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Summary

The majority of pharmaceutical products is made of solid powders. The morphology and surface
characteristics of drug particles a�ect both their bulk behaviour, e.g., �owability, dispersibility
and tabletability, in the manufacturing process of dosage forms as well as their bioavailability
upon administration into the human body. For instance, in pulmonary drug delivery, particles
with an aerodynamic diameter <5 µm are required to reach the action sites of the lungs. Sur-
face modi�cation provides the means to tailor crucial functionalities of pharmaceutical particles,
such as dissolution, wettability, �owability and dispersibility, based on the desired formulation
design. Atomic layer deposition (ALD) and molecular layer deposition (MLD) are gas-phase �lm
technologies that enable atomic-level control over surface properties through the fabrication of
nanoscale �lms on individual particles, which impact the powder performance. The bene�ts of
ALD and MLD for pharmaceuticals compared to existing surface modi�cation techniques include
(i) gas-phase and fully solventless nature of the process, (ii) wide range of process conditions,
including low temperature and atmospheric pressure, (iii) control over the amount of deposited
material and �lm thickness in the sub-nanometer and low-nanometer range, (iv) high drug load-
ings due to the nanoscale �lms, (v) uniform and conformal �lms, crucial for tailored functional
properties. Moreover, the possibility to carry out ALD and MLD in �uidized bed reactors o�ers
scalable processing and manufacturing of bulk quantities of nano-engineered powders, relevant for
pharmaceutical applications. This thesis deals with the development of ALD and MLD processes
on excipient and drug particles, especially for pulmonary delivery, to control their release and
enhance their dispersibility and �owability.

The ALD growth on pharmaceuticals is �rst studied by depositing Al2O3 on lactose particles
with di�erent median particle sizes, i.e., 3.5 and 21 µm, using H2O or O3 as a co-reactant. The
uniformity and conformality of the Al2O3 �lms are linked with the dissolution and dispersibility
properties of lactose particles. For the large lactose particles, the use of O3 enables the retention
of the good powder mixing during �uidization, thereby resulting in samples with Al2O3–coated
particles with a highly narrow thickness distribution; instead, the use of H2O causes the forma-
tion of large agglomerates during the �uidized bed ALD process which limit the di�usion of the
gaseous precursors, thus leading to samples with both uncoated and Al2O3–coated particles with
a broad thickness distribution. This di�erence in �lm properties is re�ected into the dissolution
performance, where the large lactose particles coated by O3-based ALD dissolve much slower than
those coated by H2O-based ALD, due to the high uniformity and conformality provided by O3.
On the other hand, for the small lactose particles, which exhibit a poor �uidization quality and
tendency to agglomerate upon collision, both H2O and O3 result in Al2O3–coated particles with
a broad thickness distribution; yet, O3-based ALD minimizes the formation of agglomerates. A
minor degree of Al2O3 in�ltration is observed in the small lactose particles, perhaps due to the
presence of micronization-induced amorphous porous surfaces. The similar Al2O3 �lm properties
of the small lactose particles coated by H2O-based and O3-based ALD translate into comparably
slower dissolution rates with increasing �lm thickness. Furthermore, the Al2O3 �lm improves
the dispersibility of the lactose particles in water and ethanol. The higher contribution of CVD
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components for the large lactose particles coupled with the formation of large agglomerates when
using H2O makes O3 as the co-reactant of choice, e.g., when processing temperature-sensitive,
moisture-sensitive or hygroscopic materials. Moreover, despite being a strong oxidizing agent, O3
does not induce any meaningful decomposition or change in the crystal structure of the lactose
particles.

The range of ALD processes is then expanded with respect to both �lm material and particle
substrate. The deposition of Al2O3, TiO2 and SiO2 �lms by ALD is performed on budesonide
particles, a commercial corticosteroid for the treatment of respiratory diseases, to simultaneously
tailor their release and aerosolization properties. Uniform SiO2 and TiO2 surface nano�lms, and
considerable in�ltration of Al2O3 into the outer core of the budesonide particles are obtained.
Still, a core/shell structure is retained for each ALD-coated budesonide formulation. The ceramic
nanoscale �lms provide budesonide particles with tunable slowed release and an up to ∼2-fold
increase in �ne particle fraction, i.e., the % of particles smaller than 5 µm, also applying very low
patient inspiratory pressures. Both in-vitro dissolution and ex-vivo rat lung absorption display
slower release with increasing nano�lm thickness, regardless of the nature of the material. Visual
observations of ALD-coated budesonide particles at various stages during dissolution reveal no
degradation or dissolution of the ceramic �lms, indicating that the release mechanism mainly
involves the transport of dissolution media through the ALD �lms. Moreover, the ceramic ALD
�lms enhance the aerosolization performance of budesonide both after standard storage, i.e., 20
°C and ∼0% RH, and stressed storage, i.e., 1 month at 40 °C and 75% RH. However, ALD-coated
budesonide for high number of cycles, where the powder needs to be processed in the �uidized
bed over lengthy periods of time, exhibit a certain degree of particle agglomeration which lowers
the �ne particle fraction, yet still higher than uncoated budesonide. Interestingly, we �nd that �ne
particle fraction and interparticle force are inversely correlated, i.e., higher �ne particle fractions
after ALD are attributed to lower interparticle forces, mainly in�uenced by the Van der Waals
force, arising from the ceramic surfaces. Finally, by analyzing cell viability, cytokine release and
lung tissue morphology, we demonstrate that the ALD-coated budesonide particles are safe and
e�cacious at cellular level. Therefore, by providing controlled release and improved aerosolization
while obtaining high drug loadings up to ∼95% and cell viability, ALD is a promising route to
fabricate controlled pulmonary drug delivery systems.

Due to the lack of studies on pure MLD on gram-scale �ne particles, the deposition of uniform and
conformal poly(ethylene terephthalate) (PET) �lms in the sub-nanometer to low-nanometer range
by MLD is �rst investigated by using TiO2 nanoparticles as a substrate. A growth per cycle (GPC)
of 0.05 nm is found for PET MLD on �uidized TiO2, in agreement with that obtained on Si
wafers in both vacuum and atmospheric-pressure reactors. The sub-nanoscale and low-nanoscale
PET �lms are able to suppress the photoactivity of TiO2 nanoparticles by hindering the access of
water and reactant molecules to the TiO2 surface, and thus the generation of hydroxyl radicals
involved in the photocatalytic reactions. Still, the bulk optical properties, e.g., whiteness, as well
as electronic structure and surface area of TiO2 are retained, which is not generally achievable
when producing organic coatings via conventional liquid-phase approaches. Furthermore, the
PET �lms deliver greater stability to the TiO2 suspensions in water and facilitate the dispersion of
TiO2 in organic solvents. Such properties are of interest to the paints and cosmetics industries,
where the use of TiO2 nanoparticles is widespread and it is essential to prevent the degradation of
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large organic compounds, such as polymers, dyes and colorants, in the composite materials.

ALD, MLD and their combination hybrid ALD/MLD are then applied to drug powders to tune
their wettability from high and mild hydrophilicity to superhydrophobicity. Uniform inorganic
Al2O3, TiO2 and SiO2 �lms by ALD, purely organic polyethylene terephthalate (PET) �lms by
MLD and inorganic/organic titanicone �lms by hybrid ALD/MLD are deposited on micronized
budesonide particles, without signi�cantly a�ecting their surface morphology. While Al2O3 in-
�ltrates into the budesonide structure forming an Al2O3-budesonide shell, the growth of TiO2,
SiO2, PET and titanicone proceeds through surface active sites with GPCs of ∼0.3, ∼0.1, ∼0.03
and ∼0.45 nm, respectively. The uncoated budesonide powder is hydrophobic with an average
water contact angle (WCA) of 130°. The ceramic ALD �lms deliver highly hydrophilic budesonide
powders with WCAs close to 0°within a few seconds. This is attributed to the drastic change in the
surface chemical composition due to the presence of metal cations, oxygen anions, and hydroxyl
groups on the surface, which provide hydrophilic characteristics. Instead, organic components
in the MLD and hybrid ALD/MLD �lms alter the wetting properties from superhydrophobic,
with a WCA of 145–150°, for the purely organic PET �lms to mildly hydrophilic, with WCAs
ranging from ∼80° to ∼60°, for the hybrid titanicone �lms. Titanicone, and in general hybrid
ALD/MLD, �lms made of ethylene glycol as the organic co-reactant are typically unstable in water,
which decomposes the organic fraction and converts it into its inorganic counterpart, TiO2 in
this case, leading to the formation of porous structures with properties both of the converted
inorganic fraction in the porous �lm and of the substrate. Surface superhydrophobicity upon PET
MLD is instead attributed either to di�usion of the polar groups into the �lm by reorientation of
the polymer chains arising from operating at reaction temperatures above their glass transition
temperature or to sub-nanoscale surface roughness. Tailoring the wetting properties of inhaled
powders is relevant to improve bioavailability of poorly-soluble drugs, enhance the dispersion of
formulations in nebulizers and pressurized metered dose inhalers, and prevent moisture ingress in
dry powder inhaler formulations.

In short, ALD and MLD of �lms in the low nanometer range allow to tailor pharmaceutical
functional properties, such as dissolution, wettability and �owability, which are crucial to control
drug delivery. In particular, by simply tuning the �lm thickness based on the number of cycles
and the growth per cycle characteristic of the material of interest, controlled dissolution of the
pharmaceutical core can be obtained. On the other hand, by appropriately selecting the type of
�lm material based on its hydrophilicity/hydrophobicity or interparticle force, powder wettability
or �owability can be tailored. Therefore, ALD and MLD are relevant not only to inhaled drugs,
but also to other pharmaceuticals for oral and parenteral delivery as well as to food ingredients.
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Samenvatting

De meerderheid van de farmaceutische producten is gemaakt van droge poeders. De vorm en
oppervlaktekarakteristieken van medicijndeeltjes beïnvloeden zowel hun bulkeigenschappen, zoals
stroomgedrag, dispergeerbaarheid en tabletmaakbaarheid, in het productieproces van de dose-
ringsvormen alsook hun beschikbaarheid bij toediening in het menselijk lichaam. Bij pulmonaire
levering van medicijnen zijn, bijvoorbeeld, deeltjes met een aerodynamische diameter <5 µm
nodig om de actieve locaties in de longen te bereiken. Modi�catie van het oppervlak maakt het
mogelijk om de cruciale eigenschappen van de farmaceutische deeltjes aan te passen, zoals op-
losbaarheid, bevochtigbaarheid, stroomgedrag en dispergeerbaarheid. Atomaire-laag-depositie
(ALD) en moleculaire-laag-depositie (MLD) zijn gasfase-�lmtechnologieën die controle van opper-
vlaktekarakteristieken op atomair niveau mogelijk maken door fabricatie van nanoschaal-�lms op
individuele deeltjes, die het functioneren van het poeder beïnvloeden. ALD en MLD hebben een
aantal voordelen ten opzichte van bestaande methoden voor oppervlaktemodi�catie van genees-
middelen: (i) een gasfase-proces zonder oplosmiddel, (ii) een groot bereik aan procesparameters,
inclusief lage temperaturen en atmosferische druk, (iii) controle over de hoeveelheid afgezet materi-
aal en �lmdikte in de sub-nanometer en de lage-nanometer-schaal, (iv) hoge lading van medicijnen
door de nanoschaal-�lms, (v) uniforme en gelijkmatig afdekkende coatings, die cruciaal zijn om
het functioneren van poeders te kunnen sturen. De mogelijkheid om ALD en MLD in �uïde
bedden uit te voeren maakt bovendien grootschalige productie van nano-gestructureerde poeders
mogelijk, wat relevant is voor de farmaceutische industrie. Dit proefschrift omvat de ontwikkeling
van ALD- en MLD-processen voor hulpsto�en en medicijnen, voornamelijk voor pulmonaire
toediening, om hun afgifte te beheersen en hun dispergeerbaarheid en stroomgedrag te verbeteren.

De �lmgroei op medicijnen tijdens ALD wordt eerst bestudeerd door middel van Al2O3-depositie
met H2O of O3 als co-reactant op lactosedeeltjes met verschillende mediane deeltjesgroottes, nl. 3.5
en 21 µm. De uniformiteit en gelijkmatigheid van de Al2O3-�lms zijn verbonden met de oplosbaar-
heid en dispergeerbaarheid van de lactosedeeltjes. Voor de grote lactosedeeltjes zorgt het gebruik
van O3 voor deeltjes gecoat met een zeer nauwe distributie in �lmdikte omdat de goede mengeigen-
schappen van het poeder tijdens �uïdiseren worden behouden. Daarentegen zorgt het gebruik van
H2O voor de formatie van grote agglomeraten Al2O3-coating en een brede distributie in �lmdikte.
Het verschil in �lmeigenschappen vertaalt zich naar een verschil in oplosbaarheid, waarbij de grote
deeltjes gecoat met ALD op basis van O3 veel trager oplossen dan die gecoat met ALD op basis
van H2O door de zeer uniforme en gelijkmatige coating verkregen met O3. Aan de andere kant
zorgen H2O en O3 bij kleine lactosedeeltjes, die slechte �uïdisatie-eigenschappen en een neiging
tot agglomeratie hebben, allebei voor een brede distributie in �lmdikte, al minimaliseert ALD
op basis van O3 wel de formatie van agglomeraten. Er werd een geringe mate van in�ltratie door
Al2O3 in de kleine lactosedeeltjes geobserveerd, waarschijnlijk veroorzaakt door de aanwezigheid
van een amorf en poreus oppervlak als resultaat van het microniseren. Een vergelijkbare Al2O3-�lm
zorgt bij de kleine lactosedeeltjes voor vergelijkbare afname van oplosbaarheid met toenemende
�lmdikte, ongeacht of de coating met H2O of O3 wordt uitgevoerd. Bovendien bevordert de
Al2O3-�lm de dispergeerbaarheid van de lactosedeeltjes in water en ethanol. De combinatie van
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een hogere bijdrage van CVD- componenten voor grote lactosedeeltjes en de formatie van grote
agglomeraten bij gebruik van H2O maakt het dat O3 de voorkeur heeft als co-reactant, bijv. bij
temperatuurgevoelige, vochtgevoelige, of hygroscopische materialen. Daarbij zorgt O3, ondanks
dat het een sterke oxidator is, niet voor noemenswaardige decompositie of verandering in de kris-
talstructuur van de lactosedeeltjes.

Daarna volgt een uitbreiding van de ALD-processen in zowel �lmmateriaal als de substraatdeeltjes.
ALD van Al2O3, TiO2 en SiO2 �lms op budenoside, een commercieel beschikbare corticosteroïde
die voor behandeling van respiratoire ziekten wordt gebruikt, wordt uitgevoerd om simultaan hun
afgifte in het lichaam en de aërosolisatie-eigenschappen aan te passen. Uniforme nanoschaal-�lms
voor SiO2 en TiO2 op het deeltjesoppervlak en in�ltratie van Al2O3 in de buitenste laag van de
budenoside deeltjes worden verkregen. In alle gevallen wordt er wel een kern/schil-structuur
gevonden. De keramische nanoschaal-�lms geven de budenoside-deeltjes een vertraagde en regel-
bare afgifte en een verhoging van de �jne-deeltjes-fractie, (het percentage van de deeltjes <5 µm)
tot tweemaal, zelfs bij zeer lage inspiratoire druk. Zowel de in-vitro oplosbaarheid als de ex-vivo
absorptie in een rattenlong laten een vertraagde afgifte zien bij dikkere nano�lms die onafhankelijk
is van het gebruikte materiaal. Observatie van de budenoside-deeltjes met ALD-coating laten geen
degradatie of oplossen van de keramische �lm zien. Dit suggereert dat het afgiftemechanisme
van het medicijn voornamelijk transport door de ALD-�lm heen is. Bovendien verbeteren de
keramische ALD-�lms de aërosolisatie van budenoside bij standaard opslagcondities (20 °C en
∼0% RH) en bij stressvolle opslagcondities(40 °C en 75% RH). Echter, budenoside-deeltjes met
een ALD-coating die een groot aantal cycli hebben ondergaan, wat inhoudt dat de deeltjes zich
een lange tijd in het �uïde bed bevonden, hebben een grotere mate van agglomeratie. Hierdoor
wordt de �jne-deeltjes-fractie lager, al is dit nog steeds hoger dan bij budenoside zonder coating.
Het is interessant dat we een inverse correlatie vinden tussen �jne deeltjes fractie en de krachten
tussen deeltjes, i.e., een grotere fractie �jne deeltjes zorgt voor kleinere krachten tussen deeltjes.
Dit wordt voornamelijk beïnvloed door de Vanderwaalskrachten als gevolg van de keramische
oppervlakten. Tot slot demonstreren we, door de analyse van cel-levensvatbaarheid, de afgifte van
cytokinen en de morfologie van longweefsel, dat de ALD-gecoate budenoside-deeltjes veilig en
werkzaam zijn op cellulair niveau. Daarmee is ALD een veelbelovende route voor de controle van
pulmonaire toedieningssystemen voor medicijnen. Het zorgt namelijk voor een gecontroleerde
afgifte en een verbeterde aërosolisatie terwijl een medicijnlading van ∼95% en de levensvatbaarheid
van de longcellen behouden blijven.

Vanwege het ontbreken van onderzoek waarin MLD wordt gebruikt op �jne deeltjes op grotere
schaal (grammen), hebben we de depositie van uniforme en gelijkmatige poly(ethyleen tereftaal)
(PET) �lms door MLD in de sub-nanometer schaal tot laag-nanometer schaal eerst onderzocht
met gebruik van TiO2 nanodeeltjes als substraat. PET MLD op ge�uïdiseerd TiO2 geeft een
groei per cyclus (GPC) van 0.05 nm, wat overeenkomt met waarden voor siliciumwafers in zowel
vacuüm als atmosferische reactoren. De verkregen sub-nanoschaal en lage-nanoschaal PET �lms
kunnen de fotoactiviteit van TiO2 nanodeeltjes onderdrukken door de toegang van water en
andere reactant-moleculen tot het TiO2 oppervlak te verhinderen, en daarmee ook de productie
van hydroxide-radicalen die in fotokatalyse een rol spelen. De optische eigenschappen van het
poeder, e.g. witheid, de elektronische structuur, en het oppervlakte van TiO2 blijven behouden,
iets wat gewoonlijk voor meer conventionele vloeibare-fase methoden voor organische coatings niet
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haalbaar is. Bovendien maakt de PET coating suspensies van TiO2 in water stabieler en faciliteert
het dispergeren van TiO2 in organische oplosmiddelen. Dit soort eigenschappen zijn interessant
voor de verf- en cosmetica industrie, omdat hier TiO2 nanodeeltjes veelvoudig worden gebruikt
Het is dan essentieel om de degradatie van grote organische componenten in de samenstelling,
zoals polymeren en kleursto�en, te voorkomen.

ALD, MLD, en hun combinatie (hybride ALD/MLD) zijn in deze studie gebruikt om de be-
vochtigbaarheid van medicijnpoeders te sturen van zeer en mild hydro�el tot superhydrofoob.
Uniforme anorganische �lms van Al2O3, TiO2 en SiO2 met ALD, puur organische PET �lms
met MLD, en (an)organische titanicone �lms met hybride ALD/MLD zijn gemaakt op gemi-
croniseerde budenoside deeltjes, zonder signi�cante invloed op de oppervlaktemorfologie. Waar
Al2O3 in de budenoside deeltjes in�ltreert en een Al2O3-budenoside-schil maakt, groeien TiO2,
SiO2, PET, en titanicone door middel van actieve locaties op het deeltjesoppervlak met GPC’s
van respectievelijk ∼0.3, ∼0.1, ∼0.03, en ∼0.45 nm. Het budenoside-poeder zonder coating is
hydrofoob met een gemiddelde contacthoek met water (WCA) van 130°. De keramische ALD-�lms
zorgen voor een zeer hydro�el budenoside-poeder waar binnen een paar seconden de WCA naar
0° gaat. Dit wordt verklaart door de drastische verandering in de chemische eigenschappen van
het oppervlak door de aanwezigheid van metallische kationen, zuurstof anionen en hydroxide
groepen, die allen hydro�ele eigenschappen geven. In tegenstelling, de organische componenten
in de MLD- en hybride ALD/MLD �lms veranderen de bevochtigbaarheid van superhydrofoob
voor de PET �lms, met WCAs van 145–180°, tot mild hydro�el voor de hybride titanicone �lms,
met WCAs van ∼80–∼60°. Titanicone, en in het algemeen de hybride ALD/MLD, �lms, die
met ethyleenglycol als organische co-reactant gemaakt zijn, zijn onstabiel in water, omdat deze de
organische fractie afbreekt en naar zijn anorganische tegenhanger, TiO2, convergeert. Dit leidt tot
de vorming van een poreuze structuur met eigenschappen van zowel de converteerde anorganische
fractie in de poreuze �lm als die van het substraat. De superhydrofobiciteit van PET MLD �lms
komt of door di�usie van polaire groepen door de heroriëntatie van polymeerketens, wat een
resultaat is van reactietemperaturen boven hun glastransitietemperatuur, of door oppervlakte-
ruwheid op de sub-nanoschaal. Het sturen van de bevochtigbaarheid van geïnhaleerde poeders is
relevant om de biologische beschikbaarheid van slecht oplosbare medicijnen te verbeteren, om de
dispergeerbaarheid van recepten voor vernevelaars en dosisinhalators te verbeteren en om opname
van water door droge poeders die gebruikt worden voor inhalator-recepten te voorkomen.

Samenvattend, ALD- en MLD-�lms in de lage-nanometerschaal geven de mogelijkheid om de
functionele eigenschappen van farmaceutische sto�en, zoals oplosbaarheid, bevochtigbaarheid
en stroomgedrag, aan te passen. Deze eigenschappen zijn cruciaal om de afgifte van medicijnen
te kunnen reguleren. In het bijzonder kan het oplossen van de farmaceutische kern worden
gecontroleerd door het optimaliseren van de hoeveelheid cycli en de groei per cyclus. Verder
kunnen de bevochtigbaarheid en stroomgedrag van het poeder worden beïnvloed door de juiste
keuze van het �lmmateriaal op basis van de hydro�liteit/hydrofobiciteit en de krachten tussen de
deeltjes. Dit maakt ALD en MLD niet alleen relevant voor geïnhaleerde medicijnen, maar ook voor
andere medicijnen die oraal en parenteraal worden toegediend, en ook voor voedselingrediënten.
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1
Introduction

R espiratory diseases, such as chronic obstructive pulmonary disease (COPD), asthma, acute
lower respiratory tract infections, tuberculosis and lung cancer, are among the most common

causes of severe illness and death worldwide. This was even more true in 2020 due to the COVID-19
pandemic. The main treatment for respiratory disorders involves the delivery of drug particles
directly to the lungs by inhalers. To reach the active sites of the lungs, particles smaller than 5
µm are required. However, the high cohesiveness of particles in this size range typically results
in poor aerosolization from the inhalers and thus in poor lung deposition. Moreover, inhaled
drugs can be rapidly absorbed from the lungs, thereby limiting their local therapeutic e�ect.
Frequent drug doses may thus be needed to mantain their local concentration in the lung tissue
within the therapeutic window, often leading to poor patient compliance with the therapeutic
regime. Therefore, controlled pulmonary drug delivery in terms of lung deposition and release
is highly desirable for the treatment of chronic diseases, as a reduction in dosing frequency and
optimization in powder load may be obtained. Surface modi�cation provides the means to tailor
crucial functionalities of pharmaceutical particles, such as dissolution, wettability, �owability and
dispersibility, based on the desired formulation design. In particular, atomic and molecular layer
deposition (ALD and MLD) as well as their combination hybrid ALD/MLD enable atomic-level
control over surface properties through the fabrication of nanoscale �lms on individual particles,
which impact the powder performance.

1
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2 1. Introduction

1.1. The Global Impact of Respiratory Diseases
Lungs are the internal organ most vulnerable to infections due to their constant exposure to the
external environment [1]. Infectious organisms such as viruses as well as toxic agents in ambient
air, including tobacco smoke, household air pollution, industrial waste chemicals and particulate
matter emissions, can lead to several respiratory diseases, �ve of which are among the most common
causes of severe illness and death worldwide: chronic obstructive pulmonary disease (COPD),
asthma, acute lower respiratory tract infections, tuberculosis and lung cancer [1]. Figure 1.1 shows
their prevalence by estimated cases and deaths in 2019. In addition to these �ve, there are multiple
respiratory disorders, such as sleep-disordered breathing, pulmonary hypertension and occupa-
tional lung diseases, which millions people struggle with. More than 1 billion people are a�ected
by either acute or chronic respiratory conditions, which are signi�cantly distressing and disabling.
Altogether, respiratory diseases account for more than 15% of all deaths globally.
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Figure 1.1: Ranking in leading causes of death globally in 2019 of the main �ve respiratory diseases: COPD, asthma, acute
lower respiratory tract infections, tubercolosis and lung cancer. Source: World Health Organization [1, 2].

Moreover, several newly emerging viruses, including severe acute respiratory syndrome coronavirus
(SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), the pandemic in-
�uenza A(H1N1) and the current severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which caused and are causing severe epidemics threatening global health and economy, involve
respiratory infections. The current COVID-19 pandemic has killed over 1.8 million people in 2020,
making it alone one of the top ten most deadly diseases [3].
Both COPD and asthma are chronic in�ammatory airway diseases which are characterized by mu-
cus hyper-production, smooth muscle mass increase, airway wall thickening and remodeling, thus
leading to air�ow limitation and inability to breathe [4] (see Figure 1.2). The air�ow obstruction is
reversible in asthma, but mostly irreversible in COPD. While smoking is the main cause of COPD,
most asthma starts from childhood as a response to common inhaled allergens such as dust mites,
animal dander, and pollens. These respiratory conditions can be treated by delivering drugs directly
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to the lungs via oral inhalation through the so-called inhalers (see Figure 1.2). Asthma and COPD
symptoms are usually managed by the combination therapy with inhaled corticosteroids, which
decrease airway and lung swelling, and long-acting β2-agonists, which relax the airway muscles [5].
This therapy greatly improves lung function, reduces in�ammation and airway remodeling, and
lowers incidence of exacerbations, mostly allowing to control the disease.

Normal airwayAsthmatic airway

Air trapped
in alveoli

Tightened
smooth
muscles

Wall inflamed
and thickened

Relaxed
smooth
muscles

< 5 μm

Excess mucus

Figure 1.2: At left, pulmonary drug delivery via oral inhalation device in respiratory diseases. Right images show (i) a
cross-section of an airway during asthma symptoms and attack, which causes in�ammation, swelling, and excess mucus
in the lungs, and (ii) a cross-section of a normal airway with relaxed muscles and thin wall.

1.2. Pharmaceutical Powders for Pulmonary Delivery
The main inhalation devices for pulmonary drug delivery are of three types: nebulizers, pressurized
metered dose inhalers (pMDIs) and dry powder inhalers (DPIs) [6, 7]. Nebulizers and pMDIs
deliver drugs in solution or suspension aerosols, whereas DPIs do so in dry powder aerosols.
Due to their practical inconvenience arising from the bulky and noisy structure as well as from
the continuos inhalations over long time periods, nebulizers are mostly used in hospital and
ambulatory care settings, and not for home-based therapy of chronic diseases. Therefore, the
choice of inhalation device in daily treatment is generally between pMDIs and DPIs, and it is
guided by convenience, cost and patient preference. Yet, the use of greenhouse gases such as
hydro�uoroalkanes as propellants in pMDIs has been making DPIs the most preferable devices
with respect to global warming [8, 9]. Moreover, DPIs are easier to use, as they are not dependent
on the patient’s inhaler technique [10], and exhibit superior chemical stability, due to the absence
of solvents. Still, lung deposition e�ciency from DPIs is dependent on patient’s inspiratory �ow
owing to the lack of propellants. Most DPI formulations consist of blends of drug particles smaller
than 5 µm (see Figure 1.3), the size threshold to reach the active sites of the lungs, and large carrier
excipient particles, which enhance �ow by reducing the drug powder cohesiveness [11]. During an
inhalation from a DPI, the formulation is aerosolized and enters the patient’s airways, the drug
particles separate from the carrier particles and reach the deep lung, whereas the larger carrier
particles deposit on the oropharyngeal regions and are cleared. However, the addition of carrier
particles increases formulation complexity and cost, and at the same time lowers drug delivery
e�ciency, as the drug-to-carrier ratio typically does not exceed 1:90 [12, 13].
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In this thesis, the pharmaceutical powder models used are micronized lactose, the only excipient
commercially available for pulmonary delivery so far, and budesonide, one of the most common
active pharmaceutical ingredients (APIs) for respiratory diseases. Lactose is a disaccharide made
of galactose and glucose (see Figure 1.3). It exists in two isomeric forms, known as α-lactose and
β-lactose, which exhibit an axial and equatorial hydroxyl group, respectively, at the anomeric
hemiacetal carbon. Crystalline α-lactose, which is the main type of lactose used in dosage forms, is
characterized by the presence of a molecule of water for each molecule of lactose, and therefore
referred to as α-lactose monohydrate. Besides acting as a carrier in dry powder inhalers, lactose is
extensively used as a �ller in tablets and capsules, as it is inexpensive, largely available, mild-tasting,
compatible with APIs and water soluble [14]. Budesonide is a potent corticosteroid with a high
topical-to-systemic activity due to the absence of halogens in the chemical structure, and a high
airway selectivity due to the presence of lipophilic acetal groups at the 16α and 17α positions which
improve binding with the glucocorticoid receptor and extend retention in the airways [15] (see
Figure 1.3). In contrast to lactose, budesonide is poorly soluble in water (28 µg/mL) due to its
molecular complexity [16]. While inhaled budesonide is commonly prescribed as a part of the long-
term management of asthma and COPD, it has also been investigating as a potential COVID-19
treatment to accelerate recovery and prevent the need for hospital admission [17, 18]. By decreasing
the levels of in�ammation caused by the immune response to SARS-CoV-2, inhaled corticosteroids
can minimize lung damages and reduce mortality [19–21].
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Figure 1.3: Scanning electron microscope images and chemical structures of micronized lactose and budesonide.

Micronized pharmaceutical particles are obtained through a process called micronization, the
most common method for particle size reduction. It is a simple technique that transforms a
coarse powder into a �ne powder with a mean particle size below 5 µm [22]. Micronization can
be accomplished by either air-jet milling using the �uid energy or mechanical means such as bead
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and ball mills. Air-jet milling is often preferred, as it is a fully dry process, delivers narrow size
distributions in the low micrometer range, does not introduce contamination, and is suitable for
heat-sensitive drugs. Not only micronization is used to provide particles suitable for pulmonary
drug delivery, but also more broadly to improve the bioavailability of several poorly water-soluble
drugs, including solid dosage forms as well as injectable and ocular products [23]. A decrease in
particle size translates in fact into an increase in surface area, which increases the drug dissolution
rate and thus bioavailability [24]. This is particularly important with the growing amount of new
drugs characterized by signi�cant molecular complexity which leads to poor solubility. However,
micronized powders are often highly cohesive due to the strong interparticle forces arising from
the small particle size (see Figure 1.3) [22]. Novel formulations are therefore required to improve
�owability and aerosolization as well as to optimize the morphology and surface characteristics
based on the desired release pro�le.

1.3. ControlledDissolution,Wettability&Flowability
1.3.1. Dissolution and Absorption
Dissolution is the process of a solute dissociating in a solvent and forming a chemically and physi-
cally homogeneous solution at the molecular level [25]. Dissolution of a powder mainly involves
two overlapping steps: deaggregation of agglomerates to �ne particles and dissolution of �ne
particles to molecules in solution. Still, also direct dissolution of agglomerates can occur. During
the deaggregation step, the solute agglomerates are reduced to �ne particles by intermolecular
interactions with the solvent. The decrease in particle size of the solute powder leads to an increase
in total surface area available for dissolution, allowing optimum interaction with the solvent. The
dissolution step, in turn, consists of two sub-steps: wetting and di�usion. Wetting of the solute by
the solvent consists of removing air from the solute particle surface and establishing an e�ective
interfacial contact between solute and solvent [25]. The ability of a solvent to wet a solute depends
on surface tension. As body �uids are aqueous solutions, a hydrophilic solute is desirable for an
e�ective wetting. By adding surfactants which reduce surface tension, wetting can be improved
in-vitro. After wetting, the molecules of the solute �ne particles pass through a di�usion gradient,
referred to as di�usion layer, until the particles completely dissolve and enter the bulk solution.
To accelerate di�usion, the thickness of the di�usion layer can be decreased in-vitro by stirring.
Yet, the di�usion sub-step is usually rate limiting, as deggregation and wetting can be more easily
addressed [25].
In pulmonary drug delivery, the deaggregation step does not occur in contact with the lung �uid,
but already during aerosolization through inhalation, as only deaggregated particles below 5 µm are
able to reach the deep lung. After particle deposition on the airway surface, drug dissolution, which
is dictated by the drug solubility in the lung surfactant and by the particle surface area, takes place
[26]. The drug dissolution process is accompanied by mucociliary clearance of undissolved drug
predominantly in the central airways and phagocytosis by alveolar macrophages of the particulate
matter between 0.5 and 5 µm in the peripheral airways [26, 27]. The dissolved drug permeates
across the epithelium and is absorbed into the airway tissue, where it can interact with its target
for local treatment, thus exerting its pharmacological action, before di�using out into the systemic
circulation [26]. The clinical performance of an inhaled medicine depends on the availability,
i.e., the concentration-time pro�le, of the drug at its target. To optimize the target exposure for
the desired therapeutic e�ect, the design of the inhalation device and formulation, that deliver
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the inhaled drug to the lungs, as well as the physicochemical properties of the drug particles and
molecules, that govern their dissolution and absorption in the lung tissue, need to be accurately
tailored. Especially for poorly water-soluble drugs, which represent the majority of orally inhaled
APIs, dissolution is the rate-limiting step [28]. This means that by modifying the dissolution rate,
it is possible to e�ectively control the delivery of inhaled drugs.

Pharmaceutical formulations for delivery of a drug over a prolonged period of time, i.e., replacing
multiple doses with a single dose, have revolutionized the pharmaceutical industry [29]. The aim
is to provide a constant concentration of the drug for a speci�c length of time. Conventional
pharmaceutical formulations rely on immediate drug release, which results in an abrupt increase
in the drug concentration in the systemic circulation followed by a rapid reduction within a short
period of time (see Figure 1.4). Repeated dosing is required to maintain the drug concentration
within the therapeutic window, i.e., the range between the minimum concentration required for
the desired e�ect and the maximum concentration below the toxic threshold, for a longer period of
time. The �uctuations of plasma drug level can be toxic and also result in poor drug e�ectiveness.
In contrast, controlled-release systems present various advantages: (i) constant drug level within the
therapeutic window, (ii) lower drug concentration in the body, which reduces the side e�ects, (iii)
improvement in patient compliance by decreasing the drug administration frequency, i.e., a patient
is more likely to take a single daily dose than multiple doses. It is known that non-adherence to
pharmacological treatment of asthma and COPD, which results in deteriorated symptom control
and lung function, is associated with lower quality of life and higher healthcare utilization and
cost [30]. Furthermore, controlled-release formulations can assist drugs in crossing physiological
barriers, protect drugs from premature elimination, target drugs to the desired action site and
minimize drug exposure in other parts of the body [31]. Such concepts can be applied to drugs
delivered orally, injected, or inhaled. For instance, to extend drug release in the lungs, the most
investigated approach relies on particulate carriers, e.g., polymeric carriers, micelles, dendrimers,
liposomes, solid-lipid nanoparticles and PEGylated conjugates, where the dominant drug release
mechanism involves drug di�usion through the carrier material [32]. Still, such strategies can only
o�er limited drug loadings, up to at best 50%, which lower the amount of drug delivered for the
same �ne particle fraction [32–34], thereby emphasizing the need for novel formulations.
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Figure 1.4: Hypothetical plasma concentration-time pro�les from conventional multiple dosing and single doses of con-
trolled drug delivery.
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1.3.2. Wettability andDispersibility
Wettability is the ability of a liquid to stay in contact with a solid surface, and it is driven by the
balance between liquid-to-solid and gas-to-solid, i.e., adhesive, and liquid-to-liquid, i.e., cohesive,
interactions. For wetting to occur, liquid molecules must push away the gas molecules adsorbed
at the solid surface and bind with the solid molecules [35]. If the liquid-to-solid adhesive forces
are stronger than both gas-to-solid adhesive and liquid-to-liquid cohesive forces, wetting takes
place. Hard solids such as glass, ceramics and metals, which are characterized by strong chemical
bonds such as covalent, ionic and metallic bonds, exhibit excess energy at the surface, making them
wetted by most liquids, as that decreases the interfacial energy. On the other hand, solids such as
polymers, which are held together by weak forces such as Van der Waals and hydrogen bonding,
are hard to wet [36]. Generally, the wettability is measured by optically quantifying the contact
angle formed by the liquid of interest on the solid surface. One of the most common techniques
for measuring contact angle is the sessile drop technique where a liquid droplet is placed on a solid
surface and the contact angle formed at the three-phase (liquid-solid-vapor) boundary is measured
[37]. For powder samples, this method requires either the compaction of powder into a disc or
the simple formation of a powder layer, followed by the measurement of the contact angle. If the
liquid is water, the material is classi�ed as hydrophilic when the contact angle is below 90°, and as
hydrophobic when it is above 90°.
Improved water wettability of pharmaceutical powders facilitates their dispersibility, which is their
ability to break down into particles, when in contact with body �uids, thus easing deaggregation
and wetting steps in the dissolution process. Besides being an important step in dissolution
[38–40], wettability of pharmaceutical particles plays an importante role in the dispersibility of
liquid-based dosage forms [41], �owability of powders [42–44] and solid-state stability of moisture-
sensitive materials [45, 46]. In pulmonary drug delivery, tailoring the wetting properties of inhaled
powders is relevant to improve bioavailability of poorly-soluble drugs, enhance the dispersion
of formulations in nebulizers and pMDIs, prevent moisture ingress in DPI formulations [47].
Moreover, control over powder wettability is crucial for several pharmaceutical dosage forms for
oral and parenteral delivery.

1.3.3. Flowability and Aerosolization
The �ow properties of powders depend on multiple particle characteristics, such as size, shape,
density, chemical composition, hygroscopicity and surface roughness [48]. For instance, the
�owability is increased if the powder particles are large, i.e., from the high micrometer range
upwards, instead of small, i.e., low micrometer and nanometer ranges; are spherical instead of
irregularly shaped, elongated or sharp-edged; have smooth surfaces instead of wrinkled. Such
particle characteristics determine the inherent strength of the inter-particulate forces of attraction,
usually referred to as cohesive forces, which hold particles close to their neighbours, thereby
preventing their mobility. The in�uence of cohesive forces typically dominates powder behaviour
in several process operations such as �lling, mixing, conveying and applications such as dry powder
inhalers [49, 50]. It is therefore crucial to accurately identify and quantify the cohesive forces so as
to understand how to improve the powder �owability [51].
Generally, the interparticle cohesive forces are a combination of intermolecular Van der Waals
force, electrostatic Coulomb force and capillary force [52]. The capillary force is negligible in
dry and hydrophobic powders, but signi�cant in moist bulk powders. In this case, liquid bridges
form in between the particles, thus inhibiting their independent movement. The electrostatic
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chargeability is described by the Coulomb force, and depends on the type of particles, some of
which can be easily charged, hence altering the force balance within the powder and a�ecting
behaviour. The intermolecular Van der Waals force consists of three parts: the Keesom force
between permanent dipoles, the Debye force between permanent and induced dipoles, and the
London dispersion force between instantaneously induced dipoles. An estimation of the Van
der Waals interaction can be obtained by the Hamaker’s method, which provides the so-called
Hamaker constant, characterizing each material. The magnitude of this constant indicates the
strength of the Van der Waals force. For dry �ne powders at rest, especially if organic, the Van der
Waals force is the dominating cohesive force leading to their poor �owability [53].
Pharmaceutical powders for inhalation have aerodynamic particle size distributions ranging from
0.1 to 5 µm, and are therefore inherently cohesive. Particles that are smaller than 0.1 µm tend to be
mostly exhaled, whereas particles larger than 5 µm tend to be deposited in the oropharyngeal areas
and be swallowed [11]. To enhance �ow and aerosolization properties of particles in the inhalable
range, they are attached to the surface of large carrier lactose particles, from which they detach
during inhalation. To maximize therapeutic e�cacy and minimize side e�ects, it is desirable to
achieve a drug dose deposited in the lungs as close as possible to the delivered dose, i.e., powder
fraction escaping the inhalation device, avoiding unwanted drug deposition in mouth and throat,
or even better to the metered dose, i.e., powder in the inhalation device, avoiding drug retention in
the device and reducing waste and cost. Generally, lung deposited doses of commercial inhaled
products lie around 15–50 % of the metered dose [47, 54, 55]. The objective of today’s and future
inhalation products is thus to deliver higher drug doses to the lungs or in other words increase
the aerosolization e�ciency. Formulations with high lung deposition and low throat deposition
can also signi�cantly decrease the clinical variability arising from air�ow-dependent inhalations.
However, to enable drug delivery at lower inspiratory �ow rates, formulations including carriers
or large porous particles or loose agglomerates are only presently available, which reduce the lung
deposited dose for the same metered dose [11]. A limitation in current inhaled products is thus
the di�culty of delivering high drug doses to the lungs, while retaining high drug loadings in the
formulation.

1.4. SurfaceModificationof Pharmaceutical Particles
Surface modi�cation, coating and encapsulation technologies provide the means to tailor the
functionalities of pharmaceutical particles. Crucial properties such as dissolution, �owability,
dispersibility, wettability, taste-masking, biocompatibility and solid-state stability can be simply
tuned by altering the surface characteristics. In the last decades, several wet and dry methods have
been developed for coating pharmaceutical powders [56–62]. In liquid-phase processes, the coating
material, typically a mixture of polymers, pigments and excipients, is dissolved or dispersed in an
organic solvent or water to create a coating solution or dispersion, which is then sprayed onto the
particle surface and dried through solvent evaporation to form the coating shell. For instance, in
microencapsulation, the most common liquid-phase particle coating technique, individual particles
of pharmaceutical substances are enveloped into large polymeric shells with varying degrees of
porosity, resulting in the formation of microparticles, microcapsules and microspheres [56, 63, 64]
(see Figure 1.5). Wet chemistry synthesis, despite its simplicity, presents several drawbacks: (i) high
energy consumption due to the evaporation of organic and aqueous solvents, (ii) long processing
time to obtain smooth coating surface and to safely recycle organic solvents, (iii) environmental
pollution arising from highly volatile organic solvents and (iv) contamination stemming from
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residual solvent in the shell material [65]. Such disadvantages have led to the development of dry
coating processes.

PVD CVD ALDLiquid-phase
encapsulation

Figure 1.5: Schematic representation of coating characteristics on irregularly shaped particles via liquid-phase and gas-
phase, i.e., PVD, CVD and ALD, processes.

In dry particle coating, submicron-sized guest particles are attached through mechanical forces
to the surface of larger, micron-sized host particles to form a discrete or continuous coating
of guest particles [66]. Conventional dry coating techniques include compression coating, UV
photocurable coating, supercritical �uid-based coating, hot-melt coating, electrostatic spray powder
coating and dry polymer powder coating [59]. While avoiding the use of water and organic solvents,
such approaches have still limited control over the coating thickness and o�er poor drug loading of
the coated particles. Physical and chemical vapor deposition (PVD and CVD) have the potential to
increase the drug loading of traditional gas-phase coating processes. PVD involves the evaporation
of a target material by thermal evaporation or sputtering, i.e., bombardment with accelerated
ions, to produce a vapor that is transported and deposited on the substrate, e.g., particles. For
example, salbutamol sulfate particles have been coated with l-Leucine by PVD [61]. Within the
PVD methods, pulsed laser deposition (PLD) has also been used to fabricate ultra-thin coatings
of poly(lactid-co-glycolic acid) (PLGA) on budesonide particles [62, 67]. However, both PLD
and PVD are typically line-of-sight processes, meaning that are not suitable to uniformly coat
complex three-dimensional structures, often resulting in low deposition quality on irregularly
shaped particles (see Figure 1.5). Furthermore, the PVD �lms are not chemically bonded to the
surface, which reduces their e�ect on surface properties. Instead, CVD involves the introduction
of a continuous �ow of one or more chemical precursors over the substrate which may react both
in the gas phase and directly on the substrate. The CVD reaction can be favored by temperature,
ultraviolet light, plasma discharge or a sacri�cial molecule called initiator. Being not limited to
line-of-sight deposition, CVD can potentially coat substrates with complex geometries, generally
achieving higher conformality than PVD (see Figure 1.5). However, the level of uniformity and
conformality of CVD �lms is not yet su�cient for pharmaceutical properties that vary at the low-
nanoscale. Moreover, both PVD and CVD are typically operated at high temperature and vacuum.
While initiated CVD operates at low temperatures, i.e., 20–60 °C, and is therefore suitable for
heat-sensitive substrates, such as pharmaceuticals, it is designed for �lms in the high nanoscale
range, generally >100 nm, and is not able to achieve conformal �lms on cohesive powders [68]. In
addition, vacuum operation is not desirable for potential scale-up. Therefore, there is an urgent
need to develop scalable and cost-e�ective processes which provide conformal �lms in the low
nanometer range, that maximizes the drug loading, on large quantities of small, i.e., micro- to
nano-sized, pharmaceutical particles required for practical applications.
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1.5. Atomic andMolecular Layer Deposition
Atomic layer deposition (ALD) and molecular layer deposition (MLD) are �lm fabrication meth-
ods that enable sub-nanoscale control over the �lm thickness, uniformity and conformality by
relying on sequential self-terminating surface reactions. Contrary to conventional CVD, two or
more gaseous reactants are delivered alternatively to the substrate surface where they react and
chemisorb, and moreover are separated by purge steps to remove unreacted reactants and reaction
by-products. As shown in Figure 1.6, the ALD and MLD processes proceed through 4 steps: (i) a
precursor pulse where a �rst reactant reacts with the surface functional groups of the substrate,
(ii) a purge step, (iii) a co-reactant pulse where a second reactant reacts with the ligands of the
chemisorbed precursor, and (iv) a purge step. These steps de�ne an ALD or MLD cycle. By
repeating these reaction cycles, controlled deposition of sub-nanoscale and nanoscale �lms of
various nature, i.e., inorganic, such as metals, oxides, nitrides and sul�des, in ALD, organic, i.e.,
polymers, in MLD and hybrid inorganic-organic in hybrid ALD/MLD, can be achieved. The
amount of material and thus the �lm thickness deposited in each cycle are referred to as ‘growth
per cycle’ (GPC), which is typically less than a monolayer [69, 70]. The sub-monolayer growth
mainly arises from the steric hindrance of the precursor ligands which block the access of the
incoming precursor to part of the surface. Steric hindrance is therefore often behind the saturation
of the substrate surface in the self-limiting reacting steps. Alternatively, surface saturation can be
caused by the limited number of active sites, which can prevent the maximum ligand coverage [71].

ALD/MLD
cycle

Precursor pulse Purge

Purge Co-reactant pulse

Figure 1.6: Schematic representation of the ALD and MLD processes: (i) exposure of the particle surface to the �rst
precursor, a metal-containing compound in ALD or bifunctional organic compound in MLD, and reactions between
precursor and surface active sites (e.g., –OH groups); (ii) purge of excess precursor and reaction by-products with inert
gas; (iii) exposure of the particle surface to a co-reactant, typically H2O or oxygen in ALD or another bifunctional organic
compound in MLD, and reactions between co-reactant and precursor ligands; (iv) purge of excess co-reactant and reaction
by-products with inert gas. The 4 steps constitute one ALD or MLD cycle.

1.5.1. ALD onOrganic Substrates
Traditionally, ALD has been used to deposit functional ultrathin conformal �lms on inorganic
substrates with complex geometries such high-aspect-ratio structures for semiconductor devices,
porous media and powders [72–75] (see Figure 1.5). In the last decade, the variety of substrates
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has been broadened to several organic materials such as spider silk, collagen membranes, proteins,
viruses, �bers and polymers [76–78]. During ALD on biomaterials and polymers, precursors can
in�ltrate, thereby considerably enhancing the mechanical properties of the resulting composites.
While ALD on solid inorganic substrates proceeds through surface active sites, organics can
lack reactive functional groups and moreover are often permeable to aggressive ALD precursors
such as trimethylaluminum (TMA). As a result, ALD on organic substrates can lead to a range
of morphologies, depending on the three-dimensional distribution of functional groups [79].
Figure 1.7 shows a schematic representation of the Al2O3 ALD process on di�erent organic surfaces,
with and without surface OH groups for ALD nucleation. In the case of materials with a large
density of hydroxyl groups, such as cellulose cotton, most TMA reacts at the surface, resulting
in well-de�ned �lms nearly as thin as those on inorganic substrates. Instead, in materials lacking
surface hydroxyl groups, such as polypropylene, TMA does not readily react at the surface, but
di�uses inside, leading to sub-surface Al2O3 growth and thus thick �lms consisting of a mixture
of Al2O3 and organic substrate [80]. Such features, mainly characteristic of Al2O3 ALD, must be
considered in ALD growth on pharmaceuticals exhibiting a diverse chemical structure and density
of surface functional groups.

OH-rich organic

TMA 1st pulse

OH-poor organic

TMA 1st pulse

Figure 1.7: Schematic reaction schemes of Al2O3 ALD on organics with (left) and without (right) hydroxyl functional
groups. On OH-rich organic substrates, TMA reacts with surface OH groups, mainly resulting in surface growth. Instead,
on OH-poor organic substrates, TMA in�ltrates leading to sub-surface growth.

Other important parameters a�ecting the growth in the ALD process are the operating temperature
and pressure as well as the precursor exposures. Pharmaceutical materials are typically heat-sensitive,
and therefore the deposition temperature needs to be minimized ideally to room temperature.
In addition, for process scale-up considerations, operating at atmospheric pressure is preferable
over conventional vacuum due to the lower equipment cost and complexity. However, removing
unreacted precursors during the purging steps becomes challenging at ambient conditions, given
their low tendency to evaporate. Therefore, when pulsing excess reactants, they would accumulate
on the substrate surface, undermining the ideal ALD self-limiting behaviour and contributing
to additional growth by CVD components in the subsequent half-reaction [81]. Appropriately
selecting precursor exposures as close as possible to the saturation point is thus crucial to minimize
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CVD reactions and retain control over �lm conformality.

1.5.2. MLD andHybrid ALD/MLD
While ALD was originally developed in the 1960s [82] and 1970s [83, 84], its organic version, known
as MLD, has more recent origins dating to 1991 [85]. While ALD makes use of a metal-containing
precursor and a speci�c co-reactant, e.g., O2, O3 and H2O for pure metals and oxides [70], NH3
for nitrides [86] and H2S for sul�des [87], MLD uses in both reacting steps bifunctional organic
precursors that undergo condensation polymerization reactions to form organic polymers [88].
The MLD �lms produced so far are polyesters by combining diacyl chloride and diol, polyamide by
diacyl chloride and diamine, polyimides by dianhydride and diamine, polyimines by dialdehyde and
diamine, polyureas by diisocyanate and diamine, polythioureas by diisothiocyanate and diamine,
and polyurethanes by diisocyanate and diol [89–91]. Generally, to ensure the feasibility of the MLD
growth, precursors must exhibit su�cient vapor pressure, reactivity and stability at the reaction
temperature. However, the choice of organic precursors for MLD is signi�cantly reduced by the
interdependence of their vapor pressure and thermal decomposition. Organic precursors usually
have low vapor pressures, which require an increase in temperature to attain viable vapor amounts
for an e�ective MLD process. On the other hand, the relatively low thermal decomposition
temperature of organic precursors limits the extent to which vapor pressure can be increased, thus
ruling out several organic compounds. The organic precursors currently used in MLD are therefore
small organic molecules with a few functional groups, typically two [89]. Another challenge of
MLD is the limited number of polymers that can be synthesized. Unlike solution-based techniques,
where the synthesis is facilitated by solvents and catalysts, MLD can only rely on the formation of
polar linkages such as ester or urea bonds. Deposition of polymers like polyethylene, polystyrene
and polyvinyl chloride is almost unfeasible due to the lack of polar linkages [89].
Similarly to the GPC in ALD which is less than a monolayer, the GPC in MLD is typically far below
the molecular length of the monomer added at each growth cycle. This is attributed to the tilted
orientation of the polymer chains and the decreased number of active sites arising from double
reaction terminations of the bifunctional organic precursors [92–94]. Moreover, in MLD on high-
surface-area substrates, such as powders, which require large amounts of precursors for surface
saturation, relatively high precursor vapor pressures and thus relatively high reaction temperatures
are desirable. Yet, MLD precursors tend to increasingly desorb with increasing temperatures,
resulting in a lower GPC [95]. Therefore, a balance between precursor vapor pressure, which
mainly a�ects the process throughput, and desired GPC needs to be considered in the choice of
the MLD deposition temperature. It is worth pointing out that not only pure MLD, except for
the polyurea system, has not been widely investigated on conventional �at substrates, but also it
has not yet been studied on bulk �ne primary particles.
In the late 2000s the two techniques of ALD and MLD were combined to fabricate hybrid
inorganic–organic �lms. In particular, hybrid ALD/MLD combines the ALD metal precursor
with the MLD bifunctional organic co-reactant, such as diols, to create a class of materials referred
to as metal alkoxides or ‘metalcones’ [96, 97]. The most researched metalcones have been alucones,
zincones and titanicones by TMA, diethylzinc and titanium tetrachloride (TiCl4), respectively,
and various diols [78, 89–91]. The vast range of organic precursors available from organic chemistry
leads to a large variety of possibilities for hybrid �lms. The opportunity to mix inorganic and
organic compounds and their relative fraction in the �lm by using di�erent organic co-reactants
in the same process can result in a broad spectrum of �lm properties. Moreover, the inorganic and
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organic fractions can be further adjusted by combining hybrid ALD/MLD cycles with ALD cycles.
Controlling the inorganic and organic proportions in nanoscale �lms enables a �ne tuning of the
mechanical and chemical properties, such as density, refractive index, elastic modulus and hardness.
For instance, given the major contribution of the organic fraction in terms of mass in hybrid �lms,
the resulting �lm density is typically close to that of organic polymers. The combination of hybrid
ALD/MLD and ALD can shift the �lm density to higher values due to the increased inorganic
fraction. Furthermore, hybrid �lms not only have properties characteristic of the ALD and MLD
materials, but can also display new functionalities, making them attractive for various applications
such as lithium-ion batteries and catalysis [91].

1.6. Thesis Objective
This project, funded by AstraZeneca, a leading multinational pharmaceutical company, is product-
driven and focused on process development. The goal is to develop atomic-scale surface engineering
processes for drug and excipient particles, especially for pulmonary delivery, to control their release
and improve their �owability and dispersibility. The experimental work was carried out both
at TU Delft and the AstraZeneca R&D centre in Gothenburg. Speci�cally, this thesis aims at
answering the following questions:

1. How does the ALD growth proceed on pharmaceutical particles exhibiting a diverse chemi-
cal structure and density of hydroxyl groups, e.g., lactose and budesonide?

2. What is the relationship between ALD �lm properties, i.e., composition and thickness, and
performance of the resulting core-shell structures in terms of dissolution, �owability and
wettability?

(a) As the ceramic ALD �lms are water-insoluble, how does dissolution of the core
material take place? What is the dissolution mechanism? Can one control the drug
release by simply varying the �lm thickness?

(b) Can ALD provide controlled delivery of inhaled drugs, e.g., budesonide, in terms of
lung deposition, dissolution and absorption?

(c) Do ALD materials retain the safety and integrity of the pharmaceutical substrates?

3. Is it possible to deposit uniform and conformal, purely organic �lms by MLD on gram-scale
�ne primary particles? Can particle MLD �nd applications of industrial interest?

4. How does the organic fraction in MLD and hybrid ALD/MLD �lms a�ect particle func-
tional properties, e.g., wettability?

1.7. Outline
In addition to this introduction chapter on the relevance of atomic and molecular layer deposition
for pharmaceuticals, this thesis consists of four chapters corresponding to four papers published
or submitted to peer-reviewed journals, and a �nal conclusion chapter with an outlook on future
research and opportunities.
The second chapter illustrates the Al2O3 ALD growth on lactose particles with di�erent median
particle sizes, i.e., 3.5 and 21 µm, using H2O or O3 as a co-reactant, and establishes a �rst link
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between �lm uniformity and conformality, and particle functional properties such as dissolution
and dispersibility. Deterioration of the �uidization behaviour, either due to the use of H2O or
processing of low-micron-sized particles, is mainly associated with the reduction in uniformity
and/or conformality of the Al2O3 �lms. O3, instead, minimizes the contribution of CVD compo-
nents and the formation of large agglomerates during �uidization, thus resulting in more uniform
and conformal �lms, provided that the initial powder �uidization quality is su�cient. More
uniform �lms translate into slower dissolution rates. Furthermore, the Al2O3 �lms improve the
dispersibility of the lactose particles in water and ethanol.
The third chapter presents the deposition of Al2O3, TiO2 and SiO2 �lms by ALD to simulta-
neously tailor the release and aerosolization properties of budesonide particles, a commercial
corticosteroid for the treatment of respiratory diseases, without the need for lactose carrier. The
ceramic nanoscale �lms provide micronized budesonide particles with slower release with increas-
ing nano�lm thickness, regardless of the nature of the material, and an up to ∼2-fold increase
in �ne particle fraction, i.e., the % of particles smaller than 5 µm, also applying very low patient
inspiratory pressures. The transport of dissolution media through the ALD �lms is mainly behind
the release mechanism of ALD-coated budesonide. The reduction in interparticle force, mainly
a�ected by the Van der Waals force, of ALD-coated budesonide, due to the ceramic surfaces, is
associated with the increase in �ne particle fraction. Moreover, the ceramic ALD �lms retain the
safe and e�cacious characteristics of budesonide, thereby demonstrating the potential of ALD for
controlled pulmonary drug delivery systems.
The fourth chapter reports pure MLD of ultrathin poly(ethylene terephthalate) (PET) �lms
on gram-scale TiO2 nanoparticles. Sub-nanoscale and low-nanoscale PET �lms provide TiO2
P25 nanoparticles, a commercial photocatalyst, with suppressed photoactivity and improved
dispersibility in aqueous and organic media, while retaining their bulk optical properties, electronic
structure and surface area. This work shows the industrial relevance of MLD to tune crucial
functional properties of commercial TiO2 P25 nanopowders, which are relevant for their use as
white pigments in paints or UV-screening agents in sunscreens.
The �fth chapter describes the application of ALD, MLD and hybrid ALD/MLD to tune the
wettability of drug powders, i.e., budesonide, from high and mild hydrophilicity to superhydropho-
bicity. In particular, the ceramic ALD �lms convert the originally hydrophobic budesonide into
highly hydrophilic powders, the titanicone hybrid ALD/MLD �lms into mildly hydrophilic, and
the purely organic PET MLD �lms into superhydrophobic. Modifying the wetting properties
of drug powders is relevant to improve bioavailability, enhance the dispersion of liquid-based
formulations or prevent moisture ingress in sensitive materials.
The sixth chapter summarizes the main results of this thesis and limitations of the used approach
as well as outlines technical solutions and future opportunities for ALD and MLD on pharmaceu-
ticals and food substances.
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2
Atomic Layer Deposition of Al2O3 for
Extending Dissolution and Enhancing
Dispersibility ofMicronized Lactose

The morphology, size, and surface properties of pharmaceutical particles form an essential role
in the therapeutic performance of active pharmaceutical ingredients (APIs) and excipients as
constituents in various drug delivery systems and clinical applications. Recent advances in methods
for surface modi�cation, however, rely heavily on liquid-phase-based modi�cation processes and
a�ord limited control over the thickness and conformality of the coating. Atomic layer deposition
(ALD), on the other hand, enables the formation of conformal nanoscale �lms on complex
structures with thickness control on the molecular level, while maintaining the substrate particle
size and morphology. Moreover, this enables nanoengineering of surfaces of pharmaceutical
particles also in the dry state. Successful nanoengineeering of crystal and amorphous surfaces of
pharmaceutical particles is demonstrated in this study whereby functional properties, such as
dissolution and dispersibility, were tailored for drug delivery applications. This expands on our
initial work on ALD of alumina on pharmaceutical particles within the lower micro- to higher
nanosize ranges to here probe both crystalline and amorphous lactose substrate surfaces (d50=
3.5 and 21 µm). In addition, both water and ozone co-reactants were evaluated, the latter having
not been evaluated previously for pharmaceutical particles. The deposition process is carried
out at ambient conditions in a �uidized bed reactor for a low number of cycles (i.e., from 4 to
14). Improved dissolution and extended release were achieved by the ALD nanoengineering of
both crystalline and amorphous surfaces. This novel concept opens up exciting opportunities
to produce more complex materials and structures using temperature- and moisture-sensitive
drugs, e.g., targeting and drug delivery opportunities, as well as delivering new functionalities for
novel applications in the pharmaceutical, medical, biological, and advanced materials �elds. The
prospects for advancing inhaled drug delivery are exempli�ed by the ALD surface nanoengineering
concept.

This chapter has been published in ACS Applied BioMaterials 2, 1518–1530 (2019).

23

https://doi.org/10.1021/acsabm.8b00805


2

24 2. ALD of Al2O3 for Altering Dissolution andDispersibility of Lactose

H2O or O3

TMA

Al2O3-nanoengineered 
surface

Before
After

50 µm

Drug delivery 
benefits

20 µm

Pharmaceutical 
substrate

ALD

+

2.1. Introduction

A ctive pharmaceutical ingredients (APIs) and pharmaceutical excipients are most often small-
molecule organic solid particulate materials present in the form of powders, granules, etc.

Such particles are usually irregularly shaped with surfaces of high rugosity and along with particle
size play an important role in pharmaceutical and clinical applications. Pharmaceutical powders are
often cohesive and may lead to processing problems during manufacturing, such as agglomeration
and poor �ow or segregation. The surface chemistry of pharmaceutical particles also has a strong
in�uence on their dissolution behavior in formulated products [1]. Many pharmaceutical particles
are sensitive to temperature and humidity. Often the amorphous phase may be induced during
processing, particularly at surfaces, e.g., micronization, and may lead to charged material. The
amorphous phase is a high-energy state which is unstable with respect to the crystalline form,
thus making the amorphous pharmaceutical materials sensitive to humidity. The stabilization
of solid-state forms (e.g., amorphous, metastable polymorphs, hydrates) during pharmaceutical
manufacture and shelf life brings additional challenges. There is, therefore, an unmet need for
technological solutions to provide surface modi�cation of pharmaceutical powders that leads to
functional improvements at both the single particle and powder levels. Additional challenges such
as dispersibility of powders are common within drug development, for example, inhaled drug
delivery.
Current approaches for coating pharmaceutical particles have limited control over the thickness
and conformality of the coating and do not provide control at the atomic or molecular scale. On
the other hand, atomic layer deposition (ALD) has been widely used for functional pinhole-free
thin-�lm deposition on inorganic substrates with applications in solar cells, semiconductors [2, 3],
ceramics, and medical devices [4]. Reported studies of ALD on particulate organic substrates
have been limited to a few studies based on polymeric materials [5, 6], and only very recently we
[7], and others [8–10], have published on pharmaceutical materials. In our recent work, we have
demonstrated that alumina thin �lms at the atomic scale can be deposited on pharmaceutical
particles via ALD using TMA and water precursors under near ambient conditions using an assisted
�uidized bed reactor [7]. As few as 2–14 coating cycles successfully altered particle properties such
as dispersibility and dissolution. The deposition of alumina �lm on budesonide could be precisely
controlled and was very close to an ideal ALD process. ALD of metal oxides on minitablets [9]
and acetaminophen primary particles [8] in the size range of tens to hundreds of microns has been
reported by Kääriäinen et al. The studies showed that ALD permits a simple and rapid method for
the ultrathin coating (nanolayering) of minitablets and provided nanoscale range TiO2 coatings
on porous minitablets [9]. The ALD-surface-coated acetaminophen particles with Al2O3, TiO2,
and ZnO thin �lm did not undergo degradation during the ALD coating process and maintained



2.1. Introduction

2

25

the stable polymorphic crystalline form. The coated acetaminophen particles showed slowed drug
release [8]. Hellrup et al. have developed dense metal oxide nanoshells on particles of spray-dried
amorphous lactose via ALD [10]. The deposition process did not induce recrystallization of the
amorphous lactose, and the so-called nanoshells (5 sets of 50 cycles) inhibited moisture sorption
during the storage at 75% RH for 6 months and therefore e�ectively protected the amorphous
structures from recrystallization [10]. In these related works ALD cycles of 20–500 were used, and
water vapor was applied as a co-reactant with operating temperatures above 50 °C.
The biocomptability of aluminum and alumina (Al2O3) is well studied and summarized in Refs
[7, 8]. The data are encouraging for the use of alumina thin-�lm-coated pharmaceutical particles
for clinical applications. Al2O3 is one of the widely studied materials grown by ALD to improve
oxygen and moisture barrier properties of synthetic and biobased plastics, biopolymers, and
�ber-based materials and, therefore, has great potential for controlling drug dissolution rates [11].
ALD of alumina thin �lms using trimethylaluminum (TMA) and water under ambient conditions
has been extensively reported for other applications due to the ease of the process: the reaction of
the highly reactive precursor trimethylaluminum [Al(CH3)3] (TMA) and water vapor runs easily,
even under ambient conditions [12]. The deposition mechanism is shown in Equation (2.1) below
[13]:

2Al(CH3)3+3H2O→Al2O3+6CH4 (2.1)

One drawback is, however, that the OH radical acts as an impurity at the interface and may degrade
the quality of the alumina �lms [14]. In addition, water can adsorb on reactor walls and is di�cult
to purge [15]. These disadvantages are more pronounced when operating at room temperature.
The use of ozone (O3) as an oxygen source in metal-oxide ALD has been studied to overcome the
limitations in TMA/H2O ALD. The following reaction takes place (Equation (2.2)) [16]:

2Al(CH3)3+O3 →Al2O3+3C2H6 (2.2)

The high electrochemical potential of ozone, which shortens purge times between cycles, o�er fast
reaction rates and signi�cant advantages throughout the ALD process. The absence of hydrogen
in the ozone molecule results in a reduced risk of hydrogen and hydroxyl contamination in the
growing �lm. Compared to TMA/H2O, alumina �lms deposited using TMA/O3 have been
shown to result in an improved surface morphology and superior quality for microelectric devices
and less defects (such as Al–Al and OH bonds), demonstrating improved interface characteristics
[14]. Greatly improved �lm uniformity, coverage and deposition rate have been indicated with the
TMA/O3 because of accelerated TMA nucleation [17].
In the recent papers on coating pharmaceutical substrates using ALD [7–10], water is the only
oxidant demonstrated. For hygroscopic materials and those with poor processability, using water
under ambient conditions carries the risks of inducing degraded �lm quality and poor process con-
trol. The aim of the present study was therefore to extend the successful coating of pharmaceutical
particles by ALD to also include evaluation of co-reactants for ALD. This study comprises the
�lm deposition process contrasting TMA/ozone to TMA/water for micronized lactose particles
with two sizes (d50= 3.5 and 21 µm) and surface structure (crystalline and amorphous) at ambient
conditions together with advanced particle characterization.
Lactose is a simple sugar found in milk and is widely used in the pharmaceutical industry [18]. The
most well-known crystalline forms are α- and β-lactose. Lactose can also be readily produced in the
amorphous form. Herein, lactose is used as a model material since it exhibits properties commonly
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seen in pharmaceutical materials, e.g., polymorphism, hydration, and readily available amorphous
forms. The objectives of this work are to explore:

1. Potential advantages of ozone as an oxidant compared to water for ALD processing and
engineering high quality conformal coatings of pharmaceutical particles;

2. The e�ect of particle size and the impact of particle surfaces (crystalline vs amorphous) on
ALD processing, quality of coatings, and any di�erences oxidants have.

Evaluation of the coatings and single particle and bulk property functional testing is carried
out using tools developed in our earlier work [7]. In addition, solid-state changes during ALD
processing were probed using thermal chemistry and advanced solid-state characterization.

2.2. Experimental
2.2.1. Materials
Semiconductor grade trimethylaluminum (TMA) was purchased from Akzo Nobel HPMO
(Amersfoort, The Netherlands) in a 600 mL stainless steel bubbler (WW-600). Milled α-lactose
monohydrate particles Lactohale 201 (L20 µm) (d50= 21 µm) and Lactohale 300 (L3 µm) (d50= 3.5
µm) were donated by DFE pharma (Germany). The as-received particles were used as reference
(ref) samples. The speci�c surface area (SSA) of the sorption surface area analyzer (Micromeritics
TriStar 3000 or TriStar 3020, United States). About 1–1.5 g of particles was used for the BET
surface area measurements. Prior to the measurement the particles were degassed for at least 3 h at
25 °C using SmartPrep or VacPrep (Micromeritics, United States). For each sample 2–4 parallel
tests were carried out.
To study the changes in the structures of the samples during the ALD process, dehydrated samples
of the reference particles were prepared either by thermal gravimetric analysis (TGA) or by heating
around 5 g of powder on an aluminum foil in an oven, either in air or under vacuum conditions.
The details of the dehydration conditions and the resulting BET surface are listed in Table 2.1.
The degree of dehydration was calculated based on the measured weight before and after the
dehydration, assuming water removed by TGA was originating from the structure of α-lactose
monohydrate in the initial sample.

Sample Dehydration conditions Dehydration degree BET SSA (m2/g)

L20 µm under vacuum at 60 °C for 27 h 25 % 0.98

L3 µm

under vacuum at 60 °C for 23 h 76 % 4.94

in air at 120 °C for 20 min 97 % -

by TGA at 80 °C for 20 min 47.5 % -

by TGA at 110 °C for 20 min 100 % -

Table 2.1: Dehydration treatment of bare L20 µm and L3 µm under di�erent conditions.

2.2.2. ALD Experiments
Fluidization is one of the most e�ective techniques available to disperse micro- and nanometer
sized particles [19]. It has been used in ALD processes to ensure a good dispersion of particles [20].
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However, �ne particles tend to form agglomerates during the �uidization due to the large cohesive
forces exhibited by organic �ne particles [19]. On one hand, this is desired since it prevents the
blow-out of �ne particles. On the other hand, too severe agglomeration will lead to poor mixing.
For cohesive powders, it is often necessary to apply an assisting method, such as vibration [21], to
obtain proper �uidization. A general description is included here. Al2O3 �lms were deposited in a
purpose-built �uidized bed reactor consisting of a glass column of 26 mm in diameter and 500
mm in length, placed on a single motor Paja PTL 40/40–24 vertical vibration table to assist the
�uidization. The vibration table was operated at 35 Hz and provides a vibration amplitude of 2
mm to the column. An infrared lamp placed parallel to the column and a type-K thermocouple
inserted in the column were used to control and measure the bed temperature. Two stainless-
steel distributor plates with pore size of 37 µm, placed at the bottom and top of the column, are
used to obtain a homogeneous distribution of the gas inside the column and to prevent particles
from leaving the reactor. TMA was kept in a stainless-steel bubbler at 30 °C during the coating
experiments. The co-reactant, either demineralized water or ozone, generated by a Certizon
Ozonizer (C200, Erwin Sander Elektroapparatebau GmbH, Germany) with an output of 200 mg
O3/h, was kept at room temperature (i.e., ∼20 °C). Pressurized nitrogen (grade 5.0) was provided
to the column as the carrier gas. The column was always kept at atmospheric pressure. During
the start-up of each experiment, nitrogen was �rst used to drive away the air. The o�-gas of the
�uidized bed was led through a series of washing bubblers �lled with Kaydol oil to remove possible
traces of unreacted precursors and reaction byproducts. The precursor bubblers, the �uidized bed
reactor, and the washing bubblers were placed inside a nitrogen-blanketing cabinet as a TMA safety
measure. The cabinet was operated at an O2 concentration below 6%. The process was operated
at 1 bar and 30 °C with a �ow rate of 1 L/min, corresponding to ∼3.5 cm/s. In the beginning of
each experiment, 20 g of sample powder was placed inside the column. To calculate the precursor
dosing times, the total amount of active sites in the bed of the particles was estimated, i.e., the
dangling bonds such as hydroxyl groups. This amount was calculated from the measured BET
speci�c surface area (SSA), the mass of the substrate particles placed inside the column, and the
surface concentration of the active groups. The maximum number of TMA molecules that could
attach to the surface of the substrate particles was estimated to be around 5 per nm2, according to
the model given by Puurunen et al. [22]. The details for the calculation were indicated previously
[7]. After dosing each precursor to the reactor, the system was purged with N2 to remove the
excess precursors, establishing a feeding sequence of TMA–N2–O3(or H2O)–N2. To ensure a
full saturation of all the powder inside the column, excess dosing time (3–5 times higher than the
calculated values) was applied (Table 2.2). The coating was performed for 4, 10, and 14 ALD cycles.
At the end of each cycle, the reaction was stopped, and around 25–30% of the initial powder mass
was taken from the column and stored for further characterization. For the remaining powder, the
ALD process was continued with the same cycle sequence.

Sample BET SSA (m2/g) Calculated exposure time (s) Experimental exposure time (s)
TMA H2O/O3 TMA–N2–O3(or H2O)–N2

L20 µm 4.32 9 7 30–120–20–120

L3 µm 0.44 28 23 120–300–120–300

Table 2.2: Calculated and experimental exposure times of the ALD process.
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2.2.3. Material Characterization
The conformality of the alumina coating was investigated via transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM). The particles were suspended in
ethanol and transferred to regular TEM grids (3.05 mm in diameter). TEM and STEM images
were taken using a JEOL JEM1400 operating at 120 kV and a FEI Cs-corrected cubed Titan
operating at 300 kV, respectively. In STEM, the images were obtained in high-angle annular dark-
�eld (HAADF) mode. In parallel with HAADF imaging, energy-dispersive X-ray spectroscopy
(EDX) measurements were acquired using an Oxford Instruments XMaxN100TLE detector.
Elemental maps of Al and O were collected at several locations on the grids. The TEM images
were then analyzed using the software package ImageJ to determine the thickness of the alumina
�lm. For each sample, more than 15 particle agglomerates were characterized by measuring the �lm
thickness at multiple places of each particle. The data points shown in the thickness distributions
in Figures 2.A.8 and 2.5 represent the average thickness for each particle agglomerate. Instead,
the data points shown in Figure 2.A.2c–f represent the total average thickness within the whole
sample.
The uniformity of alumina deposition was analyzed by time-of-�ight secondary ion mass spectrom-
etry (ToF-SIMS). A TOF-SIMS instrument (ION-TOF GmbH, Munster, Germany) equipped
with a single-stage re�ection analyzer and a bismuth liquid metal ion gun was used to analyze the
elemental and molecular information from the outermost layer (typically 1–4 nm) of the surface
of the particles. The analysis was conducted in high spatial resolution mode (∼200 nm spot size)
with Bi+3 primary ions. The primary ion gun energy was 30 keV. ToF-SIMS analysis was performed
on reference and ALD surface coated lactose particles for areas of 500 µm × 500 µm, with 2048 ×
2048 pixels. Five scans (i.e., 5 pulses, and therefore 5 spectra) were performed on each pixel. The
spectra were calibrated using the CH3

+, C2H5
+, and C3H5

+ fragment ions. The colors show the
overlap of the mapping of background tape (blue), aluminum (from the alumina �lm, red) at mass
26.98, and lactose (green) with typical mass of fragments at 73.03, 127.04, 145.05, and 163.07 [23]
and lactose plus Na at 365.11 and lactose plus K at 381.09. It should be noted that TOFSIMS has
a limitation of analysis depth. For �lms that are ultrathin, typically <1 nm, the signals from the
alumina �lm may be “diluted” by elements from the substrate.
Elemental analysis was carried out using ICP-OES (PerkinElmer Optima 2100, PerkinElmer,
Waltham, MA, USA). Before measurement, 8–15 mg particles were dissolved overnight in 10 mL
of acid mixture solutions of H2O:HNO3:HOAc in volume ratio of 6:2:2. After destruction, the
samples were analyzed with ICP-OES to determine the mass fraction of aluminum in the samples.
For each sample, 2–4 replicates were made. From the measured mass fraction of aluminum, the
corresponding weight percentage of alumina in the ALD-engineered samples was calculated. Based
on the weight of Al2O3, the measured BET surface area (SSA, m2/g), and the reported density
of the amorphous thin �lm (ρAl2O3

= 2.5 g/cm3) [24], the thickness of the alumina layer could be
calculated as given in our previous work [7].
Structural characterization of the particles was made by XRPD (X’Pert PRO PANalytical Ltd.,
Nottingham, United Kingdom) through a 12 min fast scan program at 45 keV, 40 mA, within 2θin
the range 0–50°. For each sample, 2–3 parallel samples were measured.
Solidstate 13C CP/MAS NMR spectra were acquired using a Bruker 400 UltraShield spectrometer
(Bruker BioSpin, MA, USA) operating at 100 MHz for 13C. Powder samples (∼100 mg) were spun
at 9 kHz in a 4 mm ZrO2 rotor sealed with Kel-F end-caps. Acquisition was performed using a
standard sequence with acquisition time of 0.067 s, 20 s delay and 2 ms contact time, and number
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of scans 1024.
The morphology of the particles was observed by SEM (FEI Quanta 200) at 15 keV under high
vacuum mode. Before observation, the samples were coated with thin �lm of Au for 150–200
s using a Cressington sputter coater (108 auto, Watford, United Kingdom). Elemental analysis
for the chemical composition on the surface of some particles was carried out using an energy-
dispersive X-ray (EDX) analyzer INCA Penta FETx3 (Oxford Instruments, Oxfordshire, United
Kingdom), equipped with the SEM.
The particle size distribution of the particles was measured by a laser di�raction particle sizing
instrument for dry particles, Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, United
Kingdom). For each sample, 5–8 parallel tests were carried out at a pressure of 3 bar.
The thermal properties of the particles during heat treatment were observed by TGA (Q500, TA
Instrument, New Castle, DE, United States) under N2 atmosphere by ramping from 25 to 250 °C.
Around 5–10 mg particles were used for each test, and 1–4 duplicates were run for each sample.
Some particles after heating to 250 °C were observed by SEM.
The dispersibility of the lactose particles in suspension was monitored inline by a FBRM probe
(LASENTEC S400, Mettler Toledo, OH, USA) during mixing of a 600 ± 5 mg sample in 600 mL
of ethanol (99.5%) in a USP2 dissolution apparatus vial (DISTEK Premiere 5100, NJ, USA) with a
stirring rate of 150 rpm at room temperature. As a reference, bare lactose was tested also with the
addition of 0.08% of sodium dodecyl sulfate (SDS) to the ethanol medium.
The dissolution tests of the lactose particles were carried out in 80% ethanol in a 100 mL glass
vial with stationary rotation of 190 rpm at room temperature (two replicates for each sample).
80% ethanol was used instead of water to dramatically slow down the dissolution rate of the
lactose, therefore allowing the observation in the initial dissolution stage, i.e., within the �rst 1–3
min. Prior to the dissolution tests, 50 ± 5 mg of particles was predispersed in 25 mL of absolute
ethanol with 0.08% SDS for 10 min in order to ensure similar dispersive conditions for all the
samples. An amount of 20 mL from the upper suspension was then taken for the dissolution
test to make a sample concentration of 30 ± 5 mg/100 mL. At each time point from 1 to 120 min
(1, 3, 5, 7, 9, 12, 20, 30, 60, and 120 min), 1 mL of solution was taken and �ltered using a 0.2 µm
syringe �lter (Millex). The �ltered solutions were analyzed by UPLC (ultraperformance liquid
chromatography, Acquity, Waters, MA, USA) with a charged aerosol detector (CAD, Dionex
Coron Veo RS, Thermo Scienti�c, MA, USA).

2.3. Results andDiscussion
2.3.1. Morphology and Crystallinity of Lactose Particles
Alumina nanoscale �lms were deposited on two kinds of lactose particles, namely, milled lactose,
Lactohale 201 (L20 µm), and micronized lactose, Lactohale 300 (L3 µm). Both the lactose particles
exhibit a broad particle size distribution (PSD) (Figure 2.1a). In particular, L20 µm shows a broader
PSD, i.e., from 0.1 to 100 µm (d50= 21 µm), than L3 µm, whose PSD spans from 0.1 to 20 µm (d50=
3.5 µm). Moreover, both lactose grades have complex and irregular particle shapes, arising from the
size-reduction processes (Figure 2.1c,d). Because of their di�erent particle sizes, the BET speci�c
surface areas of L20 µm and L3 µm are 0.44 and 4.32 m2/g, respectively. The t-plot method is
used to determine whether the lactose particles contain micropores, i.e., pores less than 2 nm [25].
In the case that a relatively small fraction of micropores is present, the y-intercept of the t-plot is
positive and correlates to the micropore volume. For L3 µm, the t-plot suggests the presence of
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micropores, with a volume of 0.193 mm3/g (Figure 2.A.1). The external surface area, which can
be derived from the slope of the t-plot, is estimated to be 4.08 m2/g. Micronization induces the
randomized onset of amorphous regions on the surface of the particles, which is re�ected in the
presence of super�cial micropores. Due to high pressures used in the micronization process, such
amorphous surfaces are inherently inhomogeneous within and across the particles.

5 µm

L3µm

L20µma. c.

b. d.

PSD

TAM

N2

H2O or O3

H2O or O3

Al(CH3)3

Al(CH3)3

Al2O3

50 µm

Figure 2.1: On the left side, morphology and crystallinity of L20 µm and L3 µm particles. (a) Particle size distributions.
(b) TAM pro�les. The TAM tests were held at 25 °C under an RH of 75% using a para�lm with a small cavity in the center
to cover the sample tube. (c, d) SEM images. On the right side, scheme of the ALD process in a �uidized bed reactor for
Al2O3 coating.

To characterize the crystallinity of the two lactose particles, thermal activity monitor (TAM)
measurements (TAM III, TA Instruments, Sollentuna, Sweden) were performed at 25 °C under a
RH of 75% using a para�lm with a small cavity in the center to cover the sample tube (Figure 2.1b).
Around 150 mg of powder was used, and two parallel tests were carried out for each sample.
During the TAM measurement, the sample is recrystallized by the moisture absorbed during
the exposure to NaCl-saturated solution (75% RH), and the enthalpy of recrystallization is then
related to the degree of amorphicity. For L20 µm, the TAM pro�le does not present any peak,
thus indicating a fully crystalline structure. Instead, for L3 µm it shows a broad peak between 0
and 5 h of the measurement. The integrated heat �ow, which represents the enthalpy induced
by the recrystallization, correlates to an amorphicity of around 5–7%. Amorphous structures are
far more hygroscopic than their crystalline counterparts. Therefore, the Al2O3 growth may be
a�ected by the di�erent crystallinity and surface chemistry of L20 µm and L3 µm.

2.3.2. Evolution of Al2O3 Loadingwith ALDCycles
The amount of deposited Al2O3 on L20 µm and L3 µm was monitored as a function of the
number of ALD cycles by ICP-OES. The Al2O3 loading increases linearly with the number of
cycles for both L20 µm and L3 µm (Figure 2.2). As expected, the Al2O3 weight percentage (wt.
%) is higher on L3 µm than on L20 µm, given the higher available surface area of the former
(Figure 2.2a). In particular, for L3 µm, TMA/O3 ALD results in slightly higher loadings than
those from TMA/H2O ALD. Instead, for L20 µm, both the co-reactants, i.e., H2O and O3, lead
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to similar loadings. To verify whether the Al2O3 loading per unit surface area is comparable on
L20 µm and L3 µm, the Al2O3 wt. % was rescaled with respect to their BET speci�c surface area
(Figure 2.2b). All the loadings collapse close to a single straight line, thus underlining the control
over the amount of deposited material regardless of the substrate surface area. Based on the Al2O3
wt. %, the BET surface area, and the density of the amorphous alumina �lm, the thickness of
the alumina �lm was estimated (see Table 2.A.1 and Figure 2.A.2). Before discussing how the
estimated thickness �ts with the actual thickness, a quantitative and qualitative analysis of the
coating uniformity and conformality is presented.

a. b.

Figure 2.2: Al2O3 loading on both L20 µm and L3 µm based on ICP-OES analysis as a function of the number of ALD
cycles expressed as (a) wt. % and (b) as mg per unit surface area (m2). The error bars indicate 95% con�dence intervals.

2.3.3. Effect of Co-reactant (H2O vs O3) and Substrate on Coating
Uniformity and Conformality

The main advantages of ALD are the uniformity and conformality of the deposited �lms. The
e�ects of ALD co-reactants, i.e., H2O and O3, and of the nature of the substrate, i.e., particle size
and crystal structure, on the coating uniformity and conformality were studied. The uniformity
and conformality are evaluated by ToF-SIMS and TEM analysis, respectively. ToF-SIMS shows
the elemental mapping of aluminum at the micrometer scale, thus allowing the simultaneous
detection of alumina �lms across multiple particles. TEM, instead, enables the visualization of the
alumina �lms at the nanoscale, in other words, only on the individual particles. Therefore, TEM
lends itself more to the analysis of conformality than of uniformity.
As to ALD on L20 µm, ToF-SIMS images show an evident di�erence between the H2O-based
and the O3-based process (Figure 2.3). The use of H2O as a co-reactant leads to a non-uniform
deposition, as indicated by the large green areas corresponding to the bare lactose particles. Instead,
the use of O3 results in a fully uniform deposition, as shown by the presence of aluminum—in red—
on every particle. This is con�rmed also by TEM analysis. In the H2O-based process, both bare
and coated particles are observed, even after 14 cycles (Figure 2.3a–c and Figure 2.A.3). Instead, for
TMA/O3 ALD each individual particle is uniformly coated, even after only 4 cycles (Figure 2.3d–f
and Figure 2.A.4). Despite such a disparity in the coating uniformity, we showed that the H2O-
based process displays comparable Al2O3 loadings as the O3-based one. The reasons behind it lie
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in the lack of conformality and in the formation of Al2O3 nanoparticles in TMA/H2O ALD (Fig-
ure 2.3a–c, Figures 2.A.3 and 2.A.5). In fact, the use of H2O as a co-reactant at room temperature
brings about two major drawbacks: (i) problems in the purging step and thus possibility of CVD
reactions and (ii) deterioration of �uidization. At ambient conditions, the purging step is likely to
be ine�ective in removing the unreacted water molecules. In particular, if water is overexposed (i.e.,
30 s) to the particles, as in this case, and the purging step is not long enough (i.e., 2 min), water will
be present both in the vapor phase and on the surface. Therefore, during the subsequent TMA
pulse, gas-phase CVD reactions can occur with water vapor, resulting in the formation of Al2O3
nanoparticles. Moreover, water deteriorates the �uidization quality of hygroscopic particles, e.g.,
lactose, by causing the formation of large agglomerates. At atmospheric conditions, the coating
process may be limited by the di�usion of the precursors in the large agglomerates [26]. Therefore,
di�usion limitations result in an inhomogeneous coating or, in other words, in non-conformal
�lms.

200 nm

Al2O3/L20µm, 14 cycles, O3

7 nm

Al2O3/L20µm, 14 cycles, H2O

50 µm

50 µm

50 nm

100 nm

20 nm

6 nm

20 nm

6 nm

Al
L20µm

200 nm

50 nm

100 nm

20 nm
7 nm

7 nm

Al
L20µm
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d. e. f.

Figure 2.3: (a, d) ToF-SIMS and (b, c, e, f) TEM images of Al2O3-coated L20 µm particles after 14 cycles using H2O or O3
as co-reactants. ToF-SIMS micrographs show the overlap of the elemental mapping on the outermost layer (typically 1–4
nm) of the surface of L20 µm particles. The colors represent the di�erent components: green, L20 µm; red, aluminum;
black, background tape.

TEM observations display a broad distribution of Al2O3 thickness in H2O-based ALD on L20
µm (Figure 2.5a and Figure 2.A.8a). Without considering the bare particles, the coating thickness
for the coated particles ranged from ∼3.5 to 11 nm. Instead, O3-based ALD on L20 µm delivers
narrow thickness distributions, ranging from ∼5 nm to ∼7.5 nm, thus underlining the bene�t of
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O3 in providing uniform and conformal coatings. To understand whether the observed thickness
under TEM is consistent with the Al2O3 loading measured by ICP, the thickness of the alumina
�lm resulting from the Al2O3 wt. % was calculated. For L20 µm, the calculated thickness is slightly
lower than the mean thickness observed under TEM (Figure 2.A.2e). It is worth noting that in the
calculation the density of the amorphous alumina �lm is assumed to be 2.5 g/cm3 [24]. The small
discrepancy between the calculated and measured �lm thickness can be attributed to a slightly
lower alumina density. In fact, by �tting the alumina density as a parameter in Equation (2.3) and
using the thickness observed under TEM as tAl2O3

, an alumina density (ρAl2O3
) of ∼2.1 ± 0.4 g/cm3

was obtained:

tAl2O3
= d

lactose

2

(
3

√
xAl2O3

1−xAl2O3

ρ
lactose

ρAl2O3
+ 1− 1

)
(2.3)

where d
lactose

is the particle diameter estimated from BET, xAl2O3
is the Al2O3 mass fraction, ρ

lactose

and ρAl2O3
are the densities of lactose and amorphous alumina �lm, respectively. The measured

thickness of the alumina �lm against the number of cycles follows the same trend as the Al2O3
loading, as expected (Figure 2.A.2a,c). In particular, the thickness linearly increases with the
number of ALD cycles. By the slope of the trend lines, the growth per cycle (GPC) at the very �rst
stages of the growth can be estimated. For both the H2O-based and the O3-based processes, an
average GPC of around ∼0.5 nm is obtained. The obtained GPC is higher than the GPC reported
in the literature for ALD of Al2O3, which is typically in the range of 0.1–0.2 nm. However, Hyde
et al. demonstrated that Al2O3 ALD on cellulose cotton �bers exhibits a GPC of ∼0.5 nm over
the �rst 50–100 cycles [27]. This excess growth was ascribed to the water absorbed in the cotton
before the ALD process which then reacts with TMA. Moreover, it is known that higher GPCs
may arise from the higher surface coverage of the precursors throughout ALD at low temperature
[28]. Therefore, the GPC of Al2O3 on L20 µm can be explained by (i) the large amount of water
absorbed by lactose, which is extremely hygroscopic [29], and (ii) the low e�cacy of the purging
steps at ambient conditions, which lead to additional growth of Al2O3 by CVD.
As for ALD on L3 µm, ToF-SIMS micrographs do not show any signi�cant di�erence between
the H2O-based and the O3-based process (Figure 2.4a,d). Contrary to L20 µm, regardless of the
co-reactant, all the L3 µm particles are fully coated after 14 cycles, as evidenced by the uniform
presence of aluminum (in red). Having a smaller particle size, L3 µm has a lower tendency to
form large agglomerates during the coating process, thus reducing the di�usion limitations of the
precursors. TEM and HAADF analysis con�rm the presence of complete �lms on each single
particle (Figure 2.4b,c,e–g, Figure 2.A.6 and Figure 2.A.7). Furthermore, the higher concentration
of Al and O at the edges of the particle is consistent with a lactose core/Al2O3 shell structure as
indicated by the EDX analysis (Figure 2.4h,i). However, in both H2O-based and O3-based ALD,
the thickness of the alumina �lms on L3 µm is larger than the one on L20 µm and signi�cantly
varies across the particles (Figure 2.5b and Figure 2.A.8b). In particular, the thickness after 14
cycles ranges from 5 to 13.5 nm in TMA/H2O ALD and from 6 to 15.5 nm in TMA/O3 ALD.
Such large alumina thicknesses and broad thickness distributions can be attributed to (1) the poor
�uidization quality of L3 µm,and (2) the amorphous surfaces of L3 µm. As mentioned above,
the amorphous surfaces may contain micropores. Moreover, during the ALD process, L3 µm
dehydrates, as evidenced by ssNMR and XRPD data by the emergence of the same peaks in both
the ALD-engineered and dehydrated samples (Figures 2.A.10 and 2.6). Dehydration presumably
leaves molecular pockets, thus inducing more porosity, as suggested by the slight increase in
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Figure 2.4: (a, d) ToF-SIMS, TEM, HAADF images, and EDX mapping of Al2O3-coated L3 µm particles after 14 cycles
using H2O or O3 as co-reactants. (a, d) ToF-SIMS micrographs show the overlap of the elemental mapping on the outer-
most layer (typically 1–4 nm) of the surface of L3 µm particles. The colors represent the di�erent components: green, L3
µm; red, aluminum; black, background tape. (b, c, e, f) TEM images. (g) HAADF image. (h, i) Al K and O K series of
EDX mapping.

the BET surface area of TGA-dehydrated L3 µm (Table 2.1). Therefore, the gaseous precursors
can penetrate within the dehydration-induced porous surfaces, thus leading to the formation
of alumina within the surface, as well as on it. The �lms will then consist of an Al2O3–lactose
mixture. Being inherently inhomogeneous within and across the particles, the amorphous surfaces
of L3 µm inevitably lead to non-conformal �lms, regardless of the co-reactant used.
The thickness of the �lm on L3 µm, resulting from the Al2O3 wt. % by ICP, is signi�cantly lower
than the mean thickness observed under TEM (Figure 2.A.2f). Therefore, the density of the �lm
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Figure 2.5: Thickness distribution of the Al2O3-coated particles after 14 cycles using either H2O or O3 as a co-reactant for
(a) L20 µm and (b) L3 µm. The boxes indicate the 10th, 25th, 50th, 75th, and 90th percentiles of the population, and the
white diamonds indicate the average.

on L3 µm would be even lower than the one on L20 µm and thus closer to the density of lactose
itself. By �tting the �lm density as a parameter in eq 1 and using the thickness observed under
TEM as tAl2O3, a �lm density of ∼1.6 g/cm3 was obtained, consistent with the density of lactose.
This con�rms the hypothesis that the observed �lms consist of a mixture of Al2O3 and lactose, due
to the penetration of the precursors through the additional voids caused by dehydration. Similar
to L20 µm, the measured thickness of the �lm as a function of the number of cycles on L3 µm
follows the same trend as the Al2O3 loading Figure 2.A.2b,d). The thickness linearly increases
with the ALD cycles, and GPCs of ∼0.6 nm and ∼0.7 nm are extrapolated for H2O-based and
O3-based ALD, respectively. Contrary to the deposition on L20 µm, TMA/H2O ALD on L3
µm does not lead to any formation of Al2O3 nanoparticles. In fact, the contribution of CVD
reactions in the gas phase is higher on lower-surface-area particles, where water molecules are more
likely to be present both in the vapor phase and on the surface, especially for overexposures of
water. The higher the surface area, the lower the contribution of CVD in the gas phase, and the
less the formation of Al2O3 nanoparticles. Therefore, in case of higher-surface-area substrates (e.g.,
L3 µm), water is mostly present on the surface, where TMA reacts during the subsequent pulse,
leading only to the formation of Al2O3 �lms.

2.3.4. Physical and Chemical Properties of Al2O3-Engineered Lac-
tose

Both ssNMR and XRPD analysis were used to understand whether the chemical structure (i.e.,
α-lactose monohydrate) of the lactose particles was stable upon the ALD process (Figures 2.A.9,
2.A.10 and 2.6). No decomposition is observed for either L20 µm or L3 µm particles after ALD
within the level of detection. In addition, the UPLC-CAD analysis after the dissolution tests shows
no extra peaks for the coated particles with both sizes compared to the bare samples, which con�rms
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the ALD process does not induce decomposition of the lactose when using both co-reactants
(Figure 2.A.11). The ssNMR spectra show that L20 µm (Figure 2.A.9) maintains its structure
after ALD, whereas L3 µm (Figure 2.6) undergoes dehydration. Compared to the spectrum of
bare L3 µm, the ssNMR spectra of both ALD-engineered and dehydrated (TGA-treated) L3 µm
exhibit additional peaks, marked by the dashed rectangles, at the same positions (Figure 2.6). This
suggests that the changes in the structure after ALD are due to the dehydration of L3 µm. The
peak intensity correlates to the degree of dehydration. In particular, the degree of dehydration of
ALD-engineered L3 µm is close to the one of the dehydrated samples with a dehydration degree
of 47.5%. The XRPD patterns before and after ALD do not show any major di�erence, except
for the emergence of a small peak at 18°, marked by the dashed rectangle (Figure 2.A.10). Garnier
et al. found the appearance of the peak at 18°in α-lactose monohydrate upon heating at 100 °C
[30]. By comparing the di�ractograms of ALD-engineered and TGA-dehydrated L3 µm, it can be
concluded that the peak is due to the dehydration of L3 µm. The dehydration of L3 µm is ascribed
to the temperature rising to 60–70 °C temporarily during ALD due to the exothermal reactions of
both TMA and the co-reactants with the surface of the particles. Instead, given the lower surface
area available and thus the shorter precursor exposure times, the reaction temperature during ALD
on L20 µm was constant at 30 °C. Therefore, no di�erence is observed in the ssNMR spectra of
bare and coated L20 µm (Figure 2.A.9).

110 100 90 80 70 60 [ppm]

100% TGA-dehydrated L3µm Ref.

L3µm Ref.

47.5% TGA-dehydrated L3µm Ref.

Al2O3/L3µm, 4 cycles, O3

Al2O3/L3µm, 4 cycles, H2O

Al2O3/L3µm, 10 cycles, O3

Figure 2.6: ssNMR patterns of L3 µm particles before and after ALD using either H2O or O3 as co-reactants, as well as
samples after TGA treatment at di�erent degrees of dehydration.

The dehydration of L3 µm leads to an increase in the BET speci�c surface area due to an increase
in porosity arising from the removal of water molecules. This is con�rmed by the comparison
of the BET speci�c surface areas of bare and dehydrated L3 µm, where the SSA increases by 15%
upon 76% dehydration (Table 2.1). Raut et al. found that the BET SSA of α-lactose monohydrate
increased by 48% after complete dehydration [31].
After the ALD process, the powder shows di�erent morphologies depending on the co-reactant
used. On one hand, after H2O-based ALD, both L20 µm and L3 µm powders contain mm-sized
agglomerates, visible to the naked eye (Figure 2.A.12). As mentioned above, the formation of
large agglomerates is due to water capillary bridges between the lactose particles forming during
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the coating process. On the other hand, O3-based ALD delivers �ne and well-dispersed powder
(Figure 2.A.12). Moreover, SEM images do not display any signi�cant di�erence in the size and mor-
phology of bare and coated individual particles, thus indicating that the agglomeration phenomena
occurring during the coating process do not a�ect the primary particle size (Figure 2.A.13c–h).
The PSDs of L20 µm coated using H2O as a co-reactant move toward larger sizes (Figure 2.A.13a).
In particular, the 4-cycle-coated particles exhibit agglomerates ranging from 0.1 to 1 mm, which
are no longer present by increasing the number of cycles. As a result, the number of coated
particles increases, as observed from the ToF-SIMS micrographs, and thus the cohesive forces
between the lactose particles are reduced. In other words, once most of the particles are coated, the
agglomeration phenomena are signi�cantly reduced. Therefore, Al2O3 ALD e�ectively prevents
agglomeration from occurring during the coating process. The PSDs of O3-processed L20 µm
do not show any deviation from the one of bare L20 µm, thus con�rming that no agglomeration
takes place. The PSDs of coated L3 µm �rst slightly shift to higher sizes after 4 cycles and then
to smaller ones after 14 cycles, thus underlining the relevance of the coating cycles in mitigating
agglomeration at the microscale (Figure 2.A.13b). Overall, the range of particle size for both L20
µm and L3 µm remains nearly unaltered after the coating process, meaning that no aggregates, but
rather the single particles, are coated.
As shown in the TGA results, both bare and coated L20 µm and L3 µm particles are stable up to
around 75 °C (Figure 2.A.14a,b) under the experimental conditions. All the coated samples have a
higher decomposition rate compared to the bare ones. In particular, the higher the number of
cycles, the faster the decomposition process. This e�ect is more pronounced for L3 µm particles,
given the higher available surface area. Kääriäinen et al. ascribed such behavior to the presence of
decomposable carbonaceous species in the coated samples [8]. In fact, the use of TMA can result
in the formation of carbonaceous species within the �lm. Furthermore, as we explained in our
previous work [7], during TGA, the particulate structure of the bare samples fully disappeared,
whereas the coated ones exhibit structures with di�erent degrees of sintering (Figure 2.A.14c,d).
Therefore, during the heating process, the bare particles melt into a single mass, whereas the
alumina coating is e�ective in separating the particles. As a result, the coated particles retain a
higher surface area available for e�ective heat and mass transfer during TGA.

2.3.5. Functional PropertiesofAl2O3-EngineeredLactose: Dissolu-
tion andDispersibility in Liquid Phase

The e�ect of Al2O3 ALD on the dissolution rate of the lactose particles was investigated in 80%
ethanol solutions over 2 h (Figure 2.7). The bare L20 µm particles fully dissolve after 1 h and
the bare L3 µm ones within 5 min. This is due to the large particle size of L20 µm compared
to L3 µm. The L20 µm particles after 4 TMA/H2O ALD cycles show a similar pro�le to the
bare particles, reaching 100% dissolution after 1 h. In fact, as observed from ToF-SIMS and TEM
analysis, a large portion of particles are still bare in the H2O-based process. Instead, the L20 µm
particles after 4 TMA/O3 ALD cycles take a signi�cantly longer amount of time to dissolve. In
particular, the cumulative dissolution slowly reaches ∼90% after 1 h. Such a retarding e�ect is even
magni�ed with the increasing number of cycles. For the 14-cycle-coated L20 µm particles, the
cumulative dissolution after 1 h is ∼80% and 57% in H2O-based and O3-based ALD, respectively,
thus underlining the bene�t of uniform and conformal coatings provided by O3.
In the case of L3 µm, the dissolution pro�les of the particles coated by 4 ALD cycles deviate only
slightly from the reference one. In particular, the cumulative dissolution after 5 min is 98% and 95%
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a. b.L20µm L3µm

Figure 2.7: Dissolution pro�les in 80% EtOH over 2 h after predispersion in EtOH + 0.08% sodium dodecyl sulfate (SDS)
for 10 min of (a) L20 µm and (b) L3 µm particles. The error bars indicate 95% con�dence intervals.

in H2O-based and O3-based ALD, respectively, and reaches 100% after ∼10 min in both processes.
Increasing the number of cycles leads to a signi�cantly reduced dissolution rate. In fact, for the 14-
cycle-coated L3 µm particles, the cumulative dissolution after 5 min is 60% and 48% for H2O-based
and O3-based ALD, respectively, and after 2 h reaches 83% for both processes. The initial slower
dissolution for the TMA/O3-coated particles can be ascribed to the slightly thicker �lms, as shown
in Figure 2.5b. Moreover, the particles after 14 TMA/H2O ALD cycles are not fully dissolved even
after 17 h (∼90% cumulative dissolution) thus suggesting a total dissolution over several days. Such
a dramatic retardation of dissolution by Al2O3 coatings has also been shown by Vogel et al. [32].
They impregnated poly(vinyl alcohol) nano�bers with known amount of ketoprofen molecules
and then carried out Al2O3 ALD for 2, 20, and 200 cycles. The time of total release of ketoprofen
in water was 2 min for the uncoated sample, over 24 h for the 2-cycle-coated one, ∼9 days for the
20-cycle-coated one, and 30–39 days for the 200-cycle-coated one. Since the dissolution rates scale
with the number of cycles, or in other words with the coating thickness, it is likely that water
accesses the nano�ber through defects or bulk transport through the ALD coating. In particular,
they suggest that the release mechanism is due to a combination of water di�using through and
the slow erosion of the ALD coating. Increasing the coating thickness reduces coating defects, thus
expanding the distance that water must travel to access the nano�ber. Analogously, the dissolution
mechanism of the coated lactose particles is likely to involve the transport of water through voids
in the Al2O3 shell. The higher the number of cycles (and higher coating thickness), the slower
the solution penetrates through the alumina �lm, and the slower the lactose dissolution. It is
worth noting that already a few ALD cycles (i.e., from 4 to 14), and hence thin alumina �lms (i.e.,
from ∼2 to ∼10 nm in terms of average thickness), induce a signi�cant change in the dissolution
performance. Therefore, Al2O3 thin �lms provide an e�cient dissolution barrier for the lactose
particles.
To study the e�ect of ALD on the dispersibility of the lactose particles in the liquid phase, focused
beam re�ectance measurements (FBRMs) were performed for L3 µm. Lactose has a negligible
solubility in pure ethanol, and therefore the dispersibility of the particles in ethanol can be char-
acterized without being a�ected by the solubilization of the particles. The number of bare and
coated L3 µm particles in di�erent size ranges (i.e., 1–5, 5–10, 10–20, 20–100, and 100–1000 µm)
was measured over 15 min (Figures 2.A.15 and 2.8). The higher the number of particles in the
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Figure 2.8: Number of particles for the Al2O3/L3 µm samples in the size range of (a) 1–10 µm and (b) 100–1000 µm
measured by a focused beam re�ectance measurement (FBRM) probe after 1 and 10 min in 99.5% EtOH showing the
dispersibility of the particles in the liquid phase. The error bars indicate 95% con�dence intervals.

range 1–10 µm, which is the actual size range of L3 µm, the better the dispersibility. Vice versa, the
higher the number of large agglomerates, i.e., 100–1000 µm, the poorer the dispersibility. After
about 10 min, each particle size range of each sample �attens out, indicating that the suspension
reaches a steady state. On the one hand, the number of particles in the size range of 1–10 µm
signi�cantly increases with the ALD cycles (Figure 2.8a). In particular, while it stays constant for
the 4-cycle-coated samples, it becomes more than twice as high for the 14-cycle-coated ones. On
the other hand, the number of particles in the size range of 100–1000 µm signi�cantly decreases
with the ALD cycles (Figure 2.8b). Moreover, by having a closer look at the evolution with time,
it can be seen that the number of particles of 1–10 µm for both bare and 4-cycle-coated L3 µm
slightly increases from 1 to 10 min likely due to the breakage of the larger agglomerates, whereas
for 14-cycle-coated L3 µm it decreases likely due to the detachment of particles smaller than 1 µm.
Instead, the number of particles of 100–1000 µm for both bare and coated L3 µm decreases from 1
to 10 min, due to the breakage of the soft agglomerates within the samples.
The amorphous structure in L3 µm leads to high surface energy and thus resulting in cohesive
powders with tendency to form agglomerations in liquid media. To understand the in�uence of
the amorphicity on the properties of the L3 µm, some of the particles were recrystallized under
conditions at RH 54% for 24 h. The TAM analysis showed no peak which indicates the removal of
the amorphicity in the recrystallized samples. As seen in Figure 2.A.15, the FBRM patterns of the
recrystallized sample of L3 µm show a much better particle dispersibility in the initial stage than
the original sample containing amorphicity. The crystalline L3 µm exhibits improved homogeneity
and stability in the surface properties, thus resulting in a reduced tendency of initial agglomeration
in suspension.
The presence of large agglomerates in the bare and 4-cycle-coated samples indicates strong interpar-
ticle forces of the bare lactose particles. Increasing the number of ALD cycles, and thus the coating
thickness, signi�cantly modi�es the surface properties, which then depend on the coating material
rather than on the underlying particles. Speci�cally, smooth Al2O3 �lms are very hydrophilic, thus
improving the wettability of the particles [33]. Such a behavior in pure ethanol is also found in 80%
ethanol solution, used for the dissolution tests. Overall, the L3 µm particles after 4 ALD cycles
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show similar dispersibility to the ones of bare L3 µm, whereas the particles after 14 ALD cycles
exhibit considerably improved dispersibility.

2.4. Conclusion and FutureWork

A comparison of ozone and water as co-reactants for ALD processing and engineering high
quality conformal coatings on pharmaceutical particles has been studied. In addition, the

e�ect of lactose substrate particle size and the impact of particle surfaces (crystalline vs amor-
phous) was characterized in depth for fully crystalline lactose, L20 µm, and crystalline lactose
with micronization-induced amorphous surfaces, L3 µm. The amount of deposited alumina per
unit area is similar for both L20 µm and L3 µm, regardless of co-reactant, and linearly increases
with the number of cycles, thus highlighting the e�cient control of ALD over the amount of
synthesized material. Overall, coated functional properties for the nanothin-coated particles have
been successfully achieved and demonstrated with physical and chemical characterization.
ToF-SIMS and TEM images show that for crystalline lactose (L20µm) O3-based ALD o�ers greatly
improved control over the coating uniformity and conformality compared to H2O-based ALD. In
fact, the use of H2O as a co-reactant during �uidization of lactose particles results in the formation
of large agglomerates which may limit the di�usion of the gaseous precursors, thus leading to
non-uniform and non-conformal �lms. TEM image analysis of alumina-coated crystalline lactose
(L20 µm) revealed that H2O-based ALD delivers broad thickness distributions, whereas O3-based
ALD gives narrow ones.
On the other hand, the H2O-based and O3-based processes deliver uniform, but not conformal,
�lms on amorphous lactose surfaces (L3 µm). The thickness of the alumina �lms on L3 µm is
larger than the one on crystalline lactose (L20 µm) and signi�cantly varies between individual
particles. The lack of conformality on L3 µm can be ascribed to the poorer �uidization quality and
the presence of amorphous structures at the surfaces. The amorphous surfaces of L3 µm present
microporosity, which will increase during the ALD process due to dehydration of L3 µm for which
evidence was provided by ssNMR and XRPD. Hence, the gaseous precursors can penetrate within
the dehydration-induced porous surfaces, thus leading to the formation of �lms consisting of an
Al2O3–lactose mixture. The micronization-induced amorphous surfaces of L3 particles are already
expected to be inhomogeneous within particles due to the irregular particle surfaces and high
energies used in the micronization processes. Therefore, this inevitably leads to non-conformal
�lms, regardless of the co-reactant used for L3 particles.
The dissolution rates of the coated particles were signi�cantly reduced by increasing the alumina
�lm thickness. The L20 µm particles coated by O3-based ALD dissolved much slower than the
ones coated by H2O-based ALD, thus underlining the bene�t of uniform and conformal coatings
provided by O3. Instead, the L3 µm particles coated by O3-based ALD show only an initial slower
dissolution compared to the ones coated by H2O-based ALD due to the slightly thicker alumina
�lms. Moreover, the 14-cycle-coated L3 µm particles exhibit considerably better dispersibility
compared to the bare particles.
The ALD technology used in these studies is based on a �uidized bed reactor that is conducted
in the dry state. The successful results using ozone as a co-reactant open opportunities for the
modi�cation of surface properties of humidity- and temperature-sensitive APIs and excipients with
particle sizes across the upper nano- to micrometer lengths. One novel application of ALD can be
for nanoengineering of APIs for inhaled drug delivery, where drug particles with an aerodynamic
diameter smaller than 5 µm are required for lung deposition. Stabilization of sensitive particles



2.4. Conclusion and FutureWork

2

41

and high energy solid forms (e.g., salts, amorphous forms, and metastable polymorphs) with a
conformal outer thin �lm is an attractive prospect for both drug product manufacturing and
maximizing shelf life. As an example, this holds prospects for advancing inhaled drug delivery
through increasing the diversity of APIs for dry powder inhaler administration. In addition,
aerolization of inhaled particles from inhalers is dependent on the choice of inhaler and patient lung
capacity, as well as attachment/detachment of API particles from carrier excipient particles. The
detachment of drug particles from carrier particles is strongly controlled by the physicochemical
particle properties, including size, shape, and surfaces [34]. Most particle engineering approaches
alter particle properties such as size, shape, and surface energy [35]. ALD as demonstrated here is a
technology that that does not alter particle size or shape and can be applied also to carrier particles
(usually lactose). More importantly, nanoengineering of inhalable particles and modi�cation of
surface properties provide less cohesive powders with improved aerolization properties, thereby
ensuring more drug may reach the lung. Carrier-free inhaled formulations are, therefore, highly
prospective and would reduce manufacturing costs and complexity, while potentially o�ering
“tailorable” aerolization properties through coating material and thickness. The results in this
study also emphasize the importance of advanced material analytical techniques to enable in-depth
characterization and understanding of surface modi�cations of organic particles also at the atomic
level.
In summary, ALD is a highly promising technique for generating more complex materials for
applications such as novel drug delivery, as well as improved functionality for novel applications in
the pharmaceutical, medicine, biological, and advanced materials areas.
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2.A. Supporting Information
t-plot of uncoated L3 µm; Al2O3 thickness values from TEM and ICP-OES analysis; ToF-SIMS
and TEM images of Al2O3-coated L3µm and L20µm particles after 4 and 10 cycles; supplementary
Al2O3 thickness distributions; ssNMR of L20 µm and XRPD of L3 µm before and after ALD;
digital photos, SEM images, PSDs, and TGAs of both L20 µm and L3 µm powders before and
after ALD.
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Figure 2.A.1: t-plot of bare L3 µm. When a relatively small fraction of micropores is present, the t-plot is linear, but when
extrapolated to the adsorption axis shows a positive intercept equivalent to the micropore volume.
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ALD cycles TEM Al2O3 thickness (nm) GPC (nm) ICP Al2O3 thickness (nm)Average ± 95% C.I. Min–Max

L20 µm O3

4 3.8 -0.2 +0.2 3–5
0.5

2.1 -0.5 +0.7

10 5.5 -0.2 +0.3 5.3–6 4.1 -1.0 +1.3

14 6.6 -0.4 +0.4 5.2–7.7 5.3 -1.3 +1.6

L20 µm H2O

4 2.6 -0.4 +0.3 0–3.3

0.5

1.3 -0.3 +0.4

6 4.0 -0.3 +0.4 0–6 3.2 -0.8 +1.0

10 4.7 -0.4 +0.3 0–6 3.6 -0.9 +1.1

14 6.9 -0.7 +0.9 0–11 6.1 -1.6 +2.0

L3 µm O3

4 4.0 -0.7 +0.6 2–5.5
0.7

1.7 -0.3 +0.4

10 5.0 -0.6 +0.8 2–10.5 3.3 -0.6 +0.8

14 10.3 -1.1 +1.4 6–15.5 5.2 -1.3 +1.5

L3 µm H2O 4 2.9 -0.4 +0.5 2.4–3.8 0.6 0.6 -0.2 +0.2

14 8.0 -1.0 +1.3 5–13.5 4.4 -1.1 +1.4

Table 2.A.1: Mean, minimum and maximum Al2O3 �lm thickness observed under TEM; growth per cycle (GPC, nm);
calculated thickness (nm) of Al2O3 �lm on the surface of lactose particles (the calculation was based on the weight of
alumina (%) given by ICP-OES, measured BET surface area, and density of the amorphous alumina �lm of 2.5 g/cm3

given by Groner et al. [24]). The values are given as an average and 95% con�dence interval.
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c. d.
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Figure 2.A.2: (a-b) Al2O3 loading based on ICP-OES analysis as a function of the number of ALD cycles expressed as wt.
%. (c-d) Mean Al2O3 thickness observed under TEM as a function of the number of ALD cycles. (e-f) Comparison of the
thickness observed under TEM (TEM thickness) and calculated from ICP-OES (ICP thickness) for an alumina density
of 2.5 g/cm3. The error bars indicate 95% con�dence intervals.
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Figure 2.A.3: ToF-SIMS and TEM images of Al2O3-coated L20 µm particles after 4, 10 and 14 cycles using H2O as a
co-reactant. ToF-SIMS micrographs show the overlap of the elemental mapping on the outermost layer (typically 1–4
nm) of the surface of L20 µm particles. The colors represent the di�erent components: green-L20 µm, red-aluminum,
black-background tape.
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Figure 2.A.4: ToF-SIMS and TEM images of Al2O3-coated L20 µm particles after 4, 10 and 14 cycles using O3 as a co-
reactant. ToF-SIMS micrographs show the overlap of the elemental mapping on the outermost layer (typically 1–4 nm)
of the surface of L20 µm particles. The colors represent the di�erent components: green-L20 µm, red-aluminum, black-
background tape.
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Figure 2.A.5: Formation of Al2O3 nanoparticles during H2O-based ALD on L20µm particles. The white arrows indicate
the Al2O3 nanoparticles.
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Figure 2.A.6: ToF-SIMS and TEM images of Al2O3-coated L3 µm particles after 4 and 14 cycles using H2O as a co-
reactant. ToF-SIMS micrographs show the overlap of the elemental mapping on the outermost layer (typically 1–4 nm)
of the surface of L3 µm particles. The colors represent the di�erent components: green-L3 µm, red-aluminum, black-
background tape.
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Figure 2.A.7: ToF-SIMS and TEM images of Al2O3-coated L3 µm particles after 4, 10 and 14 cycles using O3 as a co-
reactant. ToF-SIMS micrographs show the overlap of the elemental mapping on the outermost layer (typically 1–4 nm)
of the surface of L3 µm particles. The colors represent the di�erent components: green-L3 µm, red-aluminum, black-
background tape.
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Figure 2.A.8: Thickness distribution of the Al2O3-coated particles using either H2O or O3 as a co-reactant for (a) L20
µm and (b) L3 µm. The boxes indicate the 10th, 25th, 50th, 75th, and 90th percentiles of the population, and the white
diamonds indicate the average.
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Figure 2.A.9: ssNMR patterns of L20 µm particles before and after 10 ALD cycles using either H2O or O3 as co-reactants.
The peaks are the same for the bare and coated samples indicating no changes in structure during the ALD process.
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Figure 2.A.10: XRPD patterns of L3 µm particles before and after ALD using either H2O or O3 as co-reactants, and after
TGA. The XRPD patterns before and after ALD do not show any major di�erence, except for the emergence of a small
peak at 18 °, marked by the dashed rectangle, which are consistent to the peak appears in the dehydrated lactose. Therefore,
it indicates the ALD process generates surface dehydration to the L3 µm particles.
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Figure 2.A.11: UPLC-CAD (ultra-performance liquid chromatography with a charged aerosol detector) graph of bare and
coated L3 µm and L20 µm after dissolution test in 80% EtOH for 30 min. When comparing to the bare samples, no extra
peaks are observed for the coated samples, thus indicating no occurring of decomposition of the lactose during the ALD
process.
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Figure 2.A.12: Digital photos of both L20 µm and L3 µm powders before and after ALD using either H2O or O3 as a
co-reactant.
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Figure 2.A.13: Morphology of both uncoated and Al2O3-coated L20 µm and L3 µm particles. (a, b) Particle size distribu-
tions of bare and Al2O3-coated L20 µm and L3 µm particles using either H2O or O3 as co-reactants. (c) SEM image of
bare L20 µm particles. (d, e) SEM images of Al2O3-coated L20 µm particles after 14 cycles using either (d) H2O or (e) O3
as a co-reactant. (f) SEM image of bare L3 µm particles. (g, h) SEM images of Al2O3-coated L3 µm particles after 14 cycles
using either (g) H2O or (h) O3 as a co-reactant.
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L3µm TGA Al2O3/L3µm TGAc. d. 

Figure 2.A.14: (a, b) TGA thermograms of both uncoated and coated (a) L20 µm and (b) L3 µm particles at a heating rate
of 5 °C per minute. (c, d) SEM images after TGA measurements ended at 250 °C of (c) bare L3 µm and (d) Al2O3/L3 µm
after 4 TMA/H2O-ALD cycles. The SEM images indicate that after the heat treatment, the particulate structure of the
bare samples fully disappear, whereas the coated ones exhibit structures with di�erent degrees of sintering.
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Figure 2.A.15: Particle size distribution in 99.5% EtOH showing the dispersibility of the particle suspension in solution
for L3 µm, measured by a Focused Beam Re�ectance Measurement (FBRM) probe in USP dissolution apparatus at room
temperature (600 mg/600 ml, 150 rpm). For reference samples with/without recrystallization treatment, tests were done
also in EtOH with 0.08% SDS.
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3
Controlled Pulmonary Delivery of

Carrier-Free Budesonide Dry Powder by
Atomic Layer Deposition

Ideal controlled pulmonary drug delivery systems provide sustained release by retarding lung
clearance mechanisms, and e�cient lung deposition to maintain therapeutic concentrations
over prolonged time. In this chapter, we use atomic layer deposition (ALD) to simultaneously
tailor the release and aerosolization properties of inhaled drug particles without the need for
lactose carrier. In particular, we deposit uniform nanoscale oxide ceramic �lms, such as Al2O3,
TiO2 and SiO2, on micronized budesonide particles, a common active pharmaceutical ingredient
for the treatment of respiratory diseases. in vitro dissolution and ex vivo isolated perfused rat
lung (IPRL) tests demonstrate dramatically slowed release with increasing nano�lm thickness,
regardless of the nature of the material. Ex situ transmission electron microscopy (TEM) at various
stages during dissolution unravels mostly intact nano�lms, suggesting that the release mechanism
mainly involves the transport of dissolution media through the ALD �lms. Furthermore, in vitro

aerosolization testing by fast screening impactor shows a ∼2-fold increase in �ne particle fraction
(FPF) for each ALD-coated budesonide formulation after 10 ALD process cycles, also applying
very low patient inspiratory pressures. The higher FPFs after the ALD process are attributed to the
reduction in the interparticle force arising from the ceramic surfaces, as evidenced by atomic force
microscopy measurements. Finally, cell viability, cytokine release and tissue morphology analyses
verify a safe and e�cacious use of ALD-coated budesonide particles at cellular level. Therefore,
surface nanoengineering by ALD is highly promising in providing the next generation of inhaled
formulations with tailored characteristics of drug release and lung deposition, thereby enhancing
controlled pulmonary delivery opportunities.

This chapter has been published in ACS Nano 15, 6684–6698 (2021).
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3.1. Introduction

D rug delivery by inhalation o�ers a targeted therapy for lung diseases such as asthma and
chronic obstructive pulmonary disease (COPD) [1]. Moreover, by providing higher bioavail-

ability than oral and parenteral routes for several small-molecule therapeutics, it has emerged as a
route of administration for the treatment of systemic diseases such as diabetes mellitus [2]. The
large absorptive surface area of the lungs arising from the large number of alveoli — ranging from
200 to 600 millions — coupled with the thin alveolar-vascular permeable layer allows to e�ciently
deliver drugs to the bloodstream [3]. Hence, besides enabling direct access to the site of action for
lung diseases, pulmonary delivery has the potential to ensure a rapid onset of action for systemic
diseases [4]. This may allow for a lower dose than oral administration or injection. However, the
rapid absorption of inhaled drugs from the lungs may limit their local therapeutic e�ect, as they
can be quickly cleared from the lung tissue [5]. Frequent drug doses may thus be needed to mantain
their local concentration in the lung tissue within the therapeutic window, often leading to poor
patient compliance with the therapeutic regime. Furthermore, the clearance of inhaled particles is
determined by their initial deposition pattern in the lungs, which depends on the physical and
chemical properties of the aerosol such as particle interactions and aerodynamic particle size distri-
bution as well as on physiological factors such as air�ow and breathing patterns [6]. Therefore,
controlled pulmonary drug delivery in terms of lung deposition, dissolution and absorption is
highly desirable for the treatment of chronic diseases, as a reduction in dosing frequency and
optimization in powder load may be obtained. [7].
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A number of devices to generate respirable drug-containing particles or droplets have been devel-
oped for inhaled delivery, such as nebulizers, pressurized metered dose inhalers (pMDIs) and dry
powder inhalers (DPIs) [8, 9]. Both nebulizers and pMDIs deliver drugs in solution or suspension
aerosols. In particular, the drug is dissolved or suspended in water for nebulizers and in a nonpolar
volatile propellant for pMDIs. Nebulizers are not often used for the therapy of chronic diseases as
they are less portable, noisy and necessitate continuous inhalations by the patient over an extended
period of time. pMDIs make use of greenhouse gases, e.g., hydro�uoroalkanes, as propellants,
leading to high-velocity dose emission arising from the pressurization, which requires patients
to coordinate the "press and breath" manouvre, otherwise the drug may wrongly deposit in the
oropharynx. While pMDIs are designed for low drug loads, DPIs can deliver much higher drug
loads. However, as DPIs do not use any propellant, it is required by the patient to generate the
inspiratory force needed to aerosolise the powder. Moreover, compared to nebulizers, DPIs often
have superior chemical stability and are seen as much easier and faster to use. Yet, due to the strong
cohesive forces of the small drug particles relevant for inhalation, the dry drug powder in DPIs
is often blended with carrier excipient particles, usually lactose, to reduce drug cohesiveness and
improve aerosolization [10]. However, the addition of carrier particles increases the total inhaled
powder mass with a drug-to-carrier ratio typically not exceeding 1:90, causing decreased drug
delivery e�ciency [11, 12].
Substantial e�orts have been devoted to design carrier-free DPI formulations using various particle
engineering techniques such as controlled agglomeration, referred to as spheronisation, of mi-
cronized particles to form soft aggregates, i.e., spheroids, and physical vapour deposition or spray
drying for encapsulation of inhalable particles by polymers, lipids or amino acids [13]. At the same
time, such approaches can modify the drug release and enhance the aerodynamic properties of
the powder [7]. For instance, large porous particles made of poly(lactic-co-glycolic acid) (PLGA)
embedding the drug have been prepared to ease particle dispersion and diminish drug clearance
due to their large geometric diameter by escaping phagocytosis by alveolar macrophages [14–16].
Moreover, conjugation of drugs to polyethylene glycol, i.e., PEGylation, can prolong the retention
of small inhaled drugs in the lungs [17]. Liposomes, which consist of arti�cial vesicles formed
of lipid bilayers, encapsulating the drug may instead modulate the release by adjusting the lipid
composition [18]: for example, rigid phospholipids or cholesterol reduce the �uidity and thus the
permeability of the liposome membrane [19]. Still, such formulations can only o�er limited drug
loadings, up to at best 50%, which lower the amount of drug delivered for the same �ne particle
fraction [7, 16, 20]. In an attempt to increase the drug loading of traditional sustained-release
formulations, thin coatings of PLGA on micronized budesonide particles have been fabricated
by pulsed laser deposition (PLD) [21, 22]. PLGA-coated budesonide showed a biexponential
dissolution pro�le with an initial burst of free drug around 30–40%, likely arising from the lack of
coating uniformity and conformality, followed by a slower release with increasing coating amounts
[21, 22]. PLD as well as conventional physical and chemical vapor deposition can in fact fail to
uniformly and conformally coat irregularly shaped structures such as inhaled drug particles, and
moreover operate at high temperature and vacuum conditions [23–25]. Currently, there is still no
established, scalable and cost-e�ective technology to develop controlled inhaled delivery systems,
which provide sustained release combined with enhanced aerosolization, while retaining high drug
loadings [26, 27].
Atomic layer deposition (ALD) is a vapor-phase technique for depositing ultrathin conformal
�lms on any substrate with thickness control at the sub-nanometer level [28, 29]. Alternating
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exposures of a precursor and a co-reactant in the vapor phase separated by purging steps enable
self-terminating reactions with the substrate surface, thus resulting in an atomically controlled
�lm growth. Widely used for the functionalization of wafers in the semiconductor industry
with oxide ceramic �lms, ALD has also been applied to a large variety of powders, recently also
including pharmaceutical particles, due to its ability to conformally coat complex three-dimensional
substrates [30–36]. Crucially, nanophase ceramics have already been used in a broad spectrum of
biomedical and drug delivery applications, as they can modulate drug release kinetics, incorporate
multifunctional molecules and target action sites [37]. ALD of oxide ceramics can therefore
extend release, improve �ow properties and solid-state stability of virtually any pharmaceutical
substance [32–36, 38]. Nanoscale oxide ceramic ALD �lms have been shown to slow down the
dissolution rate of acetaminophen particles, while preventing drug chemical degradation and
cytotoxicity [34]. Similarly, we have demonstrated that nano-sized Al2O3-based �lms grown via
ALD in a �uidized bed reactor at nearly ambient conditions can greatly sustain the release and
improve the dispersibility of budesonide and lactose particles [32, 36]. In addition, Al2O3 ALD
�lms with a thickness of 30–35 nm have been proven to mantain a stable plasma concentration
for indomethacin, when administered subcutaneously in rats, up to over 12 weeks [35]. However,
neither in vitro nor ex vivo biorelevant studies of ALD-coated inhaled drugs have been reported
yet. Moreover, the e�ect of the ALD �lms on drug dissolution and other functional properties
such as �owability is not well understood [35, 36, 38, 39].
In this work, we use ALD to simultaneously prolong release and improve aerosolization of budes-
onide dry particles, a corticosteroid for the treatment of various respiratory diseases including
asthma and COPD, while avoiding the addition of carriers in the �nal formulation. The surface
of micronized budesonide was engineered by SiO2, TiO2 and Al2O3 nanoscale �lms. The ALD
process is carried out at 40 °C in an atmospheric-pressure �uidized bed reactor for a range of cycles
from 10 to 50 for TiO2 and Al2O3 ALD, and from 10 to 100 for SiO2 ALD. The �lm morphology,
thickness and amount were analyzed by transmission electron microscopy (TEM) and inductively
coupled plasma optical emission spectrometry (ICP–OES). The dissolution of biorelevant (<5µm)
aerosol fractions of uncoated and ALD-coated budesonide collected after dispersion via a modi�ed
Andersen cascade impactor (mACI) was monitored by high-performance liquid chromatography
and ex situ TEM to understand the particle-medium interaction. The drug absorption was quan-
ti�ed using the ex vivo isolated perfused rat lung (IPRL) model. Furthermore, the aerosolization
performance was evaluated by a fast screening impactor collecting particles with an aerodynamic
diameter smaller than 5 µm, which correspond to the �ne particle fraction (FPF). To explain the
FPF results, contact force measurements by atomic force microscopy (AFM) were carried out.
Finally, safety and e�cacy parameters of ALD-coated budesonide were assessed by measuring cell
viability of human epithelial alveolar A549 cells as well as cytokine release and histology of primary
human bronchial epithelial cells cultured at 3D.

3.2. Experimental
3.2.1. Materials
Micronized budesonide particles with a particle size distribution ranging from 0.1 to 10 µm and a
speci�c surface area of ∼5.6 m2/g were provided by AstraZeneca and used as received [32]. The
ALD precursors, trimethylaluminum (TMA), titanium tetrachloride (TiCl4) and silicon tetra-
chloride (SiCl4), were purchased from Nouryon, Strem Chemicals and Alfa Aesar, respectively,
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and used as received. Ozone was employed as a co-reactant with TMA, whereas demineralized
water as a co-reactant with TiCl4 and SiCl4. Each precursor was stored in a stainless steel bubbler
under an inert atmosphere. Sodium phosphate monobasic monohydrate, disodium hydrogen
phosphate anhydrous, sodium dodecyl sulphate, orthophosphoric acid (85%), potassium dihydro-
gen phosphate were purchased from Sigma-Aldrich and used to prepare sodium phosphate bu�er
solutions at pH= 6.8. European Pharmacopoeia (EP) reference standard budesonide was used for
calibration in the in vitro dissolution test. Acetonitrile and ethanol of HPLC grade were provided
by Carl Roth GmbH.

3.2.2. ALD Experiments
The ALD experiments were carried out in a vibrated �uidized bed reactor operating at atmospheric
pressure, as described elsewhere [32, 36]. The ALD precursors, i.e., TMA, TiCl4 and SiCl4, and
co-reactants, i.e., O3 and H2O, were kept at around room temperature (see Table 5.A.1). N2 (99.999
v/v%) was used as both carrier and purging gas. The lines were kept at 30 °C above the bubblers’
temperature to avoid undesired condensation and under-delivery of precursors. The reactor was
operated at a temperature of 40 °C for each ALD process (see Table 5.A.1). In each experiment,
budesonide powder batches of 5 g were loaded into the reactor. Optimized gas �ows of 1 NL
min-1, corresponding to 3.4 cm/s at room temperature, were employed to deliver the precursors to
the reactor and su�ciently mix the powder with the assistance of mechanical vibration. ALD of
Al2O3 and TiO2 were run up to 50 cycles, whereas ALD of SiO2 up to 100 cycles. The precursors
and their exposure times in each deposition process are reported in Table 5.A.1.

3.2.3. Material Characterization
The morphology of the ALD �lms on the budesonide particles was investigated by transmission
electron microscopy (TEM) and scanning transmission electron microscopy (STEM). The samples
were prepared by directly dispersing the powders on copper TEM grids of 3.05 mm in diameter.
TEM and STEM images of several particles on the grid were taken using a JEOL JEM1400 electron
microscope operating at 120 kV and a FEI Cs corrected cubed Titan operating at 300 kV, respectively.
In STEM, the images were obtained in high-angle annular dark-�eld (HAADF) mode. In parallel
with HAADF imaging, energy-dispersive X-ray spectroscopy (EDX) measurements were acquired
using an Oxford Instruments XMaxN100TLE detector. Elemental maps of Si, Ti, Al, C and O
were collected at several locations on the grids. The thickness of the Al2O3, TiO2 and SiO2 �lms
was then evaluated with the ImageJ software. For each sample, the �lm thickness of more than 10
particle agglomerates was measured at various locations and averaged.
Elemental analysis of Si, Ti and Al was carried out by inductively coupled plasma optical emission
spectrometry (ICP–OES). Approximately 30 mg of powder was destructed in 4.5 ml of 30% HCl,
1.5 ml of 65% HNO3 and 1 ml of 40% HF using the microwave Multiwave PRO. The destruction
time in the microwave was 60 min at maximum power. After destruction, the samples were diluted
to 50 ml with Milli-Q water and analyzed with a PerkinElmer Optima 5300 DV optical emission
spectrometer. From the measured mass fractions of Si, Ti and Al, the corresponding weight
percentages of SiO2, TiO2 and Al2O3 were calculated.
The crystal structure of uncoated and ALD-coated budesonide was examined by X-ray powder
di�raction (XRPD). The di�ractograms were obtained by a Bruker AXS D8 Discover di�rac-
tometer with Co Kα radiation. The angle 2θ was scanned from 5° to 50° with steps of 0.02°.
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3.2.4. In VitroDissolution Test

Prior to the in vitro dissolution test, the uncoated and ALD-coated budesonide powders were
dispersed using a modi�ed Andersen cascade impactor (mACI), as reported by Franek et al. [40].
The modi�ed ACI consists of a throat, pre-separator, stage 0, stage 1, �ve custom-made hollow
stages and a collection plate with glass �ber �lters (Whatman grade GF/C, binder free, 21 mm
in diameter) where the powders were deposited. The cut-o� diameter of stage 1 is 4.4 µm. To
achieve particle deposition on the �lter instead of impaction while ensuring full emptying of the
capsule, the hollow stages have the same height as a standard stage, i.e., 2.6 cm. 4 mg of uncoated
and ALD-coated budesonide were �lled into hydroxypropyl methylcellulose capsules (HPMC
Vcaps, size 3 capsules Capsugel®) which were inserted into a monodose inhaler. The inhaler device
was attached to the throat of the mACI. The powders were aerosolized at the standard USP air�ow
conditions operated at a �ow rate of 60 L/min and a �ow time of 0.5 s, and left to sediment for 40
min onto the glass �ber �lters, which were then used in the dissolution tests.

The morphology of the budesonide powders after aerosolization with mACI was analyzed by
SEM and TEM, respectively. An SEM sample holder with carbon tape and some TEM grids were
placed at the collection plate of the mACI. SEM images were taken at several magni�cations using
a JEOL’s JSM-6010 scanning electron microscope, whereas TEM images were recorded at various
locations and magni�cations using a JEOL JEM-1400 electron microscope.

The dissolution of the budesonide powders deposited through gravity onto the �lters was per-
formed as described by Franek et al. [40]. One �lter with deposited budesonide was joined with
an empty �lter, enclosing the deposited budesonide in between the �lters. The assembled �lters
were then inserted into a 3D-printed holder, which was placed into a µDiss tube (Pion) [41]. The
dissolution tests were carried out with a stirring speed of 500 rpm at 37 °C in 25 ml 0.1 M degassed
phosphate bu�er solution with 0.5% sodium dodecyl sulfate (SDS) (pH 6.8). Dissolution occurred
under sink conditions (budesonide dose/solution volume < 1/5 solubility). Samples of 1.4 ml were
collected at di�erent time points (5, 10, 15, 30, 45, 60, 90, 120 and 180 mins), and subsequently
1.4 ml of fresh dissolution medium at 37 °C was re�lled back to maintain a constant volume of
dissolution medium. Remaining amounts of budesonide in/on the �lter were further dissolved in
pure ethanol with a sonication of 20 min. The total amount of budesonide loaded on the �lter
was determined by summing the released amount during the dissolution test and the remaining
amount in/on the �lter dissolved in ethanol after the dissolution test. The fraction of released
budesonide was calculated by dividing the amount of budesonide released at each time point by
the initial budesonide mass loaded on the �lter.

The budesonide concentration was quanti�ed using high-performance liquid chromatography
with an UV-Vis detector (HPLC-UV) operating at 254 nm using a Waters Acquity system H-Class
equipped with quaternary solvent delivery pump. The chromatographic separation was performed
using the HPLC column NUCLEODUR® C18 Column, 150 mm × 4.6 mm, 5 µm (Macherey-
Nagel). The column temperature was maintained at 40 °C. The injected volume of each sample
was 10 µL. The mobile phase consisted of phosphate bu�er (pH= 3) and acetonitrile (32/68, v/v).
The eluent was sonicated for 15 min before use. The �ow rate was 1.0 mL/min. Data acquisition
and processing were realized by using EMPOWER-3 software (Waters Corporation). Quantitation
was achieved by measuring the peak area at the wavelength with the maximum absorption, i.e., 254
nm.
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3.2.5. Ex vivo Isolated Perfused Rat Lung Absorption Studies
The isolated perfused rat lung (IPRL) method was used as previously described by Ewing et al. [42].
In brief, rats were euthanized using an overdose of pentobarbital. Lung and heart were dissected
en bloc and the pulmonary artery was catheterized. A plastic tube was �tted in the trachea and
the lung was placed in an arti�cial thorax. Hydrostatic pressure was used to perfuse pulmonary
circulation with an albumin Krebs-Ringer bu�er at neutral pH. Isolated lung preparation was
ventilated using a rodent ventilator (No. 7025, Ugo Basile) at 75 breaths per minute and a tidal
volume on average of 1.5 mL. IPRLs were perfused in a single-pass mode, prohibiting re-circulation
of perfusate in the lung. Short inhalation exposures of aerosolized uncoated and ALD-coated
budesonide were delivered to IPRLs. A respiratory circuit was devised to pass aerosols and to
allow dry powder pharmaceuticals to deposit in isolated rat lungs, using a downstream vacuum
source and the inspiratory air�ow produced by IPRLs. The targeted lung deposited dose was 20
nmol per lung, corresponding approximately to a lung deposited dose of 20 µg/kg bodyweight.
Following inhalation, perfusate exiting the lung was collected using a sample collector. Perfusate
was collected at several time points up to 1 h following drug administration, and aliquots (50 µL)
were retained for bioanalysis. At the end of the experiment, the lungs were weighed and frozen
prior to sample preparation and analysis.
The lungs were homogenized in a Ringer solution using Precellys Dual bead-beating technology
(Bertin Technologies SAS). For the analysis, isolated perfused rat lung homogenate (50 µL) and
lung perfusate (50 µL) were protein precipitated by the addition of methanol (180 µL), containing
acetic acid (0.2%, v/v) and an analytical internal standard. After centrifugation (3440 g, 20 min, 4
°C) the supernatants were diluted (1:1, v/v) with deionized water, containing acetic acid (0.2%, v/v)
to match the initial mobile phase. If necessary, the samples were diluted further in 30% methanol
and 0.2% acetic acid (v/v). Automated liquid handling during the sample preparation was done
using the Bravo platform (Agilent Technologies Inc.). A Budesonide stock solution (2 mM)
was prepared in methanol and used for the calibration standard samples. Calibration curves were
prepared from a dilution series in methanol, followed by a 1:10 dilution in the blank perfusate bu�er
and blank lung homogenate matrix, respectively. The calibration samples were precipitated and
analyzed exactly as the samples. Three calibration standard curves, with at least six concentration
levels, were interspersed with study samples within each analytical run. The samples were loaded
and separated on a PAL HTC-xt auto-sampler (CTC Analytics AG)/Agilent 1200 LC pump
system (Agilent Technologies Inc.) coupled to a API 5500 triple quadropole mass spectrometer
(Sciex) or a PAL HTC-xt auto-sampler/Shimazdu LC system (Shimazdu Corporation) coupled to
a API 5000 triple quadropole mass spectrometer in negative mode with the mass transition 489.4
> 357.5 at declustering potential and collision energy of -75 V and -20 V, respectively. Separation
was achieved by applying a gradient elution on a Kinetex C18 column (50 mm × 2.1 mm, particle
size 2.6 µm) (Phenomenex). The mobile phases consisted of 10 mM ammonium formate acetate
and 0.2% acetic acid in deionized water (A) and 0.2% acetic acid in methanol (B). See Table 3.A.2
for the applied gradient. The software Analyst Version 1.6.2 (Sciex) was used for instrument
control, data acquisition, processing of all LCMS/MS-data concentrations and to determine valid
concentrations. Budesonide concentrations were determined by �tting individual response values
to the calibration curve made from the calibration standard samples. All calibration curves were
best �tted with linear regression with a weighting factor of 1/x or 1/x2. Criterion for quali�cation
of calibration levels were %CV<25 at concentrations near lower limit of quanti�cation (LLOQ)
and %CV<15 at all other levels. LLOQ for lung perfusate and lung homogenate was 0.19 nM and
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15 nM, respectively.

3.2.6. InVitroAerosolizationandInterparticleForceMeasurements
A fast screening impactor (FSI) (Copley Scienti�c Ltd) was used as an abbreviated impactor
to assess the aerodynamic performance of uncoated and ALD-coated budesonide samples. FSI
consists of a coarse fraction collector that collects particles with an aerodynamic diameter larger
than 5 µm and a �ne fraction collector that collects particles with an aerodynamic diameter smaller
than 5 µm. A 5 µm size cut-o� plate is inserted at the bottom of the pre-separator. The entire
system was connected to a vacuum pump (Gast, model 1423) with a Flow Controller TrB III
Trigger Box (AB FIA) in order to produce a pressure drop of ∼1 kPa over the inhaler. An accurately
weighed amount of powder (uncoated or ALD-coated budesonide), equal to 4.5 mg, was manually
introduced into a size 3 hard HPMC capsule and aerosolized with a �owrate of 30 L/min for 8
s (total volume of 4 L) and a critical �ow with a P3/P2 ratio <0.5, as required by the European
Pharmacopoeia using a monodose inhaler (RS01, Plastiape). The �ne particle fraction is de�ned
as the mass fraction of particles <5 µm of aerodynamic diameter with respect to the loaded mass.
The �ne particles passing through 5 µm size cut-o� plate were dissolved in ethanol/water (40/60,
v/v) and sonicated for 40 min. After being �ltered through a 0.2 µm �lter, the concentration of
budesonide was determined at a wavelength of 248 nm using a HACH LANGE DR5000TM
UV-VIS Spectrometer or determined by HPLC as described earlier. The �ne particle fractions of
all the samples were investigated both after long-term storage for 8–10 months at 20 °C and 0%
RH and after storage in open glass vials for 1 month at 40 °C and 75% RH. The chamber at 40 °C
and 75% RH consists of a closed box containing a saturated NaCl solution and placed inside an
oven held at 40 °C.
Atomic force microscope (AFM) measurements were taken in an NT-MDT (NTEGRA) micro-
scope with OLTESPA silicon nitride cantilevers (Bruker AFM probes) with a sti�ness of 2 N/m.
The AFM was mounted onto a vibration-isolated table. Small amounts of particles were heaped
up on a microscope glass slide, which was then knocked to remove loosely bounded agglomerates.
The measurements were performed at ambient conditions, i.e., 20 °C and ∼40% RH. Particle
agglomerates for analysis were selected by a top view camera mounted on the AFM. De�ection
curves (50–200 per sample) were recorded over a 100 × 100 µm area on several agglomerates to
average out local inhomogeneities. Force curves were then obtained by converting the cantilever
de�ection using Hooke’s law and the thermal noise method on a cleaned microscope glass slide.
The jumps in the force curves correspond to contacts between two or more particles. The contact
force between two individual particles was determined by measuring the last jump in the force
curves, as described by Salameh et al. [43, 44].

3.2.7. Cell Viability Analysis
The cell viability analysis of uncoated and ALD-coated budesonide was carried out with the
human epithelial alveolar A549 cell line. A549 cells were purchased from the American Type
Culture Collection (ATCC). The cells were cultured in 75 cm2 culture �asks (Corning Inc. Life
Sciences) using 15 mL Dulbecco’s modi�ed Eagle’s medium (DMEM) in an incubator at 37 °C in
an atmosphere of 5% CO2 and 95% relative humidity. The medium was supplemented with 10%
heat inactivated fetal bovine serum (FBS, Sigma-Aldrich) and antimycotic solution (1% v/v). The
growth medium was changed every other day until the time of use. A549 cells were seeded on 96
wellplates at a density of 1 × 104 cells per well and cultured overnight. The media was aspirated
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from all the wells, and the cells were then treated with the desired concentration ranging from 20
to 1000 µM of budesonide formulation which was dispersed and diluted in 100 µL cell culture
media for each well. Cells incubated with 1% SDS (v/v) or 50 µM menadione diluted in the cell
culture media were used as positive controls. After incubation for 48 h, cell viability was evaluated
by adding 10 µL CCK-8 reagent (Sigma-Aldrich) to each well and incubated for an additional
2 h at 37 °C under the condition of 5% CO2 and 95% relative humidity. The optical density was
measured by using a Microplate Reader (Multiskan FC, Thermo Scienti�c) at 450 nm with a
reference absorbance at 620 nm, according to the manufacturer’s protocol.

3.3. Results andDiscussion
3.3.1. DepositionofSiO2, TiO2 andAl2O3NanoscaleFilmsonMicronized

Budesonide
Gram-scale batches of micronized budesonide particles were engineered with nanoscale �lms by
ALD in �uidized bed reactors. The latter are advantageous technologies due to their scale-up
prospects [31] and long-standing use in the pharmaceutical industry. The deposition of SiO2 was
carried out up to 100 cycles, whereas that of TiO2 and Al2O3 up to 50 cycles. The morphology of
the bare and ALD-coated budesonide particles was �rst investigated by TEM analysis. Conformal
�lms were obtained on each individual particle for each deposition process. In SiO2 ALD, average
�lm thicknesses of 1.5, 3, 6 and 10 nm were found after 10, 25, 50 and 100 cycles, respectively (see
Figure 3.1a). A nearly linear evolution of the �lm thickness with the number of cycles was obtained
(see Figure 3.1d), as according to the typical ALD growth. The growth per cycle (GPC), which
corresponds to the slope of the �tting line of �lm thickness vs. number of cycles, was thus ∼0.1
nm, in agreement with the 0.09–0.11 nm GPC reported for SiCl4/H2O ALD [45, 46]. In TiO2
ALD, the average �lm thicknesses were 3, 8 and 15 nm after 10, 25 and 50 cycles, which translate
into a GPC of ∼0.3 nm (see Figure 3.1b,e). This GPC is slightly higher than that typically reported
for TiCl4/H2O ALD, i.e., ∼0.1 nm [47], due to the operation at nearly ambient conditions,
which makes the removal of unreacted H2O during the purging steps extremely challenging, thus
resulting in additional growth by chemical vapor deposition (CVD) reactions. Instead, in Al2O3
ALD, 20, 35 and 50 nm thick �lms on average were observed after 10, 25 and 50 cycles, respectively
(see Figure 3.1c,f). Such high thicknesses arise from the penetration of trimethylaluminum (TMA),
the Al precursor used in the Al2O3 ALD process, which is known to in�ltrate biomaterials and
polymers, where organometallics such as TMA can prolongedly reside due to attractive chemical
interactions with functional groups of the biomaterial [48, 49]. In this instance, TMA does not
readily react on the budesonide surface and mostly di�uses into the budesonide outer core, where it
is kinetically trapped [50]. This results in sub-surface growth and the formation of �lms consisting
of an Al2O3-budesonide mixture at the near surface region of budesonide. During the �rst exposure
of TMA, the precursor might display both non-covalent and covalent interaction with budesonide,
due to the presence of two hydroxyl and carbonyl groups in its molecular structure. Upon exposure
to the oxygen source, here O3, aluminum oxyhydroxide nuclei exhibiting hydroxyl terminated
surfaces are formed, with which TMA is more likely to react in the next cycles. In this process,
also referred to as sequential in�ltration synthesis, the extent of in�ltration and thus the �nal
�lm thickness is determined by the cumulative duration of exposure and partial pressure of the
precursor vapor as well as of the following purging step, rather than solely by the number of cycles.
Therefore, a GPC cannot be de�ned for Al2O3 ALD on budesonide. For simpli�cation and clarity,
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the �lm thicknesses are assigned later on only to Al2O3, but it is worth pointing out they refer to
the mixture of Al2O3-budesonide.
Moreover, the amount of deposited material after each ALD process was monitored as a function
of the number of cycles by ICP-OES. This is crucial to estimate the drug loading in each ALD-
processed budesonide formulation. Each deposited material loading essentially increases linearly
with the number of cycles, which is consistent with the evolution of the �lm thicknesses (see
Figure 3.1g-i). SiO2 loadings of 0.9, 2.8, 4.1 and 6.8 wt. %, corresponding to budesonide loadings
of 99.1, 97.2, 95.9 and 93.2 wt. %, were obtained after 10, 25, 50 and 100 cycles, respectively (see
Figure 3.1g). Instead, TiO2 loadings of 3.8, 10.7 and 21.1 wt. %, equivalent to budesonide loadings
of 96.2, 89.3 and 78.9 wt. %, were found after 10, 25 and 50 cycles, respectively (see Figure 3.1h).
The signi�cantly lower loadings of SiO2 than TiO2 for comparable thickness are due to the lower
density of SiO2, which is estimated to be 1.6 g/cm3 [51], than TiO2, whose lowest reported value
is 3.3 g/cm3 [52]. The higher density of TiO2 is also evidenced by the darker �lms under TEM.
Similarly to TiO2, Al2O3 loadings of 6.1, 14.4 and 18.7 wt. %, corresponding to budesonide loadings
of 93.9, 85.6 and 81.3 wt. %, were measured after 10, 25 and 50 cycles, respectively (see Figure 3.1i).
However, as shown previously, greatly higher thicknesses are observed after Al2O3 ALD for the
same amount of deposited material, due to the in�ltration of Al2O3 into the budesonide particles.
To further look into the morphology of the ALD �lms, elemental mappings were performed by
energy dispersive X-ray spectroscopy (EDX) (see Figure 3.2). The maps of Si, Ti, Al, and related
O con�rm the uniform deposition of SiO2, TiO2 and Al2O3 on budesonide. In particular, the
higher concentration of Si, Ti, Al and related O at the edges of the budesonide particles indicate
the formation of core/shell structures. This is true even for Al2O3-coated budesonide, despite
the penetration of Al2O3 into the outer core of the budesonide particles (see Figure 3.2c and
Figure 3.A.1). To examine the crystallinity of the ALD-coated budesonide particles and the stability
of their chemical structure upon the ALD process, X-ray powder di�raction (XRPD) analysis was
carried out. The XRPD patterns before and after ALD do not display any di�erence, indicating the
amorphous nature of the deposited �lms as well as the absence of changes in the crystal structure
of budesonide (see Figure 3.A.2).

3.3.2. Drug Release: in VitroDissolution and ex VivoRat Lung Ab-
sorption

The �rst objective was to investigate the e�ect of the ALD �lms on the release of budesonide. De-
veloping an in vitro dissolution test for inhaled formulations is challenging due to the complexity
in reproducing the lung surfactants with the limited volume of �uid that lines the respiratory
tract, approximately 10-20 ml/100 m2, and due to the competition between dissolution, and
mucociliary transport and uptake by macrophages. Moreover, the dissolution rate of inhaled for-
mulations strongly depends on the physiological environment. Therefore, there are no regulatory
requirements or established pharmacopoeial techniques for the dissolution testing of inhaled drugs.
However, as suggested by Velaga et al. [53], a dissolution method approaching biorelevance for
orally inhaled products may still be obtained by using (i) a method for capturing a suitable fraction
of aerosol, which needs to be non-agglomerated to mimic that delivered to the lungs by inhalation,
(ii) a method for transferring the captured aerosol fraction to a dissolution system, (iii) a suitable
dissolution media for dissolution under sink conditions, and (iv) a suitable dissolution apparatus,
either large-volume systems with agitation or small-volume di�usion-controlled systems without
agitation. In this work, in vitro dissolution of bare and ALD-coated budesonide dry powder was
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Figure 3.1: Linear growth of SiO2, TiO2 and Al2O3 on micronized budesonide as a function of the ALD cycles. (a-c)
TEM images of budesonide particles coated by (a) SiO2, (b) TiO2 and (c) Al2O3 via ALD. The �lm thicknesses were
measured by ImageJ. (d-f) Evolution of �lm thickness with the number of cycles for (d) SiO2, (e) TiO2 and (f) Al2O3
ALD. The error bars indicate 95% con�dence intervals. (g-i) Evolution of amount of deposited material, measured by
ICP-OES and normalized with respect to the budesonide amount, with the number of cycles for (g) SiO2, (h) TiO2 and
(i) Al2O3 ALD.
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of (a) Si, O and C in SiO2-coated budesonide after 100 cycles, (b) Ti, O and C in TiO2-coated budesonide after 50 cycles,
and (c) Al, O and C in Al2O3-coated budesonide after 50 cycles.

carried out in a stirred phosphate bu�er solution at pH 6.8 with 0.5% sodium dodecyl sulfate (SDS)
in a µDiss tube containing a 3D-printed holder for �lters [41], which captured a biorelevant non-
agglomerated aerosol fraction via a modi�ed Andersen cascade impactor (mACI) [40]. Scanning
electron microscopy (SEM) and TEM images of the bare and ALD-coated budesonide particles
after aerosolization with mACI demonstrated their successful de-agglomeration (see Figure 3.A.3).
Interestingly, the agglomerate size of ALD-coated budesonide after mACI aerosolization was
considerably smaller than bare budesonide, suggesting improved powder dispersibility after the
ALD process, as we will show later. In any case, uniformly dispersed agglomerates with an open
structure were found for both bare and ALD-coated budesonide. This is an essential requirement
for ensuring an appropriate and immediate wetting of each individual particle at the initial stages
of dissolution. To further verify the importance of the particle de-agglomeration step, dissolution
tests of di�erent budesonide doses were performed with and without mACI aerosolization (see
Figure 3.A.4). In case of no pre-dispersion with mACI, the dissolution pro�les strongly depend
on the budesonide dose. In particular, the dissolution rate signi�cantly decreases with increasing
budesonide doses. This arises from the presence of large closely-packed agglomerates which prevent
an adequate and prompt wetting, and thereby dissolution. The higher the budesonide dose, the
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higher the number of large agglomerates, the longer the wetting process, the slower the dissolution
process. Instead, no dose-dependent dissolution is observed when pre-dispersing the powder with
mACI. Provided that sink conditions are ful�lled, the dissolution rate, having a �rst-order kinetic,
must not depend on the drug dose. Therefore, using only the non-agglomerated aeorosol fraction
is crucial in dissolution testing of inhaled formulations.
After assessing the quality of our dissolution testing procedure with di�erent doses of bare budes-
onide, we measured the dissolution rate of each ALD-coated budesonide formulation over 3 hours
(see Figures 3.A.5 and 3.3). Bare budesonide particles reach a cumulative release of 77% already after
30 min and 95% after 2 h (see Figure 3.3). Instead, the ALD-coated budesonide particles dissolve at
a decreasing rate with increasing �lm thickness. In particular, SiO2-coated budesonide displays a
cumulative release after 30 min of ∼70% with the 6 nm �lm and ∼55% with the 10 nm �lm (see
Figure 3.3a and Figure 3.4a). TiO2-coated budesonide shows a cumulative release after 30 min of
∼72% with the 3 nm �lm, ∼64% with the 8 nm �lm and ∼51% with the 15 nm �lm (see Figure 3.3b
and Figure 3.4a). Furthermore, Al2O3-coated budesonide exhibits a cumulative release after 30
min of ∼45% with the 20 nm �lm, ∼33% with the 35 nm �lm and ∼28% with the 50 nm �lm (see
Figure 3.3c and Figure 3.4a). Interestingly, the dissolution rates are not signi�cantly a�ected by
the nature of the coating material or of the surface composition, as their pro�les clearly scale with
the �lm thickness. Moreover, it is worth noting that the dissolution curves are S-shaped, with an
initial delay attributed to the time the solution takes to di�use through the �lm. As suggested
by Vogel et al. [39], we already hypothesized the mechanism of solution di�usion through the
voids of the ALD �lm in the dissolution of Al2O3-coated lactose particles [36]. To prove this
release mechanism, the morphology of the ALD-coated budesonide particles was now assessed by
ex situ TEM analysis after 5 and 30 min dissolution (see Figure 3.4d). In particular, TEM grids
were positioned at the collection plate of the mACI for drug deposition, then placed in between
two glass �ber �lters and transferred to the dissolution setup. In agreement with the dissolution
pro�le, the bare budesonide particles dissolve quickly, as shown by the presence of bubbles arising
from the dissolution medium into the particles already after 5 min and by the absence of intact
bare particles after 30 min. On the other hand, the ALD-coated budesonide particles remain
substantially intact during the whole dissolution process. After 5 min, no bubble is observed inside
the ALD-coated particles, indicating the absence of dissolution medium in the particles. This
is consistent with the delay at the initial stages of dissolution due to the time the medium takes
to di�use. Instead, bubbles are found after 30 min dissolution, demonstrating the di�usion of
the medium through the ALD �lms, without any noticeable �lm erosion or degradation. This
analysis suggests that the mechanism behind dissolution of the ALD-coated particles mainly in-
volves the transport of dissolution medium through sub-nanoscale pores and defects, typically
present in ALD �lms synthesized at ambient conditions. Following inward di�usion, the medium
dissolves the budesonide core, which then di�uses out and is loaded into the micelles composed of
SDS. Therefore, the dissolution mechanism is essentially di�usion-based for each ALD-coated
budesonide formulation.
To study the absorption of the bare and ALD-coated budesonide formulations, and thus ob-
tain a more realistic correlation with in-vivo performance, the ex vivo isolated perfused rat lung
(IPRL) model was used [42]. After 30 min, bare budesonide reaches a cumulative absorption of
∼60%, whereas 10-nm-SiO2-coated, 15-nm-TiO2-coated and 20-nm-Al2O3-coated budesonide of
∼37% (see Figure 3.4b). Therefore, a signi�cantly slowed absorption is observed for ALD-coated
budesonide, in agreement with the slowed release in the in vitro dissolution tests. Moreover, the ab-
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Figure 3.3: In vitro dissolution pro�les of uncoated and ALD-coated budesonide after aerosolization using mACI, distin-
guished by ALD material: (a) SiO2, (b) TiO2, and (c) Al2O3. Increasing �lm thicknesses result in slower dissolution rates
for each ALD material. The error bars indicate standard deviations.
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Figure 3.4: Drug release: in vitro dissolution and ex vivo IPRL absorption. (a) In vitro dissolution pro�les of uncoated
and ALD-coated budesonide after aerosolization using mACI. The error bars indicate standard deviations. (b) Ex vivo

absorption pro�les of uncoated and ALD-coated budesonide using isolated perfused rat lung (IPRL). The error bars
indicate 95% con�dence intervals. (c) Correlation of the time required for 50% drug release/absorption (t50) between in

vitro and ex vivo. (d) TEM images of uncoated and ALD-coated budesonide after 5 and 30 min dissolution in sodium
phosphate bu�er. After 5 min bubbles from the medium are only present in the uncoated particles, and after 30 min they
also appear in the ALD-coated particles. While after 30 min already a budesonide amount ranging from ∼30 to ∼55% is
released from the ALD-coated particles, the �lms are still intact.

sorption pro�les of ALD-coated budesonide were compared to that of the commercial budesonide
suspension Pulmicort Respules, which is a very well-characterized reference (see Figure 3.A.6). A
constant absorption rate over time is observed for both ALD-coated budesonide formulations
compared to bare budesonide and Pulmicort Respules, whose pro�les reach a maximum after 3
min and thereafter quickly drops. We then correlated the times required for 50% drug release in
the in vitro dissolution test and drug absorption in the ex vivo IPRL test. As shown in Figure 3.4c,
a linear correlation between t50 in vitro and ex vivo is found for both bare and ALD-coated budes-
onide. Even though more data points are required to increase the robustness of the correlation, this
suggests that already the in vitro dissolution data o�er the biorelevant capability to di�erentiate
between rates of bare and ALD-coated budesonide formulations.
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3.3.3. In VitroAerosolization
A high FPF is desired to increase the lung deposited dose and thus reduce the total dose delivered
to the patient, making more e�cient use of the drug inhaled. In particular, a lower total dose may
reduce at the same time drug cost and risks for side e�ects. The FPFs for both bare and ALD-
coated budesonide formulations were therefore quanti�ed by in vitro aerosolization measurements
using the fast screening impactor, a two-stage abbreviated impactor collecting particles with an
aerodynamic diameter smaller than 5 µm, at an air �ow rate of 30 L/min, corresponding to a
pressure drop of 0.8–1.0 kPa, i.e., a very low inspiratory pressure. The FPFs were measured both
after long-term storage for 8–10 months at 20 °C and ∼0% RH, and after storage under stressed
conditions, i.e., open for 1 month at 40 °C and 75% RH (see Figure 3.5a). After long-term storage
at 20 °C and ∼0% RH, a FPF of ∼30% is found for bare budesonide, whereas signi�cantly higher
FPF values ranging from ∼55% to ∼70% are obtained for 10-cycle-ALD-coated budesonide. In
particular, a 2.3-fold increase in FPF is observed for ALD-coated budesonide after 10 SiO2 and
Al2O3 cycles, whereas a 1.9-fold increase for 10-cycle-TiO2-coated budesonide (see Figure 3.A.7a).
The FPF values of each ALD-coated formulation tend to apparently decrease with increasing �lm
thickness. However, this is attributed to the increase in powder agglomeration with increasing
ALD cycles, rather than to a �lm thickness e�ect, as the surface morphology and composition
are essentially unaltered. When increasing the number of ALD cycles from 10 to 50, the time the
budesonide particles are subjected to mixing and collisions in the �uidized bed increases �vefold,
thus further promoting particle agglomeration which in turn lowers FPF. Yet, even the FPFs of
the most ALD-coated formulations remain higher than bare budesonide. It is worth noting that
SiO2-coated budesonide seems to be the least a�ected by the increase in ALD cycles, as shown
by the FPF evolution, suggesting that the combination of SiCl4/H2O precursors performs best
in reducing powder agglomeration. After open storage for 1 month at 40 °C and 75% RH, bare
budesonide exhibits a FPF of ∼45%, higher than the original value of ∼30%. This is attributed to
surface relaxation promoted by the higher temperatures and relative humidities [54]. The FPF of
each SiO2-coated budesonide formulation stays essentially constant after stress testing (see also
Figure 3.A.7c). A similar behaviour is observed for Al2O3-coated budesonide, but only up to 25
cycles, as the 50-cycle-Al2O3-coated sample bene�ts from surface relaxation which makes FPF still
higher than bare budesonide. Instead, TiO2-coated budesonide formulations show greatly higher
FPFs after storage under stressed conditions. The FPF values increase by 40-50% after 10 and 25
TiO2 cycles.
To explain that as well as the drastic increase in FPF of ALD-coated budesonide formulations,
interparticle forces (F) measurements were performed (see Figure 3.5b). First, a decrease in the
contact force of bare budesonide after stressed storage from ∼75 to ∼50 nN is found. Surface
relaxation results in a lower surface energy, and thus in lower contact force, which translates into a
higher FPF. Crucially, a substantial drop in the contact force for each ALD-coated budesonide
formulation is observed. In particular, a descending-order force scale Funcoated > FAl2O3 > FTiO2 >
FSiO2 can be extrapolated. Speci�cally, the average contact forces for Al2O3-coated, TiO2-coated
and SiO2-coated budesonide are ∼50, ∼42 and ∼30 nN. This force trend is consistent with the
Hamaker constants, which are directly proportional to the van der Waals interactions, of the
ceramic materials under consideration [55]. In fact, the Hamaker constant of SiO2 is signi�cantly
lower than that of TiO2 and Al2O3. The higher levels of FAl2O3 than FTiO2 might be explained by
the contribution of budesonide arising from Al2O3 in�ltration or by the higher water adsorption
of Al2O3, which increases the capillary force contribution. The contact forces remain constant
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with increasing ALD cycles. This is expected, as the surface morphology and composition do
not change after 10 ALD cycles. Therefore, the reduced interparticle force in each ALD-coated
budesonide formulation can be explained by the modi�ed surface composition which diminishes
the Van der Waals force. An additional decline in FTiO2 after stressed storage is noticed. At �rst
sight, this might be surprising as the capillary contribution to the interparticle force typically
increases with thicker water adsorbed layers. However, for TiO2 nano-sized particles, the water
adsorbed layer thickness strongly depends on humidity, consequently a�ecting the humidity
dependence of the interparticle force. In particular, molecular dynamics simulations by Laube
et al. [56] revealed a force decrease at increasing humidity for smooth, nearly spherical TiO2
particles, in agreement with our observed drop in FTiO2 after storage at 75% RH. Finally, the FPF
and interparticle force of uncoated and ALD-coated budesonide were correlated. As shown in
Figure 3.5c, a linear correlation between FPF and interparticle force is obtained. This suggests that
the superior aerosolization performance, i.e., improved FPF, of ALD-coated budesonide results
from the reduced interparticle force due to the ceramic surface. Importantly, the ALD-coated
budesonide formulations retain their higher FPFs under stressed conditions, thus demonstrating
excellent stability. This opens up new opportunities for the development of carrier-free DPI
formulations.

3.3.4. Safety and Efficacy Assessment
To investigate safety and e�cacy parameters of ALD-coated budesonide, two di�erent in vitro

cell based systems, i.e., A549 and EpiAirway, were used. A549 is a cancer cell line representing the
alveolar epithelium and is cultured as a monolayer completely submerged in culture medium. The
3D human bronchial model, EpiAirwayTM [57], is made up of primary cells with the ability to
di�erentiate into in-vivo like psudostrati�ed epithelium mimicking the epithelium of the central
aiways. Moreover, the 3D model reconstitutes a polarized tissue with a basolateral side that is in
contact with the culture medium, and an apical side which is exposed to air allowing for inhalation
studies by powder deposition. A �rst safety screening against A549 cells was carried out using a
CCK-8 assay. After incubation of the cells with both uncoated and ALD-coated budesonide for
24 h, no toxicity was observed (see Figure 5.3). The cell viability stays consistent across the tested
concentration range 1–100 µM of budesonide formulation. This is in agreement with the �ndings
from Ivask et al. [58], who demonstrated that SiO2, TiO2 and Al2O3 nanoparticles showed no or
negligible toxic e�ects against human epithelial alveolar A549 cells, human epithelial colorectal
Caco2 cells and murine �broblast cell line Balb/c 3T3 at concentrations smaller than 100 µg mL-1

with the same incubation time of 24 h. To further investigate whether the deposited ceramic
materials could induce toxicity upon longer incubation time, the cells were treated with uncoated
and ALD-coated budesonide concentrations up to 1000 µM for 48 h. The viability measure of
cells exposed to 1% SDS (v/v) or 50 µM menadione was used as positive controls [59, 60]. The mean
cell viability for a concentration of budesonide formulation of 20 µM is above 90% for uncoated
and Al2O3-coated budesonide, and above 80% for SiO2-coated and TiO2-coated budesonide (see
Figure 5.3a). The cell viability of both uncoated and ALD-coated budesonide drops from >80-90%
at 20 µM to ∼20-30% at 500 and 1000 µM of budesonide formulation. This reduction is typically
reported for long-term, e.g., 48 h, exposures to high concentrations of budesonide [61]. Crucially,
no signi�cant di�erence in cell viability of uncoated and ALD-coated budesonide is found at each
concentration of budesonide formulation, indicating that the toxicity arises from budesonide itself
rather than from the ceramic materials. Therefore, each ALD-coated budesonide formulation



3.3. Results andDiscussion

3

77

appears to be tolerated in terms of A549 cell viability for concentrations of budesonide formulation
up to 100 µM for 24 h incubation and up to 20 µM for 48 h incubation.
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Figure 3.6: Safety and e�cacy assessment. (a) Cell viability after treatment with uncoated and ALD-coated budesonide
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analysis of IL-8, G-CSF, IP-10 and MCP-1, and (c) histology analysis of lung tissue morphology upon exposure of 3D
human bronchial epithelial cells to air, uncoated and Al2O3-coated budesonide for 24 h without and with Cytomix (0.2
mg/mL LPS and 500 ng/mL TNF-α).

The characteristics and performance of each formulation in terms of drug loading, release, aerosoliza-
tion and safety are categorized in Table 3.1. The highest drug loadings for the same thickness are
obtained by Al2O3 ALD. The in�ltration of Al2O3 in the budesonide core leads to thick �lms only
partially consisting of Al2O3, thus resulting in higher drug loadings. SiO2 ALD o�ers higher drug
loadings than TiO2 ALD due to the lower SiO2 density which results in lower amount of deposited
material for the same thickness. The in�ltration mechanism of Al2O3 is also bene�cial in forming
thick �lms far faster than SiO2 and TiO2 ALD, which have GPCs of 0.1 and 0.3 nm, respectively,
as shown earlier. Given the highest thickness, Al2O3-budesonide �lms translate into the slowest
dissolution rates, as indicated by the highest t50 values. The best aerosolization properties are
exhibited by SiO2-coated budesonide, due to the lower Van der Waals force of SiO2. However,
even TiO2-coated and Al2O3-coated budesonide show very high FPFs, if processed up to 10-25
cycles. With respect to safety, the cell viability of Al2O3-coated budesonide is the closest to that
of bare budesonide. Taken together, Al2O3 is the most promising material in sustaining release
and improving aerosolization while retaining a high cell viability, high drug loading and relatively
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short ALD processing time, especially when deposited for a low number of cycles.

Sample Loading ALD time t50 in vitro FPF Cell viability
(wt. %) (h) (min) (%) (%)

Uncoated Budesonide 100 - 12.3 29.4 98.7±4.6

SiO2/Budesonide 6 nm 95.9 9.4 16.7 68.3 -
10 nm 93.2 18.8 27.0 58.4 86.2±19.6

TiO2/Budesonide
3 nm 96.2 1.9 15.0 56.8 -
8 nm 89.3 4.8 21.8 52.8 -
15 nm 78.9 9.6 29.5 36.7 81.2±4.0

Al2O3/Budesonide
20 nm 93.9 2 36.1 68.1 -
35 nm 85.6 5 52.6 53.0 -
50 nm 81.3 10 61.6 30.3 95.0±10.0

Table 3.1: Drug loading, dissolution (t50 in vitro), aerosolization (FPF) and safety (cell viability at 20 µM for 48 h) proper-
ties of uncoated and ALD-coated budesonide as well as their ALD processing time.

In this view, additional safety and e�cacy tests were carried out using the 3D bronchial epithelial
cultures for 10-cycle-Al2O3-coated budesonide. The respiratory epithelium is known to secrete
chemoattractants and proin�ammatory cytokines in response to lung injury or infections. There-
fore, a range of cytokines, including interleukin 8 (IL-8), granulocyte-colony stimulating factor
(G-CSF), interferon gamma-induced protein 10 (IP-10) and monocyte chemoattractant protein 1
(MCP-1), were measured to study the response of epithelial cells to uncoated and Al2O3-coated
budesonide formulation with and without a cytomix treatment (see Figure 5.3b) [62]. Speci�cally,
without the addition of the cytomix cocktail, safety can be assessed, whereas with the cytomix
e�cacy can be evaluated. The cytomix cocktail comprises cytokines chosen to re�ect the activation
of the innate immune system, as their secretion can recruit further immune cells such as monocytes
and neutrophils to the site of injury or insult. Without the cytomix treatment, no signi�cant
change in cytokine levels was detected for either uncoated or Al2O3-coated budesonide. This
suggests that Al2O3 does not induce a proin�ammatory innate immune response and appears tol-
erable by nature. On the other hand, the cytomix treatment activates the early innate in�ammatory
cytokine release by epithelial cells. However, both uncoated and Al2O3-coated budesonide reduce
the cytokine levels induced by the cytomix. Crucially, Al2O3 does not a�ect the anti-in�ammatory
activity of budesonide, thus retaining its e�cacy.
The 3D bronchial epithelial cultures demonstrate su�cient di�erentiation with adequately dis-
tributed ciliated and goblet cells (see Figure 5.3c). Based on hematoxylin and eosin staining,
no meaningful di�erence can be observed between air-treated, budesonide-treated and Al2O3-
budesonide-treated cells. Similarly, even the corresponding cytomix-treated cultures do not display
signi�cant alterations in the composition of ciliated and goblet cells as well as in their overall
histological appearance. Basal cells are in close contact with the basement membrane, as expected.
The only minor di�erence in the cytomix-treated cultures is given by the presence of condensed
nuclei in each cell type and increased eosinophilic stain in the cytoplasm of the ciliated cells. This
is attributed to the increased release in cytokines shown in Figure 5.3b, as a higher cell activity due
to e.g. protein secretion is often coupled with a darker staining pattern. Overall, Al2O3-coated
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budesonide appears to be safe and e�ective with respect to the bronchial epithelial cells, in agree-
ment with the results in alveolar A549 cells. Yet, to fully assess the safety pro�le of the ALD �lms,
more comprehensive regulatory in-vivo toxicity studies would be required.

3.4. Conclusion

I n conclusion, we have developed inhaled budesonide powder formulations with controlled
release and aerosolization properties depositing a range of ceramic nanoscale �lms by ALD,

namely SiO2, TiO2 and Al2O3. TEM and EDX reveal the deposition of uniform SiO2 and TiO2
surface nano�lms, and the in�ltration of Al2O3 into the outer core of the budesonide particles.
Nonetheless, a core/shell structure is retained for each ALD-coated budesonide formulation.
Nanoscale �lms ranging from 10 to 50 nm are able to signi�cantly sustain the release of budesonide
both in vitro and ex vivo. The dissolution rate seems to be una�ected by the composition of
the �lm, but mainly by its thickness, which dictates the di�usion of the medium. Importantly,
the ceramic ALD �lms also improve the aerosolization performance of budesonide both after
standard and stressed storage due to their lower Van der Waals force. In particular, ALD-coated
budesonide processed up to 10–25 cycles delivers FPFs up to 2.3 times higher, also at a very low
inhalation �owrate. Increasing the number of ALD cycles and thus the powder processing time
in the �uidized bed promotes particle agglomeration which in turn results in lower FPF, yet
still higher than bare budesonide. Moreover, the deposited ceramic materials preserve the safe
and e�cacious attributes of budesonide. No toxicity is detected in human epithelial alveolar
A549 cells, and 3D human bronchial epithelial cells. By providing sustained release and improved
aerosolization while retaining high drug loadings up to ∼95% and cell viability, ALD proves to
be a revolutionary route to fabricate controlled pulmonary drug delivery systems. Crucially, it
avoids the use of carriers in DPI formulations, thus enabling a high drug load in the inhaled aerosol.
Whilst these novel inhaled delivery features are here demonstrated with budesonide as a model
active pharmaceutical ingredient (API), the prospects of tailoring release and �ow characteristics
by ALD apply to a broad range of primary API and excipient particles in both the nano- and
micro- range. Being a dry process at nearly ambient conditions, ALD provides an essentially
non-invasive platform to engineer surfaces of pharmaceutical particles, regardless of their shape,
size and rugosity. Therefore, such opportunities are also relevant for any pharmaceutical powder
in oral and parenteral formulations.
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3.A. Supporting Information
Experimental conditions; HAADF and EDX of Al2O3-coated budesonide; XRPD of uncoated
and ALD-coated budesonide; SEM and TEM after mACI pre-dispersion; dissolution for di�erent
budesonide doses with and without mACI pre-dispersion; dissolution of ALD-coated budesonide
over 3 h; comparison of ex vivo IPRL absorption with commercial Pulmicort Respules; FPF ratios;
A549 cell viability for 24 h.

Material Precursor Co-reactant Treaction Exposure Time (min)
(T, °C) (T, °C) (°C) (Precursor-N2-Coreactant-N2)

Al2O3 TMA (30) O3 (RT) 40 1-5-1-5
TiO2 TiCl4 (RT) H2O (RT) 40 0.5-5-1-5
SiO2 SiCl4 (RT) H2O (RT) 40 0.25-5-1-5

Table 3.A.1: Experimental conditions. RT indicates room temperature.

Time Mobile phase A Mobile phase B
(min) (%) (%)

0.01 55 45
1.20 3 97
2.00 3 97
2.20 55 45
2.60 55 45

Table 3.A.2: Liquid chromatography (LC) gradient for liquid chromatography with tandem mass spectrometry (LC-
MS/MS) in bioanalysis of isolated perfused rat lungs (IPRLs).
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Figure 3.A.1: HAADF images and EDX mappings of Al, O and C in Al2O3-coated budesonide after 10, 25 and 50 cycles.
A shell formed by an Al2O3-budesonide mixture due to the in�ltration of Al2O3 is observed.
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Figure 3.A.2: XRPD spectra of bare and ALD-coated budesonide. No di�erence is observed, indicating the amorphous
nature of the deposited �lms as well as the absence of changes in the crystal structure of budesonide.
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Figure 3.A.3: SEM and TEM images of budesonide particle agglomerates after pre-dispersion with Andersen Cascade
Impactor (ACI) prior to the in vitro dissolution test.
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Figure 3.A.4: Dissolution pro�les of uncoated budesonide with and without pre-dispersion with a modi�ed Andersen
Cascade Impactor (mACI) prior to the dissolution test. The dissolution strongly depends on the budesonide dose in case
of no mACI pre-dispersion, whereas no dose-dependent dissolution is observed when pre-dispersing the powder with
mACI.
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Figure 3.A.5: Long term dissolution pro�les for uncoated and ALD-coated budesonide. Each ALD-coated sample, except
for ∼50 nm Al2O3 that requires a longer time, approaches the �nal concentration value of uncoated budesonide after 3 h
dissolution, which indicates full dissolution is essentially achieved. The error bars indicate standard deviations.
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Figure 3.A.6: Comparison of uncoated and ALD-coated budesonide absorption pro�les in isolated perfused rat lung
(IPL) with the commercial budesonide suspension Pulmicort Respules, which is a very well-characterized reference. (a)
Cumulative absorption and (b) absorption rate, i.e., the derivative at each cumulative absorption point. A constant ab-
sorption rate is observed for both ALD-coated budesonide formulations compared to Pulmicort Respules, whose pro�le
reaches a maximum after 3 min and thereafter quickly drops. The error bars indicate 95% con�dence intervals.



3

86 3. Controlled Pulmonary Delivery of Budesonide Dry Powder by ALD

U n c o
a t e d

S i O 2,  ~
1 . 5  

n m

S i O 2,  ~
3  n m

S i O 2,  ~
1 0  n

m

T i O 2,  ~
3  n m

T i O 2,  ~
8  n m

T i O 2,  ~
1 5  n

m

A l 2O 3,  ~
2 0  n

m

A l 2O 3,  ~
3 5  n

m

A l 2O 3,  ~
5 0  n

m

1 . 0

1 . 5

2 . 0

2 . 5

U n c o
a t e d

S i O 2,  ~
1 . 5  

n m

S i O 2,  ~
3  n m

S i O 2,  ~
1 0  n

m

T i O 2,  ~
3  n m

T i O 2,  ~
8  n m

T i O 2,  ~
1 5  n

m

A l 2O 3,  ~
2 0  n

m

A l 2O 3,  ~
3 5  n

m

A l 2O 3,  ~
5 0  n

m

1 . 0

1 . 5

2 . 0

U n c o
a t e d

S i O 2,  ~
1 . 5  

n m

S i O 2,  ~
3  n m

S i O 2,  ~
1 0  n

m

T i O 2,  ~
3  n m

T i O 2,  ~
8  n m

T i O 2,  ~
1 5  n

m

A l 2O 3,  ~
2 0  n

m

A l 2O 3,  ~
3 5  n

m

A l 2O 3,  ~
5 0  n

m
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

c .

a . A f t e r  8 - 1 0  m o n t h s  s t o r a g e  a t  2 0  ° C  &  R H ~ 0 %  U n c o a t e d
 S i O 2
 T i O 2
 A l 2 O 3

FP
F/F

PF
un

co
ate

d

b .
 U n c o a t e d
 S i O 2
 T i O 2
 A l 2 O 3

FP
F/F

PF
un

co
ate

d

A f t e r  1  m o n t h  o p e n  s t o r a g e  a t  4 0  ° C  &  R H =  7 5 %

 U n c o a t e d
 S i O 2
 T i O 2
 A l 2 O 3

FP
F 40

 °C
, R

H=
 75

%/F
PF

20
 °C

, R
H~

0%

Figure 3.A.7: (a,b) FPF ratio between ALD-coated and uncoated budesonide (a) after storage at 20 °C and ∼0% RH, and
(b) after storage for 1 month at 40 °C and 75% RH. A decrease in FPF of ALD-coated budesonide is observed for the
highest number of cycles, suggesting an higher degree of powder agglomeration. Yet, the FPF of ALD-coated budesonide
after high number of cycles is still higher than that of uncoated budesonide. (c) FPF ratio of uncoated and ALD-coated
budesonide between storage for 1 month at 40 °C and 75% RH and storage at 20 °C and ∼0% RH. FPFs follow the same
trend after both storages. The error bars indicate standard deviations.
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Figure 3.A.8: Cell viability after treatment with uncoated and ALD-coated budesonide for 24 h on A549 cells. No signif-
icant di�erence is found between uncoated and ALD-coated budesonide across the concentration range 1–100 µM. The
values, expressed in %, are normalized with respect to the viability of untreated cells. The error bars indicate standard
errors.



3

88 References

References
[1] B. F. Chauhan and F. M. Ducharme, Addition to inhaled corticosteroids of long-acting beta2-

agonists versus anti-leukotrienes for chronic asthma, Cochrane Database of Systematic Re-
views 1, CD003137 (2014).

[2] J. S. Patton and P. R. Byron, Inhaling medicines: Delivering drugs to the body through the

lungs, Nature Reviews Drug Discovery 6, 67 (2007).

[3] N. R. Labiris and M. B. Dolovich, Pulmonary drug delivery. part i: Physiological factors

a�ecting therapeutic e�ectiveness of aerosolized medications, British Journal of Clinical Phar-
macology 56, 588 (2003).

[4] J. S. Patton, C. S. Fishburn, and J. G. Weers, The lungs as a portal of entry for systemic

drug delivery, Proceedings of the American Thoracic Society 1, 338 (2004), pMID: 16113455,
https://www.atsjournals.org/doi/pdf/10.1513/pats.200409-049TA .

[5] J. Todoro� and R. Vanbever, Fate of nanomedicines in the lungs, Current Opinion in Colloid
& Interface Science 16, 246 (2011).

[6] A. J. Hickey, Controlled delivery of inhaled therapeutic agents, Journal of Controlled Release
190, 182 (2014).

[7] C. Loira-Pastoriza, J. Todoro�, and R. Vanbever, Delivery strategies for sustained drug release

in the lungs, Advanced Drug Delivery Reviews 75, 81 (2014).

[8] M. B. Dolovich and R. Dhand, Aerosol drug delivery: Developments in device design and

clinical use, The Lancet 377, 1032 (2011).

[9] L. Garcia-Contreras, M. Ibrahim, and R. Verma, Inhalation drug delivery devices: Technology

update, Medical Devices: Evidence and Research , 131 (2015).

[10] M. J. Telko and A. J. Hickey, Dry powder inhaler formulation, Respiratory Care 50, 1209
(2005), http://rc.rcjournal.com/content/50/9/1209.full.pdf .

[11] T. Sebti, F. Vanderbist, and K. Amighi, Evaluation of the content homogeneity and dispersion

properties of fluticasone DPI compositions, Journal of Drug Delivery Science and Technology
17, 223 (2007).

[12] E. Faulhammer, V. Wahl, S. Zellnitz, J. G. Khinast, and A. Paudel, Carrier-based dry pow-

der inhalation: Impact of carrier modification on capsule filling processability and in Vitro
aerodynamic performance, International Journal of Pharmaceutics 491, 231 (2015).

[13] A. M. Healy, M. I. Amaro, K. J. Paluch, and L. Tajber, Dry powders for oral inhalation free

of lactose carrier particles, Advanced Drug Delivery Reviews 75, 32 (2014).

[14] A. Rawat, Q. H. Majumder, and F. Ahsan, Inhalable large porous microspheres of low molec-

ular weight heparin: in Vitro and in Vivo evaluation, Journal of Controlled Release 128, 224
(2008).

http://dx.doi.org/ 10.1002/14651858.cd003137.pub5
http://dx.doi.org/ 10.1002/14651858.cd003137.pub5
http://dx.doi.org/10.1038/nrd2153
http://dx.doi.org/ 10.1046/j.1365-2125.2003.01892.x
http://dx.doi.org/ 10.1046/j.1365-2125.2003.01892.x
http://dx.doi.org/ 10.1513/pats.200409-049TA
http://arxiv.org/abs/https://www.atsjournals.org/doi/pdf/10.1513/pats.200409-049TA
http://dx.doi.org/10.1016/j.cocis.2011.03.001
http://dx.doi.org/10.1016/j.cocis.2011.03.001
http://dx.doi.org/ 10.1016/j.jconrel.2014.05.058
http://dx.doi.org/ 10.1016/j.jconrel.2014.05.058
http://dx.doi.org/ 10.1016/j.addr.2014.05.017
http://dx.doi.org/ 10.1016/s0140-6736(10)60926-9
http://dx.doi.org/10.2147/mder.s48888
http://rc.rcjournal.com/content/50/9/1209
http://rc.rcjournal.com/content/50/9/1209
http://arxiv.org/abs/http://rc.rcjournal.com/content/50/9/1209.full.pdf
http://dx.doi.org/10.1016/s1773-2247(07)50040-7
http://dx.doi.org/10.1016/s1773-2247(07)50040-7
http://dx.doi.org/10.1016/j.ijpharm.2015.06.044
http://dx.doi.org/10.1016/j.addr.2014.04.005
http://dx.doi.org/10.1016/j.jconrel.2008.03.013
http://dx.doi.org/10.1016/j.jconrel.2008.03.013


References

3

89

[15] Y. J. Oh, J. Lee, J. Y. Seo, T. Rhim, S.-H. Kim, H. J. Yoon, and K. Y. Lee, Preparation

of budesonide-loaded porous PLGA microparticles and their therapeutic efficacy in a murine

asthma model, Journal of Controlled Release 150, 56 (2011).

[16] D. S. Dhanda, P. Tyagi, S. S. Mirvish, and U. B. Kompella, Supercritical fluid technology

based large porous celecoxib–PLGA microparticles do not induce pulmonary fibrosis and sus-

tain drug delivery and efficacy for several weeks following a single dose, Journal of Controlled
Release 168, 239 (2013).

[17] F. Bayard, W. Thielemans, D. Pritchard, S. Paine, S. Young, P. Bäckman, P. Ewing, and
C. Bosquillon, Polyethylene glycol-drug ester conjugates for prolonged retention of small in-

haled drugs in the lung, Journal of Controlled Release 171, 234 (2013).

[18] L. Willis, D. Hayes, and H. M. Mansour, Therapeutic liposomal dry powder inhalation

aerosols for targeted lung delivery, Lung 190, 251 (2012).

[19] M. Beck-Broichsitter, M. Rieger, R. Reul, T. Gessler, W. Seeger, and T. Schmehl, Cor-

relation of drug release with pulmonary drug absorption profiles for nebulizable liposomal

formulations, European Journal of Pharmaceutics and Biopharmaceutics 84, 106 (2013).

[20] Z. Li, Y. Zhang, W. Wurtz, J. K. Lee, V. S. Malinin, S. Durwas-Krishnan, P. Meers, and
W. R. Perkins, Characterization of nebulized liposomal amikacin (arikace™) as a function

of droplet size, Journal of Aerosol Medicine and Pulmonary Drug Delivery 21, 245 (2008).

[21] J. Talton, J. Fitz-Gerald, R. Singh, and G. Hochhaus, Nano-thin coatings for improved lung

targeting of glucocorticoid dry powders: in-Vitro and in-Vivo characteristics, in Respiratory

drug delivery VII, Vol. 1 (Interpharm Press. Bu�alo Grove, IL, USA, 2000) p. 67.

[22] R. Singh, W.-S. Kim, M. Ollinger, V. Craciun, I. Coowantwong, G. Hochhaus, and
N. Koshizaki, Laser based synthesis of nanofunctionalized particulates for pulmonary based

controlled drug delivery applications, Applied Surface Science 197-198, 610 (2002).

[23] J. Fitz-Gerald, R. K. Singh, H. Gao, and S. J. Pennycook, Nanometric dry powder coatings

using a novel process, KONA Powder and Particle Journal 17, 173 (1999).

[24] J. Raula, A. Lähde, and E. I. Kauppinen, A novel gas phase method for the combined synthesis

and coating of pharmaceutical particles, Pharmaceutical Research 25, 242 (2007).

[25] K. K. Lau and K. K. Gleason, Particle functionalization and encapsulation by initiated chem-

ical vapor deposition (iCVD), Surface and Coatings Technology 201, 9189 (2007).

[26] J. G. Weers, J. Bell, H.-K. Chan, D. Cipolla, C. Dunbar, A. J. Hickey, and I. J. Smith,
Pulmonary formulations: What remains to be done? Journal of Aerosol Medicine and Pul-
monary Drug Delivery 23, S (2010).

[27] P. Bäckman, H. Adelmann, G. Petersson, and C. B. Jones, Advances in inhaled technologies:

Understanding the therapeutic challenge, predicting clinical performance, and designing the

optimal inhaled product, Clinical Pharmacology & Therapeutics 95, 509 (2014).

http://dx.doi.org/ 10.1016/j.jconrel.2010.11.001
http://dx.doi.org/ 10.1016/j.jconrel.2013.03.027
http://dx.doi.org/ 10.1016/j.jconrel.2013.03.027
http://dx.doi.org/ 10.1016/j.jconrel.2013.07.023
http://dx.doi.org/ 10.1007/s00408-011-9360-x
http://dx.doi.org/ 10.1016/j.ejpb.2012.12.003
http://dx.doi.org/10.1089/jamp.2008.0686
http://dx.doi.org/10.1016/s0169-4332(02)00408-7
http://dx.doi.org/10.14356/kona.1999024
http://dx.doi.org/10.1007/s11095-007-9464-4
http://dx.doi.org/10.1016/j.surfcoat.2007.04.045
http://dx.doi.org/ 10.1089/jamp.2010.0838
http://dx.doi.org/ 10.1089/jamp.2010.0838
http://dx.doi.org/ 10.1038/clpt.2014.27


3

90 References

[28] R. L. Puurunen, Surface chemistry of atomic layer deposition: a case study for the trimethyla-

luminum/water process, Journal of Applied Physics 97, 121301 (2005).

[29] H. V. Bui, F. Grillo, and J. R. van Ommen, Atomic and molecular layer deposition: o� the

beaten track, Chemical Communications 53, 45 (2017).

[30] A. W. Weimer, Particle atomic layer deposition, Journal of Nanoparticle Research 21, 9 (2019).

[31] J. R. van Ommen and A. Goulas, Atomic layer deposition on particulate materials, Materials
Today Chemistry 14, 100183 (2019).

[32] D. Zhang, M. J. Quayle, G. Petersson, J. R. van Ommen, and S. Folestad, Atomic scale surface

engineering of micro- to nano-sized pharmaceutical particles for drug delivery applications,

Nanoscale 9, 11410 (2017).

[33] J. Hellrup, M. Rooth, A. Johansson, and D. Mahlin, Production and characterization of

aluminium oxide nanoshells on spray dried lactose, International Journal of Pharmaceutics
529, 116 (2017).

[34] T. O. Kääriäinen, M. Kemell, M. Vehkamäki, M.-L. Kääriäinen, A. Correia, H. A. San-
tos, L. M. Bimbo, J. Hirvonen, P. Hoppu, S. M. George, D. C. Cameron, M. Ritala, and
M. Leskelä, Surface modification of acetaminophen particles by atomic layer deposition, Inter-
national Journal of Pharmaceutics 525, 160 (2017).

[35] J. Hellrup, M. Rooth, E. Mårtensson, K. Sigfridsson, and A. Johansson, Nanoshells pre-

pared by atomic layer deposition – long acting depots of indomethacin, European Journal of
Pharmaceutics and Biopharmaceutics 140, 60 (2019).

[36] D. Zhang, D. La Zara, M. J. Quayle, G. Petersson, J. R. van Ommen, and S. Folestad,
Nanoengineering of crystal and amorphous surfaces of pharmaceutical particles for biomedical

applications, ACS Applied Bio Materials 2, 1518 (2019).

[37] L. Yang, B. Sheldon, and T. Webster, Nanophase ceramics for improved drug delivery: Cur-

rent opportunities and challenges, American Ceramic Society Bulletin 89, 24 (2010).

[38] C. Hirschberg, N. S. Jensen, J. Boetker, A. Ø. Madsen, T. O. Kääriäinen, M.-L. Kääriäinen,
P. Hoppu, S. M. George, M. Murtomaa, C. C. Sun, J. Risbo, and J. Rantanen, Improving

powder characteristics by surface modification using atomic layer deposition, Organic Process
Research & Development 23, 2362 (2019).

[39] N. A. Vogel, P. S. Williams, A. H. Brozena, D. Sen, S. Atanasov, G. N. Parsons, and S. A.
Khan, Delayed dissolution and small molecule release from atomic layer deposition coated

electrospun nanofibers, Advanced Materials Interfaces 2, 1500229 (2015).

[40] F. Franek, R. Fransson, H. Thörn, P. Bäckman, P. U. Andersson, and U. Tehler, Ranking

in Vitro dissolution of inhaled micronized drug powders including a candidate drug with two

di�erent particle sizes, Molecular Pharmaceutics 15, 5319 (2018).

http://dx.doi.org/10.1063/1.1940727
http://dx.doi.org/10.1039/c6cc05568k
http://dx.doi.org/10.1007/s11051-018-4442-9
http://dx.doi.org/ 10.1016/j.mtchem.2019.08.002
http://dx.doi.org/ 10.1016/j.mtchem.2019.08.002
http://dx.doi.org/10.1039/c7nr03261g
http://dx.doi.org/ 10.1016/j.ijpharm.2017.06.046
http://dx.doi.org/ 10.1016/j.ijpharm.2017.06.046
http://dx.doi.org/10.1016/j.ijpharm.2017.04.031
http://dx.doi.org/10.1016/j.ijpharm.2017.04.031
http://dx.doi.org/10.1016/j.ejpb.2019.04.019
http://dx.doi.org/10.1016/j.ejpb.2019.04.019
http://dx.doi.org/ 10.1021/acsabm.8b00805
http://dx.doi.org/10.1021/acs.oprd.9b00247
http://dx.doi.org/10.1021/acs.oprd.9b00247
http://dx.doi.org/ 10.1002/admi.201500229
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00796


References

3

91

[41] F. Franek, L. Nilsson, H. Thörn, R. Fransson, and U. Tehler, Abstracts from the aerosol society

drug delivery to the lungs 29 edinburgh international conference centre edinburgh, scotland,

UK december 10–12, 2018, Journal of Aerosol Medicine and Pulmonary Drug Delivery 32, A17
(2019).

[42] P. Ewing, S. J. Eirefelt, P. Andersson, A. Blomgren, Å. Ryrfeldt, and P. Gerde, Short

inhalation exposures of the isolated and perfused rat lung to respirable dry particle aerosols;

the detailed pharmacokinetics of budesonide, formoterol, and terbutaline, Journal of Aerosol
Medicine and Pulmonary Drug Delivery 21, 169 (2008).

[43] S. Salameh, J. Schneider, J. Laube, A. Alessandrini, P. Facci, J. W. Seo, L. C. Ciacchi, and
L. Mädler, Adhesion mechanisms of the contact interface of TiO

2
nanoparticles in films and

aggregates, Langmuir 28, 11457 (2012).

[44] S. Salameh, R. Scholz, J. W. Seo, and L. Mädler, Contact behavior of size fractionated TiO
2

nanoparticle agglomerates and aggregates, Powder Technology 256, 345 (2014).

[45] J. D. Ferguson, A. W. Weimer, and S. M. George, Atomic layer deposition of SiO
2

films on

BN particles using sequential surface reactions, Chemistry of Materials 12, 3472 (2000).

[46] O. Sneh, M. Wise, A. Ott, L. Okada, and S. George, Atomic layer growth of SiO
2

on si(100)

using SiCl
4

and H
2
O in a binary reaction sequence, Surface Science 334, 135 (1995).

[47] J.-P. Niemelä, G. Marin, and M. Karppinen, Titanium dioxide thin films by atomic layer

deposition: a review, Semiconductor Science and Technology 32, 093005 (2017).

[48] S.-M. Lee, E. Pippel, U. Gosele, C. Dresbach, Y. Qin, C. V. Chandran, T. Brauniger, G. Hause,
and M. Knez, Greatly increased toughness of infiltrated spider silk, Science 324, 488 (2009).

[49] R. Z. Waldman, D. J. Mandia, A. Yanguas-Gil, A. B. F. Martinson, J. W. Elam, and S. B. Dar-
ling, The chemical physics of sequential infiltration synthesis—a thermodynamic and kinetic

perspective, The Journal of Chemical Physics 151, 190901 (2019).

[50] G. N. Parsons, S. E. Atanasov, E. C. Dandley, C. K. Devine, B. Gong, J. S. Jur, K. Lee, C. J.
Oldham, Q. Peng, J. C. Spagnola, and P. S. Williams, Mechanisms and reactions during

atomic layer deposition on polymers, Coordination Chemistry Reviews 257, 3323 (2013).

[51] D. La Zara, F. Zhang, F. Sun, M. R. Bailey, M. J. Quayle, G. Petersson, S. Folestad, and
J. R. van Ommen, Drug powders with tunable wettability by atomic and molecular layer

deposition: from highly hydrophilic to superhydrophobic, Applied Materials Today 22, 100945
(2021).

[52] B. D. Piercy, C. Z. Leng, and M. D. Losego, Variation in the density, optical polarizabilities,

and crystallinity of TiO
2

thin films deposited via atomic layer deposition from 38 to 150 °c us-

ing the titanium tetrachloride-water reaction, Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 35, 03E107 (2017).

[53] S. P. Velaga, J. Djuris, S. Cvijic, S. Rozou, P. Russo, G. Colombo, and A. Rossi, Dry powder

inhalers: an overview of the in Vitro dissolution methodologies and their correlation with the

biopharmaceutical aspects of the drug products, European Journal of Pharmaceutical Sciences
113, 18 (2018).

http://dx.doi.org/ 10.1089/jamp.2019.ab01.abstracts
http://dx.doi.org/ 10.1089/jamp.2019.ab01.abstracts
http://dx.doi.org/ 10.1089/jamp.2007.0654
http://dx.doi.org/ 10.1089/jamp.2007.0654
http://dx.doi.org/10.1021/la302242s
http://dx.doi.org/ 10.1016/j.powtec.2014.02.042
http://dx.doi.org/10.1021/cm000313t
http://dx.doi.org/ 10.1016/0039-6028(95)00471-8
http://dx.doi.org/ 10.1088/1361-6641/aa78ce
http://dx.doi.org/ 10.1126/science.1168162
http://dx.doi.org/10.1063/1.5128108
http://dx.doi.org/ 10.1016/j.ccr.2013.07.001
http://dx.doi.org/10.1016/j.apmt.2021.100945
http://dx.doi.org/10.1016/j.apmt.2021.100945
http://dx.doi.org/10.1116/1.4979047
http://dx.doi.org/10.1116/1.4979047
http://dx.doi.org/10.1016/j.ejps.2017.09.002
http://dx.doi.org/10.1016/j.ejps.2017.09.002


3

92 References

[54] J. Shur, C. Pitchayajittipong, P. Rogueda, and R. Price, E�ect of processing history on the

surface interfacial properties of budesonide in carrier-based dry-powder inhalers, Therapeutic
Delivery 4, 925 (2013).

[55] L. Bergström, Hamaker constants of inorganic materials, Advances in Colloid and Interface
Science 70, 125 (1997).

[56] J. Laube, S. Salameh, M. Kappl, L. Mädler, and L. C. Ciacchi, Contact forces between TiO
2

nanoparticles governed by an interplay of adsorbed water layers and roughness, Langmuir 31,
11288 (2015).

[57] P. Hayden and G. Jackson, Long term culture of pseudostratified tracheal bronchial

epiairway
TM

tissues, in MatTek Technical Reference 394 (MatTek Corporation, Ashland,
MA, United States, 2006).

[58] A. Ivask, T. Titma, M. Visnapuu, H. Vija, A. Kakinen, M. Sihtmae, S. Pokhrel, L. Madler,
M. Heinlaan, V. Kisand, R. Shimmo, and A. Kahru, Toxicity of 11 metal oxide nanoparticles to

three mammalian cell types in Vitro, Current Topics in Medicinal Chemistry 15, 1914 (2015).

[59] Â. S. Inácio, K. A. Mesquita, M. Baptista, J. Ramalho-Santos, W. L. C. Vaz, and O. V. Vieira,
In Vitro surfactant structure-toxicity relationships: Implications for surfactant use in sexually

transmitted infection prophylaxis and contraception, PLoS ONE 6, e19850 (2011).

[60] B. Bourgeois and J. W. Owens, The influence of hurricanes katrina and rita on the inflam-

matory cytokine response and protein expression in a549 cells exposed to PM2.5 collected in the

baton rouge–port allen industrial corridor of southeastern louisiana in 2005, Toxicology Mech-
anisms and Methods 24, 220 (2014).

[61] H. Fu, J. Zhang, J. Pan, Q. Zhang, Y. Lu, W. Wen, R. A. Lubet, E. Szabo, R. Chen, Y. Wang,
D.-R. Chen, and M. You, Chemoprevention of lung carcinogenesis by the combination of

aerosolized budesonide and oral pioglitazone in a/j mice, Molecular Carcinogenesis 50, 913
(2011).

[62] J. Yang, W. C. Hooper, D. J. Phillips, M. L. Tondella, and D. F. Talkington, Induction

of proinflammatory cytokines in human lung epithelial cells during chlamydia pneumoniae

infection, Infection and Immunity 71, 614 (2003).

http://dx.doi.org/10.4155/tde.13.69
http://dx.doi.org/10.4155/tde.13.69
http://dx.doi.org/ 10.1016/s0001-8686(97)00003-1
http://dx.doi.org/ 10.1016/s0001-8686(97)00003-1
http://dx.doi.org/10.1021/acs.langmuir.5b02989
http://dx.doi.org/10.1021/acs.langmuir.5b02989
http://dx.doi.org/ https://www.mattek.com/reference-library/long-term-culture-of-pseudostratified-tracheal-bronchial-epiairway-tissues/
http://dx.doi.org/10.2174/1568026615666150506150109
http://dx.doi.org/10.1371/journal.pone.0019850
http://dx.doi.org/10.3109/15376516.2014.881945
http://dx.doi.org/10.3109/15376516.2014.881945
http://dx.doi.org/ 10.1002/mc.20751
http://dx.doi.org/ 10.1002/mc.20751
http://dx.doi.org/10.1128/iai.71.2.614-620.2003


4
Molecular Layer Deposition of

Poly(ethylene terephthalate) for
Suppressing Photoactivity and Enhancing

Dispersibility of TiO2 Nanoparticles

In this chapter, we report molecular layer deposition (MLD) of ultrathin poly(ethylene tereph-
thalate) (PET) �lms on gram-scale batches of ultra�ne particles for the �rst time. TiO2 P25
nanoparticles (NPs) are coated up to 50 cycles in an atmospheric-pressure �uidized bed reactor at
∼150 °C using terephthaloyl chloride and ethylene glycol as precursors. Ex-situ di�use re�ectance
infrared Fourier transform spectroscopy, thermogravimetric analysis and transmission electron
microscopy show the linear growth at ∼0.05 nm/cycle of uniform and conformal PET �lms, which
are unattainable with conventional wet-phase approaches. The subnano and nano PET �lms
not only suppress the photocatalytic activity of TiO2 NPs by hindering the access of water and
reactant molecules to the TiO2 surface but also improve the dispersibility of TiO2 NPs in both
organic and aqueous media. Still, the bulk optical properties, electronic structure and surface area
of TiO2 are essentially una�ected by the MLD process. This study demonstrates the industrial
relevance of MLD to simultaneously suppress the photoactivity and enhance the dispersibility of
commercial TiO2 P25 nanopowders, which is crucial for their use for example as UV-screening
agents in sunscreens and as white pigments in paints. Moreover, by rapidly modifying the surface
properties of particles in a controlled manner at the subnanometer scale, particle MLD can serve
many other applications ranging from nano�uids to emulsions to polymer nanocomposites.
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4.1. Introduction

N anoscale coatings have received considerable interest for their ability to modify the surface
properties of various functional materials, without altering their bulk properties. Emergent

functionalities such as enhanced mechanical, thermal and chemical properties, tailored wettability,
electrical conductivity, and transparency can arise from the con�nement of the coating thickness
to the nanoscale [1]. As a subset of ultrathin �lms, subnanoscale coatings promise to advance the
bene�ts provided by nanoscale �lms [2]. Subnano �lms allow a more e�cient use of resources,
and do not a�ect the geometry of even high-aspect-ratio nanostructured substrate materials [3].
Furthermore, the controlled growth of subnano �lms may allow the fabrication of novel materials
with unprecedented properties for several potential applications in energy conversions such as
electrocatalysis and photocatalysis [4].
Surface passivation by ultrathin �lms is another area of active research, as demonstrated by the
considerable attention given to suppressing the photocatalytic activity of nanoscale TiO2 for its
use in commercial products such as sunscreens and paints [5–7]. TiO2 can act as an e�ective UV-
screening agent thanks to its ability to absorb in the UV spectrum. Moreover, the high e�ciency
with which TiO2 scatters visible light makes it an excellent bright white pigment for the paints and
coatings industries. However, the high photocatalytic activity of TiO2 under UV light causes the
generation of radical species which can degrade organic binders in paints [8], thus reducing the
product lifetime. Such radical species are also undesirable in cosmetics due to increasing concerns
of potential carcinogenic e�ects [9]. Therefore, to prevent the photodegradation of TiO2-based
products, TiO2 particles are typically coated with ultrathin inorganic �lms such as Al2O3 and SiO2
[10, 11], which can block the transport of electrons and holes generated by UV-light absorption to
the surface, without deteriorating the white pigmentation.
Organic coatings are of increasing interest for this photo-suppressive e�ect [5, 6, 12] due to the
advantages they hold over their inorganic analogues, such as biocompatibility [13, 14], lower raw
material costs, and reduced environmental impact [15]. In industry, the biocompatibility of poly-
meric �lms is of particular interest to the cosmetics sector [7, 16], and promises applicability to
nanomedicine [17]. Organic coatings also provide the opportunity to improve particle dispersibil-
ity in organic media [18, 19], potentially enhancing the performance of organic-based paints,
nano�uids [20], Pickering emulsions [21], and polymer nanocomposites [22].
Typically, organic coatings are synthesized via wet-phase techniques [5–7, 18, 19, 23, 24]. Liquid-
based approaches are well established, o�ering versatility and a large degree of control over experi-
mental conditions. However, they provide non-conformal coverage and often produce excessive
amounts of waste [25, 26]. Moreover, the requirement for multiple, at times complex synthesis
steps as well as further post-processing separation and drying stages is undesirable [27]. Vapor phase
approaches remove these steps, thereby eliminating solvent damage to substrates and reducing the
introduction of contaminants [28]. Chemical vapor deposition (CVD) is the most widespread
vapor-phase coating process, in which typically two monomers are introduced simultaneously, thus
enabling concurrent polymerization and thin �lm deposition [29, 30]. However, CVD coatings,
especially on high-aspect-ratio substrates, are typically non-conformal, thus providing incomplete
surface passivation and modi�cation. Therefore, thicker �lms than desired are often produced
to ensure complete surface coverage, consequently altering surface morphology, and increasing
raw material inputs and costs [31]. Alternating vapor deposition polymerisation (VDP) was thus
developed to provide greater control over �lm growth by introducing monomers alternatively to
the reaction chamber [32]. Although the control provided by VDP is superior to that of CVD, un-
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reacted gaseous monomers which remain present in the chamber will still react with subsequently
introduced monomers, preventing the degree of �ne control necessary for subnano and low-nano
coatings [33].

The shortcomings of the abovementioned processes have led to the development of molecular layer
deposition (MLD) to achieve the controlled growth of ultrathin �lms. Like VDP, MLD involves
the cyclical introduction of gaseous monomer precursors into the reaction chamber. However, in
MLD each monomer pulse is separated by a purge step with an inert gas, minimizing uncontrolled
CVD-type growth. Pure MLD, which is the organic analogue of atomic layer deposition (ALD),
was �rst demonstrated by Yoshimura et al., who deposited thin �lms of polyimides in the 1990s [34].
The consecutive, self-limiting chemical reactions between the substrate surface and the gaseous
precursors enable the controlled, layer-by-layer growth of conformal polymeric coatings on a range
of materials [35]. This degree of control is promising for both electronic and biomedical applica-
tions, especially when considering the ability to impart �lms with a wide range of functionalities
by appropriately selecting the organic precursors [33, 36, 37]. Nevertheless, despite this potential
for surface modi�cation at the nanoscale, only limited research has been devoted to pure organic
MLD compared to ALD and even hybrid ALD/MLD processes [37–39]. Moreover, the conformal
(sub)nano surface engineering of gram-scale �ne primary particles by pure MLD for industrially
relevant applications has not yet been demonstrated.

In this work, we report MLD of subnano and nanoscale polyethylene terephthalate (PET) �lms
to tailor the photoactivity and dispersibility of gram-scale batches of TiO2 P25 nanoparticles
(NPs). The MLD growth characteristics were examined by ex-situ di�use re�ectance infrared
Fourier transform spectroscopy (DRIFTS), thermogravimetric analysis (TGA) and transmission
electron microscopy (TEM). X-ray photoelectron spectroscopy (XPS) measurements were also
performed to further study the PET �lm composition and electronic structure of TiO2. The
growth per cycle (GPC) on �uidized TiO2 P25, measured by TEM analysis, was then compared
to the GPC determined by spectroscopic ellipsometry on �at Si wafers. UV photocatalytic dye
degradation and methanol oxidation tests were performed to determine the e�cacy of the PET
�lms in suppressing the photoactivity of TiO2 P25. To probe the mechanism by which the PET
�lm alters the photocatalytic properties of the TiO2 NPs, UV-Vis di�use re�ectance spectroscopy
(UV-DRS), BET adsorption isotherms, and electron paramagnetic resonance (EPR) measurements
were then taken. The ability of the PET �lms to modify particle dispersion in both aqueous and
organic media was �nally investigated by zeta potential analysis and using apolar solvent-water
mixtures, respectively.

4.2. Experimental

4.2.1. Materials

The MLD precursors, terephthaloyl chloride (TC) and ethylene glycol (EG), were purchased from
Sigma-Aldrich and used as received. Both precursors were stored in stainless steel bubblers under
an inert atmosphere. Aeroxide P25 titanium dioxide nanoparticles (primary particle size of 21 nm
and speci�c surface area of ∼52 m2/g) were provided by Evonik and used as a substrate for the
deposition. Powders were sieved at 150 µm before use to remove the large agglomerates.
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4.2.2. MLD Experiments

The MLD experiments were carried out in a custom-built �uidized bed reactor operating at
atmospheric pressure (Figure 4.1), as described elsewhere [40]. The system consists of a glass column
(internal diameter of 2.5 cm and height of 50 cm) resting on a double motor Paja PTL 40/40-24
vibration table to assist �uidization of the TiO2 nanoparticles. Two stainless steel distributor plates
were placed at the bottom and the top of the column to ensure a homogeneous gas distribution
and to prevent any powder loss from the reactor, respectively. The TC and EG precursors were
contained within separate stainless steel bubblers under an inert atmosphere, and heated to 100 °C
and 105 °C, respectively, with the aid of a heating tape. Precursors were delivered to the reactor by
�owing N2 (99.999 v/v%) gas through the bubblers. Three separate gas lines were connected to
the reactor: two for precursor delivery, and one for the purge N2 gas. This design minimizes the
risk of contamination, and prevents unwanted CVD reactions within the lines. The lines were
kept at 30 °C above the bubbler temperature by using heating tapes to prevent condensation and
under-delivery of precursors. The reactor was maintained at a temperature of 150 °C by using
a feedback-controlled infrared lamp, placed parallel to the column. The temperature inside the
�uidized powder bed was monitored with a type-K thermocouple inserted into the column. The
o�-gas of the �uidised bed was led through a series of washing bubblers containing mineral oil
(Kaydol) to trap unreacted precursors and reaction by-products, and NaOH solution to neutralise
chloride compounds arising from TC. The precursor bubblers, the lines, the reactor and the
washing bottles were contained inside a closed cabinet. In each experiment, 1.5 g of TiO2 powder
was used. Prior to use, the powder was dried at 120 °C overnight. An optimized gas �ow of
0.5 NL min-1 was introduced at the bottom of the reactor column to �uidize the powder. One
complete MLD cycle consisted of sequential exposures of the powder to TC (1 min) and EG (1
min), separated by N2 purging steps (5 min).
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Figure 4.1: Fluidized bed molecular layer deposition of polyethylene terephthalate �lms on TiO2 nanoparticles. The
orange �laments indicate PET oligomers made of monomers of terephthaloyl chloride and ethylene glycol.
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4.2.3. Material Characterization
The mass of the PET coating was quanti�ed by thermogravimetric analysis using the TGA/SF1100
STARe system (Mettler Toledo). For this analysis, samples in the range of 7-12 mg were prepared.
Thermogravimetric curves were recorded while heating the powders from 25 to 800 °C, with
a ramping rate of 5 °C min-1 in a synthetic air �ow of 100 mL min-1. The PET loadings were
calculated taking into account the weight loss of the samples between 225 and 450 °C due to PET
(WPET /TiO2 , 225 °C− 450 °C ) and the speci�c surface area (SSA) of the TiO2 nanoparticles, according
to Equation (4.1):

PET loading=
WPET /TiO2 , 225 °C− 450 °C × 1000

(1−WPET /TiO2 , 225 °C− 450 °C )×SSA
mg

m
2 (4.1)

The thickness of the PET �lm (tPET ) resulting from the PET wt. % (xPET ) was calculated according
to the equation described by Zhang et al. [41] correlating the mass fraction and the thickness
of the deposited material, assuming a TiO2 particle diameter (dTiO2

) of 32.7 nm (d3,2) [42], a
TiO2 density (ρTiO2

) of 4.23 g/cm3 and a PET density (ρPET ) of 1.38 g/cm3, typical of bulk PET
(Equation (4.2)):

tPET =
dTiO2

2

(
3

√
xPET

1−xPET
ρTiO2
ρPET

+ 1− 1
)

(4.2)

The characteristic features of the PET �lms were observed by ex-situ di�use re�ectance infrared
Fourier transform spectroscopy. The analyses were conducted in di�use re�ectance mode using
a Nicolet 8700 spectrometer (Thermo Fisher Scienti�c) equipped with a deuterated-triglycine
sulfate (DTGS) detector. The measurements were performed at room temperature with a freshly
prepared KBr sample (> 99%, FTIR grade, Harrick Scienti�c Corporation) as background. Spectra
were recorded from 4000-400 cm-1 and averaged over 128 scans, using a resolution of 4.0 cm-1. The
spectra were then analyzed with OMNIC 8.0 software (Thermo Fisher Scienti�c). The spectrum
of bare TiO2 recorded on the same day was subtracted from the spectra of the coated TiO2. The
resulting spectra were converted to Kubelka-Munk units for quantitative analysis using OMNIC
built-in functions. The integrated area of the ester carbonyl peak, centered at 1725 cm-1, was then
evaluated using the peak area tool on OMNIC, which automatically determines an appropriate
baseline for the region of interest. To estimate the error inherent to this analytical approach,
DRIFTS spectra of each sample were measured on 3 di�erent days.
The presence of PET coatings on the TiO2 P25 NPs was veri�ed with transmission electron
microscopy. Samples were prepared by dispersing the dry coated powders on copper TEM grids of
3.05 mm in diameter. TEM images were recorded at various locations on the grid using a JEOL
JEM-1400 electron microscope operating at 120 kV. The thickness of the PET �lms was evaluated
with ImageJ software. For each sample, the �lm thickness of about 10 particle agglomerates was
measured at multiple locations and averaged.
Spectroscopic ellipsometry measurements were obtained with a commercial ellipsometer (M-
2000F, J.A. Woollam Co. Inc.). Data �tting was performed using WVASE spectroscopic ellipsom-
etry data acquisition and analysis software.
X-ray photoelectron spectroscopy measurements were carried out using a ThermoFisher K-Alpha
system (ThermoFisher Scienti�c) using Al K-alpha radiation with photon energy of 1486.7 eV.
A few mg of powder was immobilized on carbon tape before loading into the XPS chamber.
Survey scans were acquired using a 200 µm spot size, 55 eV pass energy and 0.1 eV/step with charge
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neutralization. The peaks positions were calibrated according to the C1s peak at 284.8 eV using
the CasaXPS software.
The photocatalytic tests of Acid Blue 9 (AB9) degradation and methanol (MeOH) oxidation were
performed in a Atlas Suntest XXL+ sun simulator using Xe lamps (300-400 nm, 45 W/m2). For
the AB9 degradation, 16 mg/mL of AB9 dye were placed in 30 mL demineralized water with 1
mg/mL of TiO2. Similarly, for MeOH oxidation, 30 mL of 100 mM methanol aqueous solutions
(0.12 mL methanol in 30 mL demineralized water) were prepared with 1 mg/mL of TiO2. Each
aqueous solution thus contained 30 mg of TiO2, even in the case of the PET-coated samples. More
precisely, 30 mg of bare TiO2, 31 mg of 10-cycle-PET-coated TiO2, 32.3 mg of 25-cycle-PET-coated
TiO2 and 34.7 mg of 50-cycle-PET-coated TiO2 were used to compensate for the PET mass, and
thus ensure the same TiO2 mass in each photocatalytic test. The solutions were agitated through a
RO 15 power IKAMAG(R) magnetic stirring plate with 15 di�erent stirring positions to maintain
a well-mixed dispersion. The temperature was maintained at 20 °C using a Watson Marlow 323
pump and a Julabo FL300 temperature control unit. The t = 0 measurements were taken after
10 min sonication and 20 min stirring without irradiation to attain equilibrium adsorption. The
solutions were then irradiated continuously for 50 minutes, with 1 mL aliquots removed at pre-
determined time intervals (t= 5, 10, 15, 20, 30, 40, 50 mins). The 1 mL AB9 samples were directly
centrifuged to separate from the nanoparticles and then measured by UV-vis absorption, whereas
the 1 mL formaldehyde (CH2O) samples were �rst mixed with 1 mL of a 0.18 M ammonium
di-hydrogen phosphate bu�er solution (pH= 6.0, adjusted with NH3) and 20 µl of acetylacetone.
The formation of CH2O can be analyzed by colorimetry using the Nash method, which is based on
the reaction of CH2O with ammonium phosphate and acetylacetone to form a coloured a product
with a maximum absorption at 412 nm. The samples were later centrifuged twice for 10 min at 12500
rpm in a Thermo Scienti�c MicroCL 21R. After each centrifugation cycle, the supernatant was
removed (0.8 mL after the �rst cycle and 0.4 mL after the second cycle) to separate the nanoparticles
present in solution. The UV-vis absorption spectra of both the AB9 and CH2O solutions were
taken in a HACH LANGE DR 5000TM UV-Vis Spectrophotometer and concentrations were
evaluated at the absorption peak of 629 nm for AB9 and 412 nm for CH2O (after resting for 1 h in
the dark). From the UV-vis absorption curves, kinetic constants for the TiO2 photocatalysed AB9
degradation were obtained by assuming a �rst order reaction (Equation (4.3)):

CAB9 =CAB9, 0 · exp(−kapp, AB9 · t) (4.3)

where CAB9, 0 and CAB9 are the initial concentration and the concentration at the time t of AB9,
respectively, and kapp, AB9 is the apparent �rst-order kinetic constant that represents the reaction
rate. Methanol oxidation to formaldehyde can instead be treated as a zero-order reaction [43]
(Equation (4.4)):

CCH2O = kapp,CH2O · t (4.4)

where CCH2O is the concentration of CH2O at the time t and kapp,CH2O is the apparent zero-order
kinetic constant.
UV-vis di�use re�ectance spectroscopy measurements were performed using a PerkinElmer-
Lambda 900 spectrometer equipped with an integrated sphere device. The spectra were acquired
in the wavelength range of 700-250 nm, with �ne steps of 1 nm.
The speci�c surface area (SSA) of the nanoparticles was measured by a Brunauer-Emmett-Teller
(BET) N2-sorption surface area analyzer (Micromeritics TriStar 3020). Around 100 mg of nanopow-
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ders was used for each measurement. Prior to the measurement, the nanopowders were degassed
for at least 2 days at 25 °C under vacuum using VacPrep (Micromeritics).
Electron paramagnetic resonance measurements were carried out using a Bruker EMXplus spec-
trometer equiped with an ER4102ST resonator (Bruker) with optical access provided by a grid
with 50% transmittance. The generation of hydroxyl radical species (g=2.0067, AN=15.0 Gauss,
AH=14.7 Gauss) was evaluated with the radical adduct 5,5-dimethyl-1-pyrroline N-oxide (DMPO),
used as a spin-trap agent. Suspensions with a volume of 10 µL containing 50 mM DMPO and 1
mg/mL of TiO2 (the same concentration used in the photocatalytic tests) were prepared in an EPR
quartz sample tube (inner diameter of 1 mm), and placed into the spectrometer. The samples were
then irradiated with a 365 nm UV laser light (uvBeast UV Flashlight MINI) for the photocatalytic
generation of radical species. EPR spectra without and with UV illumination were recorded
from 343.8 to 353.8 mT. The following parameters were used: microwave frequency, 9.793 GHz;
microwave power, 20 mW; modulation frequency, 100 kHz; modulation amplitude, 0.1 mT; room
temperature. The experimental spectra were �nally simulated using the SpinFit software (Bruker).
Zeta potential measurements of 1 mg/mL nanoparticle suspensions (on the basis of uncoated
TiO2 P25 mass) were taken with a Zetasizer Nano ZS (Malvern Instruments) and inbuilt software.
Samples were calibrated for 5 minutes, and values were averaged over 10 measurements, with 40
runs per measurement.

4.3. Results and discussion
4.3.1. Deposition of Subnano andNanoscale PET Films
The de�ning characteristic of MLD is the self-limiting, layer-by-layer growth of the organic �lm.
We assessed whether PET can be grown in a self-saturating manner on gram-scale batches of TiO2
P25 NPs with ex-situ DRIFTS and TGA. Speci�cally, we tracked the ester carbonyl stretch in the
DRIFTS spectra, and the weight loss corresponding to the amount of deposited organic matter in
the TGA thermograms, as a function of the precursor exposure times (see Figures 4.A.1 and 4.A.2).
The integrated Kubelka-Munk ester carbonyl (O–C=O) stretch and deposited organic matter
follow comparable evolutions. In particular, the DRIFTS spectra show that with increasing TC
exposures the O–C=O peak sharply increases until ∼1 min of TC, after which it remains relatively
constant (see Figure 4.A.1b and Figure 4.A.2). Moreover, the spectrum for a 3 min exposure
time of TC reveals the emergence of the chlorinated carbonyl stretch (Cl–C=O), arising from
TC. This translates into an additional deposition of organic matter, as evidenced by TGA, thus
suggesting that after 1 min of TC pulsing the growth predominantly proceeds via the adsorption
of unreacted precursor, rather than the deposition of PET (see Figure 4.A.1a and Figure 4.A.3).
In fact, bifunctional organic precursors such as TC are typically very sticky molecules that are
di�cult to purge [44]. This non-ideal behaviour is also reported for other diacyl chloride and
diisocyanate precursors [45, 46]. In contrast, ideal self-limiting behaviour is observed for increasing
EG exposures with a saturation time of ∼1 min (see Figure 4.A.1c, d).
On this basis, we then demonstrated the linear evolution of the PET MLD growth using exposure
times of 1 min for both precursors in separate experiments of 10, 25 and 50 cycles (see Figure 4.1). The
ester carbonyl stretching vibration, deposited organic matter and �lm thickness all linearly increase
with the number of cycles (see Figure 4.1c, d, h). In particular, the agreement between FTIR and
TGA analyses indicates that the deposited organic material is the desired PET �lm. Figure 4.1a
displays the DRIFTS absorbance spectra of bare TiO2, �uidized at 150 °C to mimic the MLD
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Figure 4.1: Linear PET �lm growth as a function of the MLD cycles. (a, c) Evolution of characteristic PET features with
cycle number. (a) DRIFTS spectra of bare and PET-coated TiO2. (c) Evolution of ester carbonyl (C=O) stretch, centered
around 1725 cm-1, evaluated by its area in the Kubelka-Munk spectra. (b, d) Evolution of PET loading with cycle number.
(b) TGA thermograms of bare and PET-coated TiO2. (d) Evolution of PET deposited amount, evaluated by the weight
loss between 225 °C and 450 °C, and then expressed in mg/m2. (e-h) Evolution of PET �lm thickness with cycle number.
TEM images of PET-coated TiO2 nanoparticles after (e) 10 cycles, (f) 25 cycles, and (g) 50 cycles. (h) Evolution of PET
�lm thickness, measured by ImageJ.

reaction conditions, and PET-coated TiO2 after 10, 25 and 50 cycles. The peaks in the 3700–3600
cm-1 region of the bare TiO2 spectra, attributed to OH surface groups [47], disappear upon PET
deposition. The hydroxyl groups on the TiO2 surface react, in fact, with TC, thus con�rming the
chemisorption of the PET �lm. Moreover, the broad shoulder from 3600 to 2500 cm-1, arising
from the presence of adsorbed H2O molecules, as well as the peak at 1625 cm-1, corresponding to
δ(H2O), vanish [48]. The strong absorption band at around 1725 cm-1 is characteristic of the ester
C=O group. Typically, the saturated aliphatic ester is in the 1750–1735 cm-1 region. However, the
conjugation of the C=O group with an aryl group lowers the absorption frequency [49]. Other
peaks characteristic of PET are the CH2 stretches at 2970 and 2908 cm-1, the C(=O)–O stretches at
1130 and 1270 cm-1, the symmetric C–O stretch at 1100 cm-1 and the antisymmetric C–O stretches
at 1042 and 971 cm-1 (see Figures 4.A.4 and 4.1) [50–52]. Moreover, the benzene ring exhibits
in-plane vibrations at 1960, 1615, 1585, 1506, 1410 and 1022 cm-1 [53]. Interestingly, the peak increase
in the trans rotational conformers of the EG moiety (i.e., CH2 bending at 1471 cm-1, CH2 wagging
at 1342 cm-1 and antisymmetric C–O stretching at 971 cm-1) relative to the gauche conformers (i.e.,
CH2 bending at 1456 cm-1, CH2 wagging at 1371 cm-1 and antisymmetric C–O stretching at 1042
cm-1) as well as the appearance of the in-plane C–H bending mode of the benzene ring at 1388
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cm-1 and the reduction in the in-plane C–H bending at 1174 cm-1 suggest an increasing degree of
crystallinity with the number of cycles [53]. The growth of the ethylene terephthalate oligomer
with increasing cycles likely involves an increasing physical interconnectivity between chains, and
thus may increase ordering of the molecular chains.
The weak absorbance peak at 1795 cm-1, which is attributed to the Cl–C=O stretch, may be
a result of steric e�ects hindering the access of EG to the chemisorbed TC, or may be caused
by physisorbed TC within the growing �lm. We investigated the possibility to remove this TC
impurity by performing a series of thermal annealing trials at di�erent temperatures in an inert
gas (N2) within a TGA furnace. DRIFTS spectra indicate that annealing at 200 °C for 3 hours is
su�cient to remove nearly all the chlorine signal, without a�ecting any other absorbance peak (see
Figure 4.A.5). This suggests that the Cl–C=O peak is due to physisorbed TC, which is di�cult
to remove at the reaction temperature and with the purging times used in the MLD process. As
PET possesses good thermal stability, with a melting point around 260 °C [54], this is a promising
approach to obtain higher quality �lms. Furthermore, this treatment can be directly carried out in
the �uidized-bed MLD reactor, allowing a two-step batch process within the same unit.
The amount of deposited PET was measured by analysing the TGA thermograms. Bare TiO2 P25
shows a weight loss up to 120 °C of ∼0.87 % due to physically adsorbed water and from 120 to
500 °C of an additional ∼0.87 % due to chemically bound water [55]. Instead, PET-coated TiO2
does not exhibit any weight loss from physisorbed or chemisorbed water due to its hydrophobic
nature, as we will discuss later. The PET loading, expressed as wt. %, corresponds to the weight
loss of PET-coated TiO2 in the temperature range between 225 and 450 °C (see Figure 4.1b). This
demonstrates that the PET subnano and nano �lms are thermally stable up to ∼225 °C. When
plotted as a function of the number of cycles, the PET loading, expressed as mg/m2 (Equation (4.1)),
displays a linear evolution (see Figure 4.1d).
Analogously, TEM observations provided further evidence of the linear increase in PET �lm
growth. The average PET thickness was 0.6, 1.4 and 2.5 nm after 10, 25 and 50 cycles, respectively
(see Figure 4.1e-g). To understand whether the �lm thicknesses observed under TEM were also
consistent with the loadings measured by TGA, we calculated the thickness of the PET �lm
resulting from the PET loading, according to Equation (4.2). The calculated thicknesses were
almost identical to the thicknesses observed under TEM (see Figure 4.A.6). The small deviation
can be attributed to an overestimation of PET density, which is likely to be lower than 1.38 g/cm3,
as the MLD-grown low-molecular weight PET nano�lms are expected to be less dense than
bulk PET. These �lm thicknesses translate into in a growth per cycle (GPC) of ∼0.05 nm (see
Figure 4.1h). This GPC is signi�cantly lower than the extended vertical length of the ethylene
terephthalate monomer, which is 1.1 nm [56]. This phenomenon is widely reported in several MLD
processes, and is generally attributed to the tilted orientation of the polymer chains and double
reaction terminations which can occur when using bifunctional organic precursors [44, 49, 57].
Bergsman et al. [57] demonstrated the tilted orientation of MLD-grown polyurea �lms, which
present an average chain angle of 25°, as well as the dependence of double reaction terminations on
monomer �exibility. In particular, the more �exible the monomer, the higher the probability of
chain terminations, and thus the lower the GPC. Furthermore, their analyses suggest that MLD
�lms consist of a mixture of upwardly growing chains and horizontally aligned polymer segments.
Similarly, Peng et al. [58] found that polyamide �lms grown from TC and 1,4-diaminobutane lie
nearly parallel to the surface. Therefore, the low GPC of PET MLD likely arises mainly from
polymer chains growing parallel to the surface instead of perpendicularly, as well as from double
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reaction terminations that reduce the surface site density. Still, the linear growth of the MLD
�lm is retained thanks to the equilibrium between double reaction terminations and monomer
renucleation, which introduces new reaction sites for the growth to recover [59].

To further demonstrate that the low GPC of PET MLD was not limited to �uidized TiO2 NPs, we
also deposited PET on �at Si wafers. The wafers were �rst treated in a UV ozone cleaner to produce
a native SiO2 surface layer, and then coated for 75 TC/EG cycles in an atmospheric-pressure ALD
chamber. The �lm thicknesses measured at di�erent growth cycles by spectroscopic ellipsometry
result in a GPC of ∼0.07 nm, comparable to that found for �uidized TiO2 NPs (Figure 4.A.7).
Furthermore, these GPCs are in agreement with the ∼0.05 nm GPC reported by Ivanova et al.
[49] on OH-terminated Si wafers in a commercial vacuum ALD reactor. This indicates that the
very low GPC of PET MLD is inherent to the surface chemistry involved as well as to the reaction
temperature used. In fact, at the relatively high temperature of 150 °C used here, thermally-driven
desorption of precursors can take place [60], thereby contributing to decrease the GPC.
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Figure 4.2: (a) O1s and (b) Ti2p XPS spectra of bare and PET-coated TiO2 for 50 cycles.

Finally, we investigated the chemical state of the TiO2 NPs by XPS (see Figure 4.2). The Ti2p
spectra of both bare and PET-coated TiO2 show that the Ti atoms are mostly in the Ti4+ state,
with a small fraction in the Ti3+, indicating that the MLD process does not a�ect the chemical state
of Ti (see Figure 4.2b and Figure 4.A.8b). The deconvolution of the O1s and C1s spectra reveals an
increase in the peaks attributed to the O–C=O group with the number of MLD cycles, further
con�rming the deposition of PET on both TiO2 NPs and Si wafers (Figure 4.2a, Figure 4.A.8a
and Figure 4.A.9) [61]. Both bare TiO2 NPs and Si wafers contain carbon species likely arising
from adventitious carbon and/or from the carbon tape used in the XPS sample preparation [10].
Furthermore, the peak associated with the Ti–O bond in the O1s spectra shifts towards higher
binding energies with increasing cycles due to the di�erence in electronegativity between Ti
(1.54), O (3.44), H (2.2) and C (2.55). As the electronegativity of C is higher than Ti and H, the
electron density around O decreases, and thus the binding energy increases. This demonstrates
the formation of Ti–O–C linkages at the interface between TiO2 and PET.
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4.3.2. Effect of PETDeposition on TiO2 Photoactivity

a.

b.

c.

Figure 4.3: Photocatalytic test of Acid Blue 9 (AB9) degradation and methanol oxidation with bare and PET-coated TiO2.
(a) Evolution of the natural log of AB9 concentration as a function of irradiation time. The reaction is of the �rst order:
ln(C/C0) = −kapp · t. (b) Evolution of the formaldehyde concentration as a function of irradiation time. The reaction
is zero-order: C = kapp · t. (c) Decrease in apparent kinetic constant with cycle number, obtained from the slope of the
linear �ttings in (a) and (b).

The suppressive e�ect of the subnano and nano PET �lms on the photocatalytic properties of
TiO2 P25 was quanti�ed by the photo-degradation of the Acid Blue 9 (AB9) dye and by the
oxidation of methanol (MeOH) to formaldehyde (CH2O). In particular, MeOH oxidation was
performed to test the ability of the PET �lms to suppress TiO2 photoactivity also against small
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organic molecules. Aliquots of the TiO2 suspensions were taken at various time intervals, and
the corresponding concentrations were evaluated as a function of AB9 and CH2O absorption
peaks at 629 nm and 412 nm, respectively. Photocatalyzed dye degradation is treated as a �rst-order
reaction (see Equation (4.3)), and therefore the kinetic constant can be obtained from the slope of
the linear �t of the logarithm of the dye concentration as a function of UV irradiation time. The
AB9-only solution control shows no change in dye concentration with irradiation time, whereas
the AB9-bare TiO2 suspension displays a clear decrease, indicative of the high dye degradation
rate photo-catalyzed by TiO2 NPs (see Figure 4.3a). Analogously, the blank MeOH-only solution
does not exhibit any formation of CH2O, while the MeOH-bare TiO2 suspension results in a
signi�cant increase in CH2O concentration, denoting the ability of TiO2 to photo-catalyze the
methanol oxidation (see Figure 4.3b). MeOH oxidation is a zero-order reaction (see Equation (4.4))
considering the excess of MeOH present in solution, and thus the kinetic constant corresponds
to the slope of the linear �t of the CH2O concentration as a function of the irradiation time.
Compared to bare TiO2, PET-coated TiO2 photo-degrade AB9 and photo-oxidizes MeOH at
a signi�cantly reduced rate. Speci�cally, an exponential decay in the kinetic constant is found
with increasing cycle number, from a 7.5-fold drop after 10 cycles to a ∼14-fold drop after 50
cycles for AB9 degradation, and from a ∼5-fold drop after 10 cycles to a ∼9-fold drop after 50
cycles for MeOH oxidation (see Figure 4.3c). Given that the photocatalytic oxidation of MeOH
proceeds through the holes trapped on the TiO2 surface [62], this demonstrates that even subnano
PET �lms of ∼0.6 nm can prevent molecules as small as MeOH from reaching the TiO2 surface,
and thus substantially suppress the photoactivity of TiO2. Therefore, the PET �lms are suitable
candidates to prevent the TiO2-induced photo-degradation of large organic molecules, such as
polymers, dyes and colorants, present in paints and cosmetics.
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Figure 4.4: (a) UV-Vis absorption spectra of bare and PET-coated TiO2. The slight increase in the light absorption from
400 to 600 nm after MLD is attributed to the PET �lm. (b) BET surface area of bare and PET-coated TiO2 for 10, 25 and
50 cycles. The slight decrease in surface area can be attributed to minor agglomeration phenomena occurring during the
MLD process.

A number of factors could explain the observed reduction in the photocatalytic activity of the
TiO2 P25 NPs. Signi�cantly altering the material properties of the TiO2 NPs, such as their UV-Vis
absorption, the NP electronic structure, or drastically decreasing the surface area available for
illumination could all suppress the rate of AB9 degradation and MeOH oxidation. UV-Vis di�use
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re�ectance spectroscopy (UV-DRS) show that the absorption properties of TiO2 are relatively
una�ected by the MLD process (see Figure 4.4a). Only a slightly higher visible light absorption
is observed in the 400-600 nm range due to the presence of PET. The retention of the powder
optical properties, e.g., whiteness (see also Figure 4.A.10), despite the coating with organic �lms
is not generally achievable via conventional liquid-phase approaches [7, 63], thus indicating the
greater applicability of MLD. XPS analysis previously indicated that the electronic structure of Ti
is unchanged by the MLD process (see Figure 4.2b). BET measurements display a slight decrease
in the speci�c surface area (SSA) with the number of cycles (see Figure 4.4b). However, as shown
in Table 4.A.1, higher values for the SSA of PET-coated TiO2 are expected with an increasing
number of cycles, due to the proportionally larger decrease in particle density compared to the
increase in particle diameter. The slight reduction in SSA can be attributed to minor agglomeration
phenomena occurring during the MLD process, likely induced by the sticky nature of the organic
precursors which might promote particle agglomeration. Therefore, the UV-Vis absorption and
electronic properties as well as the surface area of the PET-coated NPs cannot explain the drastic
reduction in the photoactivity of TiO2.
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Figure 4.5: EPR spectra of OH radical adduct species trapped by DMPO in bare and PET-coated TiO2 aqueous dis-
persions under UV irradiation. (a) Experimental spectra. The asterisks indicate the OH radical DMPO adduct species
generated by TiO2. The background peaks at 347.1, 348.6 and 350.1 mT, marked by the diamonds, are attributed to nitrox-
ide radical species arising from contaminations or degradation of the DMPO used. (b) Simulated spectra. The simulated
background nitroxide-radical peaks are removed to highlight the change in the DMPO-OH adduct signal.

To further investigate the origin of the observed photocatalytic suppression, electron paramagnetic
resonance (EPR) measurements were performed under UV illumination to probe the formation
of hydroxyl radicals in solution. The hydroxyl radical was analyzed due to its status as the primary
oxidant in aqueous photocatalytic systems [64]. EPR spectra of the suspensions containing bare
or PET-coated TiO2 NPs and the spin trap DMPO were taken during UV irradiation, and then
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simulated using the SpinFit software. The spin trap reacts with free radicals at or near the TiO2
surface to generate more stable products referred to as spin adducts, which can be observed by EPR.
In particular, DMPO is highly bene�cial when identifying hydroxyl radicals as it forms the DMPO-
OH adduct, which is characterized by a 4-peak symmetric spectrum with the relative intensity ratio
of 1:2:2:1. The PET-coated TiO2 samples show a clear reduction in the intensity of the DMPO-OH
adduct peaks, indicating that the PET �lms signi�cantly suppress the generation of hydroxyl radical
species (see Figure 4.5). The 3 background peaks at at 347.1, 348.6 and 350.1 mT are attributed to
nitroxide radical species arising from contaminations or degradation of the stock DMPO solution,
and are present with a similar amplitude even prior to UV irradiation (see Figure 4.A.11). The
observed reduction in hydroxyl radicals is mainly attributed to the ability of the PET �lms to block
the adsorption of water and reactant molecules onto the TiO2 surface. It is worth noting that
the PET MLD process eliminates the OH groups on the TiO2 surface, as shown in the DRIFTS
spectra in Figure 4.1a, which are known to play a crucial role in the TiO2 photocatalytic activity
[65]. However, the TiO2 surface dehydroxilation alone cannot explain the observed photocatalytic
suppression. The main role is, in fact, played by the PET �lm barriers which are capable of providing
photo-suppression against a broad range of molecule sizes, from the small MeOH molecules to the
large AB9 molecules. MeOH is oxidized by the photogenerated holes trapped on the TiO2 surface,
thus necessitating an intermediate adsorption step onto TiO2 [62]. Dye degradation typically
follows a Langmuir-Hinshelwood mechanism, which also requires the adsorption of the dye onto
the TiO2 surface [66]. Finally, DMPO mainly reacts with photogenerated holes and/or hydroxyl
radicals at or near the surface rather than in the bulk solution [67, 68]. Therefore, the MLD-grown
PET �lms prevent the access of water and reactant molecules to the TiO2 surface, thus preventing
the migration of photogenerated charge carriers from TiO2 surface to the reactants, and reducing
the formation of hydroxyl radicals. Most interestingly, the subnano �lms obtained after 10 cycles
are su�cient to suppress the photocatalytic activity, highlighting the potential of MLD for surface
modi�cation on length-scales not typically attainable with alternative approaches. In particular,
suppressing the formation of reactive oxygen species is of interest due to their negative biological
e�ects [6], suggesting potential applications for surface passivation in �elds such as nanomedicine.

4.3.3. Effect of PETDeposition on TiO2 Dispersibility
We then investigated the dispersibility of the TiO2 NPs in both aqueous and organic media.
After dispersion of the nanopowders in water, it was macroscopically observed that PET-coated
TiO2 produced more stable suspensions than bare TiO2 (see Figure 4.6a). In fact, while the bare
TiO2 NPs fully sedimented within 3 hours, the PET-coated TiO2 NPs remained dispersed for
several hours. To obtain a more quantitative estimation of the dispersion stability, zeta potential
measurements of NP suspensions were taken. With increasing cycle number, the zeta potential of
the NPs in demineralized water drops from -2.8 mV for bare TiO2 to -26.8 mV for PET-coated
TiO2 after 50 cycles (see Figure 4.6b). No meaningful variance in pH was found across the di�erent
suspensions, indicating that the decrease in zeta potential is indeed a result of the PET �lms. In fact,
across the pH range measured, PET surfaces possess a more negative zeta potential than TiO2 P25
[69–71]. The determined zeta potentials are therefore in good agreement with the observed greater
stability of aqueous PET-coated TiO2 dispersions. The subnano and nano PET �lms stabilize the
TiO2 NPs by electrostatic repulsion, thus preventing them from aggregating. Moreover, it is worth
stressing that the MLD-grown PET �lms are stable in water, as opposed to hybrid ALD/MLD
�lms such as alucone [72].
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Figure 4.6: Dispersibility of bare and PET-coated TiO2 in water and organics. (a, b) Stability of bare and PET-coated
TiO2 dispersions in water. (a) Pictures of bare and PET-coated TiO2 dispersions in water after resting for 1 hour. (b)
Decrease in zeta potential with the number of MLD cycles, indicating increasing dispersion stability. (c, d) Dispersion of
bare and PET-coated TiO2 in (c) diethyl ether/water mixture, and (d) chloroform/water mixture.

More importantly, organic coatings can improve the dispersibility of particles in organic media [73].
Mixtures of an apolar organic solvent, namely diethyl ether (Et2O) or chloroform (CHCl3), and
water were prepared. Diethyl ether and chloroform were selected for their relative immiscibility
with water and di�erent speci�c gravities. Et2O has a lower density than H2O, and thus is the
upper phase, whereas CHCl3 is more dense than H2O, and thus constitutes the lower phase.
Both bare and 10-cycle-PET-coated TiO2 powders were placed in the organic-water mixtures and
vigorously shaken. A clear change in the dispersion properties of TiO2 was observed as a result
of the PET deposition (see Figure 4.6c, d). The hydroxyl surface species on bare TiO2 gives it
a highly hydrophilic character, which favours the water phase. On the other hand, PET-coated
TiO2 preferentially disperses within the organic phase, indicating the hydrophobization of the
NPs following the MLD process. Modifying the phase in which the PET-coated powders were
�rst dispersed did not a�ect the �nal phase separation. Therefore, the subnano �lms are able to
completely alter the dispersion properties of the NPs. This enhancement of particle dispersibility in
organic media is of great interest for various applications, such as the production of organics-based
paints, nano�uids, Pickering emulsions and polymer nanocomposites.
Furthermore, the PET �lms o�er advantages in terms of chemical stability over other organic
coatings. As a demonstration, dispersions of poly(ethylene malonate)-MLD-coated TiO2 in
Et2O/H2O mixtures were tested. Polyethylene malonate (PEM) was chosen as an aliphatic polyester
reference which can be obtained by MLD. The PEM �lm did not a�ect the hydrophilicity of TiO2
NPs for a noticeable period of time, as immediately after mixing, a large portion of PEM-coated
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TiO2 NPs are found in the water phase (see Figure 4.A.12). This is attributed to the poor chemical
resistance of PEM to the Et2O solvent. In contrast, PET demonstrates a good chemical resistance
to an extensive range of organic solvents, thus expanding its applicability. Finally, the ultrathin
PET �lms show good resistance to UV-light irradiation. DRIFTS and TGA analysis as well as
Et2O/H2O dispersion tests con�rm that the PET �lms are unaltered after exposure to UV light
for 1 h (see Figure 4.A.13), which is the approximate duration of the photocatalytic test. Therefore,
PET constitutes a promising organic material for ultrathin �lms due to its good thermal, chemical
and UV-light stability.

4.4. Conclusion

I n conclusion, we have demonstrated the deposition of subnano and nanoscale PET �lms on
TiO2 P25 nanopowders by MLD. Ex-situ DRIFTS, TGA and TEM con�rm the presence of

PET and its linear growth with the number of cycles. The low GPC of 0.05 nm on �uidized TiO2
is in agreement with that obtained on Si wafers in both vacuum and atmospheric-pressure reactors.
The PET �lms are able to suppress the photoactivity of TiO2 NPs by reducing the access of water
and reactant molecules to the TiO2 surface, and thus the generation of hydroxyl radicals involved
in the photocatalytic reactions. At the same time, the bulk optical properties, e.g., whiteness, of
TiO2 are retained, which is not typically possible with traditional liquid-phase organic coating
methods. Furthermore, the PET �lms deliver greater stability to the TiO2 NP suspensions in
water, and enhance the dispersibility of TiO2 NPs in organic solvents. Such properties are of
relevance to the paints and cosmetics industries, where TiO2 NPs are widespread and it is crucial
to prevent the degradation of large organic compounds such as polymers, dyes and colorants.
For these reasons, the ability of MLD to produce subnano organic �lms on large quantities of
nanopowders in scalable atmospheric-pressure �uidized bed reactors is of commercial interest.
Finally, modifying the dispersion properties of particles in a swift and controllable manner by
surface engineering at the subnanometer level can open up new research directions for future
MLD studies.
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4.A. Supporting Information
Saturation curves; DRIFTS spectra of PET-coated TiO2 with di�erent TC times; TEM image of
PET-coated TiO2 for long precursor times; FTIR peak assignment; DRIFTS spectra of annealed
PET-coated TiO2; PET thickness calculated from TGA analysis; ellipsometry of PET �lms on Si
wafer; XPS of bare and PET-coated TiO2 and Si wafer; photos of bare and PET-coated TiO2 pow-
ders; EPR spectra under visible light irradiation; dispersion of PEM-coated TiO2 in Et2O/H2O
mixture; stability of PET-coated TiO2 to UV-light irradiation.
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Figure 4.A.1: Saturating behaviour of the PET �lm growth after 5 cycles. When varying the TC precursor exposure time,
a constant EG exposure time of 5 min was used. Instead, when varying the EG precursor exposure time, a constant TC
exposure time of 3 min was used. In both cases, N2 purging times of 10 min following TC and EG exposures were used.
(a, c) Evolution of amount of deposited material with the exposure time of (a) TC and (c) EG. The loading is estimated
by the weight loss between 225 °C and 450 °C in the TGA thermograms, and then expressed in mg/m2. (b, d) Evolution
of ester carbonyl (C=O) stretch, centered around 1725 cm-1, with the exposure time of (b) TC and (d) EG. The ester C=O
stretch was estimated by its area in the Kubelka-Munk DRIFTS spectra. The red curves are �tting curves to guide the eye.
The error bars indicate 95% con�dence intervals.
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Figure 4.A.2: DRIFTS spectra of PET-coated TiO2 for 30 s, 1 min, 3 min and 5 min exposure of terephthaloyl chloride
(TC), and 5 min exposure of ethylene glycol. Appearance of chlorinated carbonyl stretch (Cl–C=O), and fairly constant
ester carbonyl stretch (O–C=O) from 3 min exposure of TC, suggesting that after 1 min unreacted precursor is adsorbed
rather than PET being deposited.

50 nm

Figure 4.A.3: Additional deposition of organic matter on the surface of TiO2 nanoparticles after 25 cycles for long precur-
sor exposure times, i.e., 3 min TC–10 min N2–5 min EG–10 min N2. The arrows indicate the excess material adsorbed
due to the excess precursor used.
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Figure 4.A.4: Absorbance bands of the DRIFTS spectrum of PET-coated TiO2 for 50 cycles.
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Figure 4.A.5: Thermal annealing of PET-coated TiO2 for 25 cycles. (a) DRIFTS spectra of 25-cycle-PET-coated TiO2,
untreated and annealed at 150°C, 175°C, 200°C, and 225°C. The reference spectrum of bare TiO2 is subtracted. (b) Ratio of
chlorinated carbonyl stretch (Cl–C=O) over ester carbonyl stretch (O–C=O). Signi�cant decrease in the relative amount
of Cl–C=O with increasing annealing temperature.
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Figure 4.A.6: Comparison of the PET thickness observed under TEM (TEM thickness) and calculated from TGA loading
(TGA thickness) for a PET density of 1.38 g/cm3. The error bars indicate 95% con�dence intervals.
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Figure 4.A.7: Evolution of PET �lm thickness on Si wafer with the number of MLD cycles. The PET �lm thickness
is measured by spectroscopic ellipsometry (SE). SE data are �tted with 3 di�erent models, one using a Cauchy polyester
model in the WVASE software, and two using parameters from literature [57, 74].
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Figure 4.A.8: (a) O1s and (b) Ti2p XPS spectra of bare and PET-coated TiO2 for 10, 25 and 50 cycles.
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Figure 4.A.9: C1s XPS spectra of bare and PET-coated (a) TiO2, and (b) Si wafer.
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Figure 4.A.10: Digital photos of bare and PET-coated TiO2 nanopowders for 10, 25 and 50 cycles. The nanopowder
assumes a darkened white coloration after the MLD process due to the reaction with terephthaloyl chloride.
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CalculationofexpectedspecificsurfaceareaforPET-coatedTiO2
Assuming the shape of the particles to be spherical, the speci�c surface area (SSA) of the coated
particles can be thus expressed as follows:

SSA= 6
(dTiO2 , BET

+2tPET ) ρPET /TiO2

(4.5)

where dTiO2 , BET
is the TiO2 particle diameter estimated from the BET speci�c surface area of

bare TiO2 as dTiO2 , BET
= 6

SSATiO2 , BET
ρTiO2

with SSATiO2 , BET
of 51.9 m2/g and ρTiO2

of 4.23 g/cm3,
tPET is the PET �lm thickness, and ρPET /TiO2

is the density of the PET-coated TiO2 particles,

which can in turn be calculated as ρPET /TiO2
= ρTiO2

VTiO2
+ρPET VPET

VPET /TiO2
with VTiO2

= π

d
3
TiO2 , BET

6 ,

VPET /TiO2
= π

(dTiO2 , BET
+2tPET )3

6 , ρPET of 1.38 g/cm3 and VPET =VPET /TiO2
−VTiO2

.

tPET (nm) ρPET /TiO2
(g/cm3) SSA calculated (m2/g)

PET/TiO2, 10 cycles 0.6 3.85 54.3
PET/TiO2, 25 cycles 1.4 3.51 56.7
PET/TiO2, 50 cycles 2.5 3.11 59.7

Table 4.A.1: PET �lm thickness, particle density and speci�c surface area after 10, 25 and 50 PET MLD cycles.
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Figure 4.A.11: Experimental EPR spectra of bare and PET-coated TiO2 aqueous dispersions under visible light irradiation,
prior to UV irradiation. Negligible OH radical DMPO adduct peaks are observed, con�rming the low visible light pho-
toactivity of TiO2. The background peaks at 347.1, 348.6 and 350.1 mT are attributed to nitroxide radical species arising
from contaminations or degradation of the DMPO used.
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Figure 4.A.12: Dispersion of PEM-coated TiO2 in diethyl ether/water mixture. The PEM �lm quickly solvates upon
interaction with diethyl ether. The yellow color of the water phase arises from the coloration of PEM-coated TiO2, which
becomes yellow after 10 malonyl chloride/EG MLD cycles due to the reaction with the orange/brownish malonyl chloride
precursor.
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Figure 4.A.13: Stability of PET-coated TiO2 against UV-light irradiation. The samples were irradiated with a 365 nm
UV lamp (MEANAIL UNIC). (a) DRIFTS spectra of PET-coated TiO2 for 10, 25 and 50 cycles after exposure to UV
irradiation for 1 h. (b) Comparison of PET loading measured by TGA before and after exposure to UV irradiation for 1 h.
(c) Dispersion of PET-coated TiO2 for 10, 25 and 50 cycles in diethyl ether/water mixture after exposure of the powders to
UV irradiation for 1 h. No di�erence in the DRIFTS spectra, TGA thermograms and dispersion properties is observed.
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5
Drug Powders with TunableWettability by

Atomic andMolecular Layer Deposition:
fromHighly Hydrophilic to

Superhydrophobic

The wettability of pharmaceuticals is a key physical property which in�uences their dissolution
rate, dispersibility, �owability and solid-state stability. In this chapter, we provide a platform
of surface nanoengineering methods capable of tuning the wettability of drug powders from
high hydrophilicity to superhydrophobicity with drug loadings up to 95-99%. Speci�cally, we
functionalize gram-scale micronized budesonide, a commercial active pharmaceutical ingredient
for respiratory diseases, in a vibrated �uidized bed reactor with inorganic Al2O3, TiO2 and SiO2
by atomic layer deposition (ALD), organic poly(ethylene terephthalate) (PET) by molecular layer
deposition (MLD) and inorganic/organic titanicone by hybrid ALD/MLD. Transmission electron
microscopy shows the formation of smooth and uniform �lms for each deposition process without
signi�cantly a�ecting the surface morphology of the budesonide particles. Crucially, the deposition
processes do not alter the solid-state structure and cytocompatibility of budesonide. The ceramic
ALD �lms are able to convert the originally hydrophobic budesonide into highly hydrophilic
powders with water contact angles (WCAs) of ∼10° within a few seconds. The purely organic PET
�lms grown via MLD deliver superhydrophobic powders with a WCA of 145–150°. In contrast, the
titanicone hybrid ALD/MLD �lms lead to mild hydrophilicity with WCAs ranging from ∼80° to
∼60°. Modifying the wetting properties of inhaled drug powders such as budesonide is relevant to
improve bioavailability, enhance the dispersion of formulations in nebulizers or prevent moisture
interactions in dry powder inhalers. Moreover, by tuning the surface chemical composition at the
atomic or molecular level, particle ALD, MLD and hybrid ALD/MLD enable control over powder
wettability for several pharmaceutical dosage forms with applications in oral, orally inhaled and
parenteral delivery.

This chapter has been published in Applied Materials Today 22, 100945 (2021).
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5.1. Introduction

S urface properties of pharmaceutical particles play an important role in both the formulation,
storage and performance of dosage forms. In particular, wettability is one of the most crucial

surface characteristics, as it a�ects several factors: (i) dissolution rate of solid particles, as wetting is a
precursor to dissolution [1–3]; (ii) disintegration of tablets [4–6]; (iii) dispersibility in liquid-based
dosage forms [7]; (iv) �owability of powders during both the manufacturing process [8] and
drug delivery such as inhalation [9, 10]; and (v) solid-state stability in spray-dried materials [11, 12].
Therefore, tuning the wetting of drug powders based on the desired formulation design is highly
desirable.
Several approaches to modify the wettability of pharmaceutical powders have been investigated to
date [13–18]. Liquid-based coating methods, despite their simplicity, present a number of draw-
backs such as complex and time-consuming separation and drying steps, high energy consumption
due to the evaporation of organic and aqueous solvents involved in the process, and environmental
pollution arising from highly volatile organic solvents [19–21]. On the other hand, conventional
dry coating methods, while avoiding the use of solvents and thus reducing both processing time
and contamination, still require a large amount of guest material to achieve the desired wetting
properties [14, 22]. Physical and chemical vapor deposition (PVD and CVD) have the potential
to minimize the amount of coating material, and thus increase the �nal drug loading. In PVD
techniques, the coating material is evaporated by sublimation in high vacuum environment using
high temperature or plasma processes, and then transported to the substrate where it undergoes
condensation to form a thin �lm [23]. In CVD, typically two gaseous precursors are introduced
simultaneously in the reaction chamber, where they react in the gas phase to produce the material
to be deposited as a thin �lm on the substrate surface [24]. However, both PVD and CVD are
not well suited to uniformly and conformally coat complex three-dimensional structures such as
pharmaceutical particles with �lms in the low nanometer range [25, 26]. As a result, the control
over surface composition and morphology is often compromised.
Atomic layer deposition (ALD), molecular layer deposition (MLD) and their combination hybrid
ALD/MLD are vapor deposition techniques based on sequential self-limiting reactions of a pre-
cursor and a co-reactant separated by purge steps in a cyclical manner [27, 28]. In doing so, the
thickness of the �lms is controlled at the atomic or molecular level. ALD has therefore been utilised
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to modify the wetting properties of mainly polymeric substrates [29–33]. A number of studies
have proven the intrinsically hydrophilic nature of metal oxides grown by ALD, such as Al2O3
and TiO2 [29, 33–37]. However, a few ALD cycles can also turn naturally hydrophilic cellulosic
materials hydrophobic. This is attributed to nanoscale surface roughness which is prevalent during
the early growth stages of the �lm, as well as to the adsorption of adventitious carbon [32, 38, 39].
Furthermore, ALD-grown semiconductive oxides such as ZnO and TiO2 have been shown to
reversibly change their contact angle upon exposure to ultraviolet light [40–42]. On the other
hand, the use of MLD has been demonstrated to enhance the dispersibility of particles in organic
media [43–45]. The organic polymer �lms, in fact, make the particles preferentially disperse within
the organic phase, which indicates their hydrophobic nature after the MLD functionalization. In
particular, suspensions of polyurea-coated carbon nanotubes in organic solvents could remain
stable for weeks under ambient conditions [43], whereas poly(ethylene terephthalate)-coated Sn
nano�uids showed good stability even after treatment for 24 h at 140 °C [45]. Dispersing particles
in organic media is relevant for pharmaceutical applications, such as Pickering emulsions [46]and
solid dispersion systems [47]. However, neither MLD nor hybrid ALD/MLD have yet been
applied to tailor the wettability of drug particles. Moreover, a comprehensive investigation on the
potential of ALD, MLD and hybrid ALD/MLD to achieve the full range of wetting properties
for particulate materials is still lacking.
Here, we report the deposition of nanoscale inorganic, organic and inorganic/organic �lms by
ALD, MLD and hybrid ALD/MLD, respectively, to tune the wettability of micronized budesonide
powders, a potent anti-in�ammatory corticosteroid for respiratory diseases. Al2O3, TiO2 and SiO2
were grown as inorganic ceramic materials, poly(ethylene terephthalate) as organic, and titanicone
as inorganic/organic. To reduce the in�uence of surface roughness on the wetting performance and
minimize the amount of coating material, su�ciently thick �lms were synthesized by carrying out
the deposition processes for 10 and 50 cycles for Al2O3, TiO2 and titanicone, 50 cycles for PET and
100 cycles for SiO2. The �lm morphology and thickness were examined by transmission electron
microscopy (TEM). The solid-state stability of the budesonide particles after ALD and MLD was
veri�ed by X-ray powder di�raction (XRPD). The cytocompatibility of ALD-coated budesonide
was assessed by cell viability tests using human epithelial alveolar A549 cells. The wetting of
uncoated and coated budesonide was quanti�ed by water contact angle measurements on the
powder layer using the sessile drop method. The dispersibility in water was further investigated by
zeta potential analysis. Finally, particle size distributions of uncoated and ALD-coated budesonide
in water were measured to estimate the suspended particle and agglomerate size.

5.2. Experimental
5.2.1. Materials
Micronized budesonide particles with a particle size distribution ranging from 0.1 to 10 µm and
a speci�c surface area of ∼5.6 m2/g were received from AstraZeneca and used as a substrate for
the deposition [36]. The chemical structure of budesonide is depicted in Figure 5.1. The ALD
precursors, trimethylaluminum (TMA), titanium tetrachloride (TiCl4) and silicon tetrachloride
(SiCl4), were purchased from Nouryon, Strem Chemicals and Alfa Aesar, respectively, and used
as received. Ozone was employed as a co-reactant with TMA, whereas demineralized water as a
co-reactant with TiCl4 and SiCl4. The MLD precursors, terephthaloyl chloride (TC) and ethylene
glycol (EG), were obtained from Sigma-Aldrich and used as received. Each precursor was stored in
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a stainless steel bubbler under an inert atmosphere.
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Figure 5.1: Chemical structure of budesonide.

5.2.2. ALD,MLD andHybrid ALD/MLD Experiments
ALD, MLD and hybrid ALD/MLD experiments were carried out in a vibrated �uidized bed reactor
operating at atmospheric pressure, as described elsewhere [36, 37, 44]. The ALD precursors, i.e.,
TMA, TiCl4 and SiCl4, and co-reactants, i.e., O3 and H2O, were kept at room temperature,
whereas the MLD precursors, i.e., TC and EG, were heated to 100 °C (see Table 5.A.1). N2 (99.999
v/v%) was used as both carrier and purging gas. The lines were kept at 30 °C above the bubblers’
temperature to avoid undesired condensation and under-delivery of precursors. The reactor was
operated at a temperature of 40 °C for the ALD experiments, 150 °C for the MLD experiment
and 120 °C for the hybrid ALD/MLD experiment (see Table 5.A.1). For the ALD and MLD
experiments, budesonide powder batches of 5 g were loaded into the reactor, whereas 8 g were
used in the hybrid ALD/MLD experiment. Optimized gas �ows of 1 NL/min, corresponding to
3.4 cm/s at room temperature, for 5 g of budesonide and 2 NL/min, corresponding to 6.7 cm/s at
room temperature, for 8 g of budesonide were employed to deliver the precursors to the reactor
and su�ciently mix the powder with the assistance of mechanical vibration. ALD of Al2O3 and
TiO2 and hybrid ALD/MLD of titanicone were run for 10 and 50 cycles, MLD of PET for 50
cycles, whereas ALD of SiO2 for 100 cycles. The precursors and their exposure times in each
deposition process are reported in Table 5.A.1.

5.2.3. Material Characterization
The presence and morphology of the ALD, MLD and hybrid ALD/MLD �lms on the budesonide
particles was assessed by transmission electron microscopy (TEM). The samples were prepared by
directly dispersing the powders on copper TEM grids of 3.05 mm in diameter. TEM images of
several particles on the grid were taken using a JEOL JEM-1400 electron microscope operating at
120 kV. The thickness of the Al2O3, TiO2, SiO2, PET and titanicone �lms was evaluated with the
ImageJ software. For each sample, the �lm thickness of more than 10 particle agglomerates was
measured at various locations and averaged. To quantify the inorganic content in the ALD-coated
and hybrid-coated budesonide, elemental analysis was carried out by inductively coupled plasma
optical emission spectrometry (ICP–OES). Approximately 30 mg of powder was destructed in 4.5
ml of 30% HCl, 1.5 ml of 65% HNO3 and 1 ml of 40%HF using the microwave Multiwave PRO.
The destruction time in the microwave was 60 min at maximum power. After destruction, the
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samples were diluted to 50 ml with Milli-Q water and analysed with a PerkinElmer Optima 5300
DV optical emission spectrometer. The crystal structure of uncoated and ALD-coated budesonide
was examined by X-ray powder di�raction (XRPD). The di�ractograms were obtained by a Bruker
AXS D8 Discover di�ractometer with Co Kα radiation. The angle 2θ was scanned from 5° to 50°
with steps of 0.02°.

5.2.4. Cell Viability Analysis
The cell viability analysis of uncoated and ALD-coated budesonide was carried out with the
human epithelial alveolar A549 cell line. A549 cells were purchased from the American Type
Culture Collection (ATCC). The cells were cultured in 75 cm2 culture �asks (Corning Inc. Life
Sciences) using 15 mL Dulbecco’s modi�ed Eagle’s medium (DMEM) in an incubator at 37 °C in an
atmosphere of 5% CO2 and 95% relative humidity. The medium was supplemented with 10% heat
inactivated fetal bovine serum (FBS, Sigma-Aldrich) and antimycotic solution (1% v/v). The growth
medium was changed every other day until the time of use. A549 cells were seeded on 96 wellplates
at a density of 1 × 104 cells per well and cultured overnight. The media was aspirated from all the
wells, and the cells were then treated with a concentration of 100 µM of budesonide formulation
which was dispersed and diluted in 100 µL cell culture media for each well. After incubation for
24 h, cell viability was evaluated by adding 10 µL CCK-8 reagent (Sigma-Aldrich) to each well and
incubated for an additional 2 h at 37 °C under the condition of 5% CO2 and 95% relative humidity.
The optical density was measured by using a Microplate Reader (Multiskan FC, Thermo Scienti�c)
at 450 nm with a reference absorbance at 620 nm, according to the manufacturer’s protocol.

5.2.5. Water Contact Angle
The water contact angle (WCA) was measured by a Drop Shape Analyzer (DSA30, KRUSS
GmbH). In each measurement, a deionized water droplet with a volume of 11.5 µL was generated
by a syringe and gently dripped on the surface of the budesonide powder �lm (see Figure 5.A.1).
The powder �lm was prepared by using a spatula and leveler to ensure a smooth surface formed
when measuring the tangent angle at the contact point of the three phases [48–50]. The spreading
process of the water droplet into the powder surface was recorded by the CCD camera for 5 min at
a temperature of 18 °C. The contact angles were then directly measured from the captured drop
pro�les using the drop-shape analysis program, consisting of di�erent sessile drop �tting methods.
The measured contact angle is then plotted as a function of time after the water drop is placed
on the powder surface. For each sample, the water contact angle measuremens were repeated 10
times and the resulting values were then averaged to compare the material wettability. In case of
good wettability, the water droplet would fully spread into the powder bed, acting as a binder and
leading to the formation of strongly bound, wet granules. The ALD-coated powder �lms were
thus dried overnight at 40 °C, gently excavated and photographed to observe the resulting granule
structure.

5.2.6. Dispersibility inWater
Zeta potential measurements of 1 mg/mL particle suspensions in Milli-Q ultrapure water were
recorded using a Zetasizer Nano ZS (Malvern Instruments) and the inbuilt software. Samples
were calibrated for 5 minutes, and values were averaged over 4 measurements, with 40 runs per
measurement. Suspensions of 1 mg/mL were also prepared by placing 10 mg of uncoated and
coated budesonide powders in 10 mL of distilled water. The suspensions were then agitated with
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a RO 15 power IKAMAG(R) magnetic stirring plate for 1 min to properly disperse the powder,
and photographed. The particle size distributions of uncoated and ALD-coated budesonide in
water were measured via laser di�raction with a Malvern Mastersizer 3000 in combination with
the Hydro MV with a volume of 120 mL. This con�guration has a measuring range from 0.01
µm up to 2100 µm. The optical model of Fraunhofer, which considers the particles as opaque
particles, i.e., with both a refractive index and absorption index of zero, was applied.

5.3. Results andDiscussion
5.3.1. Deposition of Inorganic andOrganic Nanoscale Films
ALD, MLD and hybrid ALD/MLD enable the fabrication of uniform and conformal nanoscale
�lms on virtually any substrate. In particular, inorganic �lms can be obtained by ALD, purely
organic �lms by MLD and hybrid inorganic/organic �lms by hybrid ALD/MLD. Inorganic �lms,
namely Al2O3, TiO2 and SiO2, were deposited on micronized budesonide particles via TMA/O3,
TiCl4/H2O and SiCl4/H2O ALD, respectively. Comparable loadings of 6.1, 4.5 and 6.8 wt. %,
corresponding to budesonide loadings of 93.9, 95.5 and 93.2 wt. %, were found for Al2O3 and TiO2
after 10 cycles, and SiO2 after 100 cycles, respectively (see Tables 5.A.2 to 5.A.4 and Equation (5.1)).
TEM observations of Al2O3-coated budesonide suggested the formation of 20 and 50 nm thick
�lms on average after 10 and 50 cycles, respectively (see Figures 5.A.2 and 5.1). The thicknesses
observed under TEM were then compared to the theoretical thicknesses resulting from the Al2O3
wt. %, measured by ICP-OES, according to Equation (5.3), which applies to core-shell particles with
an external shell. A large discrepancy is found between the thicknesses calculated from the Al2O3
wt. % and the thicknesses observed under TEM (see Figure 5.A.3), which indicates that Al2O3 does
not grow at the surface and instead in�ltrates into budesonide. TMA, in fact, does not readily
react on the surface due to the low number of OH surface groups and instead di�uses into the
budesonide core, leading to sub-surface growth and the formation of highly thick �lms consisting
of an Al2O3-budesonide mixture. Despite the inherent lack of conformality, i.e., unequal thickness
across di�erent particles, smooth �lms were still obtained. This penetration phenomenon is widely
reported in ALD on biomaterials and polymers, which are permeable to aggressive and highly
reactive metal precursors such as TMA that can exhibit prolonged residence with the polymer
substrate due to attractive chemical interactions with certain polymer functional groups [51, 52].
This peculariaty is exploited to enhance the mechanical properties or the barrier performance of
polymeric materials [53]. The in�ltration of ALD precursors into organic substrates opened up
the development of a new technique, referred to by several denominations: sequential in�ltration
synthesis, vapor phase in�ltration, sequential vapor in�ltration, and multipulse vapor in�ltration
[52]. In these methods, the precursor vapors are delivered either in one long pulse or in several
short pulses into the bulk volumes of organic materials. The cumulative duration of exposure and
partial pressure of the precursor vapor as well as the following purging step govern the precursor
di�usion into the organic substrate, and thus the extent of in�ltration.
In contrast, the growth of TiO2 and SiO2 proceeds through surface active sites due to the lower
aggressiveness of TiCl4 and SiCl4 than TMA. This was re�ected in their respective �lm thicknesses,
as average TiO2 and SiO2 thicknesses of 15 and 10 nm were found after 50 and 100 cycles, respectively
(see Figures 5.A.2 and 5.1), signi�cantly lower than the Al2O3 thickness of 20 nm after only 10
cycles. Moreover, the thicknesses calculated from the TiO2 and SiO2 wt. %, measured by ICP-OES,
match well with the thicknesses observed under TEM (see Figure 5.A.3), con�rming that both
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TiO2 and SiO2 grow at the surface. To assess whether TiO2 and SiO2 can grow in a self-limiting
fashion at nearly ambient conditions on gram-scale batches of micronized budesonide particles, the
amount of deposited TiO2 and SiO2, normalized with respect to the substrate (i.e., budesonide)
amount, was monitored after 10 ALD cycles as a function of TiCl4, SiCl4 and H2O exposure times
(see Figure 5.A.4). In TiO2 growth, while H2O half-reactions saturate after an exposure of about
30 s (see Figure 5.A.4b), CVD components can be identi�ed with increasing TiCl4 exposures,
speci�cally from 30 to 120 s (see Figure 5.A.4a). This can be ascribed to the high reactivity of
TiCl4 with residual unpurged H2O, arising from the operation at nearly ambient conditions,
thus leading to additional growth by CVD reactions. An optimal TiCl4 exposure time of 30 s to
minimize the CVD components can be thus obtained by regression analysis. On the other hand,
in SiO2 growth, surface reactions saturate after an exposure of about 5 s of SiCl4 and 30 s of H2O,
thereby indicating the self-limiting behaviour of SiO2 ALD (see Figure 5.A.4c-d). The saturation
after only 5 s of SiCl4, which results from its high partial pressure, is in line with previous studies
of SiO2 ALD on TiO2 nanopowders [54]. Assuming a linear growth with the number of cycles,
growths per cycle (GPCs) of ∼0.3 and ∼0.1 nm can be estimated for TiO2 and SiO2 ALD. The
GPC of TiO2 is slightly higher than that typically reported for TiCl4/H2O ALD, i.e., ∼0.1 nm
[55], likely due to remaining CVD components. Instead, the GPC of SiO2 is in agreement with
the 0.09–0.11 nm GPC reported for SiCl4/H2O ALD [56, 57].
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Figure 5.1: TEM images of budesonide particles, uncoated and coated by SiO2, Al2O3 and TiO2 �lms via ALD, by
poly(ethylene) terephthalate �lms via MLD and by titanicone �lms via TiCl4/EG hybrid ALD/MLD. The deposition
processes of Al2O3, TiO2, PET and titanicone were run for 50 cycles, wheres that of SiO2 for 100 cycles. The details of
the experimental conditions are reported in Table 5.A.1. The �lm thicknesses were measured by ImageJ.
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Polyethylene terephthalate (PET) �lms were fabricated by MLD using terephthaloyl chloride (TC)
and ethylene glycol (EG). The average PET thickness was 1.5 nm after 50 cycles (see Figure 5.1),
which translates into a GPC of ∼0.03 nm. Low GPCs of ∼0.05–0.07 nm for PET MLD have
already been reported [44, 45, 58], and are attributed to the tilted orientation of the polymer chains
and double reaction terminations due to the bifunctional organic precursors, namely TC and EG
[58, 59]. The lower GPC value on budesonide than on OH–terminated substrates, such as TiO2
nanoparticles and SiO2 wafers, can be explained both by the lower number of surface OH groups
on budesonide and by its hydrophobic nature as we will show later. Due to the fully organic
composition of both the budesonide core and the PET �lm, elemental analysis to quantify the
amount of deposited material is hardly possible. Yet, an estimation can be obtained from the
measured �lm thickness according to Equation (5.2). A PET loading of 1.1 wt. %, corresponding to
a budesonide loading of 98.9%, was calculated (see Table 5.A.6 and Equation (5.1)).
By combining an ALD metal precursor with an MLD bifunctional organic co-reactant, e.g., diol
or dicarboxylic acid, hybrid inorganic/organic �lms can be manufactured. This class of materials is
referred to as metal alkoxides or metalcones. Here, titanicone �lms were synthesized by using the
ALD Ti precursor, TiCl4, and the MLD co-reactant, EG. The average titanicone thickness was
∼4.5 nm after 10 cycles and ∼23 nm after 50 cycles (see Figures 5.A.2 and 5.1), corresponding to a
GPC of ∼0.45 nm. This GPC is consistent with that reported on Si wafers in a vacuum viscous-
�ow, hot-wall type reactor [60]. It is worth noting that chlorine impurities, due to incomplete
reactions between TiCl4 and EG possibly resulting from the steric hindrance of EG, and double
reaction terminations due to the bifunctional nature of EG are expected in the titanicone �lm
[60]. The Ti loading in the titanicone-coated budesonide after 50 cycles is 7.7%, considerably lower
than the 12.7% found in the TiO2-coated budesonide (see Table 5.A.5), despite the higher average
thickness of the titanicone �lm. Hybrid �lms, in fact, contain a lower amount of metal than
ALD �lms for the same thickness thanks to the lower �lm density arising from the presence of the
organic component. In particular, the density of titanicone is found to be 1.8 g/cm3 [60], whereas
the lowest value reported for TiO2 is 3.3 g/cm3 [61]. This can be bene�cial for pharmaceuticals
where the inorganic content needs to be minimized.

5.3.2. Solid-state Stability and Cytocompatibility after ALD and
MLD

To verify whether the chemical structure of the budesonide particles was stable upon the ALD
and MLD processes, XRPD analysis was carried out (see Figure 5.2). No di�erence is found in the
di�ractograms of uncoated, ALD-coated and MLD-coated budesonide, indicating the amorphous
nature of the deposited �lms and more importantly the absence of noticeable variations in the solid-
state structure of budesonide after the ALD and MLD processes, despite the use of highly reactive
precursors. This is in agreement with our recent �ndings for Al2O3-coated lactose, where ultra-
performance liquid chromatography (UPLC), XRPD and solid-state nuclear magnetic resonance
(ssNMR) analyses demonstrated the chemical and structural integrity of the Al2O3-coated lactose
particles [37]. In particular, no additional peak is found in the UPLC chromatogram of Al2O3-
coated lactose compared to bare lactose, thus con�rming that the Al2O3 ALD process does not
induce decomposition of lactose. The lack of degradation upon the ALD process has also been
shown in other ALD-coated pharmaceutical materials, such as acetaminophen, which maintained
its stable polymorphic structure after Al2O3, TiO2 and ZnO ALD [62], and indomethacin, which
conserved its gamma (γ) polymorphic form after Al2O3 ALD [63].
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Figure 5.2: XRPD di�ractograms of uncoated, ALD-coated and MLD-coated budesonide particles.

The biocompatibility of inorganic and organic coatings has been investigated due to their use
mainly in various biomedical implantable devices, such as cardiac pacemakers, cochlear implants,
deep brain stimulations, neural prostheses and several physiological sensors, with the aim to protect
against the �uidic environment and minimize the impact on the biological processes [64]. More-
over, the cytocompatibility of ALD coatings, including Al2O3 and TiO2, onto pharmaceutical
powders for oral administration and injection has been studied [62, 63]. In particular, Al2O3 ALD
�lms with a thickness of 30-35 nm and a loading of 17% did not result in any negative symptoms
and in�ammatory response in rats, demonstrating that Al2O3-coated indomethacin was safe and
well tolerated for doses up to 100 mg/kg [63]. Analogously, Al2O3 ALD �lms up to 60 nm thick
did not alter the proliferation of human coronary artery smooth muscle cells, suggesting good
biocompatibility over a period of 7 days in-vitro [65]. In addition, Al2O3 ALD �lms onto glass
slides and SiO2 nanoparticles did not negatively interfere with the cellular viability of human
dermal �broblasts and human osteoblasts as well as did not activate the release of reactive oxygen
species by macrophages [66]. Similarly, porous silicon microparticles coated by TiO2 ALD were
well tolerated by human dendritic cells, which play an essential role in the regulation of in�am-
matory and immune responses [67]. Furthermore, the incubation of human intestinal Caco-2
cells for 24 h with TiO2-ALD-coated acetaminophen at concentrations up to 200 µg/mL did
not induce any signi�cant toxicity and reactive oxygen species [62]. Being generally non-toxic
and biocompatible, SiO2-based nanocapsules, such as mesoporous SiO2 nanoparticles, have been
fabricated to encapsulate bioactive molecules for bioimaging and controlled drug delivery [68, 69].
Additionally, thermally grown SiO2 �lms, for example by ALD, have been synthesized to create
robust bio�uid barriers for chronic electronic implants [70–72]. Polymer-based matrices, such
as polyether-ester copolymers partly consisting of PET, have been developed to encapsulate bi-
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ologically active agents, e.g., proteins, peptides and small drug molecules, with the purpose of
providing protection from degradation or denaturation and controlling release [73–75]. In-vitro
and in-vivo studies in rabbits showed the biocompatibility of poly(ethylene glycol) terephthalate
and poly(butylene terephthalate) (PEGT/PBT) copolymers [73]. Such copolymers have been also
explored for tissue engineering applications, due to the possibility of manipulating the wettability,
which is crucial in cell adhesion and growth, by tuning the PET content [76]. Although oxide
ceramics are widely used for several biomedical and drug delivery applications, as discussed above,
their biocompatibility in formulations for inhaled delivery is not known yet. Cell viability tests
using human epithelial alveolar A549 cells were thus performed with the budesonide powders
coated by ALD oxide ceramic �lms. After incubation for 24 h of the A549 cells to concentra-
tions of uncoated and ALD-coated budesonide up to 100 µM, no toxicity is detected, and cell
viability remains essentially constant at around 100% (see Figure 5.3). Therefore, each ALD-coated
budesonide formulation appears to be tolerated by human alveolar cells.
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Figure 5.3: Cell viability after treatment with a concentration of uncoated and ALD-coated budesonide of 100 µM for
24 h on human epithelial alveolar A549 cells. The values, expressed in %, are normalized with respect to the viability of
untreated cells. The error bars indicate standard errors.

5.3.3. Effect of Inorganic Nanoscale Films on BudesonideWetting
The wettability of the uncoated and ALD-coated budesonide powders was �rst quanti�ed by
measuring the water contact angle (WCA). The WCA represents the angle formed at the three-
phase boundary by a water droplet when placed and spread over the powder �lm. By following
the evolution of WCA in the course of wetting, time e�ects such as evaporation are minimized,
and local inhomogeneities in the powder �lm are averaged out. The powder can be classi�ed as
hydrophilic when WCA<90°, hydrophobic when 90°<WCA<145°, and superhydrophobic when
WCA≥145° [77]. Figure 5.4a and Figure 5.A.5 display the e�ect of the ALD ceramic �lms, Al2O3,
TiO2 and SiO2, on the wetting of the budesonide powder. Uncoated budesonide shows strong
hydrophobicity with a WCA of ∼130°, which remains constant for the whole duration of the
measurement, i.e., 5 min. Instead, a rapid, full transition to high hydrophilicity is observed for
each ceramic material with a �nal contact angle close to 0°. The water droplet, in fact, soaks into
the ALD-coated powder �lms within a few seconds, as shown in the pictures in Figure 5.4a. No
signi�cant di�erence was found in the drop penetration time for Al2O3, TiO2 and SiO2, indicating
a comparable hydrophilic behaviour. The consequence of the penetration of the water droplet
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into the powder �lm is the formation of a wet powder granule (see Figure 5.A.6). The morphology
and size of the resulting granules give also insights into the wetting properties. In particular, the
higher the hydrophilicity, the more the water droplet penetrates, and therefore the higher the
granule size. In agreement with the contact angle, no noteworthy variation in the granule size of
the ceramic-coated powders was found (see also Table 5.A.7). In addition, the granules appear
to exhibit similar hardness when excavated from the powder �lm as well as comparable regular
shapes. This is due to their strong structure which is not essentially susceptible to deformation
upon external forces and due to the regular capillary path for liquid penetration in case of high
hydrophilicity. Therefore, the morphology, size and hardness of the wet ALD-coated powder
granules after the WCA measurements further suggest a similar hydrophilic character for Al2O3,
TiO2 and SiO2.
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Figure 5.4: Wetting of ALD-coated budesonide. (a) Water contact angle, (b) pictures after 1 min mixing in water and (c)
zeta potential of uncoated and ALD-coated budesonide. The error bars indicate 95% con�dence intervals.

We then investigated the dispersibility of the uncoated and ALD-coated budesonide powders in
water. To avoid solubilization e�ects, saturated aqueous solutions of 1 mg/mL of budesonide
powder were prepared. After mechanically mixing the powders in water for 1 min, it was observed
that ALD-coated budesonide produced well-mixed dispersions as opposed to uncoated budesonide
which did not properly disperse in water and mainly �oated on the surface due to its hydrophobic
nature (see Figure 5.4b). To better quantify the dispersion stability, zeta potential measurements
of the suspensions were conducted (see Figure 5.4c). The zeta potential of the ALD-coated
powder suspensions becomes either more negative, as in case of SiO2-coated budesonide, or highly
positive, as in case of Al2O3- and TiO2- coated budesonide, compared to uncoated budesonide.
No signi�cant di�erence in pH was found in the Al2O3- and SiO2- coated budesonide suspensions.
Instead, the pH dropped from ∼5 to ∼3 for the TiO2-coated budesonide suspension, likely due to
the solubilization of chlorine-containing compounds arising from the TiCl4 precursor. The lack
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of pH reduction in the SiO2- coated budesonide suspension indicates the negligible amount of
chlorine impurities in the SiO2 �lm, despite the use of the SiCl4 precursor at low temperature.
In any case, the drastic change in zeta potential for each ALD-coated budesonide powder is a
direct consequence of the ceramic �lms. In fact, Al2O3 at pH' 5 and TiO2 at pH' 3 are positively
charged, whereas SiO2 is negatively charged at pH' 5 [78, 79]. The zeta potential values of ALD-
coated budesonide are therefore consistent with those reported in literature for Al2O3, TiO2 and
SiO2 [78, 79] as well as with the observed better dispersions.
Given the high wettability of ALD-coated budesonide, particle size distributions (PSDs) in water
were measured to obtain a quantitative estimation of particle and agglomerate size, and their
evolution with time. The PSD of uncoated budesonide shifts to higher sizes with increasing
time, indicating its inherent hydrophobicity and tendency to agglomerate and �oat on the water
surface (see Figures 5.A.7 and 5.A.11). In contrast, the PSDs of ALD-coated budesonide are
nearly una�ected after 1 min, demonstrating the rapid and high degree of dispersion in water
(see Figure 5.A.7). More precisely, we monitored the cumulative fraction of particles in two
di�erent size ranges, i.e., 0.1–10 µm and 10-1000 µm, over 5 min (see Figure 5.5b,c). The higher the
fraction of particles in the 0.1-10 µm range, which corresponds to the primary particle size range
of budesonide, the better the dispersibility. Vice versa, the higher the fraction of agglomerates in
the 10-1000 µm range, the poorer the dispersibility. After 2 min in water, the particle size ranges
for each sample remain essentially constant, indicating that the suspensions are at steady state.
The cumulative fraction of the ALD-coated particles in the 0.1-10 µm range rapidly increases
from the onset of mixing and becomes nearly twice as high as that of uncoated budesonide (see
Figure 5.5b). Accordingly, the cumulative fraction of agglomerates in the 10-1000 µm range for
ALD-coated budesonide signi�cantly and quickly decreases over time, while it stays almost identical
for uncoated budesonide (see Figure 5.5c). Moreover, suspensions of ALD-coated budesonide
after 1 h in water indicate their long-term stability (see Figure 5.A.8). The degree of dispersion from
1 min to 1 h remains essentially unaltered, without any powder sedimentation or agglomeration,
thus suggesting no signi�cant change in the PSD of ALD-coated budesonide suspensions in the
long term. In summary, each ceramic ALD �lm modi�es the surface characteristics of budesonide
from hydrophobic to highly hydrophilic.

5.3.4. Effect of Organic Nanoscale Films on BudesonideWetting
Similarly, we examined the e�ect of organic components in purely organic MLD �lms, i.e., PET,
and hybrid inorganic/organic ALD/MLD �lms, i.e., titanicone, on budesonide wettability. To
that end, the WCA of PET-coated and titanicone-coated budesonide was measured (see Figure 5.6a
and Figure 5.A.9). PET-coated budesonide displays even higher hydrophobicity than uncoated
budesonide with a WCA of ∼145–150°, making the powder superhydrophobic. The water droplet,
in fact, stays intact over the measurement period of 5 min. Oh et al. showed that superhydrophobic
PET fabrics can be obtained by adding a thermal ageing step at ≥130 °C to alkaline hydrolysis [80].
In particular, the surface of alkaline hydrolyzed PET fabric, which possesses many polar groups,
naturally tends to minimize the surface energy, and above the glass transition temperature promotes
the reorientation of polymer chains through migration of the polar groups into the PET bulk.
Analogously, the PET �lms grown at 150 °C might spontaneously decrease the free energy of the
interface by di�using the polar groups into the �lm, thus resulting in surface superhydrophobicity.
However, due to inherent imperfections of ultrathin polymer �lms such as in the case of ∼1.5 nm
PET, sub-nanoscale surface roughness e�ects might also play a role.
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Figure 5.5: Particle size distribution (PSD) of uncoated and ALD-coated budesonide particles in water. (a) Volume-based
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On the other hand, the titanicone-coated budesonide exhibits a more hydrophilic character than
uncoated budesonide, with a stable WCA after 5 min of ∼80° and ∼60° for the 10 and 50 cycles
samples, respectively (see Figure 5.A.10). Hence, no high hydrophilicity was observed, as the water
droplet was not able to fully spread into the powder �lm. This is attributed to the competition
between the inorganic and organic structures. It is worth noting that the WCA mainly varies
in the �rst minute, and then is e�ectively stable. This WCA pro�le could be explained by the
instability of metalcones in water [81–84]. Upon soaking titanicone-coated particles in water, Patel
et al. reported the formation of micropores with a diameter of ∼0.6 nm and mesopores of ∼1.1
nm in the �lm, leading to the removal of the organic components, i.e., EG chains, as evidenced
by the substantial increase in surface area, and to the loss of �lm conformality [83]. Furthermore,
they tested the stability of the titanicone-coated particles to water vapor. FTIR spectra revealed
the disappearance of the peaks related to –CH3, –CH2 and alkene groups after 24 h exposure,
indicating the decomposition of the organic components in the titanicone �lms, which were
essentially converted into titania [83]. Therefore, the water droplet during the WCA measurements
may cause modi�cations in the chemical structure of titanicone through decomposition of the
organic fraction, leading to a slight shrinkage in the �lm thickness and, more importantly, to
a porous structure that includes both the hydrophobic contribution from budesonide and the
hydrophilic contribution from TiOx species. Such e�ects result, in fact, in a WCA in between
that of uncoated and MLD-coated budesonide, and that of ALD-coated budesonide, which tends
to decrease with increasing TiOx fractions.
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When dispersing the PET-coated budesonide in water, it created more stable suspensions than
uncoated budesonide, despite the higher hydrophobicity (see Figure 5.6b). This behavior was



5.3. Results andDiscussion

5

139

already observed in aqueous supensions with PET-coated TiO2 nanoparticles, which could remain
dispersed for several hours compared to uncoated TiO2 that sedimented within 3 hours [44]. The
PET �lms, in fact, stabilize the few particles in suspension by electrostatic repulsion, thus reducing
the extent of aggregation and delaying their sedimentation. However, the majority of powder in the
PET-coated budesonide suspension still �oats on the water surface after 1 min mixing, as in the case
of uncoated budesonide (see Figure 5.A.11). Instead, titanicone-coated budesonide delivered stable
suspensions (see Figure 5.6b), in agreement with the WCA measurements. It is worth noting that
even the titanicone-coated budesonide suspension still exhibits a tiny fraction of powder �oating
on the water surface after 1 min mixing (see Figure 5.A.11), likely due to its mild hydrophilicity. Zeta
potential measurements are in line with the direct observations of the suspensions. In particular,
the zeta potential of PET-coated budesonide drops to -41.1 mV, whereas that of titanicone-coated
budesonide increases to 54.9 mV (see Figure 5.6c). Both the decrease in zeta potential and the
absence of meaningful variation in pH for the PET-coated powder suspension are consistent with
our previous study on PET-coated TiO2 nanoparticles [44]. At pH' 5, in fact, PET is highly
negatively charged [85, 86], thus causing the zeta potential to drop. Instead, the increase in zeta
potential and the decrease in pH for the titanicone-coated budesonide suspension follow the
trend for TiO2-coated budesonide. This may also suggest the conversion of titanicone into TiO2,
driven by the decomposition of the organic components, when soaked in water [83]. Contrary
to titanicone and generally to hybrid ALD/MLD �lms, the MLD-grown PET �lms are stable in
water [44], thanks to their good chemical resistance.

It is well known that the wetting properties of surfaces strongly depend on both their chemical
composition and physical structure. The synthesis of smooth nanoscale �lms by ALD, MLD and
hybrid ALD/MLD minimizes any physical e�ect on the substrate surface, and therefore di�erences
are primarily attributed to the surface chemical composition, which is tuned at the atomic or
molecular level. ALD, which typically manufactures ceramics such as Al2O3, TiO2 and SiO2
that are generally highly hydrophilic due to the presence of metal cations, oxygen anions, and
hydroxyl groups on the surface, can transform hydrophobic materials to completely hydrophilic.
On the other hand, MLD, which fabricates organic polymers that are typically hydrophobic, can
be used to obtain superhydrophobic materials due to the reorientation of the polymer chains when
operating at reaction temperatures above their glass transition temperature or due to sub-nanoscale
surface roughness. The combination of ALD and MLD in hybrid ALD/MLD can instead deliver
mildly hydrophilic properties thanks to the hydrophobicity of the organic components and the
hydrophilicity of ceramic species. The instability of hybrid �lms made of short aliphatic organic
chains, e.g., EG, upon exposure to water can be bene�cial for controlled wettability applications, as
it brings about the formation of porous structures with properties both of the converted inorganic
fraction in the porous �lm and of the substrate. Furthermore, the wide spectrum of organic
precursors available from organic chemistry can be harnessed to obtain a large variety of �lm
properties. For instance, aromatic organic precursors such as 4-aminophenol and 4,4’-oxydianiline
can result in hybrid �lms with good stability to both atmospheric air and water [87, 88], in case
porous �lms are not desirable. In addition, by combining hybrid ALD/MLD with ALD, the
inorganic and organic fractions in hybrid �lms can be adjusted, and �ner tuning of the wettability
can be achieved. In the context of pharmaceutical applications, it is important to stress that
nanoscale �lms only lead to the addition of minute amounts of guest material even on drug
particles with a moderate surface area such as micronized budesonide. For instance, in this study,
we obtained highly hydrophilic powders with drug loadings up to∼95% (see Tables 5.A.2 to 5.A.4) as
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well as superhydrophobic powders with an estimated drug loading of ∼99% (see Table 5.A.6). This
makes ALD, MLD and hybrid ALD/MLD highly attractive for altering the wetting properties of
pharmaceutical powders. Moreover, our approach using �uidized bed reactors is very e�cient with
respect to precursor utilization [89] as well as easily scalable [90], especially in the pharmaceutical
industry where they are well-established technologies.

5.4. Conclusion

I n summary, we have �ne-tuned the wettability of drug powders with inorganic, organic and in-
organic/organic nanoscale �lms deposited by ALD, MLD and hybrid ALD/MLD, respectively.

TEM shows the deposition of uniform Al2O3, TiO2, SiO2, PET and titanicone �lms on each
individual budesonide particle. While Al2O3 in�ltrates into the budesonide structure forming
an Al2O3-budesonide shell, the growth of TiO2, SiO2, PET and titanicone proceeds through
surface active sites with GPCs of ∼0.3, ∼0.1, ∼0.03 and ∼0.45 nm, respectively. Importantly,
the budesonide particles retain their solid-state structure and cytocompatibility after the depo-
sition processes. The uncoated budesonide powder is hydrophobic with an average WCA of
130°. The ceramic ALD �lms, i.e., Al2O3, TiO2 and SiO2, are able to deliver highly hydrophilic
budesonide powders with WCAs close to 0° within a few seconds. Instead, organic components
in the MLD and hybrid ALD/MLD �lms alter the wetting properties from superhydrophobic
(WCA= 145–150°) for purely organic �lms, i.e., PET, to mildly hydrophilic (WCA= 60–80°) for
inorganic-organic �lms, i.e., titanicone. In the case of ALD, such e�ects are attributed to the
drastic change in the surface chemical composition rather than in the surface physical structure,
which remains essentially una�acted after the deposition processes. On the other hand, in the
case of hybrid ALD/MLD with short aliphatic organic co-reactants unstable in water, e.g., EG,
the formation of porous inorganic-organic structures upon contact with water may be behind
the mild hydrophilicity. In the case of PET MLD, di�usion of the polar groups into the �lm by
reorientation of the polymer chains or sub-nanoscale surface roughness can explain the surface
superhydrophobicity. The ability of ALD, MLD and hybrid ALD/MLD to provide the whole
spectrum of wettability control for drug powders from high hydrophilicity to superhydropho-
bicity is relevant for improving bioavailability for example in pulmonary delivery, enhancing the
dispersion of liquid-based medical products or preventing moisture ingress in solid sensitive phar-
maceuticals. Hybrid �lms can be preferable over their ceramic counterparts for pharmaceutical
formulations where initially mild hydrophilicity is su�cient but lower metal content is required.
Finally, tailoring the wetting properties at the nanoscale can be of interest to several applications
such as food, paints and cosmetics.
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5.A. Supporting Information
Experimental conditions; WCA setup; Al, Ti, Si and budesonide loadings in ALD-coated and
hybrid-coated budesonide; estimated PET loading in MLD-coated budesonide; TEM images of
budesonide after 10 cycles of Al2O3, TiO2 and titanicone; estimated �lm thickness from Al2O3,
TiO2 and SiO2 wt. %; saturation behaviour of TiO2 and SiO2 ALD; WCA of budesonide after
10 cycles of Al2O3 and TiO2; wet granules of ALD-coated budesonide; PSDs of ALD-coated
budesonide in water at di�erent time points; ALD-coated budesonide suspensions after 1 h;
water droplet evolution during WCA of MLD-coated and hybrid-coated budesonide; WCA of
budesonide after 10 cycles of titanicone; top view of uncoated, MLD-coated and hybrid-coated
budesonide suspensions in water.

Deposition process Material Precursor Co-reactant Treaction Exposure Time (min)
(T, °C) (T, °C) (°C) (Precursor-N2-Coreactant-N2)

ALD
Al2O3 TMA (30) O3 (RT) 40 1-5-1-5
TiO2 TiCl4 (RT) H2O (RT) 40 0.5-5-1-5
SiO2 SiCl4 (RT) H2O (RT) 40 0.25-5-1-5

MLD PET TC (100) EG (100) 150 1-5-1-5
Hybrid ALD/MLD Titanicone TiCl4 (RT) EG (100) 120 0.5-2-1.5-10

Table 5.A.1: Experimental ALD, MLD and hybrid ALD/MLD process conditions. RT indicates room temperature.
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Figure 5.A.1: Schematic water contact angle setup.
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Sample Al loading Al2O3 loading Thickness
(wt. %) (wt. %) (nm)

Al2O3/Budesonide 10 cycles 3.2 6.1 20
50 cycles 9.9 18.7 50

Table 5.A.2: Al and Al2O3 loadings, and average thickness for Al2O3-coated budesonide.

Sample Ti loading TiO2 loading Thickness
(wt. %) (wt. %) (nm)

TiO2/Budesonide 10 cycles 2.7 4.5 3
50 cycles 12.7 21.1 15

Table 5.A.3: Ti and TiO2 loadings, and average thickness for TiO2-coated budesonide.

Sample Si loading SiO2 loading Thickness
(wt. %) (wt. %) (nm)

SiO2/Budesonide 100 cycles 3.2 6.8 10

Table 5.A.4: Si and SiO2 loadings, and average thickness for SiO2-coated budesonide.

Sample Ti loading Ti-(O-CH2-CH2-O)2 Thickness
(wt. %) (wt. %) (nm)

Titanicone/Budesonide 10 cycles 2.2 7.7 4.5
50 cycles 7.7 27 23

Table 5.A.5: Ti and titanicone loadings, and average thickness for titanicone-coated budesonide.

Estimation of budesonide loading
The budesonide loading in the ALD-coated, MLD-coated and hybrid-coated powders was esti-
mated based on the amount of deposited material according to the following expression:

Budesonide loading (wt.%)= 100−Coating loading (wt.%) (5.1)
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Estimation of PET loading in PET-coated budesonide
Given the lack of elemental analysis techniques to quantify the amount of PET in PET-coated
budesonide, an estimation can be obtained from the measured �lm thickness. Assuming the shape
of the particles to be spherical, the mass fraction of PET can be thus expressed as follows:

PET loading=
(d
budesonide

+2tPET )3−d3
budesonide

(d
budesonide

+2tPET )3−d3
budesonide

+ ρ
budesonide

ρPET

d
3
budesonide

100 (5.2)

where d
budesonide

is the budesonide particle diameter estimated from the BET speci�c surface area
of uncoated budesonide as d

budesonide
= 6

SBET ρ
budesonide

with SBET of 5.57 m2/g and ρ
budesonide

of 1.28
g/cm3, tPET is the PET �lm thickness of 1.5 nm, and ρPET is the density of the PET �lm reported
to be 1.38 g/cm3.

Sample PET loading Thickness
(wt. %) (nm)

PET/Budesonide 50 cycles 1.1 1.5

Table 5.A.6: PET loading and thickness for PET-coated budesonide.

Al2O3, 10 cycles 

200 nm

20 nm

TiO2, 10 cycles Titanicone, 10 cycles 

3 nm

100 nm 200 nm

4.5 nm

Figure 5.A.2: TEM images of budesonide particles coated by Al2O3, TiO2 and titanicone for 10 cycles.
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Estimation of film thickness in ALD-coated budesonide from ele-
mental analysis
The thickness of each ALD �lm (tALD) resulting from the wt. % (xALD) of Al2O3, TiO2 and SiO2,
measured by ICP-OES, was calculated according to the equation described by Zhang et al. [37]
correlating the mass fraction and the thickness of the deposited material in spherical core-shell
particles:

tALD = d
budesonide

2

(
3

√
xALD

1−xALD
ρ
budesonide

ρALD

+ 1− 1
)

(5.3)

assuming an Al2O3 �lm density (ρAl2O3
) of 2.5 g/cm3 [91], a TiO2 �lm density (ρTiO2

) of 3.3 g/cm3

[61] and a SiO2 �lm density (ρSiO2
) of 1.6 g/cm3, extrapolated from the work of Guo et al. on

SiCl4/H2O ALD on TiO2 nanoparticles [54].
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Figure 5.A.3: Comparison of the thickness observed under TEM (TEM thickness) and calculated from ICP-OES (ICP
thickness) for Al2O3-coated, TiO2-coated and SiO2-coated budesonide, according to Equation (5.3). A large discrepancy
is observed between the thicknesses calculated from the Al2O3 wt. % by ICP-OES and the thicknesses observed under
TEM, thus con�rming that Al2O3 does not grow at the surface, but rather in�ltrates into the budesonide core. Equa-
tion (5.3), which applies to core-shell particles with an external shell, is therefore not valid for Al2O3-coated budesonide,
where the shell forms internally and not externally. Instead, the thicknesses calculated from the TiO2 and SiO2 wt. % by
ICP-OES match well with the thicknesses observed under TEM, indicating that both TiO2 and SiO2 grow at the surface.
The error bars indicate 95% con�dence intervals.
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Figure 5.A.4: Saturation behaviour of TiO2 and SiO2 growths after 10 ALD cycles. (a, b) Evolution of TiO2 loading
divided by the budesonide loading, expressed as wt. %, with the exposure time of (a) TiCl4 and (b) H2O. With increasing
TiCl4 exposures, two growth phases are identi�ed: an initial ALD growth from 0 to 30 s and a CVD component from
30 to 120 s. By intersecting the �tting lines deriving from the ALD and CVD growth phases, an optimal TiCl4 exposure
time of about 30 s to minimize the CVD components is obtained. H2O half-reactions saturate after an exposure of about
30 s. (c, d) Evolution of SiO2 loading divided by the budesonide loading, expressed as wt. %, with the exposure time of
(c) SiCl4 and (d) H2O. Both the saturation curves indicate the self-limiting behaviour of SiO2 ALD. Surface reactions
saturate after an exposure of about 5 s of SiCl4 and 30 s of H2O. The red curves are �tting curves to guide the eye.
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Figure 5.A.5: Water contact angle of (a) Al2O3-coated budesonide after 10 and 50 cycles and (b) TiO2-coated budesonide
after 10 and 50 cycles.
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Figure 5.A.6: Wet granules of ALD-coated budesonide powder after water contact angle measurements. The water droplet
volume was kept constant at 11.5 µL.
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Sample Granule mass Granule 3D size
(mg) (mm)

Al2O3/Budesonide 50 cycles 75 5 × 4.1 × 4.5
TiO2/Budesonide 50 cycles 106 6.9 × 6.7 × 5.1
SiO2/Budesonide 100 cycles 98 4.9 × 5.2 × 5.3

Table 5.A.7: Mass and three-dimensional size of ALD-coated budesonide powder granules after water contact angle mea-
surements.
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Figure 5.A.7: Volume-based particle size distribution (PSD) of uncoated and ALD-coated budesonide particles after 0, 1,
2 and 5 min in water.
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1 min

TiO2Al2O3

1 h

SiO2

Figure 5.A.8: Pictures of ALD-coated budesonide suspensions after 1 min and 1 h mixing in water. The bottom pictures
indicate the top view after 1 h. No particles are observed on the water surface at any stage of the suspension due to the
high hydrophilicity of ALD-coated budesonide. The degree of dispersion from 1 min to 1 h remains essentially unaltered,
without any powder sedimentation or agglomeration, thus indicating no signi�cant change in the PSD of ALD-coated
budesonide suspensions in the long term.
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Figure 5.A.9: Evolution of water droplet spreading for uncoated, MLD-coated, hybrid ALD-MLD coated and ALD-
coated budesonide during the water contact angle measurements.
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Figure 5.A.10: Water contact angle of titanicone-coated budesonide after 10 and 50 cycles.
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Uncoated PET Titanicone

Figure 5.A.11: Top view of uncoated, MLD-coated and hybrid ALD-MLD coated budesonide suspensions after 1 min
mixing in water.
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6
Conclusions andOutlook

The main objectives of applying atomic and molecular layer deposition (ALD and MLD) to
pharmaceuticals in this thesis are to control their release, wettability and �owability. Being ALD
and MLD on pharmaceuticals essentially unexplored, the �rst question to resolve was assessing
the growth mode, i.e., surface or sub-surface growth, of ALD and MLD materials on such new
substrates. This is crucial to determine the expected �lm thickness and composition, which need
then to be correlated with the key pharmaceutical functional properties. In addition, this thesis
deals with identifying the dissolution mechanism, e.g., di�usion-based or erosion-based, and
understanding what factors drive the alteration in wettability and �owability.

6.1. Main Contributions
1. The ALD growth on both crystalline and amorphous pharmaceutical particles evolves

similarly to that on generic polymeric materials studied so far. ALD precursors, such as
trimethylaluminum (TMA), which are known to penetrate into organic substrates, in�ltrate
also pharmaceutical particles in an analogous manner: lactose which exhibits a large density
of hydroxyl groups is only minorly in�ltrated by TMA and �lms nearly as thin as those on
polymeric and inorganic substrates are obtained due to mostly surface reactions; budesonide
which lacks hydroxyl groups is signi�cantly in�ltrated by TMA and thick �lms consisting
of an Al2O3-budesonide mixture arise from mainly sub-surface reactions. On the other
hand, TiCl4 and SiCl4 are not typically reported to signi�cantly penetrate into organic
materials, and in fact result only in surface TiO2 and SiO2 growths on budesonide. The
surface growth of TiO2 is also con�rmed in ALD on other pharmaceutical substances, such
as salbutamol, AZD7624 and AZD5423, not reported in this thesis.

2. Scalable pure MLD of conformal polymeric �lms in the sub-nanometer to low-nanometer
range can be carried out on gram-scale ultra�ne particles. This marks a signi�cant advance
in the �eld of particle surface engineering with organic �lms. Yet, MLD on bulk quantities
of ultra�ne particles requires relatively high reaction temperatures due to the high precursor
vapor pressures needed to deliver large amounts of precursor for surface saturation in rea-
sonable periods of time. As precursor desorption is promoted with increasing temperatures,
only sub-angstrom growths per cycle (GPCs) were obtained by MLD. In this respect, it can
be challenging to synthesize purely organic �lms in the order of ∼10 nm, which have larger
impact on the dissolution performance. Still, MLD of ultrathin organic �lms can be of great
importance for providing passivation of pigment powders [1], stability of thermal-oil-based
nano�uids [2] as well as tailoring the dispersion properties [1, 3].
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3. Nanoscale ceramic ALD �lms are able to signi�cantly extend release of micronized lactose
and budesonide particles. In-vitro dissolution and ex-vivo rat lung absorption tests show
slower release of budesonide with increasing nano�lm thickness. Film uniformity is crucial
to have the greatest e�ect on the dissolution rate. Interestingly, the dissolution performance
does not seem to depend on the nature or composition of the �lm material. Instead, the
�lm thickness plays the predominant role. This can allow the choice of the �lm material
only based on ALD process considerations, such as processing time and GPC. Furthermore,
neither degradation nor dissolution of the ceramic ALD �lms are observed by ex-situ
TEM analysis of ALD-coated budesonide particles during dissolution. This indicates that
the release mechanism of the core material, e.g., budesonide drug or lactose excipient,
mainly involves the transport of dissolution media through the ceramic ALD �lms. It is
worth noting that nanoscale �lms in the order of ∼10 nm and above are needed to have a
considerable impact on dissolution of the micronized pharmaceuticals investigated in this
thesis.

4. The ceramic ALD �lms greatly improve the aerosolization performance of micronized
budesonide, in that increase by up to∼2 times the fraction of �ne particles smaller than 5µm
generated at low inspiratory �owrates and pressures. In particular, budesonide formulations
coated by the lowest number of cycles display the highest increment in �ne particle fraction.
While the lowest cycle number performed in this thesis is 10, the trend suggests that also
fewer cycles that allow at least an uniform monolayer can lead to such enhancement. On
the other hand, increasing the number of ALD cycles and thus the powder processing
time in the �uidized bed promotes particle agglomeration, which negatively impacts the
powder �ow properties. Still, each ALD-coated budesonide formulation studied in this
thesis exhibits greater aerosolization performance than bare budesonide both after long-term
storage for 8–10 months at 20 °C and ∼0% RH, and after storage under stressed conditions,
i.e., open for 1 month at 40 °C and 75% RH. The higher �ne particle fractions after ALD
are attributed to the reduction in interparticle force arising from the ceramic surfaces, as
evidenced by atomic force microscopy measurements.

5. Surface nanoengineering by ALD proves to be highly promising in providing novel inhaled
formulations with tailored characteristics of drug release and lung deposition. Controlled
pulmonary drug delivery in terms of lung deposition, dissolution and absorption is highly
desirable for the treatment of chronic diseases, as a reduction in dosing frequency and
side e�ects as well as optimization in drug load can be obtained. Presently, there is no
inhaled formulation commercially available able to provide sustained release and enhanced
lung deposition. Current inhaled formulations under research can only o�er limited drug
loadings, which decrease the drug delivery e�ciency. Nanoscale ALD �lms instead only lead
to the addition of minute amounts of guest material, here resulting in e�ective ALD-coated
budesonide formulations with drug loadings up to ∼95%. Crucially, we demonstrate that
the ALD-coated budesonide particles are safe and e�cacious at cellular level.

6. The ceramic ALD �lms are able to convert the originally hydrophobic budesonide and
hydrophilic lactose into highly hydrophilic powders. Titanicone hybrid ALD/MLD �lms
from TiCl4/ethylene glycol (EG) precursors lead to mildly hydrophilic budesonide due to
the instability of EG in water which likely results in the formation of porous structures
with properties both of the inorganic fraction in the porous �lm and of the substrate. In
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contrast, purely organic poly(ethylene terephthalate) (PET) �lms grown by MLD deliver
superhydrophobic powders. Moreover, sub-nanoscale and low-nanoscale PET �lms im-
prove the stability of particle, e.g., budesonide and TiO2, suspensions in water as well as
the dispersibility in organic media. Such properties are relevant for example to suspension-
based inhaled formulations, which make use of organic solvents, surfactants and lipids as
excipients, where the drug needs to be properly dispersed and form a stable suspension to
ensure precise �lling during manufacturing and accurate dosing during inhalation [4, 5].
On the other hand, high hydrophilicity enhances the dispersibility of powders in water,
thereby facilitating deaggregation and wetting steps in the dissolution process. It is worth
pointing out that compared to existing literature, where control from hydrophilicity to hy-
drophobicity is demonstrated through only one ALD material, i.e., Al2O3, by playing with
surface roughness, in this thesis we control the wettability by tuning surface composition
without essentially a�ecting surface morphology.

6.2. Economic Evaluation of ALD andMLD for Pharma-
ceuticals

The economic feasibility of the synthesis of ALD-coated and MLD-coated pharmaceuticals de-
pends on equipment and operational costs. For ALD and MLD processes, the operational costs
are mainly given by the precursors. The cost of ALD precursors is reported by Sigma-Aldrich
to be approximately ∼2,000 €/kg for TMA, ∼250 €/kg for TiCl4 and ∼150 €/kg for SiCl4. Yet,
these values are mainly valid at lab scale, whereas they can be signi�cantly reduced at large scale.
For instance, the cost of TMA decreases by an order of magnitude from ∼2,000 €/kg for lab-scale
use to 300 €/kg for a scale of 100 tons/year of powder [6]. Assuming an order-of-magnitude
reduction also for TiCl4 and SiCl4, their costs drop to 25 €/kg and 15 €/kg, respectively. A rough
estimate of the budesonide production volume can be obtained by the ratio between its global
annual sales, in the order of 1–10 billion/year (109–1010 €/year) [7], and its reference price, in the
order of 103–104 €/kg [7], which results in around 103 tons/year of budesonide produced. This
amount is consistent with the average volumes of pharmaceutical products [8, 9]. Therefore, the
costs of ALD precursors estimated for a powder scale of 100 tons/year are used to calculate the
contribution of the ALD expenditure to the fabrication of ALD-coated budesonide.
Assuming a 100% precursor e�ciency, where one mole of ALD precursor, e.g., SiCl4, TiCl4 or
TMA, translates into one mole of ALD material, e.g., Si, Ti or Al, the ALD cost (CALD), expressed
as € per kg of budesonide, can be estimated as follows:
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where C
bude

is the cost of bulk budesonide, approximated to 5,000 €/kg, as explained above [7].
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The estimated ALD costs are summarized in Table 6.1. ALD accounts only for less than 0.1% of the
overall cost of SiO2-coated budesonide, up to 0.3% for TiO2-coated budesonide and up to ∼4%
for Al2O3-coated budesonide. This shows that large-scale ALD and MLD on pharmaceuticals,
besides drastically improving their performance, is also viable from an economical point of view.

Formulation Film Thickness ALD loading ALD cost ALD cost/Total cost
(nm) (wt. % Si, Ti, Al) (€/kg budesonide) (%)

SiO2/Budesonide

1.5 0.4 0.3 0.007
3 1.3 1.2 0.024
6 1.9 1.8 0.036
10 3.2 3.1 0.062

TiO2/Budesonide
3 2.3 2.3 0.047
8 6.4 7.1 0.143
15 12.7 15.9 0.317

Al2O3/Budesonide
20 3.2 55.3 1.09
35 7.7 143.4 2.79
50 9.9 194.7 3.75

Table 6.1: Estimated cost of ALD-coated budesonide formulations reported in this thesis, assuming the operational cost to
be mainly given by the material cost [9]. The high thickness of Al2O3/budesonide formulations arises from in�ltration of
Al2O3 during the ALD process, and is therefore not representative of typical ALD thickness for the corresponding ALD
loading.

6.3. Limitations, Implications and Potential Solutions
Fluidization and Agglomeration
The major challenge in �uidized bed ALD and MLD on low-micron-sized pharmaceutical powders
is to ensure a high �uidization quality, which is crucial to achieve high coating performance in
terms of uniformity and conformality. Particles in the low micrometer range fall into group C
of Geldart’s classi�cation on the behaviour of solids �uidized by gases, and are categorized as
cohesive [10]. Such powders are di�cult to handle due to the presence of strong interparticle
forces. When subject to �uidization, cohesive particles tend to form agglomerates, resulting in the
formation of channels and dead zones, and thus in poor gas-solid mixing and non-�uidized particles
[11]. To overcome the interparticle force and break the agglomerates, in this thesis �uidization
of the cohesive pharmaceutical particles is improved by mechanical vibration. Yet, we have also
investigated the e�ect of other external assisting methods, such as microjet and addition of coarse
particles, on the �uidization of �ne lactose powders in the range 0.1–20 µm [12]. In contrast to the
unassisted case, using vibration or a microjet enhances the �uidization behaviour in terms of higher
powder bed expansion as well as reduced minimum �uidization gas velocity and agglomerate
formation. However, applying a microjet leads in our case to considerable powder losses due to
the high fraction of �ne particles stuck to the wall after the �uidization process, and therefore to
dead zones. Yet, using beds with larger diameters might reduce the wall e�ect. On the other hand,
further addition of coarse particles does not play a signi�cant in�uence on promoting �uidization.
Therefore, mechanical vibration is the assisting method of preference, especially for ALD and
MLD processes, as it does not require the addition of components inside the reactor.
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The main parameters of mechanical vibration are frequency, amplitude and direction, e.g., hori-
zontal or vertical. By accurately tuning them, powder mixing can be optimized. Moreover, in case
of ALD and MLD processes with high number of cycles which can last up to several hours, the
vibration parameters need to ensure �uidization for long periods of time. Mechanical vibration can
lead to di�erent types of �uidization behaviour depending on the time scale. For cohesive particles,
we have observed that, even though mechanical vibration enables �uidization at short time scale,
i.e., a few tens of minutes, it can lead to undesired severe agglomeration at long time scale, i.e., a
few hours, causing the bed collapse. To avoid the use or reduce the power of mechanical vibration,
higher super�cial gas velocities can be applied. However, the latter can result in ine�cient and
wasteful use of ALD or MLD precursors which would be able only to partly react at the particle
surface. As low as possible super�cial gas velocity, yet above the minimum �uidization gas velocity,
is desirable to maximize conversion and precursor utilization. Therefore, for most ALD experi-
ments in this thesis, mechanical vibration is applied only during the precursor steps, where low
super�cial gas velocities are preferred, whereas high super�cial gas velocities without mechanical
vibration are used during the lengthy purging steps to minimize the long-term negative impact of
mechanical vibration. Finally, an important aspect to stress particularly for scale-up considerations
is the height/diameter (H/D) ratio of the powder bed. Low H/D ratios, ideally ≤0.1, are preferable
to enhance the e�ciency of mechanical vibration, which is inversely proportional to H/D [13, 14],
and thus reduce agglomeration.

CVDComponents in ALD &MLD
When the purging steps in ALD or MLD are ine�cient to remove unreacted precursor molecules,
additional growth by CVD reactions between the remaining reactant at the substrate surface and
the incoming subsequent reactant can occur. This additional CVD-type growth, typically referred
to as CVD component, can be present in ALD at ambient conditions and often in MLD. In ALD
at around room temperature and atmospheric pressure, the purging step is usually inadequate to
remove precursors such as TMA, TiCl4 and H2O, which do not display high tendency to evaporate
at ambient conditions [15]. On the other hand, SiCl4 exhibits a factor 10 higher vapor pressure
at ambient conditions, which makes it easier to purge and essentially eliminates the chances of
further reaction with residual unpurged H2O. In MLD, bifunctional organic precursors such as
diacyl chlorides and diisocyanates often tend to strongly adsorb on the substrate surface and are
thus di�cult to purge [16–18]. Therefore, both in ALD at ambient conditions and in MLD it
is crucial to appropriately select precursor exposures as close as possible to the saturation point
to minimize CVD reactions. Moreover, by adjusting the purging time, it is possible to achieve
various vapor deposition modes ranging from a pulsed-CVD approach with no purge to an ALD
approach with controlled CVD components.
A pulsed CVD process does feed precursors alternatively, but without purge steps in between, thus
resulting in additional growth when precursors are overpulsed. Yet, this can be harnessed to deposit
thick �lms faster, provided that control over uniformity and conformality is retained. Pulsed CVD
would enable a substantial reduction in the processing time, as purging steps usually make up
>90% of the cycle time. This is particularly relevant for industrial implementation. However, as
mentioned earlier, providing a proper powder mixing is vital to prevent uncontrolled deposition
during pulsed CVD and ensure the �lm uniformity and conformality. On the other hand, in case
CVD components need to be minimized, for example when sub-nanoscale �lms are su�cient
for the desired application, avoiding overexposure of the substrate to precursors during ALD at
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ambient conditions and MLD as well as adding purging steps are essential.

Process Temperature in ALD &MLD on Pharmaceuticals
Temperature is a critical parameter in ALD and MLD on pharmaceuticals. As most of them
are heat-sensitive, they cannot be processed by every ALD or MLD process. A number of ALD
processes is now available at ambient conditions. Yet, even in this case, special care must be taken
when using precursors such as TMA which generate highly exothermic reactions, thus altering the
operating temperature. This problem is particularly relevant when processing large amounts of
high-surface-area powders. In Chapter 2, we have showed that exothermic reactions arising from
TMA can cause dehydration of micronized lactose due to the temperature rising to 60–70 °C.
However, temperature spikes and thus modi�cation of the stucture of sensitive materials can be
minimized by avoiding overpulse of precursors and thus eliminating CVD components which can
contribute to excessive temperature increase.
While several room temperature ALD processes have been demonstrated, low-temperature MLD
and hybrid ALD/MLD is more challenging, especially on large quantities of ultra�ne particles. As
mentioned earlier, relatively high reaction temperature might be needed to meet the requirements
of temperature and vapor pressure of the bifunctional organic precursors. This is even more true
when large amounts of precursor are necessary to saturate high surface areas. On the other hand,
relatively high temperatures in MLD can promote precursor desorption, thereby lowering the
GPC. This complicates the synthesis of thick, i.e., ≥10 nm, polymeric �lms in short periods of time.
A strategy to harness the bene�ts of MLD, such as the alteration of wettability to hydrophobicity
or superhydrophobicity, and still produce thick �lms necessary for prolonging dissolution might
be to combine ALD and MLD �lms, in that the ALD material constitutes the inner thick shell
and the MLD material the outer thin shell. Still, additional investigation on the possibility to carry
out low-temperature MLD on powders is required in the e�ort to deposit thicker �lms and fully
exploit the potential of MLD, i.e., fabrication of organic �lms with higher biocompatibility and
biodegradability.

pH Stability of ALD &MLDmaterials
In pharmaceutical applications it is important to take into account the stability of ALD and
MLD materials to neutral, acidic or basic environments. This in fact a�ects their ability to act as a
dissolution barrier. The pH in the human body can vary signi�cantly, from highly acidic in the
stomach to slightly basic in the intestine. The high acidity, i.e., pH= 1–3, in the stomach allows to
assist digestion and protect against microbial organisms [19]. Similarly, the skin is quite acidic with
a pH ranging from 4 at the outer horny layer to 6.5 at the basal layer to provide a barrier to the
external environment. Moreover, cancers as well as in�amed or wound tissues exhibit pH values
lower than 7.4, i.e., the typical pH of blood [19]. Lung �uid may show di�erent pHs depending on
its health condition: in normal airways, lining �uid is slightly alkaline, similarly to blood, whereas
in airways during asthma and COPD exacerbations, it may become acidic with a pH down to
∼5 [20]. Therefore, drugs are exposed to various environments depending on the administration
route. As a result, ALD and MLD �lms need to meet the requirements of pH stability through the
administration route until the action site to allow the drug to exert its pharmacological function.
The stability of Al2O3 and TiO2 ALD �lms has been studied for a wide range of pH. Most
studies point at a stability of both materials at standard pH values in the range of 5–7. Yet, they
can degrade under extreme pH conditions, i.e., ≤2 and ≥12 [21, 22]. Similarly, SiO2 becomes
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signi�cantly soluble at pH≤2 and ≥10 [23]. Polyethylene terephthalate is resistant to water at room
temperature as well as to dilute acids and neutral and acidic salts, but it may be not stable in alkaline
solutions [24]. Therefore, while ALD & MLD materials are stable in most human �uids, they
might undergo degradation in the stomach due to the presence of strong gastric acids. However, it
is worth noting that also the duration of exposure to the acidic environment a�ects the stability.
The residence time in the stomach typically ranges from a few minutes to ∼1 h [25]. Hence, further
studies on pH dependence at various time periods are needed to assess the stability of ALD and
MLD materials for orally delivered drugs. ALD and MLD �lms might serve as a protection for
drugs from degradation in the stomach as well as determine the rate and extent of dissolved drug
in the stomach before reaching the small intestine, where most drugs are absorbed. In doing so,
the onset of the desired therapeutic response can be tailored.

6.4. Recommendations
EffectofALD&MLDonPowder FluidizationandAgglomeration
Fluidization and agglomeration depend on the interactions between particles. Micronized phar-
maceutical particles are highly cohesive, and therefore necessitate mechanical vibration to �uidize.
Yet, at long time scales, assisting vibration can be detrimental, by promoting the formation of large
agglomerates and the bed collapse. In addition, during ALD and MLD, the powder is exposed to
di�erent precursor vapor atmospheres, which can strongly modify its gas �uidization behaviour.
Moreover, by altering the surface composition, ALD and MLD change the interparticle force. In
particular, the exposure of micronized and spray-dried pharmaceutical particles, whose primary
size falls into the low micrometer range, to ALD and MLD precursors during vibration-assisted
�uidization has been observed to result in the formation of agglomerates in the high micrometer
and low millimeter range. In Chapter 3, we have showed that the combination of SiCl4/H2O pre-
cursors is more forgiving than TiCl4/H2O and TMA/O3 with respect to powder agglomeration.
Therefore, also the e�ect of precursor atmosphere and �lm composition on the �uidization and
agglomeration behaviours must be considered when choosing the best ALD or MLD process for
the powder of interest.
Signi�cant variations in the �uidization behaviour have also been found for graphene nanopowders
during TiO2 ALD, where an abrupt bed expansion can take place after a few cycles. This is
attributed to the structural modi�cation of the nanoplatelet aggregates as a result of the ALD
process, thereby leading to reduced cohesiveness. To date, only the static and dynamic fractal
dimensions of �uidized nanopowders such as Al2O3, TiO2 and SiO2 nanoparticles have been
determined [26]. It is therefore desirable to investigate the size and structure of the particle
aggregates and agglomerates in situ during ALD or MLD by the spin-echo small-angle neutron
scattering (SESANS) technique which covers the size range from 5 nm to 20 µm as well as by the
settling tube technique which catches �uidized agglomerates in the range of 30 µm to 1 mm [26].

Reactor Designs for Coating Cohesive Powders
Several reactors enabling an appropriate gas-solid contact for ALD and MLD on powders have
been proposed [9, 27]. Fluidized bed and rotary reactors are the most common con�gurations
reported to date. Yet, �uidized bed reactors are preferred, likely due to their better performance
with handling cohesive powders, which would otherwise stick mainly to the walls during rotations
in rotary reactors. Still, even in �uidized beds processing cohesive powders presents challenges. As
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mentioned above, external mechanical vibration is needed to enable �uidization, and low H/D
ratios are preferable to reduce the extent of agglomeration, inherent to cohesive particles. Therefore,
it would be desirable to test the performance of large-scale ALD on batches of micronized powders
ranging from a few hundred grams to dozens of kilos in vibrated shallow �uidized bed reactors
with low H/D, ideally ≤0.1. In particular, powder agglomeration needs to be monitored to
ensure high �lm quality. Moreover, �uidized beds are widely used in industrial settings including
pharmaceutical and food operations, and therefore could be adapted to ALD and MLD processes.
However, �uidized bed reactors operate in batch mode.
To ensure continuous operation during ALD, a pneumatic transport reactor has been recently
developed [28]. This con�guration consists of a tube where the particles are transported by a
gas stream, typically N2, with the precursors being injected at spaced locations along the tube.
The number of injection points in the reactor tube determines the number of cycles available
in continuous mode. If only two injection points are present, only one cycle is realizable. Yet,
multiple cycles can be achieved by connecting several one-cycle tube pieces. Additionally, the
diameter of the tube can be adjusted to accommodate the required amount of powder. Moreover,
the pneumatic reactor can be a viable option to process cohesive powders given the high gas
velocity used to transport them, which would enable a high degree of mixing. For this reason, it is
worth investigating also the capabilities of pneumatic transport reactors in performing ALD on
micronized powders. This is highly relevant for implementation of ALD at industrial scale.

Interparticle Force by Optical Tweezers
To validate the measurements of interparticle forces by atomic force microscopy (AFM) before and
after ALD, optical manipulation techniques such as optical tweezers can be used. In simple terms,
an optical tweezer uses forces, ranging from femtonewtons to nanonewtons, exerted by a tightly
focused laser beam to trap small objects in the range from tens of nanometers to hundreds of
micrometers [29]. The two most common optical trapping methods are direct force measurements
and blinking laser tweezers [30]. In direct force measurements, two particles are continuously
trapped at several interparticle separations and the forces acting on the particle of interest can
be estimated by measuring the displacement of the particle from the center of the trap. On the
other hand, in the blinking laser tweezers method, two particles are held at several separation
distances in separate optical traps which are repeatedly turned on and o�, thereby allowing the
particles to di�use. When the trap is turned o�, the particles move away from their initial position
due to brownian and interparticle interaction forces, and when the trap is turned back on, the
particles return to their initial position. By analysing the trajectories of the particles, their relative
velocities and di�usivity can be determined, and the interparticle force is proportional to the ratio
of velocity over di�usivity. In short, the direct force method uses the Hookean spring model to
relate the displacement of a trapped particle to the force imparted by an adjacent particle, whereas
the blinking laser tweezers method measures the relative di�usion of two particles to infer an
interparticle force [30]. While trapping single particles of micronized pharmaceutical powders can
be challenging, optical tweezers can still be more accurate than AFM to measure the force acting
between individual particles.

Dissolution of Hybrid-ALD/MLD-coated Pharmaceuticals
As hybrid ALD/MLD can easily lead to the formation of thick �lms (see Chapter 5), as opposed
to pure MLD, hybrid-coated drugs can exhibit relevant controlled release properties. Yet, hybrid



6.4. Recommendations

6

167

ALD/MLD �lms are expected to decompose during dissolution. In particular, the organic fraction
in the hybrid �lm is expected to be removed upon soaking in water, thereby leading to substantial
changes in both �lm composition, with the conversion from hybrid, i.e., metalcone, to its inorganic,
i.e., metal oxide, counterpart, and morphology, with the slight reduction in �lm thickness and
the formation of pores arising from the removal of the organic components [31]. It is therefore
interesting to understand whether the initial thickness of the hybrid �lm or the �nal thickness after
decomposition dictates the dissolution behaviour. TEM analysis can be a great tool to assess the
water-induced �lm porosity and shrinkage at di�erent stages of dissolution. Moreover, comparing
between dissolution rates of drugs coated by hybrid ALD/MLD �lms and their ALD versions
with equal thickness would allow to ultimately determine the in�uence of the initial �lm thickness
on the release behaviour.

DissolutionMethods for Other Inhaled Drug Powders
Dissolution of bare and ALD-coated budesonide, reported in Chapter 3, has been carried out
in a stirred phosphate bu�er solution at pH 6.8 with 0.5% sodium dodecyl sulfate. While the
suitability of the dissolution method used here for micronized budesonide to di�erentiate between
rate pro�les has also been demonstrated for other micronized lipophilic inhaled drug substances,
such as �uticasone furoate, �uticasone propionate and AZD5423 [32], it is not always directly
transferable to every inhaled powder, especially if hydrophilic or highly soluble. For instance,
in Chapter 2, dissolution of micronized lactose has been performed in 80% ethanol/20% water
solution to compensate for the high solubility of lactose in water and enable distinction of disso-
lution rates between bare and ALD-coated lactose. Moreover, we have tested the dissolution of
TiO2-coated salbutamol sulphate, which is hydrophilic and freely soluble in sodium phosphate
bu�er solution. Even in this case, the dissolution method used for budesonide has not been able to
capture relevant di�erences in the dissolution rate between uncoated and ALD-coated salbutamol
sulphate formulations. Therefore, other dissolution media, particularly with respect to surfactant
type, e.g., non-ionic, and its optimal concentration, need to be investigated. An alternative to
increase the di�erentiation between dissolution pro�les can also be given by membrane di�usion
methods such as the dialysis sac method. Here, the particulate system is placed inside a dialysis
sac, which is permeable to the drug molecules but impermeable to the particles, and placed into
the release medium container [33]. This method has the potential to slow down every dissolution
rate, thereby allowing the distinction between bare and ALD-coated hydrophilic or highly soluble
drugs.

Pulmonary Clearance of ALD &MLDMaterials
Most ALD oxide ceramics and MLD polymers are not expected to dissolve when in contact with
the lung �uid, as they are not soluble in aqueous solutions at neutral or slightly acidic or sligthly
basic pHs. Still, insoluble inhaled material can be cleared in the alveolar region of the lung by
phagocytosis via alveolar macrophages, which uptake and transport it towards the mucociliary
escalator in the conducting airways, where the coordinated beating patterns of ciliated epithelial
cells transport the mucus lining up the airway tree. However, degradation and expulsion of
insoluble material from the lungs are highly in�uenced by its size, agglomeration status, crystallinity
and composition. With respect to the ALD and MLD �lms, it is hard to infer speci�c clearance
mechanisms from existing literature, which mainly focuses on inhalation of dust, which largely
varies in particle size distribution, crystallinity and composition, in industrial settings. Therefore,
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targeted long-term studies on the pulmonary clearance of inhaled drugs coated by ALD and MLD
would be of more relevance to ultimately assess eventual bioaccumulation, biodegradation and
expulsion of ALD and MLD materials.

6.5. Opportunities
Vapor Deposition of FDA and EMAApprovedMaterials
Researching novel vapor-phase deposition methods to fabricate materials already approved by
the European Medicines Agency (EMA) and the United States Food and Drug Administration
(FDA) such as poly(ethylene glycol) (PEG), polylactic acid (PLA) and poly(lactic-co-glycolic acid)
(PLGA), would be of great interest for coating pharmaceutical powders. By providing a prolonged
residence time in the body, a decreased degradation by metabolic enzymes and and a reduction or
elimination of protein immunogenicity, surface modi�cation of therapeutic agents by PEG chains
plays an important role in drug delivery [34]. PLA and its copolymers, instead, have been used for
biomedical applications due to their ability to be absorbed by the body without adverse e�ects [35].
CVD of PEG �lms has been performed on various substrates by using either low-molecular-weight
PEG or organosilane as a precursor [36–39]. Yet, open questions remain on the tunability of the
thickness, perhaps achievable by varying the molecular weight of the initial PEG precursor, and on
the applicability of such approach to high-surface-area powders. On the other hand, the synthesis
of PLA and PLGA often involves ring-opening-polymerization of lactide for PLA, and lactide and
glycolide for PLGA [40]. The ring-opening-polymerization reaction of lactide and other lactones
has also been demonstrated in the vapor phase [41]. Speci�cally, CVD polymerization of cyclic
lactones such as lactide can occur onto a nucleophilic substrate such as hydroxyapatite to form a
PLA-based �lm [41]. Therefore, it is worth investigating whether such vapor deposition approach
can also directly apply to drug particles. If catalysts or initiators are required to induce the ring
opening polymerization, ALD pulses of TMA can provide the Lewis acid able to break the C=O
ester bond in lactones and enable their polymerization by forming aluminum alkyl oxide units
[42]. Moreover, even ceramic materials such as SiO2 and Al2O3 can provide the sites to initiate
the polymerization of lactones [43]. In case organometallic catalysts are not desired, metal-free
organocatalysts have been shown to be e�cient in the preparation of PLA [44], yet not in the
vapor phase. Hence, further research is needed to develop vapor-phase deposition methods of
EMA and FDA approved materials.

ALD&MLDonInhaledProteinsandPeptidesforSystemicDiseases
ALD and MLD can improve the performance of inhaled drugs not only for respiratory diseases,
but also for systemic diseases. Growth factors, hormones (e.g., insulin), monoclonal antibodies,
cytokines and heparin cannot be administered orally due to their poor bioavailability arising from
high molecular weight, sensitivity against chemicals and degradation upon proteolytic enzymes.
For this reason, such substances, mainly based on proteins and peptides, are typically delivered
by injection, yet resulting in poor patient compliance [45]. Pulmonary drug delivery is being
therefore used as an alternative administration route of pharmaceuticals for systemic treatment.
The lungs o�er a large surface area and a very thin alveolar epithelium, which enable a rapid drug
absorption [46]. Still, the bioavailability of the majority of proteins used in clinical therapy ranges
between 20 and 50 % due to proteolytic degradation and macrophage uptake [47]. Various enzymes,
especially peptidases and proteases, degrade macromolecules such as peptides and proteins by
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proteolysis. Encapsulating inhaled proteins and peptides by ALD �lms can prevent proteolysis,
increase bioavailability and enable controlled-release formulations for systemic diseases.

ALD &MLD for Oral and Parenteral DrugDelivery
Recently, ALD has also been applied to acetaminophen, a widely used analgesic and antipyretic
drug agent which is typically administered orally [48]. Al2O3, TiO2 and ZnO �lms appear
to sustain release in-vitro in phosphate-bu�ered saline solution at pH of 6.8. Importantly, ac-
etaminophen maintains its stable polymorphic structure without any degradation after the ALD
process. The incubation of human intestinal Caco-2 cells for 24 h at concentrations of ALD-coated
acetaminophen up to 200 µg/mL shows no toxicity after TiCl4/H2O ALD, a moderate-to-high
toxicity after Al2O3 and TTIP/H2O ALD, and a pronounced toxicity after ZnO ALD. Yet, none
of the ALD-coated acetaminophen powders induce any signi�cant generation of reactive oxygen
species and TNF-α, characteristic of the in�ammatory response, in Caco-2 cells at 3, 6 and 24 h.
Therefore, additional studies, especially in-vivo, are desired to better investigate both the release
and toxicity properties of ALD-coated drugs upon oral delivery.
Furthermore, ALD of Al2O3 has been performed on micronized indomethacin, a non-steroidal
anti-in�ammatory agent with analgesic and antipyretic properties, which exhibits a mean half-life
in adult humans of 4.5 h when administered subcutaneously [49]. Al2O3 �lms with a thickness of
30-35 nm and a loading of ∼17% are able to prolong the release of indomethacin when administered
subcutaneously in rats to 10 weeks for the 1 mg/kg dose, whereas uncoated indomethacin is
eliminated with an estimated half-life of 15 h. The 10 and the 100 mg/kg doses of Al2O3-coated
indomethacin are released for more than 12 weeks, with an estimated total duration of 16 and 52
weeks, respectively. Crucially, Al2O3-coated indomethacin is found to be safe and well tolerated
up to the 100 mg/kg dose, without any negative symptoms and in�ammatory response in rats,
and moreover conserves its gamma (γ) polymorphic form without any impurity arising from the
ALD process. Hence, ALD is highly promising for providing long acting depot injections, while
preserving the drug activity.

ALD &MLD for Enhancing Food Performance
The food industry is nowadays required to provide products with clear health bene�ts, while
retaining their good taste and nutritional value. This is particularly relevant for baby food, ready
meals, snacks, meat products and soft drinks. To improve their healthiness, food and drinks can be
thus formulated with functional ingredients such as �avors, vitamins, minerals, enzymes, peptides,
antioxidants and probiotic microorganisms [50]. However, such functional ingredients are often
sensitive to chemical or biological degradation, need to meet speci�c physicochemical properties,
including release, appearance, texture, taste, shelf-life and compatibility with the food matrix.
Therefore, they are usually incorporated into encapsulation systems which enable their delivery
to the desired site of action. In this respect, ALD and MLD can be revolutionary encapsulation
methods to improve the attributes of food additives. By adjusting the nanoscale �lm thickness,
controlled release of the food ingredient can be achieved. Moreover, depending on the stability of
the type of �lm material to the pH environment, release in speci�c regions of the gastrointestinal
tract can be obtained. Furthermore, ALD and MLD �lms can serve as barriers against degradation.
ALD and MLD have thus the potential to enhance the food performance, while minimizing the
amount of encapsulating material due to surface engineering at the nanoscale level.
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