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ABSTRACT: Ideal controlled pulmonary drug delivery systems
provide sustained release by retarding lung clearance mecha-
nisms and e�cient lung deposition to maintain therapeutic
concentrations over prolonged time. Here, 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 tests demonstrate dramatically slowed release with increasing nano�lm
thickness, regardless of the nature of the material. Ex situ transmission electron microscopy 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 the 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.
KEYWORDS: atomic layer deposition, inhalation, controlled release, isolated perfused rat lung, particle-to-cell deposition,
dry powder inhaler, budesonide

INTRODUCTION
Drug 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 million�coupled with the thin alveolar�vascular
permeable layer allows the e�cient deliver of 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 maintain 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
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lungs, which depends on the physical and chemical properties
of the aerosol such as particle interactions and aerodynamic
particle size distribution 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

A number of devices to generate respirable drug-containing
particles or droplets have been developed 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 and 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” maneuver;
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 aerosolize 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 spheronization,
of micronized particles to form soft aggregates, i.e., spheroids,
and physical vapor 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 poly-
ethylene 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
reduces 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 lowers 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
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
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�37 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.38 ALD of oxide ceramics can therefore extend release
and improve �ow properties and solid-state stability of virtually
any pharmaceutical substance.32�36,39 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 demon-
strated that nanosized 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 maintain 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.35,36,39,40

In this work, we use ALD to simultaneously prolong release
and improve aerosolization of budesonide 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 (<5
�m) aerosol fractions of uncoated and ALD-coated budeso-
nide 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 quanti�ed using
the ex vivo isolated perfused rat lung (IPRL) model.
Furthermore, the aerosolization performance was evaluated
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by a fast screening impactor collecting particles with an
aerodynamic diameter smaller than 5 �m, 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.

RESULTS AND DISCUSSION
Deposition of SiO2, TiO2, and Al2O3 Nanoscale Films

on Micronized Budesonide. Gram-scale batches of
micronized budesonide particles were engineered with nano-
scale �lms by ALD in �uidized bed reactors. The latter are
advantageous technologies due to their scale-up prospects31

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 inves-
tigated 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
1a). A nearly linear evolution of the �lm thickness with the
number of cycles was obtained (see Figure 1b), 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.41,42 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 1d,e). This GPC is slightly higher than that
typically reported for TiCl4/H2O ALD, i.e., �0.1 nm,43 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 1g,h). 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.44,45 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.46 This
results in subsurface 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 noncovalent 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 oxy-
hydroxide 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 are 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, the �lm

Figure 1. Linear growth of SiO2, TiO2, and Al2O3 on micronized budesonide as a function of the ALD cycles. (a, d, g) TEM images of
budesonide particles coated by (a) SiO2, (d) TiO2, and (g) Al2O3 via ALD. The �lm thicknesses were measured by ImageJ. (b, e, h)
Evolution of �lm thickness with the number of cycles for (b) SiO2, (e) TiO2, and (h) Al2O3 ALD. The error bars indicate 95% con�dence
intervals. (c, f, i) Evolution of the amount of deposited material, measured by ICP-OES and normalized with respect to the budesonide
amount, with the number of cycles for (c) SiO2, (f) TiO2, and (i) Al2O3 ALD.
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