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Abstract

The pulmonary tract is an attractive route for topical treatments of lung diseases. Yet, our ability
to confine the deposition of inhalation aerosols to specific lung regions, or local airways, remains
still widely beyond reach. It has been hypothesized that by coupling magnetic particles to inhaled
therapeutics the ability to locally target airway sites can be substantially improved. Although

the underlying principle has shown promise in seminal /7 vivo animal experiments as well as

in vitro and in silico studies, its practical implementation has come short of delivering efficient
localized airway targeting. Here, we demonstrate in an /n vitro proof-of-concept an inhalation
framework to leverage magnetically-loaded aerosols for airway targeting in the presence of an
external magnetic field. By coupling the delivery of a short pulsed bolus of sub-micron (~500 nm
diameter) droplet aerosols with a custom ventilation machine that tracks the volume of air inhaled
past the bolus, focused targeting can be maximized during a breath hold maneuver. Specifically,
we visualize the motion of the pulsed SPION-laden (super-paramagnetic iron oxide nanoparticles)
aerosol bolus and quantify under microscopy ensuing deposition patterns in reconstructed 3D
airway models. Our aerosol inhalation platform allows for the first time to deposit inhaled particles
to specific airway sites while minimizing undesired deposition across the remaining airspace, in an
effort to significantly augment the targeting efficiency (i.e. deposition ratio between targeted and
untargeted regions). Such inhalation strategy may pave the way for improved treatment outcomes,
including reducing side effects in chemotherapy.
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Introduction

Inhalation aerosols are a hallmark of respiratory therapy, yet the ability to target either a
specific pulmonary region (e.g. lung lobe) or a localized spot in the airway tree (e.g. tumors
in bronchogenic carcinoma) remains generally poor (Heller-Algazi et al., 2020; Ostrovski

et al., 2018; Stein and Thiel, 2017). Such drawback leads for example to higher risks of

side effects and lower bioavailabilty (MVelkov et al., 2014); a point particularly relevant

in lung cancer (Stewart and Wild, 2014; Zarogoulidis et al., 2012a). Namely, one of the
significant shortcomings of systemic chemotherapy lies in low doses of therapeutics that
reach cancerous cells, with typical uptakes of ~ 1% in the entire lungs (Van Der Veldt et al.,
2010). To overcome some of these challenges, topical delivery of chemotherapy via aerosol
inhalation has been explored in preclinical animal (Gagnadoux et al., 2008; Garbuzenko et
al., 2014; Gill et al., 2011; Hasenpusch et al., 2011; Hershey et al., 1999; Khanna and Vail,
2003; Konstantina et al., 2012; Mangal et al., 2017; Sharma et al., 2001; Yu et al., 2010;
Zarogoulidis et al., 2012a) and clinical studies (Gagnadoux et al., 2008; Konstantina et al.,
2012; Lemarie et al., 2011; Mangal et al., 2017; Otterson et al., 2010; 2007; 2013b;; Sharma
et al., 2001; Tatsumura et al., 1993; Verschraegen et al., 2004; Zarogoulidis et al., 2013a),
with a number of pertinent reviews available (Gagnadoux et al., 2008; Khanna and Vail,
2003; Konstantina et al., 2012; Mangal et al., 2017; Minko et al., 2013; Rosiére et al., 2019;
Sharma et al., 2001; Zarogoulidis et al., 2013a; 2012a). Outcomes of clinical trials (Rosiére
et al., 2019) have shown promising results, including reduced systemic side effects (Lemarie
etal., 2011; Otterson et al., 2010, 2007; Tatsumura et al., 1993), tolerable adverse effects

in healthy pulmonary tissue (Lemarie et al., 2011; Otterson et al., 2010, 2007; Tatsumura et
al., 1993; Zarogoulidis et al., 2012b) and survival increase in phase 11 trials (Otterson et al.,
2010; Zarogoulidis et al., 2012b). Nevertheless, several hurdles have hampered the wider use
of inhaled chemotherapies, as lung toxicities still pose a real challenge (Mangal et al., 2017),
and large quantities of drugs are lost in the surrounding environment with common inhalers
or deposit in undesired lung locations (Ostrovski et al., 2016; Zarogoulidis et al., 2012a).

It has been hypothesized that some of these drawbacks could be alleviated through

the incorporation of magnetic agents into the inhalable drugs and thereby control lung
deposition using external magnetic fields (Christian, 2008; Longest and Holbrook, 2012;
Saadat et al., 2020); a concept that has been extensively explored /n silico over the past
decade with computational fluid dynamic simulations (Kenjeres and Tjin, 2017; Manshadi et
al., 2019; Martinez et al., 2012; Pourmehran et al., 2015). Since the aerodynamic drag forces
exerted on airborne inhaled particles are vastly stronger than the magnetic force imposed by
magnets, deflecting particles under airflow and depositing them on target has been limited.
For example, in an /in vitro study supported by numerical simulations Xie et al. (Xie et al.,
2010a; 2010b) used aerosols of various SPION (superparamagnetic iron oxide nanoparticles)
concentrations directed through glass tubes in the presence of a permanent magnet where
increasing inhalation flow rates resulted in decreased deposition, as the magnet had less time
to pull particles towards the wall.

Perhaps the most promising results have come from preclinical /7 vivo animal studies. The
seminal work of Dames et al. (Dames et al., 2007) in rodents demonstrated a local increase
in lung deposition in the presence of a magnet; 3.5 um droplets were nebulized with 3.5%
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v/v of SPIONS, leading to a 2.5 fold increase in deposition in the lung exposed to the
magnetic field compared with the other lung. In their footsteps, a number of preclinical

in vivo studies have further supported the idea of augmented deposition of magnetic
particles at a local level (e.g. lung lobe), using both dry powders and nebulized suspensions
(Hasenpusch et al., 2012; Price et al., 2017; Redman et al., 2011; Xie et al., 2010a). From

a toxicity standpoint, SPIONs have been in clinical use as imaging contrast agents for many
years (Bellin, 2006; Saito et al., 2005) and can be combined with various therapeutics
(Dames et al., 2007; Poh et al., 2019) (e.g. chemotherapy, antibiotics).

Despite such progress, the ability to locally target aerosol deposition at a selected airway site
while avoiding undesired deposition across the broader respiratory tract has faced several
technical challenges. Namely, in addition to the previously mentioned role of drag forces on
airborne particles, two concurrently limiting factors have hampered the targeting efficiency
(i.e. the deposition ratio between the number of particles depositing in the targeted region
to the untargeted), yielding a factor of two or three at best (Dames et al., 2007; Price et

al., 2017). First, the magnetic field arising in the vicinity of the external magnet is always
stronger than that further away from it. This characteristic has curtailed efficient targeting
of specific airway sites due to deposition in the airway space between the target and the
magnet. In parallel, most commonly-inhaled aerosolized medicines (i.e. typically ~ 1-5

pum diameter (Laube, 2005; Stein and Thiel, 2016)) are specifically intended to increase
deposition along the respiratory tract. Hence, high particle deposition fractions of common
inhalation aerosols limit the selective targeting ability due to broad airway deposition as a
result of other physical determinants for such particle size range, most notably the role of
sedimentation (Koullapis et al., 2018; Sznitman, 2013).

Motivated by these shortcomings, we present in an /in vitro proof-of concept an inhalation
framework to locally target a selected site in reconstructed airway models. The general
delivery method revolves around a smart inhaler coupled with a ventilation machine and

an external magnet. To minimize magnetic deposition of airborne particles located in the
airspace between the magnet and the target airway site, the inhaler generates a short

pulsed bolus of SPION-laden aerosolized droplets, after which the ventilator tracks the
volume of air pushed behind the bolus to reach the targeted site along the airway path.
Unlike traditional inhalation approaches, we confine aerosols to a tight bolus rather than a
continuous stream, thereby minimizing airborne particles located in the airways between the
magnet and the target; this approach drastically reduces undesired deposition in untargeted
regions. Subsequently, we implement a short breath-hold maneuver that momentarily annuls
the drag forces induced during airflow and thus increases significantly the magnet’s ability
to augment deposition. Importantly, our inhaler delivers aerosols in the submicron size range
(~500 nm) that are overwhelmingly exhaled under normal breathing due to weak diffusional
and gravitational forces (Hofemeier et al., 2018; Hofemeier and Sznitman, 2015; Sznitman,
2013); such particles are widely considered a poor choice in traditional inhalation therapy
(Stahlhofen et al., 1989). Here, we leverage this characteristic to increase the deposition
ratio several folds whereby aerosols located away from the magnetic field remain airborne
throughout the inhalation protocol, and are thereafter exhaled.
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2 Methods

The Jn vitro setup is schematically presented in Fig. 1 and combines a (i) custom-built smart
inhaler that releases a short controlled pulse of SPION-loaded nebulized aerosols, through
the ventilator-nebulizer junction (VNJ) connected via an endotracheal intubation tube (EIT)
into the airway model (Fig. 2). (ii) In parallel, the custom-built ventilation machine controls
and tracks the volume of air pushed into the model airways behind the aerosol bolus until
the selected airway depth. (iii) Upon reaching the target volume, the ventilator momentarily
halts with a short breath hold (BH). During BH, (iv) the permanent magnet assembly
positioned near the targeted airway quickly draws the inhaled aerosols to deposit. Finally,
(v) the cycle continues with ventilation reversal, thereby exhaling the remaining airborne
particles from untargeted regions out of the model’s trachea. Details on the ventilation
machine and smart inhaler design are provided in the Appendix.

2.1 Invitro upper airway models

To first model a main bronchial bifurcation, we 3d print (Form 2 printer with Clear

resin, Formlabs) a carinal bifurcation that connects a 16.8 mm tracheal glass tube to two
12.65 mm bronchi-mimicking glass tubes; the model follows representative morphometric
measurements in a human adult lung (Heller-Algazi et al., 2020; Ostrovski et al., 2018). The
magnet is placed next to one bronchus (see Results & Discussion); experiments are filmed
from above illuminated by a continuous wave laser sheet (diode pumped solid state, 532

nm wavelength, 2.26 W, LaVision GmbH). We place a rolled transparency film in each of
the bronchi to capture deposited aerosols ahead of quantification (see below). We use an off-
the-shelf assembly of cylindrical permanent rare earth magnets, placed vertically, adjacent
and perpendicular to the glass tube (i.e. four disc-shaped magnet 30 mm in diameter, 15

mm in height, separated by 5 mm thick plastic plates); the magnetic field at the surface of
the magnet is measured at 0.35-0.4 T. We calibrate the BH initiation time to stop the pulse
directly beneath the magnet for 5 s, which allows aerosols sufficient time to migrate towards
the tube wall.

To quantify deposition we add fluorescent particles to the nebulized solution, with a 0.5 ml
fluorescent bead solution (0.52 um fluorescent red fluorescent polymer microspheres, 1%
solids in DI water V/V, Fluoro-Max, Thermo Scientific), 0.5 ml DI water and 1 ml SPION
solution (EMG 700 ferrofluid, Ferrotec); i.e. the final composition is 96.85% DI water, 2.9%
SPIONs, 0.25% fluorescent particles. We run experiments until the entire 2 ml of solution

is aerosolized, resulting in ~ 70 repeated aerosol boluses. We insert a rolled transparency
film into the glass tube to serve as bedding for particle deposition and fluorescent particle
count. Following the experiment, the transparency film is removed, flattened, and imaged
(Zyla sCMOS, Andor) under fluorescent microscopy (Eclipse Ti, Nikon). Particle deposition
locations are mapped, allowing to extract deposition density maps down to a single particle
resolution. To ensure that data analysis is consistent, a known dilution of the fluorescent
fluid was first tested (1:50,000), where results are found to match the fluorescent particle
solution datasheet.

Next, we explore focused targeting in a four-generation airway model (i.e. corresponding
to the first four generations of a 3D upper airway model recently introduced in in silico
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studies (Heller-Algazi et al., 2020; Ostrovski et al., 2018)). To quantify deposition, we 3d
print the airway tree as two halves (Fig. 3). To create a bedding for particle deposition we
cover each half with a paraffin film (Parafilm, Bemis), and heat it with a blower at 150

°C, causing the film to soften and marry the model shape. The two model halves are then
tightly closed. Rotameters (LZB-3WB 40-400 ml, Chinwey) are connected to each of the
four exits of the model, and flow rates are tuned according to physiological measurements
(Asgharian and Price, 2006; Walenga et al., 2013; Yin et al., 2010) using the rotameter
valves, in conjunction with a more accurate digital flowmeter (Mass Flowmeter 4140, TSI).
Finally, the model is positioned horizontally (similar to a patient laying on their back), while
the magnet is positioned vertically above the model (see Results & Discussion). Following
exposure of a 2 ml magnetic and fluorescent solution, the two halves of the model are
separated and the Parafilm of each half is cut into slices (see Results & Discussion). Each
slice is then washed in 1 ml of DI water for 60 s using a vortex shaker. Droplets of 1 pl

are dripped onto microscope glass slides and left to evaporate at room temperature, leaving
fluorescent and magnetic particles as residue. We count under fluorescent microscopy (see
above) the fluorescent beads in each droplet’s residue, to quantify the deposition on the
examined Parafilm slices.

3 Results & discussion

3.1 Characterization of the pulsed aerosol bolus size distribution

Following established protocols for inhalation aerosols (De Boer et al., 2002), we first
measured the size distribution of the nebulized aerosols generated from the smart inhaler
using laser diffraction analysis (Spraytec, Malvern Panalytical Ltd.) and characterized

the ensuing mean mass median aerodynamic diameter (MMAD). Results (i.e. mean and
standard deviations) are presented following continuous 2 min measurements (with an
acquisition rate of 1 Hz). We first report the size distribution measured at the outlet of

the jet-nebulizer cup for a brine solution, i.e. DI water + NaCl 10:1 w/w solution. As
anticipated (Fig. 4a), a large portion of the mass of the particles lies in the typical inhalable
particle range (1-10 pm) with a MMAD of 4.41 £ 0.68 um. Correspondingly, the aerosol
size distribution for the smart inhaler has a MMAD of 0.45 + 0.03 um (Fig. 4b) for the
SPION-Iladen solution (2.9% v/v SPION in DI water). We note that >90% of the aerosol
mass is contained in aerosols of diameters < 1 um (dgg = 0.961 £ 0.0610 pm). As the
pulsed aerosol bolus travels through tubing and valves of the smart inhaler, this dead

space acts as screen such that larger particles are likely to be filtered leaving the resulting
distribution closer to the optimal range initially sought (~300-550 nm). To ensure that the
presence of SPIONs does not cause a significant distortion in the particle size measurements
we compared results for the SPION suspension to the brine solution yielding a similar
distribution, with an MMAD of 0.501 + 0.0177 um and dgg = 1.17 £ 0.03 um (distribution
not shown here for brevity).

3.2 Magnetic aerosol targeting in bifurcating in vitro airways

We explore localized targeting in a simple bifurcating airway structure, a case study
representing the two first bronchi past the trachea of representative adult-sized airways.
We arbitrarily select to target one of the two daughter bifurcations by placing the magnet
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assembly near the external wall of the tube (Fig. 5a). Upon inhalation, the pulsed aerosol
bolus divides into each daughter airway and particles are pulled towards the magnet

in the targeted bronchus, while remaining airborne in the untargeted branch prior to
exhalation (Fig. 5a; see SM Video 1). We quantify (following 70 repeated pulsed boli) the
resulting deposition pattern underlining the bolus shape on the airway lumen, and observe a
deposition hot spot located downstream near the head of the bolus with a more dilute pattern
around the bolus tail (Fig. 5b). We note the presence of a small concentration of deposited
particles outside the target region near the carina (Fig. 5b; see bottom right corner of the
tube), but remarkably no particles are identified in the untargeted branch. Quantitatively,

our results yield 98.8% of the particles deposit in the targeted region under the magnet;

this would correspond to an ideal 80.5 targeting ratio (i.e. notwithstanding exhaled particles
that do not deposit). While this simple configuration is limited in the possibilities for
superfluous deposition arising in a single bifurcation, it is nevertheless relevant in the
context of targeting localized tracheobronchial tumors in the regions of the trachea and main
bronchi (Ma et al., 2018; Stevic and Milenkovic, 2016).

Multimedia Component 1 Video 1 - https://pcv3-elsevier-live.s3.amazonaws.com/
ba88a7f36d33c65d53599c2e0866a4/image/mmcl.mp4

A broader question in assessing our inhalation framework lies in whether the BH maneuver
itself (i.e. after reaching the target airway depth) is necessary in order to achieve localized
targeting. To address this issue, we ran an experiment with no BH using a simple glass
tube with a diameter corresponding to a representative average adult human trachea (16.5
mm), as motivated by recent /n silico (Pourmehran et al., 2015) and in vitro studies (Poh

et al., 2019). Even at the low flow rate implemented in our experiment (i.e. 1.145 I/min),
the magnet assembly could merely cause a small deflection to the aerosol pulse (Fig. 6;
compare SM video 2 and 3), underlining the role of aerodynamic drag forces on airborne
particles during flight (Heller-Algazi et al., 2020; Ostrovski et al., 2018; 2016). A parallel
question lies in whether once the bolus is stopped above the targeted location, would it be
possible to allow the particles to sediment under gravity, circumventing the need of a magnet
altogether. We found that for the given particle size distribution of the smart inhaler (Fig.
4b) sedimentation occurs on the order of several minutes (not shown here for brevity); an
unrealistic time frame for a clinical BH maneuver that is in line with advocating the use

of micron-sized aerosols in common inhalation therapy (Stahlhofen et al., 1989; Stein and
Thiel, 2017).

Multimedia Component 2 Video 2 - https://pcv3-elsevier-

live.s3.amazonaws.com/ba88a7f36d33c65d53599c2e0866a4/image/mmcl.mp4

Multimedia Component 3 Video 3 - https://pcv3-elsevier-

live.s3.amazonaws.com/ba88a7f36d33c65d53599c2e0866a4/image/mmcl.mp4d
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In a next step, we demonstrate magnetic focused targeting in a more physiologically-realistic
human airway geometry spanning several asymmetric generations (see Methods). In the
present proof-of-concept, we arbitrarily select a target site located in an airway past the
second generation of the left lung; here, we present results upon successive repeats (n = 70)
of targeted boli at the selected site to exemplify the repeatability of the technique. Consistent
results lead to a black stain of SPI1-ONs visible under the magnet in Fig. 7a. Deposition
results (Fig. 7b) are extracted according to the slice area (i.e. particles per unit area, or PPA
in 1/mm?2) and normalized by the maximum measured PPA value. We observe significant
differences as the relative deposition density in the region under the magnet is >10 times
larger compared to the next highest value elsewhere in the airway model. Values of 1 + 0.22
and 0.59 + 0.19 are retrieved in the red and yellow regions under the magnet, respectively; a
value of 0.09 £ 0.03 is found in the left bronchus in the bottom airway half. Some remaining
superfluous deposition is seen in the top half of the model, i.e. in the branches that are at

the same distance from the model inlet as the targeted region. By and large, the /n vitro
targeting ability of the method underlines repeatability and precision with strong potential
for significantly augmenting the aerosol targeting efficiency.

3.3 From proof-of-concept to clinical applications

We discuss some of the limitations of the inhalation framework presented, leaving aside
discussions relating to the safety and efficacy of its therapeutic potential. In the current
setup, /n vitro experiments correspond closest to a scenario whereby a patient is intubated
and mechanically ventilated. While the endotracheal intubation of the model circumvents
the occurrence of aerosol dispersion phenomena due to the laryngeal jet (Das et al., 2018;
Heller-Algazi et al., 2020), our first embodiment holds clinical applications in specialized
inhalation therapies (Fink and Ari, 2013). With this in mind, voluntary oral inhalation
through an inhaler device would significantly broaden the applicability of the technique.
Although beyond the present scope, this could be realized by requesting for instance the
patient to breathe through the device and comply with the prescribed flow or alternatively
by monitoring voluntarily inhaled volumes using a spirometer. We note that while our
method relies on prior knowledge of the targeted airway site (i.e. via the tracked volume
of air pushed behind the aerosol bolus), our approach is first motivated by patients who
have previously undergone imaging diagnostics (e.g. computed tomography) to identify and
localize the presence of a malignant tumor (de Jong et al., 2005; Park et al., 2009).

Our experiments are confined to a permanent magnet assembly in close vicinity to the
targeted airway. While the magnetic fields imposed here are relatively elevated in such
proximity with the focused targeting point, magnetic fields decrease rapidly with increasing
distance from the magnet; a point to consider in clinical applications as the external magnet
should be placed near a patient’s cavity chest but still potentially distant from a targeted
airway (i.e. mm to cm). Although the construction of such magnet is outside the present
scope, we consider some existing designs in view of the clinical feasibility of implementing
our proof-of-concept; a more thorough overview of such magnetic systems are discussed
elsewhere (Cao et al., 2011; Saadat et al., 2020; Shapiro et al., 2015). For example, Alexiou
et al. (Alexiou et al., 2006) constructed a hybrid system for magnetic (cardiovascular) drug
targeting, where electromagnetic coils were wrapped around a permanent magnet core.
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Although their system was relatively small, the authors underline its scalability. Takeda et a/.
(Takeda et al., 2006) developed magnetic particles for gene transfer using viral vectors, and
established the feasibility of such system to facilitate targeted particle delivery. Following
(Alexiou et al., 2006), Gleich et al. (Gleich et al., 2007) developed a larger magnet based

on a similar design, where two parallel coils with 2000 loops were each wrapped around
iron-cobalt alloy cores, that were cone-shaped to increase magnetic field gradients; their
system was designed for vascular targeting in preclinical /n vivo experiments in pigs, and
with a 20 cm distance between the magnets such setup could be adapted for the present
targeted inhalation framework.

4 Conclusions

In an /n vitro proof-of-concept, we have presented a targeted inhalation framework revolving
around a smart inhaler that releases a short pulse of SPION-laden nebulized aerosols
coupled with a ventilation machine that controls the volume of air pushed into the airway
geometry model, thus tracking the location of the bolus. The ventilator then momentarily
halts, leading to a short breath-hold maneuver. A magnet positioned near the targeted airway
site quickly draws the aerosols in its vicinity, forcing them to quickly deposit during breath
hold. The cycle continues with the reversal of the ventilator, thus exhaling the remaining
airborne particles from depositing in untargeted regions. Deposition within the vicinity of
the magnet is quantified via fluorescence microscopy and we observe /in vitro a ten-fold
higher particle deposition density in the targeted region compared to the highest density
elsewhere in the 3d printed reconstructed upper airway model. Such magnetic inhalation
targeting strategy may pave the way for improved treatment outcomes and reduced side
effects in specialized inhalation therapies, including chemotherapy.
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Fig. 1.

Sc%ematic of the /n vitro proof-of-concept setup for targeted aerosol delivery using magnetic
particles and an external magnet. Briefly, a smart inhaler generates a short pulsed bolus of
aerosolized SPION-laden droplets delivered via a ventilator-nebulizer junction (VNJ) into
the airway model. The inhaler is connected to a custom-built mechanical ventilator and the
entire system is electronically controlled (see Methods). Note that superfluous aerosols are
pushed during the exhalation phase into the chemical hood through the manifold, via a tube
parallel to the air line (not shown here for simplicity).
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Fig. 2.

Schematic detail of the ventilator-nebulizer junction (VNJ) design and its assembly with an
endotracheal intubation tube (EIT) to deliver the aerosol bolus into the trachea of the upper
airway model.
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Fig. 3. Snapshot of the two halves of the 3D printed multi-generation asymmetric upper airway
model, coated with Parafilm.
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Fig. 4.
Distribution of the mass fraction according to particle diameter following laser diffraction

analysis for (a) a brine solution exiting the commercial jet nebulizer cup (MMAD of 4.41 +
0.68 pm) and (b) the SPION-loaded aerosol bolus exiting the smart inhaler (MMAD of 0.45
+0.03 pym).
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Fig. 5.

(a)gVisuaIization of the aerosol bolus entering the two main bronchi of the bifurcating
model, with the magnet placed in the vicinity of one bronchus. (b) Quantification of the
relative deposition density of aerosols near the magnet (i.e. density map). Note that no
particles were observed to reside elsewhere across the bifurcating airway model.
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Fig. 6.

Ingtantaneous snapshot of a pulsed aerosol bolus traveling past the magnet in a glass tube
(16.8 mm diameter) mimicking a human adult tracheal airway in the absence of a breath
hold (BH) maneuver (at a fixed flow rate of 1.145 I/min). Even at low flow rate, the magnet
cannot deflect the aerosol bolus and much less deposit the SPION-laden particles at the wall.
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(a) Snapshot of the visible stain residue following repeated SPION-laden aerosol boli
depositing consecutively in the near vicinity of the positioned magnet on the local airway
(top half). (b) Corresponding deposition quantification of the normalized particles per area
(PPA) according to the individual Parafilm slices prepared along the top and bottom halves
of the 3D printed model (see Methods).
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