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Abstract
During the COVID-19 pandemic, several compounds among which chloroquine diphosphate (CqP), have been repurposed 
as anti-SARS-CoV-2 drugs. Critically, studies were most often performed by systemic drug administration, whereas the 
early viral infection of human body appeared in the upper respiratory tract. This research addressed the delivery strategy 
for depositing a powder aerosol of CqP onto the upper airways by a nasal inhalation act. By formulating the drug as nasal 
microparticulate aerodynamic powder, the loco-regional application of particle aerosol concentrates the drug primarily on 
the upper airway epithelia where the virus replicates. Nasal microparticulate powders of CqP, with and without excipients, 
were engineered by spray drying, obtaining particle size, density and morphology suitable for aerosolization and deposi-
tion onto the upper respiratory tract. The powders were loaded into a pre-metered device for oral inhalation of dry powders 
that was innovatively actuated by a nasal sharp sniff. The generated nasal airflow, measured in healthy volunteers, enabled 
powder dose emission from the inhaler. Chloroquine diphosphate microparticles, deposited on rabbit nasal mucosa ex vivo, 
led in less than 45 min to CqP concentrations within the epithelial cells between 30–70 mM. The in vitro CqP concentra-
tions inhibiting SARS-CoV-2 replication, were in the µM range. The virus inhibition studied in Vero E6 cells was further 
enhanced when the cells were pre-treated with the drug powder before infection. In conclusion, the simple nasal sniff of 
an antiviral aerodynamic powder could be active against airborne viral early infection, limiting the exposition of the whole 
body to undesired drug effects.
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Introduction

In spring 2020, the first months of COVID-19 pandemic, it 
was published that the infection by SARS-CoV-2 evolved in 
three stages, the most critical one being the life-threatening 
hyperinflammatory Stage III (Fig. 1) [1].

During the pandemic, patients admitted into hospitals 
with a severe pulmonary disease, essentially received medi-
cal treatments to counteract the inflammation and control 
the hyperreactive immune system. Similarly to the most 
common airborne diseases by respiratory viruses, the early 
infection at Stage I is the most obvious phase for an antiviral 
treatment. However, for almost two years, it was the least 
considered therapeutical target. Indeed, an individual with 
malaise and flu-like symptoms, consulting the general prac-
titioner, did not receive prescriptions according to an early 
time antiviral protocol, but only symptomatic remedies. In 
2021 in Italy the common prescription for the early mild 
disease in home setting were paracetamol or NSAIDs and to 
adopt a “vigilant waiting”. Three years later, the last update 
of the NIH COVID-19 Treatment Guidelines (dated Febru-
ary 29, 2024) still recommended only symptom management 
in adult patients at low risk of progressing to severe COVID-
19 (the guidance is no more available as the webpage was 
shut down on August 16th, 2024).

Researchers have repurposed several drugs for the man-
agement of SARS-CoV-2 to counteract the disease progres-
sion [2, 3]. A number of these substances with antiviral 
activity entered in clinical trials against SARS-CoV-2 infec-
tion, essentially by systemic administration on hospitalized 
patients experiencing the pulmonary phase of disease. Chlo-
roquine, hydroxychloroquine, lopinavir, ritonavir, amanta-
dine [4], and colchicine [5] have been administered orally 

Fig. 1   Progression of COVID-
19 severity vs. time course 
(reproduced with permission 
from [1])

or by injection with contradictory results [6, 7]. Remdesivir 
received emergency authorization as intravenous antiviral 
treatment for COVID-19 patients at the end of 2020 [8].

Notably, systemic administration yields to low concentra-
tions of antiviral drug in the upper airway epithelia, which 
are the site of early infection, neglecting that a timely given 
antiviral agent could impactfully prevent disease worsen-
ing and pneumonia. Noteworthily, in the ECDC recom-
mendations for antiviral treatment of a seasonal airborne 
viral infection like influenza, antiviral medicines should be 
prescribed for use within 48 h from symptom onset to maxi-
mize therapeutic benefits [9]. As a matter of fact, respiratory 
viruses infect the body primarily in the upper respiratory 
tract. Shooting them on site to prevent their progression to 
the lower airways, emerges as strategic [10, 11].

An antiviral nasal aerosol of drug microparticles, depos-
ited onto the upper airway epithelia, could loco-regionally 
boost the active concentration where needed. The aerosol 
particles intimately coat the infected epithelium and dissolve 
for local fast drug absorption by cells. Thus, such a product 
would decrease the viral load in the early phase of disease, 
when virus replication is dominant. In fact, it is very instruc-
tive to know that saliva swab samples from patients showed 
a striking correlation between high virus levels and later 
hospitalization or death [12].

Hence, the hypothesis driving this research was that the 
virus must be tackled in the infected upper airways by pro-
viding a loco-regional delivery of powder aerosol to impede 
the lung invasion by replicated virions. As the early infec-
tion by SARS-CoV-2 embraces the upper airways, i.e., nasal 
cavities, throat, pharynx, and larynx [13], the aim of this 
research was to study antiviral microparticulate powders that 
can be aerosolized to deposit onto the upper airway epithelia 
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by a nasal inspiration act. The objective was to provide high 
intracellular drug concentrations at the local level. In detail, 
microparticulate powders of the antimalarial chloroquine 
diphosphate (CqP) were formulated and combined with a 
commercial dry powder inhaler (DPI) for oral inhalation, 
never employed before for nasal use. Usually, nasal pow-
ders are insufflated or sprayed into the nostrils with nasal 
devices refraining from breathing, for localized deposition 
only within the nasal cavities. Here, aiming to a broader 
upper airway coverage, a short and sharp sniff [14] is the 
maneuver performed with a DPI appropriate for insertion 
into the nostril to deposit particles beyond the nasal cavity. 
By such nasal sniff of fine particles, we intend to create an 
aerosol enabling drug deposition over the whole upper air-
way epithelia. Chloroquine diphosphate is reported to have 
anti-SARS-CoV-2 activity [15–17]. For powder formulation, 
CqP was combined with zinc gluconate and lactoferrin aim-
ing to enhance the effectiveness of upper airway deposition 
and antiviral action.

The engineered microparticulate powders constructed by 
spray drying, were combined with the pre-metered device 
Turbospin® [18]. This inhaler is designed for oral inhala-
tion of pulmonary dry powders. It has a cylindrical mouth-
piece adapter whose diameter can fit the nostril for sniff-
ing (Fig. 2). The novelty is that the drug particle aerosol is 
produced by the airflow generated by a nasal inspiration act 
through the device. Despite the generated airflow is slower 
than the airflow rate of an oral inhalation, the nasal inhala-
tion is expected capable to broaden the deposition of the 
micronized particles all over the upper respiratory tract and 
beyond, down to trachea. The nasal dose of antiviral chlo-
roquine diphosphate will be at least one order of magnitude 
lower than the oral dose [19].

The pharmaceutical characteristics of the nasal powders 
were assessed in terms of geometric and aerodynamic parti-
cle size distributions at different airflow rates, in vitro drug 
release, ex vivo CqP permeation and accumulation within 
rabbit nasal mucosa. The antiviral activity of nasal CqP 
powders was tested on Vero E6 cells infected with SARS-
CoV-2. In order to determine the airflow rate generated and 
the amount of powder emitted upon a nasal sharp sniff, a 
placebo microparticulate powder was administered to human 
volunteers.

Material and methods

Material

Chloroquine diphosphate (CqP; batch # 50–63-5, 3050) was 
purchased by Sigma Aldrich (Saint Louis, MO, USA). Zinc 
gluconate was purchased from A.C.E.F (Fiorenzuola d'Arda, 
Italy) and lactoferrin (80 kDa) was supplied by Sigma-
Aldrich (Saint Louis, MO, USA). All solvents (water, ace-
tonitrile, methanol) were HPLC-grade (Scharlab, Barcelona, 
Spain). Cell culture medium (EMEM) and supplements were 
purchased from EuroClone (Milan, Italy). HPMC extra-dry 
capsules for use in dry powder inhalers (Quali-V®-I, size 
#3), were provided by Qualicaps (Madrid, Spain), while the 
Turbospin® inhaler was a kind gift of PH&T (now NTC srl, 
Milan, Italy).

Methods

Nasal powder manufacturing by spray drying

Micronized nasal powders of chloroquine diphosphate, 
alone or combined with lactoferrin and/or zinc gluconate 
(Table 1), were manufactured on a Büchi B-290 spray dryer 
(BÜCHI Labortechnik AG, Flawil, Switzerland). The spray 
drying operating conditions were the same for all powders, 
namely: 600 l/h airflow rate, 35 m3/h aspiration, 3 mL/min 
liquid feed rate and 0.7 mm nozzle. Inlet and outlet tempera-
tures were 125 °C and 75 °C, respectively. The liquid feed 
was prepared by dissolving the drug and the other compo-
nents in purified water to a final volume to keep the total 
solid concentration in the feed around 1% (w/v) for all for-
mulations. The pH of the feed solutions was always between 
4.5 and 5.5.

Analytical method for chloroquine diphosphate assay

A reverse-phase HPLC–UV method was developed in-
house for determining chloroquine diphosphate content in 
the spray-dried powders as well as in samples from in vitro 
and ex vivo experiments. The apparatus was an Agilent 1200 
series (Agilent, Santa Clara, CA, USA), equipped with an 
UV–Vis detector. The stationary phase was a Luna C18 

Fig. 2   Drawing of the oral/nasal 
dry powder inhaler Turbospin® 
(PH&T, now NTC Srl, Milan, 
Italy). The composing parts are 
depicted with the device in open 
setting for capsule loading
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column (3 µm, 4.6 × 300 mm; Phenomenex, Torrance, CA, 
USA). The mobile phase was a mixture of 25 mM potassium 
dihydrogen phosphate and acetonitrile (85:15), whose pH 
was adjusted to 2.5 ± 0.1 with orthophosphoric acid. The 
detection wavelength was set at 224 nm. Isocratic elution 
was carried out at 0.8 mL/min flow rate at room tempera-
ture; the injection volume was 10 µl. In these conditions, 
the retention time of CqP was 5.9 min. The method was 
validated according to the EMA Note for Guidance on Vali-
dation of Analytical Procedures: Text and Methodology 
(CPMP/ICH/381/95). The linearity was confirmed in the 
7.5–250.0 µg/ml CqP concentration range. Method accu-
racy and precision were proven respectively by CqP recover-
ies > 98.5% and an RSD% of 0.68%.

The CqP standard solution was prepared in HPLC-grade 
water at about 1 mg/ml concentration. This solution was 
diluted with the mobile phase to CqP final concentrations 
between 40–50 µg/ml. Chloroquine diphosphate content 
of the powders was determined after dissolving an accu-
rately weighed amount of spray-dried powder in 10 ml of 
HPLC-grade water. These sample solutions were diluted 
with mobile phase before analysis. Measurements were per-
formed in triplicate for each powder.

Characterization of the solid state of the spray‑dried nasal 
powders

Differential scanning calorimetry (DSC) analysis of the 
spray-dried powders was performed on a Mettler DSC821e 
instrument equipped with STARe software (Mettler Toledo, 
Columbus, OH, USA). Accurately weighed amounts 
(4–6 mg) of each powder were loaded into a 40 μl aluminum 
pan, which was then sealed and double pierced. Scans were 
performed between 25 and 200 °C at a heating rate of 10 °C/
min under purging nitrogen atmosphere at 100 mL/min flow 
rate.

A TGA/DSC 1 STARe System (Mettler Toledo, Colum-
bus, OH, USA) was used to quantify the percentage of 

residual humidity. The analysis was carried out on accu-
rately weighed 4 mg samples of powder placed in an alu-
minum pan under nitrogen flow at 80 mL/min. The tem-
perature was increased from 25 °C to 150 °C at a rate of 
10 °C/min.

Powder X-ray diffraction (PXRD) was applied to 
determine the crystallinity degree of the spray-dried 
nasal powders compared to CqP raw material. The dif-
fractograms were recorded on a D8 Advance diffrac-
tometer (Bruker, Karlsruhe, Germany) equipped with a 
Lynx-eye position sensitive detector using Cu Kα radia-
tion (λ = 1.54178 Å) generated at 40 kV and 40 mA as 
X-ray source. Spectra were recorded in the 2θ range from 
10° to 60° with a step size (2θ) of 0.02° and a counting 
time of 0.5 s.

Micromeritics of the spray‑dried nasal powders

The spray-dried powders were characterized with respect to 
particle size distribution, morphology, bulk density, flowa-
bility. Particle geometric size was determined by the laser 
diffraction (LD) technique (Spraytec, Malvern Panalytical, 
Malvern, UK). About 10 mg of microparticulate powder 
sample were dispersed in 10 ml of 0.1% (w/v) Span 85 in 
cyclohexane. The analysis was carried out at 5% threshold 
obscuration.

Particle morphology was analyzed by Field Emission 
Scanning Electron Microscopy (FESEM) equipped with 
a Ga Focused Ion Beam (FIB) Auriga Compact (Zeiss, 
Oberkochen, Germany). The analyses were performed on 
the powders directly dispersed on the Carbon-tape, without 
metallization. SEM imaging was conducted with 1 kV accel-
eration voltage of the electron beam and FIB processing was 
carried out using ion beams with 20 pA and 30 kV current 
and acceleration voltage, respectively.

Untapped and tapped bulk densities (ρ) were determined 
according to the “Bulk density of powders” chapter (2.9.34) 
in the Ph. Eur. 11th. The measured bulk density values were 
then used to calculate the Carr index according to the fol-
lowing equation (Eq. 1):

A direct determination of the powder flow was also car-
ried out by measuring the dynamic angle of repose of pow-
ders according to Buttini et al. [20]. Briefly, the powder was 
half-filled in a transparent 10 ml glass vial. Then, the vial 
was rotated in horizontal orientation around the main axis at 
40 rpm to observe the powder avalanching from the bottom 

(1)Carr index(%) =
�tapped − �untapped

�tapped

× 100

Table 1   Composition by weight of the three spray-dried powders: 
CqP monocomponent, CqP binary composite and ternary composite

Formulation Chloroquine 
diphosphate

Zinc glu-
conate

Lactoferrin

(% w/w)

CqP monocomponent 100 - -
CqP binary composite 80 20 -
CqP ternary composite 70 18 12
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of the vial. The arising angle between the sliding powder 
plane and the horizontal plane was measured as dynamic 
angle of repose (Φ) [21].

Measurements of the nasal airflow rate generated 
by powder inspiration in healthy volunteers

The nasal airflow rate generated by two male and two female 
volunteers (age range: 31-75y) was assessed by performing 
a nasal inspiration act (sharp sniff) through the Turbospin® 
dry powder inhaler (Fig. 2). The study was carried out upon 
approval by the Research Ethics Board of the University of 
Parma (prot. number 0145714, June 11th, 2024). Informed 
consent was obtained from all individual volunteers included 
in the study.

For safety and ethical reasons, a spray-dried mannitol 
respirable powder was used for this study, manufactured 
according to Quarta et al. [22] and characterized for dv,50 
(2.5 µm) and respirability (Fine Particle Fraction > 50%). 
35.7 mg of such powder were loaded into a size #3 HPMC 
hard capsule. The capsule was manually inserted into the 
device chamber, located under the screwable mouthpiece 
elected as nasal adaptor to aerosolize the powder by a nasal 
sharp sniff. The airflow rate produced for dose extraction 
was recorded using a flow meter (Copley Scientific, Notting-
ham, UK) [23]. The amount of powder emitted was quanti-
fied gravimetrically as described below.

The volunteers were instructed on how to perform a nasal 
sharp sniff through the device, one per nostril. In detail, the 
device was weighed and the loaded capsule was pierced 
by pressing the dedicated button. Then, the device was 
inserted into a volumetric chamber connected to the flow 
meter, keeping the “nosepiece” emerging from the chamber 
[23]. The volunteers were asked to blow their nose prior to 
inhale. Next, they exhaled through the nose before inserting 
the “nosepiece” into the nostril. Keeping the other nostril 
closed by finger pressure, the nasal sharp sniff was executed. 
The resulting airflow made the pierced capsule rattle inside 
the chamber, enabling powder extraction as aerosol. Capsule 
rattling during inhalation assures the emission of the powder 
from the inhaler. After the first sniff, the amount of powder 
emitted was measured by weighing the device. Then, the 
set-up was re-assembled and the procedure repeated with the 
other nostril. The waiting time between the two sniffs by the 
volunteer was around 3 min. Any perception experienced by 
the subjects was recorded.

Aerodynamic assessment of the spray‑dried nasal powders

The aerodynamic measurements were performed by using a 
Next Generation Impactor (NGI; Copley Scientific, Notting-
ham, UK). The cups of the impactor were coated by spray-
ing and drying a solution of 2% (w/v) Tween 20 in ethanol 
to prevent particle bouncing. The NGI was connected to a 
vacuum pump (SCP5; Copley Scientific, Nottingham, UK) 
through a critical flow controller (TPK; Copley Scientific, 
Nottingham, UK). Airflow rates of 34 L/min and 65 L/min, 
measured with a DFM 2000 Flow Meter (Copley Scientific, 
Nottingham, UK), were applied to activate the Turbospin® 
device at 1 and 4 kPa pressure drop, respectively. The TPK 
actuation time was adjusted so that a 4-L air volume was 
drawn through the inhaler. Each capsule contained a mass 
of spray-dried nasal powder corresponding to 25 mg of CqP. 
Thus, powder loadings in the capsule were 25.5, 31.3 or 
35.7 mg, depending on the drug content of the formulation. 
The powder deposited on the NGI stages was quantified by 
HPLC for CqP content. The emitted dose (ED) was calcu-
lated as the amount of drug leaving the device and enter-
ing the impactor. The mass median aerodynamic diameter 
(MMAD) was determined by plotting on a probability scale 
the cumulative undersize percent mass fraction collected 
from each stage, vs. the logarithm of the aerodynamic cut-
off diameter of the stage. The fine particle dose (FPD) is the 
mass of drug particles with an aerodynamic diameter lower 
than 5 μm, as calculated from the log-probability plot equa-
tion. The fine particle fraction (FPF) was calculated as the 
percent ratio of the FPD to the ED.

In vitro dissolution rate of the spray‑dried nasal powders

Powder dissolution rate was estimated by performing a dif-
fusional transport experiment of CqP across a non-parti-
tioning permeable membrane on which a weighed powder 
sample was deposited. Franz-type vertical diffusion cells 
were used (Vetrotecnica, Padova, Italy), comprising a top 
donor compartment separated from a bottom receptor com-
partment by a regenerated cellulose membrane (MW cut-off 
12,000–14,000 Da, Dexstar Visking, Medicell International 
Ltd, London, UK). The receptor was filled with 4.7 ml of 
PBS pH 7.4 at 37 °C. The powder, evenly spread on the 
membrane surface, was wetted with 0.1 ml of the same 
buffer to reproduce the nasal mucosa wet environment. The 
CqP dose of 10 mg in the donor was constant among the 
different formulations.
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Ex vivo permeation of chloroquine diphosphate 
across nasal rabbit mucosa

Vertical Franz-type cells were employed. The biological 
membrane was a specimen of nasal mucosa extracted from 
the nose septum of rabbit heads obtained from slaughter-
house waste (Pola srl, Finale Emilia, Italy). Mucosa extrac-
tion and cell assembly ended within 2 h from the animal’s 
death [24, 25].

An accurately weighed amount of nasal powder con-
taining 7.5 mg of CqP, was introduced in the donor. The 
powder was distributed on the mucosa as evenly as possible 
to cover all the available surface (0.58 cm2) and wet with 
0.1 ml of PBS pH 7.4. During the experiment, the assem-
bled cell was kept at 37 °C in a thermostatic water bath 
with the receptor constantly stirred. A sample of recep-
tor medium was withdrawn at predetermined time points 
and replaced with fresh medium. At the end of the experi-
ment, the residual formulation in the donor compartment 
was carefully rinsed with PBS and quantitatively collected. 
The amount of CqP accumulated inside the membrane was 
determined by finely chopping the tissue with a scalpel and 
homogenizing it with a pestle in PBS first, then in acetoni-
trile to disrupt cell membranes. The homogenates were cen-
trifuged (10,000 rpm, 10 min) and the supernatant diluted 
with mobile phase prior to injection in HPLC. The validated 
HPLC–UV method described in Sect."Analytical method for 
chloroquine diphosphate assay", was used to quantify the 
amount of drug permeated. A drug mass balance higher than 
90%, i.e., the sum of the amounts of CqP recovered from the 
two compartments plus the mucosa, was assessed.

From the amount of CqP extracted from the mucosa, the 
concentration of drug accumulated within the membrane 
was then determined, by calculating the membrane vol-
ume as cylindrical slab geometry from area (0.58 cm2) and 
thickness (average thickness of rabbit nasal septum mucosa: 
167 µm according to [26]).

Time lag and drug flux were determined from the slope of 
the linear portion of permeation profiles. Experiments were 
replicated at least three times. A chloroquine diphosphate 
solution in water (7.5 mg/ml), loaded at the same drug dose 
(7.5 mg), was tested as reference.

In vitro antiviral activity of the spray‑dried nasal powders 
on Vero E6 cells infected with SARS‑CoV‑2

SARS-CoV-2 was isolated from RT-PCR positive patients 
and propagated in cell cultures of Vero E6 cells (ATCC 

CRL-1586), a continuous line isolated from African green 
monkey (formerly known as Cercopithecus aethiops) kid-
ney epithelium. Vero E6 cells were maintained in Eagle’s 
medium (EMEM) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS), 1% penicillin–streptomycin (P/S) 
and 1% L-glutamine (L-Gln). These cells were infected 
with SARS-CoV-2 and treated with the antiviral powders to 
measure their antiviral effect. For the purpose, either chloro-
quine diphosphate monocomponent or the binary (with zinc 
gluconate) or ternary composite (with zinc gluconate and 
lactoferrin) spray-dried powders were dissolved in EMEM 
to reach the final concentration of 10 mM of chloroquine 
diphosphate (stock solutions). Each stock was then diluted 
to make the actual test solutions.

Vero E6 cells were seeded in 96-wells plates at a density 
of 2.5 × 104 cells per well and grown for 24 h at 37 °C in 
CO2-enriched atmosphere. Cytotoxicity on Vero E6 cells of 
drug concentrations of 25, 50, 75 and 100 µM, was deter-
mined by staining cells with a 4% formaldehyde solution in 
Crystal violet to detect the viable ones.

In the evaluation of the antiviral activity, only the three 
lowest CqP concentrations were tested. As for the SARS-
CoV-2 viral load to infect Vero E6 cells, in a series of pre-
liminary experiments, four levels of multiplicity of infection 
(MOI) were considered, i.e., 0.005, 0.05, 0.2 and 0.8. The 
MOI is the ratio between the number of virions inoculated 
and number of cells in culture. Cell contact with the virus 
lasted 1 h at 37 °C. Later, the main experiments were per-
formed only at the two lowest MOIs (0.005 and 0.05), as 
they are near the median viral titer of an infected subject 
[27–29].

In the main experiments, the antiviral activity of the for-
mulations was tested according to four protocols:

A.	 Vero E6 cell infection followed by one drug treatment;
B.	 Vero E6 cell infection followed by three drug treatments;
C.	 Vero E6 cell pre-treatment with drug followed by virus 

inoculum (infection) and one drug treatment post-infec-
tion;

D.	 Vero E6 cell pre-treatment followed by infection and 
three drug treatments post-infection.

In experiment A, Vero E6 cell cultures were infected with 
viral solutions at the desired MOI and incubated for 1 h. 
Then, drug-free medium was added and incubation contin-
ued for 3 h. After incubation, the drug solution was added to 
the infected cell cultures for the 2-h drug treatment. At the 
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end, cells were washed and incubated with drug-free fresh 
medium for 48 h.

In experiment B, Vero E6 cells were infected as described 
for protocol A. After infection and subsequent incubation, 
the cell culture was treated with the drug three times; every 
treatment lasted 2 h and was followed by a 3-h incubation 
with drug-free fresh medium.

For experimental protocol C, Vero E6 cells were pre-
treated for 2 h with 100 µl of drug powder solution at the 
CqP test concentration (25–50-75 µM), and then washed 
with EMEM. 100 µl of virus was then added to infect the 
cell culture at the predefined MOI. After 1-h contact with 
the virus, 100 µl of drug-free fresh medium was added and 
cells were incubated for 3 h. Next, the drug solution at the 
desired test concentration was added to treat the infected cell 
cultures for 2 h. At the end, cells were washed and incubated 
with fresh drug-free medium for 48 h.

In experiment D, Vero cell cultures were pre-treated as in 
protocol C and then incubated for 1 h with the virus (infec-
tion). After incubation, the cell culture was treated with the 
drug three times: every treatment lasted 2 h and was fol-
lowed by a 3-h incubation with drug-free fresh medium.

In all experiments, 10 µl of the supernatant from each 
replicate was collected and pooled after the last addition of 
fresh medium, and after 24 and 48 h of incubation. Viral 
RNA was quantified by qRT-PCR using Allplex Seegene 
Extraction Free protocol.

For executing the preliminary experiments with 4 MOIs 
and 3 drug test concentrations, the 96-well plate was organ-
ized as follows: for each drug concentration 4 columns were 
used, one per MOI, thus obtaining seven replicates (7 wells) 
for each viral MOI/CqP concentration combination. The last 
row was for virus control wells, cytotoxicity control wells, 
and cell control wells.

For the main experiments at two MOIs, the 96-well plate 
was organized to have 14 replicates for every viral MOI/

CqP concentration combination. The last row was used for 
the controls.

Data analysis for antiviral activity  The adopted semi-quan-
titative method to detect viral nucleic acid (quantitative 
reverse transcription polymerase chain reaction, qRT-PCR), 
led to a cycle threshold value (Ct) for each treatment and for 
the untreated virus control. Three viral genes were detected, 
namely E gene, RdRp/S gene e N gene, but only Ct values 
for the N gene were used for analysis. N gene is the most 
common target for detecting SARS-CoV-2. Recently, the 
attention has turned on the genetic variability and evolution 
of N gene, which may affect reliable detection [30]. Thus, 
each experiment generated the following raw data:

•	 Ct value at time 0 h, i.e., before drug treatment (the value 
was the same for virus control and each treatment group);

•	 Ct value at time 48 h, i.e., after drug treatment (the values 
were different for the untreated virus control and each 
treatment group).

Ct value is inversely proportional to the magnitude of 
viral load, but represents a theoretical measure of the quan-
tity of viral genome because qRT-PCR analysis is semiquan-
titative [31]. Nevertheless, the reduction of Ct value from 0 
to 48 h indicates that the viral load has increased, i.e., the 
virus has replicated in the cells. Brandolini et al. demon-
strated a correlation between Ct values and the number of 
RNA copies per μl, which are obtained by quantitative digi-
tal polymerase chain reaction (dPCR) analysis [31]. There-
fore, the number of RNA copies per μl was calculated from 
Ct values for both controls and treatments to provide a better 
quantification of the viral load before and after treatment.

Then, the treatment effect on viral replication was 
expressed as the difference between the log10 of the number 
of RNA copies per µl at 48 h and at time 0 h, according to 
the following formula:

Δlog10(RNA copies∕�l) = log10(RNA copies∕�l)48h − log10(RNA copies∕�l)0h

The same difference was calculated for the virus control 
and then used to calculate the % inhibition by the treatment 
vs. the untreated control according to Eq. 2:

(2)%inhibition =

[

1 −

(

Δlog10(n.RNA copies∕�l)TREATMENT

Δlog10(n.RNA copies∕�l)VIRUS CONTROL

)]

× 100
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Statistical Analysis

The data were compared by an unpaired two-tailed Student’s 
t-test. p values less than 0.05 were considered to indicate 
statistical significance.

Results and discussion

Viral airborne diseases mostly proceed by inhalation of 
infectious microdroplets dispersed in the air. Nose, throat, 
pharynx and larynx are the first sites of virus deposition and 
infection, as witnessed by the anosmia and dysgeusia occur-
ring in COVID-19. Hence, the antiviral treatment should be 
timely applied first in the upper airways for a loco-regional 
therapeutic action [32, 33].

The nasal powders of this study contained chloroquine 
diphosphate (CqP) that demonstrated activity on coronavi-
ruses like SARS-CoV-2 [15, 17, 34]. We deemed to repur-
pose this drug as the first candidate for the preparation of 
novel antiviral nasal powders. CqP was preferred to hydrox-
ychloroquine for the nasal application because of its lower 
polarity easing permeation across cell membranes [35].

The clinical unsuccess of systemic antiviral drugs 
in COVID-19 was likely related to the fact of not reach-
ing effective concentrations in the infected epithelial cells 
despite the high doses administered. The daily oral dosages 
of nirmatrelvir/ritonavir combination or the single drug 
molnupiravir were in the order of hundreds of milligrams 
to attain active concentrations at target infected tissue [36, 
37]. Delivering the drug directly onto the upper airway cells 
opens the possibility to increase intracellular antiviral con-
centrations at much lower administered doses. We selected 
a nasal unit dose of CqP of 25 mg, i.e., 1/10 of the minimum 
oral unit dose proposed for vulnerable and elderly patients 
[19].

Microparticulate nasal powders of chloroquine 
diphosphate compositions can be manufactured 
by spray drying

The spray drying conditions applied for manufacturing the 
nasal powders enabled to obtain engineered particles in the 
micrometer size range from aqueous solutions of combined 
antiviral agent and excipients. In fact, a CqP monocompo-
nent spray-dried powder, a binary composite powder of CqP 
and zinc gluconate and a ternary composite powder of CqP, 
zinc gluconate and lactoferrin were prepared (Table 1). Pro-
duction yields were always > 80% despite the small batch 
size processed. About 2% (w/w) of moisture remained as 
residue in the powders (Table 2). Chloroquine diphosphate 
assay of the nasal powders confirmed the expected drug con-
tent, which remained stable during the investigation.

The binary and ternary compositions were formulated to 
enhance the antiviral activity of the particles on the upper 
airway epithelia. In particular, the addition of zinc gluconate 
was motivated by the evidence that chloroquine acts as a 
zinc ionophore, facilitating the entry of Zn2+ ions into cells, 
where this microelement contributes to the inhibition of 
virus replication [38]. Lactoferrin in the ternary composite 
intended to improve the bio-adhesivity of the nasal powder, 
owing to the lactoferrin-enriched surface of these micro-
particles created during droplet spray drying [39]. Moreo-
ver, the protein isoelectric point of 8–9 makes it positively 
charged at the slightly acidic pH of nasal cavity [40, 41]. 
Electrostatic interactions with the negatively charged mucus 
glycoproteins can mediate the bioadhesion [42, 43]. Further 
value of the use of lactoferrin in the ternary composite is its 
antiviral activity against several viruses, including SARS-
CoV-2 [44–46].

After manufacturing, the three CqP microparticulate 
powders were characterized in view of their administration 
to the upper airways by a nasal sharp sniff, aiming to prompt 
a loco-regional antiviral action. Their high CqP concentra-
tion was suitable to load powder amounts equivalent to the 
25 mg CqP unit dose into the size #3 hard capsules used as 
powder reservoir in the Turbospin® device.

The micromeritics of CqP spray‑dried powders suits 
broad deposition in the nasal cavities and upper 
airways

In view of their deposition onto the upper airways, the 
aerodynamics of CqP microparticles aerosolized by nasal 
inspiration through the Turbospin® device, requires particle 
properties tuned to the low airflow rate generated. Geomet-
ric and aerodynamic size distributions, shape, bulk density, 
and flowability were the tested properties of spray-dried 

Table 2   Moisture content and particle size distribution data (dv, vol-
ume diameter; the subscript number indicates the percentile of the 
cumulative undersize distribution) of the three CqP nasal powders 
(mean ± SD; n = 3)

Formulation Residual 
moisture 
(%w/w)

dv,10
(µm)

dv,50
(µm)

dv,90
(µm)

CqP monocompo-
nent

1.9 ± 0.1 1.2 ± 0.0 3.7 ± 0.5 7.8 ± 0.1

CqP binary com-
posite

1.8 ± 0.1 1.3 ± 0.1 4.7 ± 0.3 10.7 ± 0.6

CqP ternary com-
posite

2.5 ± 0.2 1.9 ± 0.5 4.5 ± 0.5 9.3 ± 0.8
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microparticulate powders. Table 2 reports the size distribu-
tions in volume diameter of the three formulations.

The median volume diameter of the spray-dried particles 
(dv,50) was lower than 5 µm for all formulations. Accord-
ing to the Ph. Eur. monograph of nasal powders, “the size 
of particles is such that their deposition is localized in the 
nasal cavity”. Consequently, if the target region was the 
nasal cavity only, 10 µm would be the lower limit for the 
size of nasal powder particles [47, 48]. Here though, all 
powders had geometric particle size distributions with 90% 
of particles smaller than 11 µm, which meet our goal of 
delivering CqP across and beyond the nasal cavity. Such 
fine particle size determines a large specific surface area to 
coat the upper airways by the aerosol peculiarly generated 
by a nasal inhalation act. Several studies have indicated that 
SARS-CoV-2 has the nose and upper airways as the first 
sites for replication and spreading [49, 50]. By intaking the 
nasal powder via a nasal sharp sniff, the antiviral particles 
aerosolize and travel the same route of the infectious viral 
droplets. Therefore, the prepared spray-dried nasal powders 
benefit from their very fine size distributions, the goal being 
an antiviral loco-regional targeted intervention at the early 

infection symptoms. In addition, depending on the medical 
prescription, the prepared nasal powders have the size to 
be also possibly aerosolized by oral inhalation directly into 
the lungs.

The micromeritics characteristics of the nasal powders 
relevant to both capsule filling and aerosol formation, were 
determined (Table 3).

The spray-dried powders exhibited low untapped bulk den-
sity, favorable for aerosol formation and emission from the 
powder-loaded capsule. Calculated Carr indexes classified the 
powders as very poorly flowable, at the bottom of the scale of 
flowability [51]. The measured dynamic angles of repose in 
the range 43–50°, correlated well with the Carr index, indi-
cating a certain cohesiveness of the three nasal powders [52]. 
Anyway, the properties of the three powders were equivalent 
with respect to powder metering and aerosolizing.

The shape of particles for inhalation is another rel-
evant feature for the aerodynamic performance of the 
powder. The CqP monocomponent particles had spheri-
cal shape and perfectly smooth surface (Fig. 3A). The 
degree of smoothness slightly changed in the larger par-
ticles (> 2 μm) as small dimples appeared on the surface. 

Table 3   Untapped and tapped 
bulk densities, Carr index, and 
dynamic repose angle of the 
CqP nasal powders (mean ± SD; 
n = 3)

Formulation Untapped bulk 
density (g/ml)

Tapped bulk 
density (g/ml)

Carr Index (%) Dynamic repose 
angle
Φ

CqP monocomponent 0.25 ± 0.01 0.40 ± 0.01 37 ± 0.3 50.1 ± 1.3
CqP binary composite 0.17 ± 0.01 0.27 ± 0.01 36 ± 0.3 42.7 ± 0.4
CqP ternary composite 0.23 ± 0.01 0.38 ± 0.01 38 ± 0.8 47.6 ± 1.8

Fig. 3   FESEM micrographs of 
the spray-dried nasal powders. 
A) CqP monocomponent; B) 
FESEM-FIB image of the 
internal structure of a CqP 
monocomponent microparticle; 
C) CqP binary composite; D) 
CqP ternary composite. The 
magnification was 20 KX in 
all cases, except for the single 
microparticle where it was 25 
KX (image B)
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In addition, the inner part of these particles was fully 
dense, as revealed by the SEM image of a single micro-
particle FIB-cut cross-section acquired in tilted conditions 
(Fig. 3B). The darker area is actually the internal section 
of the particle. Finally, the individual particles did not 
show interparticle bridges.

The addition of 20% of zinc gluconate to the CqP aqueous 
solution to spray dry affected the formation of the largest 
spherical particles during droplet drying and solidification. 
In fact, the crust of the solid surface in formation did not 
mechanically resist the sphere curvature. Consequently, the 
largest particles collapsed [53]. The result of this behavior 
was that several corrugated particles were present in the 
quite small CqP binary composite population (Fig. 3C). 
Comparing the particle populations of Fig. 3C and 3 A, one 
notices that the largest particles disappeared because they 
selectively collapsed; only the smaller particles resisted to 
the tension of the dry spherical geometry.

The ternary composite microparticles had the typical 
wrinkled morphology of spray-dried particles of proteins 
(Fig. 3D). Having lactoferrin a higher molecular weight than 
chloroquine diphosphate and zinc gluconate, it diffuses more 
slowly during droplet drying and concentrates at the surface 
of droplet, determining the crumpled aspect of dry particles.

According to the FESEM micrographs, the CqP mono-
component microparticles (Fig. 3A) appear larger than those 
containing the excipients (Fig. 3C-D), thus not matching the 
size distributions obtained by laser diffraction (LD) (Table 2). 
On one hand, this contradictory result may be due to few 
particle aggregates in the liquid samples for LD analysis, 
which were not fully dispersed despite the surfactant pres-
ence. However, it should be underlined that the size distri-
bution by LD is obtained from the analysis of a statistically 
significant number of particles in the sample, whereas the 
SEM micrographs of a small group of discrete particles may 
be less representative of the actual distribution. Anyhow, the 
size of all three spray-dried nasal powders was similar and 
suitable for their deposition onto the upper airways.

Finally, X-ray diffractograms and DSC scans of the three 
spray-dried powders showed the amorphous state of chloro-
quine diphosphate and its full miscibility with the excipients 
(Supplementary Material, Fig. S1-S2).

The nasal inspiration (sharp sniff) airflow enabled 
powder dose extraction from the device by healthy 
volunteers

Since nasal powders are combination products, in this study 
the antiviral microparticulate formulations were combined 
with the commercially available dry powder inhaler (DPI) 
Turbospin® (Fig. 2). It is a pre-metered passive device used 
for oral inhalation of powders. In the present application 
for nasal delivery, it was employed performing a nasal 

Fig. 4   Airflow dynamics and powder emission upon nasal inhala-
tion through the Turbospin® DPI by four human volunteers (each one 
identified by the line/symbol color). A) Individual airflow patterns of 
two consecutive nasal sniffs through the device (1st sniff: continu-
ous line; 2nd sniff: dotted line); B) Relationship between the emit-
ted powder dose with each sniff and the inhaled air volume (1st sniff: 
filled symbol; 2nd sniff: empty symbol) C) Relationship between the 
emitted powder dose with each sniff and the airflow rate at peak (1st 
sniff: filled symbol; 2nd sniff: empty symbol). The device was loaded 
with a size #3 HPMC capsule containing 35.7  mg of a spray-dried 
mannitol powder, manufactured according to Quarta et al. [22]
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inhalation act through the nostril. In fact, the shape and 
size of its mouthpiece allow for its insertion into the nostril. 
Indeed, the nasal use of a device originally designed for oral 
lung inhalation, accomplished the novel delivery concept of 
this research, i.e., to extract the antiviral powder with the 
nasal airflow and target aerosol deposition onto the upper 
airways. The maneuver can be repeated alternating the nos-
trils until the capsule is completely emptied.

The airflow rate generated through the device by a nasal 
inhalation act of a spray-dried mannitol powder [22] was 
measured in healthy volunteers. Four subjects performed 
two nasal sharp sniffs, one per nostril, through the device 
loaded with a hard capsule containing about 35 mg of the 
mannitol powder. The airflow rate values measured during 
each inhalation varied among the subjects, reaching the flow 
rate peak of inhalation between 25–35 L/min. The inspira-
tion lasted about 1 s (Fig. 4A). The mass of powder emitted 
per sniff ranged between 13 and 18 mg (Fig. 4B).

The emitted dose did not correlate with the air volume 
drawn through the device, which ranged between 1.0 and 
2.5 L (Fig. 4B). There was also no relationship between the 
emitted dose and the peak of the airflow (Fig. 4C). It is note-
worthy that the same ramp-up of the nasal inhalation flow 
rate curves was recorded, which is considered the determin-
ing parameter for powder extraction from DPIs [54, 55].

Notably, all volunteers reported an almost immediate per-
ception of a slightly sweet fresh taste in the throat (orophar-
ynx) that qualitatively proved the loco-regional deposition 
and dissolution of the mannitol particles. Thus, the emitted 
aerosol moving inside the nose passage, reached the upper 
airway surface and provided an intimate contact between 
powder and epithelial cells.

The nasal inhalation airflow rate increased 
the MMAD for effective deposition onto the upper 
airways

Spray-dried powders engineered for lung deposition, aero-
solized at airflow rates between 25–35 L/min, could be 
inhaled through the nose with the Turbospin® device for 
loco-regional deposition of CqP in the infected upper air-
ways. The inhalation act through the nose generates a signifi-
cantly lower airflow rate than the oral act [23]. Nevertheless, 
the fraction of mannitol powder extracted per single sniff by 
the volunteers ranged between 35 and 50% of the amount 
loaded in the capsule.

In inhalation, the aerodynamic behavior of the powder 
particles to aerosolize by an inhaler, is the critical quality 
attribute to study in dependence on the airflow rate. It affects 
the probability and region of particle deposition [56]. Thus, 
the aerodynamics of the dispersion and deposition of the 
three CqP formulations was assessed using the Next Genera-
tion Impactor (NGI) to measure the aerodynamic diameter 
distribution of the aerosol particles produced in conditions 
of nasal or oral inhalation through the Turbospin®. The 
measurements were first conducted under the provisions of 
lung DPI testing at 4 kPa of pressure drop, corresponding to 
mouth flow rates of 65 L/min (4 L of air passing through), 
and then at 1 kPa of pressure drop, corresponding to the 
nasal airflow rate of 34 L/min measured in vivo (4 L) (see 
Fig. 4A). Being aware that the NGI configuration does not 
reproduce the structure of the upper airway passage, the test 
was carried out aiming to assess the aerodynamic quality 
of the product extracted by nasal inspiration. Table 4 shows 
the emission values of the three formulations aerosolized 
through the Turbospin® at the two pressure drop values cor-
responding to the airflow rates of nasal and oral inhalation, 
respectively.

Table 4   Aerodynamic parameters of CqP spray-dried nasal powders 
aerosolized by Turbospin® at 4  kPa (airflow rate 65  L/min; volume 
4 L) and 1 kPa (airflow rate 34 L/min; volume 4 L). The values were 
obtained using the NGI apparatus (mean ± SD; n ≥ 3). The metered 

CqP dose in the capsule was 25  mg for all powders, corresponding 
to different loaded amounts for each powder based on its composition 
(Table 1)

a Mass Median Aerodynamic Diameter
b Geometric Standard Deviation

Formulation Powder loaded 
(mg)

Pressure 
Drop
(kPa)

CqP Emitted Dose
(mg)

CqP Fine Particle 
Dose
(mg)

MMADa

(µm)
GSDb

CqP monocomponent 25.5 4 20.1 ± 0.1 5.2 ± 0.1 6.80 ± 0.05 1.83 ± 0.02
1 16.7 ± 0.3 3.3 ± 0.1 7.8 ± 0.1 2.60 ± 0.01

CqP binary composite 31.3 4 21.1 ± 0.2 3.8 ± 0.2 7.40 ± 0.02 1.90 ± 0.03
1 18.1 ± 0.2 3.1 ± 0.2 8.1 ± 0.1 2.50 ± 0.02

CqP ternary composite 35.7 4 20.4 ± 0.1 6.3 ± 0.2 5.8 ± 0.1 2.60 ± 0.01
1 19.8 ± 0.2 3.9 ± 0.2 7.6 ± 0.1 2.50 ± 0.02
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From the aerodynamic assessment at 65 L/min (4 kPa 
pressure drop), the CqP emitted fractions for the three pow-
ders were > 80% in all cases. Most of the powder mass that 
escaped the NGI induction port was deposited on the impac-
tor first stages, leading to CqP fine particle doses between 
3.8 and 6.3 mg and an MMAD (Mass Median Aerodynamic 
Diameter) in the range 5.8—7.4 µm.

Conversely, when the same powders were extracted at the 
lower airflow rate corresponding to 1 kPa pressure drop, both 
the CqP monocomponent and binary composite had an emit-
ted dose lower than 75%. The fine particle dose, i.e., the dose 
of microparticulate powder with an aerodynamic size of less 
than 5 µm, decreased of about 8–38% upon reduction of the 
inhalation airflow rate. The most efficient formulation, in 
terms of aerosolization and deposition at the nasal airflow 
rate, was the CqP ternary composite. Figure 5 shows the 
aerodynamic particle size distributions of this composite at 
the two airflow rates considered. The cumulative undersize 
curves show a significant shift towards higher sizes when 
the airflow rate was reduced to simulate the conditions of 
the nasal inhalation act.

Translating these data to the envisaged upper airway dep-
osition upon nasal sniff, it is encouraging that the MMAD 
of the nasal aerosol significantly increased by 1.3 folds at 
34 L/min. In fact, this limits the deposition of fine particles 
into the deep lung. At the same time, fractions of fine parti-
cles will travel beyond the nasal cavity for a deposition onto 
the oropharynx and larynx, coating a large surface where 
intracellular absorption will take place. In vitro deposition 
studies with the CqP monocomponent nasal powder in the 

Alberta Idealized Nasal Inlet coupled with NGI, are cur-
rently ongoing. Ninety percent of powder deposition was 
measured from nostril to NGI Stage 1 (10.95 µm cut-off at 
34 L/min) that represent the upper airways, with only 4.5% 
of respirable fraction (preliminary data). The chance that this 
small fraction of the nasal aerosol reaches the lungs must 
not be considered a drawback in the loco-regional therapy 
of viral infections. In fact, the concept of an orally inhaled 
antiviral therapy to ensure higher drug concentration in the 
infection site, was considered during the COVID-19 pan-
demic [57, 58]. However, pulmonary administration disre-
garded that in the early phase, the infection involves mainly 
the upper airway epithelia. In particular, hydroxychloroquine 
was administered to the lung of healthy volunteers by oral 
inhalation and proved safe and well tolerated [59].

The in vitro dissolution of chloroquine diphosphate 
nasal powders was fast

The dissolution rate of powder formulations deposited on the 
nasal mucosa is a crucial step for intracellular local absorp-
tion of the antiviral drug administered by a nasal sharp 
sniff. The dissolution and diffusive transport of CqP from 
the three spray-dried microparticulate powders deposited on 
a non-partitioning membrane on Franz-type cells, is shown 
in Fig. 6.

The CqP transport through the artificial membrane was 
quasi linear during the first 30 min. Visually, it was observed 
that the disappearance of CqP powders on the membrane 
was accomplished in about 20 min, independently of the 
powder composition. The linearity of the dissolution pro-
files of all formulations in the early time, suggests that 
pseudo-steady state conditions were quickly established, 

Fig. 5   Aerodynamic particle size distributions of CqP ternary com-
posite at 1 kPa (white circle) and 4 kPa (black circle) pressure drop, 
respectively corresponding to nasal and oral airflow rate (mean ± SD; 
n = 3). The last point of each curve, corresponding to the fraction 
deposited in the NGI induction port, was arbitrarily assigned to a size 
value estimated based on a 2√2 progression of the size. The lines 
are the fitting of the experimental data with a non-linear regression 
model (Prism 9.0; GraphPad Software, Boston, MA, USA)

Fig. 6   In vitro dissolution of CqP and diffusive transport across a 
regenerated cellulose membrane from spray-dried microparticles of 
CqP monocomponent (circle); CqP/zinc gluconate binary composite 
(square); CqP/zinc gluconate/lactoferrin ternary composite (triangle) 
(mean ± SD; n ≥ 3)
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with negligible time lag, until 30 min. This implies that, in 
the applied experimental conditions, the powder dissolved 
quickly and formed a solution with a constant CqP concen-
tration in the donor. The reported equilibrium solubility of 
CqP in water is 0.25 g/g at 35 °C [60]. Here, having 10 mg 
CqP and 0.1 ml of solvent in the donor, the CqP solutions 
formed on the membrane were reasonably saturated in the 
early time of transport.

The three superimposed dissolution profiles suggest that 
neither zinc gluconate nor lactoferrin affected the drug dis-
solution rate in the applied experimental conditions. After 
30 min, the linear transport profiles curved down, signaling 
the decrease of dissolved drug concentration in the donor.

Referring to the paper of Frenning and co-workers [61] on 
modelling of the dissolution rate of a powder deposited on 
a permeable membrane, here the ratio between dissolution 
time and diffusion time in the performed experiments should 
be around 1. It means that the particle dissolution rate does 
not represent a limiting factor for the drug diffusive transport 
through the membrane.

Chloroquine diphosphate extensively permeated 
from the powders across the nasal mucosa 
and accumulated at mM concentrations

Ex vivo permeation studies with the rabbit nasal mucosa 
allowed to assess the antiviral drug transport from depos-
ited nasal powders. Drug permeation rate and accumula-
tion within the mucosa vs. contact time were determined as 
influential parameters for the antiviral action in the upper 
airways. The profiles in Fig. 7 compare the drug permea-
tion respectively from 7.5 mg of chloroquine diphosphate 
raw material and from 1 ml of a 7.5 mg/ml CqP solution in 
water. We used unprocessed CqP raw material here instead 
of the CqP monocomponent spray-dried powder to avoid any 

effect on permeation by the powder solid state as determined 
by the spray drying process.

The rate of drug permeation from CqP raw material pow-
der dissolving in 0.1 ml of phosphate buffered saline, approx-
imated pseudo-steady state conditions from 10 to 60 min, at 
a flux of 28.4 ± 3.6 µg cm−2 min−1. In the same interval, the 
flux from the CqP solution was 1.8 ± 0.4 µg cm−2 min−1. At 
210 min about 5% of CqP, loaded as solution, had diffused 
through the membrane. Conversely, in the same 3 h period 
40% of the CqP deposited as raw material particles, was 
transported (Fig. 7). This eightfold difference was due to 
the tenfold difference in CqP concentrations in the donor.

The ex vivo CqP permeation across the rabbit nasal 
mucosa from the spray-dried formulations was subsequently 
tested. The comparative permeation profiles aimed at assess-
ing the influence of the composition of the spray-dried parti-
cles on CqP transported. For consistency with the CqP dose 
of the previous experiment, 7.5 mg of CqP as monocom-
ponent, binary or ternary composite particles were spread 
onto the partitioning membrane. As before, the powder was 
wet with 0.1 ml of PBS pH 7.4. Figure 8 shows the three 
permeation profiles of CqP obtained.

After a short time-lag, the permeation proceeded at a 
substantially constant rate until 60 min for the three for-
mulations, revealing pseudo-steady state conditions of 
diffusion. The CqP permeation flux from the monocom-
ponent spray-dried microparticles in this time interval was 
66.8 ± 8.6 µg cm−2 min−1, faster than the binary compos-
ite (45.4 ± 3.6 µg cm−2 min−1; p = 0.04), and the ternary 
(44.1 ± 7.5 µg cm−2 min−1; p = 0.06). Therefore, zinc and 
lactoferrin components in the spray-dried composite pow-
ders slowed down the permeation flux of CqP through the 
biological barrier. This composition-related difference had 
not been observed during the dissolution and transport of 
chloroquine across the non-partitioning cellulose membrane, 

Fig. 7   Percent of CqP permeated ex vivo across rabbit nasal mucosa 
from 7.5 mg of raw material powder wet with 0.1 ml of PBS pH 7.4 
(circle) and 1  ml of a 7.5  mg/ml CqP solution in water (triangle) 
(mean ± SEM; n ≥ 6)

Fig. 8   Percent of CqP permeated ex vivo across rabbit nasal mucosa 
from 7.5  mg of CqP as spray-dried monocomponent (black), CqP/
zinc gluconate binary composite (grey) and CqP/zinc gluconate/lacto-
ferrin ternary composite (white) microparticles (mean ± SEM; n ≥ 6)
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where the three nasal powders exhibited superimposed pro-
files. In contrast, in the biological partitioning membrane, 
the concomitant presence of Zn2+ and lactoferrin had a nega-
tive influence on CqP transport across the rabbit nasal tissue.

We have just showed in Fig. 7 that the permeation of CqP 
across the rabbit nasal mucosa benefited from the “locally 
dissolving powder effect”. The results with the spray-dried 
formulations confirm that a CqP nasal powder deposited on 
the nasal epithelium is an effective strategy for improving 
drug transport [62]. Notably, the ex vivo CqP permeation 
from the monocomponent powder outperformed the raw 
material (Fig. 7), confirming that spray drying modified 
particle properties in the solid state, in a way impacting on 
drug dissolution and permeation. The CqP monocomponent 
powder was indeed amorphous, while the raw material was 
crystalline (Fig. S2-S3).

At the end of permeation experiments with spray-dried 
powders (210 min), chloroquine diphosphate inside the 
mucosa membrane was extracted and quantified to calculate 
its concentration in mM units (Fig. 9). This represents the 
intraepithelial drug concentration that expectedly provides 
the antiviral activity towards infected cells.

Following the 210 min transport from the CqP solu-
tion and CqP spray-dried monocomponent powder, 
drug concentration inside the tissue was 14.4 ± 3.1 mM 
(0.8% of CqP loaded amount) and 28.3 ± 2.1 mM (1.7% 
of CqP loaded amount), respectively (Fig. 9). Such val-
ues must be considered active concentrations, accord-
ing to reported in vitro IC50 of 0.005 mM for CqP [63]. 
The CqP spray-dried monocomponent powder accumu-
lated a concentration of drug lower than the binary and 
ternary composite powders within the nasal mucosa, that 
reached 80.1 ± 6.5 mM and 37.7 ± 7.1 mM, respectively 
(Fig. 9). It is strikingly interesting to note that the concen-
tration of CqP in the membrane was very high when zinc 
gluconate was the only additive in the powder composi-
tion. Zn2+ ions were present also in the ternary composite 
together with lactoferrin. Their concurrent presence in the 
ternary powder slightly improved the tissue drug accu-
mulation compared to the CqP monocomponent powder 
(p = 0.23). These results suggest that zinc ions promoted 
chloroquine diphosphate accumulation into the epithelial 
cells during the permeation experiment. This effect could 
be related to the fact that chloroquine is a Zn2+ ionophore 
that forms lipophilic complexes with the metal [38, 64]. 
In the case of the ternary powder, the lower membrane 

Fig. 9   Concentration (mM) of chloroquine diphosphate in rab-
bit nasal mucosa after 210  min of permeation experiments. Donor: 
1  ml of 7.5  mg/ml CqP solution in water  (black and white), CqP 
monocomponent  (black), CqP binary  (grey) and ternary compos-
ites (white) (mean ± SEM; n ≥ 6)

Fig. 10   Concentrations (mM) of chloroquine diphosphate in the rab-
bit nasal mucosa after 15, 30 and 45 min of contact with CqP binary 
composite (grey) and CqP ternary composite (white) (mean ± SEM; 
n ≥ 3). The asterisk indicates statistical significance (p < 0.05)
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accumulation can derive from lactoferrin disturbing the 
interaction between zinc ions and chloroquine, since lacto-
ferrin protein binds divalent cations [65].

In summary, at the end of the permeation experiments 
with the spray-dried microparticles, greater amounts of 
CqP had accumulated in the tissue in presence of zinc. 
Indeed, with the binary composite, 0.38 ± 0.03 mg (4% of 
CqP loaded dose) of CqP were quantified in rabbit nasal 
epithelium. Thus, 14–80 mM concentrations of chloroquine 
diphosphate were established in the rabbit nasal mucosa, i.e., 
more than three orders of magnitude the antiviral concentra-
tion reported in the literature [63]. The permeability of CqP 
favors the nasal tissue accumulation upon deposition of the 
powder. Accordingly, the logP of 4.63 classifies chloroquine 
free base as highly lipophilic drug.

As the mucociliary clearance quickly removes mate-
rial deposited onto the nasal mucosa, shorter contact times 
between powder formulation and mucosa have been investi-
gated for the binary and ternary composites (15, 30, 45 min). 
Interestingly, after 15 min, the CqP concentration within 
the mucosa was about 30 mM for the binary composite and 
almost 60 mM for the ternary composite (Fig. 10).

Such rapid achievement of these intraepithelial antiviral 
concentrations significantly increased with contact time for 
the binary composite before stabilizing for both composi-
tions after 30 min. As previously observed, in 210 min of 
contact, the binary composite accumulated about 1.7 folds 
more CqP than the ternary composite (Fig. 9).

This rapid accumulation of CqP after a short contact 
time with the nasal mucosa is encouraging for the loco-
regional antiviral therapy. When the nasal inspiration is 
successful in depositing the powder in the upper airways, 
an active intraepithelial concentration would be rapidly 
achieved.

The nasal powders showed anti‑SARS‑CoV‑2 activity 
in vitro

Microbiological studies allowed to determine the anti-
viral activity of the spray-dried nasal powders against 

SARS-CoV-2-infected cells. It is widely documented 
that Vero E6 cells are sensitive and permissive to SARS-
CoV-2 infection, leading to high titer replication of virus 
[66]. The attention here was directed to the activity of 
the composite powders, because the combination of chlo-
roquine diphosphate, zinc gluconate and lactoferrin had 
never been tried before. The activity was investigated on 
cells infected with viral loads (MOI) like those found in 
the nose/upper airways in the initial phase of human 
infection [27]. Indeed, a review paper reported MOI val-
ues ranging from 0.001 to 2 for in vitro models of SARS-
CoV-2 infection, using various cell lines [67]. After a 
series of preliminary experiments at higher MOIs (0.2 
and 0.8), the ratios eventually applied in this study were 
0.005 and 0.05.

It was decided not to deposit the solid powders as such 
directly on the cultured cells to avoid osmotic effects and 
uncontrolled CqP concentration in the well. Each powder 
was dissolved in culture medium at three test concen-
trations (25, 50 and 75 µM) to assess the effect of CqP 
concentration on the inhibition of viral replication. The 
cytotoxicity study on cells not infected with the virus, 
proved that CqP solutions in the 10–100 µM range did 
not cause cell death.

In the experiments with the virus, the infected cells 
were treated according to four protocols considering as 
variables the number of drug treatments post-infection 
(all protocols) and the addition of one treatment prior to 
the viral inoculum (protocols C and D).

SARS‑CoV‑2 inhibition was dependent on CqP 
concentration (protocols A‑B)

The drug treatment was applied after cell infection one time 
or for 3 consecutive times at 2 h intervals. These protocols 
respectively mimic the single or multiple intranasal appli-
cations in already infected individuals. Figure 11 shows for 
both protocols A-B the antiviral effect of the three powders 
at the highest MOI (0.05), expressed as % of viral replica-
tion inhibition.

Fig. 11   Inhibition of SARS-
CoV-2 replication (MOI 0.05) 
as a function of CqP concentra-
tion after 1 (left) or 3 (right) 
treatments post-infection: 
CqP monocomponent (black); 
CqP binary composite (grey); 
CqP ternary composite 
(white) (mean ± SEM; n ≥ 3). 
The straight line visually indi-
cates 100% inhibition
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For both protocols A-B, an increasing trend in the per-
cent inhibition of viral replication was observed in depend-
ence of CqP concentration, but the differences among the 
three concentration levels were not statistically significant 
for none of the compositions (p > 0.05 in all comparisons). 
In the present work, viral inhibition was assessed at CqP 
concentrations about 5–10 times as higher as the published 
IC50. The in vitro activity of CqP against SARS-CoV-2 
has been reported by different authors, with IC50 ranging 
between 1.13 and 5.47 µM at various MOIs [63, 68–70]. 
Some authors justified these data in terms of increased viral 
infectivity or different virus strain/variant [69].

By repeating the drug treatment post-infection (Proto-
col B), the % inhibition substantially improved and reached 
close to 100% inhibition with three treatments at 50 µM CqP. 
For sake of clarity, 100% inhibition corresponds to no dif-
ference in the amount of viral RNA between drug-treated 
cells and the untreated control at 48 h post-infection. For 
all powder compositions, the improvement due to repeated 
treatments with the CqP powders, was statistically signifi-
cant (p < 0.05) for the 2 highest CqP concentrations. The 
translation of this microbiological result to the nasal therapy 
of a viral infection, recommends that repeated applications 
will be needed at suitable frequency, also to support the lim-
ited residence time in the upper airways.

The powder composition did not substantially affect the 
inhibitory activity of chloroquine diphosphate at the con-
centrations tested. In fact, neither zinc gluconate alone nor 
combined with lactoferrin resulted in a greater in vitro inhibi-
tion of SARS-CoV-2, compared to the CqP monocomponent 
powder. At some extent, these components seemed to slightly 
reduce the inhibitory effect of CqP, particularly the asso-
ciation zinc/lactoferrin in the ternary composite. However, 
none of such small differences was statistically significant 
(p > 0.05). As said, the combination of CqP with a zinc salt 
relied on the concept of CqP acting as Zn2+ ionophore [38, 
64]. In the cytosol the metal element would inhibit RNA-
dependent RNA polymerase and ultimately interfere with 
viral replication [71, 72]. As for lactoferrin, it was added to 

the nasal powder composition mainly to promote mucoad-
hesion [42, 43, 73]. According to the literature, lactoferrin 
could also have antiviral action per se [45, 74], which was not 
evidenced here. In summary, despite the enhanced accumula-
tion of CqP in the rabbit mucosa ex vivo (Fig. 9), the hypoth-
esized enhancement of the antiviral activity of chloroquine 
diphosphate by the additives zinc gluconate and lactoferrin 
did not occur in Vero E6 cells infected with SARS-CoV-2. 
It was verified that in the present study the actual concentra-
tion of both additives in the solutions used for cell treatment, 
were significantly lower as compared to active concentrations 
against SARS-CoV-2 reported in the literature [74, 75].

SARS‑CoV‑2 inhibition by CqP was enhanced when the cells 
were pre‑treated before virus inoculum (protocols C‑D)

Treatment protocols  C and D were designed to assess 
whether pre-treating the cells with the drug before infec-
tion, affected the inhibitory effect. Figure 12 reports the % 
of viral replication inhibition at 0.05 MOI of the three nasal 
powders following these protocols.

As seen without pre-treatment, the effect of CqP con-
centration on the % of inhibition showed a similar increas-
ing trend. In particular, when applying protocol D with the 
pre-treatment followed by 3 treatments post-infection, the 
increase in CqP concentration from 25 to 50 µM led to sta-
tistically significant higher inhibition (p < 0.05) for all three 
compositions. Moreover, CqP antiviral activity was not 
enhanced by the addition of zinc gluconate with or without 
lactoferrin to the powder composition.

Focusing on the actual benefit of the pre-treatment, in 
general the 2-h contact between cells and drug before virus 
inoculum increased the antiviral effect of the subsequent 
treatment/s performed after infection. In fact, the % inhibi-
tion values increased by 3–4 folds changing from protocol 
A to C or by 1.5 folds from protocol B to D. Notably, the 
enhancement provided by the pre-treatment with the drug 
was greater when only one treatment was performed post-
infection and statistically significant (p < 0.05) in most cases. 

Fig. 12   Inhibition of SARS-
CoV-2 replication (MOI 0.05) 
as a function of CqP concentra-
tion after drug treatment before 
virus inoculum (pre-treatment), 
followed by 1 (left) or 3 (right) 
treatments post-infection: 
CqP monocomponent (black); 
CqP binary composite (grey); 
CqP ternary composite 
(white) (mean ± SEM; n ≥ 3). 
The straight line visually 
indicates 100% inhibition. The 
asterisk indicates statistical 
significance (p < 0.05)
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In the comparison of the % inhibition values of protocols B 
vs. D, the enhancement was statistically significant for all 
powder compositions at 50 and 75 µM CqP (p < 0.05). As 
a final remark, the drug pre-treatment made one treatment 
post-infection (Fig. 12-left) as effective as the three treat-
ments post-infection without pre-treatment (Fig. 11-right).

The reader unfamiliar with Ct-based quantification of % 
of inhibition, may misinterpret that at 50 and 75 µM CqP, % 
inhibition was often > 100% with the pre-treatment. Indeed, 
these values result from an increase of the cycle threshold 
(Ct) value for the treated cells at 48 h compared to the Ct 
value of virus control. Consequently, they reflect relative Ct 
shifts rather than absolute inhibition. They indicate that viral 
RNA lysis occurred as a consequence of the drug treatment. 
The lysis might have been caused by a metabolic activity 
of the cell that eventually destroyed a virus weakened by 
the repeated drug action. Nevertheless, percent inhibition 
values equal to or higher than 100% have to be considered 
equivalent in terms of antiviral activity.

Two papers have reviewed the possible mechanisms by 
which antimalarial chloroquine and hydroxychloroquine 
may act as antiviral drugs, not only against SARS-CoV-2. 
On one hand both could interfere with viral attachment and 
entry into the host cell. In addition, they may hinder the 
maturation and spread of the new viral particles [17, 76]. 
Our experiments showed an effect of CqP on SARS-CoV-2 
replication that depended on when the drug was applied with 
respect to the infection time. When applied only after the 
infection (protocols A-B), CqP likely found the virus already 
in the cell under replication and the inhibitory effect was 
lower. In contrast, the enhancement observed with the pre-
treatment, is substantiated by the presence of CqP inside 
and outside the cell when the virus was inoculated. Thereby, 
additional mechanisms might justify the observed stronger 
inhibition [17]. In this regard, we evidenced a mild inhibi-
tory effect (10–30% inhibition vs. untreated virus control) by 
all powders in a single experiment in which the cells were 
only pre-treated and no drug treatment followed after infec-
tion (data not shown). The inhibition by the pre-treatment 
alone was in the same order of magnitude of the effect of one 
treatment post-infection (protocol A), corroborating the idea 
that CqP acts based on a combination of pre- and post-entry 
antiviral mechanisms.

At the lowest MOI (0.005), the percent inhibition meas-
ured applying the same protocols and CqP concentrations 
was substantially the same observed at 0.05 MOI. Increasing 
the CqP concentration made the inhibition stronger, although 
statistically significant only for the ternary composite from 
25 to 75 µM (p < 0.05). Also, pre-treating the cells with the 
drug significantly enhanced CqP antiviral activity (p < 0.05) 
for protocol C at the two highest drug concentrations. The 
four bar graphs for these experiments are reported as Sup-
plementary Material (Fig. S3).

As a final remark about the three nasal powder composi-
tions, their substantially similar effect could be due to the 
fact of testing the potential contribution by Zn2+ and lacto-
ferrin at CqP concentrations where the high drug activity 
may have hidden any effect by the combined agents.

Conclusions and perspectives

In airborne diseases by respiratory viruses, nasal antiviral 
powders could provide a therapeutical tool to close the gap 
existing between symptom appearance and treatment onset 
of the early infection in the upper airways. The loco-regional 
deposition of small doses of chloroquine diphosphate aerody-
namic particles provided fast drug dissolution and absorption 
by the nasal mucosa, determining much higher intraepithelial 
drug concentrations than the published in vitro antiviral IC50. 
Moreover, the observed in vitro anti SARS-CoV-2 activity of 
CqP composite powders and the benefit of in vitro cell pre-
treatment with the drug before infection, broadens the use of 
this nasal powder product envisaging a preventive treatment 
for subjects at risk of infection. The contribution of the addi-
tives in binary and ternary composites was significant for the 
ex vivo accumulation of CqP in the rabbit nasal mucosa, but 
not for the inhibition of viral replication in vitro, due to their 
low concentration and predominant CqP activity.

The in  vivo study with the mannitol powder and 
Turbospin® device in humans, showed that a dose of respir-
able powder can be quantitatively extracted in aerosol form 
and deposited onto the upper airways beyond the throat, 
as evidenced by the sweet taste of mannitol perceived by 
the volunteers. After assuring nasal powder reproducibility 
and stability, product development can enter the preclini-
cal phase in a relevant animal model to assess deposition 
in vivo, local tolerability, systemic exposure and safety.

Prospectively, sniffing a nasal antiviral powder could 
timely treat the patient and prevent disease worsening to 
pneumonia. It is also not unrealistic that the loco-regional 
antiviral action might reduce the contagiousness of 
infected subjects. Looking ahead, the studied nasal powder 
prototypes meet the patient need to find in retail pharmacy 
an active and safe medicine for use at home, promptly 
prescribed by the general practitioner at first infection 
symptoms. To use such a product, the patients will only 
need to be trained by the pharmacist to perform the correct 
nasal inhalation maneuver. The antiviral medicine can thus 
target three categories of subjects:

1.	 early infected symptomatic subjects, to directly and 
promptly attack the virus replication in the upper air-
ways;

2.	 asymptomatic infected subjects, to control their potential 
infectiveness;
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3.	 subjects exposed to virus contamination for work reason 
(e.g. doctors, nurses, caregivers), to protect them from 
infection.

Even though the COVID-19 pandemic ended, the mean-
ingfulness of the presented drug release strategy remains 
valid because other viral airborne diseases exist and other 
antiviral drugs can be candidate to the nasal inhalation 
route. The ultimate goal is to target the deposition all over 
the upper airways of the selected antiviral drug formulated 
as an aerodynamic powder, favorably performing in the 
nasal breath-powered administration. Finally, this medi-
cine administration copies the same virus entry and route.
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