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A new aerodynamic endonasal
filtration technology for
protection against pollutants and
respiratory infectious agents:
evaluation of the particle filtration
efficacy
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An innovative nasal filter was tested, based on aerodynamic air filtration and not on
conventional air filtration by means of mesh filters. A custom testing system was
designed and three sizes of the filter have been tested vs. monodispersed SiO2

particles sized 5 μm, 1 μm, and 0.5 μm under cycling flow of 6 liters per minute,
provided by an artificial lung breather simulating spontaneous breathing.
Accelerated testing was implemented, challenging filters with a maximum load
of 200 mg per cubic meter. All three filters’ sizes showed initial filtration
efficiencies above 90% vs. all particles’ sizes, decreased to not less than 80%
after 30 min of accelerated testing, corresponding to 4.5 days of continuous use
at 2 mg challenge, this value being associated with hazardous air conditions in
the PSI scale. Results in this study indicate that nasal filters based on
aerodynamic air filtration can provide fine and ultrafine filtration, offering
protection in day-to-day life from risks associated with pollens, mites, PM,
pollutants, and respiratory infectious agents, introducing acceptable respiratory
resistance.
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1. Introduction

Scientific and technological efforts have been devoted to the development of techniques

to remove particles from the air, especially those smaller than 2.5 μm, which can cause

serious health problems including respiratory allergies. Singapore’s National Environment

Agency (NEA) uses standards set by the United States Environmental Protection Agency

(USEPA) to monitor air quality. The pollutant standards index (PSI) comprises six

pollutants viz. sulphur dioxide (SO2), particulate matter (PM) [called "respirable

suspended particles (RSP)" or PM10, as they are 10 microns or smaller in size], fine

particulate matter (PM2.5), nitrogen dioxide (NO2), carbon monoxide (CO), and

ozone (O3).

The unhealthy levels of fine particulate matter (PM2.5) have more serious health

implications as they can penetrate the deeper regions of the respiratory tract, cause
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respiratory problems, and aggravate existing respiratory diseases.

For each pollutant under PSI, a sub-index is calculated from a

segmented linear function that transforms ambient

concentrations onto a scale of 0–500 PSI; levels exceeding 300

are considered hazardous. The USEPA standard for 24-hour

mean PM10 level and PM2.5 level is 150 μg/m3 and 15 μg/m3

respectively. The unhealthy range of PSI 300 and 400 values for

RSP are 625 μg/m3 and 875 μg/m3 respectively. There are several

different particles used in assessing respiratory gadgets

performance viz. Al2O3, Fe2O3, SiO2, TiO2, NaCl, SWCNT, and

diesel particulate matter (DPM) [using dioctyl phthalate (DOP),

and oil] (1–3). Poly Alfa Olefin (PAO) or DOP/PAO produces

mono or poly -dispersed test aerosol of sub-micron particles,

generated to challenge (evaluate integrity) HEPA filters.

Endonasal devices would help filter particulate matter in a

hazardous range and provide protection to users on a day-to-day

basis.

Filtration of ultrafine particles by means of fibrous filters is

based on the requirement that the velocity of the flow through

the filter is low enough (in the order of cm/s) to allow a

sufficiently long residence time, to achieve a two-fold effect:

allow interactions with the fibers to entrap finest particles and

keep the pressure drop low in the presence of a tight mesh.

The endonasal application of mesh filters is highly demanding

because it is heavily constrained by size. Each nostril is crossed by

air at a speed of 1–1.5 m/s (4), a hundredfold that of a facepiece

respirator. At such a high speed, the contribution given to

particle entrapment by diffusion, propelled by Brownian motion,

is lost; the high kinetic energy of the flow also negatively impacts

interception entrapment principles and the filter efficiency

significantly decreases (5–8).

The filter tested in this study (Figure 1) is distributed with the

commercial name Sanispira (HSD, Italy) and operates on an

aerodynamic filtration principle.

Aerodynamic filters are mechanical filters in which the

incoming airflow is disrupted by internal filter surfaces with the

aim of generating a difference in the state of motion between the

airflow and the transported particles, preparatory to their

isolation and collection. Since they do not require a tight mesh

of fibers to perform capture, they promise in principle both

filtration and limited breathing resistance.

The filter consists of two cones of soft material that are inserted

into the nostrils, with soft, thin, outer rings that guarantee

maintenance in place. The inside of the cone has a helical shape

and is coated with a viscous biogel. According to the
FIGURE 1

Nasal device under test.
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manufacturer, the airflow containing the particles is forced by

the helical duct to take a high curvature laminar motion

thickening near the walls, which maximizes edge effects and

supposedly generates a diffusive boundary layer, forcing particles

to impact walls and become trapped (Figure 2).

The novelty of this study is testing fine and ultrafine particles

with a novel filter based on an aerodynamic filtration principle,

totally different from mesh filters, allowing the filter to be as

small as a nostril while introducing minimal pressure drop,

usable for a long-time in everyday life; in order to investigate

such potential use, the test system has been designed to also

measure properties such as time of filter saturation and

sensitivity to environmental moisture.
2. Materials and methods

The NIOSH (National Institute for Occupational Safety and

Health) protocol for the “Determination of Particulate Filter

Efficiency Level for N95 Series Filters Against Solid Particulates

for Non-Powered, Air-Purifying Respirators” uses a fixed flow

rate of 85 LPM ± 4 LPM (9, 10). This mode of testing may not

be suitable to test a novel gel-coated endonasal device that has a

central cavity, and the fluid dynamics have been designed for the

respiratory flows of a person at rest or in light physical activity.

Given the novel mode of action and design, these devices shall

not fit into the NIOSH mode of testing. Theoretically, 0.3 μm is the

most penetrating particle size for pure mechanical filters.

Nevertheless, NIOSH uses a challenge aerosol with a count

median diameter of 0.075 μm when testing electrostatically

charged respirators.

Test methods have been devised in this study aiming at

characterizing a device intended for widespread use for the

general population, during normal activities in a steady or low-

rate state of motion. The target environment is standard (home,

office, etc.), where no particle overload is expected, a case which

remains outside the scope of a nasal filter. For this reason, tests

have been focused on physiological cycling breathing and

penetration tests have not been considered.

An alternative test set up was developed to test the endonasal

devices’ efficiency at a nominal flow rate of ∼6–7 LPM, like that

of normal breathing (11).

The aerosol test system has been constructed, composed of

three chambers (shown in Figure 3). Each chamber measures

51.5 cm L × 30.8cm W× 32.5 cm H.

Particle sizes of interest were aerosolized using an ultrasonic

nebulizer (OMRON NE-U17) run at 6 L/min flow rate and a

nebulization volume of 1 m L/min. The aerosolized particles were

then passed through a diffuser for an even spread of particles in

the chamber.

Timed pulse of compressed industrial grade nitrogen was used

to maintain the relative humidity within the test chamber and was

passed in-line HEPA filter units (Hepa-Cap 36). All tests were

conducted at room temperature.

The setup includes an artificial Lung Breather (IngMar

Medical-Quicklung TM Breather) to better represent the analysis
frontiersin.org
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FIGURE 3

Test system layout.

FIGURE 2

Conceptual representation of the interaction between the airflow and the filter (source: filter manufacturer).
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of this device. The breather is used in Apneusis mode at 16 BPM

with a volume of 500 ml to maximize the air drawn during the

inhalation phase and maintain equilibrium in the test chamber.

The test runs followed the maximum loading of 200 mg/m3

over a ten-day exposure period with the assumption of a worker

exposed to unhealthy air containing 2 mg/m3 particulate air over

an eight-hour day and an average breathing volume of 10 m3 of

air. The tests were conducted subjecting the endonasal devices to

a low humidity range of 30%–38% and a high humidity range of

70%–95%. All experiments were conducted at room temperature

wherein the lowest recording was observed to be 22.7°C and

highest was 24.7°C, with an average ± SD of 23.7°C ± 0.7°C.
Frontiers in Medical Technology 03
Challenge particle sizes included in the test were 0.5, 1, and 5 μm

in diameter. The selected range of monodisperse polystyrene

latex spheres (PSL) typically represents biological contaminants

including allergens e.g., dust, pet dander, bacteria, mold spores,

and smoke particles. We investigated the filtration efficiency of

endonasal filters subjected to a 200 mg of extreme particulate

matter (PM) loading environment.

Monodisperse particles have been used because the filtration

principle of the endonasal aerodynamic device under

investigation is totally novel and its behavior towards the capture

of particles of different sizes is unknown; this is a fundamental

feature, which is well known in the case of mesh filters.
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Monodisperse particles allow the characterization of the filtration

performance vs. specific particle sizes.

The sampling of air particulate count was performed using a

SOLAIR 300 counter. The sampling duration was set for 15 s to

analyze a volume of ∼7 liters of air, equivalent to an average

total lung capacity of an adult human. Sampling was conducted

at intervals of 15 min over a period of 1 h. Instantaneous

filtration efficiency at fixed time intervals was obtained by

confronting particle concentration in the last chamber before and

after removing the test filter for the time needed for sampling.

Calibration was done at a measured flow for 1 min, i.e., 28.3

liters volume and at 42.0% RH and 22°C Room Temperature.

All experiments have been performed at approx. 22°C room

temperature.

The device is marketed in three sizes (S, M, L), to match users’

noses. The diameter of inlet section is: size S (6.44 mm); size M

(8,00 mm); and size L (8.90 mm).

Three samples of each size were subjected to the test in a

sequential manner.

The experimental setup for pressure drop analyses was made of

the following equipment: NXP differential pressure drop sensor

model MPX5010DP, Key Instruments air flow meter (up

140LPM) model 2530A4A72BVBN, and a custom case for

housing the filter.
3. Results

3.1. Filtration efficiency

The results of the measurements are presented by their means

and standard deviations (see Table 1). Peak particle filtration

efficiency >90% was achieved at both low and high humidity for

5 μm, 1 μm, and 0.5 μm challenge particles.
TABLE 1 Filtration efficiencies of endonasal device tested at low (30%–38%) a
are expressed in mean ± SD.

Device size Relative humidity Particle size [μm]

L Low Humidity 0.5

1

5

High Humidity 0.5

1

5

M Low Humidity 0.5

1

5

High Humidity 0.5

1

5

S Low Humidity 0.5

1

5

High Humidity 0.5

1

5
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Filtration efficiency remained >85% throughout the 60 min test

duration with accelerated saturation of 5 μm particles (see

Figures 4A,B) under low and high humidity environments.

However, <2.0 μm particle filtration efficiency dropped after the

50 min test duration to less than 85%. In particular, the filtration

efficiency of 0.5 μm particles were comparatively lower and

affected by a low humidity environment past the 30 min

exposure period (Figure 4B). Considering the accelerated loading

dose of 200 mg/m3, 1 h duration is equivalent to a 10-day

exposure level. The nasal filters have demonstrated particle

filtration efficiency of ≥85% for particles <2.0 μm size over a

30 min test duration, which is equivalent to a 5-day exposure

level. However, the endonasal filters are recommended for daily

use akin to filter masks and ensure higher protection level from

exposure to these particle ranges. We have not tested real

biological aerosols in the present study.

There is no significant difference observed in the particle

filtration efficiency among the three sizes of endonasal filters

(S, M, and L) tested, as reported in Figure 5.
3.2. Breathing resistance

Pressure drop has been measured with a differential

manometer at the flow rate of 6 L/min, i.e., 3 L/min per nostril;

results are reported in Table 2.

There are no standardized indexes placing a limit on

respiratory resistance for a nasal filter. It is advisable to identify

limits based on the specific physiology of nasal respiration.

An index has been proposed (12) that can be obtained by

observing that the incidence of clinically observable oral

respiration is higher among subjects with a nasal resistance

greater than 4.5 cmH2O/l/s (77%) compared to those with a

nasal resistance lower than this value (26%) (13, 14).
nd high (70%–95%) relative humidity under accelerated saturation. Values

Sampling time points [min]

15 30 45 60
94.76 ± 1.52 86.22 ± 2.15 65.68 ± 4.77 52.58 ± 3.76

97.91 ± 1.53 92.28 ± 2.10 86.46 ± 4.12 80.01 ± 4.59

99.03 ± 1.43 96.43 ± 1.47 95.30 ± 0.92 92.41 ± 1.60

92.56 ± 2.90 84.66 ± 1.06 61.91 ± 5.42 50.87 ± 4.48

97.32 ± 2.07 93.35 ± 2.36 82.72 ± 3.84 73.38 ± 5.28

98.76 ± 1.17 95.53 ± 4.12 92.93 ± 4.02 81.26 ± 2.41

92.58 ± 0.88 84.45 ± 2.07 64.81 ± 4.14 51.70 ± 4.97

96.11 ± 1.86 92.29 ± 2.11 81.23 ± 3.38 72.56 ± 2.72

98.62 ± 1.32 95.92 ± 1.43 94.50 ± 1.62 89.12 ± 1.63

91.37 ± 1.43 83.12 ± 1.85 64.29 ± 2.60 51.86 ± 2.68

95.78 ± 0.92 93.17 ± 1.72 83.03 ± 3.22 72.47 ± 2.98

98.48 ± 1.10 96.20 ± 2.16 94.41 ± 3.23 82.90 ± 3.32

94.59 ± 1.44 86.79 ± 3.31 65.09 ± 3.28 53.80 ± 3.46

96.69 ± 0.64 92.86 ± 1.38 86.62 ± 2.97 77.78 ± 3.81

99.30 ± 1.12 97.23 ± 1.43 95.31 ± 1.47 90.96 ± 1.71

92.91 ± 1.78 85.20 ± 3.52 63.23 ± 4.18 52.11 ± 2.40

95.81 ± 1.11 92.11 ± 1.92 82.16 ± 3.32 73.25 ± 3.05

99.13 ± 0.75 96.59 ± 1.70 93.93 ± 2.58 82.39 ± 3.06
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FIGURE 4

(A) Filtration efficiencies of endonasal device tested at high (70%–95%) relative humidity under accelerated saturation. Values are expressed in mean ± SD.
(B) Filtration efficiencies of endonasal device tested at low (30%–38%) relative humidity under accelerated saturation. Values are expressed in mean ± SD.
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This index Rf is specifically adherent to the respiratory

physiology of the nose and is proposed as a reference for

deriving an applicable index to characterize breathing resistance

associated to endonasal devices.

Rf ¼ Pressure Drop [cmH2O]

Flow rate l
s

� � � 4, 5
cmH2O

l
s

The values of the Rf index for the three sizes, L, M, and S, are

reported in Table 3.
Frontiers in Medical Technology 05
3.3. Quality factor

A Quality Factor has been proposed to evaluate the overall

performance of a filtering system through an index based on

knowledge of filtration efficiency and respiratory resistance (7, 16).

Qf ¼ � ln(1� Fe%)
Rf

The higher the index, the better the performance.

The Qf index has been calculated for the size L filter at one time

instant (Table 4).
frontiersin.org
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FIGURE 5

Filtration efficiencies of endonasal device tested at low (30%–38%) relative humidity under accelerated saturation, per size of challenge particles and per
size of device under testing.

TABLE 2 Pressure drop of the endonasal filter @ 6l/min flow rate.

Device size Pressure drop [cmH2O]
Size L 0.112

Size M 0.224

Size S 0.377

TABLE 3 Rf index calculated per each device size.

Device size Rf [cmH2O/L/s]
Size L 1.12

Size M 2.24

Size S 3.77

TABLE 4 Quality factor for size L filter per particle size.

Particle size [μm] Qf× 10−4 [Pa−1]
0.5@15 min 2,681

1@15 min 3,512

5@15 min 4,214

Saravanan et al. 10.3389/fmedt.2023.1219996
The Qf of the size L filter challenged by 0.5 μm particles is

2,681 × 10−4 [Pa−1].

For reference, the Qf of a an N95-B40 certified facepiece

respirator equals 3,210 × 10−4 [Pa−1], when challenged by an

NaCl challenge with a mean value of 0.6 μm; a nasal filter from

an unknown manufacturer scores 22.6 × 10−4 [Pa−1] when

challenged by NaCl particles (11).
4. Discussion

A nasal filter shows potential attractive properties to protect the

general population in day-to-day life: it does not affect speaking

and hinder relations; is almost invisible; can be more tolerable

than filtering facepieces, which can increase humidity; and; it can

be used for a long-time, thereby extending protection to further

contexts (e.g., eating).
Frontiers in Medical Technology 06
Efficacy is expected to be lower than facepieces since in-nose

filtration is extremely demanding for size constraints and out of

the recognized performance envelope allowing fibrous filters to

perform fine and ultra-fine filtration. Nevertheless, devices should

be evaluated in terms of their effectiveness, i.e., the capacity to

protect the wearer over the course of a full day while carrying

out typical activities, also limiting problems of low compliance

and misuse of facepieces. Airborne pathogens are mainly

contracted through respiratory pathways, especially through the

nose, since airborne particles are mostly filtered within the nasal

airway (16). The important role played by the nasal epithelia in

COVID-19 has been further magnified after the emergence of the

many Omicron sublineages, which exhibit highly efficient

replication within the nasal mucosa; furthermore, Angiotensin

converting enzyme 2 (ACE2) and trans-membrane protease

serine 2 (TMPRSS2), the primary entry factors of SARS-CoV-2,

are expressed in a wide range of human mucosal surfaces of the

head and neck, most prominently in the nasal cavity and

trachea (17).

Recently we described one operative protocol for testing the

efficacy of nasal filters in preventing airborne transmission of

respiratory infectious agents (18). Our setting is a simulation

of a real-life situation and the absolute efficacy of endonasal

filters can only be tested live. However, the main limit of our

study is related to the controlled laboratory condition tested

and to the translatability of the results in a real setting, in

terms of virion numbers that are able to infect the host and so

produce illness.

Another study has reported higher filtration efficiency of fine

particles with electrospun nanofiber filters in comparison to

three commercially available nasal filters using monodisperse

polystyrene latex (PSL) particles of fine (<2.5 μm) and ultra-

fine (<0.1 μm) size range without a significant pressure drop

for up to 4 h (19). Recently, a novel bioinspired 3D-printed

filter design with five levels of tortuous airflow channels was

shown to have a low pressure drop compared to commercial

masks with higher capturing efficiency of particles less than
frontiersin.org
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12 μm with >80%, however, it also exhibited lower capturing

efficiency with smaller particle diameters and higher velocity

of airflow (20).

In the work presented, the tests aimed at characterizing a

device intended for widespread use for the general population,

during normal activities in steady or low-rate state of motion.

The target environment is a standard one (home, office, etc.); for

this reason tests have been focused on physiological cycling

breathing and penetration tests have not been considered.

The endonasal devices of all three sizes were exposed to loading

of 200 mg/m3 over a 60 min interval. Achievement of >80%

filtration efficiency for PM2.5 particles over a 30 min interval

indicates the general limitation of usability in such an environment.

Assuming an individual would breathe about 10 m3 of air over

an eight-hour day with exposure of 2 mg/m3, it would take 10 days

of continuous use to reach 200 mg. By following the 3 M time use

limitation on P-series filters, the endonasal devices would have to

be replaced after no more than 2.5 days (i.e., 16–20 h assuming

8 h working shifts) before any potential decrease in filter efficiency.

Nevertheless, the gel stability upon exposure at low humidity

conditions for a 10-day period was not validated in this study and

hence we cannot advise the use of the filter device for more than 8 h.

In a recent study by Zhu et al. (11), nasal filters were challenged

with sodium chloride aerosol with particle distribution (0.02–

1 µm) as a surrogate for PM1 particle penetration levels in

different sizes of nasal filters. The study assessed the limitations

of the model used to test nasal filters due to the higher

penetration rate % observed against the claims that they would

have offered a sufficient level of protection. Though in the

present study PM1 aerosol particles range were not analyzed over

a size range except for 0.5 µm, this could be taken up for future

testing of our endonasal devices to assess its filtration efficiency.

Some insight into the tolerability of the device can be inferred

from the calculation of the Rf index, based on human breathing

physiology; results are below limit thresholds, especially for sizes

L and M, suggesting that the device delivers filtration at a

reduced resistance to flow and is compatible with human nose

breathing. Further investigation is necessary to better characterize

the interaction with the respiratory system and the nasal mucosa.

Given the original working principle with respect to

consolidated fibrous filters, the adoption of an overall Qf quality

factor index allows to provide the positioning of the new

technology; the ability to deliver a Qf in the same range of a

certified filtering facepiece respirator, even if the nasal filter is

crossed by a face flow in the order of m/s, suggests that

aerodynamic filtration has the disruptive potential to deliver

ultra-compact, in-nose devices for fine and ultra-fine filtration.

The proposed test system based on monodispersed particles

correlates filtration performance of a given device to a specific

range of particles size and, hence, application (e.g., pollens,

mites, PM); this is indispensable for ultra-compact endonasal

filters running at high face velocities. The extreme performance

envelope requires filtration efficiency and breathing resistance

tailored for specific applications.
Frontiers in Medical Technology 07
5. Conclusions

Making an endonasal filter trapping ultrafine particles and

aerosols, nearly invisible and with negligible respiratory

resistance, available is a shared target, even more deeply felt

after the acute pandemic phase, and towards which many

research efforts are concentrating. Measured filtration

performance of the endonasal filter under investigation shows

that the aerodynamic endonasal filter tested has efficacy in

filtering fine and ultra-fine particles <2.5 μm, peaking above

90% across the size spectrum 5.0 ÷ 0.5 μm. This range

encompasses particles more injurious to the lungs as

well as droplet and droplet nuclei emitted by humans

(21–24), potentially capable to transmit pathogens, such as

SARS-COV-2.

Performance remains substantially unchanged at different

device sizes and relative humidity conditions. Although filter

saturation occurs under accelerated testing, after 10 days

equivalent of use, gel stability for a 10-day period was not

validated and its use is not advisable for longer than 8 h.

Filtration performance is available to the user at an acceptable

resistance to flow, as shown by the Rf index which was measured

below the threshold of 4.5 cmH2O/L/s for the three sizes tested,

expected to be compatible with continuous nasal breathing at

rest or limited physical activity.

The overall quality index Qf confirmed that the proposed

aerodynamic filtration performs very advantageously in size-

constrained filtration applications, where it can provide fine and

ultra-fine filtration despite high face velocities with a quality

index comparable to an N90 face respirator.

Overall results appear well beyond the current state of

the art concerning compact endonasal filters and suggest that

the filter can protect the population in everyday life

from risks associated with inhalable fine and ultra-fine

particles, introducing a disruptive personal filtration

technology joining together high compactness, ultrafine

particle filtration, and limited resistance to flow, enabling for

the first time in-nose ultrafine particle filtration. Such a

performance envelope is unthinkable with conventional mesh

filters and paves the way to a totally new class of devices,

destined for everyday life.

Further investigation is suggested to extend knowledge about

filter behavior over time and in different conditions, such as

ambient temperature, to evaluate the proprietary nasal gel

filtration performance at high/low temperatures, as well to

validate clinical tolerability and acceptability by users.
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