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If you can’t explain it simply, you don’t understand it well enough.

-Albert Einstein
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Abstract

Pulmonary drug delivery is the primary route for the treatment of lung diseases. Drug
nanocarriers or nanomedicine/nanoparticles (NM/NPs) have exhibited great potential to
enhance both therapeutic and diagnostic (theranostic) efficacy because of their nanometer
size range (e.g., high surface area to mass ratio, deep penetration to disease regions; nano-
specific cellular uptake/biokinetics) and the merits of (nano)-drug carriers (e.g., surface
functionalization with cell-specific ligands for cellular targeting, protection from metabolic
degradation). The therapeutic effect of inhaled NM/NPs is dependent upon the delivered dose
and its spatial distribution throughout the lung. Deciphering pulmonary drug delivery in the
context of delivery dynamics, dose, distribution, biokinetics, and bioactivity of NM/NPs with
high enough spatial resolution in nondissected, whole organ tissue (e.g., the lung) is of utmost
importance for the development of novel NM with improved therapeutic index (maximized
efficacy and minimized side effects), but remains elusive due to the lack of effective imaging
tools.

This study introduces ex vivo light sheet fluorescence microscopy (LSFM) on tissue-cleared
lungs for three dimensional (3D) co-mapping of lung morphology and NP distribution with
single-cell resolution in non-dissected whole mouse lungs. The 3D airway architecture of the
entire lung can be clearly visualized by tissue autofluorescence allowing for staining-free,
quantitative morphometry of the entire bronchial tree, alveolar structure, and vasculature
system as well as localization of fluorescent NPs (as surrogate for NM). This study revealed
for the first time significant differences in the 3D spatial distribution profile of NPs in intact
lungs depending on the route of NP application, namely intratracheal instillation of the NP
suspension as bulk liquid or as inhalable aerosol. More specifically, aerosol inhalation
displays a uniform distribution pattern in conducting airways (central region) and acini
(region of gas exchange; peripheral region) as indicated by a central-to-peripheral (C/P) NP
deposition ratio of unity (0.98 £ 0.13). In contrast, instillation of bulk liquid results in a
patchy and central deposition profile with a C/P deposition ratio of 1.98 + 0.37, indicating
that NPs are primarily delivered to and accumulated in the central and proximal bronchioles
and acini. Moreover, within the acini NPs were mainly found in the proximal part of acinar
region for both inhalation and even more so for instillation. Quantitative analysis of
accumulated doses in the different lobes of the lung indicated that the lobe-specific dose was
closely related to lobe volume, which is consistent with increasing ventilation with lobe

volume.



Secondly, a novel preclinical imaging platform combining two X-ray with three fluorescence
imaging techniques was developed and applied for comprehensively unveiling the
performance characteristics and underlying mechanisms of the drug delivery process for three
commonly used preclinical pulmonary drug delivery routes (intratracheal instillation,
ventilator-assisted aerosol inhalation, and nasal aspiration). Propagation-based phase-contrast
X-ray imaging (PB-PCXI) allows for in vivo time-resolved visualization of the dynamic
process of bulk NP-liquid delivery of a mixture of X-ray absorbing substances (e.g., iodine)
with fluorescent NPs. For intratracheal instillation secondary aerosol formation associated
with blockage of airways and subsequent bursting of the blockage during breathing activity
could be identified as mechanism of distributing bulk liquids throughout the lung reaching
even the deeper regions of the lung. The process of aerosol inhalation of NPs is more difficult
to visualize in vivo with PB-PCXI due to low delivery rates and extremely uniform aerosol
distribution resulting in low signal-to-noise ratio. However, certain features of the aerosol
inhalation process like occasional inadvertent transport of bulk liquid from the trachea into
the bronchial region of the lung could be observed, probably resulting from gradual
accumulation of liquid aerosols near the exit of the intubation cannula placed in the trachea.
Moreover, fluorescence imaging techniques like whole lung or lung slice fluorescent imaging
using an epifluorescence imaging (IVIS) or LSFM provide quantitative NP dosimetry and
qualitative 3D NP distribution pattern throughout the entire lung at multiple resolution scales
down to single-cell level, which were in good agreement with those observed with the X-ray
imaging methods (in vivo PB-PXCI and ex vivo CT). The second part of this study thus
demonstrates the benefit of utilization of complementary X-ray and fluorescent imaging
techniques for in vivo time-resolved and ex vivo spatially-resolved visualization of pulmonary
NP delivery.

In summary, the multimodal imaging platform established here provides unprecedented
insights into both pulmonary NP delivery in real-time and 3D distribution, biokinetics, and
cellular targeting of NPs at single-cell resolution in intact (non-dissected) mouse lungs. This
technology is expected to facilitate optimization of pulmonary NM/NP delivery methods and
expedite unraveling of fate and bioactivity of NM/NPs in the lung, which is essential for the
development of advanced NM with enhanced targeting efficiency and efficacy for treatment

of lung diseases.



1. Introduction

1.1 Nanotechnology in inhalation therapy and toxicology
1.1.1 Nanomedicine

According to the World Health Organization (WHO)' lung diseases were amongst the leading
causes of mortality worldwide during the past 15 years. In particular, four common
respiratory diseases, namely chronic obstructive pulmonary disease (COPD), lung cancer,
lower respiratory infections, and tuberculosis, account for 17% of the total of 56.9 million
deaths worldwide in 2016 (Figure 1.1) and are projected to cause even 20% of global deaths
by 20302, Direct application of active components such as interferons, antibiotics,
chemotherapeutics, proteins, peptides, and nucleic acids to the lung via aerosol inhalation
offers a targeted drug therapy for respiratory diseases. Some of the major advantages of this
route are high drug efficacy at the site of disease, limited drug degradation (no stomach or
liver processing), and low systemic side effects”™. Thus, inhalation therapy has been widely
used in patients with COPD, asthma, cystic fibrosis, pulmonary arterial hypertension, and
pulmonary infections, but also for the treatment of lung cancer and even systemic diseases

like inhalation of insulin as an aerosol to treat diabetes’.

Top 10 global causes of deaths, 2016
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Figure 1.1 Four types of lung diseases are amongst the top 10 causes of mortality worldwide,

resulting in about 9.1 million deaths in 2016. Source: WHO, 2018.



The advancement of nanotechnology-enabled drugs (e.g., drug nanocarrier or nanomedicine,
NM) exhibits high potential to improve both diagnostic capabilities and therapeutic index by
combining the merits of drug carriers (e.g., controlled release, enhanced tissue retention,
reduced metabolic degradation, cell-specific targeting) with those of nanometer-sized
particles (e.g., reduced phagocytic elimination for particles < 200 nm diameter)®. NM or
nanocarrier can be defined as “the application of nanotechnology to medicine including the
design and use of carrier/conjugate materials at dimensions of 1 to 100 nm for yielding more
effective disease diagnosis, disease therapy, and treatment monitoring”7'8. So far, numerous
types of nanoparticle (NP) carriers such as liposomes, dendrimers, micelles, polymers,
albumin NPs, iron oxide NPs, lipid NPs, and silica NPs encapsulating/conjugating the
therapeutic agents have been routinely used in the clinic or are currently undergoing clinical

trials (Figure 1.2) °'°. Those therapeutic NP platforms have been mainly applied for the

Nanodrug

delivery systems
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Figure 1.2 A summary of the most common NM formations in routine clinical use or

®ee

undergoing preclinical/clinical evaluations for lung disease therapy. Red circles refer to
therapeutic agents. Reprinted with permission from ref'’, copyright 2019 BMJ Publishing
Group Ltd.

diagnosis and treatment of different kinds of cancer like metastatic breast cancer treated with
liposomal doxorubicin (Myocet)''. Until now, intravenous administration of novel-designed
NM is the primary approach for the treatment of non-small-cell lung cancer (NSCLC), lung
carcinoma, and small cell lung cancer (SCLC) in clinics and in clinical trials. However,
inhalation therapy for lung cancer treatment has already been frequently carried out in
preclinical studies using rodents like mice and rats'>. Moreover, for diagnosis and treatment
of lung infections, asthma, and COPD aerosol inhalation of NM was successfully applied in

6,

both clinical and preclinical studies 0 The physicochemical and theranostic (both



therapeutic and diagnostic) properties of NM depend strongly on a number of factors
including chemical composition, size, shape, and density as well as chemistry and
functionalization (conjugated ligands, ligand density) of the surface, which represents the
interface between NM and tissue (bio-nano interface). Previous scientific efforts have mainly
focused on the development of NM formulations with sustained/controlled drug release
characteristics to provide prolonged residence time of the drug in the lung, which should
improve the local (pulmonary) therapeutic efficacy'>. For example, inhalation of non-
mucoadhesive polystyrene particles (particles do not adhere to mucus) loaded with
dexamethasone sodium phosphate provides uniform and prolonged drug release to airway
tissue substantially reducing the inflammation in a mouse model of acute lung inflammation
4 Also, for lung infections induced by bacteria such as Staphylococcus aureus (S. aureus)
and Pseudomonas aeruginosa, inhaled antibiotics- and phage-loaded particles more
effectively targeted infected lung tissue, suppressed infections and mitigated inflammation in

a murine model than inhaled free (non-carrier-bound) drugs 15-16,

1.1.2 Nano-biokinetics

To maximize the efficacy of NM, the first fundamental step is to fully understand the fate of
NM in the lungs which includes initial pulmonary distribution, retention, clearance, and
transport to the bloodstream. For practical reasons this is often studied with nanoparticles (NP;
as surrogate NM) in animal models rather than human beings. Understanding the fate of NM
in the lung and its relevance for treatment activity, degradation, as well as the possible
adverse effects to healthy tissue is even more challenging due to the complexity of biological
tissues, inter-subject variability in animal models, and heterogeneity of disease® .
Furthermore, deciphering the link between physicochemical characteristics of NPs and

associated health effects in the lung is of paramount importance not only for intentionally

inhaled synthesized NM but also for incidentally inhaled ambient NPs.

Current knowledge on NP fate in the lung after respiratory application mainly includes initial
NP distribution throughout the whole lung from trachea/upper airways via bronchial tree to
the alveolar region, fast NP elimination by the mucociliary clearance (within hours), long
persistence within the lung, slow clearance by migration of NP-loaded alveolar macrophages
to the mucociliary escalator (months to years), and limited translocation across epithelial-
endothelial air-blood barrier towards the systemic circulation (Figure 1.3) 8. 1820 More

specific, first only a small amount of inhaled particles deposited on the epithelium of trachea



or bronchial airways are cleared rapidly by mucociliary transport to the larynx, but most of
them remain within epithelial barrier long-term. Secondly, for slowly dissolving
(biopersistent) micro-sized particles (0.2 — 10 um diameter) like 1.3 um alumina-silica
particles, 0.5 um, 2.1 pm, and 3 pm polystyrene latex particles are readily easy to be
phagocytized by alveolar macrophages (AMs)*"%. In contrast, NP such as 20 or 80 nm
iridium NP, 20 nm gold NP, 20 nm TiO, are thought to experience less uptake by AMs,
which enhances their probability to cross the epithelium and relocate into the lung
interstitium from which they may gradually and slowly re-entrain back onto the airway

19, 23-26
. However, how the role of

epithelium mediated by the (interstitial) macrophages
macrophages in the return of NP to the lung epithelium is not clear. Is this NP-specific
phenomenon related to the different types of macrophages e.g., AMs versus interstitial
macrophages, or tissue-resident macrophages versus monocytes-derived macrophages? The
third fate-related mechanism is clearance of both micro-sized particles and NP from the
alveolar region due to slow, long-term macrophage-mediated transport via the mucociliary
escalator to the larynx and then passage through the gastrointestinal tract (GIT) with
subsequent fecal excretion. Fourth, translocation of NP across the air-blood barrier to the
systemic circulation followed by accumulation in the secondary organs like the liver, spleen,
kidney, and brain is rare, indicating this pathway is a minor clearance mechanism?®” > 272,
This translocation mechanism of NP is typically small (<0.1% of total dose), but increases
especially for <20 nm NP reaching up to about 10% for 5 nm NP. These phenomenons have
also been confirmed for humans, but due to technical and ethical limitations the body of
evidence mainly consists of animal data®®. In summary, the initial site of deposition and size

of the (nano-)particles are key players determining the behavior and fate of particles in the

lungs.
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of the lung. Upon deposition of inhaled NPs onto the alveolar lung epithelium, a small
portion of NPs can be quickly removed from the bronchial region by the so-called
mucociliary clearance, while most of (insoluble) NPs deposited in the alveolar region rapidly
transport into the interstitial spaces and result in long-term retention. NP reentrainment back
onto the alveolar epithelial surface (via an unknown mechanism) for macrophage-mediated
transport toward ciliated airways and the larynx was considered as the predominant route for
NP clearance in long term. Very few NPs as a free NP or macrophages-loaded NPs could
further across endothelial barrier translocating to the blood circulation or lymphatic drainage
system. Reproduced from Environmental Health Perspectives (ref.”®) with permission from

the authors.

However, there is still a debate on the effect of particle size on clearance mechanisms and
rates especially if there is a significant difference between micro-sized particles and NPs 2930,
Most of the data on particle biokinetics were collected either from 2D histomorphological
examination in a relatively small number of lung slices (not whole lung data) using confocal
microscopy and transmission electron microscopy (TEM) or from radiometric analysis for
radiolabeled NPs in different organs/tissues using gamma spectroscopy. Due to the static
information in excised tissue slice or organs with limited resolution, those techniques are

somehow not able to provide direct and clear evidence to unveil the underlying clearance

mechanism of particles, which can be overcome by technological advances in the fields of



TEM, magnetic resonance imaging (MRI), single photon emission computed tomography
(SPECT), X-ray based imaging, as well as optical imaging. Among them, optical imaging

. . . 1-32
like super-resolution fluorescent microscopy ~

, tissue-cleared light sheet fluorescent
microscopy (LSFM) '8 and intravital microscopy® offers direct evidence for three-
dimensional (3D) visualization of particle movement, redistribution, and translocation in real
time. There is no doubt that the technical or methodology improvement could enhance our
understanding about the particle fate in the biological tissues. In this thesis, application of two
novel imaging modalities for visualization of pulmonary delivery and distribution of NPs and

their correspondingly novel insights will be discussed.

1.1.3 Dosimetry and Nanotoxicology

Besides their theranostic potential the toxicological profiles of NM or nanocarrier arising
from prolonged lung retention should be taken into account during formulation.
Epidemiological studies also strongly suggested that inhaled nano-sized ambient particulate
matter and/or engineering nanomaterials are associated with enhanced pulmonary and
cardiovascular morbidity and mortality 3. Accurate dosimetry of delivered NM and NPs in
the lung is thus of paramount importance as the administrated dose is a critical factor that

controls the therapeutic index and health risks™.

For preclinical animal studies different methods for quantitative measurement of NP dose and
distribution in the biological tissues have been reported in literature " *°. The determination of
radioactivity in murine tissues such as the lung, liver, spleen, and other organs for
radiolabeled NM/NPs using gamma spectroscopy is one of the most common and accurate
tools for NP quantification > ** " 37 Nuclear medicine imaging (SPECT and positron
emission tomography (PET)) could offer quantitative information on in vivo regional
distribution of radiolabeled NM/NPs. Elemental analysis using inductively coupled plasma-
mass spectrophotometer (ICP-MS) for metal NPs like silver NPs, gold NPs, iron oxide NPs,

41 .
3841 Byamined

and QDs has been broadly used in toxicokinetics and quantification studies
by ICP-MS, inhaled silver NPs were found to be uniformly distributed into all 5 lobes of
murine lungs after 1 day or 5 days nose-only aerosol inhalation exposure 3 Fluorescence
analysis on ex vivo lung tissue slice, intact lungs and whole body (e.g., In Vivo Imaging
System, IVIS, PerkinElmer, USA) provides semiquantitative information on NP dose and
biodistribution because of the strong tissue scattering and absorption of imaging light through

42-44

the thick tissue . Recently, the development of 3D LSFM offers improved quantification



of fluorophore-labeled NPs in the lungs of mice as it enables whole-organ imaging after
tissue clearing, a chemical process that renders tissue optically transparent 18, 4546,
Fluorescence quantification analysis of NP dose in lung homogenates is another accurate and
effective way to determine the NP total dose, albeit without spatial resolution since
homogenization destroys the anatomical structure of the lung completely 18:47 n addition, X-
ray based imaging modalities such as synchrotron radiation computed tomography (CT) and
phase-contrast X-ray imaging (PCXI) generally allow observation of radio-active aerosol
particles in organs of interest and recently they were established for both visualization and
quantification of regional distribution and deposition of particles in lungs of rabbits or mice
in vivo ***_ All of those methods for quantification of NM/NPs in lungs will be described in

detail in section 1.3 with particular emphasis on their principle of operation, fields of

application, advantages, and limitations.

Due to the unusual physicochemical properties of (engineered) NPs e.g., small particle size,
high surface area to mass ratio, varied surface functionalization, low solubility, and different
particle shape and the resulting theranostic and toxic potential of inhaled NM/NP has
received much scientific attention in the past two decades (Figure 1.4). The possible adverse
effects caused by non-therapeutic inhaled NM/NP have been mainly associated with the
cardiovascular system and lung involving acute lung inflammation, oxidative stress,

50-52 .
. There is

exacerbation of asthma, and promotion of lung fibrosis and lung cancer
mounting evidence that these adverse health effects are driven by effects occurring at the
nano-bio interface, which is best described by the surface area of the NP. For instance, acute
lung inflammation characterized by enhanced polymorphonuclear neutrophils (PMNs) influx
into the lung of mice after intratracheal NP instillation was observed for six kinds of
carbonaceous * and two types of TiO,™* NPs independent particle size (for NPs from 10-250
nm), if surface area — not mass or number — was chosen as dose metric *°. A retrospective
analysis of acute inflammation in rodents due to exposure to 5 types of nanomaterials with
widely varying chemical composition and particle size, surface area dose was further
confirmed as the biologically most relevant dose metric for spherical, biopersistent NPs in
comparison to the other dose metrics like delivered mass, volume or particle number’’.
Moreover, pulmonary instilled multi-walled carbon nanotubes contributed to the development

56
and

of malignant mesothelioma and lung alveolar cell tumors in rodent models
accumulation of inhaled gold NPs was found at the vascular site of disease in both animal

models and humans corroborating the epidemiologic finding that (nano-)particle exposure is



related to cardiovascular effects . Recently, extensive scientific evidence suggests that
ambient or engineering inhaled nanomaterials could exacerbate non-pulmonary diseases such
as breast cancer metastasis *° and reactivation of latent viruses in the lung 9, Nowadays,
many new types of NM/NP with/without surface coating have been synthesized and used not
only in different research labs but also in nano-enabled industrial products. Hence, it essential
albeit difficult to understand their respective health risks. Current risk assessment approaches
include “read-across” and ‘“hazard classification” strategies, which aim to inter-/extrapolate
from the known toxicity for selected key nanomaterials like metal oxide and carbonaceous
NPs, fiber-like NPs (e.g., carbon or cellulose nanofibers-/tubes) and so-called two-
dimensional nanomaterials (e.g., graphene) to complex, multi-component nanomaterials 20,
To this end, scientists are seeking to establish comprehensive, integrated and standardized
protocols for both in vitro methodologies ranging from NP synthesis/generation,
characterization, and insoluble NP dispersion to dosimetry and NP-cell culture exposure
model and in vivo approaches consisting of NP dose quantification, NP exposure to animal

model, and unified toxicological endpoints 60-62
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Figure 1.4 The potential health effects after inhalation exposure of NM/NPs. Following

inhalation, NPs persistently accumulate in the lung and a small part of NP could translocate
to other organs including the liver, kidney, and brain via air-blood barrier (or the olfactory

bulb), which are associated with a range of disease states in the pulmonary and non-



pulmonary organs/tissues. Reprinted under the terms of the Creative Commons CC BY

license, ref.®? copyright 2018, the authors, published by Springer Nature.

1.2 Application routes of pulmonary delivery

It is well known that different application routes result in different spatial deposition and
distribution profiles of NM or NPs in the respiratory tract leading to differences in their fate
and bioactivity. Various pulmonary delivery routes/devices in both clinical and preclinical

settings are introduced here.

1.2.1 Clinical pulmonary delivery routes/devices

In clinical practice, the most commonly used aerosol drug delivery devices are nebulizers,
pressurized metered-dose inhalers (pMDIs), and dry powder inhalers (DPIs) 4. Recent
developments in inhalation technology have focused on improved aerosolization performance,

therapeutic efficacy and patient adherence.

Nebulizers

Nebulizers are devices that convert a liquid suspension or solution into small aerosol droplets.
Three types of nebulizers, namely jet nebulizers, ultrasonic nebulizers, and vibrating mesh
nebulizers, are currently in clinical used, which utilize the expansion of compressed gas,
acoustic waves or piezoelectrically driven vibration of a porous membrane, respectively, to
break up liquid formulations into small droplets (aerosols). In spite of relatively low cost, the
widely used jet nebulizers often require relatively long inhalation times and are associated
with poor delivery efficiency, leading to a large time burden for the patients and significant
waste of expensive medications. A number of factors such as variations in the nebulizer
design, energy source, connecting tubing, gas flow and pressure, adopted interface (spacers
and mouthpiece or facemask), and the breathing pattern of patients contribute to the large
variabilities in nebulizer performance. Ultrasonic nebulizers generate sound waves by
vibrating a piezoelectric crystal at high frequency (>1 MHz), which forms standing waves at
the surface of the drug solution resulting into crests that burst into droplets. The conventional
models of ultrasonic nebulizers have restricted portability, are costly and inefficient in
nebulizing some drug suspension, liposomes, and highly viscous solutions. Recently,
vibrating-mesh nebulizer has gained much attention due to their portability, faster rate of
nebulization, shorter treatment time, and minimal residual volume, leading to higher lung

deposited dose, as compared to jet or ultrasonic nebulizers. The integration of software to



control drug output and inspiratory flow, breathing frequency, and inspiratory time has
greatly improved efficiency and repeatability of drug delivery. For example, the AKITA®
system consists of a stand-alone SmartCard electronic control unit with an air compressor,
which is coupled either with a jet nebulizer or a mesh nebulizer (AKITA® APIXNEB) ®. The
technology even enables targeted delivery of drugs to certain regions of the lung by
controlling the aerosol flow rate, delivery (tidal) volume, and timing of nebulization
(optimize aerosol release at specific period during the inhalation phase of a patient)“. I-Neb®
uses a vibrating mesh nebulizer and an adaptive aerosol delivery (AAD) software control unit
that combined into a single handheld device to control drug delivery65. In addition to accurate
and efficient dosing, other favorable properties of the I-neb are the provision of feedback to
the patient on dose completion along with details of each treatment. These data can be
transmitted via a modem to a remote location, which enables continuing assessment of
adherence of the patient to the drug regimen4 — one of the most promising eHealth

applications in inhalation therapy.

Pressurised metered-dose inhalers (pMDIs)

pMDIs are the most widely used inhalation devices for the treatment of COPD and asthma
and other respiratory diseases. They are convenient, portable, multiple-use inhalers that
deliver a specific (metered) dose of aerosolized medications to the lung. pMDIs consist of
several key components: a canister where the active substance formulated with propellant, a
metering valve enables the generation of a metered quantity of aerosolized medications with
each actuation, an actuator connects the metering valve to an atomization nozzle, and a
mouthpiece66. This technology from the 1960s has essentially been unchanged except for the
transition of pMDIs from chlorofluorocarbons (CFCs) to hydrofluoroalkanes (HFAs) as
propellants. Many patients experience problems in coordinating activation of the device
actuation with the required inhalation maneouver, resulting in inefficient and highly variable
drug delivery, sub-optimal disease control, and repeated use of inhalers. Breath-actuated
pMDIs (i.e., Easibreathe, IVAX, Miami, FL, USA) and add-on devices such as spacers and
valved holding chambers have been developed to address those issues. Implementation of a
dose counter on the new pMDIs could further improve adherence by continuous monitoring

of drug use.

Dry powder inhalers (DPIs)
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DPIs are devices that deliver medications to the lung in the form of a dry powder. Traditional
asthma and COPD therapy with drugs such as B-agonists, corticosteroids, bronchodilators,
steroids, mast cell stabilizers, and anticholinergic agents have been primarily applied by
pMDIsé7. Because of the environmental concern of CFCs propellants and inherent limitations
of pMDIs, DPIs are gradually wider use as one of the effective alternatives to the pMDIs.
Another advantage of DPIs is that the drug is released automatically during the inhalation
phase of the patient, i.e., inhalation maneouver and activation of the DPI do not have to be

actively coordinated (as for the pDMA).

Most often clinically used DPIs can be characterized as “passive” inhalers as they are breath-
actuated which require moderate inspiratory effort to absorb the drug formation from the
device®. The aerosolization performance of DPIs depends on both the formulation and the
geometry of the air path in the device. The amount of drug powder deposited to the lung is
thus dominated by a number of factors including the airflow rate, inhaler resistance, inertial
impaction, particle (de)-agglomeration. Another type of DPIs is the “active” device that
incorporates vibrating piezoelectric crystals or battery-driven impellers that eliminate the
need for the patient to generate a high inspiratory flow rate, an advantage for many patients,
particularly infants and elderly patients with severe COPD. DPIs can be generally grouped
into 4 groups: single-use, reusable single dose, multi-dose reservoir, and multi-unit devices.
The selection of a device will be dependent on the type of diseases, particle powder

properties, effective delivered dose, and dosing frequency °.

1.2.2 Preclinical pulmonary delivery routes/devices

In preclinical pulmonary drug delivery studies, a large number of animal species like rodents,
guinea pigs, rabbits, dogs, sheep, monkeys, and non-human primates have been relied upon
for investigating the absorption, distribution, and pharmacokinetics of drugs in the lung69.
Anatomical and morphologic differences between the extrathoracic respiratory tract (e.g.,
nasal and nasopharyngeal cavity) and the pulmonary respiratory tract (trachea, bronchi, and
lung) should be taken into consideration when selecting an animal model for pharmaceutical
or toxicological evaluation of drugs in the lungs 7 Small animals such as mice are
particularly important and most widely used due to their small body size (low space
requirement in animal facility and low cost), high reproductive rate (can be used in large
numbers), mature genetic manipulation background (mechanism-specific gene knock-

out/knock-in models), etc. as compared to large animal models. The method of pulmonary
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administration is a key factor in determining the amount of delivered dose and regional
distribution of applied medications/particles and will greatly impact on the
therapeutic/toxicological outcomes. Medications/particles can be delivered to the lungs via
spontaneous inhalation (whole-body, head-only, and nose-only exposure), intranasal and
oropharyngeal aspiration (drop of liquid placed on the nostrils and larynx), or direct
administration methods that bypass the upper respiratory tract (e.g., intratracheal instillation

or inhalation).
Passive delivery

Aerosolized drug generated from liquid suspensions/solutions or dry powder formulations
can be delivered to the conscious animals by passive inhalation in sealed chambers that
allows for whole-body, head only, or nose-only exposure. The merits of whole-body
inhalation system are convenient to use, no restraint to experimental animals, and limited
experimental artifacts. However, only a small amount of applied aerosols can be reached to
the animals (~ 0.1%) and even less to the lung (~ 0.01%) since a substantial loss of aerosol
will be deposited to the animal’s fur and on the exposure chamber and tubing’'. Drug
absorption via oral and gastrointestinal further makes the assessment of actual deposited dose
difficult. Additionally, significant inter-individual differences in deposited dose might be
expected as variations in animal lung capacity, body size, and breathing parameters. Head-
only or nose-only inhalation system could effectively eliminate the non-pulmonary
absorption of drugs and thus increase the potential delivered dose to the lungs. Although
nose-only exposure is more physiologically relevant, large number of aerosols are deposited
in the nasal cavity that eventually is transported to GIT by means of mucociliary clearance’.
Other limitations of nose-only or head-only system are that animals are fixed in a defined
position under stress, the system may generate heat, animals may get suffocated in the
chamber, and require intensive labor 3, Nevertheless, there are a few commercialized nose-
only inhalation systems available like TSE GmbH (Badhamburg, Germany), Intox Products
(Edgewood, NM), CH Technologies (Westwood, NJ), and ADG Developments (Herts, UK)

1,74
7174 For example,

and some more custom-designed aerosol chamber described in the literature
a nose only exposure inhalation system (manufactured by CH Technologies Inc, Westwood,
NJ) with five ports connected to the nose of each mouse has been used for the treatment of
lung cancer . A popular design for nose-only inhalation system is that the cylindrical
chamber with animal port located around the central chamber and test atmosphere enters

from the top and reaches individual animal port via a tube (Figure 1.5).
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Figure 1.5 Schematic diagram of exposure chambers used for nose-only exposure of

drug/formulation to rodents. Reprinted from permission ref.” copyright 2013 Elsevier B.V.

All rights reserved.
Direct administration methods

Direct administration methods consist of intratracheal liquid instillation, spray instillation,
and dry powder insufflation. The main advantages are that they permit controlled delivery of
a specific dose to the lung and accurate measurement of the deposited dose, as well as
circumvent oropharyngeal or nasopharyngeal deposition. The application is performed by
intratracheal inserting a cannula in the trachea of an animal model under light sedation or
anesthesia '°. The liquid instillation delivers drug suspension/solution in the form of liquid
bolus to the lung by emptying the syringe (tightly connected to the intrachtracheal inserted
cannula) within 1 second ”’. Instead of liquid bolus application, spray instillation and dry
power instillation deliver drugs in the form of aerosolized droplets or particles proxy to the
true aerosol "°. Intratracheal application using spray/aerosol devices like the MicroSprayer®
Aerosolizer and Dry Powder Insufflator™ (Penn-Century Inc., US) allows for rapid and
reliable delivery a specific amount of drug directly to the lungs, which has been widely used
in delivering antibiotics, antibodies, antiproteases, chemotherapy, proteins and peptides, NPs
and many more®. Tt should be noted however that this direct administration method is not
representative of the spontaneously breathing process as the drug suspension/solution is
forced into the airways while the animal is under anesthesia. This method could potentially

induce significant stress and inflammation in the subject due to the insertion of an extra
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cannula inside the trachea. Repeated administrations to a single animal are thus not
recommended. Additionally, the forced instillation process could prevent the homogenous
distribution of liquid/aerosol/particle throughout the lung and a small portion but unknown

amount of the drug may be coughed up or swallowed.
Ventilator-assisted aerosol inhalation

A refined version of the administration method compared to the spray instillation is the
ventilator-assisted aerosol inhalation. This aerosol delivery system includes the tracheal
intubation, mechanical ventilation, and liquid nebulization’®. Briefly, the mechanical
ventilator (flexiVent system, SciReq Inc., Canada) equipped with a nebulizer (Aeroneb Lab,
small droplet diameter (2.5—4.0 um), Aerogen Inc., Ireland), where the liquid aerosol droplets
are generated and transported through the intratracheal intubated cannula to the mouse
airways '8 This system allows for precisely controlling mouse respiration during aerosol
inhalation. As compared to the liquid bolus or spray instillation, this method mimics the
realistic physiology inhalation process and provides uniform distribution throughout the lung,
but requires relative long anesthesia time (tens of seconds to 1-3 minutes depending on the
nebulized volume and output rate, etc.). Although it enables a relatively high ratio of applied
dose deposited to the lung, the distribution pattern of this method in mechanically ventilated,
deeply anesthetized mice might be different for that of using head-only or nose-only

inhalation system in spontaneously breathing or more mildly anesthetized mice.
Intranasal and oropharyngeal aspiration

In certain experimental scenarios, intranasal aspiration and oropharyngeal aspiration can be
used as alternative methods for pulmonary drug delivery studies because of their easy
application, analogous inhalation process, and high deposited dose. Both methods are
performed on the mild anesthetized mouse kept in a vertical position. Intranasal aspiration
refers to that a liquid is dropped on a nostril of mouse using the micropipette and is quickly
aspirated in the respiratory airways during breathing. It has been shown that small volume of
applied liquid (5-10 pL per nostril) via intranasal delivery is limited to the nasal cavity but
the use of large volume (25-50 pL per nostril) resulted in deeper deposition of liquid in the
upper airways . The difference for oropharyngeal aspiration is that the liquid is deposited on
the top of pharynx which can be directly aspirated to the lung during the next inhalation
bypassing the upper respiratory tract, as compared to intranasal aspiration. This former

dosing approach is generally applied for the generation of murine disease models (like
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bleomycin-induced lung fibrosis % and chemically induced asthma °'). Recent evidence
suggests that the distribution profile of drugs delivered by oropharyngeal aspiration is similar
to that of delivered by MicroSprayer® aerosolizer instillation, in spite of the latter possesses a

. . 7 2
longer overall process and deeper anesthetic regimes’* **,

In the study, we have determined the characteristics and mechanisms of pulmonary delivery
and distribution for 5 commonly used means of pulmonary application mentioned above
namely nose-only inhalation, intranasal and oropharyngeal aspiration, intratracheal
instillation, and ventilator-assisted aerosol inhalation, but a specific focus will be on the latter

two.

1.3 Imaging tools to assess the pulmonary delivery and distribution

To better understand the drug efficacy and biological effects of NM/NPs in the animal lungs,
a key component in pulmonary drug delivery is determining their delivery and fate including
the (re-)distribution, translocation, elimination, and bioactivity in vivo. A range of
noninvasive imaging techniques is therefore used for qualitatively evaluating regional lung
distribution of drugs, consisting of nuclear medicine imaging (SPECT and PET), MRI, X-ray
based imaging (PCXI and CT), and in vivo optical imaging. Another imaging method for
clinical routine use is the ultrasound imaging, which is not suitable for visualization of
particle deposition in the lung because of the poor propagation of sound waves in the tissue-
air interface. Taking advantage of optical imaging with wider selection at near-infrared
region (NIR) of the spectrum and high resolution of ultrasound detection, photoacoustic (PA)
imaging is a noninvasively novel modality that offers anatomical and dynamic information on
deep-seated fluorescent agents in vivo™. However, it faces the same challenge as ultrasound
imaging when it applies to the lung. Consequently, limited by their restricted light penetration
depth, low sensitivity, and quantification ability, PA and ultrasound imaging are not
sufficient for investigating the NM/NPs distribution and pharmacokinetics in the lungs. Here,
we therefore provide an introduction to these noninvasive imaging techniques suitable for the

lungs and address their various features in pulmonary drug delivery research.

1.3.1 Nuclear medical imaging

Gamma scintigraphy is the traditionally most relevant and standardized 2D imaging method,
offering robust results in fundamental evaluation of the drug deposition and clearance in the

lungs of humans after administration using different devices or formulations 8 Recently,
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SPECT and PET are growing in popularity due to the 3D information provided on the
regional distribution of particles in the lung and the ability to differentiate between the large
and small airway % To adopt these imaging modalities from clinical systems to preclinical
study, a significant improvement in spatial resolution offered by advanced instruments
suitable for large and small animals like micro-SPECT or micro-PET has been adapted ™.
Generally, in gamma scintigraphy and SPECT, they require radiolabeled agents that
radionuclide like *™Tc, "'In, '*I, and “’Ga should be added/conjugated to the drug/particles
prior to administration 87 One thus has to consider and validate the radiolabeling stability and
the conservation of formulations in biological tissue before pulmonary application since any
degradation or separation of radionuclides with drugs/particles will give misleading
distribution information. By contrast, PET imaging avoids the degradation/separation issue
due to the incorporation of positron emitters such as ''C and '°F directly into the formulations.
The major merits of PET and SPECT are the high signal-to-noise ratio, high penetration
depth, and sufficient quantification accuracy. A number of studies have thus applied them to
visualize the radiolabeled agents delivered to relative large animals not only because of the
accurate information on deposited dose, regional distribution, biokinetics of inhaled
radiotracers, but also the functional imaging of physiologic and biologic processes 8
However, no anatomical information can be collected, high cost, limited spatial resolution,
requirement of radiolabeling process, and complexity in data interpretation, are making them
relatively high inaccessibility in some pulmonary studies. Additionally, those approaches are
mainly useful for imaging the lung distribution of drug/particles in humans and relative large

animals instead of small animals like mice.

1.3.2 MRI

Above described nuclear medical imaging requires the use of isotopes that have some
drawbacks such as specialized training in labeling process and high radiation dose. Those
issues can be addressed by using MRI, which is one of the safest methods among all of the
noninvasive imaging techniques. MRI is based on Nuclear Magnetic Resonance (NMR)
phenomenon that a powerful external magnetic field that forces protons (hydrogen nuclei) in
the body to align with the field. Images in 2D or 3D are generated from the signal obtained
from nuclei within different tissues or contrast agents return to their equilibrium state (i.e.,
relax) at different rates after perturbing by the radiofrequency pulses % Beside the wide
application of MRI with or without contrast agents in lung physiology and diseases such as

89-90

lung perfusion, lung fibrosis, pulmonary edema, and tumors , it is also particularly useful
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for evaluating the regional distribution and bioactivity of NM/NP (iron oxide NP) in the lung
and other organs of small animals like mice and rats "°'. The major advantages of MRI are
that it allows the acquirement of relatively high-resolution image (pixel size: 10-100 pm),
and better lung tissue contrast, no involvement of ionizing radiation as compared to nuclear
imaging. However, the MRI is costly and has slow acquisition speed which is unable to
capture the real-time dynamic delivery of NP suspension/solution in the lungs. It also requires
incorporation of high amounts of contrast agents into the NP formulations because of the

.. .. 0D
poor sensitivity’”.

1.3.3 X-ray based imaging

Medical X-ray based imaging techniques possess fast image acquisition and high penetration
ability in biological tissue by utilizing photons with wavelengths ranging from 107 to 10" nm,
which are much shorter than that of visible and ultraviolet light. According to their varied
attenuation efficiency, biological tissues such as soft tissue (e.g., the lung) and hard tissue
(e.g., the bone) imaged by conventional planar X-ray imaging produce different absorption
images in grayscale 5 By introducing a short gap between the detector and the object, phase-
contrast X-ray imaging (PBXI) allows for simultaneous detection of both phase shift and
absorption of X-rays, resulting in a more crisp depiction of lung and surrounding tissue
structure. Images with X-ray based approaches can be obtained with or without contrast
agents. Generally, addition of contrast agents could increase the methodological sensitivity to
visualize and differentiate among different tissues. Substances with a high atomic number or
density like iodine- or barium-, gold-, and lanthanide-based compounds are preferably
applied X-ray contrast agents, which efficiently attenuate external X-rays. Planar PBXI has
been largely used to study the pulmonary liquid delivery dynamics with high temporal
resolution in vivo (Figure 1.6) 3 and micro-particle clearance via mucociliary transport in the
ex vivo trachea of animal models **. CT (or Micro-CT suitable for small animals like rats and
mice) enables high-resolution observation of the lung anatomy like the vasculature system
and acini 95, and in vivo real-time 3D visualization of biodistribution of NM/NPs with
incorporation of contrast agents %2 Numerous NM formulations such as liposomes, polymer-
coated NPs, micelles, and dendrimers have thus been applied to determine their
biodistribution in different organs and targeting effects in the tumor of various animal models
by using CT. However, there is scare information on pulmonary NP delivery and distribution
imaged by X-ray based imaging modalities. Taken together, the merits of X-ray methods are

that they allow for rapid acquisition of an image (within 100 ms) co-localizing active tracers
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and anatomical structure, low cost, and high spatial resolution (pixel size: 30 um) 8 The
major limitations of X-ray methods include poor sensitivity and thus requiring high contrast
agent loading into formulations and high ionizing radiation dose, and its inability to assess

drug efficacy.

NasopharynX

Figure 1.6 Nasal bolus dosing delivery imaged by synchrotron phase-contrast X-ray imaging
with different volumes of 1odine-based contrast fluid (from left to right 4 pL, 10 pL, and 20
pL). Reprinted from ref.” Copyright 2013, Mary Ann Liebert, Inc.

1.3.4 Optical imaging

In vivo optical imaging has been mainly carried out to visualize the biodistribution of NPs in
living animals and in ex vivo organs and tissues by utilizing e.g., the IVIS and fluorescent
molecular tomography (FMT). It is very simple to conduct, low cost and no radiation risks,
multiple time-points imaging. Optical imaging is based on the principle that exciting by a
specific filtered light the fluorophores such as fluorescent proteins, dyes, and particles emit a
longer wavelength of light that detected by a charge-coupled device (CCD) camera.
Generally speaking, the lower penetration depth of light (i.e., photon), strong light scattering
and absorption in biological tissue are the major problems correlated with in vivo whole
animal imaging. Fluorophores with longer emissions at the NIR (600-1000 nm) or even at
NIR-II region (1000-1700 nm) are thus selected to be used to in vivo optical imaging due to
the substantially reduced tissue light scattering and absorption as well as much lower tissue
autofluorescence. The technique also has lower spatial resolution that only enables
determination of NP biodistibution at the whole tissue/organ level without any detailed
anatomical information as compared to CT or MRI For instance, a general particle

distribution in mouse lung was scanned by FMT demonstrated that the distribution uniformity
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and deepness of dry powder particles delivered by using an aerosol generator was better than
that of the use of Penn-Century insufflator (Figure 1.7) % To further overcome the
limitations of optical imaging, several studies have been performed on ex vivo lung samples
that the qualitative and quantitative distribution of fluorescence-labelled NPs after
intratracheal instillation and aerosol inhalation delivery can be obtained by using lung-slice
fluorescence imaging namely the lung was embedded, cut into thin slices and imaged

. 42-44
consecutively .

Insufflator Aerosol generator Control

4.1 mm

Figure 1.7 Typical FMT-images after pulmonary administration of the powder via the Penn-
Century insufflator (left), via the aerosol generator (middle), or control (no powder
administration) (right). Reprinted from permission ref.”® copyright 2014 Elsevier B.V. All

rights reserved.

1.3.5 Hybrid lung imaging

Since each of the imaging modalities mentioned above has its own strengths and weaknesses,
multimodal hybrid imaging tools such as PET-CT, SPECT-MRI, and FMT-CT"" are
increasingly used as they provide deeper insight into targeting and distribution profile of
NM/NPs in terms of anatomical information, detection sensitivity, and spatially resolved
dosimetry ’. For instance, a hybrid FMT-CT imaging method was successfully used to
monitor lung tumor size and growth with a fluorescence probe (avf3 integrin—targeting

1 ®. Simultaneous anatomical and functional

IntegriSense 680) in a Kras mouse mode
imaging of tumor with a radiotracer ['*F]-2-fluoro-2-deoxy-D-gluocse captured by in vivo
PET and MRI provide accurate tumor volume and growth information *°. Moreover,

SPECT/PET-CT systems have also broadly applied to image the targeting and therapeutic
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efficacy of NM in tumor xenografts in animal models like intravenous administration of

10

liposomal doxorubicin to squamous cell carcinoma xenografts % and peptide-coupled

101 . .
1 which present clear evidence on the

polymeric micelles to prostate cancer xenografts
effective accumulation of NM to the tumor. However, multimodality imaging approaches for
deciphering the pulmonary drug delivery are still largely unexplored, albeit many delivery
strategies have been designed to targeted delivery of NM/NPs to lung tumors via intravenous
or subcutaneous injection '. Another very important aspect for the development of
multimodal imaging is to formulate the robust contrast agents suitable for various imaging
methods. NP systems offer several advantages due to the porous structure that allows
incorporation of contrast agents, specific surface ligands enhancing cellular targeting, and the
small size enables a higher amount loading of contrast agents as compared to conventional
bulk systems. Examples consist of quantum dots (QDs) and iron oxide NPs incorporated

103 .
, paramagnetic and fluorescent

lipoproteins 102, paramagnetic-coated fluorescent QDs
liposomes 1 "and magnetic nanocrystals- and fluorescent agents-coated antibodies 1% These

NP systems could further be designed with radionuclides for PET and SPECT imaging.
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2. Aim of this study

Understanding the dynamic process of pulmonary drug delivery in the context of dose,
distribution, biokinetics, and bioactivity of NM/NPs with cellular resolution is essential for
both maximizing therapeutic efficacy of NM and minimizing health hazards of NPs.
Currently available preclinical imaging tools for animal models are unable to visualize
NM/NPs distribution in nondissected whole lungs with cellular resolution. Moreover,
commonly used ex vivo NP detection/dosimetry assays such as 2D stereological methods,

flow cytometry, TEM, and ICP-MS do not preserve 3D anatomical information.

The overall objective of this study to facilitate the development of novel, more effective NM
by providing new insights into pulmonary delivery and biokinetics of NM/NP in the lung.
This will be accomplished by establishing, validating and applying a multi-modal imaging
platform for real-time in vivo visualization of pulmonary NM/NP delivery and ex vivo three
dimensional co-mapping of NP distribution and lung morphology in non-dissected murine
lungs with cellular resolution for providing new insights into pulmonary delivery and

biokinetics of NM/NPs in the lung.

The first goal of this study is therefore to develop an ex vivo imaging method that allows for
visualization of the spatial localization of nanoparticles (NPs)as surrogate for nanomedicine
(NM) with cellular resolution and accurate dosimetry of NP distribution in entire murine
lungs. To this end, optical tissue clearing on ex vivo murine lung using a modified 3DISCO
protocol is performed, which renders the lung tissue transparent. Subsequently, the
nondissected whole lung is imaged with light sheet fluoresence micrsocopy (LSFM).
Leveraging tissue autofluorescence in the green channel (i.e., 480 nm) and NPs with a red
fluorescence label- (i.e., 640 nm), this imaging modality (ex vivo tissue-cleared LSFM) was
established for quantitative 3D co-mapping of (label-free) lung morphology and
biodistribution of NPs in whole murine lungs. The next goal of this study is to combine ex
vivo tissue-cleared LSFM (and some other fluorescence imaging modalities) with in vivo
propagation-based PCXI (PB-PCXI) to comprehensively decipher the characteristics and
mechanisms of different pulmonary NP delivery routes in the context of delivery dynamics,
regional distribution, dosimetry, and cellular localization. The Munich Compact Light Source
(MuCLS) was used to produce a sufficiently coherent high energy X-ray beam to obtain time-
resolved (ca. 1 Hz) edge-enhanced in vivo images of the nasal cavity or the lung via

propagation-based PB-PCXI during the process of application of NPs acting as contrast agent
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1% Combined with ex vivo CT and epifluorescence imaging of the whole and sliced lung this
multimodal imaging platform has unveiled the mechanisms and specific features of the
process of pulmonary drug delivery and spatial distribution profile of NPs throughout murine
lungs down to cellular resolution for three widely used pulmonary application routes in
preclinical research, namely nasal aspiration, intratracheal instillation, and ventilator-assisted

aerosol inhalation.
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3. Materials and methods

All the experimental substances and methods described here can be found in the attached two

publications in detail (PRP1 and PRP2).

3.1 Materials

Since two imaging modalities (X-ray based imaging and fluorescent imaging) were applied in
this study, it requires the use of substances with specific X-ray absorbing or fluoroactivity.
For X-ray based imaging modalities (PB-PCXI and CT), an iodine-based contrast agent (370
mg/ml, Ultravist-370) and three kinds of metal particles were used, namely Roti®-MagBeads
(iron oxide magnetic particles, volume median diameter (VMD): 893 nm, 10 mg/mL, Carl
Roth GmbH, Karlsruhe, Germany), gold NPs (VMD: 20 nm), and Qdot 800 ITK™ carboxyl
quantum dots (QDs emission at 800 nm; VMD: 18nm, Invitrogen, Ltd., Paisley, UK).

For fluorescence-based imaging, polystyrene NPs with the embedded fluorescent dye
SkyBlue (excitation/emission (ex/em) =670 nm/710 nm; VMD: 480 nm; 10 mg/mL; Kisker
Biotech GmbH, Steinfurt, Germany), melamine resin fluorescence (MF) NPs (ex/em= 636
nm/686 nm; VMD: 498 nm, 25mg/mL, microParticles GmbH, Berlin, Germany), and QDs
were used. Gold NPs were synthesized in the lab and all the other materials are purchased

from the respective company.

3.2 Size measurement of particle suspensions

Hydrodynamic diameter measurements of all particle suspensions were carried out with
dynamic light scattering (DLS) using a Malvern Zeta Sizer Nano instrument (Malvern
Instruments Ltd., Malvern, UK) (PRP1 Figure S2 and PRP2 Figure S1). It is noteworthy that
the enhancement of approximately 50% in VMD of melamine and polystyrene NPs (from
about 480 nm to 770 nm) when transferring them from water to iodine solution (PRP2, Figure
S1) possibly results from the agglomeration induced by iodine suspension, while the NP
fluorescence signal was not affected and remained stable for more than a week after mixing

(PRP2, Figure S3).

3.3 Animal handing and methods of pulmonary substance delivery

Wildtype C57BL/6 mice (female and male, age 9-25 weeks, 19-30 g) were housed in
individually ventilated cages (IVC-Racks; Bio-Zone, Margate, UK) supplied with filtered air
in a 12-h light/12-h dark cycle. Mice were provided with food (standard chow) and water ad
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libitum. AIll procedures involving animal handling and experiments were performed in
accordance with protocols approved by the Regierung von Oberbayern (District Government
of Upper Bavaria, AZ55.2—-1-54-2532-108.13). After various means of pulmonary delivery
(details in the following sections), mice were sacrificed immediately by exsanguination and
transcardially perfused and the mouse lungs were excised and dried and inflated or optically

cleared and 3D imaging using LSFM.

3.3.1 Regular intratracheal instillation (PRP1)

As previous description ', animals were intubated by a nonsurgical technique using a 20G
cannula intratracheal inserted into the trachea after mice were anesthetized using a mixture of
ketamine and xylazine via the intraperitoneal injection. Mice were kept in a horizontal
position and a 50 uL NP suspension with different concentrations for each type of NPs was
quickly instilled via the syringe through the cannula to the lung (the whole instillation process

occurs within 1 s and it thus has a delivery rate of >50 pl/s).

3.3.2 Ventilator-assisted aerosol inhalation 1.0 (PRP1)

Animals were deeply anesthetized by intraperitoneal injection with a triple combination of
midazolam (5 mg/kg body weight), medetomidine (0.5 mg/kg body weight), and fentanyl
(0.05 mg/kg body weight). Similar to the regular instillation process, mice were kept in a
horizontal position and intubated with one side of a 20G cannula and the other side was
connected to a mechanical ventilator (flexiVent FX system, Scireq Inc., Canada), enabling
accurate control its respiration during aerosol inhalation. The ventilator was equipped with a
nebulizer (Aeroneb Lab Small, Aerogen Inc., Galway, Ireland) for the generation of liquid
aerosol droplets containing NP suspensions. For each mouse, 20, 40, or 60 pL of MF
suspension (12.5 mg/mL) was filled into the nebulizer, which was active for 40 ms per breath
during mechanical ventilation with a protocol of 400 pL tidal volume, 120 breaths/min, and

an inhalation—exhalation time ratio of 2:1.

3.3.3 Intratracheal slow-instillation (PRP2)

Three methods of pulmonary particle delivery (slow instillation, ventilator-assisted aerosol
inhalation, and intranasal aspiration) were imaged by using PB-PCXI. To allow either a
lateral projection (e.g., through the trachea) or an anteroposterior projection (e.g., of the
lungs), the mice should be fixed in an head-high upright (vertical) position, which is

somehow different from the above-mentioned approaches in which the mice were laid in the
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horizontal position. The setting for intratracheal slow-instillation delivery was very similar to
that described in earlier studies * %', Animals were mechanically ventilated using a
FlexiVent ventilator (flexiVent FX system, Scireq Inc., Canada) with the protocol of 30
mL/kg tidal volume, 90 breaths/min, and an inhalation-inflation (breath-hold)-exhalation time
ratio of 1:1:1. The liquid was introduced by a heat thinned PE10 polyethylene tube that was
passed through the flexible wall of the ventilator inspiratory tube. The inner PE tube was thin
enough unable to block the intubated cannula permitting simultaneous mechanical ventilation
and liquid delivery. The NP liquid delivery via slow-instillation was remotely controlled by a
syringe pump (UltraMicroPump III and Micro4 controller, World Precision Instruments,
Sarasota, FL) that enables controlled liquid delivery and consecutive imaging during the
whole instillation process. As listed in Table 1, 100 uL NP mixtures (Sky Blue-iodine liquid
with final dilution factors of 1: 20 for Sky Blue and 1:4 for iodine, melamine-iron oxide
liquid with final dilution factors of 1: 20 for melamine and 1:4 for iron oxide NPs) or sole
QDs (in 1: 20 dilution) were continuously delivered over the syringe pump through inner
tubing to the trachea in approximately 24 s (delivery rate: 4.2 ul/s). The used exposure time
of 200 ms (except 100 ms for QDs) with sufficient signal-to-noise ratio was synchronized
with the ventilated breath frequency. The PB-PCXI images were taken at a frame rate of up
to 1.5 fps (frames per second) during the breath-hold which extremely reduced the motion

noise in each breath-cycle.

To study the small volume delivery (4 puL in 5 s, i.e.,, 0.8 pl/s) with and without surfactant
(Alveofact 45 mg/mL, Lyomark Pharma GmbH, Germany), the identical set-up of slow-
instillation delivery was used as 100 pL liquid delivery. The only differences are that the
exposure time was reduced to 100 ms to eliminate the unavoidable motion blur and the mice
were spontaneously breathing so the ventilator was replaced with a non-contact fibre optic
displacement sensor (RC-60, Philtec, MD) that was configured to detect respiratory motion

and deliver an electrical trigger signal for image capture.

3.3.4 Ventilator-assisted aerosol inhalation 2.0 (PRP2)

For ventilator-assisted aerosol inhalation 2.0, an analogous setup and protocol as utilized for
100 pL slow-instillation (80 breath/min, 30 mL/kg tidal volume, 200 ms exposure time, and
the image shooting acquisition occurred during breath-hold phase in each breath cycle) was
applied in this study. Only the inner PE10 polyethylene tube was removed and the ventilator

was equipped with a nebulizer (Aeroneb Lab Small, Aerogen Inc., Galway, Ireland) for the
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generation and transport of liquid aerosol droplets via the inspiratory tubing to the mouse
lung. Since about 4-5% of applied aerosols were predicted to reach the deep lung and over 50%
of the aerosols deposited in the ventilation tubing or exhaled out during nebulization 8 a
large amount of liquid should be filled in the nebulizer. It turns out that 150 uL. NP-iodine
mixture is the maximum liquid volume that can be nebulized without at least partially
blocking the ventilation tubing by forming the big droplets. The nebulizer was active for 40
ms during inhalation per breath and has an output rate of 0.26 mL/min. Within 80 breath/min
ventilation, it needs around 10.8 min (870 breaths) to nebulize 150 pL liquid and only 5.6 uL
of contrast agent can be deposited to the deep lung (3.7% of applied dose is deposited in the
lung). In case of an extremely low dose of iodine arrived at deep lung, a 2nd nebulization of
75 uL or 150 uL NP-iodine liquid was carried out. The aerosol delivery rate to the lung is 8.6
nL/s (= 0.0086 puL/s = 5.6 uL./10.8 min). After each run the tubing of the ventilator was dried,

the nebulizer was cleaned and refilled with NP-iodine suspension. For this type of application,

a mixture of 1:5 iodine and 1:16 polystyrene NP suspension in distilled water was used.

3.3.5 Intranasal aspiration (PRP2)

For intranasal aspiration, an identical protocol was utilized as depicted by Gradl et al. '

Briefly, a mixture of gold NP (1:2 stock dilution) and polystyrene-Sky Blue NPs (1:10 stock
dilution) suspensions was added into a syringe pump, so that the controlled liquid delivery
from outside the imaging hutch can be achieved. Here an 80 pL mixture of the gold-
polystyrene NP liquid was spontaneously inhaled via the mouse nose. The exposure time of

PB-PCXI was maintained at 100 ms with a frame rate 1.5 fps.

3.3.6 Other routes

Beside the means of pulmonary delivery mentioned above, oropharyngeal aspiration and
nose-only exposure were performed and their 3D NP distribution profiles at single-cell
resolution were also revealed in this study. Briefly, for oropharyngeal aspiration, a 50 uL MF
NP solution (1:50 stock suspension) was dropped on the top of pharynx when the mouse was
mildly anesthesia. The liquid can be directly aspirated to the lung during the next breath. For
the nose-only inhalation exposure, a 2 mL of 1:10 MF suspension was aerosolized (the
residual volume is about 0.86 mL in the nose-only system) and only part of liquid aerosols
(1.14 mL) could be transported to the six channels with each port attached to a mouse nose.

The nebulization time is expected to be 7 min.
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3.4 In vivo propagation-based phase contrast X-ray imaging (PB-PCXI)

All X-ray based imaging experiments were performed at an inverse Compton scattering
source - the Munich Compact Light Source (MuCLS) located at the Technical University of
Munich (TUM) in Garching, Germany. The source itself, was developed and installed by

Lyncean Technologies Inc. (Fermont, USA) 108-109

, and the X-ray beamline infrastructure was
designed and developed by TUM researchers. The source delivers a quasi-monochromatic
and low divergence (4 mrad) X-ray beam. 25 keV X-rays with flux up to 2- 10" ph/s were
used. The working principle of PB-PCXI is to use free space propagation of a partial spatial
coherent beam (typically around 1 m) after penetrating a sample to introduce additional
contrast. As the x-ray wavefield propagates from the sample to the detector the sample-
associated phase modulations of the X-ray wavefront are converted into intensity
modulations, which can be directly measured by a high-resolution X-ray detector. Here the
propagation distance (sample-to-detector distance) was chosen to 1 m. The images were
recorded by an Andor Zyla 5.5 sSCMOS camera (2560 % 2160 pixels), combined with a 20 pm
thick Gadox scintillator (Gd202S:Tb) (CRYTUR, spol. s r.0., Czech Republic) deposited on
a 2:1 fiber optic taper, resulting in 13 um detector pixel-size. The source-to-sample distance
was 4 m, leading to a geometric magnification of M = 1.25, an effective pixel size of 10.4 um
and a beam diameter of about 16 mm. As the X-ray beam has a fixed horizontal orientation,
mice need to be positioned in a head-high position. Therefore, mice were placed in a
specially designed mouse holder on a x-y-z rotation stage to facilitate positioning in the X-ray

beam.

The pseudo-colored images in Figure 3-4 (PRP2) are a composition of the raw PB-PCXI
images (grayscale) overlaid with the colored difference image ¥ from which a pre-delivery
image was subtracted to highlight the location of the contrast fluid similar to the analysis
performed in Donnelley et al.''’. Images were aligned before color coding via a cross-

correlation based image registration.

3.5 Ex vivo lung computed tomography

Followed by mice sacrifice and lung perfusion and isolation, some of the harvest lungs were
moderately dried and inflated at a constant air pressure of 20-23 cm water at the lowest power
in a microwave oven (SEVERIN, MW7803; 10% power; 90 Watt). Prior to fluorescence-
based imaging, the ex vivo lung CT was first carried out on the isolated, dried, and inflated

lung. A total of 2049 projections over 360 degrees were scanned and reconstructed with a
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standard fbp-reconstruction analysis. The 3D images were generated by using AVIZO or

Bitplane Imaris (http://www.bitplane.com/imaris/imaris).

3.6 Ex vivo whole-lung and lung-slice fluorescence imaging

The ex vivo whole lung fluorescence imaging (WLFI) was performed for the lungs at
different time points during optical tissue clearing using an IVIS (in vivo imaging system,
Lumina II, Caliper/Perkin Elmer, USA) equipped with optical filters suitable for the various
fluorescent NPs (for polystyrene-Sky Blue and MF NPs at an ex/em = 640 nm/Cy5.5 and for
QDs ex/em = 640 nm/ICG). The fluorescence intensity and the 2D projected geometric area
of NP-loaded whole-lung at continuous time points during tissue clearing were determined by
using the Living Imaging 4.0 (Caliper). The variations of fluorophore intensity and lung area

reveal the chemical resistance of NPs and area shrinkage factor of the lung, respectively.

The dried and inflated lungs were also imaged by WLFI and were further imaged by the lung-
slice fluorescence imaging (LSFM), in which fluorescence imaging was performed at single
lung slice of a whole lung sample after consecutive cutting. Briefly, the dried lungs were
embedded in polyurethane foam (PU foam Pattex Ultraweiss, Pattex, Germany) and sliced
progressively perpendicular to the lung axis at an interval of 1 mm. After each slicing step,
fluorescence and white light images of the 1 mm slice and the block face were captured with
IVIS using optical filter of ex/em = 640 nm/CyS5.5. Both sides (top view and bottom view) of
each 1 mm slice were scanned. For quantification of NP doses in slow-instilled or inhaled
lungs with method of lung slice fluorescent imaging (LSFI), an intensity-dose standard curve
was established using 3 blank lungs and 4 NP-loaded lungs after regular instillation process
(50 pL 1:10 diluted or 100 pL 1:20 diluted SkyBlue NPs). To yield the absolute fluorescent
signal induced by NPs, the autofluorescence signal in each NP-treated lung should be
subtracted from the directly measured fluorescent signal. The fluorophore dose in a whole
lung should be principally proportional to the sum of the absolute fluorescence intensities
from all 1 mm slices. After yielding the desired fluorescence intensity-dose conversion curve,
quantitative measurement of the deposited dose in those lungs could be achieved. The NP
deposition in each/whole part (left/right/whole lung) was carried out with the method of
WLFI. To compare the fluorophore intensity normalized to geometric area in each part, the
absolute fluorescence intensity was first obtained after subtraction of the background

intensity.
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3.7 Ex vivo tissue-clearing LSFM

Whole-lung samples were experienced an optical tissue clearing with a modified version of
the 3DISCO protocol *°. Briefly, three organic solvents namely tetrahydrofuran (THF, Sigma
186562- 1L), dichloromethane (DCM, Sigma 270997-1 L), and dibenzyl ether (DBE, Sigma
108014-1KG) were used and the treatment procedures as following: 1) dehydration in 10 ml
of 50% v/v THF/H,0 overnight, 50% THF/H,O 1 h, 70% THF/H,0 4 h, 80% THF/H,0 4 h,
100% THF 1 h, 100% THF overnight, and 100%THF 1 h with slightly shaking; 2) lipid
removal DCM around 30 min until lung samples sank to the bottom; 3) matching the
refractive index of lung sample with DBE without shaking more than 2 h until imaging and

the cleared lungs can be stored in DBE in long term at room temperature.

Tissue-cleared transparent lung samples were scanned with a LSFM (Ultramicroscope 11,
LaVision Biotec) equipped with a sSCMOS camera (Andor Neo) and a 2x objective lens
(Olympus MVPLAPO 2x/0.5 NA) equipped with an Olympus MVX-10 zoom body, which
provided zoom-out and -in ranging from 0.63x up to 6.3x. For LSFM of the whole-lung, light
sheet scans were generated with 0.63x zoom magnification (lens + zoom, 1.26X actual
magnification) with specific ex/em bandpass filters for polystyrene-Sky Blue and MF NPs
(ex/em=640/690 nm) and QDs (ex/em=640/795 nm) with a step size of 10-20 um depending
on the sample size. Lung tissue autofluorescence was generally scanned with optical filters of
ex/em=545/605 nm. An exposure time of 150 ms and full laser power were typically applied
to LSFM with the light sheet at various xy width and numerical aperture (NA) to adapt with
the sample size. High magnification scans were usually carried out with smaller step sizes

e.g., 2-5 pym. Samples were submerged in DBE during LSFM image acquisition.

3.8 Image processing and analysis
3.8.1 Determination of lung morphology

The LSFM images presented in the figures include both 2D single slice images and 3D
images with maximum intensity projection (MIP) in which a method for visualization of 3D
data that displays only the voxels with maximum intensity along each optical ray passing

through the image stack in the projection image '"

. Some basic lung morphometric
parameters like bifurcation angle and airway diameter were manually segmented and
measured in 3D using Imaris. The alveolar mean chord length (MCL) was calculated directly

by setting up random test lines consisting of solid lines and dashed lines superimposed on 2D
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images using Image] as previously described ''*'"*. The airway diameters and MCL of
unfilled lungs should be corrected for deformation effects due to the deflated state of the lung
and shrinkage during tissue clearing. For tissue shrinkage factor during optical clearing, we
converted the IVIS measured shrinkage of the 2D image of the lung to 1D by taking the
square root of the 2D shrinkage factor. The 1D deflation correction factor accounting the
deflation state of the lung was determined from the volume ratio of the inflated (0.8 mL agar
+ 0.3 mL residual lung volume) and deflated (0.3 mL) lung yielding 1.54 (=(1.1/0.3)"). The
0.3 mL residual lung volume of a collapsed lung was used based on the Yi et al., results 344

More details about the conversion and calculation can be found in method part of the paper

(Yang et. al. 2018) '®.

3.8.2 Establishment of the intensity-dose conversion curve for particle dosimetry

Quantitative analysis of the images recorded by LSFM requires elaborate judgement of the
instrument biases, variations of lung optical properties, etc. To achieve the quantitative
assessment, the absolute fluorophore intensity in each NPs treated lung was calculated
following correction of the measurement bias for each lung (e.g., the tissue autofluorescence
differentiation) and subtraction of the background tissue autofluorescence (detailed in SI
method, PRP1). The fluorescence NP dose in a whole lung is principally proportional to the
sum of the absolute fluorescence signals measured from all LSFM slices. The conversion
factor of the fluorophore dose and the absolute fluorophore intensity can be determined by
preparing various instilled lungs with known but different amounts of NPs (50 uL 1:25, 1:50,
1: 100, and 1:200 dilutions of MF stock solution). After yielding a linear relationship
(standard curve) between the fluorescence intensity and particle dose, accurate dosimetry of
the deposited dose in mouse lungs after inhalation exposure could be achieved. The inhaled
NPs dose in the lungs of mice via intubated inhalation exposure was determined by
gravimetric analysis (here inhaled about 36.0 + 8.5% of the applied dose) and but only a very

small amount of inhaled dose can be transported to the lung.

3.8.3 C/P and lobe-wise distribution analysis

The particle regional deposition in the lung was determined on two scales, a two-region
(central versus peripheral region) and a lobe-wise approach. For the widely used two-region
method in images usually scanned by nuclear medical imaging, the central region is defined
as the circumference shaped matched inner 50% of each lung slice, and the entire lung area in

each image (slice) was determined by intensity thresholding. Area-normalized particle dose
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in two regions was then determined in single image (slice) summed up all slices or from a 3D
MIP image of an entire lung. Then the deposition ratio of central to peripheral intensity
normalized to the respective area can be calculated as below formula. Of note, to obtain the
absolute fluorescent signals induced by the particles in the central or peripheral regions of the
lung, the total fluorescent correction and tissue autofluorescence subtraction have been first

performed.

Ic/
Ip
Ac

Ap

Here, 1. and A, refer to the absolute particle fluorescence signal and the area, respectively in

C/P=

the central region of lung slices. I,and A, mean the absolute particle fluorescence signal and
the area, respectively in the peripheral region of the lung slices. The slice-by-slice analysis
was performed on every fourth slice of each lung stack excluding the top and bottom slices
since they predominantly contain peripheral regions. The final C/P ratio obtained from
averaging over all slices depicts the uniformity of the particle deposition. C/P close to unity
indicates an even particle distribution in the lung, while C/P larger than unity denotes
preferential central airway deposition.

Furthermore, lobe-wise analysis was also carried out to unveil the homogeneity of particle
distribution among five lung lobes for both application methods. Relying on the recognition
of the space between two adjacent lobes, the individual lobe can be manually differentiated
and segmented in LSFM images. Subsequently, the fractional deposition of particles on all
five lung lobes and the trachea was obtained using ImagelJ. Particle deposition evenness was
determined as volume- (Cavalieri principle for estimation of lung/lobe volume) Hd
normalized intensity signal for individual lobe after correction of total fluorescence and
subtraction of tissue autofluorescence. The deposition fraction normalized to volume is then

calculated from

I
l /It

Vi
l /Vt

Dep,, =

where [; and V, refer to the particle-induced fluorescence intensity and the volume,
respectively in a specific lobe. Analogous I, and V; are particle-induced fluorescence

intensity and the volumes, respectively in the total lung (without trachea). Depy is close to 1,
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indicating that particle dose deposited a specific lobe is equal to the fractional lung volume of
this lobe. Values lower and larger than unity suggest reduced or preferential deposition of

particle in this particular lobe.

3.9 Quantitative fluorescence analysis of particle dose in lung homogenates

To determine the total particle tissue burden in the whole lung, trachea, and esophagus, a
reference method relying on the quantitatively fluorescent dosimetry of particle dose in
homogenized tissue was utilized as previously described o, Briefly, tissue samples were
homogenized by a homogenizer (Ultra Torrax, 20000 rpm) at a 1:10 ratio of tissue to 0.1 M
PBS buffer. A fluorescence intensity- dose standard curve was established by using a series
of known doses of fluorescent particle added into the blank tissue enabling quantification of

the particle dose in different tissue samples.

3.10 Statistical Analysis

All X-ray based images were flat field and dark current corrected. X-ray images and videos

were analyzed and generated using ImageJ (https://imagej.nih.gov/ij/). Fluorescence images

including both WLFI and LSFI and their respective analysis of NP dosimetry were carried
out with the Living Imaging 4.0 Software (Caliper). The 2D and 3D images and videos
obtained from LSFM were processed using Image] and Bitplane Imaris. All data were
presented as mean =+ standard deviation (SD) and plotted using SigmaPlot version 12.0
(Systat Software GmbH, Germany). Normality was determined using the Shapiro—Wilk test
and a visual assessment of histograms. Comparison of results between two groups for
normally distributed data was carried out using a student t-test with two-sided and for
nonparametric data with Mann-Whitney rank-sum test. Comparisons among multiple groups
were performed using a one-way analysis of variance (ANOVA) followed by pairwise
multiple comparison procedures (Holm-Sidak method). Significances are defined as 0.05 (P <

0.05, *), 0.01 (P < 0.01, **), and 0.001 (P < 0.001, ***). N =3.
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4. Results

4.1 Summary of the work PRP1

Three-Dimensional Quantitative Co-Mapping of Pulmonary Morphology and
Nanoparticle Distribution with Cellular Resolution in Nondissected Murine Lungs

This study describes and validates (in murine lungs) the first single-modality imaging
technique for NP distribution in the lung with the following new features.

e Staining-free 3D morphology imaging and complete morphometric analysis of murine
lungs (from the trachea, through the entire airway tree down to the alveolar ducts and
sacs including blood vessels).

e Co-mapping of lung morphology and (fluorescent) NP distribution throughout the
entire murine lung with accurate NP dosimetry.

e Whole-lung fluorescence imaging with cellular resolution in non-dissected ex vivo
murine lungs.

Here, the 3DISCO tissue clearing protocol was optimized for lung tissue and a method was
developed for quantitative lung morphometry and dosimetry of (fluorescent) NPs with light
sheet fluorescence microscopy (LSFM). We also introduce a time-efficient and reliable
method for assessing both the preservation of lung morphology (or correction thereof) and
the optical stability of fluorescent dyes during tissue clearing, since the chemically harsh
process of optical tissue clearing renders some of the available fluorophores unstable and
may cause shrinkage/swelling of lung tissue. Finally, the validity of the morphometric and
dosimetric methods presented here was demonstrated by good agreement with previously
reported literature data on lung morphometry and lobe-specific NP dose (quantum dots,
melamine resin) after inhalation or intratracheal instillation of NPs into murine lungs. Tissue-
cleared LSFM imaging on these nondissected lungs presented here closes the technological
gap between whole-lung in vivo/ex vivo imaging techniques (MRI, PET, IVIS, etc.), which
only depict gross anatomical distribution of NPs, and 2D stereological methods, which
provide high resolution NP localization but no 3D information on the whole lung scale.

My contributions are about performing the animal exposure, optimization of tissue clearing
methods for lung, designing the methods for the testing the stability of fluorescent tracers and
tissue shrinkage during the tissue clearing, lung imaging using LSFM, imaging process and
video manipulation, quantitative dosimetry analysis, figure preparation, and manuscript

writing and revisions.
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Supporting Information

Deciphering biodistribution, biokinetics, and biological effects Tissue Lung Morphology Nanoparticle Mapping
of nanoparticles (NPs) in entire organs with cellular resolution remains largely - ‘

elusive due to the lack of effective imaging tools. Here, light sheet fluorescence ‘
microscopy in combination with optical tissue clearing was validated for
concomitant three-dimensional mapping of lung morphology and NP
biodistribution with cellular resolution in nondissected ex vivo murine lungs.
Tissue autofluorescence allowed for label-free, quantitative morphometry of the
entire bronchial tree, acinar structure, and blood vessels. Co-registration of
fluorescent NPs with lung morphology revealed significant differences in
pulmonary NP distribution depending on the means of application (intra-

tracheal instillation and ventilator-assisted aerosol inhalation under anesthe-
tized conditions). Inhalation exhibited a more homogeneous NP distribution in
conducting airways and acini indicated by a central-to-peripheral (C/P) NP deposition ratio of unity (0.98 + 0.13) as compared to a 2-fold
enhanced central deposition (C/P = 1.98 + 0.37) for instillation. After inhalation most NPs were observed in the proximal part of the acini as
predicted by computational fluid dynamics simulations. At cellular resolution patchy NP deposition was visualized in bronchioles and acini, but
more pronounced for instillation. Excellent linearity of the fluorescence intensity—dose response curve allowed for accurate NP dosimetry and
revealed ca. 5% of the inhaled aerosol was deposited in the lungs. This single-modality imaging technique allows for quantitative co-registration of
tissue architecture and NP biodistribution, which could accelerate elucidation of NP biokinetics and bioactivity within intact tissues, facilitating
both nanotoxicology studies and the development of nanomedicines.

3D whole lung imaging, pulmonary nanoparticle delivery, 3DISCO, optical tissue clearing, acinar deposition,
airway deposition
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products over the past decades.”” Large-scale manufacturing of
NMs substantially increased the risks for human health
especially but not limited to occupational settings,” resulting
in the release of new guidelines by the World Health
Organization (WHO) to protect workers from the potential
risks of NMs.” In particular, respiratory inhalation of NMs and/
or nanosized ambient particulate matter is a major public
concern mainly associated with cardiovascular and pulmonary
morbidity and mortality.”® Meanwhile, a number of novel-
designed nanomaterial-based drugs (nanomedicines such as
liposomes and polymers) are currently being evaluated at the
preclinical level or have even reached the clinical settings.””
Consequently, extensive scientific efforts have been focused on
understanding the fate of NMs in the organism and the
underlying pathomechanisms of disease (or diagnostic and
therapeutic effects) after respiratory delivery of NMs. "'

Intratracheal instillation and inhalation of NMs was most
widely used in animal and human studies on the fate and toxicity
of NMs."'~'? NMs were proved to be able to reach deep into the
lung alveolar region and translocate from the lungs to circulation
and from there to secondary organs, resulting in dose-dependent
oxidative stress and inflammation, which often scales well with
organ-delivered surface area dose.'*™'® Most of these studies
have been performed with spherical NMs, henceforth referred to
as nanoparticles (NPs). Inhaled gold NPs were preferentially
found at sites of vascular inflammation in both diseased rodents
and humans examined using high-resolution inductively coupled
plasma mass spectroscopy (ICP-MS) and Raman microscopy.17
Thus, distribution, localization, and dosimetry of NPs within
whole organs and even whole organisms are of paramount
importance for understanding the link between physicochemical
characteristics of NPs and associated health effects.®™*°
Currently available in vivo imaging techniques offer gross
anatomical distribution of NPs using, for example, X-ray
computed tomography, magnetic resonance imaging (MRI),
in vivo imaging system (IVIS), positron emission tomography
(PET), single photon emission computed tomography
(SPECT), and photoacoustic imaging.z’g However, these
modalities are often unable to resolve biological interactions
of NPs with tissue and are limited to visualizing NP localization
at cellular resolution. To achieve this goal, several common ex
vivo assays, including transmission electron microscopy (TEM),
2D stereological methods, flow cytometry, and ICP-MS, were
applied to examine and/or quantify NP localization and
distribution at cellular resolution, but the information on 3D
tissue architecture was totally destroyed.”*”** Currently, no
available technique is able to both visualize the spatial
distribution of NPs and quantify their accumulated dose in
entire organs (e.g., lungs) with cellular resolution.

Moreover, understanding the spatial distribution and
biokinetics of NPs with cellular resolution at the whole organ
level has also significant implications for NP-based drug delivery
(e.g, nanomedicines).”** For instance, the delivery of nano-
medicines into diseased regions of the lungs via inhalation is of
central importance for therapeutic efficacy and pharmacoki-
netics. 3D imaging of whole diseased organs could provide both
qualitative and quantitative data on nanomedicine delivery to
the sites of disease (e.g, lung cancer or alveolar region for the
treatment of lung emphysema), and thus verify the targeting
efficacy of novel-designed nanomedicines.””**

As mentioned above, current imaging methods with cellular
resolution rely on tissue sectioning. Alternatively, in order to
observe the 3D imaging maintaining the integrity of tissue
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architecture, tissues ideally should be imaged as a whole organ or
whole body without sectioning. However, biological tissues
generally have strong light absorption and light scattering, which
hamper light penetration, leading to low resolution and imaging
depth.”” Recently, the concept of optical tissue clearing attracted
major interest, as it essentially renders tissues transparent,
enabling 3D imaging of intact tissue using confocal laser
microscopy and two-photon microscopy.”**® The more recent
emergence of light sheet fluorescence microscopy (LSFM) has
revolutionized several fields of research, primarily neurobiology
and embryology, since this 3D imaging method allows
unraveling of molecular and cellular events at the whole organ
level (e.g., the brain and embryo).””** Allowing multiwavelength
imaging of endogenous fluorescence proteins, immune-labeled
biomolecules, and intravenously delivered probes, LSFM
permits 3D imaging of tissue structure such as vascular system,
neurons, axons, glomerulus, etc., offering more accurate data of
tissue morphology and physiological or pathological state
compared to the traditional 2D histomorphological method.””*°
High scattering effects in the lung due to the millions of air—
tissue interfaces have made the lung a particularly elusive inner
organ for LSFM even for small rodent models (mice). Hence,
unlike the liver and spleen, there are currently no LSFM data on
co-registration of 3D lung morphology and qguantitative NP
distribution throughout the entire murine lung.”"

This study aims to co-register the lung architecture and
quantitative distribution of pulmonary applied NPs in non-
dissected (whole) and unstained murine lungs by using LSFM
after 3DISCO™ tissue clearing (as a time-saving and high-
quality clearing method). This study provides a label-free 3D
visualization and morphometric analysis of the complete
epithelial architecture of an entire murine lung combined with
quantitative dosimetry of fluorescently labeled NPs at the whole-
organ level with cellular resolution. This revealed insights into
the effect of different routes of NP application (intratracheal
instillation and inhalation) on the pulmonary NP deposition
profile.

RESULTS

The method presented here allows for simultaneous 3D
mapping of label-free lung morphology and pulmonary
distribution of fluorescent NPs. This requires bichannel imaging
of optically cleared lungs with one channel optimized for tissue
autofluorescence and the other tailored toward the fluorescence
spectrum of the NPs under investigation.

3D Visualization and Quantitative Analysis of Whole
Lung Morphology. 3D lung morphology and airway
architecture were generated from tissue autofluorescence
imaged using the excitation and emission (ex/em) filters at
545 and 605 nm, respectively. The degree of transparency of a
cleared lung after undergoing the refined 3DISCO protocol is
evident from Figure 1a. An example of selected images obtained
from sequential planewise illumination of the whole lung using
LSFM is depicted in Figure 1b. 3D reconstruction of the entire
stack of images allowed for clear identification of the entire
airway structure down to generation 16 to 21 and even beyond
into the alveolar structure and blood vessels (Figure lc and
Video S1). To categorize the airway segments of the
monopodial lung structure of a mouse, an “order’-based
terminology as introduced by Wallau et al.>* is more suitable
then generation-based numbering schemes, which are more
suitable for dichotomous lungs (e.g., from humans). In an order-
based lung structure, a daughter airway segment can be assigned
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Figure 1. Three-dimensional (3D) visualization and quantitative morphometry of a whole murine lung using light sheet fluorescence
microscopy (LSFM) after tissue clearing in the tissue autofluorescence channel (ex/em = 545/605 nm). (a) Whole mouse lung prior to
(uncleared) and after tissue clearing (in air and in BABB solvent). (b) Z-stack of sequential images recorded as the lung is illuminated via
stepwise-shifted light sheets along the Z-dimension. The resulting images cover the entire width of the lung (>1 cm) with no loss of image
quality near the center, the point of maximum light attenuation. (c) Representative images of a single (2D) light sheet and a 3D reconstruction
of the whole lung using maximum intensity projection over the entire image stack, which clearly exhibit the full anatomical information from the
trachea, over the primary bronchus down to the small (terminal) bronchioles and even the blood vessels. The typical alveolar honeycomb
structure can also be visualized when imaging at cellular resolution using LSFM. (d) Originally measured and deflation- and shrinkage-
corrected (3D) diameters of the branches of the pulmonary bronchial tree (from trachea to small bronchioles) are presented. (e) Originally
measured and (deflation-/shrinkage-) corrected mean chord lengths (MCL) of the alveolar region, as well as the branching angles of the entire
bronchial tree in deflated lungs, and MCL in inflated lungs (no deflation-/shrinkage-correction as the lung was filled with agar) are displayed.

the same order as its parent segment if its diameter is closer to alveoli due to the lack of cartilage. Moreover, lung shrinkage also
that of its parent segment or significantly larger than its sister occurs during tissue clearance, but this effect is expected to be
segments. Otherwise, all daughter segments receive an order limited to secondary bronchi and higher order generations due
greater than that of their parent segment (Figure 1c). Of note, to the massive presence of cartilage in the trachea and primary
the original distribution of NPs is expected to be preserved in bronchi. Data for originally measured and deflation-corrected
deflated or unfilled lungs, since potential redistribution of NPs diameters of the affected airways (secondary, tertiary bronchus,
due to wash-down effects when filling the lung is avoided, while small bronchioles) and alveolar mean chord length (MCL) are
the airway diameters of deflated lungs should be corrected for presented in Figure 1d and e for both inflated and deflated lungs.

deformation (shrinkage) effects from the bronchioles to the The MCL in the inflated lungs filled with 0.8—1 mL of agar

1031 DOI: 10.1021/acsnano.8b07524
ACS Nano 2019, 13, 1029-1041


http://dx.doi.org/10.1021/acsnano.8b07524

ACS Nano

a

2.0
1.5

1.0

—

P P 3
ostpelf"%" g "‘t’i"at)‘o,‘ ‘ zost
1) €2

0.5

0.0

Ratios of fluorescence intensity in MF lungs

ost D,
f M
Teatme,, (3 "'eam.en, ()

Harvest lungs preceeded with various reagents accordingly

Ratios of fluorescence intensity in MF lungs

1.8
1.6
14
1.2

o— BABB Treatment
DBE Treatment

-

1.0 e Ehgscence
0.8 S
0.6
04 15
0.2
0.0

Oh(c4) 0.5h(c5) 1d(c6) 3d(c7)  7d(c8) i

Harvest lungs preceeded with BABB or DBE over time

Radant Effcency

(Blsecamisry
WWjem

Cobor Scale

Min = 1.50e8
[Max = 2.00e9)

Figure 2. Analysis of fluorophore (MF NPs) stability in lungs at different stages of the 3DISCO optical clearance protocol using the in vivo
imaging system (IVIS). The fluorescence intensity at each step was normalized to that after DCM treatment, starting after lung perfusion, over
water and lipid removal (a) to refractive index matching with BABB or DBE (b). (c) Representative ex vivo lung images (c1—c8) from mice
receiving 25 ug of MF via intratracheal instillation measured by IVIS, indicating that the fluorescence of MF is relatively stable during the first
day of the protocol and preserved up to 7 days (storage in BABB or DBE), despite the occurrence of lung shrinkage. The left lung of panel c (a,
blank lung) represents no fluorescence can be observed under the same scale of NP-specific ex/em channel as the treated lung. Scale bar: 1 cm.

(corresponds to near full inflation of the lung) was determined
to be 49.7 + 10.9 um, which agrees with the 55.0 + 12.1 um
obtained from the deflated lung after applying the deformation
correction due to the low inflation state. This MCL value is
consistent with literature values ranging from 30 to 70 ym in
healthy adult mice for varying states of lung inflation.”>**
Moreover, the branching angle of airway bifurcations averaged
over all airway orders of four lungs was found to be 55.0° & 14.2°
(for WS7BL/6 mice), which is consistent with the angles around
10° to 100° found in first six airway generations of C57BL/6
mice,”” but slightly higher but less broadly distributed than 45.6°
+ 24.3° observed in adult BALB/c mice using contrast-
enhanced micro-CT.*°

The paramount role of excellent lung perfusion for high-
quality tissue clearance is evident from lung morphology images
(autofluorescence channel). Residual blood due to poor
transcardial perfusion of the lung will inhibit light penetration,
resulting in “dark regions” near the center of the lung (Figure
S1a). Since laser light with larger wavelength is less attenuated
and therefore penetrates deeper into tissue, red (or near-
infrared) light allows for more uniformly illuminated images of
the 3D whole lung morphology, even for less than perfectly
cleared lungs (Figure Slb,c). After surface rendering using
Imaris, the airway structure becomes even more evident in the
red than in the green channel (Figure S1d).

In summary, organic solvent-based clearing combined with
LSFM imaging preserves the integrity of the lung architecture
and thus offers the potential for providing higher accuracy 3D
lung morphometry versus conventional sectioning-based, 2D
stereological methods.

Effects of Tissue Clearing on Fluorescence Stability of
NPs. In general, the 3DISCO clearing protocol involves tissue
dehydration, lipid removal, and matching of the refractive index
(RI), which is accomplished by treatment with three organic
solvents, tetrahydrofuran (THF), dichloromethane (DCM),
and dibenzyl ether (DBE). This rather harsh chemical treatment
regimen could eradicate the activity of cell-produced fluo-
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rescence reporter dyes (e.g, fluorescence proteins) and
fluorescence-labeled NPs (e.g., by digestion of the polystyrene
latex matrix protecting the Sky Blue dye). In this study a time-
saving and accurate method was developed for fast checking the
stability of fluorescence dyes and tissue shrinkage during and
after tissue clearing using an IVIS system, which allowed for ex
vivo imaging of whole murine lungs before and after each step of
the clearing procedure. This ex vivo imaging method is superior
to standard in vitro incubation of fluorophores with each organic
solvent, as fluorophores may not dissolve/disperse in and thus
separate from organic solvents, leading to inaccurate and biased
information. In this study, three types of fluorescent NPs with
volume median diameters between 17.6 and 480 nm (Sky Blue
(diameter: 480.5 + 114.5 nm), melamine resin (MF) NPs
(474.3 + 124 nm), and quantum dots (QDs, 17.6 + 6.7 nm), see
Figure S2 for size distributions) were intratracheally instilled
into mice, and lungs were harvested, perfused, and spectropho-
tometrically measured using the IVIS. This analysis of
fluorophore stability revealed that the fluorescence intensity of
MEF NPs was statistically insignificantly decreased during tissue
clearing and no significant difference was found between the
mixture of benzyl alcohol and benzyl benzoate (BABB) and
DBE treatment up to 7 days, indicating that the fluorescence
activity of MF NPs is well preserved during the tissue clearing
process (Figure 2a and b). Also, the fluorescence intensity of
lungs instilled with MF and QDs at a dose of 62.5 pg/lung and
40 pmol/lung, respectively, was over 10-fold higher than the
autofluorescence of blank lungs in the NP-specific optical
channels (Figure S3a and b), which provides a sufficient signal-
to-background ratio for quantitative NP dosimetry with LSFM
imaging as shown below. Moreover, long-term fluorescence
stability of MF NPs after 3DISCO processing was observed for
up to weeks and even months (Figure 2b and c). In contrast, Sky
Blue was degraded ca. 150-fold (according to IVIS) by tissue
clearing, resulting in signal-to-background ratios of about 1.5
even for a very high dose of 100 y1g/lung, which was too low for
reliable NP dosimetry (data not shown). It is also noteworthy
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Figure 3. 3D mapping of melamine resin (MF) NP distribution pattern in (nondissected) whole murine lungs after pulmonary NP delivery via
instillation and inhalation. Distribution of MF (red) in a Z-stack image of a whole lung (3D MIP) and in a single slice (2D xy slice) with respect
to tissue structure (autofluorescence, green) after different application routes (panel a: instillation; panel b: inhalation). NPs are observed to
accumulate along the whole bronchial tree and into the acini. A much more homogeneous NP distribution pattern was detected for inhalation
(panel b) as compared to the patchier deposition pattern for instillation (panel a). After instillation preferential central acini were heavily
loaded and relative homogeneously filled with NPs (dark blue asterisks in upper right panel of a), and most of the peripheral acini received only
very small amounts of NP (magenta asterisks in lower right panel in a). After inhalation the deposited amount per acinus was much more
homogeneous and similar in central or peripheral regions of the lungs (central panel in b). However, the NP deposition inside individual acini
was very inhomogeneous: While the proximal regions received most of the NPs, the distal regions showed little deposition (light blue asterisks
lower right panel in b). (c) At cellular resolution even for inhalation preferential proximal localization of NPs inside acini was further revealed
(left) independent of the lung region, as illustrated by spot (5.5 gm) rendering (right). (d) 3D visualization of MF (red) transported and
accumulated in the esophagus (gray) immediately (<3 min) after administration. Undesignated scale bars: 1500 gm. The fluorescence intensity
scale in the different images/panels varies for optimized overlay representation.

that the lungs shrunk after THF treatment by about 37—44% in distribution throughout the entire murine lung with cellular
the projected area with no further shrinkage after 1 day of DBE resolution (tissue penetration of light is over a few centimeters).
and/or BABB treatment (Figure S4). In particular, overlaying maximum intensity projection (MIP)
3D Lung Mapping of MF Distribution with Cellular images of the NP distribution with the 3D lung structure reveals
Resolution after Intratracheal Instillation and Inhalation insightful information regarding the NP deposition pattern. This
Application. Numerous studies have been performed on NP— can be seen in the representative images obtained after
lung interaction after pulmonary delivery of NMs via intra- intratracheal instillation or inhalation of MF (Figure 3a and
tracheal instillation and inhalation. However, potential differ- b). Not surprisingly, MF was found deposited along the
ences in the distribution of NPs throughout the murine lung bronchial tree starting from the trachea down to the terminal
depending on the application route are still not sufficiently bronchioles and into the acini for both application routes
described. The specific capabilities of tissue clearance reduce (Figure 3 and Videos S2 and S3). An acinus is defined as the
tissue—light interactions (absorption, scattering) and allow for airways distal of the terminal bronchioles. In mice these are the
co-imaging of (label-free) lung morphology and particle alveolar ducts and sacculi distal of the bronchio—alveolar duct
1033 DOI: 10.1021/acsnano.8b07524
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Figure 4. Visualization of NP deposition (red/yellow) with respect to alveolar tissue architecture (autofluorescence, green) at cellular
resolution in deflated and inflated lungs. Cellular localization of MF NPs in the lungs scanned by LSFM, showing MF distributed into the
terminal bronchioles (green), alveolar ducts (blue solid lines), and proximal alveoli of the acini immediately after both instillation (a) and
inhalation (b). 3D images of MF distribution using LSFM (c) and confocal microscopy (d) at single-cell resolution in an inflated murine lung at
24 h after instillation, indicating the NPs were formed in relatively bigger agglomerates, which are likely due to phagocytic uptake and
confinement by alveolar macrophages. LSFM allows for label-free deeper imaging of cleared tissue (z-direction: 2—5 mm) than confocal

microscopy (50—80 pm).

junction. The 3D distribution pattern of NPs in the airways and
acini varied significantly for different application routes.
Inhalation exhibited a much more homogeneous NP distribu-
tion pattern as compared to the patchier and preferentially
central and upper airway and central alveolar deposition pattern
for instillation (Figures 3a,b and SS). Moreover, for inhalation
extremely high NP doses were deposited at the end of the
trachea and in certain regions of the lower airways appearing as
circular drops (ca. 100—200 um), which are possibly due to
redistribution of deposited bulk liquid due to partial blocking of
the airway (Figure SS). These features were not as evident for
instillation application. When zoomed in or examined under
higher magnification (Figure 3c), MF NPs were found to be
mainly located in the small (or terminal) bronchioles but less
accumulated in larger airways for both routes of delivery. Acinar
deposition was quite different for the two forms of application.
While after instillation the centrally located acini receive high
doses, which were deposited all over the acini, the peripheral
acini receive much lower doses, which were deposited in the
entrance area of the acini (Figure 3a, as also shown by the
central/peripheral scale; see below). After inhalation centrally
and peripherally located acini received similar doses, which were
predominately located in their proximal half (Figure 3b). Figure
4a and b shed more light on NP deposition in the alveolar
septum and smaller bronchioles at cellular resolution after both
applications. At this high level of resolution the NP distribution
was not homogeneous in the alveolar region (inside acini). At 24
h after instillation we were able to visualize the 3D NP
localization in intact lung tissue covering a volume of 1 X 1 X 2
mm?® (and even bigger volumes like § X S X 5 mm? are possible,
data not shown) without fading of fluorescence intensity as a
result of highly reduced light attenuation in optically cleared
tissue (Figure 4c and Video S4). Confocal imaging can also
provide excellent label-free 3D images of NP distribution
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(Figure 4d and Video SS), while it is limited by imaging depth
(around 60 pm) due to the low autofluorescence of alveoli
(indistinct signal over lumen). The NPs had formed larger
agglomerates 24 h after both applications as compared to NPs at
0 h (Figure 4 and Figure S6), which is likely due to phagocytic
uptake and confinement by alveolar macrophages.”” Spot
rendering of MF with Imaris revealed an apparent average NP
diameter of approximately 5.5 ym immediately after inhalation
(Figure 3c). This image analysis is unreliable for instilled NPs
due to the patchy distribution of NPs in instilled lungs, limiting
the localization of NPs by intensity gating. Moreover, existence
of NPs in the esophagus indicated that NPs can be cleared
within a few minutes toward the digestive tract by either
mucociliary clearance or coughing (Figure 3d and Video S6).**

Quantitative Analysis of Dose and Regional Deposi-
tion of Inhaled MF. It became evident that each lung had a
different autofluorescence level due to differences in the optical
properties of the lungs, in lung volume, and LSFM instrument
uncertainties (despite that the same settings of LSFM were used
for all lungs). Here, the average of measured total fluorescence
intensity from blank lungs was (11.1 + 3.33) X 10'°, and the
relatively high standard deviation of 30.2% demonstrates the
variations in tissue-induced fluorescence due to lung and
instrument variations. Therefore, the correction of the total
fluorescence level in each NP-treated lung and subtraction of the
lung-specific autofluorescence, which may also depend on the
quality of tissue clearance, is a prerequisite for accurate
dosimetry from LSFM data (details in SI Method 1). After
correction, the average fluorescence signal from blank lungs was
(102 + 1.84) x 10" with a standard deviation of 18%,
representing the substantially improved measurement stability.
Also, Figure 5a shows the linearity of a standard curve obtained
from mice instilled with known NP doses (R* > 0.99). This is
further proven by the gradually enhanced mean fluorescence
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Figure 5. Establishment of the fluorescence intensity—dose correlation curve and quantitative dosimetry of inhaled doses in mouse lungs after
inhalation. MF doses in inhaled lungs were determined from the linear fluorescence intensity—dose standard curve (R* = 0.99) obtained from
instilled lungs with known MF doses generated from all LSFM slices of the lungs (a). Poor quality of optical tissue clearing mitigates the
measured NP-induced intensity, which explains the outlier of the instilled lung. The limit of detection is defined as 3-fold standard deviation
(36) of autofluorescence about the mean autofluorescence level, which is represented by the red dashed line (a). The fraction of inhaled NPs
deposited in lungs determined by the LSFM method is in agreement with that from the standard fluorescence-based dosimetry method in lung
homogenates (b). Abbreviations: homo: homogenization; LSFM: light sheet fluorescence microscopy.
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Figure 6. Quantitative analysis of MF spatial deposition in the lungs of mice after instillation and inhalation application routes. (a) Ratio of
central to periphery (C/P) deposition analysis: C/P fluorescence intensity was normalized to the C/P area ratio. Lobewise deposition fraction
(b, fractional MF dose in each lobe) and lobewise MF dose normalized to lobe volume (c) were analyzed for both application routes, showing
that the variability in deposition fraction is consistent with lobe volume (ventilation volume). Abbreviations: SBS: slice by slice analysis; MIP:
maximum intensity projection analysis of a whole lung; LL: left lung; PCL: postcaval lobe; SL: superior lobe; ML: middle lobe; IL: inferior lobe.

intensity in MIP images containing increasing doses of MF Here we found that inhalation resulted in a very uniform NP
(12.5, 25, 50 pug), as seen in Figure SSa. Poor clearing of tissue distribution as indicated by the C/P of 0.98 + 0.13, while
due to, for example, incomplete removal of blood during instillation was characterized by a 2-fold enhanced central
perfusion results in poor light penetration, and hence blurring deposition (C/P = 1.98 + 0.37) as determined by slice-by-slice
reduced fluorescence intensity from the NPs, as seen as an analysis (Figure 6a). Interestingly, identical C/P ratios were
outlier of the instilled lung in Figure 5a. The limit of detection is obtained when analyzing not the whole slices of a Z-stack but
defined as 3-fold standard deviation (30) of autofluorescence only the MIP images overlayed onto the 2D projection of lung
about the mean autofluorescence level, which serves as a zero morphology (Figure SS). A more refined, lobewise analysis
point.”” This yields a detection limit for MF of 1.37 ug, where revealed that around 40% of the delivered NPs reached the left
the 3¢ intensity level was converted into mass dose using the lung (single lobe) for both routes of application with larger
calibration curve shown in Figure Sa. Similarly, the autoflouor- variability for instillation. The remainder of about 60%
escence-corrected intensity signal from inhaled lungs can be deposited in the four lobes of the right lung with large lobe-
used to calculate the lung deposited dose. For these three lungs specific variabilities (Figure 6b). These differences were largely
investigated here we found 5.96—7.01 g, which corresponds to consistent with differences in lobe volume (see Figure S7b for
4.2% + 1.3% of the inhaled dose (the dose in trachea was volume values). Especially instillation of NPs resulted in a
excluded). This value was not significantly different from the volume-scaled NP distribution, as indicated by volume-
8.0% =+ 1.8%, which was measured by a more accurate dosimetry normalized deposition fractions of unity within experimental
method utilizing tissue homogenization (Figure 5b).* uncertainties (Figure 6c). Similar results were found for
Quantitative assessment of the uniformity of NP distribution inhalation of NPs, with somewhat larger deviations from
was performed on two scales, a central/peripheral scale (C/P; unity, but still in agreement with unity for each lobe. In instilled
ca. 50%:50% in area) and a lobewise level, as described in the lungs there was no significant difference in deposition fraction
Materials and Methods section. The C/P ratio is widely used in among all lobes, while in inhaled lungs there were elevated levels
clinical lung deposition studies using radiometric imaging.*' of NPs in the superior lobe and middle lobe relative to the
1035 DOI: 10.1021/acsnano.8b07524
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inferior lobe (Figure 6¢). Fractional deposition of MF NPs in
lung lobes and trachea (Figure S7a) for both application routes
were also accomplished by this imaging method.

DISCUSSION

Accurate and spatially resolved delivery of NPs in the lungs of
animal models is essential for toxicological and drug efficacy
studies. Depending on the site of delivery, NPs may induce
different types and levels of biological response.””** For
instance, efficacy of a nanomedicine for lung emphysema
requires delivery into the alveolar region (acini), while drugs for
asthma may be more efficient if delivered to the conducting
airways.*” Unlike the bronchial region, the acini are considered
more vulnerable against inhaled NPs since it is not protected by
a thick mucus layer.*> Moreover, the kinetics of NPs is known to
be highly dependent on the site of deposition,44 with alveolar
deposition being conducive to translocation into the blood-
stream and prolonged residence time in the lung.** In spite of
the significance of NP distribution in the lung, currently
available analytical methods are limited in terms of lung
morphology characterization and/or NP dosimetry, especially
on the whole-organ level.

The spatially resolved lung imaging method presented here
addresses these issues by combining the reduction of light—
tissue interactions via optical tissue clearing with LSFM. One of
the key elements of this method is a clearing protocol for whole
organs which has to be not only highly eflicient with respect to
time consumption and quality of optical transparency but also
gentle enough to maintain tissue integrity and high quantum
yield of fluorescent traces under the chemically harsh conditions
of tissue clearance procedures. Here the 3DISCO™ clearing
protocol with modifications was used, as it was considered the
most effective and time-saving organic solvent-based method
(high degree of transparency within hours to days) among the
recently developed optical tissue clearing methods including
aqueous-based clearing methods (e.g, CUBIC, SeeDB, FRUIT)
and hydrogel-based clearing methods (e.g., CLARITY, PACT/
PARS).”® Tissue clearing has been carried out in both human
and animal lungs®®*’ for studies on, for example, the
development of human embryo lung airways and branches**~>°
and macrophage infiltration in murine lung tumors.”* However,
there are only very few reports regarding the visualization of the
distribution of NPs in intact (nonsliced) organs. For instance the
CLARITY protocols have been applied to study NP localization
in cleared organs other than lungs (e.g, liver, spleen),”"*" and
NPs were found mainly retained inside the vessels of a small part
of liver tissue (thickness: 1 mm). Compared to the protocols
presented here, CLARITY protocols not only are more
complicated and time-consuming (days to weeks) but also
damage or partially destroy the structural integrity of the
organ.”” A general limitation of the tissue clearing technology is
that it requires the availability of fluorescence proteins/
biomolecules, dyes, and/or particles that maintain fluorescence
intensity during the entire clearing protocol. For resilience
testing of fluorescence tracers an easy-to-use and yet reliable ex
vivo imaging method utilizing a low-resolution epifluorescence
imaging system (IVIS) was introduced here for simultaneous
testing of both fluorophore stability and tissue shrinkage/
expansion during each step of the clearing protocol. In this
study, three different types of NPs were tested, and metal- and
resin-based NPs (QDs and MF) were found to be sufficiently
stable, while polystyrene latex NPs lost their fluorescence
intensity. Degradation or bleaching of fluorescence dyes can be
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minimized by low-bleaching tissue clearing protocols (e.g.,
aqueous-based clearing protocol CUBIC). There are more than
10 types of clearing protocols reported in the literature, but to
the best of our knowledge most of them have not been tested for
NPs, yet. We envision that ex vivo tissue imaging using IVIS will
be a useful and robust method for selecting suitable dyes and
determining tissue shrinkage/expansion during various clearing
processes in future research. Moreover, this method may prove
to be valuable for optimization of clearance protocols with
respect to dye stability and tissue integrity.

Quantitative morphometry of the entire lung with high
resolution is a challenge for both in vivo and ex vivo imaging
modalities even for small animals such as mice. Simultaneous
characterization of both the honeycomb arrangement of millions
of alveoli and the intricate structure of the bronchial tree
requires high resolution down to <10 ym combined with a large
field of view up to centimeters for mice and up to tens of
centimeters for humans. Basic structural parameters of the lung
such as airway diameter and branching angle, MCL, and wall
thickness are commonly used for diagnosing lun§ disease in both
preclinical research and clinical settings.”” For instance
constricted airways are a hallmark of asthma, enlarged MCL
indicates lung emphysema, and appearance of both features is
known to be associated with chronic obstructive pulmonary
disease (COPD).>**° By far the most widely used method for
lung morphometry with cellular resolution is the design-based
2D stereological methods (histomorphometry and immuno-
fluorescence).” This approach, typically performed in HE-
stained lung sections under a light microscope, allows for
quantitative measurements of MCL, alveolar surface to volume
ratio, wall thickness, and other parameters using a coherent test
line system based on point and intersection counting utilization
of the computer-assisted stereological toolbox (CAST).** While
this method offers colocalization of NPs and tissue structure at
cellular resolution, it is time-consuming due to tissue slicing,
staining, and slice-by-slice microscopy, resulting in at least
partial loss of 3D information. For optically cleared and
transparent murine lungs LSFM allows for planewise imaging
of the entire, nondissected murine lung at high resolution within
a relatively short period of time (tens of minutes to hours
depending on resolution). Recently, X-ray-based computed
tomography (CT) is widely used for morphometric analysis in
both animal models and patients due to its noninvasive and
time-saving procedures.*>>® However, CT methods (in vivo or
ex vivo) are limited in terms of resolution; they typically do not
reach cellular dimensions except for ex vivo yCT imaging of fixed
lung samples, with a resolution down to a few micrometers.>’
However, for animal models ex vivo LSFM imaging is much
more conducive to bioactivity and functional imaging than yCT
due to the much wider selection of probes with fluorescence
activity than radioactivity. Thus, this study presents a label-free
visualization of the entire 3D lung structure with cellular
resolution and offers the morphometric analysis of both the
entire bronchial tree and the alveolar structure in adult mice
based on LSFM data. Airway morphometry and nerve
populations in optically cleared lungs were previously visualized
and computer modeled using immunostaining and BABB
clearing by Scott et al.*” However, the tissue deformation effect
was ignored, which is essential for accurate lung morphological
analysis due to the occurrence of lung deformation when the
lung is out of the body (lower inflation state) and lung tissue
shrinkage during BABB or 3DISCO clearing.”*** The validity of
a tissue shrinkage factor correcting for changes in lung
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morphology due to inflation state was verified by matching the
airway diameters of collapsed, unfilled ex vivo lungs with agar-
filled, almost fully inflated lungs. In addition, it was shown that
the morphometric data on airway diameters (from first order,
1048.5 + 94.0 um, to fourth order, 188.0 + 63.2 um), branching
angle (55.0° + 14.2°), and alveolar dimension (MCL: ~50 ym)
for WS7BL/6 mice are in good agreement with literature
values.***>*° Hence, tissue clearing and LSEM potentially
provide the additional insights for whole lung morphometric
analysis with cellular resolution including visualization and
quantification of bronchial tree, alveolar sacs, and vasculature
system. The use of tissue/cell-specific probes (e.g, antibodies,
dyes)wmay even allow for cell-specific imaging on the whole-lung
level.”

This study further demonstrates that 3DISCO tissue clearing
combined with multiwavelength LSFM allows for co-registra-
tion of NPs and lung morphology, thus yielding a 3D
visualization of the NP distribution within the whole murine
lungs at cellular resolution. The merit of this technique has been
demonstrated by a comparison of the pulmonary NP
distribution after instillation and inhalation of NPs. The accurate
dosimetry of fluorescent NPs in the lung was obtained from
LSFM data, as demonstrated by the linear dose—intensity curve
obtained for instilled murine lungs with known NP doses.
Application of this dose—intensity curve to lungs receiving an
unknown NP dose via ventilator-assisted inhalation revealed
that 4.2% =+ 1.3% of the inhaled aerosol was deposited into the
lungs, which is not statistically significantly different than the
8.0% =+ 1.8% measured with an accepted reference method for
lung dosimetry, namely, quantitative fluorescence analysis in
lung homogenates.40 Finally, LSFM images provided both
qualitative and quantitative evidence for the expected finding
that inhalation of aerosolized NPs results in more uniformly
distributed pulmonary NP distribution than instillation. In
addition to the obviously more patchy NP deposition in instilled
lungs (Figure 3a and b) the quantitative analysis of the ratio of
centrally and peripherally deposited NP dose showed that
instillation resulted in about a 2-fold enhanced central
deposition relative to peripheral deposition (C/P & 2), while
inhalation provided a uniform distribution of NPs (C/P = 1).
This is to be expected, since liquid bolus application is not
expected to reach the peripheral lung regions as well as
inhalation of aerosolized NPs, which is known to result in C/P
ratios near unity not only in animal models but also in humans.*'
The order of NP deposition among lobes and ca. 40% inhaled
aerosols reached in the left lung was determined by the lobewise
deposition analysis, which is also consistent with the previous
findings that used fluorescent (compressed) lung imaging.59’60
Furthermore, after inhalation the acinar deposition showed a
strong proximal to distal gradient, where roughly the proximal
half received most of the NPs and the distal one much less to no
NPs (Figure 3b). This pattern is of particular interest, because it
was predicted by computational fluid dynamics simulations that
the proximally located alveolar ducts serve as a filter for particles
and strongly decrease any distal deposition.”’ Our data
represent the visualizations of the predicted deposition pattern
in living animals, and they verify the simulation in vivo. It is
obvious that any uneven distribution of NP deposition is highly
relevant for therapeutic and toxic effects. We note that some
aspects of the NP deposition pattern reported here for
mechanically ventilated, deeply anesthetized mice are likely to
be different for nonventilated, spontaneously breathing or more
mildly anesthetized mice, but the general trend of more spatially
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uniform NP deposition via inhalation versus intratracheal
instillation has also been found in spontaneously inhaling
animals.””%°

These features represent substantial progress over previously
used in vivo and ex vivo optical imaging modalities, which were
mainly suitable for the semiquantitative determination of dose
and biodistribution of NPs in the tissue due to limitations with
respect to strong tissue autofluorescence and poor spatial
resolution.” For example, cryo-slicing fluorescence imaging’”
can be used for quantitative dosimetry and 3D distribution in
murine lungs, but with much worse resolution than possible with
LSEM. Other nonoptical imaging techniques for detection of
NP biodistribution, quantification, and biokinetics are available
at the in vivo (e.g., X-ray-based imaging, SPECT, PET, MRI) and
ex vivo levels (e.g, TEM, SEM, flow cytometry, 2D stereology),
as summarized in recent reviews.”””"*> Application of those in
vivo methods usually requires expensive instrumentation and the
use of radiolabeling and/or contrast agents while providing
limited spatial resolution. This greatly restricts observation of
biological processes such as cellular uptake of NPs as well as
generation of inflammation and reactive oxygen species, which is
within reach of the method presented here. On the other hand,
the ex vivo histological methods listed above allow for cellular
resolution, but they are time-consuming, not suitable for whole-
organ imaging, and insufficient for NP dosimetry. The imaging
method for label-free lung morphometry analysis combined with
quantitative NP distribution with cellular resolution on a tissue
section overcomes some of these limitations, offering deep
insights into 3D mapping of NP distributions in large tissue
sections and organs with up to ca. 2 cm thickness, exceeding by
far previously reported penetration depths.’’ Optical visual-
ization of ultrafine NP and agglomerates (<100 nm diameter) is
always challenging using fluorescence microscopy, as explained
by two recent reviews.”"®> We also note that not only
fluorescence but alternative optical modalities such as light
scattering can provide 3D imaging of metal NPs in intact and
transparent tissues.”’ Future studies should exploit multiple
staining probes for multifunctional biological response analysis
with time-resolved LSFM to further refine this methodology for
NP biokinetics, toxicology, and efficacy studies, facilitating the
development of nanotoxicology and nanomedicine.

CONCLUSION

In this study, we presented and validated an ex vivo whole-tissue
imaging method for 3D quantitative co-visualization of (label-
free) airway morphology and biodistribution of fluorescent
nanoparticles with cellular resolution in murine lungs. More-
over, ex vivo whole murine lung imaging using epifluorescence
imaging (here: IVIS) was introduced as a time-efficient and
reliable method for analysis of the preservation of fluorescent
dyes and lung morphology during the chemically harsh
procedure of optical tissue clearing. Here 3DISCO tissue
clearing and bispectral light sheet fluorescence microscopy were
combined to co-visualize the label-free, entire 3D lung
architecture (trachea to alveolar sacs) and pulmonary
distribution of fluorescent NPs in nondissected, whole murine
lungs (with an imaging depth of 1—2 cm for wavelengths of
500—750 nm). The method allows for quantitative NP
dosimetry and reveals clear differences in the biodistribution
of NPs applied to the lungs as bulk liquid suspension via
intratracheal instillation or as a cloud of droplets (aerosol) via
ventilator-assisted inhalation under anesthetized conditions on
various resolution levels ranging from central-to-peripheral, to
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lobewise, to cellular. Taken together, the approach presented
here represents a robust method for single-modality analysis of
combined 3D lung morphometry and quantitative biodistribu-
tion analysis of fluorescent probes (molecular, NP-bound) for
the advanced analysis of biodistribution, biokinetics, and
bioresponse analysis of NPs in whole murine lungs or whole-
tissue sections and even small organisms.

MATERIALS AND METHODS

Materials. Three types of commercial fluorescence-labeled NPs
were used for the experiments, namely, polystyrene NPs with the
embedded fluorescence dye Sky Blue (ex/em = 670 nm/710 nm;
volume median diameter (VMD): 481 nm; Kisker Biotech GmbH,
Steinfurt, Germany), MF fluorescence particles (MF, ex/em= 636 nm/
686 nm; VMD: 474 nm, microParticles GmbH, Berlin, Germany), and
Qdot 800 ITK carboxyl quantum dots (QDs with the maximum
emission spectrum around 800 nm; VMD: 18 nm, Invitrogen, Ltd.,
Paisley, UK). The Syke Blue NPs (stock suspension: 10 mg/mL) were
found to be unstable in the 3DISCO tissue clearing process and will
therefore not appear in any of the images presented below. The MF NPs
(stock suspension: 25 mg/mL) were prepared via an acid-catalyzed
polycondensation reaction of melamine resin precondensates in the
presence of selected fluorescent dyes in the aqueous phase. QDs (stock
solution: 8 yM) were made from the crystals of a semiconductor
material (CdSeTe), shelled with a ZnS layer, and further coated with a
polymer layer with carboxyl surface groups. Hydrodynamic diameter
measurement of all three NPs was performed with dynamic light
scattering (DLS) using a Malvern Zeta Sizer Nano instrument
(Malvern Instruments Ltd., Malvern, UK).

Animal Handling. Mice were housed in individually ventilated
cages (IVC-Racks; Bio-Zone, Margate, UK) supplied with filtered air in
a 12 hlight/12 h dark cycle (lights on from 06:00—18:00). The animals
were provided with food (standard chow) and water ad libitum. All
procedures involving animal handling and experiments were carried out
in accordance with protocols approved by the Regierung von
Oberbayern (District Government of Upper Bavaria).

Wild-type CS7BL/6 mice (age 16—25 weeks, 6 males and 15
females, weight 20—30 g) were used for these experiments. Twenty-one
mice were randomly divided into four groups: MF group (7 mice for
instillation and 3 mice for inhalation); QDs group (3 female mice for
instillation); Sky Blue group (3 female mice for instillation); and vehicle
control group (3 females and 2 males without NPs treatment). For
instillation, mice were anesthetized by the intraperitoneal injection of a
ketamine and xylazine mixture and intubated by a nonsurgical
technique using a 20G cannula inserted into the trachea, as previously
described.*”®* For intubated—ventilated inhalation exposure, the
animals were deeply anesthetized by intraperitoneal injection with a
triple combination of medetomidine (0.5 mg/kg bodyweight),
midazolam (S mg/kg bodyweight), and fentanyl (0.05 mg/kg
bodyweight) and cannula intubated as described for instillation. The
cannula was attached to a mechanical ventilator for mice (flexiVent
system, SciReq Inc., Canada) to control their respiration during aerosol
inhalation. The flexiVent was equipped with a nebulizer (Aeroneb Lab,
small droplet diameter (2.5—4.0 ym), Aerogen Inc., Ireland) for the
generation of liquid aerosol droplets consisting of NP suspensions. For
each mouse, the nebulizer was filled with 20, 40, or 60 uL of a 12.5 mg/
mL MF suspension (1:2 dilution of stock suspension) and the nebulizer
was active for 40 ms per breath during ventilation of the mouse with 120
breaths/min, 400 uL tidal volume, and an inhalation—exhalation time
ratio of 2:1. The mouse was sacrificed immediately after NP application
by exsanguination (to avoid clearance of NPs from the respiratory tract)
and then transcardially perfused with 20 mL of 0.1 M phosphate-
buffered saline (PBS) at room temperature for flushing out all of the
blood from the lung. Subsequently, the perfusion liquid was switched to
the fixation solution 4% paraformaldehyde (PFA) in 0.1 M PBS (10
mL) and then the whole lung plus the esophagus were removed and
postfixed in 4% PFA overnight. The harvested organ was kept in 0.1 M
PBS until further processing (imaging). Notably, 2 of 7 instilled mice
were sacrificed at 24 h after application of MF NPs. Both mice were
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transcardially perfused with 20 mL of 0.1 M PBS, and then their lungs
were filled with 4% PFA for 2 h fixation via the cannula-intubated
trachea. Subsequently, the PFA was withdrawn and refilled through the
cannula with 0.8—1 mL of warm, 0.1 M PBS-equilibrated 2% agar,
which was subsequently cooled to stiffen the lung tissue and thus
maintain the inflated state of the lungs.>*

Ex Vivo Whole-Lung Imaging Using IVIS. To examine the
fluorescence stability of the NPs and the morphometric integrity of the
lung during optical tissue clearance, an efficient, simple, and time-saving
(less than 1 min for an ex vivo lung imaging) ex vivo imaging was
performed using the IVIS (Lumina II, Caliper/PerkinElmer, USA).
Briefly, the entire lung was placed on a holder located centrally in the
IVIS with NP-specific excitation and emission filters (for Sky Blue and
MF ex/em = 640 nm/CyS.S and for QDs ex/em = 640 nm/ICG) for
various time points during the tissue clearance procedures. For each
time point the fluorescence intensity and the 2D projected geometric
area of the lung were determined from the fluorescence/white light
images with the Living Imaging 4.0 software (Caliper). The variations
in fluorescence intensity and the projected lung area (as a measure of
lung morphometry) revealed the degree of resilience of the NPs against
chemical degradation during the 3DISCO clearing protocol and
morphometric stability (expressed as area shrinkage factor of lung),
respectively.

Tissue Clearing and 3D Imaging. Whole-lung clearing was
performed according to a modified version of the 3DISCO protocol.”®
Briefly, samples were dehydrated in 10 mL of 50% v/v tetrahydrofuran/
H,O overnight (THF, Sigma 186562-1L), S0% THF/H,O 1 h, 70%
THF/H,0 4 h, 80% THF/H,0 4 h, 100% THF 1 h, 100% THF
overnight, and 100% THF 1 h with slight shaking. Samples were gently
dried and then incubated in DCM (Sigma 270997-1L) around 30—40
min until they sank to the bottom of the SO mL conical tube (Corning,
Falcon 352070). Finally, samples were incubated without shaking in
BABB, a mixture of 1:2 v/v benzyl alcohol (BA, Sigma 305197-1L) and
benzyl benzoate (BB, Sigma B6630-1L), or in DBE (Sigma 108014-
1KG) for at least 2 h until imaging and could then be stored in DBE/
BABB at room temperature.

Whole-lung samples were imaged with an LSFM (Ultramicroscope
II, LaVision Biotec) equipped with a sCMOS camera (Andor Neo) and
a 2X objective lens (Olympus MVPLAPO 2x/0.5 NA) equipped with
an Olympus MVX-10 zoom body, which provided zoom-out and -in
ranging from 0.63X up to 6.3X. For whole lungs of mice treated with
Sky Blue or MF NPs, light sheet scans were generated with 0.63X zoom
magnification (lens+zoom, 1.26X actual magnification) with different
excitation and emission bandpass filters (ex/em = 640(30) nm/
690(50) nm for Sky Blue and MF NPs; ex/em = 640(30) nm/795(50)
nm for QDs; ex/em 545(30) nm/605(70) nm for tissue
autofluorescence for lung morphology measurement) with a step size
of 10 or 20 um depending on sample size. Samples were generally
imaged with a exposure time of 150 ms, at 100% laser power (80% laser
power only used when epifluorescence was overqualified) with the light
sheet (thickness 4—24 um) at different xy widths and numerical
apertures (NA) depending mainly on the magnification of the image.
Samples were also imaged at magnifications of 8X (Figure 3c) and
12.6x (Figure 4) using a 4—5 ym Z-step. The LSFM imaging time for a
whole lung usually takes between tens of minutes and a few hours
depending on various parameters including sample size (here stack size
ca. 6—10 mm), magnification, light beam (dual or single), and step size.
For refractive index matching, the imaging chamber of the LSFM was
filled with BABB or DBE, the final clearing solvent used for tissue
clearing.

Image Processing and Analysis. The images shown in the figures
including single-slice images and maximum intensity projection (a
method for 3D data visualization that displays only the voxels with
maximum intensity along each optical ray passing through the image
stack in the projection image”) images were processed by Image]
(https://imagej.nih.gov/ij/). 3D volume images and movies with 3D
manipulation were generated using Bitplane Imaris (http: //www.
bitplane.com/imaris/imaris). Lung morphometry such as airway
diameter and bifurcation angle was manually segmented and calculated
in 3D using Imaris. The alveolar MCL was estimated directly by setting
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up random test lines consisting of solid lines and dashed lines
superimposed on 2D images using Image] as described in the
literature.>** The airway diameters and MCL of unfilled lungs should
be corrected for deformation effects due to tissue shrinkage during
optical clearing and differences in inflation state of the lung. The (1D)
shrinkage factor of the former (1.27 for collapsed lung), which was only
applied to airspaces from the second-order bronchus to more distal
regions (strong cartilage in more proximal regions), was determined
from the square root of the 2D area shrinkage factor as measured from
IVIS images of the lung before and after tissue clearing. The deflation
correction factor, which was applied to the bronchioles and MCL, was
determined from the volume ratio of the inflated (0.8 mL agar + 0.3 mL
residual lung volume) and deflated lung (0.3 mL),*”® yielding 1.54
(=(1.1/0.3)73). So the total correction factor applied to the collapsed
lung is 1.27 for second- and third-order bronchi and 1.96 (=1.27 X
1.54) for bronchioles and MLC. Surface rendering of the mouse
bronchial tree was derived from the autofluorescence signal of the
airways of blank (unexposed) lungs in all ex/em channels, and spot
rendering of NPs in Figure 3¢ with a filter size of 5.5 ym were also
prepared using Imaris.

Establishment of the Intensity—Dose Standard Curve for NP
Dosimetry. Quantitative analysis of the images recorded by LSFM
requires accurate assessment of various sources of error including
instrument biases and variations of lung optical properties. In order to
achieve reliable NP dosimetry, the absolute fluorophore intensity in
each NP-treated lung was calculated following total fluorescence
correction and subtraction of tissue-induced autofluorescence signal
(for detailed descriptions see SI method 1). The dose of fluorescent
NPs in a whole lung should be principally proportional to the sum of the
absolute fluorescence intensities from all LSFM slices. The conversion
factor of the corrected absolute fluorophore intensity to the fluorophore
dose can be determined by preparing instilled lungs with known but
different amounts of NPs (50 uL of 1:200, 1:100, 1:50, and 1:25
dilutions of MF stock solution). After yielding the desired fluorescence
intensity—dose conversion curve (here a linear relationship was
obtained), quantitative measurement of the deposited dose in the
lungs of mice via inhalation exposure could be achieved. The inhaled
NP dose in the lungs of mice via intubated inhalation exposure was
determined by differential gravimetric analysis of the nebulizer
including connecting tubing to the mouse prior to and after
nebulization (here 36.0 + 8.5% of invested dose can be inhaled), and
but only a small fraction of inhaled dose can reach the lung (Figure 4b).

C/P and Lobewise Distribution Analysis. The regional
deposition of NPs in the lung was investigated on two scales, a two-
region (central and peripheral region) and a lobewise approach. For the
clinically widely used two-region approach, the area-normalized NP
dose in a central and peripheral area is determined from single lung
slices added over all slices or from a maximum intensity projection of
the entire lung. The central region is defined as the circumference-
shaped matched inner 50% of each lung slice, and the entire lung area in
each image (slice) was determined by intensity thresholding.
Subtraction of the fluorescence intensity of the central region from
that of the total lung region yields the peripheral lung intensity, and the
ratio of central to peripheral intensity was analyzed after total
fluorescence correction and subtraction of tissue autofluorescence
(details in ST method 2) and then normalized to the respective areas
according to

where I and I, refer to the absolute NP fluorescence intensities from
the central and peripheral regions of lung slices, respectively. A. and A

are the areas in the center and periphery, respectively. Slice-by-slice A,
and A, analysis was performed on every fourth slice of each lung stack
excluding the top and bottom slices of a stack, which contained
predominantly peripheral regions. The overall C/P ratio determined by
averaging over all analyzed slices indicates the homogeneity of the dose
deposition. C/P close to unity denotes a homogeneous fluorophore
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distribution in the lung, whereas C/P larger than unity indicates
preferential central airway deposition.

Moreover, lobewise analysis was also performed to reveal the
uniformity of NP distribution among lung lobes for both application
routes. First, the entire region outside the lung was automatically set to
zero (intensity thresholding), and then the region of interest
representing the individual lobe was selected manually based on
recognition of the space between two adjacent lobes. Subsequently, the
fractional deposition of NPs on all five lung lobes and the trachea was
obtained using ImageJ. Uniformity of MF deposition was described as
volume- (lung/lobe volume estimated using the Cavalieri principle)®®
normalized intensity signal for each lobe after total fluorescence
correction and lobe-specific subtraction of tissue autofluorescence. The
volume-normalized deposition fraction is calculated from

1]/1t
Depv = VI/V

where I and I, refer to the NP-triggered fluorescence intensity from a
specific lobe (here: S lobes) and the total lung, respectively. Analogous
V; and V; are the volumes of a specific lobe and the total lung (without
trachea), respectively. Depy is close to 1 if the NP dose reaching a
specific lobe is equal to the fractional lung volume of this lobe. Values
larger and lower than unity indicate preferential or reduced NP
deposition in this specific lobe.

Fluorescence-Based Analysis of NP Dose in Lung Homoge-
nates. As a reference method for NP dosimetry, we also determined
the NP tissue burden in the total lung (all five lobes together), trachea,
and esophagus according to a previously described method relying on
quantitative fluorescence analysis in homogenized tissue.*” In brief,
tissue samples were homogenized in a homogenizer (Ultra Torrax,
20000 rpm) at a 1:10 (m/v) ratio of tissue to 0.1 M PBS buffer. A
standard curve relating fluorescence intensity and NP concentration in
lung homogenates was established by using a series of known doses of
MF added into the homogenates of blank lung tissue allowing for
quantification of the NP dose in the tissue.

Statistical Analysis. The statistical analysis was performed using
SigmaPlot version 12.0 (Systat Software GmbH, Germany). Normality
was determined using the Shapiro—Wilk test and a visual assessment of
histograms. Comparison results from two groups for normally
distributed and non-normally distributed data were carried out using
a two-sided Student’s t test and a Mann—Whitney rank sum test,
respectively. Comparisons among multiple groups were performed
using a one-way analysis of variance (ANOVA) followed by a pairwise
multiple comparison procedures (Holm—Sidak method). All data were
presented as mean + SD. Significances are defined as 0.05 (P < 0.05, *)
and 0.01 (P < 0.01, **).
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4.2 Summary of the work PRP2

Multimodal Precision Imaging of Pulmonary Nanoparticle Delivery in Mice: Dynamics

of Application, Spatial Distribution, and Dosimetry

A quantitative in vivo/ex vivo preclinical imaging platform with high temporal (~ 1 Hz) and
3D spatial resolution (down to cellular resolution) is developed and validated for pulmonary
delivery of various NPs by specifically prepared mouse lungs. The platform provides
comprehensive and unprecedented insight into the dynamic process of NP delivery to animal
models (here mice).

Main accomplishments:

e The potential of this platform was demonstrated by applying different types of NPs
(polystyrene, melamine, iron oxide, gold, quantum dots) at different doses into
different regions of the lung utilizing the three most widely used modes of preclinical
pulmonary NP delivery (intratracheal instillation, nasal aspiration, ventilator-assisted
aerosol inhalation).

e Our study reveals the underlying mechanisms of pulmonary delivery which led to a
more in-depth and quantitative understanding of the reasons for the observed ex vivo
NP deposition profile for each of these application modes.

e This study also provides the first detailed performance characteristics of ventilator-
assisted aerosol inhalation for improved pulmonary NP delivery in terms of dose rate,
dose-controlled and efficiency.

e While this study focused on pulmonary NP delivery, it is also applicable to other
delivery routes and the fluorescence imaging mode can also be employed for
bioactivity studies (by virtue of bioactive probes). As such this imaging platform will
enhance the theranostics capabilities for NPs in mice to leverage the
design/development of novel-designed NM and studies on toxicity and biokinetics of
NPs.

My contributions are about the experimental design and conceive, animal preparation, X-ray
imaging support (X-ray imaging was performed by our TUM collaborators as indicated in the
publication), all ex vivo fluorescence imaging performance, X-ray and fluorescent imaging
process and video manipulation, quantitative fluorescent dosimetry analysis, figure

preparation, and manuscript writing and revisions.
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Multimodal Precision Imaging of Pulmonary Nanoparticle
Delivery in Mice: Dynamics of Application, Spatial

Distribution, and Dosimetry

Lin Yang, Regine Gradl|, Martin Dierolf, Winfried Moller, David Kutschke,
Annette Feuchtinger, Lorenz Hehn, Martin Donnelley, Benedikt Giinther,
Klaus Achterhold, Axel Walch, Tobias Stoeger, Daniel Razansky, Franz Pfeiffer,

Kaye S. Morgan, and Otmar Schmid*

Targeted delivery of nanomedicine/nanoparticles (NM/NPs) to the site

of disease (e.g., the tumor or lung injury) is of vital importance for improved
therapeutic efficacy. Multimodal imaging platforms provide powerful tools
for monitoring delivery and tissue distribution of drugs and NM/NPs.

This study introduces a preclinical imaging platform combining X-ray (two
modes) and fluorescence imaging (three modes) techniques for time-
resolved in vivo and spatially resolved ex vivo visualization of mouse lungs
during pulmonary NP delivery. Liquid mixtures of iodine (contrast agent
for X-ray) and/or (nano)particles (X-ray absorbing and/or fluorescent) are
delivered to different regions of the lung via intratracheal instillation, nasal
aspiration, and ventilator-assisted aerosol inhalation. It is demonstrated
that in vivo propagation-based phase-contrast X-ray imaging elucidates

the dynamic process of pulmonary NP delivery, while ex vivo fluorescence
imaging (e.g., tissue-cleared light sheet fluorescence microscopy) reveals
the quantitative 3D drug/particle distribution throughout the entire lung
with cellular resolution. The novel and complementary information from
this imaging platform unveils the dynamics and mechanisms of pulmonary
NM/NP delivery and deposition for each of the delivery routes, which
provides guidance on optimizing pulmonary delivery techniques and novel-
designed NM for targeting and efficacy.

1. Introduction

Lung diseases are among the leading causes
of deaths worldwide. According to the
World Health Organization!! the chronic
obstructive pulmonary disease (COPD) and
lung cancer have even been rising from
the fourth and ninth in 2000 to the third
and sixth of most deadly disease in 2016,
respectively. For treatment of lung diseases,
direct application of the drug to the lung
via aerosol inhalation is widely used due to
its high therapeutic inde, i.e., high efficacy
at the site of disease and low side effects
in secondary organs. Currently, inhalation
therapy is a cornerstone for the treatment of
pulmonary infections, asthma, COPD, and
cystic fibrosis, but also treatment of lung
cancer or even nonpulmonary disease such
as diabetes is within reach.2] Also nano-
technology enabled drugs (nanomedicines
(NMs)) offer new diagnostic and therapeutic
options for cancer and other diseases lever-
aging their unique features for controlled
release, reduced drug toxicity, prolonged

L. Yang, W. Méller, D. Kutschke, Dr. T. Stoeger, Dr. O. Schmid
Comprehensive Pneumology Center (CPC-M)

Member of the German Center for Lung Research (DZL)
Munich 81377, Germany

E-mail: otmar.schmid@helmholtz-muenchen.de

L. Yang, W. Méller, D. Kutschke, Dr. T. Stoeger, Dr. O. Schmid
Institute of Lung Biology and Disease

Helmholtz Zentrum Miinchen-German Research Center

for Environmental Health

Neuherberg 85764, Germany

The ORCID identification number(s) for the author(s) of this arti-

cle can be found under https://doi.org/10.1002/smll.201904112.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/smll.201904112

Small 2019, 1904112 1904112 (1 of 16)

L. Yang, Prof. D. Razansky

Faculty of Medicine

Technical University of Munich

Munich 80333, Germany

R. Gradl, Dr. M. Dierolf, Dr. L. Hehn, B. Giinther, Dr. K. Achterhold,
Prof. F. Pfeiffer, Dr. K. S. Morgan

Chair of Biomedical Physics

Department of Physics

Technical University of Munich

Garching 85748, Germany

R. Gradl, Dr. M. Dierolf, B. Giinther, Dr. K. Achterhold, Prof. F. Pfeiffer
Munich School of BioEngineering

Technical University of Munich

Garching 85748, Germany

R. Gradl, Prof. F. Pfeiffer, Dr. K. S. Morgan

Institute for Advanced Study

Technical University of Munich

Garching 85748, Germany

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

residence, and/or targeted delivery.*%1 Consequently, numerous
NM formulations are already in clinical use or are currently
undergoing clinical trials.”#! In spite of this success a recent study
reported that only about 0.7% of the applied dose of intravenously
administered nanoparticles (NPs) accumulates at the tumor sites
in animal models,” suggesting that targeting delivery of NM is
still a major subject of both preclinical and clinical studies.

To better understand and optimize drug/NM delivery to the
sites of disease within the lung, it is of central importance to
quantitatively monitor the dynamic process of pulmonary drug
delivery in the context of deposited dose, initial biodistribution,
site-specific localization, biokinetics, and therapeutic efficacy
(bioactivity) of NM. Noninvasive imaging techniques including
magnetic resonance imaging (MRI), single photon emission
computed tomography (SPECT), positron emission tomography
(PET), photoacoustic (PA) imaging, ultrasound (US), X-ray-based
imaging modalities (phase-contrast X-ray imaging (PCXI) and
computed tomography (CT)), and optical imaging (e.g., in vivo
imaging system (IVIS)) each provide different advantages in
imaging drug/NM distribution, release, and efficacy.'®'] MRI
provides both morphological and functional information (e.g.,
target site of NM) in the human lung but is limited by poor
spatial resolution (=1 mm), slow image acquisition, and low
sensitivity in the lungs of small animals.'>13] Nuclear medical
imaging including PET and SPECT offers high sensitivity, high
imaging depth, and sufficient dosimetric accuracy for quantita-
tive biodistribution and biokinetics studies in the lung. Since
those techniques often need a radiolabeled probe and suffer
from poor spatial resolution and lack of anatomical information,
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hybrid imaging techniques have been proposed to overcome the
latter limitations (e.g., joint use of SPECT-CT).'% Taking advan-
tage of the combined spectral selectivity of molecular excitation
by laser light and high resolution of ultrasound detection,!
PA imaging is an emerging nondestructive hybrid technique
(optics and acoustics) that allows deeper tissue visualization of
fluorescent agents compared to optical imaging. Similar to US,
PA can provide anatomical and dynamic imaging, but it is of
limited use for the lung due to restricted ultrasound propaga-
tion.l>) Consequently, the penetration depth of light, sensitivity,
and quantification ability offered by PA imaging are not suf-
ficient for determination of NM biodistribution and pharma-
codynamics in the lungs. X-ray-based approaches (PCXI and
CT) have been recently applied to monitor the pulmonary fluid
delivery dynamics and deposition['®'8] and lung pathophysiolog-
ical statel’”! with high temporal and spatial resolution. The major
challenges posed by X-ray modalities are that they are incapable
of assessing NM bioactivity and for visualizing NM at cellular
resolution. Leveraging the wide range of bioactive optical probes
noninvasive optical imaging could resolve the bioactivity issue,
but it suffers from poor spatial resolution and low dosimetric
accuracy due to strong tissue scattering and absorption of light.
There is no single imaging modality that allows for detection of
the dynamics of pulmonary drug delivery, regional distribution
profile, accurate dosimetry, and cellular localization of NM in
intact organ/tissue of animal models.

Multimodal hybrid imaging techniques such as PET-CT
and SPECT-MRI are increasingly used as they provide deeper
insight into targeting and distribution profile of NM in terms
of detection sensitivity, anatomical information, and spatially
resolved dosimetry.1%1129% However, most studies have focused
on determining the delivery and therapeutic efficacy of NM to
xenograft tumor models in murine models,?!??l while there is
still a lack of understanding of pulmonary drug delivery. In spite
of a large number of novel-designed NMs with enhanced phar-
macokinetic and pharmacodynamic properties,”! such as non-
mucoadhesive particles (particles that do not adhere to mucus)
prolonging lung retention for sustained release of drugs in the
lung,/?¥l monitoring the controlled pulmonary delivery of NM
in real-time with subsequent analysis of regional spatial distri-
bution, accurate dosimetry, and cellular localization of NM in
the lung is still a major unmet need.

This study therefore aims to decipher the dynamics of pul-
monary delivery of NPs as well as their regional distribution,
dosimetry, and cellular localization by multimodal imaging
leveraging X-ray and fluorescence-based imaging techniques.
Lung tissue usually produces low contrast in conventional
X-ray images, but the visibility of the lungs can be enhanced
using phase-contrast techniques that exploit the phase shift
introduced by a sample. For weakly absorbing materials such
as soft tissue and air, the difference in the phase shift is sig-
nificant, which leads to contrast enhancement. Propagation-
based phase-contrast X-ray imaging (PB-PCXI) was chosen here
since this technique requires only a single exposure (compared
to, e.g., grating-based phase-contrast imaging), so it is ideal for
imaging dynamic processes.?!l Furthermore, it is a simple tech-
nique, because the only change with respect to conventional
absorption imaging is an increased sample-to-detector distance
and increased source coherence. This coherence requirement
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Table 1. Main characteristics and hence complementarity of the propagation-based phase contrast X-ray imaging (PB-PCXI), computed tomography
(CT), whole lung fluorescence imaging (WLFI), lung slice fluorescence imaging (LSFI), and light sheet fluorescence microscopy (LSFM) at a glance.
Strengths are graded low (+) to high (+++).

Imaging method  In vivo/ex vivo Dimension Resolution Fidelity Anatomical Dosimetry Technical Contrast agents
information complexity
PB-PCXI In vivo 2D +time + +H + + +H lodineM, iron
oxide particles™?,
gold NPs, QDs
cT Ex vivo 3D ++ ++ ++ + ++
WLFI Ex vivo <2D¥ + ++ + ++ + SkyBlue NPsM1,
melamine NPsM1:2,
quantum dots
LSFI Ex vivo 2D/3D + ++ ++ +++ ++
LSFM Ex vivo 2D/3D ++ ++ A+ +++ ++

M1: mixture 1 (iodine + SkyBlue NPs/melamine NPs); M2: mixture 2 (iron oxide + melamine NPs). #Penetration depth is =1 mm (depending on wavelength)—only

fraction of murine lung is imaged.

usually limits the use of PB-PCXI to synchrotron facilities.[?’!
In this study the Munich Compact Light Source (MuCLS) was
used to produce a sufficiently coherent X-ray beam to obtain
edge-enhanced images via PB-PCXI. The acquired images
include attenuation and phase information, with the attenua-
tion effects rendering the bones and highly absorbing contrast
agents visible, and the phase effects rendering the lungs and
airways visible.?®l Here, PB-PCXI was applied to the in vivo
real-time monitoring of controlled NP-liquid delivery to dif-
ferent regions of the lung, and subsequent ex vivo CT and fluo-
rescence imaging (here epifluorescence imaging of the whole
or dried-sliced lung or tissue-cleared light sheet fluorescence
microscopy (LSFM)?7)) further provided the 3D NP distribution
profile throughout the entire lung in both a qualitative and a
quantitative manner. The advantages and limitations of each of
these techniques are discussed and we demonstrate the poten-
tial of this multimodal imaging platform for resolving mecha-
nisms of pulmonary drug delivery and specific features of the
NP distribution profile observed for three of the most widely
used preclinical modes of pulmonary application, namely,
intratracheal instillation, ventilator-assisted aerosol inhalation,
and nasal aspiration.

2. Results

The multimodal imaging approaches presented here provide
unprecedented concomitant insights into dose, distribution,
and mechanism of pulmonary delivery of drugs at high tem-
poral and spatial resolution. In vivo PB-PCXI allows for non-
invasive time-resolved monitoring of the dynamic process
of drug/nanoparticle delivery, while fluorescence-based ex
vivo imaging (IVIS and tissue-cleared LSFM) offers quanti-
tative dosimetry and accurate 3D localization of fluorescent
tracers (here NPs) with cellular resolution at one time point.
Each of these methods requires the presence of either X-ray
contrast agents or fluoroactive substances. Here a variety of
NPs and molecular substances are used, including the clini-
cally approved iodine as well as gold NPs, iron oxide particles,
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quantum dots (QDs) for X-ray imaging, as well as QDs and
polystyrene-SkyBlue and melamine resin NPs for fluores-
cence-based imaging (Table 1). Except for QDs, which are both
X-ray absorbing and fluorescent, all other substances require
co-application of two contrast agents. The insoluble particles
used here have a diameter between 18 and 900 nm with a rela-
tively narrow size distribution (geometric standard deviation
< 1.4; Figure S1, Supporting Information).

A schematic overview of the various imaging modalities is
presented in Figure 1. During the pulmonary delivery process
time-resolved in vivo PB-PCXI was performed and mice were
sacrificed immediately after completion of delivery, lungs were
perfused (removal of blood), and then excised. Subsequent ex
vivo imaging was performed on the very same lungs using
either LSFM on tissue-cleared lungs or X-ray imaging (CT scan)
followed by two IVIS fluorescence imaging modalities on dried
lungs, namely, whole lung fluorescence imaging (WLFI) and
lung slice fluorescence imaging (LSFI).

2.1. Time-Resolved In Vivo Monitoring of Controlled Pulmonary
NP Delivery with PB-PCXI

For analysis of the mechanisms involved in pulmonary drug
delivery (here: iodine-NP) the temporal evolution of drug accu-
mulation in the different regions of the lung was monitored
for various forms of drug application in real time by PB-PCXI.
The intratracheal instillation and X-ray imaging setup is
depicted in Figure la. As described by Gradl et al.?* mice
were fixed in an upright position, mechanically ventilated,
and an iodine-polystyrene NP suspension was instilled slowly
into the lungs using a remotely controlled syringe pump.
This permits delivery of a known amount of liquid at a con-
trollable and constant rate (here 4.2 uL s7}, i.e., 100 uL within
24 s). Triggered by the ventilator, one image per breath was
captured during an end-inspiratory breath-hold phase, which
minimizes inflation/deflation-induced blurring effects.l?!! This
allowed for time-resolved visualization of the pulmonary NP
delivery process. Since intratracheal instillation is typically
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Figure 1. Schematic workflow of multimodal imaging platform from in vivo propagation-based phase contrast X-ray imaging (PB-PCX]) to either ex vivo
light sheet fluorescence microscopy (LSFM) or ex vivo lung slice fluorescence imaging (LSFI). Those imaging processes involved in the data acquisi-
tion (in vivo PB-PCXI a); ex vivo computed tomography (CT), ex vivo whole lung fluorescence imaging (WLFI) and LSFI b); and ex vivo LSFM c)) and
sample processing (in situ lung perfusion (a), ex vivo lung drying and inflation (b), and ex vivo lung tissue clearing (c)) were applied in this study.

performed by rapid manual emptying of a syringe (within less Figure 2a shows the X-ray images obtained with this setup.
than 1 s), we thus refer to the instillation process used here as  The rib cage and spinal cord of the mouse (dark structures)
“slow-instillation.” as well as the lung (bright area within the rib cage) enclosing
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Figure 2. Controlled iodine-nanoparticle liquid delivery to the left/right or whole lung via slow-instillation can be visualized in vivo using PB-PCXI.
a) A raw X-ray image directly captured during instillation of 100 uL iodine-polystyrene NP liquid to the mouse lung. b) Same as panel (a), but a pre-
delivery image is subtracted, clearly enhancing the visibility of the iodine-polystyrene NP liquid in the left half of the lung. c—e) Difference images as
well, but for different experiments delivering the iodine-polystyrene NP liquid to the upper right lung, lower right lung, and entire lung, respectively, by
controlling the position/depth of intubation cannula. f) Pixel-by-pixel intensity profiles along the linear trajectories across the 2D lung images (along the
colored dashed lines in panels (b)—(e)) demonstrate that massive decreases in pixel intensity (compared to baseline in blue) result from the substantial
deposition of iodine, while the fluctuations in the signal are due to, e.g., imperfect subtraction of the predelivery image.
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the heart (dark region in the top center of the lung region) are
clearly visible. By subtraction of the predelivery image from
each image during substance delivery a difference image is
obtained, which reduces the “background” signal from the
rib cage, spine, and heart (Figure 2b). Consequently, this dif-
ference image more clearly shows the pulmonary distribution
of the iodine-NP liquid, which in this case was directed to the
left half of the lung by placing the intubation cannula beyond
the first bronchial bifurcation (separating the left and right half
of the lung). Moreover, the subtraction image also highlights
the position of the main bronchi and boundaries of the lung,
which provides guidance on localization of the delivered iodine-
NP solution which is useful for data interpretation. Figure 2c—e
displays equivalent images for different delivery experiments
via intratracheal instillation directed to the right upper, right
lower, and whole lung, respectively, via proper positioning of
the inserted cannula. Moreover, intensity profiles along (linear)
trajectories across the 2D lung images depicted in Figure 2e
illustrate the variability of the gray-scale signal for the dif-
ferent regions of these lungs, where lower signals correspond
to regions of higher iodine dose (high X-ray absorption), indi-
cating the major locations of iodine-NP liquid (Figure 2f). This
pixel-by-pixel analysis (pixel size: 10.4 um) reveals massive loss
of X-ray intensity in regions of substantial iodine deposition,
while the fluctuations in signal originate from artifacts due to,
e.g., imperfect background subtraction partially due to unavoid-
able slight position changes of the breathing mouse during the
course of the substance delivery process.

Time-resolved in vivo visualization of the dynamic pro-
cess of liquid delivery via intratracheal instillation to the lung
(see Videos S1 and S2 in the Supporting Information for left
and whole lung delivery) reveals that the main delivery mecha-
nism is not only gradual spreading of the liquid from the point
of entry (trachea/primary bronchus) to the more distal parts
of the lung, but also by recurring liquid accumulation in and
blocking of one of the airways followed by rupturing of the
liquid blockage during breathing activity. This results in sec-
ondary spray/aerosol formation, which provides an efficient
mechanism for bulk liquid reaching the distal parts of the lung.

2.2. Ex Vivo Multimodal Imaging of NP Distribution
in the Lungs

After in vivo PB-PCXI each lung underwent ex vivo imaging
using either LSFM or CT scanning followed by WLFI and
LSFI (Figure 1b,c). Both imaging modes are mutually exclu-
sive, since the former requires wet fixation and optical tissue
clearing, while the latter involves drying of the lung. Since the
last in vivo PB-PCXI image corresponds to the ex vivo images,
the agreement between in vivo PB-PCXI and ex vivo imaging
modalities can be assessed. Figure 3 presents an example of
this data set after slow-instillation of 100 pL iodine-NP solu-
tion. The pseudocolored PB-PCXI difference image that is over-
laid with a directly obtained image clearly indicates two main
regions of iodine-NP deposition, one in the upper right lung
and the other around the diaphragm (Figure 3a and Video S3,
Supporting Information). 3D reconstructed ex vivo lung from
a CT scan of the same subject depicts a qualitatively consistent
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distribution profile with preferential right superior lobe tar-
geting and some near-diaphragm postcaval lobe deposition
(Figure 3b and Video S4, Supporting Information). This distri-
bution pattern is also found by WLFI (Figure 3c and Figure S2,
Supporting Information) and LSFI (Figure 3d).

Ex vivo fluorescence LSFI allows for quantitative analysis of
the regional targeting of fluorescence substances. Lungs from
nine independent slow-instillation experiments were stratified
for preferentially left and right as well as uniform (global) NP
deposition in the lung. The ratios of the fluorescence intensi-
ties from the right and left lung, which are normalized to their
respective right and left lung volume to account for the effect
of volume-dependent lung ventilation,*”?®! reveal that for global
delivery the ratio is equal to unity and a 3.7-fold preferential tar-
geting of the right (3.7) and left (3.7 = 1/0.27) half of the lung was
accomplished, respectively (Figure 3e). Finally, the delivered dose
was determined from quantitative fluorescence analysis using
dose-intensity conversion curves based on two reference lungs
containing known amounts of polystyrene-SkyBlue NPs (using
regular intratracheal instillation) and three nontreated lungs
for tissue-autofluorescence correction.?’?% In this context it is
important to note that the presence of iodine did not affect the
fluorescence signal from SkyBlue NPs (Figure S3, Supporting
Information). In the present experiments, 50 and 100 pL were
applied via intratracheal slow-instillation at a constant delivery rate
of (4.2 pL s71) and 72.98 + 36.21% and 79.9 + 24.1% of the nom-
inal dose was delivered to the lung, respectively (Figure 3f), where
for one of the 50 uL lungs almost nothing (<7%) reached the lung
probably due to accidental withdrawal of the intubation cannula
during the delivery procedure. Hence, no significant difference in
deposited fraction of applied dose/volume was found for different
volumes via slow-instillation (between 50 and 100 pL). It also
reveals that slow-instillation of 50 uL liquid yields the same frac-
tional deposition as reported for regular instillation 77.2 + 14.2%
(50 uL in <1 s; no data for 100 pL are available).?”) Quantitative
analysis with any of the other imaging modalities is difficult due to
substantial tissue attenuation for whole lung fluorescence imaging
and challenges in separating X-ray contrast seen from the treat-
ment and the X-ray contrast seen from the living anatomy.

In summary, this analysis shows that in vivo X-ray and ex
vivo X-ray and fluorescence imaging approaches show quali-
tatively consistent pulmonary deposition patterns for intratra-
cheal slow-instillation, which indicates co-localization of X-ray
and fluorescence-active agents. Moreover, LSFI allows for
quantitative dosimetry analysis of fluorescent NPs. The data
presented here also show that positioning of the intubation
cannula beyond the first bifurcation of the bronchial tree allows
for regional targeting of liquid substances into the left or right
half of the lung, but deliberate selection of either the right or
left half is difficult. Finally, regular and slow-instillation provide
similar substance delivery efficiency (=75%) with somewhat
better dose reproducibility for regular instillation.

2.3. Visualization of Small-Volume Slow-Instillation
by Multimodal Imaging

Visualization of extremely small amounts of bulk liquid (4 uL)
delivery throughout the entire murine lung with =1000 uL total
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Figure 3. In vivo and ex vivo imaging modalities show consistent end-delivery distribution of an intratracheally slow-instilled iodine-nanoparticle
suspension in the lungs (posterior view). a) A pseudocolored difference image (analogous to Figure 2b) overlaid with a directly obtained X-ray image
(analogous to Figure 2a) allows for co-mapping of lung morphology and iodine-polystyrene NP deposition, indicating preferential delivery to the supe-
rior and postcaval lobe of the right lung (green and blue arrows, respectively). b) Matching bi-lobal delivery was also observed from an ex vivo CT scan.
Ex vivo fluorescence images obtained from c) WLFI and d) LSFI further indicate the success of right lung delivery. Due to tissue-induced light attenua-
tion, the fluorescence signal from the near diaphragm postcaval lobe is not visible in posterior view (c) but clearly evident in anterior view (Figure S2c,
Supporting Information). e) Right/left deposition ratios of NPs normalized to the respective right/left lung volume ratio were measured quantitatively
with WLFI, displaying the success of preferential right or left delivery (PRD or PLD) and global lung delivery (GLD). f) Quantitative determination of
the dose/volume of liquid delivered to the whole lung using the LSFI data for 50 or 100 pL of applied liquid.

lung volume (600 cm? epithelial surface area) via intratracheal  significant effect of lung surfactant on the delivered dose frac-
instillation is notoriously difficult. It has been reported that tion of 4 pL iodine-NP liquid (with and without surfactant:
addition of lung surfactant could facilitate pulmonary delivery ~ 0.71 £ 0.19 and 0.53 + 0.28, respectively). In fact this delivery
both in terms of speed of dispersion and uniformity of distri- fraction is also consistent with the corresponding values for
bution as surfactant is known to reduce surface tension of the 50 and 100 uL of liquid instillation (Figure 3f).

applied bulk liquid.B% In this case, the mouse was intubated for

syringe-assisted slow-instillation, but breathing spontaneously

and in vivo X-ray image acquisition (100 ms per breath) near  2.4. Real-Time Monitoring of Particle Delivery by PB-PCXI:

the end of inhalation was triggered by monitoring the motion  Gold, Iron Oxide, and QDs Delivery

of the chest with an optical displacement sensor.?! In vivo

PB-PCXI revealed that delivery of 4 uL of iodine-polystyrene  In the experiments reported above iodine was added to the NP
NP liquid resulted in highly localized, small puddles of liquid  suspension, since the polystyrene NPs cannot be detected by
into either the right or left lung, but not to both sides (Figure 4a  X-ray analysis. Substances with a high atomic number or den-
and Video S5, Supporting Information). Only the proximal  sity, such as iodine, lanthanide, gold, or bismuth-based mate-
bronchial region was reached and addition of surfactant did not  rials, are preferable to be used as X-ray contrast agents because
affect delivery speed or localization of the liquid as shown in  of their high absorption cross section.l3¥l Recently, utilization of
Figure 4d and Video S6 (Supporting Information). The small =~ NP-based X-ray contrast agents has been intensively discussed
amounts of iodine delivered to the lungs were below the detec-  for diagnostic and molecular imaging, as NPs provide the
tion limit of ex vivo CT as seen from Figure 4b,e. On the other = potential of high loading of contrast agents and the possi-
hand, ex vivo WLFI was able to detect the fluorescence signal  bilities of surface modification enhancing cell/organ-specific
in the left half of the lung (red in Figure 4c,f) confirming the  targeting. Traditionally, gold NPs have been used as X-ray con-
distribution observed with in vivo PB-PCXI. Quantitative trast agents for, e.g., imaging tumor targeting of NPs via proper
dosimetry based on LSFI (Figure 4g) revealed no statistically  surface functionalization after intravenous injection in vivo.33l
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Figure 4. Determination of small-volume (4 pL) intratracheal slow-instillation of iodine-NP suspension a—c) in the absence and d—f) presence of
alveolar surfactant by multimodal imaging. Representative 2D images with in vivo PB-PCXI show the highly localized delivery of 4 UL iodine-polystyrene
NP liquid without (a) or with (d) surfactant. The X-ray signal is below the detection limit of 3D reconstructed images from ex vivo CT ((b) and (e)),
while 2D images obtained from ex vivo WLFI exhibit the proximal bronchial distribution of iodine-polystyrene NP liquid ((c) and (f)), albeit more diffuse
then in (a) and (d) due to tissue-induced light scattering. The presence of surfactant had no effect on the speed of liquid dispersion and uniformity of
distribution. g) The deposited fractions of 4 uL slow-instillation without or with surfactant based on LSFI data.

However, gold NPs have rarely been used as X-ray contrast
agent for pulmonary delivery. This study visualizes the dynamic
process of pulmonary delivery of three types of particles (two
out of the three are NPs) in real time using in vivo PB-PCXI.
Figure S4 (Supporting Information) shows five consecu-
tive PB-PCXI frames revealing the temporal evolution of the
NP delivery process during nasal aspiration of 40 uL gold NP
suspension (delivered to one nostril of the mouse with a rate
of 0.16 UL s7!). The pseudocolored difference images high-
light the location of the NP suspension. The gold NP suspen-
sion initially forms an increasing drop at the tip of the syringe
and—once large and close enough to the nostril—the droplet
is suddenly inhaled (aspirated) and deposited in the left half
of the nasal airways and eventually draining down passed
the glottis into the trachea into the left primary bronchus as
observed in Video S7 (Supporting Information) and even into
the deep lung. The sequence of images in Figure 5a,b displays
the temporal evolution of NP delivery into the deep lung via
intratracheal slow-instillation of 100 UL of a mixture of iron
oxide and (fluorescent) melamine particles and pure QDs,
respectively. Clearly, the iron oxide particles (2.5 mg mL™) were
delivered quite uniformly throughout the targeted left half of
the lung (Figure 5a), albeit the image contrast is not as good
as for iodine (92.5 mg mL™!), which is at least in part due to
the lower mass concentration/dose of iron oxide particles.
The QDs were delivered to the whole lung (Figure 5b) and
the mechanism of delivery is a relatively slow and continuous
transport (several seconds) of a film of particle liquid (position
indicated by arrow) from the trachea to the deeper regions of
the lung. Also, similar to iron oxide, the lower mass dose of
QDs (0.4 x 10° M) results in lower contrast compared with
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iodine (92.5 mg mL™!). Relatively uniform distribution of QDs
throughout the lung into the distal airways and alveoli makes
it even difficult to visualize. The dynamic processes of instil-
lation delivery for iron oxide particles and QDs are shown in
Videos S8 and S9 (Supporting Information), respectively. Of
note, QDs are particularly interesting, as they can serve as
contrast agent for both X-ray and fluorescence imaging.

2.5. Cellular Localization of NPs Revealed by Ex Vivo
Tissue- Cleared LSFM in Nondissected Lungs

None of the imaging modalities above offers the possibility
for 3D visualization of NP localization with cellular resolution
throughout the entire mouse lung. While CT scan and LSFI
offer 3D imaging capabilities, they do not allow for NP localiza-
tion within individual cells. We recently demonstrated that ex
vivo LSFM allows for quantitative co-mapping of lung architec-
ture and NP deposition with single-cell resolution in nondis-
sected but optically cleared lungs.??”l Here we apply this method
to study the pulmonary distribution of 100 uL of an NP sus-
pension after intratracheal slow-instillation. Figure 6 shows the
general agreement of the whole lung distribution as observed
by PB-PCXI and LSFM for iodine-melamine NPs (Figure 6a,b),
iron oxide-melamine NPs (Figure 6d,e), and QDs (Figure 6g,h).
At cellular resolution (pixel size <1 um) melamine NPs were
found mainly deposited in the bronchi as well as the bron-
chioles and proximal part of the alveolar duct (Figure 6¢), the
so-called proximal acinar region. Similar results were found
for iron oxide and (fluorescent) melamine NPs delivery how-
ever with a more preferential delivery to the left half of the lung

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Real-time monitoring of pulmonary delivery of pure particles by in vivo PB-PCXI. a,b) Difference image sequences of the intratracheal slow-
instillation of 100 uL iron oxide (mixed with fluorescent melamine NPs) and pure QDs at 24 s (4.2 uL s™') to the mouse lung, respectively. The iron
oxide particles were delivered quite uniformly throughout the left lung (results from placing the intubation cannula beyond the first bifurcation) (a) and
QDs were distributed to the whole lung (b). Compared to iodine the reduced image contrast is in part due to the lower delivered particle dose. Arrows
indicate the formation of liquid accumulations that do not completely block the airways (no secondary aerosol formation) but gradually slide down the
airway tree. The increased background noise (e.g., rib cage morphology) is due to unavoidable mouse movements and the lower contrast of pure NPs

as compared to iodine. The time axis indicates real time in seconds after the first image in which time was set to 0 s.

distribution (Figure 6d,e). Also the small amount of melamine
NPs delivered to the right lung was preferentially located in the
distal small airways (bronchioles) and proximal alveolar region
(entrance of alveolar sac) (Figure 6f). Finally, Figure 6g displays
the QDs distribution profile in the whole lung imaged by PB-
PCXI and the regions of high QD dose are indicated by red
arrows. It is evident that in this case QDs were distributed to
all five lung lobes but did not transport into the peripheral lung
(Figure 6h) reaching only a few localized small alveolar regions
(Figure 6i). An animation of the distinct 3D distribution pro-
files of QDs in whole murine lung measured by LSFM can be
seen in Video S10 (Supporting Information).

2.6. Multimodal Imaging for Comprehensive Deciphering
of the Characteristics of Aerosol Inhalation

The clinically most relevant route of pulmonary drug delivery
is aerosol inhalation. Here an iodine-NP liquid was delivered to
the lung via ventilator-assisted inhalation of aerosols. Since indi-
vidual aerosol droplets are too small for direct imaging (2—4 um
diameter) and their liquid/contrast delivery rate was extremely
small (8.6 nL s7!; =490-fold smaller than slow-instillation),
in vivo PB-PCXI is very challenging. In order to visualize
the dynamic delivery process of aerosol inhalation, a large
volume of NP-iodine liquid was nebulized (225-300 pL) and
quantitative fluorescence spectroscopy in tissue homogenates
revealed that 3.7 + 1.1% and 5.6 £ 2.3% of the applied volume
was deposited in the lung lobes and the trachea, respectively
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(Figure 7j).3% It is noteworthy that from quantitative spectro-
fluorometry of the lung slices (LSFI) one obtains a deposited
aerosol fraction of 15.6 £ 2.8 % (whole lung) (Figure 7j), which
is significantly larger than the 9.3 £+ 2.3% (trachea + lung lobes)
measured in lung/trachea homogenates, probably due to the
higher light attenuation in sliced lung tissue. Since we consider
tissue homogenization as more accurate method of LSFI,127:34
we report 8.6 and 12.9 nL s7! as pulmonary and tracheal aer-
osol deposition (delivery) rate, resulting in 5.6 and 8.3 uL NP
liquid out of applied 150 UL volume deposited in the lung and
trachea, respectively. Not surprisingly, in vivo PB-PCXI showed
no iodine-related signal during aerosol application (Figure 7a)
due to the low iodine delivery rate and the extremely uniform
distribution of (aerosolized) iodine throughout the lung. On
the other hand, gradual accumulation of iodine in the lung
over the entire inhalation period (10 min and 48 s) was suffi-
cient for obtaining a clear iodine signal from in vivo PB-PCXI
(Figure 7a—d and Video S11, Supporting Information).
Moreover, in vivo PB-PCXI was useful to resolve unexpected,
nonaerosol related secondary liquid re-distribution mecha-
nisms, which can occur during ventilator-assisted aerosol inha-
lation. Unlike instillation, which shows a relatively patchy liquid
distribution in the lung (Figure 6b), aerosol inhalation spreads
the relatively small lung-deposited dose uniformly throughout
the entire lung as can be clearly seen from ex vivo 3D recon-
struction of the lung from CT scan (Figure 7e), ex vivo WLFI
(Figure 7f), and ex vivo tissue-cleared LSFM (Figure 7g-i).
During the process of ventilator-assisted inhalation localized
accumulations of liquid were observed in the upper airways
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Figure 6. In vivo PB-PCXI and ex vivo tissue-cleared LSFM for cellular-resolution visualization of NP-liquid localization in nondissected whole murine
lungs after slow-instillation (100 pL of liquid). a) The PB-PCXI difference image shows the pulmonary distribution of an iodine-melamine NP suspen-
sion after instillation, which is consistent with the result obtained from b) 3D reconstructed LSFM image. c) A 2D image with cellular resolution further
reveals the specific NP localization. Images obtained from d) in vivo PB-PCXI and e) ex vivo LSFM distinctly show preferential left lung distribution of
a mixture of iron oxide particles with melamine resin NPs. f) NP deposition in distal small airways (bronchioles) and proximal alveolar regions was
revealed by 2D images in single cell resolution. For QD application g—i) a similar set of images shows that QDs were delivered to all five lobes with
highest deposition in the distal part of the terminal bronchioles and the entrance of the alveolar duct. Green: tissue autofluorescence; red: melamine

NPs ((b), (c), (e), and (f)) or QDs ((h) and (i)).

near the trachea (Figure 7b, arrow), which were gradually trans-
ported to the lower airways (Figure 7c, arrow) and into the bron-
chiolar region where they dispersed (Figure 7d, arrows) into
even smaller liquid accumulations as evidenced by fluorescence
“hot spots” seen in LSFM (Figure 7h, arrows). Not only the
presence but also the origin of these occasional accumulations
of liquid in the lower bronchial region can be understood from
multimodal imaging. Ex vivo whole lung imaging (Figure 7f,g)
and quantitative fluorometric dosimetry (Figure 7j) provide evi-
dence for substantial aerosol deposition in the trachea (=60%
of the total deposited aerosol dose is deposited in the trachea).
Since the murine trachea is a rather narrow duct, it is conceiv-
able that the trachea-deposited aerosol will eventually block the
trachea resulting in spillover of some of the liquid in the tra-
chea into the upper airways and from there into the bronchiolar
region as observed by in vivo PB-PCXI (Figure 7b-d) and ex
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vivo LSFM (Video 12, Supporting Information). As this spillover
typical occurred after 95 s during nebulization, we conclude
that at least 1.2 uL (12.9 nL s7! x 95 s) of liquid has to get accu-
mulated in the trachea for occurrence of the spillover, which
corresponds to 22 uL of nebulized liquid (= 1.2 uL/0.056).

3. Discussion

Aerosol delivery of drug/NM is the most widely used applica-
tion route for treatment of lung disease.l*>*%l Targeted delivery
of drug/NM on a regional and even cellular scale is of cen-
tral importance for precision medicine especially for localized
lung diseases such as lung cancer, asthma, emphysema, or
COPD.B3 Also inhalation of ambient NPs is one of the main
health hazards associated with NPs.383% The region of NM/NP

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

1500 pm

1500 pm

www.small-journal.com

0.00

e
L0 10° ! v““kwo

Deposited fractions of applied doses

no)

o m:-‘:;‘ na 057

Pulmonary tissue

Figure 7. Leveraging multimodal imaging for a comprehensive understanding of the characteristics and delivery mechanism of ventilator-assisted
aerosol inhalation. a) Time-resolved visualization of 150 pL aerosol inhalation (takes 10 min and 48 s) with in vivo PB-PCX| shows no obvious X-ray
signals during the entire period of aerosol delivery (iodine-polystyrene NP suspension). However, occasional appearance of localized accumulations of
liquid could be observed b) (light blue arrow) in the upper airways, which were then gradually transported to c) (light blue arrow) the lower airways and
finally dispersed d) (yellow arrows) in the bronchiolar region. a—d) The time (mm:ss) noted in the left upper corner of the images indicate the time after
start of aerosol inhalation. The 3D and 2D images from e) ex vivo CT and f) WLFI, respectively, exhibit the whole lung liquid distribution, but only WLFI
provides a differentiated deposition profile matching end-inhalation PB-PCXI. g—i) The LSFM images, which were obtained for a different lung after
aerosol inhalation of 40 L melamine NP suspension, show high deposition at the end of the intubation cannula in the trachea (g) and very uniform
deposition throughout all lung lobes (h) especially in the proximal acinar region (bronchioles and proximal part of alveolar duct) with the exception
of a few “hot spots” in the bronchioles ((h), yellow arrow), which can be rationalized by the features (yellow arrows) observed by PB-PCXI (d). i) 2D
cellular visualization of NP deposition in lung tissue. j) Determination of the deposited fraction of the applied aerosol dose in all lung lobes, trachea,

and whole lung (lung lobes + trachea) using quantitative spectrofluorometry in lung homogenates (homo) or on lung slices (LSFI).

deposition can have a significant impact on residence time,
release kinetics, and hence bioactivity of the drug or toxicity
of NPs.0*l While NM/NP can be quickly (within minutes)
removed from the upper airways by mucociliary transport,
clearance of NM/NP from the alveolar epithelium mainly
relies on uptake by alveolar macrophages (takes a few hours),
which may be enough time for direct bioactivity/toxicity of the
NM/NP or result in secondary drug release into or from the
macrophages.?l Consequently, understanding the mechanisms
of pulmonary NM/NP delivery and their relevance for tissue-
delivered NM/NP dose with cellular resolution is essential for
the development of effective NMM*? or minimizing health haz-
ards of NPs.[¥l Standard histological analysis or single-modality
imaging techniques cannot resolve the entire delivery process
in all relevant temporal (seconds to days) and spatial scales
(whole lung to cellular).*4 This is also the case for the preclin-
ical efficacy or toxicity testing of NM/NP using animal models.

In this study we combined in vivo X-ray and ex vivo fluo-
rescence imaging modalities to investigate the dynamic pro-
cess of pulmonary NM delivery and its impact on pulmonary
NM distribution with high temporal and spatial resolution in
murine lungs. PB-PCXI utilizes differences in X-ray refractive
index and associated phase shifts at air-tissue interfaces for
enhancing soft tissue contrast (e.g., in the lung) as compared
to X-ray absorption.?®! Building on our previously published
in vivo PB-PCXI studies in murine lungs,'®?4 the present
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study demonstrates that combined in vivo PB-PCXI and ex
vivo fluorescence imaging can provide complementary infor-
mation, which enhances the understanding of complex pro-
cesses such as NM/NP delivery to the lung in a quantitative
way on various scales (whole lung to cellular). The strengths
and weaknesses of all five imaging modalities used here are
summarized with respect to 2D/3D imaging capability, resolu-
tion, fidelity (conservation of original anatomical 3D structure),
anatomical information, and technical complexity as summa-
rized in Table 1. In general, X-ray imaging is used here for in
vivo imaging at high temporal resolution (1 Hz), while ex vivo
fluorescence imaging provides insight into spatially resolved
dosimetry.

In preclinical lung research, instillation or aspiration of bulk
liquids is the most widely used method of pulmonary drug
delivery. On the other hand, aerosol inhalation—not bulk liquid
application—is the preferred route of drug delivery in clinical
settings. In spite of their widespread use detailed information
on the dynamic details of the application processes and spa-
tially resolved dosimetry is scare. All three application routes
have been investigated in this study, but a significant focus was
on ventilator-assisted aerosol inhalation, since it offers a tech-
nologically mature, efficient (=4% of invested dose is delivered
to lung) and dose-controlled method for physiologic delivery of
liquid substances to the lungs of animal models (here mice)
using a commercially available device (flexiVent system,
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EMKA/SciReq Inc.). As such it has the potential to at least par-
tially replace intratracheal instillation and nasal aspiration in
future preclinical inhalation drug or toxicity testing.

It is evident that intratracheal instillation allows for highly
efficient (76.3 + 23.0% of invested dose reaches the lung),
dose-controlled delivery of liquids (repeatability: 30.1%) for all
tested liquid volumes (4-100 uL) into the deep parts of the lung
(bronchioles and even alveoli). It is not intuitively clear how a
bulk liquid injected into the trachea via intratracheal instillation
can reach the deeper parts of the lung. In vivo PB-PCXI revealed
that the instilled bulk liquid is not primarily flowing down the
bronchial tree, but is distributed quite uniformly throughout
the lung by secondary aerosol formation due to occasional
blockage of the airways with liquid and subsequent bursting
of this blockage during breathing activity (Videos S1-S3,
Supporting Information).? As mentioned above, the slow-
instillation process (24 s for 100 uL; 4.2 uL s7!), which was used
here for the sake of in vivo PB-PCXI imaging, is not identical to
the typically used, rapid manual instillation (<1 s, >50 uL s7}).
However, the main features of pulmonary fluorescence distri-
bution and the measured delivery efficiency (76.3 + 23.0%) are
in excellent agreement with observations for rapid instillation
(77.2 £ 14.2%) as provided by Barapatre et al.l?%]

In vivo PB-PCXI also provides valuable insights into the
mechanisms of pulmonary NM/NP delivery via ventilator-
assisted aerosol inhalation. As expected there is a very gradual,
uniformly distributed increase in X-ray signal with no burst-like
events as seen for intratracheal instillation, which is related to
aerosol deposition in the lung occurring uniformly at a rela-
tively low delivery rate. However, even for ventilator-assisted
aerosol inhalation we observed occasional localized accumu-
lations of liquid in the upper airways near the trachea, which
were gradually flowing down the airway tree reaching even the
bronchiolar region (Figure 7b-d). Fluorescence imaging and
fluorescence-based dosimetry revealed that a large fraction
of the aerosol dose is deposited in the trachea (=60% of total
deposited dose) due to the spray-like aerosol stream exiting the
narrow intratracheal intubation cannula. Since direct aerosol
deposition in the bronchial tree would result in a more gradual
process of liquid accumulation, spillover from the trachea is the
most likely reason for this to occur. From the measured deposi-
tion rate (based on fluorescence) and the time of first occur-
rence of liquid accumulation in the airways (in vivo PB-PCXI),
we determined that this nonaerosol-related transport effect
occurs if more than 22 pL of liquid is nebulized. The critical
liquid volume of 22 pL is expected to depend on positioning of
the mouse and on ventilation parameters (breathing frequency,
tidal volume, length of breath hold, and inhalation-to-exhalation
time ratio). In our case, the mouse was held in upright position
(for the sake of in vivo PB-PCXI), while for typical aerosol appli-
cations the mouse is laying horizontally on its back. Therefore,
we recommend nebulizing as little volume as possible with the
flexiVent ventilation system to avoid nonaerosol-related lung
delivery processes. However, even with this artifact the delivery
of NPs to the lung is much more uniform with ventilator-
assisted aerosol inhalation than with intratracheal instillation
on a whole lung, regional, generation, and cellular scale. It is
important to note that the initially unexpected fluorescence
“hot spots” detected with LSFM in the deeper bronchial region
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(Figure 7h) could not have been explained without the informa-
tion provided by in vivo PB-PCXI.

A prerequisite for combing X-ray and fluorescence imaging
is that the co-applied active agents (X-ray absorption and
fluorescence activity) have the same deposition profile in
the lung. Since both agents are applied as liquid mixture,
this is to be expected. This was confirmed for all contrast/
fluorescence agents/mixtures used here (Table 1)—not just the
clinically approved iodine—as evidenced by the excellent
qualitative agreement of the spatial distribution profiles for
all imaging models covering different volumes (4-100 uL),
different localization (left, right, whole lung), and different
degrees of spatial uniformity (patchy or uniform) of the applied
liquid. QD is the only type of contrast agent (NP) that is both
X-ray and fluorescence active.

Limitations of the X-ray imaging modalities were mainly
related to the signal-to-noise ratio for low amounts of liquid
or very uniformly distributed contrast agents. For instance
ex vivo CT reached its detection limit for localized delivery of
4 uL (iodine-NP solution with 92.5 mg mL™! iodine) of bulk
liquid and uniformly distributed aerosol (11 plL) (Figure 4b,d
and Figure 7e). Also in vivo PB-PCXI was difficult, but not
impossible, for the latter case. On the other hand, fluorescence
imaging on dried lungs (especially on whole lungs; WLFI) was
prone to widen the apparent region of particle deposition due
to tissue-related light scattering effects, which can be largely
eliminated by tissue clearing combined with LSFM.

As mentioned above, most of the standard imaging modali-
ties (e.g., PA, US, CT, SPECT, PET, and MRI) are unable to vis-
ualize pulmonary fluid delivery dynamics at 1 Hz under in vivo
conditions in mice mainly due to the poor spatial and temporal
resolution.l'®) Recently, some multimodal imaging techniques
have been used for determination of NP biodistribution and
bioactivity in preclinical research. For instance, a combination
of triple imaging techniques (i.e., dark-field light microscopy,
electron microscopy, and nanoscale secondary ion mass spec-
trometry) was used to study the NP interaction with green algae
in the context of NP localization, internalization, and chemical
identity.*’ Also, quantitative imaging of co-localization of tumor
associated macrophages with therapeutic **Cu-labeled polyglu-
cose nanoparticle in an orthotopic model of lung adenocarci-
noma was accomplished via PET, in vivo confocal microscopy,
and tissue-cleared LSFM.[*?] PCXI has already been applied for
ex vivo and in vivo studies on mucociliary transport of large
microparticles or 5-100 um fibers in the trachea or upper air-
ways of animal models such as mice and pigs?®*’9 and for
monitoring the delivery of liquids to murine lungs via nose or
intubated cannula delivery.'*-'825] Moreover, several common
bulk particulates (e.g., lead dust, quarry dust, glass beads,
asbestos, and Galena with size > 5 um) were tracked in live
animal trachea airways by PCXI, showing the high variability in
particle movement during mucociliary transport.26475% A few
available NPs with high atomic number such as gold NPs, bis-
muth NPs, lanthanide-doped NPs, and tantalum pentoxide NPs
as new contrast agents of X-ray-based modalities have also been
studied for diagnostic and molecular imaging.l’3! However, to
the best of our knowledge, real-time monitoring of the pulmo-
nary delivery of NP suspensions has not been studied yet, and
the combination of in vivo PCXI and quantitative and spatially
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resolved ex vivo fluorescence imaging provided complementary
insights into the mechanisms, regional/cellular distribution,
and dosimetry of pulmonary drug delivery in mice. By virtue of
bioactive fluorescent probes fluorescence imaging is also suit-
able for bioactivity studies.*** In principle the five modes of
imaging presented here can be reduced to two modalities,
namely, in vivo PB-PCXI and one of the three fluorescence
imaging modalities, which should be selected based on
the experimental constraints (available time for sample and
image processing, cost, spatial resolution, etc.).

The core issue of this study is to decipher the main features
of the dynamic delivery process of NPs to the nose/lung and
to characterize the initial 3D NP distribution profile immedi-
ately after varied routes of pulmonary delivery. Here, NPs were
suspended in liquid and delivered either as bulk liquid (nasal
aspiration, intratracheal instillation) or droplets (aerosol inhala-
tion). Consequently, the initial deposition profile of NPs mainly
depends on liquid properties (e.g., delivery rate and droplet
size). The more patchy, central deposition of QDs (Figure 6g) as
compared to melamine NPs (Figure 6b) could be related to the
higher viscosity of QD suspensions.??”] After deposition on the
lung epithelium the liquid phase of the NP suspensions will
be resorbed by lung tissue and re-distribution of NPs within
the lung or out of the lung (biokinetics) will depend on NP
properties including size, shape, chemical composition, and
surface functionalization.”*? These secondary redistribution/
biokinetics issues are relevant for many therapeutic and toxi-
cological considerations, but beyond the scope of the present
study. Nevertheless, they can be addressed with the imaging
platform described here. A generation limitation of this study
is the use of mixtures (iodine with SkyBlue, iron oxide with
melamine NPs), which is not favorable for longitudinal study
of NP biokinetics in the lungs as different components (active
agents) possess their own pharmacokinetics. The development
of bimodal contrast agents or novel NP formations suitable for
both X-ray imaging and fluorescent imaging allows for com-
bined NP pulmonary delivery and biokinetics studies since it
avoids the occurrence of artifacts due to the use of two poten-
tially interacting and/or differently behaving contrast agents. In
this study, 20 nm QDs were successfully applied as an example
for a bimodal NP. Alternatively, encapsulated or conjugated
hybrid particles consisting of one fluorescent and one X-ray-
absorbing material, such as iodinated polymers or liposomes
with fluorescent dyes that have been widely used for bimodal
imaging of NP accumulation in tumors,1%323353 could be par-
ticularly useful in future pulmonary studies.

4, Conclusion

In this proof-of-concept study, we introduced and validated
a multimodal imaging approach for comprehensive under-
standing of the mechanisms of pulmonary NP delivery in the
context of dynamics of the delivery process, deposited dose,
regional distribution, and cellular localization of NP in the
(nondissected) whole murine lung. This imaging platform con-
sists of in vivo PB-PCXI, ex vivo CT, and three ex vivo whole
and sliced-lung epifluorescence imaging or ex vivo LSFM on
tissue-cleared lungs. While each of these imaging modes has
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strengths and weaknesses, selection of PB-PCXI and LSFM
would not result in substantial loss of information. Mixing of
particles as contrast agents for X-ray (iodine, gold NPs, iron
oxide particles, and QDs) and fluorescence imaging (fluores-
cently labeled polystyrene or melamine NP and QDs) allowed
for time-resolved (1.5 Hz) in vivo visualization of the dynamics
of the pulmonary particle delivery process via intratracheal
slow-instillation or ventilator-assisted aerosol inhalation with
in vivo PB-PCXI. Moreover, in vivo and ex vivo X-ray particle
distribution profiles were in good qualitative and quantita-
tive agreement with regional distribution patterns observed
with fluorescence imaging techniques. This implies that the
two applied contrast are co-localized during and directly after
delivery. Our study also reveals that for intratracheal instillation
of a bulk liquid the pulmonary distribution does not primarily
occur via draining of the liquid down the bronchial tree, but
by secondary aerosol formation associated with liquid blockage
of airways and subsequent bursting of this blockage during
breathing activity. In contrast, time-resolved in vivo imaging
of the ventilator-assisted aerosol inhalation process revealed
slowly accumulating uniform aerosol deposition throughout
the lung with occasional transport of bulk liquid into the lung.
The latter is likely due to direct impaction of aerosol spray
exiting the intubation cannula resulting in liquid accumula-
tion in the trachea and eventual spillover into the bronchial
region of the lung, if more than 22 uL of liquid is nebulized.
This spillover explains the initially unexpected sporadic occur-
rence of =100-200 um hot-spot regions in ex vivo LSFM lung
images after ventilator-assisted inhalation. Development of
bimodal contrast agents like QDs, which are suitable for both
in vivo PXCI and ex vivo LSFM, is expected to be particularly
useful for co-visualization of controlled pulmonary delivery of
NP in real time and 3D biokinetics over long term. The present
study thus describes a complementary multimodal imaging
platform for high temporal and spatial resolution visualization
of pulmonary NP delivery in a quantitative manner, which will
accelerate the ability to target active NM/drugs to the diseased
region of the lung and enhance the development and efficacy of
the novel-designed NM.

5. Experimental Section

By virtue of concomitant multimodal in vivo and ex vivo imaging new
insights into key aspects of common preclinical and clinical methods for
pulmonary substance delivery are presented. The related materials and
methods are described including the diverse set of imaging modalities
and the panel of methods for pulmonary substance delivery.

Materials: Each of the imaging modalities required the use of
materials with specific X-ray contrast or fluoroactivity.

For X-ray phase-contrast imaging, a clinically approved iodine-based
contrast agent (Ultravist-370, 370 mg iodine per milliliter) and three
types of metal NPs were used, namely, gold NPs ((volume median
diameter (VMD)) 20.7 £ 9.7 nm), Roti-MagBeads (magnetic iron oxide
embedded in silicium oxide surface coated with carboxylic groups, VMD:
893.5 + 348.9 nm, 10 mg mL™", Carl Roth GmbH, Karlsruhe, Germany),
and Qdot 800 ITK carboxyl QDs (emission at 800 nm; VMD: 18.1 nm
+ 6.5 nm Invitrogen, Ltd., Paisley, UK). Gold NPs were synthesized
according to manufacturer instructions using 6 mg of gold (111) chloride
trihydrate (HAuCl;-3H,0, >99.9%, Sigma-Aldrich) dissolved in 1 mL
of deionized water. Then, 49 mL of water was added and the final gold
solution was heated. When the gold solution started boiling, 0.94 mL
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of a 0.04 mol L' aqueous solution of sodium citrate (HOC(COONa)
(CH,COONa),-2H,0, 299.0%, Sigma-Aldrich) was added to the gold
solution, which was kept boiling for further 5 min. The solution changed
color from transparent yellow to transparent gray, then black, and finally
dark pink. Subsequently, the solution was taken from the heating plate
and left stirring for 1 h in the dark, and then stored in the dark until use.
The purchased QDs (stock solution: 8 x 10 m) were made from the
crystals of a semiconductor material (CdSeTe), shelled with a ZnS layer,
and further coated with a polymer layer with carboxylic groups.

For fluorescence-based microscopy, polystyrene NPs with the
embedded fluorescent dye SkyBlue (excitation/emission (ex/em)
=670 nm/710 nm; VMD: 483.9 nm * 122.3 nm; 10 mg mL™"; Kisker
Biotech GmbH, Steinfurt, Germany), melamine resin fluorescence
particles (MF, ex/em = 636 nm/686 nm; VMD: 498 + 111.4 nm,
microParticles GmbH, Berlin, Germany), and QDs were used. The
commercial MF NPs (stock suspension: 25 mg mL™") were prepared
via an acid-catalyzed polycondensation reaction of melamine resin
precondensates in the presence of selected fluorescent dyes in the
aqueous phase.

Sizing of Nanoparticle Suspensions: Hydrodynamic diameter
measurement of all NP suspension was performed with dynamic
light scattering using a Malvern Zetasizer Nano instrument (Malvern
Instruments Ltd., Malvern, UK) (Figure S1, Supporting Information). Of
note, the observed increase of about 50% in VMD of polystyrene and
melamine NPs when transferring them from water to iodine solution
(from about 490 to 770 nm) (Figure S1, Supporting Information)
possibly due to iodine-induced agglomeration did not adversely affect
their fluorescence signals, which remained stable for more than a week
after mixing (Figure S3, Supporting Information).

Animal Handling: Wildtype C57BL/6 female mice (age 9-18 weeks,
19-25 g) were housed in individually ventilated cages (IVC-Racks;
Bio-Zone, Margate, UK) supplied with filtered air in a 12 h light/12 h
dark cycle. Mice were provided with food (standard chow) and water
ad libitum. All procedures involving animal handling and experiments
were carried out in accordance with protocols approved by the
Regierung von Oberbayern (District Government of Upper Bavaria,
AZ55.2-1-54-2532-108.13).

The animals were anesthetized by intraperitoneal injection of a triple
combination of medetomidine (0.5 mg kg™' body weight), midazolam
(5 mg kg™ body weight), and fentanyl (0.05 mg kg™ body weight).
The mice were then intubated by a nonsurgical technique using a
20 G cannula with one side inserted into the trachea and the other
side connected to a mechanical ventilator (flexiVent FX system, Scireq
Inc., Canada), allowing for exact control over the breathing activity of
the mouse during pulmonary application of liquids and during in vivo
acquisition of images.

Methods of Pulmonary Substance Delivery: Three widely used
techniques of pulmonary delivery of liquid substances were investigated
here, namely, intratracheal instillation and nasal aspiration of bulk
liquids, as well as (ventilator-assisted) inhalation of aerosolized
liquids. For each of these methods time-resolved in vivo monitoring of
pulmonary substance delivery throughout the entire lung was performed
with PB-PCXI, which is described in detail below. However, the technical
details related to PB-PCXI image acquisition deserve careful attention
and are therefore included in this section.

For “intratracheal slow-instillation” delivery, the setting was similar
to that depicted in previous studies.??] The mice were mechanically
ventilated at 90 breaths per minute, 30 mL kg™' tidal volume, and an
inhalation—inflation (breath-hold)—exhalation time ratio of 1:1:1. The
liquid was introduced by a heat thinned PET0 polyethylene tube that
was passed through the flexible wall of the ventilator inspiratory tube.
The inner PE tube was small enough not to block the intubation cannula
enabling simultaneous liquid delivery and mechanical ventilation. The
liquid delivery (slow-instillation) was remotely controlled by a syringe
pump (UltraMicroPump 1ll and Micro4 controller, World Precision
Instruments, Sarasota, FL) that allowed for both controlled liquid
delivery from outside the imaging hutch and consecutive imaging during
the whole instillation process. As listed in Table 1, 100 pL of various
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NP mixtures for combined X-ray and fluorescence imaging (SkyBlue-
iodine: 1:20 SkyBlue (stock suspension) and 1:4 iodine; melamine-iron
oxide: 1:20 melamine and 1:4 iron oxide NPs) or QDs (1:20 dilution)
was continuously delivered via the syringe pump to the trachea in =24 s
(4.2 uL s7"). PB-PCXI image acquisition was performed triggered by the
ventilator at a frame rate of up to 1.5 fps (frames per second) using a
200 ms (100 ms for QDs) exposure during an end of inspiration 222 ms
breath-hold phase.

To study the effect of alveolar surfactant (Alveofact 45 mg mL™,
Lyomark Pharma GmbH, Germany) on the pulmonary distribution
of small amounts of liquids applied via intratracheal instillation, the
delivery of a small volume (4 uL in 5 s, i.e., 0.8 puL s7') of an iodine-
NP-surfactant mixture was investigated. The mixture contained
1:4 diluted iodine and 1:20 diluted polystyrene-SkyBlue NPs with
(+) or without () surfactant (25 mg mL™") in distilled water. For this
experiment the mice were spontaneously breathing so the ventilator
was replaced with a noncontact fiber optic displacement sensor
(RC-60, Philtec, MD) that was configured to detect respiratory motion
and deliver an electrical trigger signal for image capture. The frame rate
was maintained at 1.5 fps, but the exposure time was reduced to 100 ms
to mitigate unavoidable motion blur due to the absence of a breath-
hold phase. It is noteworthy that for practical reasons the liquid delivery
rates of 4.0 and 0.8 puL s are slow compared to typical intratracheal
instillation protocols delivering 50-200 pL within <1 s; by manually
emptying a loaded syringe via the intubation cannula into the trachea
at a delivery rate of >50 uL s'. Since less than 1 s of delivery time is
too short for reliable in vivo PB-PCXI imaging of different stages of the
delivery process, slower delivery rates were chosen here, and image
acquisition was performed as described above.

For “ventilator-assisted aerosol inhalation,” a similar protocol
and setup as described for 100 pL instillation was used (80 breath
per minute, 30 mL kg™' tidal volume, 200 ms) and PB-PCXI image
acquisition occurred during an end-inspiratory breath-hold phase as
described above. In contrast to intratracheal slow-instillation, the inner
PE10 polyethylene tube was removed and the ventilator was equipped
with a nebulizer (Aeroneb Lab Small, Aerogen Inc., Galway, Ireland)
in the inspiratory tubing for the generation and transport of liquid
aerosol droplets to the lungs of mice. It was shown that for the
flexiVent system operated under the conditions described above about
4%-5% of the nebulized liquid was deposited in the lung (downstream
of trachea), with the rest being deposited in the ventilation tubing
or exhaled by the mouse.[?’”] Moreover, it was determined empirically
that 150 pL was the maximum liquid volume that could be nebulized
without at least partially blocking some part of the inspiratory
ventilation tubing by accumulated rainout. Here, the nebulizer typically
generated droplets with a liquid output rate of 0.26 mL min™' and a
volume-weighted median diameter of 2-4.0 um. Here, the nebulizer
was breath activated and active for 40 ms during the inspiratory phase.
For a breathing rate of 80 breaths per minute this corresponded to an
effective liquid output rate of 13.8 uL min~' during flexiVent operation.
Hence it took =10.8 min (870 breaths) to nebulize 150 uL liquid
resulting in 5.6 UL of contrast agent deposited in the lung (3.7% of
applied dose was deposited in the lung), where the dosimteric results
from quantitative fluorescence spectroscopy in lung homogenates
rather than the experimentally more uncertain LSFI results were
relied onB¥ (Figure 7g). The aerosol delivery rate to the lung was
8.6 nL s7! (=0.0086 uL s™' = 5.6 puL/10.8 min). For some experiments,
a second nebulization of 75 or 150 puL of liquid was carried out keeping
the animal ventilated while drying the ventilation tube between
nebulizations. For these experiments a 1:16 polystyrene NPs and
1:5 iodine mixture in distilled water was used.

For “nasal aspiration,” a similar protocol was applied as reported by
Grad| et al.l'¥ Briefly, a mixture of polystyrene NPs (1:10 dilution) and
gold NP (1:2 dilution) suspensions was loaded into a syringe pump
mentioned above, permitting controlled liquid delivery outside the
imaging hutch. Here 80 UL of the polystyrene-gold liquid mixture was
spontaneously inhaled via the nose by the mouse. The PB-PCXI frame
rate was maintained at 1.5 fps with the exposure time of 100 ms.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In Vivo PB-PCXI: All X-ray imaging experiments were carried out at
an inverse Compton scattering source—the MuCLS located at the
Technical University of Munich (TUM) in Garching, Germany. The
source itself was developed and installed by Lyncean Technologies
Inc. (Fremont, USA),4% and the X-ray beamline infrastructure was
designed and developed by TUM researchers. The source delivered a
quasi-monochromatic and low divergence (4 mrad) X-ray beam. 25 keV
X-rays with flux up to 2 x 10'% ph s were used. The principle behind
propagation-based phase-contrast imaging was to use free space
propagation of a partial spatial coherent beam (typically around 1 m)
after penetrating a sample to introduce additional contrast. As the x-ray
wavefield propagated from the sample to the detector the sample-
associated phase modulations of the X-ray wavefront were converted
into intensity modulations, which could be directly measured by a
high-resolution X-ray detector. Here the propagation distance (sample-
to-detector distance) was chosen to 1 m. There images were recorded
by an Andor Zyla 5.5 sCMOS camera (2560 x 2160 pixels), combined
with a 20 um thick Gadox scintillator (Gd202S:Tb) (CRYTUR, spol.
s r.o., Czech Republic) deposited on a 2:1 fiber optic taper, resulting
in 13 um detector pixel size. The source-to-sample distance was 4 m,
leading to a geometric magnification of m = 1.25, an effective pixel size
of 10.4 um, and a beam diameter of about 16 mm. As the X-ray beam
had a fixed horizontal orientation, mice needed to be positioned in a
head-high position. Therefore, mice were placed in a specially designed
mouse holder on an x—y-z rotation stage to facilitate positioning in the
X-ray beam.Bl

The pseudocolored images in Figures 3 and 4 are a composition of
the raw PB-PCXI images (gray scale) overlaid with the colored difference
image,?!l from which a predelivery image was subtracted to highlight
the location of the contrast fluid similar to the analysis performed in
Donnelley et al.?’l Images were aligned before color coding via a cross-
correlation-based image registration.

Ex Vivo Lung Tomography: After intratracheal instillation or aerosolized
delivery of one of the liquid NP suspensions described above, mice were
sacrificed immediately by exsanguination while anaesthetized, the lung
was transcardially perfused for blood removal, and subsequently excised
and either dried and inflated or optically cleared for subsequent ex
vivo imaging (for a summary see Figure 1). Some of the excised lungs
were mildly dried and inflated at a constant air pressure of 2023 cm
water in a microwave oven with the lowest power (10%). The lung
tomography was performed on the excised, dried, and inflated lung
prior to fluorescence-based microscopy. 2049 projections over 360° were
captured and reconstructed with a standard fbp-reconstruction analysis.
The 3D data were rendered using AVIZO or Bitplane Imaris (http://www.
bitplane.com/imaris/imaris).

Ex Vivo Tissue Fluorescence Imaging: Followed by CT scan of
dried lungs, the ex vivo WLFI was performed using an IVIS (in vivo
imaging system, Lumina II, Caliper/Perkin Elmer, USA) equipped with
ex/em filters (ex/em = 640 nm/Cy5.5) suitable for the fluorescent NPs
(SkyBlue). Subsequently, the dried lungs were embedded in polyurethane
foam (PU foam Pattex Ultraweiss, Pattex, Germany) and sliced
progressively perpendicular to the lung axis at an interval of 1 mm. After
each slicing step, white light and fluorescence images of the block face
and the T mm slice (Figure 3d) were recorded with the IVIS using ex/em
=640 nm/Cy5.5 filter. Similar IVIS imaging settings were used for all the
lungs (exposure time = 2 s, binning =1, field of view = 5, and f-stop = T;
this could be increased if saturated images occurred). Each 1 mm slice
was imaged from both sides (top view and bottom view).

NP Dosimetry for the lodine-NP-Treated (Instilled and Inhaled) Lungs:
The autofluorescence in each NP-treated lung was subtracted to
yield absolute fluorescence intensity induced by SkyBlue NPs. Three
nontreated lungs were set as the background fluorescence and four
typically fast-instilled lungs (50 uL 1:10 diluted or 100 pL 1:20 diluted
SkyBlue NPs) were used to establish the intensity—dose standard curve
for NP dosimetry (Figure S5, Supporting Information). Note that for four
regular instilled lungs the SkyBlue liquid was directly injected into the
mouse lung via the trachea,?”5¢l which was different from the protocol
used for the slow-instilled lungs (e.g., 24 s for 100 L liquid delivery).
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The fluorophore dose in a whole lung should be principally proportional
to the sum of absolute fluorescence intensities from all T mm slices.
After yielding the desired fluorescence intensity—dose conversion curve,
quantitative measurement of the deposited dose in those lungs could be
achieved. The left/right/whole lung deposition analysis was carried out
in the ex vivo WLFI data. The background intensity was subtracted to
yield the absolute fluorescence intensity of SkyBlue for each part and the
fluorophore intensity could be compared.

Ex Vivo Tissue-Clearing LSFM: Other nondried lung samples were
optically cleared with a modified version of the 3DISCO protocol®”l as
described in our recent study.?’] Briefly, lung samples were dehydrated
overnight in 10 mL of 50% v/v tetrahydrofuran/H,O (THF, Sigma
186562-1L), 50% THF/H,O 1 h, 70% THF/H,O 4 h, 80% THF/H,0
4 h, 100% THF 1 h, 100% THF overnight, and 100%THF 1 h with
slightly shaking. Samples were gently dried and then incubated in
dichloromethane (Sigma 270997-1 L) around 30 min until they sank to
the bottom. Finally, samples were incubated without shaking in dibenzyl
ether (DBE, Sigma 108014-1KG) for at least 2 h until imaging and then
stored in DBE at room temperature.

Lung samples were scanned with an LSFM (Ultramicroscope II,
LaVision Biotec) equipped with a sCMOS camera (Andor Neo) and
a 2x objective lens (Olympus MVPLAPO 2x/0.5 numerical aperture
(NA)) equipped with an Olympus MVX-10 zoom body, which provided
zoom-out and -in ranging from 0.63x up to 6.3x. For the whole
lung imaging, light sheet scans were generated with 0.63x zoom
magnification with individual ex/em bandpass filters for melamine
NPs (ex/em = 640(30) nm/690(50) nm)and QDs (ex/em = 640(30)
nm/795(50) nm) with a step size of 10 um. Tissue autofluorescence
was imaged under the ex/em = 545(30) nm/605(70) nm filters. Samples
were typically imaged with an exposure time of 150 ms, at a full laser
power with the light sheet by adjusting xy width and NA to the sample
size. High magnification scans (e.g., 8x in Figure 6e,f) were usually
performed with a step size of 4 um. The imaging chamber was filled
with DBE.

Image Processing and Analysis: All (X-ray and CT) images were flat field
and dark current corrected. X-ray images were analyzed and the dynamic
NP delivery videos were generated using Image) (https://imagej.nih.
gov/ij/). Fluorescence images scanned by IVIS consisting of whole lung
images and dried lung slices and their corresponding NP dosimetry
analysis were performed with the Living Imaging 4.0 Software (Caliper).
The 3D images with maximum intensity projection and videos with 3D
manipulation scanned by LSFM were processed using Bitplane Imaris.
All data were presented as mean * standard deviation and *, **, and
*%% refer to statistically significant differences P < 0.05, P < 0.01, and
P < 0.001, respectively, and plotted using SigmaPlot version 12.0 (Systat
Software GmbH, Germany). N > 3.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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5. Discussion

Aerosol inhalation delivery of the drug or NM/NPs to the respiratory system is the primary
route for the treatment of lung infections and diseases such as asthma, cystic fibrosis, and
COPD, which has been widely used not only in preclinical studies both also at clinical
settings 3115 Time- and spatially-resolved targeted delivery of drug/NM to the specific lung
regions or sites is fundamental for drug efficacy and toxicological studies ''°. Depending on
the type of lung disease, a therapeutic drug/NM should be preferably delivered to the specific
tissue regions or cells. For instance, SCLC and squamous cell carcinomas require delivering a
drug/NM at the large bronchi where the occurrence of cancer, whereas the alveolar (or the
acinar) deposition of drug/NM is necessary for large cell carcinomas and adenocarcinomas '’
Moreover, the associated health effects of NM/NPs also greatly rely on the site of NP
deposition in the lung of animal models after pulmonary delivery. Particles with size larger
than 1 um are primarily limited to accumulate in the airway, which was considered that can
be excluded quickly by mucociliary transport ''*. In contrast, smaller NPs (less than 200 nm)
are conceived to delivered deep enough to enter into the alveolar regions, possessing the
prolonged residence time, reduced phagocytosis, and high translocation ability of NPs to the
vasculature system > >°. While comprehensive understanding of the pulmonary NP delivery,
distribution, and biokinetics in entire organs is of central significance for precision medicine,
there are no effective imaging tools to resolve those issues. In this study, we thus first
successfully presented an single-modality imaging technique namely tissue-cleared LSFM to
address the limitations maintained by conventional analyzed methods on 3D characterization
of lung morphology, whole-organ visualization of NPs at single cell level, and quantitative
NP dosimetry (PRP1). Secondly, a multimodal imaging approach including both in vivo X-
ray and ex vivo fluorescence imaging methods was established to investigate the specific
features and mechanisms of three types of commonly used pulmonary delivered routes
namely nasal aspiration, intratracheal instillation, and ventilator-assisted aerosol inhalation

(PRP2).

In the first study (PRP1), the spatially-resolved imaging technique includes the use of tissue
optical clearing to eliminate the light scattering and absorption and sequential light-sheet scan
of the whole lung utilizing LSFM to allow for 3D reconstruction of lung structure and NP
distribution. A prerequisite of this method is to select a suitable and effective clearing
protocol that preserves the fluorescence intensity of fluorescent particles, dyes, or proteins

over the treatment of clearing solvents with high quality of optical transparency. Currently,
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. . . . . 119-
there are various kinds of tissue clearing methods such as organic solvent-based protocols

120 (e.g., 3DISCO, uDISCO, and vDISCO), aqueous-based clearing methods (e.g., SeeDB,
CUBIC, and FRUIT) '*!' and hydrogel-based clearing protocols (e.g., PAT/PARS and
CLARITY) . A modified 3DISCO was utilized to clear the lung samples in this study as it
was considered as the most effective method in terms of the degree of transparency and time
consumption (within hours to 1-2 days). Tissue optical clearing is nowadays widely being
performed in the different research fields particularly in neurobiology and embryology to

119, 121, 123

observe the brain activity, nerve connection, and embryo development , a few

studies, however, have also applied it to study the basic lung structure and development 124125

lung fibrosis 126 formation of bronchus associated lymphoid tissue during lung infection 127
and macrophage infiltration in lung tumors '*. Tissue-clearing 3D visualization of NP
distribution in intact organs is largely unexplored. To the best of our knowledge, current
existed studies have only been reported that the application of tissue-cleared LSFM to
investigate NP localization in the organs/tissues (the liver, spleen, and tumor) other than the
lungs '**"*!. Although the most of NPs were found to accumulate in the regions of proximal
to blood vessels in both the health and tumor tissues by simultaneously detecting the NP

130-131

scattering signal and tissue (immune- or auto-) fluorescence , the used clearing method

CLARTIY not only is time-consuming and much more complicated but also potentially

132 Another important consideration for tissue-cleared LSFM is

destroy the tissue structure
that the fluorescence proteins, dyes, and particles might be bleached or degraded during the
process of tissue clearing and then it is critical to know whether the NPs are compatible with
clearing protocols. A convenient and reliable ex vivo WLFI using IVIS was first introduced to
evaluate the fluorescence stability of NPs and tissue shrinkage by imaging lung samples after
each processing step from initial body perfusion to final matching RI. In this study, three
different types of NPs were tested and found that QDs and MF were stable enough while
polystyrene latex NPs lost their fluorescence, which could be partially due to the degradation
or bleaching of dyes. Some different mild water-based clearing protocols such as CUBIC
should be considered for different types of fluorescent particles, which beyond the scope of
this study and thus not be further investigated. Overall, ex vivo WLFI using IVIS will be a
reliable and robust method for the selection of suitable fluorescent tracers and measurement
of the tissue shrinkage/expansion, as well as for optimization of clearing protocols in future

research.
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Accurate quantification of lung morphometry in intact or dissected organs with high
resolution is quite challenging for both non-invasive (in vivo) and destructive (ex vivo)
imaging methods due to the millions of gas-exchanging alveoli connecting terminals of the
conducting airway tree, yielding to the changeable lung volume. The fundamental lung
structural parameters including airways length and diameters, wall thickness, and alveolar
MCL are commonly utilized as physiology/diagnostic indicators for lung diseases in both
preclinical research and clinical settings like the narrowed airways are the hallmark in asthma
patients 133, Traditionally, morphometric analysis of the lungs of humans and animal models
has been typically performed in HE-stained lung sections under light microscope using a
coherent test line system based on point and intersection counting utilization of the computer-

assisted stereological toolbox (CAST) 134

. Recently, in vivo and ex vivo CT is also widely
performed for quantitative measurements of lung structure of both animal models and
patients due to the avoidance of lung slicing, preservation of breath state of the lung, and
time-saving procedures 93 135, Generally speaking, conventional 2D stereological methods
require tedious laboratory efforts due to the tissue slicing, staining, slice-by-slice microscopy,
and manual counting, as well as lost the 3D information, while ex vivo tissue-cleared LSFM
enables planewise imaging of the entire lung at the cellular and even subcellular level in a
relatively short time. Additionally, compared to X-ray based approaches, LSFM had much
better resolution and wider selection of fluorescent agents than the X-ray contrast agents for
performing the functional imaging. This study thus for the first time shows the 3D whole lung
structure with cellular resolution and provides the morphometric analysis of bronchial trees
and alveoli in adult murine animals based on LSFM data. Future more accurate and
automatical analysis of lung architecture can be performed by establishing methods of
algorithms or machine learning to determine e.g., the surface area of airways and acini.
Corrections for tissue shrinkage and collapsed state of lung are critical as parameters of lung
structure crucially depend on lung volume varying with its inflated level. Overall, tissue-
clearing LSFM offers new insights for whole lung morphometry with cellular resolution
including the visualization and quantification of conducting airways, alveoli, vasculature
136

system (by intravenous injection of lectin or CD31 antibody, endothelial cell markers) ",

and specific cells.

This study further verifies that the tissue-cleared LSFM enables co-mapping of lung
morphology and NP distribution with cellular resolution in murine lungs after two types of

pulmonary delivery namely intratracheal instillation and ventilator-assisted aerosol inhalation.
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Qualitative 3D visualization of NP distribution illuminates that instillation delivery displays a
much patchier and central deposition of NPs in the intact lung compared to that of delivered
by ventilator-assisted aerosol inhalation, which is further proved by quantification of
deposition ratio of central-to-peripheral. Ventilator-assisted aerosol inhalation exhibits a
homogeneous distribution as indicated by central-to-peripheral deposition ratio equal to 0.98
+ 0.13 versus 1.98 = 0.37 for instillation (preferentially central deposition). Quantitative
analysis of delivered doses in inhaled lungs after the establishment of dose-intensity standard
curve using known amount of instilled lungs revealed that about 4.2% of applied does can be
deposited to the lung, which is in good consistent with the homogenization data with 8%
deposition. Lobe wise deposition analysis also shows that around 40% of deposited dose
accumulated to the left lung and a relatively uniform NP deposition in different lung lobes
when considered to the volume-weighted NP deposition. Although an even distribution of
NPs among the bronchioles and acini was clearly evident in the lungs of mice after ventilator-
assisted aerosol inhalation, a significant finding was that NPs are predominantly deposited in

the proximal part of individual acini.

The above features possessed by tissue-cleared LSFM applied in lungs represent substantial
progress over commonly used in vivo and ex vivo optical imaging techniques, which are only
able to offer the semi-quantitative information on NP dose and biodistribution in the tissue
because of the strong tissue autofluorescence and poor spatial resolution. Whole-body
fluorescence imaging or WLFI using FMT or IVIS can only be used for quantitative
visualization of the distribution pattern of drug in the whole body or organ. For instance,
hybrid imaging combined FMT and micro-CT has been used to observe the NM
(pHPMA-Dy750) distribution in different organs of mice bearing CT26 tumors in vivo 137
and IVIS whole body imaging displays a more uniform and deeper distribution of dry powder
in mouse lung with delivery using an aerosol generator than the use of Penn-Century
insufflator *°. Also, ex vivo LSFM such as cryo-slicing and compressed-lung fluorescence

imaging 4243

enables relatively good quantification accuracy on NP regional distribution and
dosimetry, but with apparent limitations with respect to the poor spatial resolution. Other
currently available in vivo imaging techniques like PCXI, CT, MRI, PET, and SPECT offer
anatomical and/or functional imaging of NP deposition, while they generally require
expensive instrumentation and the process of radiolabeling or the use of contrast agents with

limited spatial resolution. This greatly hampers the inspection of cellular activities and fate

like NP phagocytosis or endocytosis and lung inflammation (local recruitment and

69



accumulation of neutrophils), which can be overcome by the established method in this study.
2D stereological methods, by contrast, allow for cellular-resolution observation of NP
localization, but the 3D morphological information was totally spoiled. This single imaging
modality presented here overcomes some of above issues by planewise LSFM imaging of
tissue-cleared samples which enables label-free morphological analysis with quantitative NP
distribution at single-cell level on whole organ or thick tissue layer. This therefore offers
unappreciated insights into 3D distribution and biokinetics of drug/NPs and by combining
with multicolor whole-mount immunostaining it opens new avenues for future drug efficacy

and toxicological studies.

In the second study (PRP2), a marriage of X-ray and fluorescent imaging was employed to
fully understand the pulmonary NM/NP delivery to the lungs in a preclinical animal model
(mice) consisting of the dynamic process, delivered dose, spatial distribution, biokinetics, and
bioactivity of the NM/NPs on all scales ranging from centimeter (whole lung) to sub-
micrometer (subcellular) resolution. Conventional X-ray imaging typically displays low
contrast for soft tissue e.g., the lung, while the boundaries between lung tissue and air can be
substantially enhanced by their variations in X-ray refractive index using phase-contrast
techniques'®. PB-PCXI is therefore particularly useful for dramatically enhancing soft tissue
(e.g., the lung) contrast by utilizing X-ray refraction and associated phase shifts at air-tissue

. 106
interfaces

. To observe the treatment process of pulmonary delivery, the acquisition of a
single image should be captured in a relatively short time (e.g., about 100 ms). PB-PCXI
applied here only requires a single exposure for a lung scan, exhibiting great possibility to
track dynamic process. Other standard imaging modalities (e.g., CT, PET, SPECT, and MRI)
are generally incapable of capturing pulmonary fluid dosing dynamics via the mouse nose or
lung in vivo mainly because of poor temporal and spatial resolution®. In an early study,
delivery of a 50 puL iodine-based liquid to the mouse lung via intratracheal slow-instillation
was visualized in real-time*’. This indicates that capturing the dynamics of pulmonary
delivery is achievable using PCXI at a laboratory compact X-ray source, an experiment that
would typically be carried out at synchrotron facility 197138 " One of the limitations of PCXI
and CT imaging methods presented here is the difficulty associated with accurate dosimetry
analysis, given that X-ray contrast originates from the anatomy and the treatment, so it is not
as easily isolated as a fluorescent signal. Optical imaging modalities offer the necessary

complementary features. Particularly, ex vivo LSFM as an emerging optical imaging method

allows for 3D imaging of whole NP distribution profile in whole lungs after rendering the
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tissue transparent, eliminating or minimizing the tissue absorption and scattering'®. The main
characteristics and complementarities of all five imaging methods applied here are
summarized in Table 1(PRP2). This study therefore demonstrates that combined in vivo
PCXI and ex vivo fluorescent imaging can offer complementary and unappreciated insights
into the complex process of different routes of NP delivery to the lung of mice with

administration of a mixture of an X-ray contrast agent and fluorescent NPs.

The key issue of this study is to understand the main features and mechanisms of different
types of pulmonary delivery. Instillation or aspiration of bulk liquids is the commonly
utilized approach for preclinical lung research, while aerosol inhalation is the optimal route
for the clinical practice. Here we therefore applied three kinds of pulmonary delivery
(intratracheal instillation, nasal aspiration, and aerosol inhalation) to determine their
respective characteristics of the dynamic process and initial 3D NP distribution pattern.
Intratracheal slow-instillation (e.g., 24 s for 100 uL; 4.2 uL/s) is used here since the regular
instillation that is typically occurred within 1 s cannot be captured by PCXI. However, they
show the very identical delivery efficiency in a 50 pL liquid delivery (the former 76.3 + 23.0%
versus the latter 77.2 + 14.2% **). Also, the delivered dose to the lung is independent with the
applied volumes ranging from 4-100 pL. We first performed time-resolved imaging of the
site-specific NP delivery to the left, right, or whole lung utilizing PB-PCXI in a controllable
manner with a slow-instillation of the mixture of iodine with fluorescent NPs. This is of
significance for targeted delivery and could be used to test the mechanisms of drug efficacy
or toxicity in one side of the lung while the other side served as a control. This direct
noninvasive visualization of the behavior of NP-liquid in murine airways also for the first
time clearly discloses the underlying mechanism of uniformity degree of pulmonary
instillation that partial blockage of airways with subsequent distribution by breathing activity.
Moreover, the site of NP-liquid deposition in slow-instillation can be qualitatively observed
in PCXI images, which generally show good correlation with that in the subsequent images

obtained from CT and fluorescent imaging (WLFI, LSFI, and LSFM).

Leveraging the multimodality imaging established above, this study further unveils the
mechanisms of lung delivery via ventilator-assisted aerosol inhalation. This method is
technologically mature, high efficient, and dose controllable for physiologic delivery of
liquid aerosol droplets to the mouse lungs. Of note, during pure aerosol delivery, the transport
of aerosols containing iodine-NP through primary airways to the lower airways could not be

seen, while after delivery of around 22 pL liquid aerosols (calculated from 3 inhaled lungs
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where the first appearance of the liquid accumulation and transportation), some liquid
droplets or bubbles were formed and halted for a few seconds and then burst and distributed
to lower airways. This could explain that some NPs appearing as circular drops (100-200 um)
were located in certain regions of the lower airways, which is inconsistent with our previous
finding '®. Clearly homogenous distribution of NP after inhalation was observed in images of
CT, WLFI, and LSFM, while only very specific local regional distribution was tracked using
in vivo PCXI. This could be due to the droplets/aerosols having lower iodine density and
longer delivery time (8.6 nL/s, 10. 8 min) in inhalation than the liquid for slow-instillation
(velocity: 4.2 uL/s). Lower iodine density during inhalation with very slow delivery (longer
inhalation time) could play an important role in weak/no signal detection by X-ray imaging.
However, for 4 pl instillation, they passed the trachea as liquid with high iodine

concentration/density in short delivery time so that they can be relatively easily detected.

Currently, PCXI has been mainly used to track particle movement of mucociliary transport
for different bulk particulates (e.g., glass beads, lead dust, asbestos, quarry dust, and Galena

106, 139-140

with size > 5 um) in live animal trachea airways, and to monitor the liquid bolus

delivery via the nose or inserted cannula by utilizing the typical X-ray contrast agents like

" Due to the high atomic number, several new types of NPs

iodine and lanthanides
including lanthanide-doped NPs, bismuth NPs, gold NPs, and tantalum pentoxide NPs can be
also served as contrast agents for X-ray based modalities to perform the diagnostic and
molecular imaging'*>. To the best of our knowledge, time-resolved tracking of the NP
suspension for pulmonary fluid dosing delivery has not previously been reported. Taking
advantage of high X-ray absorption of iodine, NP suspension mixed with iodine was first
observed by PCXI during slow-instillation delivery », Tracking sole NP suspension during
pulmonary dynamic delivery remains unexplored. Three particle suspensions (mixed with
another fluorescent melamine NPs or sole QDs) were then applied to visualize the NP-liquid
dosing delivery via mouse nose and trachea. The dynamics of gold NP distribution during
and immediately after delivery into one nostril of the mouse nose was visualized during nasal
aspiration, while this route of delivery was hard to predict the distribution pattern and dose
into the lungs. Slow-instillation via an intubated cannula in the trachea was first performed to
effectively deliver iron oxide particles or QDs into deep lung regions, which could be of
value for prevention or treatment of respiratory disease in preclinical studies. PCXI hence

permits monitoring of the real-time delivery dynamics and deposition regions of NPs in lungs.
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Subsequent ex vivo tissue-cleared LSFM offers 3D cellular visualization of NP localization

and quantitative dosimetry ability in non-dissected lungs.

An important consideration is the detection limit of the liquid distribution in the X-ray images
presented here. PCXI allows for visualization of as little as a 4 pL iodine-NP solution (with
or without added surfactant) in real time, suggesting the very high contrast sensitive in
tracking NP-liquid for slow-instillation delivery. In contrast to PCXI images, CT scans of the
lung with such little volume display no obvious signals. However, WLFI and LSFI using
IVIS enable qualitative viewing of the small volume of NP-liquid deposition or quantitatively
measure the delivered dose, respectively in lungs independent of surfactant. Tissue-cleared
LSFM could further eliminate the tissue light scattering and absorption, which enables more
precise observation of the NP localization and quantitatively regional dosimetry. To
successfully apply this multimodal imaging platform, one should consider the joint use of X-
ray contrast agents and fluoroactive substances which should have the exact same initial
deposition pattern. This is to be expected as the substances are mixed and applied as a liquid
mixture. On the other hand, the apparent limitation of co-application of two agents is that it is
not suitable for long term study like NP biokinetics since different components having their
own pharmacodynamics may separate one from the other. X-ray contrast agent- and
fluorescence-labeled NP formations such as (iodinated polymers or liposomes with
fluorescent dyes) have been used for bimodal imaging of NPs accumulation in tumors " -4z
which could be applied for NP pulmonary studies. This study shows a very good example
that QDs can be used for bimodal imaging (PCXI and fluorescent imaging) of NP delivery
dynamics and cellular localization. Another potential weakness of this study is that the use of
five modes of imaging methods is very laborious and each mode requires special care and
expertise when performing the experiment. In principle, selection of PCXI and one type of
fluorescent imaging especially LSFM would not be lost much information on NP dynamic

delivery, distribution, and biokinetics.
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6. Outlook

For future targeted NP delivery studies development of bi- or tri-modal NP contrast agents is
particularly useful in multimodal imaging modalities. Such multimodal NM/NP contract
agents permit visualization of controlled pulmonary delivery in real-time and 3D distribution,
biokinetics, and cellular targeting of NP at single-cell resolution in intact mouse lung without
the danger of artifacts due to the use of two or three different, potentially differently behaving
contrast agents. The established multimodal imaging platform has opened new avenues to
address various engineering obstacles on effective pulmonary delivery and scientific
questions on NM targeting in a more sophisticated and detailed manner. For instance, besides
the above mentioned pulmonary delivery methods, other application routes such as the nose-
only exposure and oropharyngeal aspiration can also be investigated by this imaging platform.
The main characteristics of 3D distribution pattern and cellular localization of NP in whole
mouse lung has been elucidated by tissue-cleared LSFM, which will be discussed in our
future studies. Since some clinically inhaled drugs are currently applied in a form of dry
powder, determining whole-lung single-cell resolution distribution and biokinetics features
and mechanisms of dry powder aerosol delivery (using DPIs) could be of high interest. The
presented imaging platform provides high possibility to address this issue on dry powder
particle delivery. Owing to the advantages of this imaging platform like 3D qualitative
visualization and quantitative dosimetry, it could allow researchers optimize the delivery
protocol to achieve a controlled and predictable dose of delivered substances to the lung,
which is an area of active research. Moreover, it permits an in-depth understanding of the
redistribution pattern and cellular interaction of NM/NPs in whole murine lungs (we have

explored this, but the data is not presented here).

Cellular targeting of NP to cancer or other diseased regions is an attractive promise of NM.
Visualization and confirmation of targeted delivery of novel-designed NP to the tumor or
specific tissue regions in an animal model are largely relied on the general analysis using
WBFL and WOFL or PET and SPECT, even though they have very restricted spatial
resolution. By applying this imaging platform, one could for the first time understand weather
the administrated NM is specifically delivered to the diseased regions or the tumor cells and
drug efficacy in intact organ/tissue at a single-cell resolution. To better understand the
interaction of drug/NM with specific cell/tissue and the underlying mechanisms, one should
consider expanding the application of tissue-cleared LSFM for different types of fluorescent-

labeled drug/NM and the utilization of multicolor immunostaining with multi-wavelength
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LSEM. Currently, different types of optical clearing protocols were reported in the literature,
many of them have not been tested for fluorescent NMs, yet. The selection of mild and low-
bleaching clearing protocols could amplify the LSFM application to some sensitive
drugs/NM. Moreover, LSFM imaging of whole-mount immunostained or specific gene
reported tissue samples of animal models would enable determination the interplay between
NP and vasculature system, lymphatics, efc., which is of central importance for understanding

NM therapeutic efficacy and fate in vivo.
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