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Pulmonary route is the main route of drug delivery for patients with asthma and chronic obstructive pulmonary
diseases, offering several advantages over the oral route. Determining the amount of drug deposited onto various
parts of the respiratory tract allows for a good correlation to clinical efficacy of inhalation drug devices. How-
ever, current in vitro cascade impactors measure only the aerodynamic particle size distribution, which does not
truly represent the in vivo deposition pattern in human respiratory tract. In this study, a human upper respiratory
tract model was fabricated using a 3D printer and subsequently characterized for its dimensional accuracy,
surface finishing and air leaking. The effects of using a spacer and/or various airflow rates were also investigated.
To assess this in vitro model, the deposition pattern of a model drug, namely, salbutamol sulphate, was tested.
The resultant deposition pattern of salbutamol sulphate from a metered dose inhaler at 15 L per minute with the
spacer, showed no significant difference from that of a published radiological in vivo study performed in adult
humans. In addition, it was also found that the deposition pattern of salbutamol at 35 L per minute was com-
parable to the results of another published study in human. This in vitro model, showing reasonable in vitro-in vivo

correlation, may provide opportunities for personalized medicine in special populations or disease states.

1. Introduction

Pulmonary drug delivery refers to the inhalation of drug particles via
the oral or nasal cavity into the respiratory tract (Fig. 1A) consisting of
the upper airways (i.e., the nasal cavity, oral cavity, pharynx, and lar-
ynx) and the tracheobronchial tree (i.e., the trachea, bronchi, bronchi-
oles, alveolar ducts, alveolar sacs, and alveoli) (Ruigrok et al., 2016).
This is achieved typically with mechanical devices such as pressurised
metered dose inhaler (pMDI), dry powder inhaler (DPI) or nebulizer. It is
also the main route of drug delivery for lung-related diseases, such as
asthma and chronic obstructive pulmonary disease (COPD). This local
delivery to the lungs allows the use of small drug doses and reduces
potential systemic adverse effects (Labiris and Dolovich, 2003a, b).
Increasingly, pulmonary drug delivery has also been used for systemic
administration due to its quick onset of action attributed to the large
surface area for absorption, rich network of vasculature and thin air-
blood barrier in the alveolar region. Furthermore, it can bypass

barriers of drug absorption such as poor gastrointestinal absorption and
first-pass metabolism in the liver (Gandhimathi et al., 2015; Hess, 2008;
Ibrahim et al., 2015; Liang et al., 2015). Due to the advantages, it is no
surprise that pulmonary route of drug delivery took up>20% of the drug
delivery mode in global markets (Gandhimathi et al., 2015). However,
all these therapeutic effects can only be achieved if the drug particles are
deposited in the desired parts of our respiratory tract (Chow et al., 2007;
Kim et al., 2015).

Deposition of drug particles in the respiratory tract is governed by
key mechanisms including inertial impaction, gravitational sedimenta-
tion and Brownian diffusion (Heyder et al., 1986). An interplay of fac-
tors affects the eventual particle deposition within the respiratory tract.
These factors include 1) formulation parameters, such as particle size,
density, shape (Yang et al., 2014); 2) ventilatory parameters, such as
tidal volume, inspiratory flow rate and breath hold time (Katz et al.,
2001); and 3) human factors, such as posture (Sa et al., 2015), lung
surface morphology (Oakes et al., 2014), type of inhalers used and user
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Fig. 1. Schematic of HURT Model Assembly & In Vivo Deposition Efficiency of
Inhaled Particles in HURT. A) illustrates a brief schematic of the HURT anat-
omy, followed by the 3D model of adult HURT anatomy (Wikimedia, accessed,
18/01/, 2021). B) illustrates the deposition efficiency of inhalable particles at
various region of a healthy male respiratory tract. BLACK dotted line indicates
that only 66% of 10 um inhalable particles is deposited in the extra thoracic
region, in contrast to the general correlation that all 10 pm particles will be
deposited in the extra thoracic region (Laube et al., 2011).

competency in inhaler technique (Brand et al., 2008). To effectively
measure the deposition of inhaled particles within the respiratory tract,
several strategies have been established and can be broadly classified
into in vivo, in silico and in vitro strategies.

Often regarded as a gold standard, in vivo strategy uses a range of
three-dimensional (3D) imaging techniques, such as single photon
emission computed tomography (SPECT) or magnetic resonance imag-
ing (MRI) to monitor the deposition of particles in animals or human
subjects (Fleming et al., 2015; Greenblatt et al., 2015; Majoral et al.,
2014; Oakes et al., 2014; Thompson and Finlay, 2012). While this
method of measurement can provide clear evidence for the deposition of
inhaled particles, it is often tedious for both the administrator and
human subject. Furthermore, radiation-based imaging techniques, such
as SPECT, expose the human subjects to radiations that are not well
suited for special populations, including the paediatrics, geriatrics and
pregnant women.

As an alternative to in vivo strategy, in silico or mathematical models
were developed and validated against in vivo experimental data (Fer-
nandez Tena and Casan Clara, 2012; Katz et al., 2001; Segal et al., 2000;
Stuart, 1976; Sturm, 2016). While this approach has been increasingly
adopted, it is nonetheless an indirect measurement of the deposition of
inhaled particles. The accuracy of its prediction is limited by the direct
measurable parameters.

The third class of strategies involve the use of in vitro cascade im-
pactors, such as the Andersen Cascade Impactor or Next Generation
Impactor. These devices measure the aerodynamic diameter (ADD) of
drug particles, which has been deemed as the most relevant parameter
used to describe the inhaled drug particles (Guo et al., 2008). Inhaled
aerosols with a mass median aerodynamic diameter (MMAD) of 1 — 5 pm
are considered as respirable by humans and can be deposited in the
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alveoli for absorption (Fernandez Tena and Casan Clara, 2012; Taki
et al., 2010). Furthermore, cascade impaction tests have been widely
used for assessing the delivery characteristics of pMDIs and DPIs and is a
mandatory parameter to be reported for all inhalation product devel-
opment studies (EMEA, accessed 18/01/, 2021). Typically, cascade
impaction tests for pMDIs have been conducted using the cascade
impactor with a United States Pharmacopeia induction port to serve as
an inlet for inhalers.

However, both ADD and MMAD have their limitations. As shown in
Fig. 1B, for a monodispersion of ADD 10 um, it is not entirely deposited
in the extrathoracic region as expected, due to its large ADD. Instead,
only about 66% of the particles are deposited in the extrathoracic re-
gion, with up to 10% of the particles eventually depositing in the alveoli
region (Laube et al., 2011).

This variation may be due to the insufficiency of cascade impactor to
account for deposition mechanism other than inertial impaction. The
airway geometry, which is not accounted for in traditional impactors,
may contribute significantly to the deposition of inhaled particles (Feng
et al., 2017). However, it is difficult to develop a model to replicate
airways, due to the complex geometry in the human throat and
oropharyngeal region.

In recent years, the Alberta Idealised Throat model was also devel-
oped to have a more realistic representation of the upper airway (Lewis
et al.,, 2016). The Alberta Idealised Throat model mimics the upper
human respiratory tract and replicates in vivo particle deposition.
Although this model has been commonly used, a major drawback is
found in its simplified design (Zhang et al., 2006). As the name suggests,
the model only mimics the oropharynx, limiting the usefulness of this
model.

To address this issue, 3D printing may be used. 3D printing is an
additive manufacturing technology based on computer-aided designed
(CAD) to create a complex 3D geometry (Goole and Amighi, 2016). The
increasing diversity of materials used in different 3D printing techniques
enables the fabrication of microscale structures made of polymers, ce-
ramics or metal (Liu et al., 2013). Furthermore, 3D printing offers op-
portunities for personalisation or fabrication of organic shapes, due to its
ability to translate medical body scans into CAD models that can be
printed into actual objects (Chen et al., 2020; Lim et al., 2018). Together
with the cost reduction of 3D printing technologies over the last few
years due to expiry of patent (Kim et al., 2016), 3D printing has become
an important tool.

The growing emphasis on studying infectious respiratory tract dis-
eases, such as Coronavirus, further highlights the potential role of 3D
printing. Many infectious respiratory tract diseases are rapidly trans-
mitted from person to person through contact with an infected in-
dividual’s cough or sneeze droplets (Fehr and Perlman, 2015). Thus, 3D
printing can be an inexpensive method of manufacturing models to be
used in research.

The application of 3D printing in pulmonary medicine has become
significantly popular over recent years. Zhao et al., created a lung
phantom with radio frequency ablation indicator using 3D printing
based off of medical images (Zhao et al., 2018). This model was devel-
oped to accurately test new tools and devices and help pulmonologists
practice endobronchial interventions. Xi et al., also developed a 3D
printed human upper respiratory model and observed the deposition
distribution of nebulized aerosols (Xi et al., 2018). Two inhalation rates
and three types of nebulizers were utilised, and it was determined that
the greatest particle deposition was at 10 L/min flow rate. In 2019,
Asgari et al., 3D printed a model which replicated physiological thermal
conditions of a human respiratory tract by embedding water capillaries
into the walls (Asgari et al., 2019). The cast was specifically designed for
air flow and aerosol deposition experiments. Recently in 2020, Kolewe
et al., 3D printed lung models based on a healthy 47-year-old male
(Kolewe et al., 2020). These lung models were then used to study lobe
targeting. Also in 2020, Tabe et al., developed a 3D lung model to study
different airflow rates (Tabe et al., 2020).
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As illustrated, several studies have investigated particle deposition
using 3D printed models, however, none of these studies have thor-
oughly investigated particulate drug distribution in a 3D printed human
upper respiratory tract (HURT) model with controlled flow rates. Thus,
we developed a HURT assembly, comprising larynx, trachea, and part of
bronchus, to determine the deposition of inhaled drug particles in res-
piratory tract. The results obtained from the 3D printed model are
compared with those from previous human studies. To our knowledge,
this HURT model is the first to replicate the structure of a real human
respiratory tract from the mouth to the bronchi for in vitro dry particle
deposition testing.

2. Materials and methods
2.1. Materials

All mentions of water in this article refers to deionised water, filtered
from a Millipore system, unless otherwise stated. Salbutamol sulfate
standard and acetone were purchased from Sigma Aldrich (Merck,
KGaA, Darmstadt, Germany). Ventolin® Evohaler (GlaxoSmithKline,
Brentford, UK), containing 100 pg of salbutamol sulphate per puff, and
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the Aerochamber Plus® Flow-Vu® spacer mouthpiece were purchased
from a local pharmacy in Singapore. Acrylonitrile butadiene styrene
filament was purchased from XYZprinting, Inc (San Diego, California,
USA).

2.2. Overview of device setup

With reference to Fig. 2A, a total of five parts were identified for the
entire device setup, namely (i) Inhaler inlet, (i) HURT assembly, (iii)
Pass-through filter, (iv) Air flow meter and (v) Vacuum pumps (RV 3,
Edwards, Burgess Hill, England, UK). Within the HURT assembly, the
oropharyngeal, tracheal and bronchial regions were demarcated in
Fig. 2A. Pass-through filter was created to simulate that of the alveolar
region. Throughout the setup, an airflow is generated by the suction
force of the lab scale vacuum pump, connected to the setup via flexible
polyvinyl chloride (PVC) tubing. All particles deposited within the
tubing were also considered part of the alveolar region. The rate of
airflow is controlled using an air-flow meter and adjusted to simulate
various respiratory minute volume during different activities of daily
living (15 L per minute (LPM), 25 LPM and 35 LPM). An inhaler fitting
was specially designed to ensure perfect fit between standard Evohaler

Fig. 2. Overall Device Setup. A) shows the gen-
eral schematic of the setup, starting from the
aerochamber which connects the inhaler to the
device. The device is modelled after the human
lung consisting of the oropharyngeal, trachea,
bronchus and finally the alveoli. The flow of air
through the device is generated by a vacuum
pump and regulated through the use of an air
flow meter. B) shows the actual setup of testing
device for the deposition studies. The 5 major
components of the setup are illustrated in the
figure.

Direction of airflow

Vacuum Pump
(Max. 35LPM)
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mouthpiece and the oropharyngeal region. This was used for the depo-
sition of salbutamol sulfate particles from a commercial Evohaler. To
better simulate actual clinical scenario where many geriatrics or pae-
diatrics used a spacer (Aerochamber®), to aid inhalation, the particle
deposition tests were also repeated with the use of a spacer, together
with the Evohaler. When measuring the air seal of the entire device, an
air unifying fitting was used instead. Two sets of lung model assembly
(Model A and B) were fabricated and used throughout the study. Fig. 2B
illustrates the actual setup of HURT assembly using the printed model
and other simple laboratory equipment.

2.3. Acquirement and design of HURT model assembly

Computer aided design (CAD) files of adult human lung anatomy
were obtained from Respiratory Drug Delivery Online (RDDOnline,
accessed 18/01/, 2021). The in vitro model consists of HURT down to the
third generation. The mouth to throat geometry is the elliptical model
proposed by Xi and Longest (Xi and Longest, 2007) and contains the oral
cavity, pharynx, and larynx. This geometry is based on the oral airway
cast reported by Cheng et al. (Cheng et al., 1997) and in-house computed
tomography (CT) data of the pharynx and larynx. The remaining portion
of HURT was based on the anatomical cast dimensions of a 60 year old,
80 kg adult male with no lung abnormalities, reported by Yeh and
Schum (Yeh and Schum, 1980) and scaled to a functional residual ca-
pacity of 3.5 L. Briefly, to generate the realistic model, a virtual 3D
airway geometry was created based on the CT data of a healthy adult
imaged using a multi-row helical scanner with a slice thickness of 1 mm.
Image files were then converted to a solid body model using the software
package Materialise Interactive Medical Image Control System
(MIMICS) (Materialise, Ann Arbor, MI, USA). The surface geometry was
imported into ANSYS Integrated Computer-aided Engineering and
Manufacturing (ICEM) (ANSYS, Inc., PA, USA) as an Initial Graphics
Exchange Specification (IGES) file for meshing. These models were
designed to test aerosol deposition, flow field characteristics, or for the
construction of computational fluid dynamics (CFD) geometries (Delv-
adia et al., 2012; Tian et al., 2011a; Tian et al., 2011b; Xi and Longest,
2007, 2008). The bronchus models were modified slightly to allow for
easy separation and connection of tubing for a leak-proof flow of air to
simulate lung respiration. This was achieved using a combination of
three programmes, namely 3D Builder® (Microsoft®, USA), Solid-
works® 2016 (Dassault Systemes®, France) and Autodesk® Netfabb®
(Autodesk™ Inc., USA). The CAD model was finally converted to a
stereolithography (STL) file and sliced using Simplify3D® (Cincinnati,
OH, USA) with customized support before transferring to the 3D printer
for fabrication.

2.4. 3D printing of HURT

All 3D printings of the HURT were performed with a fused deposition
modelling (FDM) 3D printer (Davinci 1.0, XYZprinting Inc., CA, USA),
with natural-coloured acrylonitrile butadiene styrene (ABS) filament.
Briefly, in FDM 3D printing, an ABS filament of 1.75 mm diameter was
passed through a heated nozzle of 210 °C. The heat softened the ABS,
which was then extruded and deposited onto a glass build plate. The
glass build plate was heated up to 90 °C to prevent premature cooling of
the deposited ABS that might result in warpage. Sequential layers of the
deposited and hardened ABS were then built up to create an object in
three dimensions, as determined by the CAD model. All parts of the
model were printed with a set of pre-optimised parameters to ensure the
prints were acceptably smooth, accurate and airtight (Table 1). These
parameters included printing speed, infill density, support structures
and orientation of print. Support structures were removed with a stan-
dard plier from the printed object before any further processing was
performed. Three sets of HURT assembly were fabricated, but only two
sets of HURT assembly (Model A and B) were used for the study to strike
a balance between replicability and quick changeover.
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Table 1
Pre-optimized printing parameters for HURT model.

Oropharyngeal Trachea & Bronchus
Extruder temp. @ layer 1 & 2 (°C) 225 225
Extruder temp. @ > layer 2 (°C) 210 210
Bed temp. (°C) 90 90
Nozzle diameter (mm) 0.4 0.4
Layer height (mm) 0.2 0.2
Printing speed (mm/s) 40 60
Infill density (%) 30 20

In all 3 models, temperature of extruder was held at a standard
210 °C for all printing done at layer 3 and above. However, to provide
better adhesion of the model to print bed (held at 90 °C throughout the
print job), the temperature of extruder was elevated to 225 °C for the 1st
two layers of each model. A standard 0.4 mm diameter nozzle was used
for the extrusion of filament at a layer height of 0.2 mm. This interme-
diate layer height provided a good balance between resolution and the
duration of print. Finally, both trachea and bronchus were printed at 60
mm/s with an infill density of 20%, while the oropharyngeal was printed
at 40 mm/s with an infill density of 30%. The main contributing factor
for these differences was due to the larger size of oropharyngeal and also
the overhanging and curved structures of the oropharyngeal which
would benefit from a slower printing speed at a higher infill density, in
order to achieve a dimensionally accurate print.

2.5. Post processing (acetone vapour polishing)

The ABS prints were first examined for any visible defects or
roughness after printing. Any defective prints were discarded and
reprinted. Subsequently, two printed models were placed in a cylindrical
container (height = 13 cm, radius = 8 cm) of volume 2.613 L. Twenty
millilitres of acetone was added to standard C-fold paper towel affixed at
the perimeter of container to ensure uniform acetone vapour polishing.
The container was enclosed for a duration of 2 h, to allow the acetone to
vaporise and saturate the container. During treatment, acetone vapour
smoothened out any uneven surfaces of the prints by partially dissolving
the surface ABS. After 2 h, the container was vented for 30 min, before
the next batch of printed objects were placed within the container for
acetone vapour polishing. Flat bronchus, tangent bronchus and
oropharyngeal prints were treated before the trachea. After treatment of
the trachea, all the polished parts were manually fitted together. The
joints were then tightened and sealed with Parafilm® (Bemis, USA)
before being left to dry for 2 days in a standard laminar flow fume hood.
The final printed parts were then measured physically using a ruler and
compared to the original CAD model to determine the accuracy and
precision of 3D printing.

2.6. Water contact angle for printed object

2 cm x 2 cm X 5 mm ABS plate were printed for the measurement.
The printed plates were either treated with acetone vapour, sanded with
coarse sandpaper or left untreated. Each of the plates were then sub-
jected to water contact angle test using micropore deionized water. The
contact angle of water droplet was measured via Video Contact Angle
(VCA) System-Optima from AST Products.

2.7. Microscopy

Both post processed and unprocessed ABS printed square cubes were
used for imaging under standard procedures of a field emission scanning
electron microscope (FESEM) (JSM-7610F, JEOL, Tokyo, Japan).
Briefly, each of the samples are coated with a thin layer of platinum
using a standard sputter coater for 30 s and mounted onto the FESEM
stub, before being viewed under a voltage of 5 kV, emission current of 10
pA, working distance of 8 mm using LEI detector and a vacuum pressure
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of at least 1.91x10™* Pa. Images of drug particles were captured using a
SMZ 1500 stereomicroscope (Nikon, Tokyo, Japan). Any other images
were captured using a standard handphone camera.

2.8. Air seal test

Before each deposition test, airflow before the inhaler inlet and after
the HURT assembly model was measured and recorded. A maximum
allowable limit of 20% drop in airflow between the two sites was
implemented. The final setup was sealed with tape, hose clamp, cable
tie, vacuum grease and parafilm to achieve an airtight seal. Air seal was
also used to ensure that results obtained from the two sets of HURT
assembly could be compared.

2.9. Recovery of particle deposition test

The recovery of each particle deposition test was calculated by
dividing the total amount of drug recovered from all parts of HURT
assembly against the total number of puffs multiplied by the dose of drug
for each puff. A consistent and similar recovery between the two sets of
HURT assembly ensured that their deposition results were comparable.

2.10. Evaluation of pressurised metered dose inhaler (pMDI)

Salbutamol sulphate pMDI (Ventolin® Evohaler, GlaxoSmithKline,
Brentford, UK) was sprayed onto a glass slide kept in 50 mL Falcon tube.
The setup is being left stagnant for any airborne particle to settle for 5
min. The glass slides loaded with particles was subsequently imaged
under an optical microscope (SMZ 1500, Nikon, Tokyo, Japan). Using
imaging software NIS-Elements D 4.30.00 (Nikon, Tokyo, Japan), the
longest diameter and tangential diameter of the particles were measured
for the evaluation of particle size distribution. A total of 808 particles
were counted and the calculated volume median aerodynamic diameter
(VMAD) was obtained. ADD was calculated using the below formula:
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the next run. All experiments were carried out in triplicates.
2.12. Statistical analysis

All data were collated and prepared using GraphPad Prism 6
(GraphPad Software Inc, CA, USA) for any graphical outputs. All ex-
periments were conducted in triplicates and the results presented as
mean + standard deviation. Statistical analysis was performed by one-
way analysis of variance followed by Tukey post hoc test using IBM
SPSS Statistics 21.0 (IBM, New York, USA). A probability value of p less
than 0.05 was considered statistically significant.

3. Results
3.1. 3D printed HURT assembly model

Using the set of pre-optimised printing parameters, the HURT model
was successfully printed, compartment by compartment. No visible de-
fects were observed after 3D printing. Physical measurement of the final
printed parts (Fig. 3) demonstrated reasonable accuracy and precision
for FDM 3D printing in the fabrication of the HURT assembly. All di-
mensions of the various compartment were within 10% error, with a
tendency for smaller parts to have a higher percentage error. Printed
HURT assembly was also sturdy and lightweight due to the use of ABS as
its printing material. Support structures were thinly printed and can be
easily removed manually. For supports structures that cannot be
removed with hands alone, pliers were enough to remove them easily.

3.2. Effect of post processing on surface properties of HURT assembly
model

Post processing of the printed parts using acetone vapour resulted in
a drastically improved appearance. Other than becoming reflective and
glossy in appearance, the treated parts had a smoother appearance. The

ADD = (Longest diameter 4 Tangential diameter) +2x \/ True density ofsalbutamol sulphate particle

Where the true density of salbutamol sulphate is 1.3 gem > (Chiou
et al., 2007)

2.11. Airway drug deposition study for salbutamol sulphate (Ventolin®
Evohaler)

At the beginning of each particle deposition test, 15 mL of water was
first introduced into the pass-through filter chamber. The vacuum pump
was then started at the desired airflow of either 15 L per minute (LPM),
25 LPM or 30 LPM. A 30 s interval was provided to allow the stabili-
sation of airflow before the first spray from the pMDI was administered.
A 10 s interval was given between each spray to allow for complete
deposition of salbutamol sulphate into the HURT assembly. A total of 10
sprays were administered. An additional 30 s after the last administered
dose was given to allow complete particle deposition. All parts of the
HURT assembly were then dismantled and removed from each other.
Spacer and oropharyngeal region were thoroughly washed with 10 mL
of water each. Trachea, flat bronchus and tangent bronchus was washed
with 5 mL of water each. All the connecting tubing after the HURT as-
sembly up to the pass-through filter were washed with 15 mL of water
present in the pass-through filter earlier. All the different washed out
solution were subsequently quantified using a UV spectrometer (U-
1800, Hitachi, Japan) and salbutamol sulfate standard solutions. All
parts of the HURT assembly were cleaned and dried thoroughly before

layering appearance due to additive nature of 3D printing were
removed, as illustrated in Fig. 4A. The layered surface before post pro-
cessing could have resulted in premature deposition of the inhaled
particles due to surface roughness and increased surface area. Therefore,
it was necessary to ensure a smooth inner surface for all compartments
of the HURT assembly model. In Fig. 4B, water contact angle of ABS
surfaces post processed using different methods were illustrated. The
similar water contact angle demonstrated no significant effect of acetone
treatment on the hydrophobicity of ABS. However, from the small
standard deviation (SD) demonstrated in Fig. 4Bi as compared to
Fig. 4Bii and Fig. 4Biii, it can be inferred that the ABS surface treated
with acetone vapour was much smoother and consistent as compared to
ABS with no treatment or sandpaper treatment.

3.3. Air seal and recovery of HURT assembly

A similar percentage seal was obtained for both models of HURT
assembly with no significant difference between each other (p = 0.977).
This meant that the two models could be used interchangeably.
Furthermore, good air seal of > 92% were obtained for both models to
ensure that the HURT model assemblies were sealed sufficiently tight to
be used in the study to determine particle deposition. On the other hand,
the two HURT model assemblies had reasonable yield of > 67%.
Furthermore, the average percentage recoveries of the 2 HURT model
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CAD Drawing Actual Prints Part Length (mm) Std Dev Error %Error
CAD Average
1 30.0 28.6 0.6 1.4 4.8
2 16.0 14.7 0.3 1.3 8.3
2

3 18.5 18.3 0.4 0.2 0.9

4 17.2 17.3 0.5 0.1 0.4

5 143 14.4 0.2 0.1 0.9

6 15.0 134 0.5 1.6 10.7

6 7 8.6 8.0 0.0 0.6 7.0

8 8.1 7.3 0.2 0.8 9.9

9 5.8 5.2 0.2 0.6 10.9

7 8 Bl 10 9.6 9.4 0.3 0.2 2.4
11 11.3 10.1 0.1 1.2 10.3

12 8.1 7.8 0.3 0.3 33

13 8.3 7.4 0.4 0.9 104

14 8.0 7.6 0.2 0.4 4.6

15 7.9 7.1 0.2 0.8 9.7

Fig. 3. Summary table for the various Dimensions of the CAD model VS actual printed model. All the dimensions are largely accurate and precise, with a percent
error of less than 11%.

Fig. 4. Physical Characterization of
3D-printed Inhalation Testing Device.
A) Effect of acetone treatment on the
inner surface of 3D printed ABS lung
model. Before treatment, visible layers
were observed as illustrated in Ai).
After treatment with acetone fumes,
the inner surfaces become smooth
with no visible lines between each
layers of print as in Aii). Acetone
vapour successfully smoothened out
the gaps between each layer of prints.
B) Water contact angle of various post
treated surfaces. Bi) Acetone treated
ABS, Bii) ABS smoothened with sand-
paper, Biii) Untreated ABS. From the
similar water contact angle, there is no
significant effect of acetone treatment
on the surface properties of ABS, in
terms of hydrophobicity.
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Fig. 5. Calculated Aerodynamic Diameter Distribution of Salbutamol Sulfate Particles. A) shows the size of salbutamol sulfate crystal being captured using a Nikon
stereoscopic microscope coupled with NIS software. B) Calculated aerodynamic diameter distribution of salbutamol sulfate particle (808 particles).

assemblies were similar (p = 0.753) and could therefore be used
interchangeably.

3.4. Evaluation of pMDI (Ventolin®)

Based on previous literature values, Ventolin® Evohaler has a mass
median aerodynamic diameter (MMAD) of 2.28 pym (Terzano, 1999).
Based on measurement of 808 microscopic images of sprayed on parti-
cles (Fig. 5) the calculated VMAD of a locally purchased Ventolin®
Evohaler is 3.03 um. VMAD is considered as the same value as MMAD,
given a constant density of the inhaled particles. The calculated VMAD
value and the MMAD value from the literature were comparable and can
self-validate each other. Therefore, the VMAD value of 3.03 ym may be
used for subsequent comparison with published in vivo radiological data.

3.5. Airway drug deposition study without spacer

Particle deposition study was conducted without the use of a spacer
to determine the baseline deposition in the HURT model assembly
(Fig. 6A). Regardless of airflow velocity, most particles deposited in the
oropharyngeal region (63 — 86%), followed by the alveolar region (10 —
32%). Both tracheal (1 — 3%) and bronchial regions (1 - 3%) had
significantly less particles deposited than the oropharyngeal and alve-
olar regions. As the airflow velocity was increased to simulate increasing
physical activities, increasing percentage of inhaled particles deposited
in the deeper region of the HURT model assembly, i.e., alveolar region.
Percentage deposition in the alveolar region was 14.9% (15 LPM);
20.3% (25 LPM); 29% (35 LPM). In contrast, percentage deposition in
the oropharyngeal region was 80.9% (15 LPM); 74.1% (25 LPM); 65.5%
(35 LPM). Percentage deposition in the tracheal and bronchial regions
remained similar regardless of airflow velocity.

3.6. Airway drug deposition study with spacer

Particle deposition study was repeated using all the same parame-
ters, except for the additional use of spacer together with the HURT
model assembly (Fig. 6B). Spacer is a commonly used device in the
clinical setting, to prevent deposition of inhaled particle in the
oropharyngeal region. Regardless of airflow velocity, the highest per-
centage of particles was deposited in the spacer (46 — 76%), followed by
the alveolar region (17 — 46%). Contrastingly, the percentage of parti-
cles deposited in the oropharyngeal region (3 — 10%) is significantly less
as compared to the results in the particle deposition study, without
spacer. The remaining tracheal (0.7 — 2%) and bronchial regions (0.7 —
4%) had significantly less percentage of particles deposited, as
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Fig. 6. Effect of Spacer on Particle Deposition at Various Parts of In Vitro HURT
Model Assembly. Fig. 6A compares the % deposition of pMDI salbutamol in
different parts of the HURT model assembly at 35 LPM, 25 LPM and 15 LPM
without using a spacer. Fig. 6B compares the percentage deposition of salbu-
tamol sulphate particles in different parts of the model at 35 LPM, 25 LPM and
15 LPM using a spacer. Without a spacer, up to 80% of drug particles were
deposited in the oropharyngeal region, as reported in literature. Using a spacer,
the deposition in oropharyngeal region is greatly reduced (65% to 6.4% at 35
LPM) and reflect greater similarity with in vivo deposition using nebulizer.

compared to the spacer and alveolar regions. A similar trend in particle
deposition without a spacer was also observed. As the airflow velocity
was increased to simulate increasing physical activities, increasing
percentage of inhaled particles was deposited in the deeper region of the
HURT model assembly, i.e., alveolar region. Percentage deposition at
alveolar region was 19.8% (15 LPM); 26.0% (25 LPM); 39% (35 LPM).
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Contrastingly, percentage deposition at spacer region was 72.9% (15
LPM); 63.8% (25 LPM); 52.0% (35 LPM). Percentage deposition in
tracheal and bronchial regions remained similar regardless of airflow
velocity.

4. Discussion
4.1. HURT model fabrication by 3D printing

In this study, we have demonstrated the use of a 3D printer to
fabricate a HURT model, based on CT images of a healthy adult human
male. The anatomically accurate model assembly was characterised and
used in an in vitro particle deposition study with and without a spacer, to
better simulate actual clinical settings of patients using pMDIs. The ef-
fect of different airflow through the model to simulate different respi-
ratory minute volume of daily living was also investigated.

The 3D model designed was manufactured from acrylonitrile buta-
diene styrene (ABS) filament, a material commonly used in 3D printing
(Garcia et al., 2018). To determine whether this model could address our
aim, different designs were tested, and recovery studies were conducted.
The model was initially designed using longer pipes but due to the for-
mation of kinks, airflow was found to be disrupted. Instead, shorter
pipes facilitated smooth airflow and thus these were used in the final
model. Although there was an average of 68% recovery (Table 2), it can
be assumed that retention is consistent throughout the whole model.
Furthermore, the retained amount did not impact our study as we
focused on the distribution of particles instead of percentage of ab-
sorption. To ensure that all particles were captured, the pass-through
filter led into a solvent, capturing all remaining particles. Thus, it can
be determined that the designed model was suitable for this study.

4.2. The use of a spacer as inhalation aid

As expected, without the use of any inhalation aid, such as a spacer,
most of the inhaled drug particles deposited in the oropharyngeal region
(Fig. 6). This is consistent with published literature data where ~ 80% of
the inhaled particles deposited in the oropharyngeal region even with
optimal inhalation technique while using a pMDI (Vincken et al., 2018).
The pMDIs typically produce inhalation particles at a linear velocity (up
to 25 kmh™1), much faster than that of the airflow achieved by the pa-
tient during inhalation (up to 9 kmh™!), resulting in the deposition at the
back of the throat (Dalby et al., 2011). Furthermore, the sudden change
in the direction of airflow (due to the geometry of the throat), may also
have contributed to the deposition of particles by inertial impaction.

To reduce the deposition of particles in the oropharyngeal region, the
very first concept of activating the pMDI into a spacer prior to inhalation
was developed in the 1950 s (Stein and Thiel, 2017). The use of a spacer
can significantly slow down the speed of aerosolised particles sprayed
out from the pMDI, thus reducing the effect of inertial impaction and
allowing enough time for the user to inhale the particles. This often

Table 2

Seal and Recovery Test for the 2 Replicates of HURT Model Assemblies. The
consistent percentage seal and percentage recovery between the two replicates
models illustrates that the 3D printed models are replicable and can be used
interchangeably.

A) Seal Test

Average /% SD
Model A 92.4 0.8
Model B 92.4 1.6
B) Recovery Test

Average /% SD
Model A 69.0 6.0
Model B 67.3 8.0
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results in a significant reduction in oropharyngeal deposition of inhaled
particles (Vincken et al., 2018). A similar trend was observed in the
HURT model assembly where the use of a spacer. This demonstrated the
similarity of the HURT model assembly to actual human in vivo setting
for inhalation particle deposition, with or without the use of spacer.

4.3. Effect of airflow velocity on particle deposition

To further demonstrate the in vitro-in vivo correlation of the HURT
model assembly, the effect of airflow velocity was also investigated in
this study. Although resting human flow rate is between 7 and 8 LPM,
greater effort is required when using an MDI. Thus, the airflow velocity
of 15 LPM was chosen and the velocities 25 and 35 LPM were deter-
mined based on the British Pharmacopoeia (BP) recommendation of 30
L/min (+5 per cent) for pressurized inhalers in the in vitro studies (BP
Appendix XII C). Particle diameters between 3 and 4 um are used in
commercial dose inhalers, thus the deposition of particle size 3.1 pm was
investigated. As expected, an increase in the airflow velocity resulted in
a higher deposition of particles in the lower airways region or the
alveolar region. This trend is similar to those reported in bicycle mes-
sengers and their exposure to pollution. With a significantly higher
pulmonary ventilation, bicycle messengers have an estimated 4-fold
more exposure to the amount of polluted air inhaled (Bernmark et al.,
2006). In a separate study by Daige et al. (2003), it was demonstrated
that the total number of deposited ultra-fine particles, although much
smaller than in our study at a median of 26 nm, was 4.5-fold higher
during exercise than during rest due to a combination of factors such as
an increase in deposited fraction, increase in intake of particles and the
shifting of deposition towards the alveolar region (Daigle et al., 2003).

4.4. Compare HURT testing with human study

In vivo human data using radio-labelled monodispersed particles had
been performed previously (Fleming et al., 2015; Majoral et al., 2014).
The in vivo data used for comparison in this case were that of a 3.1 pm
ADD radio-labelled monodispersing droplets administered through a
vibrating mesh nebuliser (Fleming et al., 2015; Majoral et al., 2014), to
healthy human adults at the resting state. The radiopharmaceutical
aerosol consisted of nebulized aqueous droplets produced from a sus-
pension of Tc-99 m labelled milli-microspheres of human serum albumin
in isotonic saline (0.9 %w/v sodium chloride). In Fig. 7, in vitro depo-
sition data using the HURT model assembly at 15 LPM, with spacer,
were compared against the published in vivo human deposition data due
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Fig. 7. Particle Deposition for In Vitro HURT Model Assembly vs. Radioactive
Aerosol Deposition Human Data. Fig. 7 compares the % deposition of pMDI
salbutamol sulphate particles measured by our in vitro HURT model assembly at
15 LPM using a spacer (Aerochamber®), with actual human data based on a
nebuliser deposition of a monodispersion of 3.1 um aerodynamic diameter
droplets (Fleming et al., 2015). The pattern of deposition across different re-
gions of the lungs (extrathoracic, trachea/bronchus and alveoli) are similar
with alveoli having the highest deposition, and trachea/bronchus having the
lowest deposition. There are no significant differences for all 3 regions of the
lung model assembly and human data.
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to it being closest to that of the minute respiratory volume of healthy
human adults at resting state (average of 8.3 LPM) (Fleming et al.,
2015). In all three regions of extrathoracic, tracheobronchial and alve-
olar region, there was no significant difference between the deposition
in the in vitro HURT model assembly with spacer and the in vivo human
data (p-value of 0.057, 0.082, 0.170 respectively). In both cases, the
highest percentage of deposited particles were in the alveolar region
(73.3% vs 81.6%), which was the most important site of deposition in
the HURT.

Besides, Ammari et al., evaluated the lung and systemic bioavail-
ability of salbutamol post-inhalation from a Ventolin Evohaler, either
with or without an ABLE Spacer™ (Ammari et al., 2020; Mazhar and
Chrystyn, 2008). In the published study, 16 healthy adults inhaled two
puffs of 100 pg salbutamol with a peak inhalation flow between 30 and
60 L/min. In Fig. 8, in vitro deposition data using a Ventolin Evohaler
with and without an Aerochamber with the HRT model assembly at 35
LPM was compared with the published in vivo data of salbutamol inha-
lation using a Ventolin Evohaler, with and without the use of an ABLE
Spacer™. Whilst the in vitro extrathoracic region data was compared
with the in vivo oropharyngeal deposition data, the total in vitro depo-
sition in trachea, bronchus and alveoli was compared with the in vivo
urinary recovery of unchanged salbutamol 0-0.5 h (USALO.5) post-
salbutamol inhalation. Ammari et al., 2020 defined USALO.5 as the
relative lung bioavailability of inhaled salbutamol. The relative lung
bioavailability represents the total amount of salbutamol deposited in
the lungs, specifically the trachea, bronchus and alveoli. Thus, total
deposition in trachea, bronchus and alveoli in vitro was compared to the
in vivo USALO.5 data.

Both in vitro and in vivo data illustrated that there was greater particle
deposition in the extrathoracic region than the trachea, bronchus and
alveoli region when a spacer was not used (Fig. 8A). On the other hand,
both in vitro and in vivo data exhibited greater particle deposition in the
trachea, bronchus, and alveoli region in comparison to the extrathoracic
region with the use of a spacer (Fig. 8B). The slight difference in
extrathoracic deposition could be due to the difference in the spacers
used in the in vitro testing and human study, i.e., the Aerochamber®
mouthpiece vs the ABLE Spacer™ mouthpiece. A study conducted by
Nicola et al., determined that fewer particles were deposited within the
Aerochamber® mouthpiece compared to an ABLE Spacer™ mouthpiece,
meaning that greater number of particles are able to exit the Aero-
chamber® mouthpiece and enter the extrathoracic region instead
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(Nicola et al., 2020).

4.5. Inhalation drug testing methods

Historically, the most common approach of administration is via a
small-volume nebuliser (SVN). Current gold standard for in vivo radio-
logical study is to use an SVN to generate and administer the drug
aerosol particles. This was also the case for the set of in vivo human data
used for comparison in this study. Only 15 LPM was investigated in vivo
as there is no other existing in vivo data to draw comparisons to, due to
difficulty in having patients run and breath into an inhaler simulta-
neously. Several reviews of in vivo clinical studies demonstrated that
pMDI with a spacer is as effective as SVN (Al-Sallami Hesham et al.,
2001; Cates et al., 2013; Salyer et al., 2008; van Geffen et al., 2016).
Based on similar efficacy, it was assumed that both the use of pMDI with
spacer and the use of SVN are similar in their particle deposition profile
in the respiratory tract.

Current in vitro standard in quality control testing for inhalation drug
devices include the use of cascade impactors such as Andersen Cascade
Impactor or Next Generation Impactor (NGI). A comparison between our
model and existing models, such as NGIs, was not conducted as these
two models have different purposes. NGIs are solely utilised to perform
quality control tests on particle retention whereas our model was
designed to mimic in vivo data and provide a future alternative method
to human clinical trials. While existing models are useful for stand-
ardising and controlling the quality of inhalation products, they are not
able to perfectly simulate the respiratory tract, since they operate at a
constant flow rate, while the respiratory cycle has a varying flow-time
profile (Mitchell et al., 2007). To better simulate the actual in vivo
environment using in vitro devices, the most common approach is to
design a device that best resemble the HURT (Byron et al., 2010). This
was evident in the case of the Alberta Idealised Throat model or the use
of various dimensions of mouth throat model for airway drug deposition
study (Wei et al., 2018). Carrigy et al. also used CT scanned images of
paediatric populations to create a realistic extrathoracic model for
particle deposition study (Carrigy et al., 2014).

Although the extrathoracic region has been suggested to be the major
source of variability in airway deposition of inhaled drugs (Byron et al.,
2010), additional airway replica down to the bronchus may potentially
provide a more accurate in vitro-in vivo correlation due to the close
relationship between airway geometry and airflow velocity (Rahimi-

Fig. 8. Particle Deposition data from In
Vitro HURT Model Assembly vs. Human
Study, using Ventolin Evohaler. Fig. 8
compares the % deposition of salbuta-
mol sulphate particles measured by our
in vitro HURT model at 35 LPM, with
actual human data, at 30-60 LPM
(Ammari et al., 2020). A) Comparison of
our in vitro salbutamol sulphate deposi-
tion data without a spacer to in vivo
salbutamol deposition data without a
spacer. B) Comparison of our in vitro
salbutamol sulphate deposition data
with an Aerochamber® spacer with
human salbutamol deposition data with
an ABLE Spacer™. There was greater
particle deposition in the trachea, bron-
chus and alveoli than the extrathoracic
region when using a spacer. Without a
spacer there was greater particle depo-
sition in the extrathoracic region than
the trachea, bronchus, and alveoli re-
gion. Errors bars were omitted for the
human data as individual values were
not obtainable from the study.
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Gorji et al., 2016). Other research groups have focused on creating a
chemical environment that resembles that of the HURT, such as lining
the in vitro device with polythene oxide solution that act as a mucus
simulant (Kim and Eldridge, 1985). However, the coating of the HURT
with these mucus simulants can be difficult.

In consideration of the current developments of in vitro devices for
aerosol testing, our 3D printed HURT model assembly is foreseen to
provide several advantages for future airway drug deposition testing.
Firstly, the ability to incorporate human CT scan images for 3D printing
means that personalisation of testing devices may now be possible. Users
may potentially have a more accurate testing device before they start to
use the product. Secondly, as most clinical trials do not include geriatric
and paediatric subjects, the results from these trials are at best extrap-
olated to usage in these special populations. With a personalised airway
drug deposition testing device, it may be potentially possible to predict
the particle deposition in geriatric and paediatric patients. Thirdly, CT
scanned images of users with respiratory diseases such as COPD or cystic
fibrosis can also be used. In COPD, airways are narrower and filled with
scar tissues. With deposition data of these subgroups of patients poten-
tially available, pharmacotherapy can then be personalized and opti-
mized(Chung, 2005). Finally, although this model is based off one
patient, the whole system has significant potential in the personalised
medicine field, such as being employed as an airway drug deposition
study device to determine the degree of deposition in the HURT at
various pollution level, thereby predicting any potential health out-
comes due to pollution levels in the environment.

4.6. Limitations of this study

A few limitations of the current study are as follows. We tested only
Ventolin®, which is a relatively simple pMDI formulation with salbu-
tamol sulphate suspended in the propellant, 1, 1, 1, 2-tetrafluoroethane.
Other pMDIs with different formulations should also be tested for in
vitro-in vivo correlation, especially since it is well known that the
formulation can affect drug deposition profile within the respiratory
tract (Schroeter et al., 2018). Other than pMDIs, inhalation devices such
as DPIs or nebulizers with varying aerodynamic sizes should also be
tested. This model also did not mimic lung physiological conditions such
as throat temperature and mucus layer. In the future, this model may be
improved by adding a surfactant along the inner walls to mimic the
human mucus layer. Another way to mimic thermal physiological con-
ditions is by embedding water capillaries into the walls (Asgari et al.,
2019).

In addition, the current design of the HURT model assembly was
tested at a constant airflow rate. However, our human respiratory cycle
had a varying airflow profile. To address this limitation, future studies
can utilise a breathing simulator instead to better replicate human
breathing patterns. It is recommended that future studies also measure
exhalation airflow as this parameter was also excluded in the current
study. Furthermore, measuring the length to determine error in pro-
duction is a technical limitation of this study. Instead, determining error
based on diameter may be more appropriate for this study as a difference
in diameter could influence particle deposition. Finally, the print accu-
racy of the HURT model was ~ 90%. A 3D printer with higher resolution
may be used in the future to allow a more accurate HURT model as-
sembly to be fabricated.

5. Conclusion

A morphologically accurate adult human HURT assembly using an
FDM printer with thermoplastic ABS for airway deposition study was
fabricated. With an accurate morphology of adult HURT and the use of a
spacer, we demonstrated a similar deposition pattern compared to in
vivo human data. This creation of an in vitro physical device modelled
after an adult HURT may provide a good in vitro-in vivo airway deposi-
tion correlation and provide opportunities for personalized deposition
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studies in special populations or disease states.
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