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Abstract
The outbreak of coronavirus (COVID-19) has put the world in an unprecedented scenario. To reestablish the world routine 
as promote the effective treatment of this disease, the world is looking for new (and old) drug that can efficiently kill the 
virus. In this study, we have developed two nanosystems: polymeric nanoparticles and nanomicelles-based on hydroxychlo-
roquine and azithromycin. The nanosystem was fully characterized by AFM and DLS techniques. Also, the nanosystems 
were radiolabeled with 99mTc and pulmonary applied (installation) in vivo to evaluate the biological behavior. The toxicity 
of both nanosystem were evaluated in primary cells (FGH). Finally, both nanosystems were evaluated in vitro against the 
SARS-CoV-2. The results demonstrated that the methodology used to produce the nanomicelles and the nanoparticle was 
efficient, the characterization showed a nanoparticle with a spherical shape and a medium size of 390 nm and a nanomicelle 
also with a spherical shape and a medium size of 602 nm. The nanomicelles were more efficient (~ 70%) against SARS-CoV-2 
than the nanoparticles. The radiolabeling process with 99mTc was efficient (> 95%) in both nanosystems and the pulmonary 
application demonstrated to be a viable route for both nanosystems with a local retention time of approximately, 24 h. None 
of the nanosystems showed cytotoxic effect on FGH cells, even in high doses, corroborating the safety of both nanosystems. 
Thus, claiming the benefits of the nanotechnology, especially with regard the reduced adverse we believe that the use of 
nanosystems for COVID-19 treatment can be an optimized choice.
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Introduction

Coronaviruses (CoVs) are known to mainly cause respiratory 
and gastrointestinal tract infections. Six subtypes of CoVs 
have been identified to infect humans: SARS-CoV (severe 
acute respiratory syndrome coronavirus), MERS-CoV (Mid-
dle East respiratory syndrome coronavirus), HCoV-OC43, 
HCoV-HKU1, HCoV-NL63, and HCoV-229E [1]. Late 
2019, a novel human coronavirus (SARS-CoV-2) emerged 
in Wuhan city, China and rapidly spread worldwide causing 
a global outbreak [2]. The disease caused by SARS-CoV-2, 
COVID-19, is a highly transmissible and pathogenic corona-
virus [3], which became a major global public health [4, 5]. 
The most common symptoms of SARS-CoV-2 infection are 
fever, dry cough, dyspnea, lymphopenia and fatigue [6–8] 
that can progress to severe illness leading to respiratory 
failure and acute respiratory distress syndrome (ARDS) [9, 
10]. In general, 15% of the cases progress to severe illness 
[11] and, eventually, multiple organ failure [12]. Although 
COVID-19 has lower fatality rate than SARS and MERS, the 
overall deaths from COVID-19 is far outweigh. Most peo-
ple are susceptible to the new virus since there are no pre-
existing immunity. Elderly [13] and individuals with comor-
bidities such as diabetes, hypertension, chronic obstructive 
lung disease and coronary heart disease are more prone 
to develop severe COVID-19 [8, 14]. Thus, it is of utmost 
importance to develop successful treatments to fight the pan-
demic. So far, several compounds have emerged as potential 

candidates to inhibit SARS-CoV-2 infection in vitro, and 
some of them have already entered clinical trials [15, 16]. 
Among the compounds being tested are hydroxychloroquine 
(HCQ) and azithromycin (AZT) [17].

Hydroxychloroquine (HCQ) sulfate is a derivative of 
chloroquine (CQ) with a very similar chemical structure 
but much less toxic [18]. Previous studies demonstrated the 
ability of HCQ to inhibit SARS-CoV-2 in vitro [19] and also 
in COVID-19 patients [17].According to Ou et al. [20] the 
hydroxychloroquine efficiently blocks viral entry mediated 
by cathepsin L, but not by TMPRSS2, which corroborates 
the use associated with other drug. AZT was reported to 
inhibit the replication of Zika [21, 22] and Ebola viruses 
[23] and also prevent severe upper respiratory infections 
[24]. Also, as reported by Khezri et al. [25], azithromycin 
can inhibit viral load, viral replication, mainly due its immu-
nomodulatory properties, which includes: (i) downregula-
tion of cytokine production; (ii) maintenance of epithelial 
cell integrity and (iii) prevention lung fibrosis [26]. The 
association of HCQ and AZT in the treatment of COVID-19 
patients presented a synergistic effect in reducing viral loads 
when compared to HCQ alone [17]. Recently a study from 
Arshad et al. [27] claimed that the use of HCQ plus AZT 
in positive COVID-19 patients is associated with reduction 
in mortality.

The use of nanosystems for the treatment of viruses may 
be a reliable form to increase the efficacy and reduce the 
toxicological effect of many antivirals in use [28, 29]. Due 
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to the molecular and atomically [30–33] properties of the 
nanosystems, a more facilitate delivery and uptake for the 
virus/or infected cells may be reached [34]. Also, the fact 
that nanosystems shows a large surface area [35–37], allow-
ing a highly payload [38, 39] with specific antiviral drugs 
increasing the efficacy is a desired effect. The tunable sur-
face charge [40, 41] which increases the cellular trafficking 
[42, 43], allowing the intracellular effect is also quite desir-
able. Nonetheless, is important to notice that nanosystem 
may be constructed to biomimetic several targets: cell, virus 
and bacteria, increasing the therapeutic effect. In contrast the 
highly target associated with maximum payload result in an 
increased efficacy with a reduced direct and acute adverse 
effects [44]. Osminkina et al. [45] have used porous silicon 
nanoparticles against virus infection.

In this study we designed, synthesized, characterized by 
dynamic light scattering (DLS) analysis and atomic force 
microscopy (AFM), and in vitro evaluated two nanosystems 
based on hydroxychloroquine associated with azithromycin 
(nanomicelles and nanoparticles) as a possible new strategy 
for the treatment of COVID-19. The pulmonary route has 
been also investigated in vivo by radiolabeling both nanosys-
tem with 99mTc and applying by installation direct in lungs. 
Finally, the safety aspect of both nanosystem has been evalu-
ated by performing wound-healing assay in FGH cells.

Materials and methods

Reagents

Polylactic acid (PLA), Polyvinyl alcohol (PVA) Phosphate 
buffered saline (PBS), PBS/EDTA (10 nM) freshly pre-
pared solution, Freund's complete adjuvant, Histopaque 
reagent, Pluronic F127, DMEM high glucose, bovine fetal 
serum, doxorubicin, poly-d-lysine, glucose, HEPES, cal-
cium and magnesium were purchased from Sigma Aldrich 
(St. Louis, MO, USA). Hydroxychloroquine was purchased 
from Infinity pharma and azithromycin was purchased from 
Eurofarma.

Production

Hydroxychloroquine nanomicelles

The nanomicelles dispersion of Pluronic F127 at concen-
tration of 10% (w/w) was prepared. A mass of 200 mg of 
hydroxychloroquine and 50 mg of dehydrated azithromycin 
were weighed and added to 100 ml of the micellar disper-
sion of Pluronic F127. The system was gently stirred using 
a magnetic bar (Magnetic Stirrer, IKA, C-MAG HS-7) for 
5 min and then processed for 5 min using an ultrasonic pro-
cessor (UP100H, Hielscher, Power: 60%, Cycle: 1) under 

ice bath at 10 °C. The dispersion of polymeric nanomicelles 
containing the drugs was stored in an amber flask for analy-
sis of the size and polydispersity index.

Hydroxychloroquine/azithromycin nanoparticles

To the nanoparticle’s preparation, an amount of 200 mg of 
hydroxychloroquine and 5 mg of azithromycin, 40% and 
10% of the polymer mass, respectively, were solubilized in 
1 mL 0.1 wt% PVA (Polyvinyl alcohol) (solution A). The 
PLA/PVA/hydroxychloroquine/azithromycin nanoparticles 
were prepared by double emulsion solvent evaporation. 
Thus, 1 mL of solution A was dripped into 3 mL of dichlo-
romethane, where 50 mg of PLA (Polylactic acid) (with a 
molar mass of 60,000 g/mol) were previously solubilized. 
The mixture was sonicated (UP100H, Hielscher, Teltow, 
Germany) for 1  min at 20% of amplitude to produce a 
water-in-oil (O/W) emulsion. This emulsion was emulsified 
again with 6 mL of PVA 1 wt% solution by sonication for 
2 min (20% of amplitude, UP100H, Hielscher, Teltow, Ger-
many) to produce a W/O/W emulsion. Then dichlorometh-
ane was evaporated under reduced pressure during 1 h at 
25 °C (Rotavapor R114, Buchi, Postfach, Switzerland). The 
nanoparticles were recovered by centrifugation (20,000 rpm 
for 20 min) Centrifugal Beckman Coulte TM J 25, Brea, 
California, USA) and washed twice with distilled water to 
remove the excess of PVA. Is important to point out that 
both polylactic acid (PLA) and Polyvinyl alcohol (PVA) are 
Food and Drug Administration approved polymers that have 
proven to be very versatile materials, with interesting prop-
erties such as biocompatibility and biodegradability [46, 47].

Entrapment efficacy

Hydroxychloroquine (HCQ)

The entrapment efficacy was determined by UV-spectropho-
tometry, using the methodology described by Singh et al. 
[48] and corroborated by Ferraz et al. [49]. Briefly, the 3 mL 
of 0.1 N HCl (Sigma Aldrich) was added in 2 mL of nano-
particle supernatant. The spectroscopic determination was 
conducted at a wave light of 343 nm.

Azithromycin (AZT)

The azithromycin entrapment efficacy was assessed by 
UV–Visible spectrophotometer. Briefly, 3 mL of 0.1 N HCL 
(Sigma Aldrich) was added to 2 mL of nanoparticles super-
natant, forming the solution A. Then, 1 mL of solution A 
was diluted with phosphate buffer (pH 6.8) up to 10 mL. 
Then the final solution was analyzed by UV-spectrophotom-
etry using wave light of 208 nm [50–52].
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Characterization

Average size determination by dynamic light scattering 
and zeta potential

The size distribution, mean size, and polydispersity index 
(PDI) of both nanosystem were determined by dynamic light 
scattering (DLS) using the equipment Zetasizer Nano ZS 
(Malvern Instruments, UK). Measurements were performed 
in triplicate at 25 ºC and the laser incidence angle in rela-
tion to the sample was 173º using a 12  mm2 quartz cuvette. 
The mean ± standard deviation (SD) was assessed. The zeta 
potential from each nanosystem has been performed using a 
Litesizer 500 (Anton Paar, Germany). Measurements were 
performed at 20 ºC and the laser incidence angle in relation 
to sample was 15º, using an Omega shaped cuvette. All data 
is a mean of 1000 runs.

Atomic force microscopy

An AFM (Multimode 8 microscope (Bruker, Santa Barbara, 
CA) was used to measure topography, phase and mechanical 
properties of polymeric nanoparticles and polymeric films 
containing micelles. Samples are measured in both quan-
titative nanomechanics (QNM) and intermittent (Tapping) 
modes of operation. In tapping mode (phase image), we used 
rectangular silicon cantilevers (TESP7, Bruker) with a nomi-
nal spring constant of 42 N/m. In QNM mode, (topography, 
Young’s Modulus maps, adhesion maps and energy dissipa-
tion maps) we used V shaped cantilevers (SCANASYST-
AIR, Bruker) with a nominal spring constant of 0.4 N/m. 
All images were acquired at room temperature.

To analyze the elastic components and the energy dissi-
pation due to the viscous forces of the polymeric film con-
taining micelles, approximately 196,000 force curves were 
obtained in each 30 µm map in three different regions of the 
film with 4 different indentation frequencies: 2 kHz, 1 kHz, 
0.5 kHz and 0.25 kHz. The elasticity and energy dissipation 
due to the viscosity of the sample were analyzed with the 
frequency variation.

The Young’s Modulus, E, and the logarithm of the elas-
tic modulus (LogE) is obtained by fitting the retract curve 
(Fig. 1 red dotted line) using the Derjaguin, Muller, Toropov 
(DMT) model [53] given by Eq. 1

where Ftip is the force on the tip, Fadh is the adhesion force, 
R is the tip end radius and d is the tip-sample separation.

For viscous samples, the response to the cantilever force 
is composed of an elastic and a viscous component, such that 
the work done by the cantilever is partially lost by internal 
friction, generating a hysteresis in the approach/retraction 
cycle (Fig. 1). Energy Dissipation (W) is given by the force 
times the velocity integrated over one period of the vibration 
as demonstrated in Eq. 2:

where F is the interaction force vector and dZ is the dis-
placement vector. Pure elastic deformation has no hysteresis, 
which corresponds to very low dissipation.

(1)Ftip =
4

3
E

√

Rd3 + Fadh,

(2)W = ∫
T

0

F⃗ ⋅ v⃗dt = ∫ F⃗ ⋅ dZ,

Fig. 1  Schematics of a typical 
AFM deflection-separation 
curve, exhibiting hysteresis 
between approach and retract 
curves, and adhesiveness. The 
fitting of these curves between 
a given interval of deflection 
with DMT model provides an 
estimate of the sample elasticity 
moduli E. From the hyster-
esis, we employed the method 
described below to determine 
the dissipation of energy due 
the viscosity
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Raman spectroscopy

The Raman spectra were obtained using a Triple Raman 
spectrometer (model T64000, Horiba). The instrument was 
equipped with a confocal accessory and a liquid-N2-cooled 
charge-coupled device (CCD) detector. For excitation, a 
green 532.0 nm line from a solid-state laser (LAS-532–100-
HREV) operating at 14 mW was employed. The light was 
focused on the sample using an Olympus microscopy with 
a MPLN 100 × objective lens. The spot of the scattered light 
was limited by the confocal accessory. The spectra were 
acquired in two ways: (i) at different points in the surface of 
the samples and (ii) by varying the position along the verti-
cal direction centered on a particle.

In vitro assay

Cell culture

Human gingival fibroblast (FGH) cell lines were obtained 
from Cell Bank of Rio de Janeiro, Brazil (0190). The cells 
were maintained in DMEM/F12 medium, supplemented 
with 10% FBS, NaHCO3 (3.7 g/L), HEPES (5.2 g/L), peni-
cillin (0.5 U/mL) and streptomycin (0.5 mg/mL). Cells were 
incubated at 37 °C in a humidified atmosphere of 5%  CO2. 
Cells were grown to confluence in 75  cm2 culture flasks and 
were detached by brief treatment with trypsin (0.1%)/EDTA 
(0.01%) [54].

Proliferation assay

FGH cells (5 ×  103 cells/well) were seeded and allowed to 
attach for 24 h. These cells were cultured in medium with 
10%FBS (untreated) or in medium containing nanosys-
tems or the drug (HCQ) in different concentrations (25 µg/
mL, 50 µg/mL and 100 µg/mL). After 24 h, the cells were 
washed, and the number of attached cells was determined 
using the MTT assay [54].

Wound‑healing assay

FGH cells (2 ×  105 cells) were seeded in 24-well plates and 
allowed to attach for 24 h. Wounds were created in confluent 
cells using a pipette tip. Cells were cultured in medium with 
10%FBS (untreated) or in medium containing nanosystems 
or with the drugs (HCQ) in different concentrations (25 µg/
mL, 50 µg/mL and 100 µg/mL) for another 24 h. The cul-
ture plates were incubated at 37 °C. Wound closure (%) was 
calculated using the equation: (wound closure %) = average 
of ([gap area: 0 h]-[gap area: 24 h])/[gap area: 0 h]) × 100, 
where the area at time zero (0 h) and the area after incuba-
tion time (24 h) were used to calculate the wound closure 

percentage. Image J software was used to detect the edge 
end position.

In vitro antiviral effects

Vero E6 cells (ATCC,  no 1586) were cultured in Mini-
mum Eagle’s medium (MEM; Gibco) supplemented with 
10% FBS (Gibco) and plated at 100,000 cells/well in a 48 
well plate at 37 °C with 5%  CO2 atmosphere. Twenty-four 
hours later, the supernatant was harvest and the cells were 
pre-treated for 1 h with 100μL of medium containing dif-
ferent concentrations of the nanosystems or with the drugs 
(HCQ + AZT) as control. After this period, the SARS-CoV-2 
isolate (EPI_ISL_413016) at a MOI of 0.05 was added to 
allow infection for 2 h. Then, the nanosystem-virus mixture 
was removed and the cells were washed twice with PBS 
and cultured in the presence of fresh medium for further 
48 h at 37 °C with 5%  CO2 atmosphere. The virus yield 
in culture supernatants was quantified by RT-qPCR using 
specific primers and probe against Rdrp gene according 
to RT-qPCR 2019-nCoV (Institute Pasteur protocol) [55]. 
Briefly, total RNA was isolated using QIAamp® Viral RNA 
kit (Qiagen) and the reaction was performed using Hot Start 
Go Taq® mix (Promega) in a 7500 Real-Time PCR System 
(Applied Biosystems). A standard curve was generated using 
synthetic RNA, and after determining the number of viral 
RNA copies in each sample the graphs were generated using 
the GraphPad Prism 7 software.

Pulmonary application: in vivo tissue deposition

Radiolabeling with 99mTc

The labeling process was done using 150 µg of both nanod-
rugs. Each one was incubated with stannous chloride  (SnCl2) 
solutions (80 µL/mL) (Sigma-Aldrich) for 20 min at room 
temperature. Then, to each solution has been added 100 µCi 
(approximately 300 µL) of technetium-99 m and got in touch 
for another 10 min to label their structures [56].

Quality control of the labeling process with Tc‑99 m

To confirm the efficacy of the radiolabeling process, radio 
thin layer chromatography (RTLC) was done using What-
man paper nº 1. In this regard, 2 μl of each radiolabeled 
nanoparticle: 99mTc-PLA/PVA/hydroxychloroquine/azithro-
mycin and 99mTc-hydroxychloroquine/azithromycin nanomi-
celle and acetone (Sigma-Aldrich) as mobile phase at times 
of 2 and 4 and 24 h were evaluated. The radioactivity of the 
strips was verified in a γ-counter (Perkin Elmer Wizard® 
2470, Shelton, CT City, State). The RTLC was performed 
in triplicate for each time.



268 Journal of Nanostructure in Chemistry (2023) 13:263–281

1 3

Pulmonary application

A total of 18 male naïve rats (Wistar rats) (3 animals per 
group) were anesthetized with 4.5–5.0% sevoflurane in air 
for the non-invasive intratracheal instillation of 180µL in a 
final volume of 100 μL. The maneuver was done with the 
help of a vertical restrained device as previously reported 
by Haspeslagh et al. [57]. Animals were sacrificed in 2 h, 
4 h and 24 h post injection and their organs were removed 
weighted and the radiation analyzed by γ-counter (Perkin 
Elmer  Wizard® 2470, Shelton, CT City, State).

Results

Production

Hydroxychloroquine/azithromycin nanomicelles

The result showed that the methodology used to produce 
hydroxychloroquine co-loaded with azithromycin nanomi-
celles was efficient.

Hydroxychloroquine/azithromycin nanoparticles

The result showed that the methodology used to produce 
hydroxychloroquine co-loaded with azithromycin nanopar-
ticles was efficient.

Entrapment efficacy

The entrapment efficacy showed that 72.3% of hydroxychlo-
roquine and 69.6% of the azithromycin has been loaded in 
the polymeric nanoparticles. Our research work involves 
the encapsulation of hydroxychloroquine and azithromy-
cin in nanomicelles (micellar dispersion). In the micellar 
dispersion, the polymeric surfactant (Pluronic F127) forms 
nanomicelles with hydrophobic nucleus that encapsulate 
the hydrophobic drugs. Micellar dispersions are kinetically 
stable and homogeneous. There is a technical limitation to 
separate the nanomicelles from aqueous external medium 
or dispersing medium. Therefore, we used the nanomicelle 
bulk, without any further processing and in this case was 
considered an entrapment efficiency of 100%.

Average size determination by dynamic light scattering 
and zeta potential: nanomicelle

The average diameter of the hydroxychloroquine/azithromy-
cin nanomicelle showed a mean size of 602 nm (Fig. 2) with 
a PDI value of 0.348. The PDI value of the nanomicelle is 
very near of the limit of a monodispersive behavior PDI 
(0.3). However, for pharmaceutical purposes we assumed 

the limit of 0.3 and for that reason the nanomicelle did not 
show a monodispersive behavior. The zeta potential analysis 
showed a mean zeta potential of 0.1 mV, with a conductivity 
of 1.046 S/cm and electrophoretic mobility of 0.0049 µm.
cm/V.s

Atomic force microscopy: nanomicelle

The topographic images of atomic force microscopy show 
the polymeric film containing micelles of circular structure 
as shown in Fig. 3. The size of the structures observed in 
the AFM is compatible with the DLS measurements. The 
micelle pointed by the green arrow in Fig. 3a has a diameter 
of 621 nm represented by the red dotted line. In the high-
resolution AFM topographic image, it is possible to observe 
different structures on the micelle. Motivated by these struc-
tures, we performed measurements of atomic force micros-
copy in phase mode. The AFM phase images monitor the 
phase lag of the cantilever oscillation over the sample and 
reflect its mechanical properties, mapping different materi-
als in a sample. In Fig. 3b it is possible to observe two very 
distinct phases on the nanomicelle: a lighter phase, formed 
by the polymer and a darker phase, inside the nanomicelle, 
formed by the drugs. Since the only three materials in the 
polymeric solution containing the loaded nanomicelles are 
the polymer and the drugs (hydroxychloroquine and azithro-
mycin), these two-phase contrasts are compatible with a 
micellar encapsulation of the drugs.

Since the phase images only show different materials in a 
sample, due to the difference in their mechanical properties, 
however, it does not explain in detail about the mechanics 
of these materials, we perform quantitative nanomechanical 

Fig. 2  DLS analysis of the nanomicelle, showing the mean size of 
602 nm
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measurements on the polymeric film containing the micelles 
to better understand about these properties. Figure 4 shows 
maps of mechanical properties on the film containing the 
micelles. In Fig. 4a it is possible to see the map of the elas-
tic properties of the micelle. It is observed that the cen-
tral region of the micelle, in which the drug is found, has 
Young's Modulus values higher than the rest of the film. In 
Fig. 4b we see the energy dissipation map due to the viscous 
forces on the same region of the film. Again, in the region 
of the film where the micelles are located, it is possible to 
observe higher dissipation values.

The viscoelastic properties of micelles are important 
issues for drug release, permanence and stability in blood 
flow. Nivaggioli and co-authors [58] report that the release 

depends on the local friction on the micelle imposed by the 
environment.

To better understand quantitatively the nanorheology of 
polymeric films containing micelles, we used the atomic 
force microscope as a nanoindenter, varying the indenta-
tion speed to observe the viscoelastic behavior of the film.

The average values of Young’s Modulus (E) and energy 
dissipation are both shown in Fig. 5. We have changed the 
vertical scan frequencies to investigate the response of the 
polymeric films containing micelles with varying indenta-
tion speeds: 2 kHz, 1 kHz, 0.5 kHz and 0.25 kHz. The reason 
why E increases while Dissipation (due the viscous forces) 
decreases with the indentation speed can be explained in 
terms of the Deborah’s number (De) [59] that characterizes 

Fig. 3  AFM topographic image of Hydroxychloroquine/azithromycin 
polymeric nanomicelles emulsion. a Height image of the polymeric 
film containing the nanomicelles showing the circular shape of these 
micelles. The micelle pointed by the green arrow has 621 nm repre-

sented in the figure by the red dotted bar. b Phase image of a micelle 
showing two distinct phases in the micelle, related to the drug's inclu-
sion by the polymer

Fig. 4  a AFM Young’s modulus map and b energy dissipation map of Hydroxychloroquine/azithromycin polymeric nanomicelles emulsion
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the fluidity of a material under specific flow conditions. 
Deborah's number is defined by the ratio between the time 
of stress relaxation and the characteristic time of the experi-
ment duration. Deborah’s number increases with an increase 
in frequency.

The polymeric solution containing micelles, in blood 
flow, will be subject to a low flow rate with a long relaxa-
tion time, having a fluid-like behavior. This solution will 
be subject to processes such as blood pumping, diffusion in 
capillary vessels, until it reaches the cells where the drug is 
to be delivered. Such processes take a relatively long time 
(reaching hours). We see in Fig. 5 that at low frequencies 
(long relaxation times and low De values), the polymeric 
film containing micelles behaves as fluid-like, helping with 
diffusion and dissemination characteristics.

Raman spectroscopy

The Raman spectroscopy (Fig. 6) has been performed in the 
nanomicelle sample to identify the encapsulation and the 
presence of each component in the nano-formulation. Is pos-
sible to observe in the spectra specific peaks corresponding 
to each component of the formulation.

Average size determination by dynamic light 
scattering and zeta potential: polymeric 
nanoparticle

The average diameter of the hydroxychloroquine nanopar-
ticle showed a mean size of 390 nm (Fig. 7) with a PDI 

Fig. 5  A) Scattering graph of Young's modulus (MPa) values of the 
film of nanomicelles submitted to different acquisition frequencies of 
AFM force curves (2; 1; 0.5 and 0.25 kHz). The horizontal bars rep-
resent the mean value of E (MPa) for each frequency, respectively: 
374.7 MPa (2 kHz), 171.3 MPa (1 kHz), 165.2 MPa (0.5 kHz) and 
160.4 MPa (0.25 kHz). The vertical bars represent the standard devi-
ation. B) Scattering plot of energy dissipation values of the film of 

nanomicelles submitted to different acquisition frequencies of AFM 
force curves (2; 1; 0.5 and 0.25  kHz). The horizontal bars repre-
sent the mean value of dissipation (eV) for each frequency, respec-
tively: 173.6 eV (2 kHz), 232.9 eV (1 kHz), 263.8 eV (0.5 kHz) and 
267.1 eV (0.25 kHz). The vertical bars represent the standard devia-
tion

Fig. 6  Raman spectroscopy performed on nanomicelles (NE) show-
ing the presence of both compounds: hydroxychloroquine and 
azithromycin
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value of 0.256 corroborating the monodispersive behavior. 
The zeta potential analysis showed a mean zeta potential of 
– 3.3 mV, with a conductivity of 0.049 S/cm and electropho-
retic mobility of – 0.2576 µm.cm/V.s

Atomic force microscopy: polymeric nanoparticle

The AFM images of the PLA/PVA/hydroxychloroquine/
azithromycin nanoparticles corroborate the DLS results, as 
shown in the images in Fig. 8. The nanoparticles have a 
very uniform structure and size. The adhesion map shows 
adhesive forces of the order of piconewtons, with different 
adhesion sites on the surface, probably due to the blending 
of PLA/PVA polymers.

Proliferation assay

To evaluate the effect of hydroxychloroquine and azithro-
mycin loaded nanosystems on the cell viability, we per-
formed the MTT assay testing the doses of 25  µg/mL, 
50 µg/mL and 100 µg/mL. MTT readout is a measure of 

Fig. 7  Dynamic light scattering (DLS) analysis of the polymeric 
PLA/PVA/hydroxychloroquine/azithromycin nanosystem

Fig. 8  a Three-dimensional AFM image of the PVA/PLA/Hydroxy-
chloroquine/Azithromycin nanoparticles solution film with lateral 
scanning of 5 µm. b Height image of the NPs. The green dashed line 
corresponds to the region of the cross section shown in the detail. The 

diameter between the arrows of the profile is 334 nm. c AFM image 
of the NPs showing their uniform profile and chain arrangement and 
d corresponding adhesion map



272 Journal of Nanostructure in Chemistry (2023) 13:263–281

1 3

total metabolic activity in a cell culture. The data presented 
in Fig. 9 revealed dose-dependent cytotoxicity of hydroxy-
chloroquine and azithromycin non-encapsulated. However, 
the cell viability in all concentration of the nanosystems 
wasn’t significantly different than untreated control, indi-
cating that both nanoparticles and nanomicelles loaded with 
hydroxychloroquine and azithromycin had no toxic effects 
in FGH cells.

Wound‑healing assay

Even in the absence of cytotoxicity, nanoparticles may 
physically interact with cells and slow down their move-
ment in a nonspecific manner, which leads to the question of 
whether wound healing can be impeded without a reduction 
in cell viability [54]. To have a better understanding about 
the effects of hydroxychloroquine and azithromycin loaded 
nanosystems on physiology cellular, we treated FGH cells 
with 25 µg/mL, 50 µg/mL and 100 µg/mL of Nanoparti-
cle and Nanomicelle loaded with hydroxychloroquine and 
azithromycin or with hydroxychloroquine and azithromy-
cin non-encapsulated for 24 h and analyzed cell migration 
comparing with positive control (10%FBS). The results are 
expressed in Fig. 10. We found that migration capacity of 
cell was significantly decreased by hydroxychloroquine and 
azithromycin non-encapsulated. At the concentration of 
100 µg/mL HCQ, the wound size at 24 h was bigger than 
the wound size at 0 h. In part, this can be explained by the 
high cytotoxicity of hydroxychloroquine and azithromycin 
non-encapsulated at this concentration. We also observed 
that both nanosystems were unable to change the migration 
on FGH cells.

Pulmonary application: in vivo tissue deposition

The both nanodrugs were successfully labeled (> 99%) with 
Tc-99 m. In both cases, no visual formation of crystal or 
change in color has been observed. The efficacy showed by 
the RTLC corroborates the quality of the direct radiolabeling 
process (see Tables 1, 2).

The tissue deposition of nanomicelle (Fig. 11) showed 
that most of the nanosystem after intratracheal instillation 
was uptaken by the lungs and kept there for 24 h. Is also pos-
sible to observe an uptake by stomach and small intestine in 
the period of 2 h. In the case of the nanoparticle (Fig. 12) is 
possible to observe a consistent uptake by the lungs at 2 h, 
4 h and 24 h. A discrete uptake id observed in stomach and 
large intestine.

Antiviral efficacy

To evaluate whether the nanosystems present antiviral 
effect, we evaluate their ability to inhibit SARS-CoV-2 
in vitro infection and reduce RNA copy numbers in culture 
supernatants. We observed that treatment with both nano-
systems and also HCQ/AZT using concentrations ranging 
from 12.5 to 100 μg/mL successfully inhibited viral infection 
and RNA copy numbers (Fig. 13). To further explore the 
antiviral potential of the nanosystems, we treated Vero E6 
cells with concentrations ranging from 0.781 to 3.125 μg/
mL. Analysis of viral RNA copy numbers by quantitative 
real-time PCR revealed that, at the lowest concentration 
(0.781 μg/mL), nanomicelle significantly reduced the viral 
load when compared to nanoparticle or HCQ/AZT (Fig. 13). 
Furthermore, when the concentration of 3.125 μg/mL was 

Fig. 9  Effects of Hydroxy-
chloroquine and azithromycin 
loaded Nanosystems on cellular 
viability. FGH cells were incu-
bated with 25 µg/mL, 50 µg/mL 
and 100 µg/mL of Hydroxy-
chloroquine and azithromycin 
non-encapsulated, nanomicelle 
or nanoparticle for 24 h. Cyto-
toxicity was evaluated using 
the 3-(4,5-dimethylthiazol2-
yl)-2,5-diphenyltetrazolium 
bromide MTT assay
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Fig. 10  Effects of hydroxychloroquine (HCQ) and azithromycin (AZT) loaded 
Nanosystems in human fibroblasts migration. Cells were cultured for 24  h in 
medium with 10% FBS (control) or in the presence of 25 µg/mL, 50 µg/mL and 

100 µg/mL of hydroxychloroquine and azithromycin drugs (A) or nanomicelles (B) 
and nanoparticles (C) loaded with hydroxychloroquine and azithromycin- Mean e 
standard variation were calculated from 3 individual experiments (* p < 0.05)
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used for comparison, only treatment with nanomicelle led 
to undetectable levels of SARS-CoV-2 RNA copies. In sum-
mary, when using nanomicelle we observed an important 
decrease in viral copy numbers following a dose-dependent 
effect from approximately  108 at the untreated condition to 
approximately  102 at the 0.781 µg/ml drug concentration to a 

complete viral suppression at the concentration of 3.125 µg/
ml. It is important to note that neither nanosystems nor 
HCQ/AZT presented significant cytotoxicity using the tested 
concentrations (Fig. 14).

Thus, these results clearly demonstrate that, at lower con-
centrations, nanomicelle effectively controls SARS-CoV-2 
replication.

Discussion

In recent publication, Danaei et al. [60] demonstrated that 
a dispersion with polydispersity index (PDI) value vary-
ing from 0.1 to 0.5, for pharmaceutical products, may be 
considered a monodisperse system. Also, according to Han 
and Jiang a PDI value higher than 0.1 but lower than 0.3, 
can be defined as monodispersive [61]. In this work, we 
were more careful and considered that dispersions with PDI 
value higher than 0.3 are considered non-monodispersed 
systems. In a very conservative analysis and focusing on a 
pharmaceutical product, the nanomicelle with PDI of 0.348 
exhibits non-monodispersive behavior which mean that the 
size variation is too high. This can be partially explained by 
the fact that wormlike nanomicelles are elongated flexible 

Fig. 10  (continued)

Table 1  Radiochemical 
purity (%) of 99mTc- PLA/
PVA/hydroxychloroquine/
azithromycin in 2 h, 4 h and 
24 h

Time (Hour) Radiochemi-
cal purity 
(%)

2 99.66 ± 0.31
4 99.72 ± 0.52
24 99.46 ± 0.18

Table 2  Radiochemical 
purity (%) of 99mTc-
hydroxychloroquine/
azithromycin nanomicelle in 
2 h, 4 h and 24 h

Time (Hour) Radiochemi-
cal purity 
(%)

2 99.90 ± 0.22
4 99.88 ± 0.12
24 99.65 ± 0.11
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self-assembly structures able to entangle into a dynamic net-
work forming an intricate structure, which may influence 
the size and the PDI analysis [62]. Thus, the quality of the 
nanomicelles dispersion is not fine and the system behav-
ior non-monodispersed. The nanoparticles have a PDI of 
0.256, value below 0.3. Thus, we will assume that value 
of 0.348 will not influence in the monodispersive behavior 
of the nanomicelle. On the other hand, the polydispersity 
index (PDI) from the nanoparticle (0.256) was undoubtedly 
monodispersive.

Regarding the zeta potential a great difference has been 
observed. The nanomicelles showed almost no charge, with 
a zeta potential of 0.1 mV while the nanoparticle showed a 
negative charge of – 3.3 mV. According to Frohlich [63] the 
charge is essential for the nanosystem penetration. Positively 
charged nanosystems seems to have a facilitate traffic into 
the cell while negatively charged nanosystem shows a more 
difficult cell-trafficking. However, is also reported that posi-
tively charged nanosystem shows a higher toxicity effect on 
the cell. At this point, no further assay has been done to bet-
ter understanding the influence of charge in the cell uptake 
of both nanosystems, especially in host cells with the virus, 
which could have the machinery and morphology changed 
by the virus proliferation and any additional comment would 
be merely speculative.

Regarding the shape, is well known that spherical nano-
particles are readily internalized nanosystems [64, 65]. 
Regarding micelles nanosystems the information about cell 
internalization is still contradictory [41]. However, a study 
performed by Geng et al.[66] demonstrated that nanomi-
celles are also internalized. According to Gupta et al. [67] 
nanomaterial may cross the cells membranes in microsec-
onds, corroborating the fact that both nanosystem are faster 
internalized.

In the case of nanomicelles used in this study, is possible 
to observe in the AFM image that due the high agglomera-
tion formation may lead to a nanosystem with an overall size 
about 602 nm as demonstrated by the DLS and the AFM 
image. The Raman spectroscopy demonstrated the presence 
of all components in the nanomicelle formed. According to 
De Barros et al. [68] Raman spectroscopy in a useful tool 
for identification of components in a nanosystem. The size 
of 602 nm associated with the shape, also improves the cell 
internalization of this nanosystem by the cell increasing the 
therapeutic effect on the virus, which has been confirmed 
by the Fig. 13. Regarding the difference on the efficacy 
observed when comparing the two nanosystem, we believe 
that a pronounced burst effect [69] of nanomicelles may have 
caused the difference. We also believe that with a higher 
exposition time of Vero cells infected with Sars-Cov-2 to 
nanoparticles the effect could be the same.

The purpose to study the effect of both nanosystems on 
FGH cells (human gingival fibroblast) in both cell viability 
as wound-healing assay was to determine the biocompat-
ibility as any toxicity. The chosen of FGH was based in two 
factors: i) they are among the most abundant resident cells 
from the oral mucosa, and ii) they have a higher ability for 
scarless wound healing when compared to skin fibroblasts 
[70, 71].

The results of both proliferation assay demonstrated 
that regardless the difference between the two nanosystems 
used, both were harmless for FGH, corroborating the ini-
tial safety aspect evaluated. While the hydroxychloroquine 
and azithromycin drug has been shown cytotoxic, the nano-
systems (nanomicelle or nanoparticle) were incapable to 
interfere in the proliferation of the FGH cells, even in high 
doses. The same was observed in the wound-healing assay, 
non-encapsulated hydroxychloroquine and azithromycin 

Fig. 11  Tissue deposition 
of nanomicelle containing 
99mTc-hydroxychloroquine /
azithromycin in healthy male 
Wistar rats at 2 h, 4 h and 24 h 
post-injection period
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FGH cells for the assessment of safety of nanoparticles has 
been described previously. According to Helal-Neto et al. 
[54] nanoparticles that cannot cause severe damage to FGH 
cells can be considered secure for use. This is corroborated 
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Fig. 12  Tissue deposition of nanopaticle containing 99mTc-PLA/PVA/hydroxychloroquine/azithromycin in healthy male Wistar rats at 2 h, 4 h 
and 24 h post-injection period

0 0.781 1.562 3.125

102

103

104

105

106

107

108

109

Concentration ug/ml

co
pi

es
/m

L

Nanoparticle HCQ/AZT
Nanomicelle HCQ/AZT
HCQ/AZT

ND

**
*** *

*
***

Fig. 13  Effects of hydroxychloroquine (HCQ) and azithromycin 
(AZT) loaded nanosystems on SARS-CoV-2 in  vitro infection of 
Vero E6 cells. Cells were treated for 1 h with nanomicelles (salmon), 
nanoparticles (gray), the combination of HCQ/AZT (green) with dif-
ferent concentrations as indicated in the x axis or maintained with 
culture medium only (Untreated—0). After, cells were infected 
with SARS-CoV-2 in a MOI of 0.05 and incubated for 2  h. Then, 

infected cells were washed and treated again as indicated or remained 
untreated. After 48  h, viral RNA in culture supernatants was deter-
mined by RT-qPCR using specific primers and probe against 
SARS-CoV-2 Rdrp gene. Data are mean ± SEM of two independent 
experiments. Data were analyzed by two-way ANOVA followed by 
Tukey’s multiple comparison test, where *p < 0.05; **p < 0.001 and 
***p < 0.0005

significantly decreased the migration of FGH cells at all 
concentrations tested. However, both nanoparticles loaded 
with Hydroxychloroquine and azithromycin were not able to 
interfere in the migratory capacity of these cells. The use of 
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by Assis et al. [72] that using Ag nanoparticles/α-Ag2WO4 
demonstrated that they are safe for use after assay with FGH 
cells. Also, Silva de Barros et al. [73] demonstrated that 
capped mesoporous silica with hydroxyapatite is secure after 
evaluation with FGH cells.

The radiolabeling with 99mTc by the direct via showed to 
be efficient and very useful. Also, the data showed that both 
nanosystems are very stable in a period of 24hs, probably 
due the main mechanisms involved in this process: the chem-
isorption and the physisorption of 99mTc on the nanosystem 
[74, 75]. This data corroborates the use of this technique for 
tracking nanoparticles in many circumstances.

Regarding the tissue deposition after intratracheal instillation 
is possible to observe that both nanosystems were able to reach 
the lungs and remain there for a period of 24 h. The amount of 
nanomicelle in stomach and small intestine in the period of 2 h 
and 4 h is probably due a fraction of the nanomicelle, which 
must have been swallowed during the instillation or remained 
in the GI tract and was finally swallowed. The tissue deposi-
tion 24 h post intratracheal instillation is very similar to Woods 
et al. [76] which have measured the tissue deposition (24 h post 
pulmonary application) of albumin-nanoparticles radiolabeled 
with 111In (111 Indium) and found small amounts in kidneys 
and intestine, which they claimed to be cleared from the lungs 
both by translocation across the lung mucosal barrier, as well 
as mucociliary clearance.

The pulmonary route represents an important via for the 
treatment of various pulmonary and systemic diseases [76]. 
In the case of nanoparticulate drugs, offers the potential for 
local application with an efficient transport. Nonetheless, 
pulmonary delivery of nanodrugs allows optimum thera-
peutic concentrations as the lung is capable of absorbing 
pharmaceuticals either for local deposition or for systemic 
delivery [77, 78].

Regarding the size, according to Ryting et  al. [79] 
and Chow et  al. [80], nanosystems with a size smaller 
than 150 nm are reported to have delayed lung clearance, 
increased protein interactions and more transepithelial 
transport compared to larger particles. According to Paran-
jpe and Muller-Goymann [81] nanoparticles between 1 and 
0.5 µm are deposited in the alveolar region. Finally, accord-
ing to Lim et al. [82] nanoparticle between 30 and 500 nm 
can be more permeable to thick mucus layer presented in 
lung. Thus, the size of 390 nm and 602 nm nanoparticle 
and nanomicelle, respectively, seems to be good choices for 
pulmonary application.

The use of inhalation route for the delivery of drug 
directly to the lungs is well known and used in several 
diseases, such as asthma, chronic obstructive pulmonary 
disease (COPD), cystic fibrosis and pneumonia [83–85]. 
Recently, Tai et al. [86] have developed a nebulized iso-
tonic hydroxychloroquine aerosol to improve the efficacy 
of the treatment of COVID-19. According to their findings 
they were able to increase the lung dose concentration from 
20 to 100 mg/mL. In this regard, the results observed in tis-
sue deposition using radiolabeled nanosystems with 99mTc, 
administered by intratracheal instillation in healthy animals 
represented an important possibility to pulmonary applica-
tion as route for the treatment of SARS-CoV-2, acting direct 
in the lungs and allowing the systematic treatment as reduc-
ing the systemic adverse effect.

The use of nanosystem for the treatment of SARS-CoV-2 
has been demonstrated previously [86–88]. According to Elia 
et al. [89] is possible to deliver specific vaccine based on lipid 
nanoparticles (LNPs)-encapsulated SARS-CoV-2 human Fc-
conjugated receptor-binding domain (RBD-hFc) with good 
results. Additionally, Khaiboullina et al. [90] have developed 
a TiO2 (TNPs) for virus deactivation. The antiviral effect 

Fig. 14  Cytotoxicity of 
hydroxychloroquine (HCQ) 
and azithromycin (AZT) loaded 
Nanosystems in Vero E6 cells. 
The cytotoxicity was deter-
mined by LDH assay. Vero 
E6 cells were treated for 48 h 
with different concentrations 
of nanomicelles (salmon), 
nanoparticles (gray), the com-
bination of HCQ/AZT (green) 
or maintained with culture 
medium only (Untreated—0). 
Then, the supernatants were 
collected and the amount of 
LDH was quantified. After 
Data are mean ± SEM of two 
independent experiments
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showed that nanomicelle, although neutrally charged, was 
more efficient than the nanoparticle (negatively charged) to 
reduce viral replication. In terms of dose–response, nanomi-
celle showed a dose–response effect, with lower doses showing 
higher efficacy than nanoparticle or HCQ + AZT. This must be 
faced as advantage since lower doses are required, especially 
for reducing the adverse effects. In the specific case, consider-
ing that HCQ may show severe adverse reactions in higher 
doses [91] the data suggesting efficacy in lower doses may 
represent an important finding.

Regarding the effect of azithromycin and the interface on 
the nanosystems with in vitro assay, the literature state that 
azithromycin may act as adjuvant [92] associated with viral 
load reduction/disappearance in COVID-19 patients. Our 
data demonstrated that a synergic effect is observed and the 
especially in nanomicelles the reduction of viral replication 
is pronounced in very low doses (0.781 µg/mL).

Conclusion

The study demonstrated that nanosystems may be used for 
the treatment of SARS-CoV-2 infection. The results demon-
strated that nanomicelles of hydroxychloroquine co-loaded 
with azithromycin were capable to reduce the viral replica-
tion efficiently.

Our data also demonstrated that the nanomicelles are 
more efficient than nanoparticles against the SARS-CoV-2, 
probably due the burst effect and a better cell penetration.

The pulmonary direct application demonstrated that both 
nanoparticles were capable to reach the inner parts of the lungs 
and remained there for a long time (> 4 h), which may represent 
a primary route of application of these nanosystems.

Finally, our data demonstrate that polymeric nanosystems 
containing hydroxychloroquine and azithromycin have anti-
viral characteristics and do not show cytotoxicity in in vitro 
assay. Thus, these nanoparticles could be a safety alternative 
for the treatment of COVID-19, especially for pulmonary 
application.
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