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Abstract: Background: Interferons (IFNs) are cytokines involved in the immune response with a
synergistic regulatory effect on the immune response. They are therapeutics for various viral and
proliferative conditions, with proven safety and efficacy. Their clinical application is challenging due
to the molecules’ size, degradation, and pharmacokinetics. We are working on new drug delivery
systems that provide adequate therapeutic concentrations for these cytokines and prolong their
half-life in the circulation, such as nanoformulations. Methods: Through nanoencapsulation using
electrospray technology and biocompatible and biodegradable polymers, we are developing a con-
trolled release system based on nanoparticles for viral infections of the respiratory tract. Results: We
developed a controlled release system for viral respiratory tract infections. A prototype nanoparticle
with a core was created, which hydrolyzed the polyvinylpyrrolidone (PVP) shell , releasing the active
ingredients interferon-alpha (IFN-α) and interferon-gamma (IFN-γ). The chitosan (QS) core degraded
slowly, with a controlled release of IFN-α. The primary and rapid effect of the interferon combination
ensured an antiviral and immunoregulatory response from day one, induced by IFN-α and enhanced
by IFN-γ. The multilayer design demonstrated an optimal toxicity profile. Conclusions: This formu-
lation is an inhaled dry powder intended for the non-invasive intranasal route. The product does
not require a cold chain and has the potential for self-administration in the face of emerging viral
infections. This novel drug has applications in multiple infectious, oncological, and autoimmune
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conditions, and further development is proposed for its therapeutic potential. This prototype would
ensure greater bioavailability, controlled release, fewer adverse effects, and robust biological action
through the simultaneous action of both molecules.

Keywords: nanoencapsulation; interferons; antiviral; antiproliferative; immunoregulation; drug
delivery system; core-shell; toxicity

1. Introduction

Emerging or re-emerging diseases are defined as newly identified and unknown viral
infections or the re-emergence of a known communicable disease following a significant
decline in incidence [1,2]. Seventy percent of emerging infections in humans are zoonotic
in origin [2] and pose a challenge to health systems [3], and the antiviral therapies used are
insufficient [4]. Emerging or re-emerging viruses that have mutated may be resistant to
the effects of direct-acting antivirals, while vaccines require the identification of the viral
strain before the production stage, precluding their use at the onset of any new outbreak [5].
Against this background, there is a need to develop preventive and therapeutic antiviral
therapies that allow the activation of the first lines of defense, particularly the innate
immune response, that can be used generally in emerging and re-emerging infections [6].
The first organized defense that a viral pathogen must overcome during infection is the
host’s innate immune response, which involves several effector mechanisms such as type
I interferons, the complement cascade, NK cells, apoptosis, autophagy, and the Toll-like
receptor (TLRs) pathway [7]; the adaptive immune system is activated and primed to
respond appropriately [8].

Interferons are a family of cytokines whose functions have been known for over six
decades [9]. The main activity associated with these proteins is stimulating the immune
system, triggering antiviral, antiproliferative, and immunomodulatory responses [10]. The
antiviral mechanism of IFNs is based on the control of gene expression [11]. They are
cell signaling glycoproteins, effectors of innate and adaptive immunity, associated with
activating humoral and cellular responses against different pathogens derived from a
neoplastic process or other damage responses to the organism [12].

The synergistic and combined response of both interferons has been demonstrated in
several studies aimed at controlling respiratory viral infections [13–15]. Multiple waves of
type I IFN production, starting with IFN-β at 12 h post-infection, are responsible for the
induction of inflammatory monocyte recruitment, leading to IFN-γ production in NK cells
induced by interleukin 18 (IL-18) [16]. At 48 h post-infection, there is increased production
of type I IFNs (IFN-α and IFN-β) and an increase in IFN-γ released by NK cells, which
promotes APC maturation, positive regulation of co-stimulatory molecules, processing,
and antigen presentation toward Th1 polarization [17], while simultaneously suppressing
innate lymphoid cell-mediated immunopathology (ILC2) [18].

Despite the recognized efficacy of biological activity, these cytokines have limited
activity as therapeutics due to the size of the molecules, sensitivity to degradation, elimi-
nation by the reticuloendothelial system (RES), rapid renal clearance, and toxicity at high
doses [19,20].

Currently, research for these biotherapeutics focuses on obtaining new delivery sys-
tems that provide adequate therapeutic concentrations, lower toxicity, and better active
ingredient protection [21,22]. Researchers worldwide have evaluated the possibility of
encapsulating IFNs such as PEGylation, liposomes, micellar systems, self-assembled nanos-
tructures, microparticles, and nanoparticles, be they metallic, polymeric, or hybrid [23,24].
The most successful form of encapsulation for these proteins reported in the literature
is nanoparticle systems (NPs), as nanoformulations can improve the therapeutic index,
especially in IFNs with a short half-life, which require frequent administration at high
doses [25,26]. Nanoparticles are nanoscale structures that can be either capsules or spheres,
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depending on their internal constitution [27]. These systems simplify the administration of
IFNs, improve therapeutic efficacy, and reduce dose-related side effects without decreasing
biological activity or altering the protein structure [28]. The development of new delivery
strategies allowing local and controlled release of IFN-α through biological activity po-
tentiated with another cytokine that regulates its action, as is the case with IFN-γ, would
allow achieving both an optimal preventive and therapeutic response to immune system
activation [29]. This innovative approach uses biocompatible and biodegradable polymers
to achieve a controlled release, a prolonged half-life, selective delivery, and an optimal
toxicity profile using nanoencapsulation [30].

We proposed an antiviral prototype to prevent or treat respiratory tract viral infections.
After application, the formulation will be administered nasally, generating a prolonged
protective effect. Entering numerous viral respiratory tract infections will activate the
mucosal immune response. The nasal mucosa provides a first-line defense against in-
haled pathogens as an epithelial barrier to most infectious agents, especially respiratory
viruses [31]. Intranasal administration offers several advantages, such as low invasive-
ness, contact with highly vascularized absorption surfaces, low proteolysis, retention time
on the mucosal surface, increased epithelium penetrability, and reduced drug metabolic
degradation [32]. The selection of a nanoencapsulation system for drug delivery improves
solubility, stability, and controlled release, and its gradually improved functions suppress
the shortcomings of other delivery systems [33,34]. For example, in the nasal cavity, there
are cells in the upper respiratory tract, microplastic cells, which transport antigens across
the mucosa, and nanoparticles that, due to their small size, manage to enter microfold cells
favoring the penetration and bioavailability of the drug [33,35].

For this reason, nanoparticles overcome the physical barrier of the mucosa and main-
tain a prolonged retention time on the cell surface, penetrating effectively and accumulating
on the epithelial surface; in addition, they protect the active ingredient from biological
and chemical degradation [36]. It has been suggested that nanoparticles can be combined
with absorption enhancers and functional excipients to improve penetrability at biological
barriers by temporarily opening intercellular tight junctions [37]. In addition, a deliv-
ery system that does not induce side effects is the first element to be considered in the
search for a formulation. Among the polymeric materials that meet this requirement are
polyvinylpyrrolidone [38] and chitosan [39]. Polyvinylpyrrolidone is a biocompatible
polymer that does not produce cytotoxicity [38]. The presence of hydroxyl and carbonyl
groups in the structure allows better retention of PVP in the nanoparticles; the polymer
chains of this compound separate very quickly in the presence of water, releasing the
encapsulated products [40]. There are several applications of PVP with proteins and es-
pecially with interferons for mucosal administration (genital and nasal) because it is a
biologically compatible polymer, a facilitator of absorption, and an antioxidant [41–43].
Chitosan is a natural polysaccharide that has been used in the development of core-shell
structures [44]. It is a biodegradable non-toxic polycation with biological properties such
as biocompatibility, antimicrobial activity, healing, low immunogenicity, and low skin
irritation [45]. Since 2001, QS has been approved by the US Food and Drug Administration
as a GRAS (generally recognized as safe) substance [46], and its biological properties justify
applications in biomedicine [47].

We developed a nanoformulation with antiviral activity and core-shell structure using
recombinant alpha and gamma interferons, produced at a laboratory scale with high purity.
Biocompatible and biodegradable polymers were used as encapsulating matrices in a com-
bination that had not been previously developed. Once the particles come into contact with
the nasal mucosa, they undergo hydrolysis and degradation. This will result in the release
of the products in the external layer, followed by the degradation of the internal polymeric
layer. The technique for synthesizing the nanoparticles was coaxial electrospraying, which
allows the production of multilayer particles ranging from 10 to 100 µm by applying a
high electric field between the coaxial capillary injector and the collector [48]. This pro-
totype aims to respond rapidly to emerging and re-emerging respiratory viral infections
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for which no effective therapeutic options exist. The scientific and infrastructural basis
for formulating these molecules is available to reduce the high morbidity and mortality
rates of respiratory viral infections. The antiviral prototype has the potential to facilitate
emerging therapies.

2. Materials and Methods
2.1. Materials
2.1.1. Interferons as Active Ingredients

Recombinant interferon-alpha 2b (rhIFNα-2b) and recombinant interferon-gamma
(rhIFN-γ), used as active principles of the formulation, were produced in the E. coli SHuffle®

T7 Express strain and transformed with the expression vectors pET22b-rhIFNα-2b and
pET22b-rhIFN-γ, respectively. The identity of both plasmids was verified by automated
sequencing performed by Macrogen Company (Seoul, South Korea).

rhIFNα-2b Sigma-Aldrich (St. Louis, MO, USA) [49] and rhIFN-γ Thermo Fisher
Scientific (Waltham, MA, USA) [50] were used as standards.

2.1.2. Encapsulation Materials

Low molecular weight (LMW) QS (50,000–190,000 Da), deacetylated chitin, Poly D-
glucosamine, LMW PVP (40,000 Da), and absolute ethanol (EMPLURA®) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.1.3. Cell Lines

HEp-2 (human laryngeal carcinoma, ATCC CCL-23), HeLa (derived from cervical
carcinoma of human origin, ATCC CCL-2), and HFF (human foreskin fibroblasts, ATCC
SCRC-1041) cell lines were obtained from ATCC (American Type Culture Collection, Man-
assas, VA, USA).

HFF and HEp-2 cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 15% w/v fetal bovine serum (FBS) and penicillin 100 IU/mL
and streptomycin 100 µg/mL. HeLa cells were cultured in Eagle’s Minimum Essential
Medium (EMEM) supplemented with 10% w/v SFB, 100 IU/mL penicillin, and 100 µg/mL
streptomycin. Cells were incubated at 37 ◦C in a humidified atmosphere with 5% CO2.

2.1.4. Animal Models

Adult rabbits (Oryctolagus cuniculus) were of the same sex with a body mass of more
than 2.5 kg.

Sheep (Ovis aries) were aged 3 to 6 months, had a body weight 39 to 64 kg, and were
sex-indistinct.

The Comité de Ética, Bioética y Bioseguridad of Universidad de Concepción approved
all animal studies (CEBB 1370-2023). All experiments were conducted in compliance with
institutional and national guidelines.

2.2. Synthesis of Core-Shell NPs with Interferons Alpha and Gamma

Nanoparticles with an empty core/shell structure (CS NPs) and those encapsulating
rhIFNα-2b and rhIFN-γ were prepared by electrospraying. We prepared two polymer
solutions: one for the outer shell of the formulation and one for the core. We employed 10%
(w/v) PVP dissolved in ethanol, and rhIFNα-2b and rhIFN-γ (1 mg/mL each) as active
principles for the outer shell [51]. In the core, we used an active principle of QS 1% (w/v)
dissolved in 0.5% acetic acid and rhIFNα-2b (2 mg/mL) [52]. Two 10 mL plastic syringes
(NIPRO Europe, Mechelen, Belgium) were used to load each solution in independent
pumps in the electrospraying Professional Lab Device (DOXA Microfluidics, Málaga,
Spain). Flow rate (0.5–2 mL/h) and voltage difference (15–30 kV) values were set at a
temperature of 16 ◦C and a relative humidity of 40%. The Taylor cone formation was
observed with IC Capture v2.4 software (The Imaging Source, Charlotte, NC, USA). We
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collected the nanoparticle powder with the help of a brush from the flat collector coated
with metallic paper and stored it in a sterile microtube previously weighed [53].

Chitosan NPs (QS NPs), which constitute the core of the CS formulation, were syn-
thesized in two forms: QS empty and QS encapsulating rhIFNα-2b, as described for CS
NPs. These unshelled particles were employed as controls for the efficiency of the CS
NPs encapsulating rhIFNα-2b and rhIFN-γ in the in vitro physicochemical and biological
characterization experiments (see Supplementary Information).

2.3. Physicochemical Characterization of Nanoparticles
2.3.1. Morphology and Size

Morphological characterization and size estimation of the NPs were performed using
a Field Emission Scanning Electron Microscope (FE-SEM, TESCAN MIRA 3, Brno, Ko-
houtovice, Czech Republic), resolution 1.2 nm and 30 kV. Micrographs were obtained with
a secondary electron (SE) detector, Scanning Transmission Electron Microscopy (STEM),
and Scanning Electron Microscopy (SEM) in transmission mode, brightfield (TE-BF), and
darkfield (TE-DF). For SEM visualization, the nanoparticles were placed on a double-sided
carbon tape and coated with gold for 60 s. In STEM visualization (FE-SEM), ethyl acetate
was selected as the dispersant for PVP. Approximately 5 to 10 µL of each suspension
was placed on a copper grid (300 grid square, 63 µm side square) for Formvar/carbon
Transmission Electron Microscopy and proceeded with FE-SEM observation.

Histograms of the diameters were created from the SEM and STEM micrographs from
each sample with the open source software FIJI© v1.53f51 and with the software SCILAB©
v6.0.2 (Dassault Systèmes, Vélizy-Villacoublay, France). The probability density function
(PDF) generated by Matlab© vR2022a software (Mathworks Inc., Natick, MA, USA) was
also determined. Using the fitdist function, measurements ranging from 450 nm [54] were
selected, and the values were fitted to a normal distribution.

Particle size estimation was also performed by dynamic light scattering (DLS) using
the Malvern Zetasizer Nano ZS90 (Malvern Panalytical, Malvern, UK), equipped with
a He-Ne 633 nm laser that determined the polydispersity index and zeta potential. The
nanoparticles were dispersed in water and transferred to Malvern DTS0012 disposable
polystyrene cuvettes for size estimation and to DTS1070 cuvettes to determine the zeta
potential of the particles [55].

2.3.2. Encapsulation Efficiency

This parameter was determined by molecular exclusion high-performance liquid
chromatography (SEC-HPLC) using the ÄKTA Start chromatography system (GE Health-
care Life Sciences, Uppsala, Sweden). The amount of free rhIFNα-2b and rhIFN-γ in
the supernatant of the nanoparticles was quantified using TSK gel matrix G2000SW
(7.5 mm ID × 60 cm × 2; Tosoh Bioscience GmbH, Griesheim, Germany) [47]. Recom-
binantly produced rhIFNα (8 mL, 30 µg/mL in PBS) and rhIFN-γ (8 mL, 27 µg/mL in PBS)
were used as the positive control, and empty NPs were used as the negative control to
measure the total amount of protein and polymer interference, respectively. Furthermore,
an additional control was the QS NPs formulation, which constituted the core of the CS
NPs. Samples of the CS NPs and their control, the QS NPs, were dissolved independently
in 500 µL of 1% acetic acid by gentle shaking for 30 min and one h (150 rpm) (WiseShaker or-
bital shaker, PMI Labortechnik, Wettingen, Germany) at 37 ◦C. Samples were centrifuged at
9600× g (Thermo Scientific Legend Micro 21 Centrifuge, Thermo Fisher Scientific, Waltham,
MA, USA) for 20 min, and the supernatant was collected for the column run. In total, 20 µL
of each sample was passed through the matrix at a 1 mL/min flow rate in a solution of
PBS buffer and 300 mM NaCl (mobile phase). From the chromatogram obtained from
the absorbance at 280 nm, the areas under the curve of each formulation element were
quantified. The encapsulation efficiency (EE) was calculated with Equation (1), as follows:

%EE =
IFNtotal − IFNnon−encapsulated

IFNtotal
∗ 100 (1)
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2.3.3. Fourier Transform Infrared Spectroscopy

Fourier Transform Attenuated Total Reflectance Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) was used [47,56] to study and compare the chemical composition of
the NPs, identifying characteristic functional groups in vacuum lyophilized nanoparticle
samples loaded with the interferon molecules (rhIFNα-2b and rhIFN-γ). The nanoparticles
were centrifuged at 9600× g for 30 min, and the pellets were dispersed in PBS and freeze-
dried under a vacuum to remove water molecules. All FTIR spectra were performed for the
dried samples in the 400–4000 cm−1 region using Agilent Cary 630 FTIR-ATR spectropho-
tometer (Agilent Technologies Inc., Santa Clara, CA, USA), and the data were analyzed
using OMNIC vINQSOF018 software (Thermo Fisher Scientific, Waltham, MA, USA).

2.3.4. Differential Scanning Calorimetry Analysis

Samples corresponding to PVP (40,000 Da) and QS LMW (50,000–190,000 Da) polymers,
plus CS NPs encapsulating rhIFNα-2b/rhIFN-γ, empty CS NPs, and controls corresponding
to the core of the CS formulation, were analyzed using Differential Scanning Calorimetry
(DSC). The different thermal transitions presented in the samples were detected using
a Simultaneous Thermal Analyzer (STA) 8000 (PerkinElmer Inc., Waltham, MA, USA).
Overall, 5–10 mg of the samples were placed in hermetically sealed empty aluminum
trays. The sample was heated from 25 ◦C to a temperature of 270 ◦C with a heating rate of
20 ◦C/min [57,58].

2.3.5. In Vitro Kinetic Release Study

The release profile of the proteins was determined using an experiment simulating
human physiological conditions [59]. The assay was conducted using CS NPs, rhIFNα-2b
and rhIFN-γ, and the control, representing the CS formulation’s core. In total, 200 mg of
each formulation was resuspended in 5 mL of physiological saline at pH 6.8 (pH of the
nasal mucosa). The amount of protein included according to the NPs in the respective
polymer solution (core 2 mg/mL of rhIFNα-2b and shell 1 mg/mL of each protein), the
EE result, and the concentration of each protein were also considered. Once the NPs were
reconstituted with saline at pH 6.8, the tubes were incubated using slow shaking at 150 rpm
(WiseShake Wisd Laboratory Instrument orbital shaker, Avantor, Austria) at 37 ◦C. In total,
300 µL per day of the NPs were subtracted and centrifuged at 9600× g for 30 min, and the
supernatant was separated from the pellet until 14 days were completed. The supernatant
was recovered from each tube and stored at −20 ◦C until the end of the assay. The protein
concentration of each day was quantified using the Micro BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s protocol [60]. The
absorbance at 570 nm was measured on the Synergy HTX multimode microplate reader
(Agilent Technologies Inc., Santa Clara, CA, USA).

2.4. Biological Characterization of Nanoparticles
2.4.1. Effect of Encapsulated Active Ingredients on Cell Viability

Cell viability was determined in two cell lines, HeLa and HFF, incubated at different
concentrations of the NPs, using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) assay [61]. The HeLa cell line was used because of the activity of IFN-α in
inhibiting its proliferation (apoptosis and antiproliferative activity of encapsulated interfer-
ons) [62]. Cells were seeded in 96-well culture plates (Corning™ Costar™, Thermo Fisher
Scientific, Waltham, MA, USA) at a concentration of 104 cells/well and incubated in DMEM
medium with 10% SFB at 37 ◦C 5% CO2 for 24 h. Several dilutions of the nanoformulation
were prepared from a 4 mg powder dispersion in 100 µL of DMEM medium with 10%
SFB. Overall, 100 µL per well was added to the plates seeded with the cells. These were
incubated at 37 ◦C and 5% CO2 for 24 h. Wells with untreated cells were used as a 100%
cell viability control. Cells with 400 µM CoCl2 and 30% H2O2 were used as a cytotoxicity
control. After incubation, the cells were examined under an inverted microscope to visu-
alize the cell density of the lines at the different dilutions, and micrographs were taken
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(MCX1600, MICROS Company, Sundew, Austria). The culture medium was then removed
and washed with PBS, and 100 µL of fresh medium and 10 µL of MTT solution (5 mg/mL)
were added. The plate was incubated in the dark (37 ◦C, 5% CO2, three hours), and over
this solution, 100 µL dimethyl sulfoxide (DMSO) was added to dissolve the crystals for
15 min at room temperature. Finally, the Absorbance of the plate was read at 570 nm in a
Multiskan GO spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The data were
analyzed and plotted using Prism v8.0 software (GraphPad Software, Boston, MA, USA).
The normalized absorbance data were checked with the Shapiro–Wilk test to ensure they
conform to a normal distribution. We assessed cell viability using ANOVA and multiple
comparison tests to determine which concentrations significantly modified cell viability.

2.4.2. In Vitro Antiviral Biological Activity

The antiviral activity of the encapsulated proteins with their respective commercial
reference standards was measured in HEp-2 cells by inhibition of the cytopathic effect of
the Mengo virus to establish the maximum effective mean concentration (EC50) [63–65].

Cells were seeded in 96-well plates (Corning™ Costar™, Thermo Fisher Scientific,
Waltham, MA, USA) at 1.5 × 104 cells/well in DMEM + SFB 5% + neomycin (100 IU/mL)
and incubated at 37 ◦C and 5% CO2 for 24 h. Cells were treated with CS NPs encapsulat-
ing rhIFNα-2b and rhIFN-γ, empty CS NPs, and controls corresponding to the core CS
formulation (empty QS NPs and QS NPs +rhIFNα-2b). In total, 1 mg of each formulation
was weighed and dispersed in 1 mL of DMEM SFB 2% + neomycin (100 IU/mL). Dilu-
tions of each formulation were made to a stock of 100 ng/mL and, as a control, 100 µL
of DMEM + SFB 2% medium. The medium was replaced with 100 µL of Mengo virus in
DMEM + SFB 2%, and the plates were incubated for 24 h at 37 ◦C and 5% CO2. The plates
were washed, fixed, and stained with 0.5% and 20% crystal violet solution. The crystal
violet solution was dissolved with 10% acetic acid. The plate absorbance reading was
performed at 590 nm on a Synergy HTX Multimode Reader spectrophotometer (Agilent
Technologies Inc., Santa Clara, CA, USA).

To obtain a sigmoidal curve and calculate the EC50, initial concentrations of the rhIFNα-
2b standard were worked from 0.33 µg/mL and for the rhIFN-γ standard 0.033 µg/mL
from a solution at 500 µg/mL, performing serial dilutions 1:5. Cell control (cc) wells with
cells without Mengo virus were estimated as cell control (cc), and cells without interferon
treatment exposed to the infectious agent were estimated as virus control (cv). Using the
Equation (2), the data were fitted to a sigmoid curve to determine the EC50 value.

Abs norm =
Abs − cv
cc − cv

(2)

Considering this, the interferon titer was calculated according to the Equation (3),
as follows:

IFN titer
(

IU
mL

)
=

Sample titer
STD titer

∗ STD
(

IU
mL

)
(3)

And the specific activity with Equation (4), as follows:

Specific activity
(

IU
mL

)
=

IFN titer (IU/mL)
IFN concentration (mg/mL)

(4)

The data were fitted to a sigmoid curve that determined the value of the EC50, the
dilution that generated 50% cell death, and the titer and specific activity of the encapsu-
lated interferons.

2.4.3. Monolayer Study of the Interaction of NPs by Confocal Microscopy

The behavior of CS NPs encapsulating interferon alpha and gamma interferon in
interactions with live cells, specifically HEp-2 cells, was analyzed by confocal microscopy.
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Only the rhIFNα-2b protein was framed as it was represented in the shell and core of the
NPs. At a concentration of 250 µg/mL, HEp-2 cells were treated for 24 h.

The rhIFNα-2b was conjugated to fluorescein 5-isothiocyanate (FITC) [66]. The rhIFNα-
2b protein (2 mg/mL) was dissolved in sodium bicarbonate buffer (0.1 M, pH 9) and mixed
with FITC (1 mg/mL) in DMSO at a rhIFNα-2b: FITC ratio of 12.5:1 (v/v). The mixture
was placed for 12 h on gentle agitation, protected from light, and unconjugated FITC
was removed by dialyzing for 48 h in PBS in a 3.5 kDa cellulose dialysis tube (Thermo
Fisher Scientific, Waltham, MA, USA). The rhIFNα-2b-FITC conjugate was used to obtain
a batch of tagged protein-loaded NPs [67]. The rhIFNα-2b-FITC conjugate HEp-2 cells
were cultured in DMEM medium with 10% (v/v) SFB 10% (v/v) penicillin 100 IU/mL and
streptomycin 100 µg/mL at 37 ◦C and 5% CO2 (v/v) and incubated for 24 h. Treatments
were plated as follows: empty CS core-shell NPs and CS rhIFNα-2b + FITC core-shell NPs
at 250 nm/mL and as a negative control HEp-2 cells in DMEM medium, SFB 1% (v/v), and
5% CO2 (v/v) and incubated for 24 h.

After a confluence of 50 × 104 empty CS NPs and CS NPs rhIFNα-2b + FITC (green
fluorescence) and as a negative control, HEp-2 cells in DMEM medium were applied as
treatments. At 24 h after treatment, nuclei were stained with Hoechst 33342 cell nuclei
(Invitrogen, USA) dye (blue fluorescence) at a concentration of 5 µg/mL and the mito-
chondria MitoTracker® Red CMXRos-M7512 marker (Invitrogen, Carlsbad, CA, USA) (red
fluorescence) was used at 250 nM.

Cells were incubated for 25 min at 37 ◦C in dark conditions, washed with PBS, and
fixed with 2% paraformaldehyde (PAF) for 5 min, then 15 min at 4% PAF. Cells were plated
on slides with mounting medium (VECTASHIELD® antifade DAP, SeraCare KPL, Milford,
MA, USA). Upon completion, non-retained dyes were removed using three washing steps
with DMEM. Cell fluorescence images were obtained with a Laser Scanning Biological
Microscopes Fluoview 2000 Confocal Microscope (Olympus, Melville, NY, USA) [47].

2.4.4. Formulation Stability Under Accelerated Conditions

The stability of the CS NPs + rhIFNα-2b and rhIFN-γ formulations and the control (QS
NPs encapsulating rhIFNα-2b), which correspond to the core of the CS formulation, was
evaluated under accelerated conditions for 18 days at different temperatures: 4 ◦C, 16 ◦C,
25 ◦C, 30 ◦C, and 37 ◦C and in different incubators (ECOCELL 55-ECO, MMM Medcenter
Einrichtungen GmbH, München, Germany) [68]. Antiviral activity in HEp-2 cells was also
determined by inhibition of the cytopathic effect of the Mengo virus. We weighed 1 mg of
each NP, dissolved in 1 mL of DMEM supplemented with 5% SFB + neomycin (100 IU/mL),
and serial dilutions up to a stock of 100 ng/mL were performed to plates seeded with
HEp-2 cells. We used 100 µL of DMEM + SFB 2% medium as a control. The data were
fitted to a sigmoid curve, and the EC50 value was determined. Using IFNα-2b and IFN-γ
standards as reference, interferon titer, specific activity, and concentration were determined
for the formulations.

2.4.5. In Vitro Statistical Analysis

Morphological characterization of the NPs: We determined whether the particle size
variability of all formulations had a normal distribution using the Shapiro–Wilk test [69].
A significance level of p < 0.05 was used.

Evaluation of the cell viability of the nanoformulations: We used Students’ t-test
statistics to evaluate the differences between empty and encapsulated formulations, which
were considered independent samples. For the overall comparison between the solutions
in each group, a one-way repeated measures ANOVA was used. A pairwise comparison
was run, considering the Bonferroni correction to correct for type I error. The significance
level set was 0.05. All variables were processed with the SPSS 25.0 statistical program and
GraphPad Prism v8.0 software.
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2.5. Evaluation of Initial Toxicity in Vivo
2.5.1. Study of the Mucosal Irritant Potential of the CS Formulation in Rabbits

This study aimed to evaluate the product’s potential to cause irritation to the nasal
mucosa and to observe its toxic effects on the macroscopic and microscopic structures within
the same tissue [70]. Adult rabbits of the same sex (males) that were clinically healthy, with
a body mass between 1.4 and 4 kg, were randomly grouped into 5 experimental groups of
5 animals each. The route of administration selected was intranasal, where inoculations
were performed with an equal volume in each group. Group II Placebo (saline) as Group III
(empty NPs) constituted controls for Group IV CS NPs (rhIFNα-2b-rhIFN-γ) and Group V
(interferons in solution). Total number of animals: 25.

• Group I: control, not treated.
• Group II placebo, saline (NaCl 0.9%, sterile), 50 µL in each nostril (total 100 µL).
• Group III Empty CS NPs, powder formulation, 50 µg dose in each nostril (total 100 µg).
• Group IV NPs CS rhIFNα-2b and rhIFN-γ, powder formulation, 50 µg dose in each

nostril (total 100 µg).
• Group V rhIFNα-2b and rhIFN-γ in saline, 50 µL dose in each nostril (total 100 µL).

The Procedure of Nanoparticle Administration

The animals were kept supine without sedation so that the product reached the nasal
cavity. In a 1 mL syringe, a catheter was attached, loading 50 µg powder of the formulation
for each nostril and 50 µL for each nostril in the case of liquid formulations. We performed
intranasal administration every twenty-four hours for three consecutive days, and the
procedure was repeated for four weeks for 28 applications. We evaluated the condition
of the nasal mucosa twenty-four hours after the initial application and every two days
after that. In the nasal passages, secretions, dryness, obstruction, respiratory difficulties,
erythema, irritation or edema, and behavioral changes were observed until the trial’s end.
Body weight and temperature were determined at baseline and during treatment. The
rabbits were euthanized (on the last day of the fourth week) to complete the histological
analysis. TIVA (total intravenous anesthesia) general anesthesia was administered using
a neuroleptanalgesia Xylazine 2% at a dose of 20 mg/kg, associated with Ketamine 10%
at a dose of 5 mg/kg. Once the surgical plane was established, a dose of 20 to 40 mg of
Mepivacaine 2% was administered percutaneously in the cisterna magna with a response
30 s after the application with cardiorespiratory arrest.

Histopathological Study

The nasal mucosa was dissected free, opened longitudinally, and examined for signs of
irritation, epithelial tissue damage, or necrosis according to standard necropsy technique for
animals [71]. Nasal mucosa samples corresponding to the turbinates were taken completely
and fixed in 10% buffered formalin for five days. The samples were retroceded, obtaining a
complete cross-section of each nasal turbinate for histological analysis. The samples were
dehydrated using a battery of ethanol at different percentages (70, 80, 95, and 100%), rinsed
with xylol, and embedded in solid kerosene using a Citadel 1000 tissue processor (Thermo
Fisher Scientific, Waltham, MA, USA). Kerosene blocks were assembled using a Microm
AP280-1 Inclusor (Wazobia Enterprise, Houston, TX, USA). Finally, the blocks were cut
to a thickness of 4 µm using a RM2045 rotation microtome (Leica Biosystems, Nussloch,
Germany) and stained with hematoxylin–eosin (Merck laboratory reagents), according
to the protocol standardized by the Histopathology Laboratory of the Department of
Pathology and Preventive Medicine of the Faculty of Veterinary Sciences of the Universidad
de Concepción.

Statistical Analysis of Initial In Vivo Rabbit Toxicity Assessment

We used mean and standard deviation to summarize the quantitative variables. The
Shapiro–Wilk test determined the normal distribution of weight, temperature, mucosal
status, and organ weights. The treatment groups were compared through a one-way
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ANOVA for the body weight and temperature variables at two-ways baseline and endpoint.
A paired analysis of the correlation between the times of the variables body weight and
temperature was performed through repeated measures ANOVA. We applied a student’s
t-test for dependent samples in each treatment group for the two-by-two comparisons.
Bonferroni error correction was taken into consideration. The statistical significance set
was α = 0.05. For the variable temperatures, the different treatment groups were compared
at two-day intervals utilizing a rank test (Sign Test), dependent or paired samples. For
organ weights, a relationship was established between the different treatment groups and
each of the evaluated organs, applying a one-way ANOVA. The statistical significance
set was α = 0.05. All variables were processed using the statistical programs SPSS 25.0,
STATISTICA 6.0, and GraphPad Prism v8.0 software.

2.5.2. Study of Release Kinetics and Biological Activity in Sheep

The study aimed to determine the toxicity of the CS core-coated NPs formulation
encapsulating the two interferons in a higher organism animal model by establishing
mucosal irritability in sheep [72]. Clinically healthy same-sex adult ewes (females) with a
body mass between 39 and 66 kg were selected. The ewes were randomly grouped into
four experimental groups of 4 animals each, receiving a single dose of treatment applied
in the nostrils. The experimental procedures with the animals were adequate so as not to
generate suffering or pain, with daily observations and measurements to detect alterations,
stress, or animal suffering, which would lead to stopping the trial.

• Group I: control saline solution (NaCl 0.9%, sterile) 2 mL for each nostril.
• Group II Placebo 2 mg of empty powdered CS NPs per nostril.
• Group III NPs CS/ rhIFNα-2b and rhIFN-γ, 2 mg powder per nostril.
• Group IV IFN-α and IFN-γ solution, 2 mL of the solution per nostril.

The Procedure of Nanoparticle Administration

Samples were taken from the nasal vestibule by 4-mm punch biopsy on days 4, 8,
12, and 16 in each ewe. Samples were obtained from one nostril, leaving the other nostril
for the subsequent evaluation, allowing tissue recovery between one sample collection
and the next. Before the biopsy, the animals were locally anesthetized with infiltrative
blockade of the facial nerve with 0.5 mL of Mepivacaine as an analgesic and Xylazine
2%, 0.1 mg/kg tranquilizer. The specimen was kept in Eppendorf tubes containing 10%
buffered formaldehyde solution (histopathological study).

Histopathological Study

The samples were placed in an embedding cassette, and a dehydration process was
performed with ethanol of ascending grade (70, 80, 95, and 100%). We rinsed samples
with xylol and embedded them in kerosene using a Citadel 1000 tissue processor (Thermo
Fisher Scientific, Waltham, MA, USA). Kerosene blocks were assembled using a Microm
AP280-1 (Wazobia Enterprise, Houston, TX, USA). The obtained blocks were cut with a
Leica rotation microtome model RM2045 (Germany) to a thickness of 4 µm and stained with
hematoxylin–eosin (Merck laboratory reagents), according to the standardized protocol of
the Histopathology Laboratory of the Department of Pathology and Preventive Medicine of
the Faculty of Veterinary Sciences of the Universidad de Concepción. A rhinoscopy was also
performed to assess the physiological state of the nasal mucosa with a FUJINON Fiberscope
FS-100ER (Fujifilm, Japan) before the biopsies, at different times: at the beginning, at
14 days, and at the end of the treatment. We used GraphPad Prism v8.0 software to obtain
the graphs and perform the statistical analysis.

Statistical Analysis of Initial In Vivo Sheep Toxicity Assessment

The mean and standard deviation variables were summarized in the statistical analysis
of the study of release kinetics and biological activity in sheep. The normal distribution
was determined for weight, temperature, and nasal mucosa status using the Shapiro–Wilk
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test. Treatment groups were compared through a one-way ANOVA for the variables body
weight and temperature at baseline between the different treatment groups and at the
end. We performed a correlation analysis through a paired analysis between times for
the variables body weight and temperature employing repeated measures ANOVA and
for the two-by-two comparison in each treatment group through a student’s t-test for
dependent samples. A Bonferroni error correction was considered as there were more
than two evaluations. The statistical significance set was α = 0.05. For the temperature
variable, a Sign Test for dependent or paired samples was also performed to compare the
temperatures of the different groups of treatments evaluated at two-day intervals. All
variables were processed using the statistical programs SPSS 25.0, STATISTICA 6.0, and
GraphPad Prism v8.0 software.

3. Results and Discussion

Polymeric nanoparticles were created by combining IFN-α and IFN-γ with a hydrolyz-
able polyvinylpyrrolidone shell, and a low molecular weight chitosan encapsulates the
IFN-α as the active principle in a core-shell design. Adjusting the polymeric formulations’
pH (away from the isoelectric point) and the proteins were required to obtain the nanopar-
ticles. It has been described that interferon alpha is labile in acidic media and shows
structural changes unfolding below pH 4; the protein exhibits maximum conformational
stability at pH 7 [73]. This correction facilitated the formation of the NPs in the solid state,
evaporating the solvent during the synthesis process, becoming an advantage over other
encapsulation methods (such as double emulsion) that require additional solvent removal
steps [74].

Empty CS NPs and CS NPs encapsulating rhIFNα-2b and rhIFN-γ, consisting of 10%
(w/v) BPM PVP (40,000 Da) for the shell and 1% (w/v) BPM chitosan core (50,000–190,000 Da),
were prepared. Conditions were set based on the correct Taylor cone formation, which was ob-
served by a camera using IC Capture v2.4 software (The Imaging Source, Charlotte, NC, USA).
The parameters for the correct formation of empty CS NPs and CS encapsulating rhIFNα-2b
and rhIFN-γ were as follows: flow rate pump 1 (0.3 mL/h) pump 2 (0.2 mL/h), voltage
difference injector (23.85 kV—collector 10.6 kV), and distance between the injector and
collector 32.5 cm.

Nanoparticles are an organized system of agglomerates, and for the correct formation
of solid (dry) NPs by electrospraying, a pH adjustment of the protein was required to
achieve the correct self-assembly so that the system self-organizes, self-assembles, and self-
agglomerates [75]. It is recommended that this pH modification is carried out by gradually
increasing the pH from 0.5 and adjusting the conditions until the correct formation of the
Taylor cone and the dry or solid NPs are visualized in the collector [76].

3.1. Physicochemical Characterization of Nanoformulations

The formulated nanoparticles were characterized according to physicochemical prop-
erties and structural attributes such as size, shape, composition, charge, surface chemistry,
encapsulation efficiency, and release kinetics [77].

3.1.1. Morphology and Size

The morphology was visualized by SEM and STEM micrographs. The NPs presented
a spheroidal morphology of quasi-spherical sizes (Figure 1A,B). For CS NPs dispersed in
ethyl acetate, two layers evidencing a “double membrane” (see arrows by STEM images)
were identified (Figure 1C,D), demonstrating the core-shell structure of this formulation.
The histograms showed that the different formulations were heterogeneous regarding size
distribution. In addition, the assumption of whether or not the NPs’ measurement data
followed a normal distribution was considered. The size values were taken with the filter at
450 nm, and a histogram with a Gaussian simulation (red-colored curve over the histogram)
was made (Figures 1E,F and S1). The Shapiro–Wilk test statistically corroborated that each
formulation did not follow a normal distribution (Table 1).
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Figure 1. Characterization of empty and rhIFNα-2b + rhIFN-γ encapsulating CS NP morphology and
size. (A) SEM micrograph of empty CS NPs. (B) SEM micrograph of CS NPs encapsulating rhIFNα-
2b and rhIFN-γ. (C,D) STEM micrograph of the core-shell configuration of the nano-encapsulated
CS formulation with the double structure (blue arrow: outer membrane; red arrow: inner mem-
brane). (E) Histogram of the CS NPs with rhIFNα-2b and rhIFN-γ based on the determination of the
probability density function. (F) Parameters of the normal distribution function.

Table 1. Size distribution of CS NPs by electron microscopy and Dynamic Light Scattering.

Nanoformulations No. of
Measured Parts

Average
Particle Size

Histogram Filter
450 nm

Fiji© Software

Shapiro–Wilk
Statistical Test

DLS

Zeta
Potential

Average
Diameter

Empty CS NPs 298 345.4 ± 352.2 nm 209.3 ± 84.6 nm W = 0.953
p = 0.000 +25.9 ± 4.89 mV 205.7 nm

12.36 nm
92% (peak 1)
8% (peak 2)

CS NPs + rhIFNα-2b
and rhIFN-γ 223 472.4 ± 337.6 nm 255.9 ± 98.5 nm W = 0.977

p = 0.021 +24.5 ± 3.15 mV 174.5 nm
12.72 nm

75.4% (peak 1)
24.6% (peak 2)

Average of the measurements applying the 450 nm filter, Shapiro–Wilk statistical test, and the p-value for each
formulation.

Additionally, chitosan nanoparticles encapsulating rhIFNα-2b, which correspond to
the core of the CS NPs formulation, were synthesized and characterized as a control for
this formulation (Figure S2, Table S1).

Electron microscopy provided the most substantial evidence for determining the mor-
phology of nanoparticles [78]. The size distribution, interfacial structure, compositional
distribution, and phases of NPs that had a quasi-spherical spheroidal morphology of vary-
ing sizes were identified in the formulation [79]. The “double membrane” presence was
determined, and a formulation combining the two interferons was obtained. Size measure-
ments showed variability in the diameters of the resulting NPs, which are heterogeneous
and do not follow a normal distribution [80]. Regulatory entities recommend combining
multiple high-resolution orthogonal approaches to accurately evaluate size and distribu-
tion, similar to electron microscopy [81]. A second method corroborated previous results,
DLS, which measured the diameter and stability of NPs in suspension and reported that the
NPs were not monodisperse and tended toward polydispersity [82]. The dimensions of the
nanoparticles designed in this study follow the accepted nanometrics for drugs containing
nanomaterials, as outlined by the FDA [83]. The regulatory framework considers biological
NPs to be attributable to nanoscale determinations up to one micrometer (1000 nm) in size.
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3.1.2. Mean Diameters and Zeta Potential

The DLS method evaluated the formulations and indicated that they are polydisperse
with high distribution amplitude rather than monodisperse. The optical properties of the
particles are unknown due to the large size dispersion observed by this method.

The measurement result by DLS should be considered indicative rather than defini-
tive [84]. Solid formulations are out of range for this technique. The solution must be
transparent or translucent due to using a visible light beam, which made the result difficult
with this method [85]. The polymers, proteins, and formulations had different refractive in-
dices, resulting in high polydispersity [86]. NPs with diameters greater than 200 nm possess
excellent localization, facilitating migration into adjacent tissues [87]. The dimensions of
the nanoparticles designed in this study are accepted as nanometrics conform to FDA [83],
attributable to nanoscale determinations down to one micrometer in size (1000 nm).

All the methods used show that the NPs elaborated were heterogeneously polydis-
perse, and it could be statistically demonstrated that they do not follow a normal distri-
bution. The methods of visualization of the results achieved with electron microscopy
(histograms, FIJI©, MATLAB software) are very similar but present a wide standard devia-
tion, indicating the polydispersity of the particles obtained. Despite microscopy methods,
SEM and STEM are not comparable with DLS, which has a different working principle
and yielded similar conclusions. With all these data, it is possible to suggest that, for
this formulation, the most reliable results are those obtained by SEM or STEM, the only
valid method to correctly calculate the size of nanoparticles. By electron microscopy, the
empty CS NPs showed sizes averaging 209.3 ± 84.6 nm, and the CS NPs encapsulating
the interferons averaged 255.9 ± 98.5 nm. For the DLS, the detected empty CS NPs’ size
was 205.7–12.36 nm and 174.5–12.72 nm for those encapsulating interferons, with similar
size determination by both methods (Table 1). The nanoparticles’ colloidal stability was
analyzed by zeta potential as recommended for this analysis [88]. The zeta potential of
the formulations should range between values above +25 mV or below −25 mV, which
indicates the formulation’s colloidal stability [89], as is the case for the core-shell formu-
lation obtained in this work (+24.5 ± 3.15 mV) [90]. The positive charge is explained by
the presence of the amino groups on the chitosan molecules [91]. Formulations based
on this cationic polymer have mucoadhesive properties, which are ideal for delivery to
the intranasal mucosa [92]. Nanoparticles with this feature can enhance the transport of
proteins across the epithelium and increase the residence time in the respiratory cavity due
to electrostatic interactions with negatively charged sialic acid residues in the mucosa [93].

3.1.3. Encapsulation Efficiency

The amount of protein loaded in a nanoparticulate system can be determined by
calculating the encapsulation efficiency percentage of protein retained in the NPs relative
to the total protein used for nanoencapsulation. In this assay, we analyzed the samples
of the empty CS NPs and CS NPs encapsulating rhIFNα-2b and rhIFN-γ by SEC-HPLC
chromatography to find the areas under the curve corresponding to each formulation
element. The determination was performed, quantifying the free recombinant proteins
(rhIFNα-2b and rhIFN-γ) in the supernatant of the nanoparticle batches using the TSK gel
G2000SW matrix. The encapsulation efficiency of rhIFNα-2b and rhIFN-γ was calculated
using the area values, resulting in a 76.7% encapsulation rate (Tables S2 and S3). This result
seems adequate for excess protein in the reaction, increasing the amount of free protein
that is not encapsulated and remains as free material in the reaction.

In the physicochemical characterization of nanoparticles, the encapsulation efficiency
is considered a quality attribute estimating the drug loading capacity on the particles
and the percentage of protein retained by the NPs relative to the total protein used for
nanoencapsulation [94]. This parameter can be quantified through direct methods that
evaluate the encapsulated drug and indirect methods that calculate the non-encapsulated
drug [95]. The encapsulation efficiency analysis was performed using an indirect method,
SEC-HPLC molecular exclusion high-performance liquid chromatography, which deter-
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mined 76% EE. Similar results were obtained with this same method on porcine IFN-α for
chitosan particles, with an EE of 74.96% [47]. The EE value and doses must be correlated
with the drug release kinetics to achieve effective drug nanoformulation. Another indirect
method, the commercial enzyme-linked immunosorbent assay (ELISA), has also been
described. This method quantifies the amount of free drug in a chitosan formulation with
rhIFNα-2b. The results of this study showed an EE of 99.9%, indicating a high-performance
method [96]. It should be noted that the EE may not always accurately reflect the exact
percentage of encapsulated drugs due to several factors that can affect its determination,
such as polymers, structural stability after encapsulation, synthesis conditions of the NPs,
and the concentration of the active ingredient [95].

3.1.4. Characterization by Attenuated Total Reflectance Infrared Spectroscopy

We used attenuated total reflectance infrared spectroscopy to evaluate whether the
encapsulated polymer shows infrared spectroscopy bands that differ from the base polymer,
providing chemical information about the compounds present in the formulation [97].
The results showed a high level of similarity between the two formulations that both
maintained the pure polymer characters, with slight shifts of some of the signals. There
was no change in the chemical environment of the bonds after the encapsulation process,
including the intermolecular interactions between the functional groups of the polymers
(Figures 2A and S3A). The analysis of the NPs by ATR-FTIR showed that the encapsulation
process did not affect the polymers and that the peak signals of each pure polymer were
maintained, with minor shifts typical of the encapsulation process without alterations in
the polymeric structure. This study showed that nanoparticles maintained the typical
fingerprints of pure polymers, with slight shifts in some signals due to the modification in
the chemical environment of the bonds after the encapsulation process. Small changes in
ATR-IR spectra suggest that the structure and function of the polymers were unaffected.

Figure 2. Cont.
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Figure 2. Physicochemical characterization of nanoformulations. (A) ATR-FTIR of empty CS and CS
NPs encapsulating rhIFNa-2b and rhIFN-γ. (B) Thermal analysis of the CS NPs. The graph describes
the temperatures reached in Differential Scanning Calorimetry for empty NPs and encapsulating
rhIFNα-2b and rhIFN-γ. (C) Release kinetics of CS NPs + rhIFNα-2b and rhIFN-γ up to 14 days.
Error bars represent mean ± SD (n = 3). The Micro BCA Protein Assay Kit quantification method
was used.

3.1.5. Thermal Analysis by Differential Scanning Calorimetry (DSC)

Thermal stability was also investigated in polymers, empty nanoparticles, and protein
encapsulation, a technique linked to stability, transition during encapsulation, and thermal
degradation [98]. The glass transition temperature (Tg) was characterized to determine
the stability and behavior of the polymers used and the formulations obtained at high
temperatures. The empty NPs and the one encapsulating the interferons were exposed to
temperatures from 25 ◦C to 270 ◦C at a heating rate of 20 ◦C/min. The thermogram of CS
NPs with a 1% (w/v) LMW chitosan core coated with 10% (w/v) PVP-40000 showed a Tg
of 94.65 ◦C (Figures 2B and S3B). This result could be related to the plasticizing effect of the
encapsulated proteins [99,100].

The thermal analysis results were as expected for amorphous and hygroscopic sub-
stances, with an endothermic effect of 90–140 ◦C due to the dehydration of the poly-
mer [101,102]. The melting point of the endothermic peaks was 95.41 ◦C, indicating their
crystalline nature. The Tg of the NPs encapsulating both interferons decreased. This analy-
sis of the Tg of the biopolymers and their blends with each other predicts their dependence
on water. It evidences the protective relationship between intra- and inter-macromolecular
hydrogen bonds, dipole–dipole interactions, and plasticization functions [100]. The physi-
cal behavior of the proposed formulations and storage conditions were characterized [103].
Zhao, Duan [58] demonstrated slower and more stable thermal degradation during synthe-
sis and encapsulation than polymer alone. The elaborated solid nanoparticles were stable
at high temperatures with fluctuations very close to the Tg of the base polymers, allowing
their use in other pharmaceutical forms, such as lyophilized or tablet forms, in the future.

3.1.6. Evaluation of the In Vitro Nanoformulation Release Kinetics

One of the most critical challenges in evaluating the properties of nanoformulations is
release kinetics [104]. It is crucial to consider the physiological environment accompanying
this process in an in vivo model, which is the first pharmacokinetic approximation of the
product to be evaluated [105]. The assessment of release kinetics allows for a more accurate
identification of whether the drug is released slowly and sustained or wholly released [104].
The physiological conditions of the administration site may accelerate or decelerate the
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release of the encapsulated molecule. Physiological conditions of the nasal mucosa were
estimated, with a pH of 6.8 corresponding to the target route of administration of these
formulations, and a tissue temperature of 37 ◦C throughout the experiment [106]. In this
experiment, the release of the CS formulation encapsulating rhIFNα-2b and rhIFN-γ was
compared to the QS NPs encapsulating rhIFNα-2b, corresponding to the core of the CS
formulation. The amount of protein included according to the NPs in the respective poly-
mer solution (core 2 mg/mL of rhIFNα-2b and shell 1 mg/mL of each protein), the EE
result, and the concentration of each protein were also considered. The results showed
that both formulations after 14 days continue to release proteins, and this effect lasts over
time (Figure 2C). The two formulations had a biphasic behavior, in which a sudden release
is initially dominated by the diffusion phenomenon, where a high concentration of the
proteins is released rapidly, followed by a slow and continuous release, with a greater
effect for the CS NPs [107]. A double diffusion phenomenon was demonstrated for both
formulations on the first day of the trial, with a large amount of protein released in a short
period, which was released immediately after the nanoparticle was reconstituted, followed
by a slow release in the following days. In the case of QS NPs, this behavior is due to
the amount of unencapsulated free protein. However, for CS NPs, in addition to the free
protein, the coat proteins are released immediately after the nanoparticle reconstitution.
The mucoadhesive capacity of the chitosan represented the slow release [108]. The in-
creased residence time causes the encapsulated drug to be released and absorbed slowly
and gradually, traveling through the cells and effectively entering the circulation [109]. This
sustained release is favorable for IFN-α because adverse effects are dose-dependent, and
reaching active plasma concentrations at lower doses would ensure therapeutic efficacy,
avoiding such effects [96]. Chitosan possesses a distinctive property that enables enhanced
permeation through various mechanisms, including the transient opening of epithelial tight
junctions to facilitate the penetration of hydrophilic molecules such as interferons [110].
The encapsulating matrix also influenced kinetics and PVP, contributing to the fast re-
lease due to its hydrophilic character and high solubility [38]. The outer coat polymer,
polyvinylpyrrolidone, hydrolyses and rapidly releases interferons (IFN-α and IFN-γ).

Different trials have reported two-phase release kinetics: an abrupt release during the
first few hours, followed by a slow and sustained release [111–113]. However, previous
studies of encapsulation systems failed to show significant amounts of the encapsulated
material during the first hours and only observed progressive and sustained release [39,47].
Some IFN-α formulations describe various methods of in vitro release kinetics, where the
form of encapsulation and selection of the target tissue vary with relative success such as
PLGA microspheres [114–117], copolymer micelles [118], and chitosan nanoparticles [96],
with variability in the time of slow and sustained release or complete expulsion. With
this experiment, the escape phenomenon of the encapsulated active ingredient could be
predicted, and information on the in vitro–in vivo correlation could be provided [85].

3.2. Biological Characterization of the Nanoformulations
3.2.1. Effect of Encapsulated Active Ingredients on Cell Viability

In addition to physicochemical characterization, the biological parameters of the
formulations must be known, and toxicity must be established before in vivo testing. These
toxic effects include cytokine production, inflammatory stimuli, and increased reactive
oxygen and nitrogen species [119]. An MTT-based assay [120] showed the behavior of
high-dose formulations in two cell lines: a HeLa cancer cell line and an HFF skin fibroblast
line, establishing the effect of the formulation on cell viability. The HeLa cell line was used
because of the activity of interferon-alpha in inhibiting its proliferation (apoptosis and
antiproliferative activity of encapsulated interferons) [62].

A comparison was made between dilutions of empty versus protein-containing CS
NPs at an initial concentration of 4 mg. The empty CS NP formulation in the HeLa line
tended to decrease cell viability in those encapsulating interferons concerning the empty
ones for both cell lines, but without statistical significance (Figure 3A,B). In the HFF line,
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there was statistical significance with an increase in cell viability of empty NPs for those
encapsulating protein at dilutions of 0.5 mg (t = 28.35; p = 0.0224) and 0.125 mg (t = 14;
p = 0.0454) (Figure 3C,D). For CS formulations encapsulating proteins, the decrease in cell
viability was predominant for empty NPs with greater relevance in the HeLa cell line.
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Figure 3. Viability of HeLa and HFF cell lines treated with CS NPs. (A) Viability of HeLa cells treated
with empty CS NPs. (B) Viability of HeLa cells incubated with CS NPs + rhIFNα-2b + rhIFN-γ.
(C) Viability of HFF cells treated with empty CS NPs. (D) Viability of HFF cells incubated with CS
NPs + rhIFNα-2b + rhIFN-γ. (E) Micrographs of cells with the nanoformulations. Bars represent
the mean ± SD (n = 3). Statistical significance was calculated using an independent t-test for
comparison between empty and protein-containing NPs, and one-way repeated measures ANOVA
with Bonferroni correction for the overall demonstration. The significance level set was 0.05.

An evaluation of each formulation was also performed concerning the cell viability control.
Empty CS NPs: We found a decrease in cell viability compared to the control with

significant differences for the HeLa line (F = 146.4; p < 0.0001) and the HFF line (F = 1353;
p < 0.0001). Evaluating the dilutions compared to the control in HeLa with statistical
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significance for the 4 mg, 2 mg, and 1 mg dilutions (<60%). In HFF, the 4 mg, 2 mg, 1 mg,
and 0.5 mg dilutions (<65%) had decreased viability relative to the control. The other
dilutions had no significant differences (Figure 3A,C).

CS NPs encapsulating rhIFNα-2b and rhIFN-γ: Decrease in viability compared to
the control with a significant difference: HeLa (F = 117.5; p < 0.0001) and HFF (F = 305.8;
p < 0.0001). When evaluating the dilutions compared to the control in HeLa, there was a
decrease in viability in 4 mg, 2 mg, and 1 mg (<60%) with statistical significance, and a
tendency to increase cell viability was observed in the last three dilutions (>76%). HFF
presented a decrease in viability in the 4 mg, 2 mg, and 0.5 dilutions (<55%), and in the last
two dilutions, there is a tendency to increase (73%). The other dilutions had no significant
differences (Figure 3B,D).

The formulation did not affect cell viability; there was a tendency for cell viability
to increase as the dilutions increased. The antiproliferative effect of the encapsulated
interferons in the HeLa cell line could be appreciated with a decrease in cell viability
compared to the empty formulation.

This study used high starting doses, and the results showed that the formulations
were non-toxic, as decreasing starting concentrations gradually increased cell viability.
PVP increased cell proliferation at the latter concentrations, which had greater relevance
to the formulation without active ingredients because PVP domains provide a suitable
environment for cell growth [121,122]. Cell viability was lower in the protein-encapsulated
formulations than in the empty formulations, especially in the HeLa cell line, showing
the encapsulated interferons’ anticancer action [123]. This finding is related to the release
kinetics assay that showed an initial abrupt release of the encapsulated proteins in the
first hours and decreased cell viability on HeLa cells at early concentrations. The various
forms of encapsulation reported in the literature for interferons have evaluated only the cell
viability of the formulation [47,124] and not the effect of the biological activity of the active
principle being encapsulated. In this work, we demonstrated both effects: the toxicity of
the formulations in vitro and the antitumor activity of the IFNs in a cancer cell line.

3.2.2. In Vitro Antiviral Biological Activity of Nanoformulations

In addition to the structural characteristics that define the properties of a nanoformu-
lation, the determination of biological activity and structural stability are parameters to
be considered in an encapsulated system [125]. The analysis of antiviral activity for the
CS formulation encapsulating rhIFNα-2b and rhIFN-γ was performed independently for
both interferons. The antiviral activity of the encapsulated proteins was then evaluated
by comparing them with the respective standards (Figure S4). The cytotoxicity inhibition
assay was used in HEp-2 cells exposed to the Mengo virus. The amount of protein added
to each polymeric solution and the result of the EE were quantified.

The titer of rhIFNα-2b equal to 1.032 × 104 IU/mL was calculated for this formulation.
Once the sample titer of rhIFNα-2b was obtained, the value was multiplied by 0.33 µg/mL,
the concentration at which the initial samples of encapsulated rhIFNα-2b were evaluated.
With this value, the specific activity of the rhIFNα-2b encapsulated in the CS NPs was
determined to be equal to 3.13 × 108 IU/mg (Figure 4A,B). For rhIFN-γ, the commercial
rhIFN-γ standard was taken as a reference, with an initial concentration of 0.033 µg/mL,
and the titer of rhIFN-γ in (IU)/mL was calculated with a value of 1.51 × 107 IU/mL.
The titer was multiplied by 0.033 µg/mL, the concentration at which the initial sample
was evaluated before assay dilutions were performed (Figure 4B). The specific activity of
the encapsulated rhIFN-γ was 9.1 × 1010 IU/mg (Figure 4A,B). The same procedure was
employed for the determination of the antiviral activity of the control, which corresponds
to the CS core (QS NPs encapsulating rhIFNα-2b) (see Figure 4C,D). By comparing these
results with the titer and specific activity of the standard interferons as appropriate, it was
evident that the two encapsulated proteins have similar antiviral activity to the standards.
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Figure 4. Evaluation of the antiviral activity of the nanoformulations. (A) Antiviral activity of
interferons in the CS formulation. (B) Interferon titers and specific activity of the standards and the
formulation. (C) Antiviral activity of rhIFNα-2b in the QS NPs. (D) IFN-α titers and specific activity
of the standards and the formulation. Error bars represent mean ± SD (n = 3).

The assay showed that the encapsulation process did not affect the specific activity
of the interferons, and the encapsulated proteins maintained biological efficacy, with titer
and particular activity in similar ranges to the standards. This method is very similar to
other studies that refer to encapsulated interferons exerting antiviral action identical to
the unencapsulated protein [96,126–130]. Investigations on IFN-α encapsulations revealed
plasma concentrations comparable to the levels reached by free IFN via the systemic
route [96,126]. In the same study, the molecule was detectable in plasma at 0.5 h with
a concentration similar to that quantified after subcutaneous administration of free IFN-
α [126]. These findings confirm that encapsulation protects IFNs and preserves activity in
in vitro studies; however, the correlation between in vitro and in vivo studies should be
explored [129].

3.2.3. Confocal Microscopy Study of the Interaction of CS NPs

Confocal microscopy stands out among the different experiments used to assess the
dynamics of cellular uptake and localization of nanoparticles in vitro (i.e., cell membrane,
cytoplasm, or nucleus) and relate it to biological activity [131]. The visualization technique
uniquely combines minimally invasive optical access to the nanoscale internal structure and
dynamics of cells and tissues with molecular detection specificity [132]. The behavior of CS
NPs encapsulating interferon alpha and gamma interferon in interactions with live cells,
specifically HEp-2 cells, was analyzed by confocal microscopy. Only the rhIFNα-2b protein
was framed as it was represented in the shell and core of the NPs. At a concentration of
250 µg/mL, HEp-2 cells were treated for 24 h. After a confluence of 50 × 104 empty CS
NPs and CS NPs rhIFNα-2b + FITC (green fluorescence) and as a negative control, HEp-2
cells in DMEM medium (image not shown) were applied as treatments. At 24 h after
treatment, nuclei were stained with Hoechst DNA intercalating dye (blue fluorescence)
and mitochondria MitoTracker® Red (red fluorescence). Images obtained on empty CS
NPs show rounded nuclei with blue coloration corresponding to nucleic acids, material
within the nuclear membrane, numerous mitochondria around the cytoplasm, and normal
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morphology with uniform co-localization. Well-defined cells and their organelles are
distinguishable in co-localization and brightfield, and no FITC labeling exists (Figure 5A,B).
We can affirm that the formulation is not toxic in the HEp-2 cell line. In the images of the CS
NPs encapsulating the two interferons, Hoechst staining showed subcellular localization of
nucleic acids and scattered nuclei showing non-rounded structures (blue deformed nucleic
acid) pyknotic nuclei without nuclear membrane definition, with the display of chromatin
condensation in the form of dark spots and a significant reduction in cytoplasmic volume.
Mitochondria stained with MitoTracker® Red are scattered in the cytoplasm; they are small
and few have cytoplasmic disruption. The cells are in the process of apoptosis and cell
death (Figure 5C,D). The FITC-labeled particles are outside the cells, and the protein does
not enter the cytoplasm. In co-localization, nucleic acids are scattered without a membrane,
cells are grainy, and apoptotic nuclei are small, fragmented, and highly textured, with
decreased cell numbers compared to the control. Disruption and cell damage with potential
anticancer effects are distinguished in brightfield cytoplasm.

50 �m50 �m 50 �m50 �m 50 �m

100 �m 100 �m 100 �m

50 �m50 �m50 �m

100 �m100 �m 100 �m100 �m100 �m

100 �m 100 �m

50 �m 50 �m

A

B

C

D

Hoechst MitoTracker® FITC Merged Bright field

Figure 5. Confocal microscopy of the CS core-shell NPs formulation with FITC-labeled rhIFNα-
2b. (A) Cells treated with empty CS NPs at 20× magnification. (B) Cells treated with empty CS
NPs at 60× magnification. (C) CS NPs formulation encapsulating rhIFNα-2b and rhIFN-γ at 20×
magnification. (D) CS NPs formulation encapsulating rhIFNα-2b and rhIFN-γ at 60× magnification.

The results showed that the empty formulation allowed a complete visualization of the
labeled structures (nucleus and mitochondria), evidencing that the polymer combination
was harmless to the cells. However, the formulation encapsulating the interferons reaf-
firmed that the protein was labeled with FITC and outside the cell, i.e., the nanoparticle was
not internalized. To exert their action, interferons must be released into the extracellular
medium because their receptors are located at the membrane level, and from there, the sig-
naling cascade begins; in this design, to fulfill this action, the internalization of the NPs into
the cells is not desired [133]. The most relevant aspect of this experiment was the contrast
with the images of empty CS core-shell NPs and CS NPs encapsulating interferons. The
latter formulation showed the development of an apoptotic process, with the destruction
of the nucleus and nucleic acids and a decrease in mitochondria and programmed cell
death, showing a potential anticancer effect. Type I IFNs influence NK cells’ maturation,
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homeostasis, and activation, eliminating tumor cells through other immune cells or the
tumor microenvironment [134–136]. The antiproliferative effect of interferons has been
widely described in in vitro and in vivo studies, including HEp-2 cells [137,138]. The thera-
peutic application of interferons is the most commonly used and approved for anticancer
therapies [24]. This work demonstrates encapsulated interferons’ potential antiproliferative
activity through cell viability and confocal microscopy. Therefore, this nanoformulation
could have another therapeutic application.

We can conclude that the empty formulations combining these two polymers were
innocuous for this cell line. The formulations encapsulated with both proteins again showed
interferons’ antiproliferative cytotoxic effect on cancer cells.

3.2.4. Stability of Nanoformulations Under Accelerated Conditions

This experiment was performed to verify whether the nanoparticles maintained the
biological activity of the encapsulated active principle at different Celsius degrees. Cells
were treated with the CS NPs with rhIFNα-2b, rhIFN-γ, and the respective controls. A
sigmoid curve was obtained that determined the value of the EC50 (Figures 6 and S5). The
analysis showed that the nanoparticles under stress conditions at different temperatures,
4 ◦C, 16 ◦C, 25 ◦C, 30 ◦C, and 37 ◦C remained stable for 18 days with excellent biological
activity, which was found by calculating the EC50 (Tables S4–S6). The nanoparticles were
stable under accelerated conditions for 18 days at all temperatures. There were no signif-
icant biological activity differences, so it can be inferred that encapsulation protects the
active principle.
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Figure 6. Stability under accelerated conditions of CS NPs + rhIFNα-2b + rhIFN-γ. Log (dilution)
plot of the stability results of CS NPs encapsulating rhIFNα-2b and rhIFN-γ. Error bars represent
mean ± SD (three replicates).

Stability is a critical aspect of ensuring the formulation’s safety and efficacy. It is closely
related to the dosage [68] and should be evaluated under storage conditions [139]. In our
work, we previously performed a thermal analysis using Differential Scanning Calorimetry
of the formulations, which proved stable at temperatures close to 100 ◦C. Next, in the
Stability of Nanoformulations Under Accelerated Conditions experiment, we evaluated
the formulations’ stability by determining the encapsulated proteins’ antiviral activity
and comparing them with the respective standards. The nanoparticles retained similar
biological activity to the standards, demonstrated through the calculation of the EC50. The
nanoparticles were stable under accelerated conditions for 18 days for all temperatures
evaluated, so it can be inferred that the encapsulation protects the active principle from
degradation with a positive effect on the pharmacokinetics [128].
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3.3. Initial Safety Evaluation of NPs in Animal Models Such as Oryctolagus Cuniculus and Ovis aries

These nano-encapsulated formulations were designed for future human use; thus,
initial toxicity had to be predicted in relation to the active ingredients. The experiment
should be performed in an animal model that faithfully represents the pathophysiology
of the human disorder and analyses the preliminary efficacy in vitro, followed by in vivo
testing to determine the nanoparticle toxicity profile, especially if no previous data were
available [140,141].

We evaluated the in vivo toxicity of the nanoformulation applied to the nasal route
in two experiments: the first determined the mucosal irritant potential in rabbits and the
second studied the safety on a sheep higher organism model.

In all in vitro experiments conducted in this research, the most successful formulation
concerning the control, corresponding to the CS core, was the CS NPs, which encapsulate
IFNs. Therefore, we selected these NPs for in vivo studies. It is important to note that the
toxicological characterization of the active ingredients of these formulations has already
been conducted, and their safety in animal models has been established. Both studies eval-
uated the treatment design, the effect on the entry route (harmlessness or irritability), and
the first signs of nanoparticle distribution. For these trials, we used CS NPs encapsulating
rhIFNα-2b and rhIFN-γ [140], and the intranasal human dose of IFN alpha 2b (Intron A)
was considered at 1.7 × 108 IU [142,143].

3.3.1. Study of the Mucosal Irritant Potential of CS NPs in Rabbits

The rabbits were evaluated for the weight variable for four weeks (Figure 7A), and
the relationship between the body weight variable and the treatment groups per week
was established. The control groups (Group I and Group II) had similar behavior in the
four weeks. Group II Placebo (saline) as Group III (empty NPs) constituted controls for
Group IV CS NPs (rhIFNα-2b-rhIFN-γ) and Group V (interferons in solution). Groups III
and IV showed a trend toward weight recovery throughout the study. Group V started
with higher weight values than the other groups and remained with similar figures until
the end of the trial. The mean weight at week 1 vs week 4 was compared between the
groups, and no significant differences were found (p > 0.0125) (Table S7). The proposed
treatment scheme did not affect the weight of the animals, but rather, there was a trend
toward weight gain without statistical significance. The average temperatures ranged
between 37.3 ◦C and 38.9 ◦C during the 28 days of the trial (Figure 7B). The average
temperature in each treatment group and at the different evaluation times did not differ
significantly. Within each group, the oscillations of the initial and final temperatures were
checked to determine if there were differences related to any group, with no significant
differences. When comparing the temperatures at the different times measured in each of
the groups, it was found that there was no group effect (p = 0.388), but there was a time effect
(p = 0.000), and the temperature fluctuations were analyzed at intervals of every two days
during the 28 days employing the Sign-Test (analysis aimed at evaluating the time effect).
Significant differences in temperature fluctuations were found between the following
intervals: days 2–4 (p = 0.003), 8–10 (p = 0.004), 14–16 (p = 0.023), and 22–24 (p = 0.043),
with a significant increase in temperature. The variable was significantly decreased for the
interval 12–14 (p = 0.035) and 20–22 (p = 0.011). The other intervals showed no significant
differences (Figure 7C). Temperature variations were observed, which increased in the days
of inoculation of the treatment. A response indicated the active principle’s activity and
the treatment’s acceptability. Finally, basal temperature levels were recovered in the days
following treatment. The animals had no behavioral changes or stigmata during the trial.
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Figure 7. Mucosal irritability test in rabbits. (A) Relationship between organ weight and time for
each treatment group. Data are expressed as mean ± SD (three replicates). Treatment groups were
compared through a one-way ANOVA. The statistical significance set was α = 0.05. (B) Relationship
between temperature ◦C and behavior according to the treatment groups. (C) The relationship be-
tween temperature in ◦C and behavior at intervals of every two days among the animals was analyzed
using a non-parametric sign-test. The statistical significance set was α = 0.05. (D) Histopathological
study, Group I: Control. Ciliated pseudostratified epithelium (1) with abundant chaliciform cells
and a small erosion zone (4). Blood vessels with mild congestion (2), the lamina propria shows mild
leukocyte infiltrate (3). (E) Histopathological study, Group II: Placebo. Ciliated pseudostratified
epithelium (1) with normal appearance. Blood vessels with mild congestion (2) and a slight focal
hemorrhage (3). (F) Histopathological study, Group III: empty CS NPs. Ciliated pseudostratified
epithelium (1) with normal appearance. Blood vessels with mild congestion (2) and edema of lamina
propria (3). (G) Histopathological study, Group IV: CS NPs + rh rhIFNα-2b + rhIFN-γ. Ciliated
pseudostratified epithelium (1) with normal appearance. Blood vessels with mild congestion (2) and
edema of lamina propria (3). (H) Histopathological study, Group V: rhIFNα-2b and rhIFN-γ in
solution. Ciliated pseudostratified epithelium (1) with normal appearance. Blood vessels with mild
congestion (2), mild edema of lamina propria (3), and leukocyte infiltrate (4).

3.3.2. Histopathological Study in Rabbits

The macroscopic evaluation analyzed the respiratory, digestive, urinary, circulatory,
lymphatic, and skeletal muscle systems. Some internal organs were weighed for anatomic-
morphological characterization (liver, kidney, heart, and lung). Organ weights were
grouped according to treatment groups (Table S8). Liver (F = 0.35, p = 0.84), kidney
(F = 0.29, p = 0.88), lung (F = 0.44, p = 0.77), and heart (F = 0.87, p = 0.51) weights showed
no significant differences between treatment groups. No specific macroscopic lesions were
observed in organs and systems.

Microscopic analysis was performed on the nasal mucosa, and criteria such as epithe-
lium, leukocyte infiltration, vascular congestion, and edema were described as defining
the state of the tissue. Most sections were regular, and the rest had minor damage to the
epithelia, consisting of mild local erosions and cellular degeneration. All samples showed
vascular congestion ranging from minimal to medium, typical of tissues with high blood
supply. Unevenly distributed lesions between the treatment and control groups indicated
no differences or pathological damage associated with the treatment. The observed focal
lesions could be associated with environmental agents’ damage and not the treatments’
effects (Figure 7D–H).
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We can conclude that the rabbits did not show irritability of the nasal mucosa, so the
study was safe with no toxicity to the animals tested in the different groups. It was also
demonstrated that the route of administration was safe for the formulation tested.

3.3.3. Safety Study of CS NPs in Sheep

Of the 16 animals studied, 14 gained weight during the trial and 2 did not (sheep
1 group I and sheep 9 group IV interferons). When the body weight variable was evaluated
statistically, it presented a normal distribution. The weight behavior during the study, when
comparing the beginning and the end of the treatment (F = 0.858, p = 0.489; F = 0.703 p = 0.568),
did not show significant differences in the two times evaluated (Table S9). For the average
weights between the groups at each time evaluated, it was shown that there were no
significant differences. Still, when comparing the average weight at the beginning vs. the
end in each of the treatment groups, significant differences were found for Group 3 (CS
NPs + rhIFNα-2b + rhIFN-γ) (p =0.037 < 0.05). However, the animals’ weight increased at
the end of the treatment, which speaks in favor of the formulation’s safety (Table S9).

Concerning the average temperature between the groups at each of the times evaluated,
it was found that there were no significant differences, there was no group effect, and there
was no time effect. In the analysis of the Sign-Test to evaluate the time effect between
intervals of every two days, significance was found in the following periods: 2–4 (p = 0.007),
10–12 (p = 0.004), and 24–26 (p = 0.007), with a significant increase in temperature (Figure 8A).
For intervals 6 and 8 (p = 0.021), there was a significant decrease and a decreasing trend in
the range 12–14. The other intervals showed no significant differences.
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Figure 8. Safety study of the nanoformulations in higher organisms (sheep). (A) The relationship
between temperature in ◦C and behavior at intervals of every two days among the animals was analyzed
using a non-parametric sign-test. (B) Rhinoscopy of a sheep from Group I: Control. The nasal mucosa
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was observed without alterations, showing melanosis, a mucosal trait corresponding to the racial
type, without other abnormalities. (C) Rhinoscopy of a sheep from Group III: Treatment with CS
NPs + rhIFNα-2b + rhIFN-γ. It was observed that the nasal mucosa did not present alterations
at any time. (D) Histopathological study, Group I: Control. Sample of nasal vestibule, slightly
keratinized stratified epithelium (1). Mildly congestive blood vessels (2) and slight edema in the
lamina propria (3). (E) Histopathological study, Group II: empty CS NPs. Sample of nasal vestibule,
slightly keratinized stratified epithelium (1). Unaltered blood vessels (2) and normal-looking lamina
propria (3). Mild leukocyte infiltrate (4). (F) Histopathological study, Group III: CS NPs + rhIFNα-2b
+ rhIFN-γ. Sample of nasal vestibule, slightly keratinized stratified epithelium (1). Unaltered blood
vessels (2) and normal-looking lamina propria (3). (G) Histopathological study, Group IV: rhIFNα-2b
and rhIFN-γ in solution. Sample of nasal vestibule, slightly keratinized stratified epithelium (1). Mild
edema in lamina propria (2) and normal-looking hair follicle (3).

3.3.4. Histopathological Study in Sheep

Macroscopic evaluation of the tissue was performed by nasal endoscopy (rhinoscopy)
direct visualization of the nasal structures and nasosinusal anatomy. The sheep in the
control group underwent rhinoscopy on days 0 and 28, and the rest of the groups underwent
rhinoscopy on days 0, 14, and 28. No alterations were observed in any of the groups at the
evaluated times. Several ewes presented melanosis, a mucosal trait corresponding to the
racial type, without other abnormalities (Figure 8B,C).

Microscopic analysis showed no differences between the treatment and control groups,
with no lesions or damage to the nasal mucosa attributed to the treatment (Figure 8D–G).
The samples showed multiple artifacts caused by the sampling process and handling of
the animals, consisting of compression necrosis, crushing, and deformation of the tissue
and hemorrhages.

Selecting an appropriate toxicity model is a crucial step in predicting human biological
responses [144]. However, there are few scientific articles on the type of animal species
suitable for a nanoparticle that translates the intended effect to the biological activity
evaluated [145–147].

In the first trial, the rabbit was selected for the mucosal irritability study because
the nasal cavity presents superior characteristics to rodents, with similarity to the human
nasal mucosa, such as the presence of hair follicles, transitional epithelium, and resis-
tant squamous epithelium recommended to evaluate mucosal irritability [70,148]. The
treatment regimens and results obtained in our trial were similar to those in previous
studies [149–151], which used rabbits to evaluate intranasal powder formulations’ safety
in repeated-dose toxicity studies. A toxicological study with polymeric nanoparticles used
the rabbit and the nasal route in a pharmacokinetic assay [152]. However, no reports
were found to determine mucosal irritability in this model, a novelty of our research, with
suggestions for similar future studies.

Newer studies selected sheep as an animal model to evaluate the safety and efficacy of
nanoformulations, which is considered a suitable model for the intranasal route [72,153,154].
The anatomical–functional characteristics of this system describe it as a human-like tissue,
sufficiently spacious with an epithelial surface of 327 cm2 and a length of 18 cm, almost
twice the human one (7.5 cm), that allows performing procedures and inoculating powder
formulations [155].

The toxicity of nanoformulations is one of the most critical challenges limiting the clin-
ical translation of NPs [147]. The two proposed in vivo studies evaluated the formulation’s
safety equally with matching parameters, and similar results were obtained. The formula-
tion proved to be non-toxic when assessing physiological conditions in both experiments.
In both trials, temperature increased on the days of inoculation in the interferon groups
but recovered on subsequent days without intervention. Fever is interferon therapy’s
most commonly reported adverse event [156–159]. The toxicity of this formulation focused
on local analysis associated with target organ damage, and a “hard variable” histopatho-
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logical study of these experiments was performed. The analysis was conducted at the
administration site using microscopic techniques in both studies. It showed no signs of
inflammation, abnormal infiltration, or additional damage with the treatments applied
compared to negative controls, and it was exposed that the therapy was harmless to the
nasal mucosa. In vitro, studies such as cell viability assay and confocal microscopy allow
the establishment of a correlation between in vitro and in vivo assays, a critical factor in
the proposal of a new therapeutic option. In the safety evaluation of both experiments,
we can summarize that the tested doses were not toxic in animal models. This statement
supports the argument that this formulation remains a promising candidate for developing
a successful antiviral. Our studies have only explored the safety of the CS core-coated NP
formulation in two in vivo assays; therefore, the complete characterization of the preclinical
profile is required to continue with the development of this product with studies such as
acute toxicity, immunotoxicity, genotoxicity, carcinogenicity, and reproductive toxicity.

The selection of an appropriate administration route affects the proposed formulations.
Based on current evidence, intranasal administration is the most attractive and novel route
for encapsulated formulations of IFNs. This form of administration directly affects the
three biological actions of these cytokines: antiviral, antiproliferative, and immunomodula-
tory [160]. From a pharmacological point of view, this route can be used for the non-invasive
administration of drugs [161] due to the rapid absorption of most drugs, with high systemic
concentrations, and the fact that the first-pass (hepatic) metabolism present in the oral
route is avoided [162]. This has suggested the development of encapsulations for the
interferons [163].

The use of biopharmaceuticals has contributed to shortening patients’ recovery time
and improving their quality of life [28]. Recombinant proteins and antibodies are the
most abundant therapeutic bioproducts on the market [164]. Among the recombinant
therapeutic proteins, interferons have been widely supplied and demanded in the bio-
pharmaceutical market [165], with 22 different formulations approved [24,166]. Currently,
research is focused on obtaining new delivery systems for these biotherapeutics that pro-
vide adequate therapeutic concentrations, lower toxicity, and more excellent protection
of the active principle [21,22]. Several formulations have been developed to encapsulate
the IFNs [124,126,130,167], but for research purposes only in vitro and in vivo [30,128,168].
There is currently no formulation on the market that encapsulates interferons, so there is an
opportunity to demonstrate that this system increases the therapeutic potential and safety
of the drug [24].

Microparticles and nanoparticles are the most attractive formulations for intranasal
interferon administration [169]. However, there is evidence in the case of interferons that
microparticles affect the integrity of the active ingredient [170–172], showing low encap-
sulation efficiency [173–175] and abrupt or incomplete release of the protein [59,115,176]
as well as reduced biological activity [114,177,178]. Nanoparticles are a promising encap-
sulation option for these proteins [175,179]. Nanometer-level encapsulations overcome
the physical barrier of mucous membranes and penetrate effectively, protecting the active
ingredient against biological and chemical degradation. Additionally, they offer higher sta-
bility, loading capacity, encapsulation efficiency, sustained release, and bioavailability [36].
Encapsulation enables improved pharmacological activity without increasing doses, with a
more prolonged drug effect, higher bioavailability, and lower toxicity [180]. Nanoparticle
systems are very successful as a tool for developing peptide and protein delivery, capable
of improving the efficacy of established drugs and new molecules [181].

The proposed encapsulation system defines suitable therapeutic concentrations for
type I and II interferons with a sustained and controllable release that preserves their struc-
tural and biological stability. The novelty of our work is given by the combined biological
action of the interferons and the stepwise release system that allows a local and long-lasting
release of IFN-α, potentiated with another cytokine that regulates the action, IFN-γ. Utiliz-
ing PVP and chitosan in a multilayer delivery system targeting the nasal mucosa represents
a novel approach. The mechanical properties of the PVP, including flexibility and aqueous
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dispersion, are exhibited in the outer layer. Meanwhile, the core comprises chitosan, which
exhibits desirable characteristics such as mucoadhesion and potential antimicrobial activity.
This combination allows for achieving an optimal preventive and therapeutic response of
immune system activation [29], which enhances the therapeutic index of macromolecules
by creating a long-lasting delivery system [182]. This innovative approach aims to achieve
the goals of controlled drug release, prolonged half-life, targeted delivery, and unsurpassed
toxicity profile with nanoencapsulation procedures using biocompatible and biodegradable
polymers [30].

4. Conclusions

This formulation is proposed as a novel drug delivery system and demonstrates its
potential through physicochemical and biological characterization, with initial indications
of safety as a pharmaceutical product. The encapsulation of rhIFNα-2b and rhIFN-γ in a
core-shell structure by electrospray technique allowed for obtaining nanoparticles with
controllable sizes, dispersions, and surface morphologies. The encapsulation efficiency
was over 76.7%, prolonging the release of active compounds for more than two weeks
in a simulated nasal mucosal environment. The encapsulation process did not affect the
structure and function of the polymers used, and they were stable at high temperatures.
Biological parameters such as the cytotoxicity of the formulation without affecting cell
viability on two different cell lines and the anti-proliferative effect on the tumor line
were determined. The encapsulation process did not affect the specific biological activity
of the interferons, with ranges similar to standards. The cellular uptake and localization
dynamics were also evaluated, confirming that the protein was not internalized and showed
an apoptotic process with a potential anticancer effect. Stability was also investigated
as a critical aspect to ensure the safety and efficacy of the formulation, showing that the
nanoparticles were stable under accelerated conditions and that the encapsulation protected
the drug from degradation. Safety studies in vivo models showed that the formulation
was safe and caused no local or systemic damage in two animal models. Using the
inhalation route as a drug delivery system in spray formulations was confirmed, avoiding
first-pass metabolism.

We present a non-invasive intranasal inhaled dry powder formulation that does not
require a cold chain and has the potential for self-administration, with efficacy and safety.
These results are essential in an emerging or re-emerging pandemic of respiratory viral
infections (e.g., SARS-CoV-2, influenza, or respiratory syncytial virus (RSV)). The effect
of the particle is translated into a rapid and robust response against viral infections from
the first day of application, which is crucial in situations where time is a critical factor for
therapeutic success. The synergy of the two interferons enhances antiviral efficacy and may
contribute to the inhibition of cell proliferation in mucosal oncology settings. This action
has been demonstrated in two in vitro experiments, broadening this nanoformulation’s
potential applications.

This innovative approach achieves controlled drug release, prolonged half-life, tar-
geted delivery, and an optimal toxicity profile through nanoencapsulation by electrospray-
ing and the use of biocompatible and biodegradable polymers. We have a novel drug with
applications in multiple infectious, anticancer, and immunomodulatory diseases and we
intend to continue its development due to its promising therapeutic potential.

5. Patents

The patent granted in Chile No. C-2023-51583 resulted from the work reported in
this manuscript.
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under accelerated conditions of QS NPs + rhIFNα-2b. Log (dilution) plot of the stability results of
QS NPs encapsulating rhIFNα-2b; Table S6: Determination of antiviral activity under accelerated
conditions for rhIFNα-2b from QS NPs encapsulating rhIFNα-2b; Table S7: Mucosal irritability test in
rabbits. Animal weight behavior, Table S8: Mucosal irritability test in rabbits. Organ weight values
for each treatment group; Table S9: Safety study of the nanoformulations in higher organisms (sheep).
Animal weight behavior among the groups.

Author Contributions: J.R.T. and N.S.-V. contributed to the conceptualization, visualization, and
research supervision; T.I.R., C.G.-G., C.A. and E.L. contributed to the design of methodology and
experiments and advised on developing materials; T.I.R., C.A.V.-A., F.S.S. and V.M.-S. contributed to
the investigation, synthesized, characterized the nanoformulations (physicochemical and biological),
designed, analyzed, and interpreted the results of the in vitro and in vivo experiments; A.D. con-
tributed to the execution and analysis of SEM and STEM microscopy studies, histograms, imaging,
and mathematical models for the probability function; R.M. and H.R. contributed to designing and
interpreting the encapsulation efficiency results as well as designing and executing the experiments
corresponding to Fourier Transform Infrared and Differential Scanning Calorimetry Analysis; O.S.R.,
F.S.S. and V.M.-S. contributed to the design and execution of biological activity assays on formulations
and evaluation of stability under accelerated in vitro conditions; M.T.A. performed the cell viability
and confocal microscopy experiments; F.H. and I.C. conducted the in vivo toxicity studies; S.M.-S.
and C.A.V.-A. performed the statistical analysis of in vitro and in vivo experiments; C.A.V.-A. and
T.I.R. contributed to the formal analysis of the experimental results; N.C.P., T.I.R. and J.R.T. acquired
competitive funds for the execution of the project and administered the resources; T.I.R., N.S.-V.,
C.A.V.-A., L.S.-P. and S.M.-S. conceived the idea of the article and participated in the writing and
graphic design of the manuscript; N.S.-V., O.S.R. and J.R.T. contributed to the revision and editing of
the final manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The research Management Unit (UGI) from Universidad de las Fuerzas Armadas ESPE
funded this work, which also involves the Universidad de Concepción Chile (ESPE 2022-PIM-05). We
also received a grant from Agencia Nacional de Investigación y Desarrollo (ANID-Chile): Fondecyt
Regular, grant number 1201217, and a third grant from Fondecyt Postdoctoral, grant number 3220418.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Comité de Ética, Bioética y Bioseguridad of Universidad de
Concepción (CEBB 1370-2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/supplementary material; further inquiries can be directed to the corresponding authors.

Acknowledgments: We would like to thank the entire Biotechnology and Biopharmaceutical Lab-
oratory, the research and veterinary staff of the Faculty of Veterinary Sciences of the Universidad
de Concepción, and especially Sergio Donoso, anatomopathologist. We give thanks to Karla Sofía
Vizuete Armendáriz for her assistance with the images of the nanoformulations and Eddy Ernesto
González-Horta of the Division of Gastroenterology, Department of Medicine, Miller School of
Medicine, University of Miami, for the constant discussions and support throughout the research.
We thank Fátima Reyes, a researcher at the University of Concepción, for her helpful contributions to
the planning and writing of the article. We give thanks to Seidy Pedroso Santana for their help in
the formulation design and Henry Cruz of the Universidad de las Fuerzas Armadas ESPE for his
valuable support in carrying out this research.

https://www.mdpi.com/article/10.3390/pharmaceutics16111349/s1
https://www.mdpi.com/article/10.3390/pharmaceutics16111349/s1


Pharmaceutics 2024, 16, 1349 29 of 35

Conflicts of Interest: Author Nelson Santiago-Vispo works at Clinical Biotec SL, a scientific publisher,
and does not influence the content or conclusions of this research. The remaining authors declare that
the research was conducted without any financial or non-financial interests that could be construed
as a potential conflict of interest.

References
1. Chidiac, C.; Ferry, T. Agents infectieux émergents. Transfus. Clin. Biol. 2016, 23, 253–262. [CrossRef] [PubMed]
2. Petersen, E.; Petrosillo, N.; Koopmans, M.; Beeching, N.; Di Caro, A.; Gkrania-Klotsas, E.; Kantele, A.; Kohlmann, R.; Lim, P.-L.;

Markotic, A.; et al. Emerging infections—An increasingly important topic: Review by the Emerging Infections Task Force. Clin.
Microbiol. Infect. 2018, 24, 369–375. [CrossRef]

3. Tanne, J.H. US faces triple epidemic of flu, RSV, and COVID. BMJ 2022, 379, o2681. [CrossRef]
4. Adamson, C.S.; Chibale, K.; Goss, R.J.M.; Jaspars, M.; Newman, D.J.; Dorrington, R.A. Antiviral drug discovery: Preparing for the

next pandemic. Chem. Soc. Rev. 2021, 50, 3647–3655. [CrossRef]
5. Rauch, S.; Jasny, E.; Schmidt, K.E.; Petsch, B. New Vaccine Technologies to Combat Outbreak Situations. Front. Immunol. 2018,

9, 1963. [CrossRef] [PubMed]
6. Everts, M.; Cihlar, T.; Bostwick, J.R.; Whitley, R.J. Accelerating drug development: Antiviral therapies for emerging viruses as

a model. Annu. Rev. Pharmacol. Toxicol. 2017, 57, 155–169. [CrossRef]
7. Kikkert, M. Innate Immune Evasion by Human Respiratory RNA Viruses. J. Innate Immun. 2020, 12, 4–20. [CrossRef]
8. Takeuchi, O.; Akira, S. Innate immunity to virus infection. Immunol. Rev. 2009, 227, 75–86. [CrossRef] [PubMed]
9. Negishi, H.; Taniguchi, T.; Yanai, H. The Interferon (IFN) Class of Cytokines and the IFN Regulatory Factor (IRF) Transcription

Factor Family. Cold Spring Harb. Perspect. Biol. 2018, 10, a028423. [CrossRef]
10. Tian, L.; Zhao, P.; Ma, B.; Guo, G.; Sun, Y.; Xing, M. Cloning, expression and antiviral bioactivity of Red-crowned Crane

interferon-α. Gene 2014, 544, 49–55. [CrossRef]
11. Mehrotra, A.; D’Angelo, J.A.; Romney-Vanterpool, A.; Chu, T.; Bertoletti, A.; Janssen, H.L.A.; Gehring, A.J. IFN-α Suppresses

Myeloid Cytokine Production, Impairing IL-12 Production and the Ability to Support T-Cell Proliferation. J. Infect. Dis. 2020, 222,
148–157. [CrossRef] [PubMed]

12. Wang, B.X.; Fish, E.N. Global virus outbreaks: Interferons as 1st responders. Semin. Immunol. 2019, 43, 101300. [CrossRef]
[PubMed]

13. Lee, A.J.; Chen, B.; Chew, M.V.; Barra, N.G.; Shenouda, M.M.; Nham, T.; Van Rooijen, N.; Jordana, M.; Mossman, K.L.; Schreiber,
R.D.; et al. Inflammatory monocytes require type I interferon receptor signaling to activate NK cells via IL-18 during a mucosal
viral infection. J. Exp. Med. 2017, 214, 1153–1167. [CrossRef] [PubMed]

14. Iwasaki, A.; Foxman, E.F.; Molony, R.D. Early local immune defences in the respiratory tract. Nat. Rev. Immunol. 2017, 17, 7–20.
[CrossRef]

15. Ziegler, C.G.K.; Allon, S.J.; Nyquist, S.K.; Mbano, I.M.; Miao, V.N.; Tzouanas, C.N.; Cao, Y.; Yousif, A.S.; Bals, J.; Hauser, B.M.; et al.
SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is Detected in Specific Cell
Subsets across Tissues. Cell 2020, 181, 1016–1035.e1019. [CrossRef]

16. Oh, J.E.; Kim, B.-C.; Chang, D.-H.; Kwon, M.; Lee, S.Y.; Kang, D.; Kim, J.Y.; Hwang, I.; Yu, J.-W.; Nakae, S.; et al. Dysbiosis-induced
IL-33 contributes to impaired antiviral immunity in the genital mucosa. Proc. Natl. Acad. Sci. USA 2016, 113, E762–E771.
[CrossRef]

17. Borst, K.; Flindt, S.; Blank, P.; Larsen, P.-K.; Chhatbar, C.; Skerra, J.; Spanier, J.; Hirche, C.; König, M.; Alanentalo, T.; et al. Selective
reconstitution of IFN-γ gene function in Ncr1+NK cells is sufficient to control systemic vaccinia virus infection. PLoS Pathog.
2020, 16, e1008279. [CrossRef]

18. Lee, A.J.; Ashkar, A.A. The Dual Nature of Type I and Type II Interferons. Front. Immunol. 2018, 9, 2061. [CrossRef]
19. Osafo, N.; Dei, S.O. Interferon Signature Analysis. In Encyclopedia of Infection and Immunity; Rezaei, N., Ed.; Elsevier: Oxford, UK,

2022; pp. 181–190. [CrossRef]
20. Bocci, V. Evaluation of Routes of Administration of Interferon in Cancer: A Review and a Proposal. Cancer Drug Deliv. 1984, 1,

337–351. [CrossRef]
21. Lazear, H.M.; Schoggins, J.W.; Diamond, M.S. Shared and distinct functions of type I and type III interferons. Immunity 2019, 50,

907–923. [CrossRef]
22. Ramos, T.I.; Villacis-Aguirre, C.A.; López-Aguilar, K.V.; Santiago Padilla, L.; Altamirano, C.; Toledo, J.R.; Santiago Vispo, N. The

Hitchhiker’s Guide to Human Therapeutic Nanoparticle Development. Pharmaceutics 2022, 14, 247. [CrossRef] [PubMed]
23. Zazo, H.; Colino, C.I.; Lanao, J.M. Current applications of nanoparticles in infectious diseases. J. Control. Release 2016, 224, 86–102.

[CrossRef]
24. Ramos, T.I.; Villacis-Aguirre, C.A.; Santiago Vispo, N.; Santiago Padilla, L.; Pedroso Santana, S.; Parra, N.C.; Alonso, J.R.T. Forms

and Methods for Interferon’s Encapsulation. Pharmaceutics 2021, 13, 1533. [CrossRef]
25. Lembo, D.; Cavalli, R. Nanoparticulate delivery systems for antiviral drugs. Antivir. Chem. Chemother. 2010, 21, 53–70. [CrossRef]
26. Li, C.; Wang, J.; Wang, Y.; Gao, H.; Wei, G.; Huang, Y.; Yu, H.; Gan, Y.; Wang, Y.; Mei, L.; et al. Recent progress in drug delivery.

Acta Pharm. Sin. B 2019, 9, 1145–1162. [CrossRef]

https://doi.org/10.1016/j.tracli.2016.08.007
https://www.ncbi.nlm.nih.gov/pubmed/27644171
https://doi.org/10.1016/j.cmi.2017.10.035
https://doi.org/10.1136/bmj.o2681
https://doi.org/10.1039/D0CS01118E
https://doi.org/10.3389/fimmu.2018.01963
https://www.ncbi.nlm.nih.gov/pubmed/30283434
https://doi.org/10.1146/annurev-pharmtox-010716-104533
https://doi.org/10.1159/000503030
https://doi.org/10.1111/j.1600-065X.2008.00737.x
https://www.ncbi.nlm.nih.gov/pubmed/19120477
https://doi.org/10.1101/cshperspect.a028423
https://doi.org/10.1016/j.gene.2014.04.036
https://doi.org/10.1093/infdis/jiaa064
https://www.ncbi.nlm.nih.gov/pubmed/32049318
https://doi.org/10.1016/j.smim.2019.101300
https://www.ncbi.nlm.nih.gov/pubmed/31771760
https://doi.org/10.1084/jem.20160880
https://www.ncbi.nlm.nih.gov/pubmed/28264883
https://doi.org/10.1038/nri.2016.117
https://doi.org/10.1016/j.cell.2020.04.035
https://doi.org/10.1073/pnas.1518589113
https://doi.org/10.1371/journal.ppat.1008279
https://doi.org/10.3389/fimmu.2018.02061
https://doi.org/10.1016/B978-0-12-818731-9.00073-2
https://doi.org/10.1089/cdd.1984.1.337
https://doi.org/10.1016/j.immuni.2019.03.025
https://doi.org/10.3390/pharmaceutics14020247
https://www.ncbi.nlm.nih.gov/pubmed/35213980
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.3390/pharmaceutics13101533
https://doi.org/10.3851/IMP1684
https://doi.org/10.1016/j.apsb.2019.08.003


Pharmaceutics 2024, 16, 1349 30 of 35

27. Jain, A.K.; Thareja, S. In vitro and in vivo characterization of pharmaceutical nanocarriers used for drug delivery. Artif. Cells
Nanomed. Biotechnol. 2019, 47, 524–539. [CrossRef]

28. Castro, L.S.; Lobo, G.S.; Pereira, P.; Freire, M.G.; Neves, M.C.; Pedro, A.Q. Interferon-Based Biopharmaceuticals: Overview on the
Production, Purification, and Formulation. Vaccines 2021, 9, 328. [CrossRef] [PubMed]

29. Dickow, J.; Francois, S.; Kaiserling, R.-L.; Malyshkina, A.; Drexler, I.; Westendorf, A.M.; Lang, K.S.; Santiago, M.L.; Dittmer, U.;
Sutter, K. Diverse Immunomodulatory Effects of Individual IFNα Subtypes on Virus-Specific CD8+ T Cell Responses. Front.
Immunol. 2019, 10, 2255. [CrossRef] [PubMed]

30. Giri, N.; Tomar, P.; Karwasara, V.S.; Pandey, R.S.; Dixit, V.K. Targeted novel surface-modified nanoparticles for interferon delivery
for the treatment of hepatitis B. Acta Biochim. Biophys. Sin. 2011, 43, 877–883. [CrossRef]

31. Scherzad, A.; Hagen, R.; Hackenberg, S. Current understanding of nasal epithelial cell mis-differentiation. J. Inflamm. Res. 2019,
12, 309–317. [CrossRef]

32. Nantachit, N.; Sunintaboon, P.; Ubol, S. Responses of primary human nasal epithelial cells to EDIII-DENV stimulation: The first
step to intranasal dengue vaccination. Virol. J. 2016, 13, 142. [CrossRef] [PubMed]

33. Shim, S.; Yoo, H.S. The Application of Mucoadhesive Chitosan Nanoparticles in Nasal Drug Delivery. Mar. Drugs 2020, 18, 605.
[CrossRef] [PubMed]

34. Pérez-González, G.L.; Villarreal-Gómez, L.J.; Serrano-Medina, A.; Torres-Martínez, E.J.; Cornejo-Bravo, J.M. Mucoadhesive
electrospun nanofibers for drug delivery systems: Applications of polymers and the parameters’ roles. Int. J. Nanomed. 2019, 14,
5271–5285. [CrossRef] [PubMed]

35. Far, J.; Abdel-Haq, M.; Gruber, M.; Abu Ammar, A. Developing Biodegradable Nanoparticles Loaded with Mometasone Furoate
for Potential Nasal Drug Delivery. ACS Omega 2020, 5, 7432–7439. [CrossRef] [PubMed]

36. Chenthamara, D.; Subramaniam, S.; Ramakrishnan, S.G.; Krishnaswamy, S.; Essa, M.M.; Lin, F.-H.; Qoronfleh, M.W. Therapeutic
efficacy of nanoparticles and routes of administration. Biomater. Res. 2019, 23, 20. [CrossRef]

37. Islam, S.U.; Shehzad, A.; Ahmed, M.B.; Lee, Y.S. Intranasal Delivery of Nanoformulations: A Potential Way of Treatment for
Neurological Disorders. Molecules 2020, 25, 1929. [CrossRef]

38. Kurakula, M.; Rao, G. Pharmaceutical assessment of polyvinylpyrrolidone (PVP): As excipient from conventional to controlled
delivery systems with a spotlight on COVID-19 inhibition. J. Drug Deliv. Sci. Technol. 2020, 60, 102046. [CrossRef]

39. Ali, A.; Ahmed, S. A review on chitosan and its nanocomposites in drug delivery. Int. J. Biol. Macromol. 2018, 109, 273–286.
[CrossRef] [PubMed]

40. Pant, B.; Park, M.; Park, S.-J. Drug Delivery Applications of Core-Sheath Nanofibers Prepared by Coaxial Electrospinning:
A Review. Pharmaceutics 2019, 11, 305. [CrossRef]

41. Chen, J.; Qiu, Y.; Zhang, S.; Gao, Y. Dissolving microneedle-based intradermal delivery of interferon-α-2b. Drug Dev. Ind. Pharm.
2016, 42, 890–896. [CrossRef]

42. Arefin, M.K. Povidone Iodine (PVP-I) Oro-Nasal Spray: An Effective Shield for COVID-19 Protection for Health Care Worker
(HCW), for all. Indian J. Otolaryngol. Head Neck Surg. 2021, 74, 2906–2911. [CrossRef] [PubMed]

43. Bostandzhian, M.G.; Bikbulatov, R.M.; Fadeeva, L.L.; Antonova, T.N.; Kasparov, A.A. Study of the effectiveness of the action of
polyvinylpyrrolidone, polyvinyl alcohol and their combinations with interferon in various manifestations of herpetic infection.
Vopr. Virusol. 1973, 18, 211–215.

44. Elieh-Ali-Komi, D.; Hamblin, M.R. Chitin and Chitosan: Production and Application of Versatile Biomedical Nanomaterials.
Int. J. Adv. Res. 2016, 4, 411–427.

45. Ma, L.; Shi, X.; Zhang, X.; Li, L. Electrospinning of polycaprolacton/chitosan core-shell nanofibers by a stable emulsion system.
Colloids Surf. A Physicochem. Eng. Asp. 2019, 583, 123956. [CrossRef]

46. Bellich, B.; D’Agostino, I.; Semeraro, S.; Gamini, A.; Cesàro, A. “The Good, the Bad and the Ugly” of Chitosans. Mar. Drugs 2016,
14, 99. [CrossRef]

47. Pedroso-Santana, S.; Lamazares Arcia, E.; Fleitas-Salazar, N.; Gancino Guevara, M.; Mansilla, R.; Gómez-Gaete, C.; Altamirano,
C.; Fernandez, K.; Ruiz, A.; Toledo Alonso, J.R. Polymeric nanoencapsulation of alpha interferon increases drug bioavailability
and induces a sustained antiviral response in vivo. Mater. Sci. Eng. C 2020, 116, 111260. [CrossRef]

48. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;
Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnol.
2018, 16, 71. [CrossRef]

49. European Pharmacopoeia (EP) Reference Standard. Available online: https://www.sigmaaldrich.com/EC/es/product/sial/i032
0301 (accessed on 9 May 2021).

50. Invitrogen: Human IFN-Gamma Recombinant Protein. Available online: https://www.thermofisher.com/antibody/product/
Human-IFN-gamma-Recombinant-Protein/RP-8607 (accessed on 9 May 2021).

51. Vanharova, L.; Julinova, M.; Slavik, R. PVP Based Materials: Biodegradation in Different Environments. Ecol. Chem. Eng. S 2017,
24, 299–309. [CrossRef]

52. Elkomy, M.H.; Khallaf, R.A.; Mahmoud, M.O.; Hussein, R.R.S.; El-Kalaawy, A.M.; Abdel-Razik, A.H.; Aboud, H.M. Intratracheally
Inhalable Nifedipine-Loaded Chitosan-PLGA Nanocomposites as a Promising Nanoplatform for Lung Targeting: Snowballed
Protection via Regulation of TGF-β/β-Catenin Pathway in Bleomycin-Induced Pulmonary Fibrosis. Pharmaceuticals 2021, 14, 1225.
[CrossRef]

https://doi.org/10.1080/21691401.2018.1561457
https://doi.org/10.3390/vaccines9040328
https://www.ncbi.nlm.nih.gov/pubmed/33915863
https://doi.org/10.3389/fimmu.2019.02255
https://www.ncbi.nlm.nih.gov/pubmed/31608062
https://doi.org/10.1093/abbs/gmr082
https://doi.org/10.2147/JIR.S180853
https://doi.org/10.1186/s12985-016-0598-z
https://www.ncbi.nlm.nih.gov/pubmed/27538960
https://doi.org/10.3390/md18120605
https://www.ncbi.nlm.nih.gov/pubmed/33260406
https://doi.org/10.2147/IJN.S193328
https://www.ncbi.nlm.nih.gov/pubmed/31409989
https://doi.org/10.1021/acsomega.0c00111
https://www.ncbi.nlm.nih.gov/pubmed/32280885
https://doi.org/10.1186/s40824-019-0166-x
https://doi.org/10.3390/molecules25081929
https://doi.org/10.1016/j.jddst.2020.102046
https://doi.org/10.1016/j.ijbiomac.2017.12.078
https://www.ncbi.nlm.nih.gov/pubmed/29248555
https://doi.org/10.3390/pharmaceutics11070305
https://doi.org/10.3109/03639045.2015.1096282
https://doi.org/10.1007/s12070-021-02525-9
https://www.ncbi.nlm.nih.gov/pubmed/33846691
https://doi.org/10.1016/j.colsurfa.2019.123956
https://doi.org/10.3390/md14050099
https://doi.org/10.1016/j.msec.2020.111260
https://doi.org/10.1186/s12951-018-0392-8
https://www.sigmaaldrich.com/EC/es/product/sial/i0320301
https://www.sigmaaldrich.com/EC/es/product/sial/i0320301
https://www.thermofisher.com/antibody/product/Human-IFN-gamma-Recombinant-Protein/RP-8607
https://www.thermofisher.com/antibody/product/Human-IFN-gamma-Recombinant-Protein/RP-8607
https://doi.org/10.1515/eces-2017-0021
https://doi.org/10.3390/ph14121225


Pharmaceutics 2024, 16, 1349 31 of 35

53. Cao, Y.; Liu, F.; Chen, Y.; Yu, T.; Lou, D.; Guo, Y.; Li, P.; Wang, Z.; Ran, H. Drug release from core-shell PVA/silk fibroin
nanoparticles fabricated by one-step electrospraying. Sci. Rep. 2017, 7, 11913. [CrossRef]

54. Bowman, A.W.; Azzalini, A. Applied Smoothing Techniques for Data Analysis; Oxford University Press Oxford: Oxford, UK, 1997.
55. Pedroso-Santana, S.; Sarabia-Saínz, A.; Fleitas-Salazar, N.; Santacruz-Gómez, K.; Acosta-Elías, M.; Pedroza-Montero, M.; Riera, R.

Deagglomeration and characterization of detonation nanodiamonds for biomedical applications. J. Appl. Biomed. 2017, 15, 15–21.
[CrossRef]

56. Tiernan, H.; Byrne, B.; Kazarian, S.G. ATR-FTIR spectroscopy and spectroscopic imaging for the analysis of biopharmaceuticals.
Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 241, 118636. [CrossRef]

57. Ho, L.Y.; Lim, Y.Y.; Tan, C.P.; Siow, L.F. Effects of spray-, oven-, and freeze drying on the physicochemical properties of poorly
aqueous-soluble xanthone encapsulated by coacervation: A comparative study. Dry. Technol. 2022, 40, 505–515. [CrossRef]

58. Zhao, L.; Duan, X.; Cao, W.; Ren, X.; Ren, G.; Liu, P.; Chen, J. Effects of Different Drying Methods on the Characterization,
Dissolution Rate and Antioxidant Activity of Ursolic Acid-Loaded Chitosan Nanoparticles. Foods 2021, 10, 2470. [CrossRef]

59. Liang, J.; Li, F.; Fang, Y.; Yang, W.; An, X.; Zhao, L.; Xin, Z.; Cao, L.; Hu, Q. Synthesis, characterization and cytotoxicity studies of
chitosan-coated tea polyphenols nanoparticles. Colloids Surf. B Biointerfaces 2011, 82, 297–301. [CrossRef]

60. Thermo Fisher Scientific Inc. Micro BCA Protein Assay Kit. Available online: https://assets.thermofisher.com/TFS-Assets/LSG/
manuals/MAN0011237_Micro_BCA_Protein_Asy_UG.pdf (accessed on 14 July 2021).

61. van de Loosdrecht, A.A.; Beelen, R.H.J.; Ossenkoppele, G.J.; Broekhoven, M.G.; Langenhuijsen, M.M.A.C. A tetrazolium-based
colorimetric MTT assay to quantitate human monocyte mediated cytotoxicity against leukemic cells from cell lines and patients
with acute myeloid leukemia. J. Immunol. Methods 1994, 174, 311–320. [CrossRef] [PubMed]

62. Shi, W.-Y.; Cao, C.; Liu, L. Interferon α Induces the Apoptosis of Cervical Cancer HeLa Cells by Activating both the Intrinsic
Mitochondrial Pathway and Endoplasmic Reticulum Stress-Induced Pathway. Int. J. Mol. Sci. 2016, 17, 1832. [CrossRef] [PubMed]

63. Gong, P. Chapter Eight—Structural basis of viral RNA-dependent RNA polymerase nucleotide addition cycle in picornaviruses.
In The Enzymes; Cameron, C.E., Arnold, J.J., Kaguni, L.S., Eds.; Academic Press: Cambridge, MA, USA, 2021; pp. 215–233.

64. Pestka, S.; Baron, S. Definition and classification of the interferons. In Methods in Enzymology; Academic Press: Cambridge, MA,
USA, 1981; pp. 3–14.

65. Di Veroli, G.Y.; Fornari, C.; Goldlust, I.; Mills, G.; Koh, S.B.; Bramhall, J.L.; Richards, F.M.; Jodrell, D.I. An automated fitting
procedure and software for dose-response curves with multiphasic features. Sci. Rep. 2015, 5, 14701. [CrossRef]

66. Barbero, N.; Barolo, C.; Viscardi, G. Bovine serum albumin bioconjugation with FITC. World J. Chem. Educ. 2016, 4, 80–85.
[CrossRef]

67. Pedroso-Santana, S.; Fleitas-Salazar, N. Ionotropic gelation method in the synthesis of nanoparticles/microparticles for biomedical
purposes. Polym. Int. 2020, 69, 443–447. [CrossRef]

68. WHO. Stability Testing of Active Pharmaceutical Ingredients and Finished Pharmaceutical Products; WHO Technical Report Series,
No. 953, Annex 2; WHO: Geneva, Switzerland, 2015.

69. Nornadiah, M.R.; Wah, Y.B. Power Comparisons of Shapiro-Wilk, Kolmogorov-Smirnov, Lilliefors and Anderson-Darling Tests; Teknologi
MARA University: Selangor, Malasia, 2011.

70. Yamagiwa, Y.; Kurata, M.; Satoh, H. Histological Features of the Nasal Passage in Juvenile Japanese White Rabbits. Toxicol. Pathol.
2022, 50, 218–231. [CrossRef]

71. Murkunde, Y.V. Necropsy Procedures for Laboratory Animals. In Essentials of Laboratory Animal Science: Principles and Practices;
Nagarajan, P., Gudde, R., Srinivasan, R., Eds.; Springer: Singapore, 2021; pp. 743–781. [CrossRef]

72. Costa, C.P.; Moreira, J.N.; Sousa Lobo, J.M.; Silva, A.C. Intranasal delivery of nanostructured lipid carriers, solid lipid nanoparticles
and nanoemulsions: A current overview of in vivo studies. Acta Pharm. Sin. B 2021, 11, 925–940. [CrossRef]

73. Lipiäinen, T.; Peltoniemi, M.; Sarkhel, S.; Yrjönen, T.; Vuorela, H.; Urtti, A.; Juppo, A. Formulation and stability of cytokine
therapeutics. J. Pharm. Sci. 2015, 104, 307–326. [CrossRef]

74. Habibi, N.; Mauser, A.; Ko, Y.; Lahann, J. Protein Nanoparticles: Uniting the Power of Proteins with Engineering Design
Approaches. Adv. Sci. 2022, 9, e2104012. [CrossRef]

75. Rostamabadi, H.; Falsafi, S.R.; Rostamabadi, M.M.; Assadpour, E.; Jafari, S.M. Electrospraying as a novel process for the synthesis
of particles/nanoparticles loaded with poorly water-soluble bioactive molecules. Adv. Colloid Interface Sci. 2021, 290, 102384.
[CrossRef]

76. Abyadeh, M.; Aghajani, M.; Gohari Mahmoudabad, A.; Amani, A. Preparation and Optimization of Chitosan/pDNA Nanoparti-
cles Using Electrospray. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci. 2019, 89, 931–937. [CrossRef]

77. Okay, S. Single-Molecule Characterization of Drug Delivery Systems. Assay Drug Dev. Technol. 2020, 18, 56–63. [CrossRef]
78. Teulon, J.M.; Godon, C.; Chantalat, L.; Moriscot, C.; Cambedouzou, J.; Odorico, M.; Ravaux, J.; Podor, R.; Gerdil, A.; Habert, A.; et al.

On the Operational Aspects of Measuring Nanoparticle Sizes. Nanomaterials 2018, 9, 18. [CrossRef]
79. Su, D. Advanced electron microscopy characterization of nanomaterials for catalysis. Green Energy Environ. 2017, 2, 70–83.

[CrossRef]
80. Sikes, J.C.; Wonner, K.; Nicholson, A.; Cignoni, P.; Fritsch, I.; Tschulik, K. Characterization of Nanoparticles in Diverse Mixtures

Using Localized Surface Plasmon Resonance and Nanoparticle Tracking by Dark-Field Microscopy with Redox Magnetohydrody-
namics Microfluidics. ACS Phys. Chem. Au 2022, 2, 289–298. [CrossRef]

https://doi.org/10.1038/s41598-017-12351-1
https://doi.org/10.1016/j.jab.2016.09.003
https://doi.org/10.1016/j.saa.2020.118636
https://doi.org/10.1080/07373937.2020.1810697
https://doi.org/10.3390/foods10102470
https://doi.org/10.1016/j.colsurfb.2010.08.045
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0011237_Micro_BCA_Protein_Asy_UG.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/MAN0011237_Micro_BCA_Protein_Asy_UG.pdf
https://doi.org/10.1016/0022-1759(94)90034-5
https://www.ncbi.nlm.nih.gov/pubmed/8083535
https://doi.org/10.3390/ijms17111832
https://www.ncbi.nlm.nih.gov/pubmed/27827850
https://doi.org/10.1038/srep14701
https://doi.org/10.12691/wjce-4-4-3
https://doi.org/10.1002/pi.5970
https://doi.org/10.1177/01926233211068797
https://doi.org/10.1007/978-981-16-0987-9_31
https://doi.org/10.1016/j.apsb.2021.02.012
https://doi.org/10.1002/jps.24243
https://doi.org/10.1002/advs.202104012
https://doi.org/10.1016/j.cis.2021.102384
https://doi.org/10.1007/s40011-018-1009-6
https://doi.org/10.1089/adt.2018.903
https://doi.org/10.3390/nano9010018
https://doi.org/10.1016/j.gee.2017.02.001
https://doi.org/10.1021/acsphyschemau.1c00046


Pharmaceutics 2024, 16, 1349 32 of 35

81. Bandi, S.P.; Kumbhar, Y.S.; Venuganti, V.V.K. Effect of particle size and surface charge of nanoparticles in penetration through
intestinal mucus barrier. J. Nanoparticle Res. 2020, 22, 62. [CrossRef]

82. Caputo, F.; Clogston, J.; Calzolai, L.; Rösslein, M.; Prina-Mello, A. Measuring particle size distribution of nanoparticle enabled
medicinal products, the joint view of EUNCL and NCI-NCL. A step by step approach combining orthogonal measurements with
increasing complexity. J. Control. Release 2019, 299, 31–43. [CrossRef]

83. FDA. Drug Products, Including Biological Products, that Contain Nanomaterials Guidance for Industry; FDA: Silver Spring, MD, USA, 2017.
84. D’Mello, S.R.; Cruz, C.N.; Chen, M.L.; Kapoor, M.; Lee, S.L.; Tyner, K.M. The evolving landscape of drug products containing

nanomaterials in the United States. Nat. Nanotechnol. 2017, 12, 523–529. [CrossRef]
85. Clogston, J.D.; Hackley, V.A.; Prina-Mello, A.; Puri, S.; Sonzini, S.; Soo, P.L. Sizing up the Next Generation of Nanomedicines.

Pharm. Res. 2019, 37, 6. [CrossRef]
86. Khan, P.M.; Rasulev, B.; Roy, K. QSPR Modeling of the Refractive Index for Diverse Polymers Using 2D Descriptors. ACS Omega

2018, 3, 13374–13386. [CrossRef]
87. Cooley, M.; Sarode, A.; Hoore, M.; Fedosov, D.A.; Mitragotri, S.; Sen Gupta, A. Influence of particle size and shape on their

margination and wall-adhesion: Implications in drug delivery vehicle design across nano-to-micro scale. Nanoscale 2018, 10,
15350–15364. [CrossRef] [PubMed]

88. Bajpai, P. Chapter 10—Papermaking Chemistry. In Biermann’s Handbook of Pulp and Paper, 3rd ed.; Bajpai, P., Ed.; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 207–236. [CrossRef]

89. Lowry, G.V.; Hill, R.J.; Harper, S.; Rawle, A.F.; Hendren, C.O.; Klaessig, F.; Nobbmann, U.; Sayre, P.; Rumble, J. Guidance to
improve the scientific value of zeta-potential measurements in nanoEHS. Environ. Sci. Nano 2016, 3, 953–965. [CrossRef]

90. Aibani, N.; Rai, R.; Patel, P.; Cuddihy, G.; Wasan, E.K. Chitosan Nanoparticles at the Biological Interface: Implications for Drug
Delivery. Pharmaceutics 2021, 13, 1686. [CrossRef]

91. Németh, Z.; Csóka, I.; Semnani Jazani, R.; Sipos, B.; Haspel, H.; Kozma, G.; Kónya, Z.; Dobó, D.G. Quality by Design-Driven Zeta
Potential Optimisation Study of Liposomes with Charge Imparting Membrane Additives. Pharmaceutics 2022, 14, 1798. [CrossRef]

92. Ghadiri, M.; Young, P.M.; Traini, D. Strategies to Enhance Drug Absorption via Nasal and Pulmonary Routes. Pharmaceutics 2019,
11, 113. [CrossRef]

93. Ahmad, M.Z.; Sabri, A.H.B.; Anjani, Q.K.; Domínguez-Robles, J.; Abdul Latip, N.; Hamid, K.A. Design and Development of
Levodopa Loaded Polymeric Nanoparticles for Intranasal Delivery. Pharmaceuticals 2022, 15, 370. [CrossRef] [PubMed]

94. El-Say, K.M. Maximizing the encapsulation efficiency and the bioavailability of controlled-release cetirizine microspheres using
Draper-Lin small composite design. Drug Des. Dev. Ther. 2016, 10, 825–839. [CrossRef] [PubMed]

95. Gaikwad, V.; Choudhari, P.; Bhatia, N.; Bhatia, M. Nanomaterials for Drug Delivery and Therapy. Acc. Chem. Res. 2019. [CrossRef]
96. Cánepa, C.; Imperiale, J.C.; Berini, C.A.; Lewicki, M.; Sosnik, A.; Biglione, M.M. Development of a drug delivery system based on

chitosan nanoparticles for oral administration of interferon-α. Biomacromolecules 2017, 18, 3302–3309. [CrossRef]
97. Kato, Y.; Kikugawa, M.; Sudo, E. Attenuated Total Reflection Surface-Enhanced Infrared Absorption (ATR SEIRA) Spectroscopy

for the Analysis of Fatty Acids on Silver Nanoparticles. Appl. Spectrosc. 2017, 71, 2083–2091. [CrossRef]
98. Leyva-Porras, C.; Cruz-Alcantar, P.; Espinosa-Solís, V.; Martínez-Guerra, E.; Piñón-Balderrama, C.I.; Compean Martínez, I.;

Saavedra-Leos, M.Z. Application of Differential Scanning Calorimetry (DSC) and Modulated Differential Scanning Calorimetry
(MDSC) in Food and Drug Industries. Polymers 2019, 12, 5. [CrossRef]

99. Hempel, N.-J.; Merkl, P.; Knopp, M.M.; Berthelsen, R.; Teleki, A.; Hansen, A.K.; Sotiriou, G.A.; Löbmann, K. The Effect of the
Molecular Weight of Polyvinylpyrrolidone and the Model Drug on Laser-Induced In Situ Amorphization. Molecules 2021, 26, 4035.
[CrossRef] [PubMed]

100. Malkawi, R.; Malkawi, W.I.; Al-Mahmoud, Y.; Tawalbeh, J. Current Trends on Solid Dispersions: Past, Present, and Future. Adv.
Pharmacol. Pharm. Sci. 2022, 2022, 5916013. [CrossRef] [PubMed]

101. Sharma, A.; Jain, C.P. Preparation and characterization of solid dispersions of carvedilol with PVP K30. Res. Pharm. Sci. 2010, 5,
49–56.

102. Huang, B.B.; Liu, D.X.; Liu, D.K.; Wu, G. Application of Solid Dispersion Technique to Improve Solubility and Sustain Release of
Emamectin Benzoate. Molecules 2019, 24, 4315. [CrossRef]

103. Mach, P.; Geczy, A.; Polanský, R.; Bušek, D. Glass transition temperature of nanoparticle-enhanced and environmentally stressed
conductive adhesive materials for electronics assembly. J. Mater. Sci. Mater. Electron. 2019, 30, 4895–4907. [CrossRef]

104. Wojcik-Pastuszka, D.; Krzak, J.; Macikowski, B.; Berkowski, R.; Osiński, B.; Musiał, W. Evaluation of the Release Kinetics of
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