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ABSTRACT

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 

modification, however, rely heavily on liquid-phase based modification processes and afford limited 

control over the thickness and conformality of the coating. Atomic layer deposition (ALD), on the other 

hand, enables the formation of conformal nanoscale films on complex structures with thickness control 

on the molecular level, whilst maintaining the substrate particle size and morphology. Moreover, this 

enables nanoengineering of surfaces of pharmaceutical particles also in the dry state.  

Successful nano-engineeering of crystal and amorphous surfaces of pharmaceutical particles is 

demonstrated in this study whereby functional properties, such as dissolution and dispersability, 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 nano-size ranges to here probe both crystalline 

and amorphous lactose substrate surfaces (d50 3.5 and 21 um). In addition, both water and ozone co-

reactants were evaluated; the latter having not been evaluated previously for pharmaceutical particles. 
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The deposition process is carried out at ambient conditions in a fluidized bed reactor for a low number 

of cycles (i.e. from 4 to14).

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 fields. The prospects for advancing inhaled 

drug delivery are exemplified by the ALD surface nano-engineering concept. 

1. INTRODUCTION

Active 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 flow or segregation. The 

surface chemistry of pharmaceutical particles also has a strong influence 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. micronisation, 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 modification of pharmaceutical powders that leads to 
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functional improvements at both the single particle and powder levels. Additional challenges such as 

dispersability 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 pin-hole free thin film 

deposition on inorganic substrates with applications in solar cells, semi-conductors,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 films at atomic 

scale can be deposited on pharmaceutical particles via ALD using TMA and water precursors under near 

ambient conditions using an assisted fluidised bed reactor.7 As few as 2 - 14 coating cycles successfully 

altered particle properties such as dispersibility and dissolution. The deposition of alumina film on 

budesonide could be precisely controlled and was very close to an ideal ALD process. ALD of metal 

oxides on minitablets9 and acetaminophen primary particles8 in the size range of tens to hundreds of 

microns have 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-modified acetaminophen particles with Al2O3, TiO2 

and ZnO thin film did not undergo degradation during the ALD coating process and maintained 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 effectively protected the amorphous structures from recrystallization.10 In these 
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related works ALD cycles of 20-500 were used and water vapour was applied as a co-reactant with 

operating temperatures above 50°C. 

The biocomptability of aluminium and alumina (Al2O3) is well studied and summarized in references 7 

and 8. The data are encouraging for the use of alumina thin film 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 fiber-based materials, 

therefore, with great potential for controlling drug dissolution rates11.

ALD of alumina thin films 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.12-13 The deposition mechanism is shown in Equation 1 below:14 

2Al(CH3)3 + 3H2O −−> Al2O3 + 6CH4 Equation 1

One drawback is, however, that the OH radical acts as an impurity at the interface and may degrade the 

quality of the alumina films.15 In addition, water can adsorb on reactor walls and is difficult to purge.16 

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):17 

2Al(CH3)3 + O3 −−> Al2O3 + 3C2H6 Equation 2

The high electrochemical potential of ozone, high volatility and shortening purge times between cycles 

offer fast reaction rates and significant advantages throughout the ALD process.18 The absence of 

hydrogen in the ozone molecule results in a reduced risk of hydrogen and hydroxyl contamination in the 

growing film. Compared to TMA/H2O, alumina films deposited using TMA/O3 have been shown to 
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result in an improved surface morphology and superior quality for micro-electric devices,19 and less 

defects (such as Al-Al and OH bonds) demonstrating improved interface characteristics.15 Greatly 

improved film uniformity/coverage and deposition rate has been indicated with the TMA/O3 because of 

accelerated TMA nucleation.20

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 film quality and poor process control.  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 film deposition process contrasting 

TMA/ozone to TMA/water for micronized lactose particles with two sizes (d50 3.5 and 21µm) and surface 

structure (crystalline and amorphous) at ambient conditions together with advanced particle 

characterisation. Lactose is a simple sugar found in milk and is widely used in the pharmaceutical 

industry.21 The most well-known crystalline forms are - and -lactose. Lactose can also be readily 

produced in the amorphous form. Herein, lactose is used as a model material since it exhibits properties 

commonly 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 effect of particle size and the impact of particle surfaces (crystalline vs. amorphous) on 

ALD processing, quality of coatings, and any differences oxidants have.
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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 characterisation. 

2. MATERIALS AND METHODS

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 -lactose monohydrate particles 

Lactohale® 201 (L20µm) (d50 21 µm) and Lactohale® 300 (L3µm) (d50 3.5 µm) were donated by DFE 

pharma (Germany). The as-received particles were used as reference (Ref) samples. The specific surface 

area (SSA) of the particles was measured by Brunauer-Emmett-Teller (BET) N2-sorption surface area 

analyzer (Micromeritics TriStar 3000 or TriStar 3020, United States). About 1 – 1.5 g particles were used 

for the BET surface area measurements. Prior to the measurement the particles were degassed for at least 

3 hours 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 aluminium foil in an oven either in air or under vacuum conditions. The details of the 

dehydration conditions and the measured BET surface are listed in Table 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 -lactose monohydrate (initial sample). 

Table 1. Dehydration treatment of the lactose Ref. samples at different conditions.

Sample Dehydration conditions Dehydration 
degree

BET SSA 
(m2/g)

L20µm 25% dh under vacuum at 60°C for 27h 25% 0.98
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7

L3µm 76% dh under vacuum at 60°C for 23h 76% 4.94
L3µm 97% dh In air at 120°C for 20min 97% -
L3µm 47.5% dh by TGA at 80°C for 20min 47.5%
L3µm 100% dh by TGA at 110°C for 20min 100%

2.2. Fluidised Bed ALD Processing of lactose particles

Fluidization is one of the most effective techniques available to disperse micro- and nano-meter sized 

particles.221 It has been used in ALD processes to ensure a good dispersion of particles.232 However, fine 

particles tend to form agglomerates during the fluidization due to the large cohesive forces exhibited by 

organic fine particles.221 On the one hand, this is desired since it prevents the blow-out of fine 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,243 to obtain proper fluidization. A general 

description is included here. Al2O3 films were deposited in a purpose-built fluidized 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 fluidization. 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 first used to drive away the air. The off-gas of the fluidized bed was led through a series of 

washing bubblers filled with Kaydol oil to remove possible traces of unreacted co-reactants and reaction 
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by-products. The precursor bubblers, the fluidized 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%. 

Table 2. Experimental parameters of the ALD process.

The process was operated at 1 bar and 30°C (Table 2) with a flow rate of 1 L/min, corresponding to ~3.5 

cm/s. In the beginning of each experiment, 20 grams of sample powder was placed inside the column. 

Detailed experimental conditions are given in Table 2. To calculate the precursor dosing times, the total 

amount of active sites in the bed of particles was estimated, i.e., the dangling bonds such as hydroxyl 

groups. This amount was calculated from the measured BET specific 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.254 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. The coating was performed for 4, 10 and 14 ALD cycles (Table 2). 

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. 

Calculated dosing time (s)
Sample Weight

(g)

Flow 
rate 

(L/min)

Process
temp. 
(°C)

BET 
SSA

 (m2/g) TMA H2O/O3

Experimental dosing time (s)
TMA–N2–H2O/O3–N2

Cycle
s

L20µm 4.32 9 7 30-120-20-120
L3µm

20 1 30
0.44 28 23 120-300-120-300

4, 10, 
14
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9

2.3. Surface characterization by transmission electron microscopy (TEM)

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-field (HAADF) mode. In 

parallel with HAADF imaging, energy dispersive X-ray spectroscopy (EDX) measurements were 

acquired using an Oxford Instruments X-MaxN100TLE detector. Elemental maps of Al and O were 

collected at several locations on the grids. The TEM images were then analysed using the software 

package ImageJ to determine the thickness of the alumina film. For each sample, more than 15 particle 

agglomerates were characterized by measuring the film thickness at multiple places of each particle. The 

data points shown in the thickness distributions in Figures 5 and S8 represent the average thickness for 

each particle agglomerate. Instead, the data points shown in Figures S2c-f represent the total average 

thickness within the whole sample.

2.4. Surface characterization by time of flight secondary-ion mass spectrometry (TOF-SIMS)

The uniformity of alumina deposition was analyzed by time-of-flight secondary ion mass spectrometry 

(ToF-SIMS). A TOF-SIMS5 instrument (ION-TOF GmbH, Münster, Germany) equipped with a single-

stage reflection 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 Bi3
+ primary ions. The 

primary ion gun energy was 30 keV. ToF-SIMS analysis was performed on reference and ALD surface 

modified lactose particles for areas of 500µm × 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 
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(blue), aluminium (from the alumina film, red) at mass 26.98, and lactose (green) with typical mass of 

fragments at 73.03. 127.04. 145.05. 163.0726 and lactose plus Na at 365.11 and lactose plus K at 381.09. 

It should be noted that TOF-SIMS has a limitation of analysis depth. For films that are ultrathin, typically 

˂ 1 nm, the signals from the alumina film may be “diluted” by elements from the substrate.

2.5. Elemental analysis by inductively coupled plasma - optical emission spectroscopy (ICP-

OES)

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 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-modified 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 film ( = 2.5 g/cm3),27 the 𝑑𝐴𝑙2𝑂3

thickness of the alumina layer could be calculated as given in our previous work.7

2.6. Solid state and materials characterization

2.6.1. X-ray powder diffraction (XRPD)

Structural characterization of the particles was made by XRPD (X’Pert PRO PANalytical Ltd., 

Nottingham, United Kingdom) through a 12 minutes fast scan program at 45 keV, 40 mA within 2θ 0 - 

50°. For each sample 2-3 parallel samples were measured.  

2.6.2. Solid state nuclear magnetic resonance (ssNMR)

Solid-state 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 
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11

kHz in a 4 mm ZrO2 rotor sealed with Kel-F endcaps. Acquisition was performed using a standard 

sequence with acquisition time 0.0669439 s, 20 s delay and 2 ms contact time and number of scans 1024. 

2.7. Surface morphology by scanning electron microscopy and energy dispersive x-ray 

(SEM/EDX)

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 film of Au for 150 – 200 s using Cressington 

sputter coater (108 auto, Watford, United Kingdom). Elemental analysis for the chemical composition 

on the surface of some particles was carried out using Energy Dispersive X-ray (EDX) analyzer INCA 

Penta FETx3 (Oxford Instruments, Oxfordshire, United Kingdom), equipped with the SEM.

2.8. Particle Size Distribution by laser diffraction particle sizing (PSD)

The particle size distribution of the particles was measured by laser diffraction 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.

2.9. Thermal properties by Thermal Gravimetric Analysis (TGA)

The thermal properties of the particles during heat treatment was observed by TGA (Q500, TA 

Instrument, New Castle, DE, United States) under N2 atmosphere by ramping from 25°C 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.

2.10. Dispersibility in suspension by Focused Beam Reflectance Measurement (FBRM)

The dispersibility of the lactose particles in suspension was monitored inline by a FBRM probe 

(LASENTEC S400, Mettler Toledo, OH, USA) during mixing of 600±5 mg sample in 600 ml ethanol 

(99.5%) in a USP2 dissolution apparatus vial (DISTEK Premiere 5100, NJ, USA) with a stirring rate of 
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12

150 rpm at room temperature. As a reference, unmodified lactose was tested also with the addition of 

0.08% of sodium dodecyl sulfate (SDS) to the ethanol medium.

2.11. Dissolution Measurements

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 first 1-3 min. Prior to the dissolution tests, 50±5 

mg of particles was pre-dispersed in 25ml of absolute ethanol with 0.08% SDS for 10 min in order to 

ensure similar dispersive conditions for all the samples. 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 filtered using a 0.2 

µm syringe filter (Millex®). The filtered solutions were analyzed by UPLC (ultra-performance liquid 

chromatography, AcquityTM, Waters, MA, USA) with a charged aerosol detector (CAD, Dionex Coron 

Veo RS, Thermo Scientific, MA, USA).

3. RESULTS AND DISCUSSION

3.1. Morphology and crystallinity of lactose particles

Alumina nanoscale films were deposited on two kinds of lactose particles, namely milled lactose, 

Lactohale® 201 (L20µm), and micronized lactose, Lactohale® 300 (L3µm). Both the lactose particles 

exhibit a broad particle size distribution (PSD) (Figure 1a). In particular, L20µm shows a broader PSD, 

i.e., from 0.1 to 100 µm (d50 =21 µm), than L3µm, 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 (Figures 1c-d). Because of their different particle size, the BET specific surface areas of L20µm 

and L3µm are 0.44 and 4.32 m2 g-1, respectively. The t-plot method is used to determine whether the 
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lactose particles contain micropores, i.e. pores less than 2 nm.28 In case a relatively small fraction of 

micropores is present, the y-intercept of the t-plot is positive and correlates to the micropore volume. For 

L3µm, the t-plot suggests the presence of micropores, with a volume of 0.193 mm3 g-1 (Figure S1). The 

external surface area, which can be derived from the slope of the t-plot, is estimated to be 4.08 m2 g-1. 

Micronization induces the randomized onset of amorphous regions on the surface of the particles, which 

is reflected in the presence of superficial micropores. Due to high pressures used in the micronization 

process, such amorphous surfaces are inherently inhomogeneous within and across the particles.

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 parafilm with a small cavity in the center to cover the sample tube (Figure 1b). Around 150 

mg 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 L20µm, the TAM profile does not present any peak, thus indicating a fully crystalline 

structure. Instead, for L3µm it shows a broad peak between 0 to 5 hours of the measurement. The 

integrated heat flow, 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 affected by the different crystallinity and surface 

chemistry of L20µm and L3µm.
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Figure 1: On the left side, morphology and crystallinity of L20µm and L3µm particles. (a) Particle size 
distributions. (b) TAM profiles. The TAM tests were held at 25°C under an RH of 75% using a parafilm 
with a small cavity in the centre to cover the sample tube. (c-d) SEM images. On the right side, scheme 
of the ALD process in a fluidized bed reactor for Al2O3 coating.

3.2. Evolution of Al2O3 loading with the number of ALD cycles

The amount of deposited Al2O3 on L20µm and L3µm 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 L20µm and 

L3µm (Figure 2). As expected, the Al2O3 weight percentage (wt. %) is higher on L3µm than on L20µm, 

given the higher available surface area of the former (Figure 2a). In particular, for L3µm, TMA/O3 ALD 

results in slightly higher loadings than those from TMA/H2O ALD. Instead, for L20µm, both the co-

reactants, i.e. H2O and O3, lead to similar loadings. To verify whether the Al2O3 loading per unit surface 

area is comparable on L20µm and L3µm, the Al2O3 wt. % were re-scaled with respect to their BET 

specific surface area (Figure 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 film, the thickness of the 

alumina film was estimated (see Table S1 and Figure S2). Before discussing how the estimated thickness 

Page 14 of 36

ACS Paragon Plus Environment

ACS Applied Bio Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

fits with the actual thickness, a quantitative and qualitative analysis of the coating uniformity and 

conformality is presented.

Figure 2: Al2O3 loading on both L20µm and L3µm 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% confidence intervals.

3.3. Effect of co-reactants (H2O vs O3) and nature of the substrate on the coating uniformity 

and conformality

The main advantages of ALD are the uniformity and conformality of the deposited films. The effect 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 films across multiple particles. 

TEM, instead, enables the visualization of the alumina films 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 L20µm, ToF-SIMS images show an evident difference between the H2O-based and the 

O3-based process (Figure 3). The use of H2O as a co-reactant leads to a non-uniform deposition, as 
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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 

confirmed also by TEM analysis. In the H2O-based process, both unmodified and modified particles are 

observed, even after 14 cycles (Figures 3a-c and S3). Instead, for TMA/O3 ALD each individual particle 

is uniformly coated, even after only 4 cycles (Figures 3d-f and S4). 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 in the lack of conformality and in the formation of Al2O3 nanoparticles in 

TMA/H2O ALD (Figures 3a-c, S3 and S5). 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 fluidization. At ambient conditions, the purging step is likely to be ineffective 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 fluidization 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 diffusion of 

the precursors in the large agglomerates.298 Therefore, diffusion limitations result in an inhomogeneous 

coating, or in other words in non-conformal films. 

Page 16 of 36

ACS Paragon Plus Environment

ACS Applied Bio Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

Figure 3: a), d) ToF-SIMS and b, c, e, f) TEM images of Al2O3-modified L20µm 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 L20µm particles. The colors represent the 
different components: green- L20µm, red-aluminum, black-background tape.

TEM observations display a broad distribution of Al2O3 thickness in H2O-based ALD on L20µm (Figures 

5a and S8a). Without considering the unmodified particles, the coating thickness for the modified 

particles ranged from ~3.5 nm to 11 nm. Instead, O3-based ALD on L20µm delivers narrow thickness 

distributions, ranging from ~5 nm to ~7.5 nm, thus underlining the benefit of O3 in providing uniform 

and conformal coatings. To understand whether the observed thickness under TEM is consistent with the 
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Al2O3 loading measured by ICP, the thickness of the alumina film resulting from the Al2O3 wt. % was 

calculated. For L20µm, the calculated thickness is slightly higher than the mean thickness observed under 

TEM (Figures S2e). It is worth noting that in the calculation the density of the amorphous alumina film 

is assumed to be 2.5 g/cm3.27 The small discrepancy between the calculated and measured film thickness 

can be attributed to a slightly lower alumina density. In fact, by fitting the alumina density as a parameter 

in Equation 3 and using the thickness observed under TEM as tAl2O3, an alumina density of ~2.1±0.4 

g/cm3 was obtained: 

Equation 3𝑡𝐴𝑙2𝑂3 =  
𝑑𝑙𝑎𝑐𝑡𝑜𝑠𝑒

2 (3
𝑥𝐴𝑙2𝑂3

1 ― 𝑥𝐴𝑙2𝑂3

𝜌𝑙𝑎𝑐𝑡𝑜𝑠𝑒

𝜌𝐴𝑙2𝑂3
+ 1 ― 1)

where  is the particle diameter estimated from BET,  is the Al2O3 mass fraction, , 𝑑𝑙𝑎𝑐𝑡𝑜𝑠𝑒 𝑥𝐴𝑙2𝑂3 𝜌𝑙𝑎𝑐𝑡𝑜𝑠𝑒

 are the densities of lactose and amorphous alumina film, respectively. The measured thickness of 𝜌𝐴𝑙2𝑂3

the alumina film against the number of cycles follows the same trend as the Al2O3 loading, as expected 

(Figures S2a and S2c). 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 first 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 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 fibers exhibits a GPC of ~0.5 nm over the first 50-100 cycles.30 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.31 Therefore, the GPC of Al2O3 on L20µm can be explained by (i) the large amount 

of water absorbed by lactose, which is extremely hygroscopic,32 and (ii) the low efficacy of the purging 

steps at ambient conditions, which lead to additional growth of Al2O3 by CVD. 
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As to ALD on L3µm, ToF-SIMS micrographs do not show any significant difference between the H2O-

based and the O3-based process (Figures 4a and 4d). Contrary to L20µm, regardless of the co-reactant, 

all the L3µm particles are fully coated after 14 cycles, as evidenced by the uniform presence of aluminum 

– in red. Having a smaller particle size, L3µm has a lower tendency to form large agglomerates during 

the coating process, thus reducing the diffusion limitations of the precursors. TEM and HAADF analysis 

confirm the presence of complete films on each single particle (Figures 4b-c, e-g, S6 and S7). 

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 (Figures 4h-i). However, in both H2O-based 

and O3-based ALD, the thickness of the alumina films on L3µm is larger than the one on L20µm and 

significantly varies across the particles (Figures 5b and S8b). In particular, the thickness after 14 cycles 

ranges from 5 nm to 13.5 nm in TMA/H2O ALD and from 6 nm to 15.5 nm in TMA/O3 ALD. Such large 

alumina thicknesses and broad thickness distributions can be attributed to (1) the poor fluidization quality 

of L3µm, and (2) the amorphous surfaces of L3µm. As mentioned above, the amorphous surfaces may 

contain micropores. Moreover, during the ALD process, L3µm dehydrates, as evidenced by ssNMR and 

XRPD data by the emergence of the same peaks in both the ALD-modified and dehydrated samples 

(Figures 6 and S10). Dehydration presumably leaves molecular pockets, thus inducing more porosity, as 

suggested by the slight increase in the BET surface area of TGA-dehydrated L3µm (Table 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 films will then consist of an Al2O3-lactose 

mixture. Being inherently inhomogeneous within and across the particles, the amorphous surfaces of 

L3µm inevitably lead to non-conformal films, regardless of the co-reactant used. 

The thickness of the film on L3µm, resulting from the Al2O3 wt. % by ICP, is significantly lower than 

the mean thickness observed under TEM (Figure S2f). Therefore, the density of the film on L3µm would 

be even lower than the one on L20µm, and thus closer to the density of lactose itself. By fitting the film 
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density as a parameter in Equation 1 and using the thickness observed under TEM as tAl2O3, a film density 

of ~1.6 g/cm3 was obtained, consistent with the density of lactose. This confirms the hypothesis that the 

observed films consist of a mixture of Al2O3 and lactose, due to the penetration of the precursors through 

the additional voids caused by dehydration. Similar to L20µm, the measured thickness of the film as a 

function of the number of cycles on L3µm follows the same trend as the Al2O3 loading (Figures S2b and 

S2d). The thickness linearly increases with the ALD cycles and GPC of ~0.6 nm and ~0.7 nm are 

extrapolated for H2O-based and O3-based ALD, respectively. Contrary to the deposition on L20µm, 

TMA/H2O ALD on L3µm 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, the less the 

formation of Al2O3 nanoparticles. Therefore, in case of higher-surface-area substrates (e.g., L3µm), water 

is mostly present on the surface, where TMA reacts during the subsequent pulse, leading only to the 

formation of Al2O3 films.
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Figure 4: ToF-SIMS, TEM, HAADF images and EDX mapping of Al2O3-modified L3µm 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 outermost layer (typically 1-4 nm) of the surface of L3µm particles. The colors 
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represent the different components: green- L3µm, 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.

Figure 5: Thickness distribution of the Al2O3-modified particles after 14 cycles using either H2O or O3 
as a co-reactant for (a) L20µm and (b) L3µm. The boxes indicate the 10th, 25th, 50th, 75th, and 90th 
percentiles of the population, and the white diamonds indicate the average.

3.4. Evaluation of surface modified lactose physical and chemical properties

Both ssNMR and XRPD analysis were used to understand whether the chemical structure (i.e. -lactose 

monohydrate) of the lactose particles were stable upon the ALD process (Figures 6, S9 and S10). No 

decomposition is observed for either L20µm and L3µm particles after ALD within the level of detection. 

In addition, the UPLC-CAD analysis after the dissolution tests show no extra peaks for the modified 

particles with both sizes than the bare samples, which confirms the ALD process does not induce 

decomposition of the lactose when using both co-reactants (Figure S15). The ssNMR spectra show that 

L20µm (Figure S9) maintains its structure after ALD, whereas L3µm (Figure 6) undergoes dehydration. 

Compared to the spectrum of unmodified L3µm, the ssNMR spectra of both ALD-modified and 
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dehydrated (TGA-treated) L3µm exhibit additional peaks, marked by the dashed rectangles, at the same 

positions (Figure 6). This suggests that the changes in the structure after ALD are due to the dehydration 

of L3µm. The peak intensity correlates to the degree of dehydration. In particular, the degree of 

dehydration of ALD-modified L3µm 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 difference, except 

for the emergence of a small peak at 18°, marked by the dashed rectangle (Figure S10). Garnier et al. 

found the appearance of the peak at 18° in -lactose monohydrate upon heating at 100°C.33 By comparing 

the diffractograms of ALD-modified and TGA-dehydrated L3µm, it can be concluded that the peak is 

due to the dehydration of L3µm. The dehydration of L3µm 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 L20µm was constant at 30 °C. Therefore, no 

difference is observed in the ssNMR spectra of unmodified and modified L20µm (Figure S9). 

The dehydration of L3µm leads to an increase in the BET specific surface area due to an increase in 

porosity arising from the removal of water molecules. This is confirmed by the comparison of the BET 

specific surface areas of unmodified and dehydrated L3µm, where the SSA increases by 15% upon 76% 

dehydration (Table 1 ). Raut et al. found that the BET SSA of -lactose monohydrate increased by 48% 

after complete dehydration.33 

After the ALD process, the powder shows different morphologies depending on the co-reactant used. On 

the one hand, after H2O-based ALD, both L20µm and L3µm powders contain mm-sized agglomerates, 

visible to the naked eye (Figure S11). As mentioned above, the formation of large agglomerates is due 

to water capillary bridges between the lactose particles forming during the coating process. On the other 

hand, O3-based ALD delivers fine and well-dispersed powder (Figure S11). Moreover, SEM images do 

not display any significant difference in the size and morphology of unmodified and modified individual 
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particles, thus indicating that the agglomeration phenomena occurring during the coating process do not 

affect the primary particle size (Figures S12c-h). 

Figure 6. ssNMR patterns of L3µm particles before and after ALD using either H2O or O3 as co-
reactants, as well as samples after TGA treatment at different degrees of dehydration.

The PSDs of L20µm modified using H2O as a co-reactant move towards larger sizes (Figure S12a). In 

particular, the 4-cycle-modified 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 modified 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 

significantly reduced. Therefore, Al2O3 ALD effectively prevents agglomeration occurring during the 

coating process. The PSDs of O3-processed L20µm do not show any deviation from the one of 
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unmodified L20µm, thus confirming that no agglomeration takes place. The PSDs of modified L3µm 

first 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 S12b). Overall, 

the range of particle size for both L20µm and L3µm 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 unmodified and modified L20µm and L3µm particles are stable up 

to around 75 °C (Figures S13a-b) under the experimental conditions. All the modified samples have a 

higher decomposition rate compared to the unmodified ones. In particular, the higher the number of 

cycles, the faster the decomposition process. This effect is more pronounced for L3µm particles, given 

the higher available surface area. Kaariainen et al. ascribed such behavior to the presence of 

decomposable carbonaceous species in the modified samples.8 In fact, the use of TMA can result in the 

formation of carbonaceous species within the film. Furthermore, as we explained in our previous work,7 

during TGA, the particulate structure of the unmodified samples fully disappeared, whereas the modified 

ones exhibit structures with different degrees of sintering (Figures S13c-d). Therefore, during the heating 

process, the unmodified particles melt into a single mass, whereas the alumina coating is effective in 

separating the particles. As a result, the modified particles retain a higher surface area available for 

effective heat and mass transfer during TGA.

3.5. Evaluation of surface modified lactose on functional properties: dissolution

The effect of Al2O3 ALD on the dissolution rate of the lactose particles was investigated in 80% ethanol 

solutions over 2 hours (Figure 7). The unmodified L20µm particles fully dissolve after 1 h, and the 

unmodified L3µm ones within 5 min. This is due to the large particle size of L20µm compared to L3µm. 

The L20µm particles after 4 TMA/H2O ALD cycles show a similar profile to the unmodified particles, 

reaching 100% dissolution after 1 h. In fact, as observed from ToF-SIMS and TEM analysis, a large 

portion of particles are still unmodified in the H2O-based process. Instead, the L20µm particles after 4 
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TMA/O3 ALD cycles take a significantly longer amount of time to dissolve. In particular, the cumulative 

dissolution slowly reaches ~90% after 1 h. Such a retarding effect is even magnified with the increasing 

number of cycles. For the 14-cycle-modified L20µm particles, the cumulative dissolution after 1 h is ~80% 

and 57% in H2O-based and O3-based ALD, respectively, thus underlining the benefit of uniform and 

conformal coatings provided by O3.

In the case of L3µm, the dissolution profiles of the particles modified by 4 ALD cycles deviate only 

slightly from the reference one. In particular, the cumulative dissolution after 5 min is 98% and 95% 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 significantly reduced dissolution rate. In fact, for the 14-cycle-

modified L3µm 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-modified particles can be ascribed to the slightly thicker films, as shown in Figure 5. 

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.35 They impregnated poly(vinyl 

alcohol) nanofibers 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 nanofiber through defects or bulk transport through 

the ALD coating. In particular, they suggest that the release mechanism is due to a combination of water 

diffusing 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 nanofiber. Analogously, 

the dissolution mechanism of the coated lactose particles is likely to involve the transport of water 
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through voids in the Al2O3 shell. The higher the number of cycles (and higher coating thickness), the 

slower the solution penetrates through the alumina film, 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 films (i.e., from ~2 to 

~10 nm in terms of average thickness), induce a significant change in the dissolution performance. 

Therefore, Al2O3 thin films provide an efficient dissolution barrier for the lactose particles.

Figure 7. Dissolution profiles in 80% EtOH over 2 hours after pre-dispersion in EtOH + 0.08% sodium 
dodecyl sulfate (SDS) for 10 min of (a) L20µm and (b) L3µm particles. The error bars indicate 95% 
confidence intervals.

3.6. Evaluation of surface modified lactose on functional properties: dispersibility

To study the effect of ALD on the dispersibility of the lactose particles in liquid phase, focused beam 

reflectance measurements (FBRM) were performed for L3μm. Lactose has a negligible solubility in pure 

ethanol, and therefore the dispersibility of the particles in ethanol can be characterized without being 

affected by the solubilization of the particles. The number of unmodified and modified L3µm particles 

in different size ranges (i.e., 1-5, 5-10, 10-20, 20-100 and 100-1000 μm) were measured over 15 min 

(Figures 8 and S14). The higher the number of particles in the range 1-10 μm, which is the actual size 

range of L3µm, the better the dispersibility. Vice versa, the higher the number of large agglomerates, i.e. 
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100-1000 μm, the poorer the dispersibility. After about 10 min, each particle size range of each sample 

flattens 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 significantly increases with the ALD cycles (Figure 8a). In particular, while 

it stays constant for the 4-cycle-modified samples, it becomes more than twice as high for the 14-cycle-

modified ones. On the other hand, the number of particles in the size range of 100-1000 μm significantly 

decreases with the ALD cycles (Figure 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 unmodified and 4-cycle-modified L3µm 

slightly increases from 1 to 10 min likely due to the breakage of the larger agglomerates, whereas for 14-

cycle-modified L3µm it decreases likely due to the detachment of particles smaller than 1 μm. Instead, 

the number of particles of 100-1000 μm for both unmodified and modified L3µm decreases from 1 to 10 

min, due to the breakage of the soft agglomerates within the samples.

Figure 8: Number of particles for the Al2O3/L3µm samples in the size range of a) 1-10 μm and b) 100-
1000 μm measured by a Focused Beam Reflectance 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% 
confidence intervals.
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The amorphous structure in L3µm leads to high surface energy and thus resulting in cohesive powders 

with tendency to form agglomerations in liquid media. To understand the influence of the amorphicity 

on the properties of the L3µm, some of the particles were recrystallized under conditions at RH 54% for 

24 hours. The TAM analysis showed no peak which indicates the removal of the amorphicity in the 

recrystallized samples. As seen in Figure S14, the FBRM patterns of the recrystallized sample of L3µm 

show a much better particle dispersibility in the initial stage than the original sample containing 

amorphicity. The crystalline L3µm 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 unmodified and 4-cycle-modified samples indicates strong 

inter-particle forces of the bare lactose particles. Increasing the number of ALD cycles, and thus the 

coating thickness, significantly modifies the surface properties, which then depend on the coating 

material rather than on the underlying particles. Specifically, smooth Al2O3 films are very hydrophilic, 

thus improving the wettability of the particles.36 Such a behavior in pure ethanol is also found in 80% 

ethanol solution, used for the dissolution tests. Overall, the L3µm particles after 4 ALD cycles show 

similar dispersibility to the ones of unmodified L3µm, whereas the particles after 14 ALD cycles exhibit 

considerably improved dispersibility.

4. DISCUSSION AND FUTURE WORK

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 effect of lactose 

substrate particle size and the impact of particle surfaces (crystalline vs. amorphous) was characterised 

in depth for fully crystalline lactose, L20µm and crystalline lactose with micronization-induced 

amorphous surfaces, L3µm. The amount of deposited alumina per unit area is similar for both L20µm 

and L3µm, regardless of co-reactant, and linearly increases with the number of cycles, thus highlighting 
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the efficient control of ALD over the amount of synthesized material. Overall, modified functional 

properties for the nano-thin coated particles have been successfully achieved and demonstrated with 

physical and chemical characterisation. 

ToF-SIMS and TEM images show that for crystalline lactose (L20µm) O3-based ALD offers 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 fluidization of lactose particles results in the formation of large 

agglomerates which may limit the diffusion of the gaseous precursors, thus leading to non-uniform and 

non-conformal films. TEM image analysis of alumina modified crystalline lactose (L20µm) 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 films on 

amorphous lactose surfaces (L3µm). The thickness of the alumina films on L3µm is larger than the one 

on crystalline lactose (L20µm) and significantly varies between individual particles. The lack of 

conformality on L3µm can be ascribed to the poorer fluidization quality and the presence of amorphous 

structures at the surfaces. The amorphous surfaces of L3µm present microporosity, which will increase 

during the ALD process due to dehydration of L3µm 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 films consisting of an Al2O3-lactose mixture. The micronisation-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 films, regardless of the co-reactant used for L3 particles. 

The dissolution rates of the modified particles were significantly reduced by increasing the alumina film 

thickness. The L20µm particles modified by O3-based ALD dissolved much slower than the ones 

modified by H2O-based ALD, thus underlining the benefit of uniform and conformal coatings provided 

by O3. Instead, the L3µm particles modified by O3-based ALD show only an initial slower dissolution 
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compared to the ones modified by H2O-based ALD due to the slightly thicker alumina films. Moreover, 

the 14-cycle-modified L3µm particles exhibit considerably better dispersibility compared to the 

unmodified particles.

The ALD technology used in these studies is based on a fluidized bed reactor that is conducted in the dry 

state. The successful results using ozone as a co-reactant opens opportunities for the modification of 

surface properties of humidity- and temperature-sensitive APIs and excipients with particle sizes across 

the upper nano- to micro-meter lengths. One novel application of ALD can be for nano-engineering 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 and high energy solid forms (e.g. 

salts, amorphous forms and metastable polymorphs) with a conformal outer thin film is an attractive 

prospect for both drug product manufacturing and maximising 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, aerolisation 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 surfaces37. Most particle 

engineering approaches alter particle properties such as size, shape and surface energy38.  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, nano-engineering of inhalable particles and 

modification of surface properties provides less cohesive powders with improved aerolisation properties 

thereby ensuring more drug may reach the lung. Carrier-free inhaled formulations are, therefore, highly 

prospective and would reduce manufacturing costs and complexity, whilst potentially offering “tailorable” 

aerolisation properties through coating material and thickness.  The results in this study also emphasize 
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the importance of advanced material analytical techniques to enable in-depth characterization and 

understanding of surface modifications 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

5. SUPPORTING INFORMATION

t-plot of uncoated L3µm; 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 L20µm and XRPD of L3µm before and after ALD; digital photos, SEM images, 

PSDs and TGAs of both L20µm and L3µm powders before and after ALD.
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