, and 2 mM L-glutamine, at 37 ◦C and 5% CO2.

Cytotoxicity

The cytotoxicity was evaluated in the ARPE-19 (human retinal pigment epithelial) cell
line (ATCC® CRL-2302™) as previously reported by Silva et al. [35]. Two endpoints were
analyzed after 24 h of exposition of the 2 × 104 cells/well to the different nanoparticles
preparations, the cell membrane integrity by propidium iodide (PI) uptake and the cell
metabolic state by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) reduction assays

The relative cell viability (%), i.e., the viability compared to control cells, was calculated
for each cytotoxicity method, PI uptake ratio (3), and MTT (4) assays [35]:

PI uptake ratio =
Fluorescencesample

Fluorescencecontrol
, (3)

Cell viability (%) =
[(Absorbance)]sample

[(Absorbance)]control
× 100. (4)

Oxidative Stress Tests

The intracellular ROS production by chemical (500 µM, H2O2) and by physical induc-
tion (UV radiation incidence) was evaluated using the 2′,7′dichlorofluorescein diacetate
(H2DCFDA, ThermoFisher Scientific, Paisley, UK) probe in ARPE-19 cells according to a
previously published procedure [37]. Briefly, the probe was added to the wells to a final
concentration of 20 µM. After 30 min of incubation in the same conditions, the medium
was replaced by fresh medium and the different NPs were added to the respective wells
(10 µL/well). The cells were incubated again for 2 h in the same conditions.

The relative ROS production percentage compared to control cells was calculated and
expressed as shown in Equation (5) [37]:

Fluorescence ratio =
Fluorescenceexposed cells

Fluorescenceunexposed control
. (5)

2.2.5. In Vitro Release and Permeation Studies

The in vitro release and permeation studies of the NPs with crocin and free crocin
solution were performed using Franz diffusion cells, with either cellulose membranes
(release studies) or pig eyes scleras (permeation studies). The donor phase consisted of
200 µL of each sample, six samples of each NP, and six samples of the free crocin solution
(n = 6), while the receptor compartment was filled with 3 to 3.5 mL of PSB pH 7.4. The
Franz cells were incubated at 37 ◦C with magnetic stirring at 300 rpm. Volumes of 200
µL were collected from the receptor phase every 15 min until 1 h and, afterwards, every
hour until 24 h, and replaced with the same volumes of PBS solution maintained at the
same temperature. The collected samples were used to determine the amount of crocin
released, by UV-spectrophotometry at 324 nm, in a microplate reader (FLUOstar Omega,
Champigny-sur-Marne, France). The percentage of cumulative amount of crocin (Qt)
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permeated through the membrane (% µg/cm2) was plotted as a function of time and
determined using Equation (6) [35]:

Qt (%) =
Vr × Ct + ∑t−1

t=0 VS × Ci

AM
× 100

µgCF
, (6)

where Ct is the crocin concentration in the receptor solution at each sampling time, Ci is the
crocin concentration in the receptor solution at each past sampling time, Vr is the volume of
the receptor solution, and Vs is the volume of the sample. The AM value is the membrane
area (1 cm2). The weight of CF (µg) corresponds to:

CF (µg) =
mNP/solution in Franz cell (g) × CNP/solution (mg / g)

DNP/solution
× 1000, (7)

where mNP/solution is the mass of NP/solution in the Franz cell, CNP/solution is the concen-
tration of the NP/solution, and DNP/solution is the density of the NP/solution.

To evaluate the mechanism of crocin release from the NPs, the in vitro release data
obtained were computed using DDsolver [38], an excel-plugin module, and fitted to four
different kinetic models [39]:

(i) Zero order kinetics

Qt= Q0+ K0t, (8)

where Q0 is the initial amount of crocin, Qt is the cumulative amount of drug release at
time t, and K0 is the zero-order release constant.

(ii) First order kinetics

log Qt= logQ0−
K1t

2.303
, (9)

where Q0 is the initial amount of crocin, Qt is the cumulative amount of drug release at
time t, and K1 is the first order release constant.

(iii) Higuchi model

Qt= KH
√

t, (10)

where Qt is the cumulative amount of drug release at time t and KH is the Higuchi constant.

(iv) Korsmeyer-Peppas model

F = KKP × tn, (11)

where KKP is the release constant incorporating structural and geometric characteristics
of the drug-dosage form and n is the diffusional exponent indicating the drug-release
mechanism.

The best fitted model was selected based on the highest correlation coefficient (R2)
values and lowest Akaike information criterion (AIC).

2.2.6. Mucoadhesion Studies

These studies were carried out using three different methods: viscometry, rheology,
and ZP.

Ostwald Viscometer

The viscosity of the NPs diluted 1:1 in water, the viscosity of the NPs added to mucin
in a 1:1 ratio, and the viscosity of the mucin dispersion in water (1 mg/mL) were measured
at 25 ◦C, using a capillary Ostwald Viscometer, and each determination was repeated
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three times (n = 3). The viscosity component due to bioadhesion or rheological synergism
parameter (∆η) was calculated with Equation (12) [40]:

∆η = ηmix− (ηmuc+ ηpol

)
, (12)

where ηmix is the viscosity of the NP-mucin mixture (mPa·s); ηpol is the viscosity of the NP
having the same concentration as in the mixture; ηmuc is the viscosity of mucin dispersion
having the same concentration as in the mixture (mPa·s).

Rotational Rheometer

The rheological characteristics of the NPs were examined using a controlled stress
Malvern Kinexus Lab + Rheometer (Malvern Instruments, Malvern, UK). The adhesive
strength was also measured with a plate and plate geometry. A toolkit was used, with the
conditions of 0.1 mm/s, 5 mm, and 0.15 mm of GAP at 20–25 ◦C. All the measurements
were executed six times (n = 6), and data are presented as the mean ± SD.

Zeta Potential

Another method to evaluate the interaction between the NPs and mucin is the measure-
ment of the ZP of the NPs with and without mucin. The method used was as described in
Section 2.2.2. All the measurements were executed in triplicate (n = 3) at room temperature
and data are presented as the mean ± SD.

2.2.7. Statistical Data Analysis

Statistical evaluation of data was performed using one-way analysis of variance
(ANOVA). The Tukey–Kramer multiple comparison tests (GraphPad PRISM 5 software,
La Jolla, CA, USA) were used to compare the significance of the difference between the
groups, and results were considered statistically significant for p < 0.05.

3. Results and Discussion
3.1. Manufacturing Process and Nanoparticles Characterization

Mucoadhesive polymers have characteristics that make them a good choice for NPs
to be used as DDS. Among others, these polymers are nontoxic, biodegradable, are able
to encapsulate drug molecules and protect them from degradation, prolong the residence
time and bioavailability of the encapsulated drug in the ocular surface, and constitute a
non-invasive DDS [17,18,27]. In this research work, NPs of CS and HA were prepared
aiming to interact with the ophthalmic mucosal barrier and to facilitate the transport of an
antioxidant, crocin, and a UV absorber, ACT.

The NPs were prepared by the ionic gelation technique, as previously described in
Section 2.2.1. First, different mass proportions of CS and HA were tested, with different
molecular weight HA (HA 50 kDa, HA 1000 kDa, HA 3000 kDa, and HA Eye), and different
CS solvents (H2O and 0.9% NaCl). The pH of CS solution was adjusted to 5, so the positively
charged amino groups of CS can interact with the negatively charged groups of added HA
and with the mucin of the eye [8,24,41]. The NPs yield, particle size, PDI, and ZP were
determined. The study of the characteristics of CS/HA NPs was previously performed by
Silva et al. [35]. The 1:1 CS:HA eye mass ratio resulted in the best characteristics in terms
of particle size (339 ± 11 nm), PDI (0.220 ± 0.034), and ZP (+44.5 ± 0.7 mV). These results
agree with data previously reported in the literature [41].

In preliminary studies, it was observed that the addition of crocin to the solution of
HA resulted in higher encapsulation of crocin than when crocin was added to a CS solution.
This can be attributed to the different pH value of the solutions which promotes different
ionization groups that will determine the interactions between the different components.
The same studies were conducted with the ACT molecule and the best encapsulation was
obtained when this molecule was added to the HA solution. Thus, the method used in
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this work was the addition of crocin to the solution of HA and the addition of ACT to the
CS solution.

The technique used for the preparation of the NPs has been reported to produce
particles with sizes in the range of 200–500 nm, spherical shape, and positive charge, with
a ZP of +30.0 to +57.0 mV, which validates the results obtained in this work and indicates
that the NPs are stable [18,27,35]. The ZP indicates that the NPs are positively charged,
promoting repulsion between them, and keeping them stable. The positive charge also
promotes the interaction between the NPs and the mucin of the eye surface, which is
negatively charged, increasing the retention time of the drug in the eye [23,27]. The PDI
should be the lowest possible in order to promote the corneal uptake and stabilize the
NPs [23,27]. The results obtained for PDI (<0.300) show no significant differences between
the sizes of the different NPs.

After the optimization of the composition of NPs, the production process was opti-
mized by testing three types of homogenization: manual, magnetic stirring, and high shear
homogenization (Figure 1).
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Figure 1. Characteristics of nanoparticles (chitosan: hyaluronic acid - CS:HA Eye, mass ratio 1:1) 
prepared using different homogenization methods (manual, magnetic stirring, and high shear 
homogenization): (a) particle size, (b) PDI (polydispersity index), and (c) ZP (zeta potential). 
Results are mean ± SD, n = 3. * Significant differences (p < 0.0001). 
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manual and high shear homogenization, respectively). For PDI and ZP (Figure 1b,c), no 
significant differences (p > 0.05) were observed. However, since the value obtained for PDI 
when using the high shear rate homogenization is lower (0.172 ± 0.027), this 
homogenization method was chosen to be used during the production process of the NPs.  
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Figure 1. Characteristics of nanoparticles (chitosan: hyaluronic acid - CS:HA Eye, mass ratio 1:1) prepared using dif-
ferent homogenization methods (manual, magnetic stirring, and high shear homogenization): (a) particle size, (b) PDI
(polydispersity index), and (c) ZP (zeta potential). Results are mean ± SD, n = 3. * Significant differences (p < 0.0001).

The method of homogenization has an impact on the NPs size and PDI (Figure 1). This
could be due to the fact that better homogenization of the NPs enables a better interaction
between the different components of the NPs. The homogenization with magnetic stirring
produces significantly (p < 0.0001) larger NPs (397.6 ± 4.3) when compared to the other
two types of homogenization (303.7 ± 2.8 nm e 310.3 ± 4.7 nm, for manual and high shear
homogenization, respectively). For PDI and ZP (Figure 1b,c), no significant differences
(p > 0.05) were observed. However, since the value obtained for PDI when using the high
shear rate homogenization is lower (0.172 ± 0.027), this homogenization method was
chosen to be used during the production process of the NPs.

3.1.1. Encapsulation Efficiency and Drug Loading Determination

The encapsulation of crocin and of ACT were evaluated using the optimized method
(CS:HA Eye, 1:1, high shear homogenization). These two compounds were chosen due to
their ROS reduction properties. Since the eye is very affected by the incident of light [3],
ACT was used in the NPs which, together with the HA, can absorb the UV radiation and
decrease the ROS effects on the eye [22,34]. Crocin, on the other hand, is a carotenoid that
can scavenge ROS, especially superoxide anions, reducing their concentration [14,15].
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A higher percentage of encapsulation efficiency was obtained for crocin than for
ACT (Table 1). Increasing ACT concentration does not result in an encapsulation increase,
possibly due to interactions between ACT, HA, and CS, separately [22,34]. This interaction
may be affected by the bonds between HA and CS. FTIR studies were used to evaluate the
interaction between all the components used for the CS/HA, CS/HA/crocin, CS/HA/ACT,
and CS/HA/crocin/ACT NPs (Figure 2). Although ACT was not efficiently encapsulated
in the NPs, it still absorbs UV radiation [22,34] and was kept in the NPs and evaluated in
subsequent OS studies (results in Section 3.3.2).

Table 1. The percentage of EE (encapsulation efficiency) and DL (drug loading) of NPs for different
concentrations of crocin and ACT (actinoquinol). Results are mean ± SD, n = 3.

NPs Total Concentration (µg/mL) EE (%) DL (%)

Crocin

1200 89.8 ± 0.1 29.927 ± 0.038
600 74.9 ± 1.0 11.228 ± 0.149
200 78.8 ± 0.2 3.939 ± 0.004
40 23.5 ± 2.7 0.235 ± 0.027
20 44.4 ± 3.8 0.222 ± 0.019
4 91.7 ± 2.7 0.092 ± 0.003

ACT
40 2.6 ± 8.2 0.026 ± 0.082
20 4.8 ± 3.4 0.024 ± 0.017
4 5.6 ± 40.4 0.006 ± 0.040Processes 2021, 9, 379 10 of 19 
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The CS/HA/crocin, CS/HA/ACT, and CS/HA/crocin/ACT NPs were also charac-
terized in terms of size, PDI, and ZP (Table 2). No statistically significant differences were
observed between the NPs, and the results of crocin and ACT encapsulations agree with
what has been reported in the literature [18,27,35].
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Table 2. Size, PDI, and ZP of CS/HA, CS/HA/crocin, CS/HA/ACT, and CS/HA/crocin/ACT NPs,
produced using the high shear homogenization process. Results are mean ± SD, n = 3.

NPs Total Concentration
(µg/mL) Size (nm) PDI Zeta Potential

(mV)

Empty NPs 0 323.4 ± 9.9 0.186 ± 0.029 +37.7 ± 1.1

Crocin

1200 295.3 ± 1.1 0.174 ± 0.020 +38.8 ± 0.8
600 309.2 ± 4.4 0.193 ± 0.006 +37.6 ± 0.4
200 304.1 ± 3.1 0.196 ± 0.008 +38.9 ± 0.9
40 296.5 ± 5.1 0.179 ± 0.020 +33.2 ± 0.9
20 302.4 ± 5.1 0.177 ± 0.015 +35.0 ± 1.2
4 292.4 ± 2.9 0.142 ± 0.030 +36.0 ± 2.2

ACT
40 316.5 ± 2.5 0.196 ± 0.009 +36.6 ± 0.5
20 328.9 ± 4.0 0.235 ± 0.017 +36.8 ± 0.8
4 318.6 ± 1.7 0.189 ± 0.025 +37.0 ± 0.7

Crocin + ACT 600 + 40 330.1 ± 5.5 0.232 ± 0.013 +41.0 ± 0.4

3.1.2. FTIR

For a better analysis of the interactions between the NP components, a FTIR analysis
was performed (Figure 2).

In all the spectra shown, it is possible to observe bands between 675 and 900 cm−1 (out-
of-plane bands) that are also characteristic of the aromatic substitution pattern [42]. The
pure HA spectrum (orange) shows a band at 1406 cm−1 for N-H bending vibration, which
is one of the characteristic bands of this compound. The bands between 1640–1690 cm−1

present in the spectra of pure HA and pure CS are assigned C=O stretching of amide I. This
region is also the most characteristic of CS [43,44]. In the same figure, it is also possible to
identify two bands that are characteristic of the pure crocin spectrum (around 1070 cm−1

and around 1612 cm−1). The band of 1070 cm−1 is assigned to the C–O sugar groups of
crocin [45]. The second band is assigned to the asymmetric and symmetric stretching peaks
of carboxylic groups and slightly shifted from 1612 to 1615 cm−1 after complexation with
CS [46]. The fact that the bands referred above suffer a shift in the spectra of the NPs in
comparison with the spectra of the pure compounds reveal the interactions between the
NP’s components (covalent and non-covalent bonds).

3.1.3. TEM

The morphology of the NPs was evaluated by TEM (Figure 3a,b) [47]. The images
show NPs with a spherical morphology, which agrees with the described shape of this
kind of NPs in the literature [28]. This shape is clear in image (b), which was obtained
at a higher amplification. Figure 3a also shows the polydispersity of the NPs sample. To
evaluate if the added compounds have any influence in the morphology of the initial NPs,
further studies should be performed.
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3.2. Stability Tests

The stability tests are essential to evaluate for how long the NPs will maintain their
properties and will be viable to be used as a DDS. Therefore, the NPs size, PDI, and ZP
were determined at 0, 8, 15, and 32 days after they were produced (Figure 4). The time
points used for this study were chosen based on a one-month preliminary study, where the
observation of nanoparticles at 4 ◦C showed some aggregation for those with encapsulated
drug. Thus, the stability study was performed for a period shorter than one month, to
evaluate if the properties of the NPs were maintained and to check if there were differences
between empty NPs and NPs with encapsulated drug.
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The results show that the NPs were not stable 32 days after production, with significant
differences in both size and ZP values. The size of the NPs significantly decreased after 8
and 15 days, possibly due to the crocin release (Figure 4a). A similar trend was observed
for NPs loaded with both crocin and ACT, but with differences only significant at day 32.
The long-term release, evidenced by the changes in the size and ZP of the NPs, is one of
the most important properties of the DDS used in this work. This phenomenon will be
addressed in Section 3.4.

In addition, many variables are known to influence the particle size and physico-
chemical properties of NPs. The maintenance of size depends on the homogeneity of the
originally synthesized materials as well as on the stabilizing agents present during storage
or use. Thus, the selection of polymers, surfactants, their combination, and their concentra-
tions has a great impact on the formation and final properties of NPs dispersions. Stability
is also highly dependent on storage conditions, during which changes may occur, and
on complex environments (i.e., biological systems) where displacement or encapsulation
might take place [48,49].

3.3. In Vitro Assays
3.3.1. Cytotoxicity

The evaluation of the cytotoxicity of the NPs is a very important aspect in the de-
velopment of a DDS. Since the developed NPs are intended for ophthalmic application,
the cytotoxicity was evaluated using the ARPE-19 human retinal pigment epithelial cell
line [50]. The cytotoxicity was evaluated by membrane integrity (PI dye uptake) and by
metabolic state (MTT dye) assays (Figure 5).

The results obtained for all samples and concentrations tested are significantly dif-
ferent from those of the positive control SDS (p < 0.0001), while no significant differences
(p > 0.05) were observed among the samples and the negative control (culture medium).
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Thus, the tested NPs are not cytotoxic for the tested cell line, which agrees with previously
published studies [14,27,34].
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3.3.2. Oxidative Stress Tests

The NPs were tested in terms of the capacity to reduce ROS in the ARPE-19 cell line
induced by either chemical (H2O2) or physical (UV radiation incidence) means [2–5,11,12].
The results are shown in Figure 6.
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Figure 6. Formation of reactive oxygen species by chemical (H2O2) or physical (UV radiation incidence) induction, in the
ARPE-19 cell line in the presence or absence of the developed NPs. (a) Percentage of ROS production by chemical induction
in the presence or absence of the NPs loaded with crocin; (b) Percentage of ROS production by physical induction in the
presence or absence of the NPs loaded with crocin. Results are mean ± SD, n = 8. * Significant differences (p < 0.0001) when
comparing the samples tested with the positive control ascorbic acid in the chemical induction and when comparing the
samples tested with the medium control in the physical induction.

The results clearly show that crocin has a powerful antioxidant activity and, when in
the appropriate concentrations, prevents ROS formation with a magnitude similar to that
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of ascorbic acid. It can also be observed that crocin loaded in CS/HA NPs has antioxidant
effects similar to those of free crocin. The results further show that ACT has a protective
action against UV radiation, with significant differences (p < 0.0001) observed between
CS/HA NPs loaded with ACT and the medium control. The CS/HA NPs loaded with
crocin and ACT also lead to a lower production of ROS, suggesting that these NPs are
suitable to prevent OS in the cells and, possibly, the associated neurodegenerative diseases
in the eye. Other studies suggested that the neuroprotective effects of crocin may be related
to its antioxidant and anti-inflammatory properties, due to the presence of conjugated
unsaturated bonds, which allow the electrons to absorb visible radiation and “disperse”
their energy along the chain. In addition, like all carotenoids, crocin is able to absorb and
“dilute” the energy of free radicals [14–16,18,22,34].

3.4. In Vitro Release and Permeation Studies

The release and permeation studies were only performed for the NPs loaded with
crocin, since the ACT performs its function on the eye surface [22,34].

Release kinetics and permeation profile studies were performed by testing the NPs
loaded with crocin in Franz diffusion cells, using cellulose membranes or scleras from pig
eyes (Figure 7).
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addition, the first order explains the polymer dissolution at the interface with the 
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Figure 7. Release and permeation profiles of crocin-loaded NPs. (a) Release studies using a cellulose
membrane, showing the experimental data for NPs loaded with crocin (blue), and a free crocin
solution (orange), and the correspondent model fitted kinetic profiles (first order model and Higuchi
model, respectively); (b) Permeation studies using scleras of pig eyes, for crocin-loaded NPs and free
crocin solution. All studies were performed in 10 mM PBS pH 7.4 using Franz cells at 37 ◦C. Results
are mean ± SD, n = 6.
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The in vitro release profile of crocin (Figure 7a) revealed a controlled drug release
from the NPs at pH 7.4, which is the mean pH of tears [8]. It can also be observed that
the incorporation of crocin in the NPs decreased its release rate. The results shown in
Figure 7b reveal a slow permeation of crocin in the initial hours, which is possibly due to its
interaction with the sclera components, a hypothesis supported by the color visualization
in the pig eye elements after the conclusion of the study. Thus, NPs could be a suitable
drug delivery system for increasing crocin ocular bioavailability by enhancing its retention
time on the ocular surface.

The drug release kinetics was characterized by fitting different kinetic models to the
experimental results. The best fit (with the highest determination coefficient, R2, and lowest
AIC values) to the release data was obtained with the Higuchi model for the free crocin
solution, and the first order model for the crocin-loaded NPs (Table 3). For the free crocin
solution the best fitting was obtained with the Higuchi square root model (R2

adjusted = 0.870),
with a slightly lower R2

adjusted value obtained for the fitting of the First order model (0.801)
(Table 3). Regarding the NPs loaded with crocin, the R2

adjusted obtained for the first order
model fitting was 0.855 while for the Korsmeyer-Peppas model R2

adjusted was 0.820. The
obtained AIC values were close but distinct, with the First order model presenting a clear
minimum (Table 3). In fact, the dissolution profile is suggestive of a diffusion-controlled
release over time. According to Higuchi, this behavior is due to the dispersion of crocin in
a homogeneous and uniform matrix, which acts as the diffusional [51]. In addition, the
first order explains the polymer dissolution at the interface with the surrounding medium,
enhancing the drug mobility and diffusion [52,53].

Table 3. Mathematical models and respective parameters (correlation coefficients and release con-
stants). The models were fitted to the experimental data corresponding to a crocin release from
CS/HA NPs.

Models Parameters Free Crocin NPs + Crocin

Zero order
R2

adj 0.680 0.770
AIC 46.907 43.275

k0 (µg/h) 26.212 20.546

First order
R2

adj 0.801 0.855
AIC 44.277 39.479

k1 (h−1) 0.743 0.407

Higuchi
R2

adj 0.870 0.801
AIC 41.941 43.081

kH (h−0.5) 50.203 38.853

Korsmeyer-Peppas

R2
adj 0.779 0.820

AIC 44.199 42.753
kKP (hn) 48.473 29.720

N 0.576 0.731

R2
ajusted—adjusted coefficient of determination; AIC—Akaike information criterion; K—release constant; n—

release exponent.

3.5. Mucoadhesive Studies
3.5.1. Ostwald Viscometer

The Ostwald viscometer was used to determine the viscosity of the NPs and evaluate
their mucoadhesion, through their interaction with mucin (Figure 8).

The results show an increase in viscosity when the NPs were mixed with mucin,
suggesting its interaction with the NPs surface. This observation supports the hypothesis
that the positive charges of the CS on the surface of the NPs interact with the negatively
charged groups of the mucin, enabling the NPs penetration into the mucin of the eye,
as previously reported [22,23,25–27]. The interaction observed may result in a stronger
mucoadhesivity and increase the drug retention time in the eyes, improving the drug
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absorption and reducing the frequency of administration [22,23,25–27]. No significative
differences were observed between the different NP samples in the presence of mucin.
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3.5.2. Rotational Rheometer

Tackiness in the context of material behavior is associated with stickiness and may re-
sult from adhesive forces between two materials in contact. It is measured at the maximum
force needed to break the resultant bond. In this method, the peak normal force (N), which
is a negative normal force, can be attributed to tack and the area under the force time curve
(N.s) represents the adhesive strength (Table 4) [54].

Table 4. Analyses of the mucoadhesion of the NPs with and without mucin. The mucin solution is the control of this study.
Results are mean ± SD, n = 6.

Samples Peak Normal Force-Normal
Force (N)

Area under Force Time
Curve (N·s)

Empty NPs −0.132 ± 0.006 0.572 ± 0.428
NPs + crocin (600 µg/mL) −0.178 ± 0.018 0.507 ± 0.081

NPs + ACT (40 µg/mL) −0.172 ± 0.006 0.416 ± 0.100
NPs + crocin (600 µg/mL) + ACT (40 µg/mL) −0.178 ± 0.012 0.438 ± 0.085

Mucin −0.166 ± 0.006 0.414 ± 0.061
Empty NPs + Mucin −0.162 ± 0.009 0.469 ± 0.047

NPs + crocin (600 µg/mL) + Mucin −0.167 ± 0.008 0.422 ± 0.058
NPs + ACT (40 µg/mL) + Mucin −0.169 ± 0.005 0.466 ± 0.069

NPs + crocin (600 µg/mL) + ACT (40 µg/mL) + Mucin −0.165 ± 0.003 0.479 ± 0.103

Concerning the peak normal force, the NPs + crocin (600 µg/mL) + ACT (40 µg/mL)
appears to be the tackiest, with a peak normal force of −0.178 N. On the other hand, in the
case of the area under the force time curve, the NPs with the more cohesive structure ap-
pears to be the Empty NPs (0.572 N·s) and the mucin the less cohesive structure (0.414 N·s).
However, no significative changes were observed between the results for the different
NPs. The results relating to mucin present similar peak normal forces and areas under
force time curve, suggesting that the addition of mucin to the NPs make them tackiest
and more cohesive [54]. These results indicate that NPs present intrinsic mucoadhesive
properties conferred by the mucoadhesive polymers used in their production (CS and
HA) [7,23,27,32].

3.5.3. Zeta Potential

Another method used for the mucoadhesion studies was the determination of ZP of
the NPs with and without mucin (Table 5).
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Table 5. Determination of the ZP (mV) of the NPs with and without mucin. The mucin solution is
the control of this study. Results are mean ± SD, n = 3.

Sample ZP (mV)

Empty NPs +34.1 ± 1.9
NPs + crocin (600 µg/mL) +39.2 ± 1.3

NPs + ACT (40 µg/mL) +41.4 ± 2.0
NPs + crocin (600 µg/mL) + ACT (40 µg/mL) +40.2 ± 1.6

Mucin −7.0 ± 0.2
Empty NPs + Mucin −9.7 ± 1.1

NPs + crocin (600 µg/mL) + Mucin −9.3 ± 0.3
NPs + ACT (40 µg/mL) + Mucin −10.4 ± 0.6

NPs + crocin (600 µg/mL) + ACT (40 µg/mL) + Mucin −9.3 ± 0.4

These results show that when the NPs are mixed with the mucin solution there is a
reduction of ZP to negative values, suggesting an interaction between the NPs and mucin.
The interactions between the positively charged groups of CS and negatively charged groups
of mucin (ionic interaction) are responsible for the mucoadhesive properties of the NPs, and
facilitate the NPs penetration into the structure of the mucin of the eye [22,23,25–27]. This
ionic interaction decreases the ZP value because mucin interacts with the CS in the surface
of the NPs, neutralizing the positive charges. Within the same group (NPs with mucin and
NPs without mucin), no significative differences were observed for the ZP values.

4. Conclusions

This study aimed to develop novel NP systems with mucoadhesive properties, in-
tended to encapsulate antioxidant molecules to reduce the generation of OS in the eyes
and consequently, with therapeutical potential for ocular diseases. The strategy involved
the production of NPs composed of CS and HA, with known mucoadhesive properties, to
improve the retention time of antioxidant molecules on the eye surface.

The CS/HA NPs are a promising platform for the delivery of antioxidants to the eye,
by increasing their residence time and controlling their delivery. The NPs developed herein
presented suitable mean average size (<350 nm), PDI (<0.300), surface charge (>+30 mV),
and presented high %EE for crocin, a powerful natural antioxidant, without significantly
changing their properties. This DDS showed suitable release and mucoadhesive properties,
and in vitro studies using the ARPE-19 cell line showed its non-cytotoxicity and its capacity
to efficiently decrease ROS concentration.

In the future, in vivo experiments would be useful to elucidate the biodistribution of
drugs after ophthalmic application. Another objective will be the scale-up of the manufac-
turing processes using a quality by design approach, assuring the product quality and the
cost-effectiveness of the production method.
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