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ABSTRACT

The wettability of pharmaceuticals is a key physical property which influences their dissolution rate, dis-
persibility, flowability and solid-state stability. Here, we provide a platform of surface nanoengineering
methods capable of tuning the wettability of drug powders from high hydrophilicity to superhydropho-
bicity with drug loadings up to 95-99%. Specifically, we functionalize gram-scale micronized budesonide,
a commercial active pharmaceutical ingredient for respiratory diseases, in a vibrated fluidized bed reactor
with inorganic Al,03, TiO, and SiO, by atomic layer deposition (ALD), organic poly(ethylene terephtha-
late) (PET) by molecular layer deposition (MLD) and inorganic/organic titanicone by hybrid ALD/MLD.
Transmission electron microscopy shows the formation of smooth and uniform films for each deposi-
tion process without significantly affecting 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 films are able to convert the originally hydrophobic budesonide into highly hydrophilic pow-
ders with water contact angles (WCAs) of ~10° within a few seconds. The purely organic PET films grown
via MLD deliver superhydrophobic powders with a WCA of 145-150°. In contrast, the titanicone hybrid
ALD/MLD films 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 suspension-based inhalers 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.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

the manufacturing process [8] and drug delivery such as inhalation
[9,10]; and (v) solid-state stability in spray-dried materials [11,12].

Surface properties of pharmaceutical particles play an impor-
tant role in both the formulation, storage and performance of
dosage forms. In particular, wettability is one of the most crucial
surface characteristics, as it affects 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) flowability of powders during both
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Improved water wettability of pharmaceutical powders facilitates
their dispersibility, which is their ability to break down into par-
ticles, when in contact with body fluids, thus easing deaggrega-
tion and wetting steps in the dissolution process. In suspension-
based inhaled formulations, which necessitate the use of organic
solvents, surfactants and lipids as excipients, the drug needs to be
properly dispersed and form a stable suspension to ensure precise
filling during manufacturing and accurate dosing during inhalation
[13,14]. On the other hand, in amorphous solid inhalable disper-
sions, which are characterized by physical and chemical instability
and moisture sensitivity, protection against moisture ingress is cru-
cial [15]. Moreover, for inhaled hygroscopic drugs, their adhesive
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and cohesive properties can be altered and sometimes irreversible
aggregation can occur due to the significant moisture uptake and
formation of liquid bridges, which negatively affect aerosolization
and lung deposition [16]. Therefore, tuning the wetting of drug
powders based on the desired formulation design is highly desir-
able.

Several approaches to modify the wettability of pharmaceutical
powders have been investigated to date [17-22]. Liquid-based coat-
ing 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 [23-25]. 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 [18,26]. Physical and chemi-
cal vapor deposition (PVD and CVD) have the potential to minimize
the amount of coating material, and thus increase the final 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 film [27]. In CVD, typi-
cally 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 film on the substrate sur-
face [28]. However, both PVD and CVD are not well suited to uni-
formly and conformally coat complex three-dimensional structures
such as pharmaceutical particles with films in the low nanometer
range [29,30]. 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 depo-
sition techniques based on sequential self-limiting reactions of a
precursor and a co-reactant separated by purge steps in a cycli-
cal manner [31,32]. In doing so, the thickness of the films is con-
trolled at the atomic or molecular level. ALD has therefore been
utilised to modify the wetting properties of mainly polymeric sub-
strates [33-37]. A number of studies have proven the intrinsically
hydrophilic nature of metal oxides grown by ALD, such as Al,03
and TiO, [33,37-41]. However, a few ALD cycles can also turn
naturally hydrophilic cellulosic materials hydrophobic. This is at-
tributed to nanoscale surface roughness which is prevalent during
the early growth stages of the film, as well as to the adsorption
of adventitious carbon [36,42,43]. Furthermore, ALD-grown semi-
conductive oxides such as ZnO and TiO, have been shown to re-
versibly change their contact angle upon exposure to ultraviolet
light [44-46]. On the other hand, the use of MLD has been demon-
strated to enhance the dispersibility of particles in organic me-
dia [47-49]. The organic polymer films, in fact, make the particles
preferentially disperse within the organic phase, which indicates
their oleophilic nature after the MLD functionalization. In partic-
ular, suspensions of polyurea-coated carbon nanotubes in organic
solvents could remain stable for weeks under ambient conditions
[47], whereas poly(ethylene terephthalate)-coated Sn nanofluids
showed good stability even after treatment for 24 h at 140 °C [49].
Dispersing particles in organic media is relevant for pharmaceuti-
cal applications, such as Pickering emulsions [50]and solid disper-
sion systems [51]. However, neither MLD nor hybrid ALD/MLD have
yet been applied to tailor the wettability of drug particles. More-
over, 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 films by ALD, MLD and hybrid ALD/MLD, re-
spectively, to tune the wettability of micronized budesonide pow-
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Fig. 1. Chemical structure of budesonide.

ders, a potent anti-inflammatory corticosteroid for respiratory dis-
eases. Al,03, TiO, and SiO, were grown as inorganic ceramic ma-
terials, poly(ethylene terephthalate) as organic, and titanicone as
inorganic/organic. To reduce the influence of surface roughness on
the wetting performance and minimize the amount of coating ma-
terial, sufficiently thick films were synthesized by carrying out the
deposition processes for 10 and 50 cycles for Al,03, TiO, and titan-
icone, 50 cycles for PET and 100 cycles for SiO,. The film morphol-
ogy and thickness were examined by transmission electron mi-
croscopy (TEM). The solid-state stability of the budesonide parti-
cles after ALD and MLD was verified by X-ray powder diffraction
(XRPD). The cytocompatibility of ALD-coated budesonide was as-
sessed by cell viability tests using human epithelial alveolar A549
cells. The wetting of uncoated and coated budesonide was quanti-
fied by water contact angle measurements on the powder layer us-
ing the sessile drop method. The dispersibility in water was further
investigated by zeta potential analysis. Finally, particle size dis-
tributions of uncoated and ALD-coated budesonide in water were
measured to estimate the suspended particle and agglomerate size.

2. Experimental
2.1. Materials

Micronized budesonide particles with a particle size distribu-
tion ranging from 0.1 to 10 pm and a specific surface area of
~5.6 m?/g were received from AstraZeneca and used as a substrate
for the deposition [40]. The chemical structure of budesonide is
depicted in Fig. 1. The ALD precursors, trimethylaluminum (TMA),
titanium tetrachloride (TiCl4) and silicon tetrachloride (SiCly), were
purchased from Nouryon, Strem Chemicals and Alfa Aesar, respec-
tively, and used as received. Ozone was employed as a co-reactant
with TMA, whereas demineralized water as a co-reactant with
TiCl4 and SiCly. The MLD precursors, terephthaloyl chloride (TC)
and ethylene glycol (EG), were obtained from Sigma-Aldrich and
used as received. Each precursor was stored in a stainless steel
bubbler under an inert atmosphere.

2.2. ALD, MLD and Hybrid ALD/MLD Experiments

ALD, MLD and hybrid ALD/MLD experiments were carried out
in a vibrated fluidized bed reactor operating at atmospheric pres-
sure, as described elsewhere [40,41,48]. The ALD precursors, i.e.,
TMA, TiCl4 and SiCly, and co-reactants, i.e., O3 and H,0, were kept
at room temperature, whereas the MLD precursors, i.e., TC and
EG, were heated to 100 °C (see Table S1). N, (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
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experiment and 120 °C for the hybrid ALD/MLD experiment (see
Table S1). 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 flows 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 sufficiently mix the powder with the
assistance of mechanical vibration. ALD of Al,03 and TiO, and hy-
brid ALD/MLD of titanicone were run for 10 and 50 cycles, MLD
of PET for 50 cycles, whereas ALD of SiO, for 100 cycles. The pre-
cursors and their exposure times in each deposition process are
reported in Table S1.

2.3. Material Characterization

The presence and morphology of the ALD, MLD and hybrid
ALD/MLD films on the budesonide particles was assessed by trans-
mission 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 Al,03, TiO,, SiO,, PET and titanicone films
was evaluated with the Image] software. For each sample, the film
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 analy-
sis was carried out by inductively coupled plasma optical emission
spectrometry (ICP-OES). Approximately 30 mg of powder was de-
structed 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 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 diffraction (XRPD). The diffractograms
were obtained by a Bruker AXS D8 Discover diffractometer with Co
K, radiation. The angle 260 was scanned from 5° to 50° with steps
of 0.02°.

2.4. Cell Viability Analysis

The cell viability analysis of uncoated and ALD-coated budes-
onide 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 cm? culture flasks
(Corning Inc. Life Sciences) using 15 mL Dulbeccos modified Ea-
gles medium (DMEM) in an incubator at 37 °C in an atmosphere
of 5% CO, and 95% relative humidity. The medium was supple-
mented 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 x 10% 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
1M of budesonide formulation which was dispersed and diluted in
100 pL cell culture media for each well. After incubation for 24 h,
cell viability was evaluated by adding 10 pL CCK-8 reagent (Sigma-
Aldrich) to each well and incubated for an additional 2 h at 37°C
under the condition of 5% CO, and 95% relative humidity. The opti-
cal density was measured by using a Microplate Reader (Multiskan
FC, Thermo Scientific) at 450 nm with a reference absorbance at
620 nm, according to the manufacturer’s protocol.
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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 pL was generated by a syringe
and gently dripped on the surface of the budesonide powder film
(see Figure S1). The powder film 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 [52-54].
The spreading process of the water droplet into the powder sur-
face 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 profiles using the drop-shape analysis program, con-
sisting of different sessile drop fitting methods. The measured con-
tact angle is then plotted as a function of time after the water drop
is placed on the powder surface. For each sample, the water con-
tact 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 films were
thus dried overnight at 40 °C, gently excavated and photographed
to observe the resulting granule structure.

2.6. Dispersibility in Water

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 cal-
ibrated for 5 minutes, and values were averaged over 4 measure-
ments, 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 a RO 15 power IKAMAG(R) magnetic stir-
ring plate for 1 min to properly disperse the powder, and pho-
tographed. The particle size distributions of uncoated and ALD-
coated budesonide in water were measured via laser diffraction
with a Malvern Mastersizer 3000 in combination with the Hydro
MV with a volume of 120 mL. This configuration has a measuring
range from 0.01 pm up to 2100 pm. The optical model of Fraun-
hofer, which does not require knowledge of the optical properties
of the sample and assumes the particles to be opaque, was applied.

3. Results and discussion
3.1. Deposition of inorganic and organic nanoscale films

ALD, MLD and hybrid ALD/MLD enable the fabrication of uni-
form and conformal nanoscale films on virtually any substrate.
In particular, inorganic films can be obtained by ALD, purely or-
ganic films by MLD and hybrid inorganic/organic films by hybrid
ALD/MLD. Inorganic films, namely Al,03, TiO, and SiO,, were de-
posited on micronized budesonide particles via TMA/O3, TiCl4/H,0
and SiCl4/H,0 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 Al,03 and TiO, after 10 cycles, and
SiO, after 100 cycles, respectively (see Tables S2 to S4 and Equa-
tion (S1)). TEM observations of Al,03-coated budesonide suggested
the formation of 20 and 50 nm thick films on average after 10
and 50 cycles, respectively (see Figs. 2, S2). The thicknesses ob-
served under TEM were then compared to the theoretical thick-
nesses resulting from the Al,03 wt. %, measured by ICP-OES, ac-
cording to Equation (S3), which applies to core-shell particles with
an external shell. A large discrepancy is found between the thick-
nesses calculated from the Al,03 wt. % and the thicknesses ob-
served under TEM (see Figure S3), which indicates that Al,03 does
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Fig. 2. TEM images of budesonide particles, uncoated and coated by SiO,, Al,03 and TiO, films via ALD, by poly(ethylene) terephthalate films via MLD and by titanicone
films via TiCl4/EG hybrid ALD/MLD. The deposition processes of Al,03, TiO,, PET and titanicone were run for 50 cycles, wheres that of SiO, for 100 cycles. The details of the
experimental conditions are reported in Table S1. The film thicknesses were measured by Image].

not mainly grow at the surface and instead infiltrates into budes-
onide. TMA, in fact, does not readily react on the surface due to the
low number of OH surface groups and instead mostly diffuses into
the budesonide core, leading to sub-surface growth and the forma-
tion of highly thick films consisting of an Al,03-budesonide mix-
ture. Despite the inherent lack of conformality, i.e., unequal thick-
ness across different particles, smooth films were still obtained.
This penetration phenomenon is widely reported in ALD on bioma-
terials 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 in-
teractions with certain polymer functional groups [55,56]. The cu-
mulative duration of exposure and partial pressure of the precursor
vapor as well as the following purging step govern the precursor
diffusion into the organic substrate, and thus the extent of infiltra-
tion.

In contrast, the growth of TiO, and SiO, proceeds through sur-
face active sites due to the lower aggressiveness of TiCl, and SiCly
than TMA. This was reflected in their respective film thicknesses,
as average TiO, and SiO, thicknesses of 15 and 10 nm were found
after 50 and 100 cycles, respectively (see Fig. 2), significantly lower
than the Al,03 thickness of 20 nm after only 10 cycles. Moreover,
the thicknesses calculated from the TiO, and SiO, wt. %, mea-
sured by ICP-OES, match well with the thicknesses observed un-
der TEM (see Figure S3), confirming that both TiO, and SiO, grow
at the surface. Assuming a linear growth with the number of cy-
cles, growths per cycle (GPCs) of ~ 0.3 and ~ 10 nm can be esti-
mated for TiO, and SiO, ALD (see Fig. 2 and S2). The GPC of TiO,
is slightly higher than that typically reported for TiCl4/H,0 ALD,
i.e.,, ~0.1 nm [57], likely due to remaining CVD components arising
from the reaction of TiCl; with residual unpurged H,O at nearly
ambient conditions (see Figure S4a-b). Instead, the GPC of SiO, is
in agreement with the 0.09-0.11 nm GPC reported for SiCl4/H,0
ALD [58,59], thereby suggesting the fully self-limiting behaviour of
SiO, ALD even at nearly ambient conditions (see Figure S4c-d).

Polyethylene terephthalate (PET) films were fabricated by MLD
using terephthaloyl chloride (TC) and ethylene glycol (EG). The av-
erage PET thickness was 1.5 nm after 50 cycles (see Fig. 2), which
translates into a GPC of ~0.03 nm. Low GPCs of ~0.05-0.07 nm
for PET MLD have already been reported [48,49,60], and are at-
tributed to the tilted orientation of the polymer chains and double
reaction terminations due to the bifunctional organic precursors,
namely TC and EG [60,61]. The lower GPC value on budesonide
than on OH-terminated substrates, such as TiO, nanoparticles and
Si0, wafers, can be explained both by the lower number of sur-
face 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 film, elemental analysis to quan-
tify the amount of deposited material is hardly possible. Yet, an
estimation can be obtained from the measured film thickness ac-
cording to Equation (S2). A PET loading of 1.1 wt. %, corresponding
to a budesonide loading of 98.9%, was calculated (see Table S6 and
Equation (S1)).

By combining an ALD metal precursor with an MLD bifunc-
tional organic co-reactant, e.g., diol or dicarboxylic acid, hybrid in-
organic/organic films can be manufactured. This class of materi-
als is referred to as metal alkoxides or metalcones. Here, titani-
cone films were synthesized by using the ALD Ti precursor, TiClg,
and the MLD co-reactant, EG. The average titanicone thickness was
~4.5 nm after 10 cycles and ~23 nm after 50 cycles (see Fig. 2,
S2), corresponding to a GPC of ~0.45 nm. This GPC is consistent
with that reported on Si wafers in a vacuum viscous-flow, hot-wall
type reactor [62]. It is worth noting that chlorine impurities, due
to incomplete reactions between TiCl; 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
film [62]. The Ti loading in the titanicone-coated budesonide af-
ter 50 cycles is 7.7%, considerably lower than the 12.7% found in
the TiO,-coated budesonide (see Table S5), despite the higher av-
erage thickness of the titanicone film. Hybrid films, in fact, contain
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Fig. 3. XRPD diffractograms of uncoated, ALD-coated and MLD-coated budesonide
particles.

a lower amount of metal than ALD films for the same thickness
thanks to the lower film density arising from the presence of the
organic component. In particular, the density of titanicone is found
to be 1.8 g/cm3 [62], whereas the lowest value reported for TiO,
is 3.3 g/cm?3 [63]. This can be beneficial for pharmaceuticals where
the inorganic content needs to be minimized.

3.2. Solid-state stability and cytocompatibility after ALD and MLD

To verify whether the chemical structure of the budesonide par-
ticles was stable upon the ALD and MLD processes, XRPD analysis
was carried out (see Fig. 3). No difference is found in the diffrac-
tograms of uncoated, ALD-coated and MLD-coated budesonide, in-
dicating the amorphous nature of the deposited films 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 findings for Al,03-coated lactose, where ultra-performance
liquid chromatography (UPLC), XRPD and solid-state nuclear mag-
netic resonance (ssNMR) analyses demonstrated the chemical and
structural integrity of the Al,0Os;-coated lactose particles [41]. In
particular, no additional peak is found in the UPLC chromatogram
of Al,05-coated lactose compared to bare lactose, thus confirm-
ing that the Al,03 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 struc-
ture after Al,03, TiO, and ZnO ALD [64], and indomethacin, which
conserved its gamma (y) polymorphic form after Al,03 ALD [65].
Despite the limitation of XRPD in identifying only the crystalline
phase of compounds, if above 1-2% by volume, the absence of
changes in the diffractograms of uncoated and coated budesonide
coupled with prior evidence from literature with various pharma-
ceuticals suggests the retention of the structural integrity of budes-
onide upon ALD and MLD.

Applied Materials Today 22 (2021) 100945

The biocompatibility of inorganic and organic coatings has been
investigated due to their use mainly in various biomedical im-
plantable devices, such as cardiac pacemakers, cochlear implants,
deep brain stimulations, neural prostheses and several physiolog-
ical sensors, with the aim to protect against the fluidic environ-
ment and minimize the impact on the biological processes [G6].
Moreover, the cytocompatibility of ALD coatings, including Al,05
and TiO,, onto pharmaceutical powders for oral administration and
injection has been studied [64,65]. In particular, Al,03 ALD films
with a thickness of 30-35 nm and a loading of 17% did not re-
sult in any negative symptoms and inflammatory response in rats,
demonstrating that Al,03-coated indomethacin was safe and well
tolerated for doses up to 100 mg/kg [65]. Analogously, Al,03 ALD
films up to 60 nm thick did not alter the proliferation of human
coronary artery smooth muscle cells, suggesting good biocompat-
ibility over a period of 7 days in-vitro [67]. In addition, Al,03
ALD films onto glass slides and SiO, nanoparticles did not nega-
tively interfere with the cellular viability of human dermal fibrob-
lasts and human osteoblasts as well as did not activate the re-
lease of reactive oxygen species by macrophages [G8]. Similarly,
porous silicon microparticles coated by TiO, ALD were well tol-
erated by human dendritic cells, which play an essential role in
the regulation of inflammatory and immune responses [69]. Fur-
thermore, the incubation of human intestinal Caco-2 cells for 24 h
with TiO,-ALD-coated acetaminophen at concentrations up to 200
ng/mL did not induce any significant toxicity and reactive oxygen
species [64]. Being generally non-toxic and biocompatible, SiO,-
based nanocapsules, such as mesoporous SiO, nanoparticles, have
been fabricated to encapsulate bioactive molecules for bioimaging
and controlled drug delivery [70,71]. Additionally, thermally grown
SiO, films, for example by ALD, have been synthesized to create
robust biofluid barriers for chronic electronic implants [72-74]. As
also shown in the XRPD diffractograms in Fig. 3, ALD typically pro-
duces amorphous SiO,, which is not considered harmful to peo-
ple [75], as opposed to free crystalline silica, which is known to
cause silicosis [76]. Animal inhalation studies with amorphous SiO,
did not show any progressive fibrosis of the lungs nor any per-
sistent silicotic nodules even in long-term experiments with high
occupational exposures up to ~100 mg/m? [75]. Polymer-based
matrices, such as polyether-ester copolymers partly consisting of
PET, have been developed to encapsulate biologically active agents,
e.g., proteins, peptides and small drug molecules, with the pur-
pose of providing protection from degradation or denaturation and
controlling release [77-79]. In-vitro and in-vivo studies in rabbits
showed the biocompatibility of poly(ethylene glycol) terephthalate
and poly(butylene terephthalate) (PEGT/PBT) copolymers [77]. Such
copolymers have been also explored for tissue engineering applica-
tions, due to the possibility of manipulating the wettability, which
is crucial in cell adhesion and growth, by tuning the PET content
[80].

Most ALD oxide ceramics and MLD polymers are not expected
to dissolve when in contact with body fluids, as they are not sol-
uble in aqueous solutions at pH of interest. Still, insoluble mate-
rial can be degraded and removed from the body through several
clearance mechanisms. With respect to pulmonary delivery, insol-
uble 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 epithe-
lial cells transport the mucus lining up the airway tree. 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 per-
formed with the budesonide powders coated by ALD oxide ceramic
films. After incubation for 24 h of the A549 cells to concentrations
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Fig. 4. Cell viability after treatment with a concentration of uncoated and ALD-
coated budesonide of 100 pM 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 (n=15).

of uncoated and ALD-coated budesonide up to 100 puM, no toxi-
city is detected, and cell viability remains essentially constant at
around 100% (see Fig. 4). Therefore, each ALD-coated budesonide
formulation appears to be tolerated by human alveolar cells.

3.3. Effect of inorganic nanoscale films on budesonide wetting

The wettability of the uncoated and ALD-coated budesonide
powders was first quantified 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 film. By following the evolution of WCA in the course of
wetting, time effects such as evaporation are minimized, and local
inhomogeneities in the powder film are averaged out. The pow-
der can be classified as hydrophilic when WCA < 90°, hydrophobic
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when 90°<WCA< 145°, and superhydrophobic when WCA> 145°
[81].

Fig. 5a and Figure S5 display the effect of the ALD ceramic films,
Al,03, TiO, and SiO,, 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 final
contact angle close to 0°. The water droplet, in fact, soaks into
the ALD-coated powder films within a few seconds, as shown in
the pictures in Fig. 5a. No significant difference was found in the
drop penetration time for Al,03, TiO, and SiO,, indicating a com-
parable hydrophilic behaviour. The consequence of the penetration
of the water droplet into the powder film is the formation of a
wet powder granule (see Figure S6). The morphology and size of
the resulting granules give also insights into the wetting proper-
ties. In particular, the higher the hydrophilicity, the more the wa-
ter 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 S7). In addition, the granules appear to exhibit similar
hardness when excavated from the powder film as well as compa-
rable 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 measure-
ments further suggest a similar hydrophilic character for Al,Os,
TlOZ and SIOZ

We then investigated the dispersibility of the uncoated and
ALD-coated budesonide powders in water. To avoid solubilization
effects, 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 pro-
duced well-mixed dispersions as opposed to uncoated budesonide
which did not properly disperse in water and mainly floated on
the surface due to its hydrophobic nature (see Fig. 5b). To bet-
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Fig. 5. 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% confidence intervals.
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ter quantify the dispersion stability, zeta potential measurements
of the suspensions were conducted (see Fig. 5c¢). The zeta poten-
tial of the ALD-coated powder suspensions becomes either more
negative, as in case of SiO,-coated budesonide, or highly positive,
as in case of Al,03- and TiO,- coated budesonide, compared to
uncoated budesonide. No significant difference in pH was found
in the Al,03- and SiO,- coated budesonide suspensions. Instead,
the pH dropped from ~5 to ~3 for the TiO,-coated budesonide
suspension, likely due to the solubilization of chlorine-containing
compounds arising from the TiCl4 precursor. The lack of pH re-
duction in the SiO,- coated budesonide suspension indicates the
negligible amount of chlorine impurities in the SiO, film, 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 films. In fact, Al,05
at pH~ 5 and TiO, at pH~ 3 are positively charged, whereas SiO,
is negatively charged at pH~ 5 [82,83]. The zeta potential values
of ALD-coated budesonide are therefore consistent with those re-
ported in literature for Al,03, TiO, and SiO, [82,83] 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 quan-
titative estimation of particle and agglomerate size, and their evo-
lution with time. The PSD of uncoated budesonide shifts to higher
sizes with increasing time, indicating its inherent hydrophobicity
and tendency to agglomerate and float on the water surface (see
Figure S7 and S11). In contrast, the PSDs of ALD-coated budes-
onide are nearly unaffected after 1 min, demonstrating the rapid
and high degree of dispersion in water (see Figure S7). More pre-
cisely, we monitored the cumulative fraction of particles in two
different size ranges, i.e., 0.1-10 pm and 10-1000 pm, over 5 min
(see Fig. 6b,c). The higher the fraction of particles in the 0.1-10
um 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 pm range, the poorer
the dispersibility. After 2 min in water, the particle size ranges for
each sample remain essentially constant, indicating that the sus-
pensions are at steady state. The cumulative fraction of the ALD-
coated particles in the 0.1-10 ym range rapidly increases from
the onset of mixing and becomes nearly twice as high as that
of uncoated budesonide (see Fig. 6b). Accordingly, the cumulative
fraction of agglomerates in the 10-1000 pm range for ALD-coated
budesonide significantly and quickly decreases over time, while it
stays almost identical for uncoated budesonide (see Fig. 6¢). More-
over, suspensions of ALD-coated budesonide after 1 h in water in-
dicate their long-term stability (see Figure S8). The degree of dis-
persion from 1 min to 1 h remains essentially unaltered, without
any powder sedimentation or agglomeration, thus suggesting no
significant change in the PSD of ALD-coated budesonide suspen-
sions in the long term. In summary, each ceramic ALD film modi-
fies the surface characteristics of budesonide from hydrophobic to
highly hydrophilic.

3.4. Effect of organic nanoscale films on budesonide wetting

Similarly, we examined the effect of organic components in
purely organic MLD films, i.e.,, PET, and hybrid inorganic/organic
ALD/MLD films, i.e., titanicone, on budesonide wettability. To that
end, the WCA of PET-coated and titanicone-coated budesonide was
measured (see Fig. 7a and Figure S9). PET-coated budesonide dis-
plays 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 [84]. In particular, the surface of alkaline hydrolyzed PET
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Fig. 6. Particle size distribution (PSD) of uncoated and ALD-coated budesonide par-
ticles in water. (a) Volume-based PSD after 2 min dispersing in water. (b) Cumula-
tive volume fraction of particles in the 0.1-10 um range at 0, 2 and 5 min dispersing
in water. (¢) Cumulative volume fraction of agglomerates in the 10-1000 um range
at 0, 2 and 5 min dispersing in water.

fabric, which possesses many polar groups, naturally tends to min-
imize the surface energy, and above the glass transition tempera-
ture promotes the reorientation of polymer chains through migra-
tion of the polar groups into the PET bulk. Analogously, the PET
films grown at 150 °C might spontaneously decrease the free en-
ergy of the interface by diffusing the polar groups into the film,
thus resulting in surface superhydrophobicity. However, due to in-
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Fig. 7. Wetting of MLD and hybrid ALD-MLD coated budesonide. (a) Water contact angle, (b) pictures after 1 min mixing in water and (c) zeta potential of uncoated, and
MLD and hybrid ALD-MLD coated budesonide. The error bars indicate 95% confidence intervals.

herent imperfections of ultrathin polymer films such as in the case
of ~1.5 nm PET, sub-nanoscale surface roughness effects might also
play a role.

On the other hand, the titanicone-coated budesonide exhibits a
more hydrophilic character than uncoated budesonide, with a sta-
ble WCA after 5 min of ~ 80° and ~ 60° for the 10 and 50 cycles
samples, respectively (see Figure S10). Hence, no high hydrophilic-
ity was observed, as the water droplet was not able to fully spread
into the powder film. This is attributed to the competition between
the inorganic and organic structures. It is worth noting that the
WCA mainly varies in the first minute, and then is effectively sta-
ble. This WCA profile could be explained by the instability of met-
alcones in water [85-88]. 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 film, lead-
ing 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 film conformality [87].

Furthermore, they tested the stability of the titanicone-coated
particles to water vapor. FTIR spectra revealed the disappearance of
the peaks related to -CH3, -CH; and alkene groups after 24 h ex-
posure, indicating the decomposition of the organic components in
the titanicone films, which were essentially converted into titania
[87]. Therefore, the water droplet during the WCA measurements
may cause modifications in the chemical structure of titanicone
through decomposition of the organic fraction, leading to a slight
shrinkage in the film thickness and, more importantly, to a porous
structure that includes both the hydrophobic contribution from
budesonide and the hydrophilic contribution from TiOx species.
Such effects 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.

When dispersing the PET-coated budesonide in water, it cre-
ated more stable suspensions than uncoated budesonide, despite
the higher hydrophobicity (see Fig. 7b). This behavior was already
observed in aqueous supensions with PET-coated TiO, nanoparti-

cles, which could remain dispersed for several hours compared to
uncoated TiO, that sedimented within 3 hours [48]. The PET films,
in fact, stabilize the few particles in suspension by electrostatic re-
pulsion, thus reducing the extent of aggregation and delaying their
sedimentation. However, the majority of powder in the PET-coated
budesonide suspension still floats on the water surface after 1 min
mixing, as in the case of uncoated budesonide (see Figure S11).
Instead, titanicone-coated budesonide delivered stable suspensions
(see Fig. 7b), in agreement with the WCA measurements. It is
worth noting that even the titanicone-coated budesonide suspen-
sion still exhibits a tiny fraction of powder floating on the water
surface after 1 min mixing (see Figure S11), likely due to its mild
hydrophilicity. Zeta potential measurements are in line with the
direct observations of the suspensions. In particular, the zeta po-
tential of PET-coated budesonide drops to -41.1 mV, whereas that
of titanicone-coated budesonide increases to 54.9 mV (see Fig. 7c).
Both the decrease in zeta potential and the absence of meaning-
ful variation in pH for the PET-coated powder suspension are con-
sistent with our previous study on PET-coated TiO, nanoparticles
[48]. At pHz~ 5, in fact, PET is highly negatively charged [89,90],
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 TiO,-coated budes-
onide. This may also suggest the conversion of titanicone into TiO,,
driven by the decomposition of the organic components, when
soaked in water [87]. Contrary to titanicone and generally to hy-
brid ALD/MLD films, the MLD-grown PET films are stable in water
[48], 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 films by ALD, MLD and hybrid
ALD/MLD minimizes any physical effect on the substrate surface,
and therefore differences are primarily attributed to the surface
chemical composition, which is tuned at the atomic or molecular
level. ALD, which typically manufactures ceramics such as Al,03,
TiO, and SiO, that are generally highly hydrophilic due to the
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presence of metal cations, oxygen anions, and hydroxyl groups on
the surface, can transform hydrophobic materials to completely hy-
drophilic. On the other hand, MLD, which fabricates organic poly-
mers that are typically hydrophobic, can be used to obtain su-
perhydrophobic 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 hydrophobic-
ity of the organic components and the hydrophilicity of ceramic
species. The instability of hybrid films made of short aliphatic or-
ganic chains, e.g., EG, upon exposure to water can be beneficial
for controlled wettability applications, as it brings about the for-
mation of porous structures with properties both of the converted
inorganic fraction in the porous film and of the substrate. Further-
more, the wide spectrum of organic precursors available from or-
ganic chemistry can be harnessed to obtain a large variety of film
properties. For instance, aromatic organic precursors such as 4-
aminophenol and 4,4’-oxydianiline can result in hybrid films with
good stability to both atmospheric air and water [91,92], in case
porous films are not desirable. In addition, by combining hybrid
ALD/MLD with ALD, the inorganic and organic fractions in hybrid
films can be adjusted, and finer tuning of the wettability can be
achieved. In the context of pharmaceutical applications, it is im-
portant to stress that nanoscale films 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 in-
stance, in this study, we obtained highly hydrophilic powders with
drug loadings up to ~95% (see Tables S2 to S4) as well as superhy-
drophobic powders with an estimated drug loading of ~99% (see
Table S6). This makes ALD, MLD and hybrid ALD/MLD highly at-
tractive for altering the wetting properties of pharmaceutical pow-
ders. Moreover, our approach using fluidized bed reactors is very
efficient with respect to precursor utilization [93] as well as easily
scalable [94], especially in the pharmaceutical industry where they
are well-established technologies.

4. Conclusion

In summary, we have fine-tuned the wettability of drug pow-
ders with inorganic, organic and inorganic/organic nanoscale films
deposited by ALD, MLD and hybrid ALD/MLD, respectively. TEM
shows the deposition of uniform Al,03, TiO,, SiO,, PET and
titanicone films on each individual budesonide particle. While
Al, 03 infiltrates into the budesonide structure forming an Al,0s3-
budesonide shell, the growth of TiO,, SiO,, PET and titanicone pro-
ceeds through surface active sites with GPCs of ~0.3, ~0.1, ~0.03
and ~0.45 nm, respectively. Importantly, the budesonide parti-
cles retain their solid-state structure and cytocompatibility after
the deposition processes. The uncoated budesonide powder is hy-
drophobic with an average WCA of 130°. The ceramic ALD films,
i.e., Al,O3, TiO, and SiO,, 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
films alter the wetting properties from superhydrophobic (WCA=
145-150°) for purely organic films, i.e., PET, to mildly hydrophilic
(WCA= 60-80°) for inorganic-organic films, i.e., titanicone. In the
case of ALD, such effects are attributed to the drastic change in
the surface chemical composition rather than in the surface physi-
cal structure, which remains essentially unaffacted after the depo-
sition 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, diffusion of the polar groups into the film by reorienta-
tion of the polymer chains or sub-nanoscale surface roughness can
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explain the surface superhydrophobicity. The ability of ALD, MLD
and hybrid ALD/MLD to provide the whole spectrum of wettabil-
ity control for drug powders from high hydrophilicity to superhy-
drophobicity 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
pharmaceuticals. Hybrid films can be preferable over their ceramic
counterparts for pharmaceutical formulations where initially mild
hydrophilicity is sufficient but lower metal content is required. Fi-
nally, tailoring the wetting properties at the nanoscale can be of
interest to several applications such as food, paints and cosmetics.

5. Supplementary material

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 Al,03, TiO, and titanicone; estimated film thick-
ness from Al,0s3, TiO, and SiO, wt. %; saturation behaviour of TiO,
and SiO, ALD; WCA of budesonide after 10 cycles of Al,05 and
TiO,; wet granules of ALD-coated budesonide; PSDs of ALD-coated
budesonide in water at different time points; ALD-coated budes-
onide 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.

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.apmt.2021.100945.

6. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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