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ABSTRACT

Active pharmaceuticahgredients (APIs) are predominantly organic solid powdeue to their

bulk properties many APIs require processing to improve pharmaceutical formulation and
manufacturing in the preparation for various drug dosage forms. Improved powder flow and
protecton of the APIs are often anticipated characteristics in pharmaceutical manufadturing.
this work, we have modified acetaminophen particles with atomic layer deposition (ALD) by
conformal nanometer scale coatings in a-si@p coating process. Accorditwythe results, ALD
utilizing common chemistries for ADs, TiO2 and ZnQis shown to be a promising coating method

for solid pharmaceutical powdeiscetaminophemioes not undergo degradation during the ALD
coatingprocessand maintains its stable polymphic structure Acetaminophemith nanometer

scale ALD coatigs shows sloweddrug releaseALD TiO» coated acetaminophen particles show
cytocompatibilitywhereaghose coated with thickeZnO coatings exhibithe most cytotoxicity
among the ALD materials under studhienassesseh vitro by their effect onntestinal Cace?

cells.
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ABBREVIATIONS

ALD, atomic layer depositio ; API, active pharmaceutical ingredient; ATP, adenosine
triphosphate; ATRFTIR, attenuated total reflectance Fourier transmittance infrx@&:DA ,
dichlorofluorescin diacetatddEZ, diethylzinc,D ME M, Dul beccobés modi fied
DSC, Differental scanning calorimetry; EDTA&BS, ethylenediamine tetraacetic agbosphate
buffered saline;FIB-SEM, focused ion bean scanning electron microscop®& S S , Hankos
Balanced Salt Solution; HIFBS, heat inactivated fetal bovine serum; HPLC, high perfermanc
liquid chromatography]lCP-MS, inductively coupled mass spectrometBBS, phosphate
buffered salinePLGA, poly(lactidco-glycolic acid);ROS, reactive oxygen specieSp, standard
deviation;SEM-EDS, scanning electron microscope with energy dispeb&ivay spectroscopy;

TGA, thermogravimetric analysis; TiCl4, titanium tetrachlori@istA, trimethylaluminum;TNF-
U, umdr necrosis factor alphalTIP titanium(lV)isopropoxide; XRPD, ’Ray powder

diffraction; Wt, weight.



1. INTRODUCTION

Primary drugparticles in powder form which comprise active pharmaceutical ingredients) (API
aretypically solid organic particledDrug powdersare used t@reate enteradrug dosage forms
(such as tablets, capsules, pellets and granuielBalation powdersparenteral injectable
preparationstopical transdermal patcheend emulsionsas well as ophthalmisystems such as
contact lenses and eye drophiarmaceutical manufacturing can benefit fiomproved surface
characteristics of powdershat optimize drugloading efficency and improve powder
processhility (Ghoroi et al., 2013; Shi and Sun, 2011; Vanhoorne et al., 2014, Ehlers et al., 2009;
Sauer et al., 2013; Jallo et al., 2015; Beach et al., 2QL@g often there is a need to stabilize the
desired sotl state of the ARIThese can be amorphous or hydrate statdsch make the
pharmaceutical processing hard to perfamtessthe drug powderare coatedAiraksinen et al.,

2005; Han and Suryanarayanan, 1999; Matsuo and Matsuoka, 2007; Wu et al TR8Tbpting
mayalsoprovide chemical stabilization for the pharmaceut{dl et al., 2011pr control of the
drug release(Chen et al., 2006)There are many biologicahterfaces such asbetween
nanoparticles and carbon nanotubes ARds, where contrb of the surface characteristics of
pharmaceutical powders can imprdheir therapeutic response and bioavailabi(ifgrracciano
et al., 2015; Taylor et al., 2014; Sbr et al., 2013; Chow et al., 2007).

Usually, drug particlesin powderform are in the size range of -200 um. Current drug
development pursuing improved bioavailability of drug materials is based on the production of
nanocrystals and this has reduced the drug particle size t8@D@dm(Peltonen and Hirvonen,
2014; Sarnes et al., 2013he most frequently used coating techniguedrug powdersoday is

spraying of atomized coating liquid intofluidized powder bed(Behzadi et al., 2008)The



atomization is usually obtainealith high pressue air, electrostatics or ultra soun@oating @

small paticles can belifficult, because the size of the individual coating licgndplets is usually

over 30 um(Ehlers et al., 2009; Werner et al., 2003praydrying, a widely used operation in
pharmaceutical manufacturing, is also usadparticle encapsulatiofiVanhoorne et al., 2014,
Chow et al., 2007; Vehring, 2008; Dobry et al., 2009an attempto overcome poor tabletability

of pharmaceutical crysta(Shi and Sun, 2011; Vanhoorne et al., 20b4Yo mask theindesired

taste othe API (Shi and Sun, 2011$pray drying is used to produce solid dispersions, which have
alreadybeen investigated for some time for increasing the drug release rate and bioavailability of
poorly watersoluble drugs, as well for controlling the drug rele@de (Dobry et al., 2009; Giri

et al., 2012; Huang and Dai, 201Byy-particle coating is an alternative method to spray drying
where the addition of excipient particles is done by blending them with the API particles. Dry
particle coating is favourable, fok@mple, for moisture sensitive drugs since it does not involve
the use ofaqueoussolvents. The removal of solvents from the final formulation is erergy
consuming and complicates the proc€3auer et al., 2013; Jallo and Dave, 2015; Beach et al.,
2010; Hashi et al., 2013)

The maximum drug loading has been used in particle engineering to distinguish between particle
coating and particle encapsulation. Coated drug particles have shalrestructure and the
maximum drug loading of the coated partidkesisually above 50 who, preferably above 90 wit
% (Chow et al., 2007)In order to increase the drug loading of conventional encapsulation
methods, Singhet al used pulsed laser deposition to create nanoscalethiltreilms of
poly(lactid-co-glycolic acid) (PLGA) on antiasthmatic budesonide particles. They did not report
the film thickness on particles due to an inability to perform thickness estimegsutting from

the nonuniform nature ofthe particle surface (Singh et al., 2002)A modified sprg drying



method, which can be used both for drug particle synthesis and particle coating by physical vapour
deposition, has been developed and studied for synthesizing drug pdEietdginen et al.,

2003) for coating salbutamol sulfate particles withleucine (Raula et al., 2008)for
encapsulating indomethacin nanocrystals in mannitol microparticlesawitlzleucine coating
(Laaksonen et al., 2011and for combining budesonide and salbutamol in microparticles coated
with L-leucine (Raula et al., 203; Vartiainen et al., 2016)n this method, AR, binders and
coating material are dissolved in water to form a precursor solution which is used in an aerosol
process. The atomized solution mixed with nitrogen gas forms an aerosol which is introcuced to
heated laminar flow reactor. In the reactor the solvent will be evaporateshdgparticlesfrom

the solute whichwill undergo further deposition by the evaporated coating substadeedine)

in the gas phase.

Stateof-the-art drug processing requeewell defined and controlled surface modification
techniques. Novel drug delivery systefigrracciano et al., 2018ye needed for the stabilization
of acetaminophen nanocrystals in aqueous me@as et al., 2013}argeted drug delivery based
on metalcation attachment to active pharmaceutical ligand forming coordination congpound
(Ledeti et al., 2013)and biomedical imaging and molecular diagnogtagk et al., 2010)

Because of the inhomogeneous naturdhefsurfaces and irregular shape drug pwder
particles,current coating techniques usually faol achievesmoothconformalcoating around
particles,despite the rather large size of the original particle (38Gn diameter)At present,
there is a real need edbtainthin conformal coatingfr smallAPI particles Novel ways to protect,
modify and functionalize drug particlgsotentially provide remarkable improvemenis the

development and usage of pharmaceuticals.



Atomic Layer Deposition (ALD) is a surface controlled, deifiting layer-by-layer method for
depositing thin films onto solid supports from the gaseous phase of the precutEdis.widely
considered as superiormethod for coating thredimensional ad porous substrates, and has
gained an important and established rolehe semiconductor industry and its development
(George, 2010; Miikkulainen et al., 2013; Hyde et al., 2Q@hnson et al., 201&nez et al.,
2006; Kaariainen et al. 2013)The two most important advantages of ALD are excellent
conformality and film thickness control at the sutdmometer level. Each atomic layer formed in
the sequential process is a result of saturated surface controlled chemical reactions. Commonly, in
the growth ofbinary compoundssuch as metal oxides, a reaction cycle consists of two reaction
steps. In one step the metal compound precursor is allowed to react with the auffdeeome
chemically bonded to itn thenextstepthe metakeacts with the oxygen precursor. Between the
steps a purge is applied to remauey excess of precursor and the reactiorpbyducts.This
reaction cycle is repeated as many times as necessary to achieve the desired film thickness.
precursors form stohiometric films with large area uniformity and conformality even on complex
surfaces with deformities. Laydiy-layer growth allows one to change thetemgl composition
abruptly after each stefiseorge, 2010; Miikkulainen et al., 2013LD producing onformal
nanometer scale films swell demonstrated method on various particles with different size and
composition(Ferguson et al., 2000; Ferguson et al., 206€rguson et al2004b; Hakim et al.,
2005; McCormick et al., 2007; King et al., 2008; ldmen et al., 2009; King et al., 2012; Longrie
et al.,, 2014).Furthermore,ALD on powder substrates scalablefor manufacturing. Early
development of ALD on particles utilized fluidized beatchreactors which are weéistablished
technologesin thepharmaceutical industryrhe latest development in particle ALD has focused

on continuous processing of particles following the trends in industrial powder proc@ssimg



Ommen, 201 It is suggested that pharmaceutical manufacturing can benefitapahilities of
ALD. Potential applicationganbe e.qg. particle surface functionalizatipstabilization of APIs,
andimprovedbulk propertiesuch as bettggowderflowability.

In this work, we have studied ALD on solid pharmaceutical particles by depositing conformal
nanometer scale metal oxide films on particles of the drug acetaminophen. Acetaminophen is a
widely used analgesic and antipyretic drug agentrder to show th@roofof-concept for the
application of ALD on API we have investigated the physicochemical characteristics after ALD

coating, the drug dissolution, and cytotoxicity of ALD oxide coated acetaminophen

2. MATERIAL AND METHODS
2.1.Atomic layer deposition (ALD) on acetaminophen particles

ALD on acetaminophen particles was carried out in a rotary ALD reastatescribed by
McCormick et al. 200,7shown inFigure 1, using static exposures of reactants at temperature
around 100 °CThe reactor assembly corsidof a stainless steel vacuum sealed main chamber
with heater, vacuum pump and pump line separated thevacuum chamber bggate valve A
multiple-input flange for thedosingof reactantsvasconnected to reactant sourasstrolledby
pneumaticvalves andamagnetically coupled rotary manipulator rothtiee porous reactor inside
the main chamber to agitate the particles dutiregddeposition. The main chamber volumwas
about 2.5 drh Acetaminophen in powder form (Sigmddrich, 98i 101.0 %) wasused as
received. ALDfilms were growrusing as precursotemethylaluminum (TMA) SigmaAldrich,
98%), titanium tetrachloride (TiG) (SigmaAldrich, 98%), titanium(lV)isopropoxidéTTIP)
(SigmaAldrich, 99,999% trace metal bagis diethylzinc (DEZ) (&maAldrich, 98%) and

deionized waterTMA, TiCls, DEZ and water were vaporized from the source at a room



temperature while TTIRvas vaporized from the source at a temperatu@ab 70 °C. TTIP
water chemistry is a commonly used and studied procegd fdrand allows the growth of Ti©
at low temperatures suitable for organic and temperature sensitive matenalst al., 2008;
Ritala et al., 1993; Aarik et al., 2000; Knez et al., 2008)Pi water chemistry is also favorable

for avoiding HCI produabn, which isa byproducbf TiClsi water ALD chemistry.

Figure 1. Schematic diagram of rotary ALD particle reactor with, a) muHipfeit reactant dosing
flange, b) small porous metal cylinder inside the main vacuum chamber, c) capacitance
manometers to control the partial prags and d) magnetically coupl@otary manipulator to
agitate particles inside metal cylinder during the deposiReprinted with pemission from J. A.
McCormick et al. 2007J. Vac. Sci. Technol. 26, 67 © 2007 American Vacuum Society.

The selflimiting surface reactions taking place in the deposition of ALD metal oxides are
described in the literaturer TiO using TiChki H.O chemistry(Ferguson et al., 2004aj TTIPi
H20 chemistry(King et al., 2008)for Al>Oz using TMAI H2O chemistry(George, 201Q)and for
ZnO using DEZ' H20 chemistry(Elam and George, 2003)he reaction byroducts other than
isopropanol in the TTIPH20 process have included acetone, propene, waddmatroger(Rahtu

and Ritala, 2002)



The reactant exposure sequence for ealcB cycle was the following(McCormick et al.,
2007) 1) exposire of metal precursor a vapor pressure @.5 to 2 Torr 2) hold for metal
precursor reaction tim@&) pumpout excessmetal precursoand reaction products) dose N at
10 to 20 Torr for purging the reactd) pump out N, 6) expose HO at 1 to 2 Tory 7) hold for
H2O reaction timeg) pump out excess4® and reaction products) Qose N at 10 to 20 Torr for
purging the reactognd 10 pump out N. The reaction times weletweer60to 240s. Thepump
out timesused for the precursors were between 606 The N exposure time was 60 s and
pumpout time for the Nwas60 s. After ead reactant exposurand pump out 5 Nexposure
pump out purging steps were applied. Due to the low vapor pressure of TTIP it was exposed
multiple times at 0.5 Torr separated by 360 s pump out during the TTIP exposure step to ensure
enough reactant for ¢hentire surface area to be coated. The needed amount of reactant can be
estimated by using simple calculations based on the ideal gas law. The metal precursor partial
pressure was varied based on the particle load thimssirface area to be coatéthe estimation

for the specific surface area of acetaminophen wa¥dd. m

2.2 Thermal analysis of the particles

The thermal stability of acetaminophen and ALD coated acetaminophen was studied by
thermogravimetric analysis (TGA) using a Netzsch TG 209irstrument under nitrogen
atmosphere. The powder sample with an initial mass of 10 to 12 mg was placed in an alumina
crucible and a thermograph was recorded within a temperature range of 26 °C (299 K) to 1000 °C
(1273 K) with the heating rate of 10 KminA TGA measurement was also used to estimate the
composition of ALD oxide material in coated acetaminopBstimation for the composition was

performed at around 390 °C where the uncoated acetaminophen sample showed a complete mass
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loss. The residual mae$ ALD coated acetaminophen at 390 °C was considered to be ALD oxide.
This information was used to estimate the composition of ALD oxide material in coated
acetaminophen

Differential scanning calorimetry (DSC) Netzsch DSC 204 F1 was used to investggabahge
in enthalpy within the temperature range of 25 °C to 180 °C during the heabtigg cycles.
Two heatingcooling cycles were performed for each sample. Samples of around 10 to 12 mg were
heated and cooled in an aluminum pan, which was firdegesith an aluminum lid prior to
piercing the lid toavoid the pan deforming andsiag proper physical contact between the pan
bottom and the instrument thermoelement. The heating and cooling rate used was FdrKamin
dynamic inert N atmosphere witilow rates of 20 ml mirt for purging and 70 ml mih for
protective gas flow, respectively. The structure and the structural changes in acetaminophen and
ALD coated acetaminophen prior to and after DSC analysis were studied with attenuated total
reflectance Fourier transmittance infrared (ATRTIR) spectroscopy using a Nicolet 4700 FTIR

spectrometer with a Smart Orbit ATR accessory with a diamond crystal internal reflection element.

2.3.X-ray powder diffraction

X-Ray powder diffraction (XRPD) analysigas used to confirm the polymorphic form of the
acetaminophen and ALD coated acetaminophen sampld2D XPectra of powder samples were
collected by using a Bruker D2 PhaseRAy diffraction desktop systemwitiCu KU anode ( &
1.54184) at room temperatu The powder sample was loaded on a sample holder within the
cavities at the center part of the holder and pressed gently on the holder to form a packed round

shaped powder bed sample.
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2.4.Surface characterization of the particles

Untreated acetaminophen and ALD coated acetaminophen surface morphology, particle size and
conformality of ALD coating were analyzed by ussgcanning electron microscope with energy
dispersive Xray spectroscopy (SEMDS) (Hitachi S4800)The particle crosssection samples
were prepared withfocused ion bean scanning electron microscéiig-SEM) (FEI Quante8D
200i). The samples were coated with-Rd alloy and carbon prior to loading them into the-FIB
SEM 1o protect the iterface against ion beam dage.The protection was completedth anion
beam deposite®t layer just before the ion beam cutting. EDS elemental maps were measured
across the crossection surfaces with an Oxford INCA 350 EDS connected with the FEI Quanta
microscope. Beam energie®re 5 keV for the AlDs-coatedacetaminophesample and 10 keV

for the TiQ-coatedacetaminophesample.

2.5.Drug stability and releaseprofile

The acetaminophen degradation products and the drug release profile were determined by high
performance liqu chromatography (HPLC, Agilent 1260, Agilent Technologies, USA) using a
column Phenomenex 1sGEMA). The mabil phase Bsed:fon the detection of
acetaminophen and possible degradation products used was water at pH 3 and methanol (70:30,
v/v) with a flow rate of 1 ml mit and U\-detection of products set at a wavelength of 230 nm at
25 °C.In order to investigate the drug release, I13@MO0 ug of acetaminophen and ALD coated
acetaminophewere dispersed in 100 ml phosphate buffered $a¢ (PBS) pH 6.8 and buffer pH
1.2, and kept undestirring at 300 rpm while keeping the temperature at 37 °C. Then, 200 pL of
the PBS at pH 6.8 and buffer at pH 1.2 were withdrawn aterermined time points (2, 5, 10,

15, 20, 30, 60, 90,120, 180, 2880 min and 24 h) for HPLC analyses. The volume of the release

12



medium was retained constant by replacing 200 pul of the fresivgmmed release medium after
each sampling. The samples were then centrifuged at 2f@&82 min and the released amount
of acetaminophen was measured in the supernatant by the HPLC method described above. All

experiments were performed at least in triplicate.

2.6.Cell culture and viability assays

Thein vitro studies with the ALD powders were carried out on the human epithelial colorectal
adenocarcinoma Ca cell line (from American Type Culture Collection). The cells were
culturedin75craicul t ure fl asks (Corning IncedLiEfagl 8disce
medium (DMEM, HyClone). The medium was supplemented with 10% heat inactivated fetal
bovine serum (HIFBS, Gibco, Invitrogen), 1% sodium pyruvate (HyClone), 1% nonessential
aminoacids, 1% L-glutamine, penicillin (100 1U/t), and streptomycin (10éhg/ml) (all from
EuroCloneS.p.A). The cultures were maintained in a BB 16 model (Heraeus Instruments GmbH)
gas incubator at 37 °C in an atmosphere of 5% @@ 95% relative humidity. The growth
medium was changed every other day until the time of use-Zaells from passage numbers
351 40 were used in all the experiments.

Prior to each test, the cells were harvested using 0.25% (v/v)rttbsilenediamine
tetraacetic acidphosphate buffered sali(EDTA-PBS and seededtthedesired density. For the
toxicity assessment, 100 of a 2 x 16 cellsml* solution in DMEM were seeded in 9¢ell plates
(PerkinElmer Inc.) and allowed to attambernight The medium was then aspirated amelwells
were washed once with 10Ql of Hank 6 s Bal ana@H8SSSEhént 106t aut i o
solution prepared with ALRoated acetaminophg@owders in HBSS with concentrations of 200,

100, 50 and 15 pugl?, HBSS as negative control and TritoR1RO as a positive control were

13



added to the wells. After 3 h, 6 h and I24f incubationfor TiO2 (TiCls) and ZnO,and 24h of

incubation for AYOs and TiQ (TTIP), the wells were washed once with HBSS and I56f fresh

HBSS was then added to the wells along with BOfjihe CellTiterGlo® reagent assay (Promega
Corporation)accor ding to the manufacturero6s instruct
in culture is quantified based on the amountadénosine triphosphai{@&TP) produced by
metabolically active cells. Thus, the amount of ATP produced is directly iapalrto the

number of living cells presented in the culture. The plate was then measured for luminescence
using a Varioskan Flash fluorometer (Thermo Fisher Scientific). The luminescence of the sample
wells was then compared with their tirpaired contrts. The results are the averages of three

independent experiments and error bars represeant standard deviatiorSD).

2.7.Reactive oxygen species (ROS) determination

The experiments were performed as descrddsewhergBimbo et al., 2011)in brief, 100 pL
of a 2 x 10 cells m solution in DMEMwere seedeth 96-well platesand allowed to attach
overnight. The medium was then aspirated, and afterwards, 100f lLO pM 2 Nj, 7 Nj
dichlorofluorescin diacetatéDCFDA, Sigma Aldrich) solution was added to the wells and
allowed to incubatéor 1 h at 37 °C. The solution was subsequently removed and the wells were
washed with 100 lpof fresh HBSS. Therthe TiG; (TiCls) and ZnOALD powder suspensions of
concentrabns of 200, 100, 50, and 15 mg* were added to the wells, with hydrogen peroxide
treated cells (D2, 0.09%) used aa positive control, and HBSS treated as a negative control.
After incubating for 3 h and 6 h, the plate wells were washed with freshSH&hd DCF

fluorescence was measured in a Varioskan Flash (Thermo Fisher Scientific) with excitation and
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emission wavelengths of 498 and 522 nm, respectively. All the assays were conducted at least in

triplicateand error bars represent = SD.

2.8.Tumor necrosis factor alpha (TNFU) assay

The assessment of inflammatory response by measuringdTNP r oducti on was al ¢
in Cace?2 cells incubated with the ALD powder. An enzyimked immunosorbent assay
(ELISA) was conducted using a commercially isakzle kit (Human TNFU ELI SA ki t , Th
Scientific ). First,100 H of a 2 x 16 cells m™ solution in DMEMwere seeded in 9&ell plates
and allowed to attach overnight. The medium e aspirated, and afterwarthe wells were
washed with 100 lof fresh HBSS. Then, the ZnO ALD powder suspensions of concentrations of
200, 100, 50, and 15 pglthwere added to the wells, as well as HBE8%1 negative controhfter
incubating for 3 h, 6 h and 24khe supernatants were collected in Eppendorfs ancedto
immediately at80 °C for later analysis. Serial dilutions of human TMIF wer e t hen pr ep.
added to the wells of a 9@ell plate precoated with immobilized antibodies. The thawed
supernatants were subsequently centrifuged at 18,8620 minand the top fraction (50 ul) was
collected and pipetted into each well of the samavlb plate and incubated for 1h at room
temperature. The plate was then washed three times with wash buffer and 100 pl of Biotinylated
Antibody Reagent was added to thellw and subsequently incubated for 1h. The plate was further
washed three times with wash buffer and 100 pl of Streptavidin Horse Radish Peroxidase (HRP)
Reagent were added to the wells and incubated for 30 min. Then, the plate was again washed three
times with wash buffer and 100 ul &,3',5,5Tetramethylbenzidin€TMB) Substrate was added
to each well and incubated for another 30 min. After the last incubation time, 100 ul of Stop

Solution was added to the wells and the absorbance was measurednat 4688 550 nm in a
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Varioskan Flash (Thermo Fisher Scientififhe amount of TN®) pr esent i n each
determined by subtracting the absorbance values at 550 from the absorbance values at 450 nm to
correct from optical imperfection on the plate, ahdn calculating the total amount from the

standard curve of known amounts of human TWF

2.9. Statistical analysis

Results from the several tests are expressed as mean + SD from of at least three independent
experimentsA oneway anal ysis of variance (ANOVA), f o
comparison test was used to analyzectikviability, ROS levelsand TNFU i n d The tevelo n .
of significance was set at a probability of p 8®for *, p < 0.4 for **, and p <0.001 for ***,

The analysis was carried out using GraphPad Prism ¥(6:@phPad Software).

3.RESULTS AND DISCUSSDN
3.1.DSC

In order to confirm the crystalline statpowder Xray diffractograms Kigure S1) were
performed orpure acetaminophen and the ALD coated samples. The rdsglisg S1) indicate
that the crystal structure in all sampigsnonoclinic polymorph I. The change in peak intensities
is attributed to the preferred orientation (Shi and Sun, 2U&h)peratureand enthalpy of fusion
of acetaminophen and ALD coated acetaminophen sam@esimmarized ihable S1. TheDSC
scans from a thermal cycle of acetaminophen and ALBOAland TiQ (TiCls) coated
acetaminophen powdesse shown inFigure 2a Thermalcycling of acetaminophen has been
extensively reported in the literature, providing support for this andlyarchetti, 2001; Rossi et

al., 2003; Ledru et al., 2007; Trasi and Taylor, 2012élaand Leitner, 2012)The thermograph
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(a) inFigure 2arepresents typical behavior of the first heating and meltingefonoclinic form
(polymorphic form 1) of acetaminophen at 169 °C (onset value) with enthalpy of fusion of 168.3
J/gt. Both 20 and 50 ALD AlO; cycles coated acetaminophen powders melted eatséime
temperature as acetaminophen and with enthalpy of fusion of 167.4 and 162é&spegtively.
Clearly different behavior can be seerthe50 ALD TiO» (TiCls) cycles coated acetaminophen
DSC scan irFigure 2a (thermograph d)First anadditionalendothermic reaction can be seen at
159 °C with enthalpy of fusion of 2.761 3 fpllowed by the melting of form | at 172.7 °C with
enthalpy of fusion of 128.9 J'gThis enthalpy of fusion of form I is clearly lower than for any
other samples in thidwgly. It is evident tha& perceptible part of the acetaminophen surface has
transformed from form | to a different form or state. The system formed due to the AlD TiO
(TiCls) layer hasnearly the same melting temperature as the orthorhombic form (paigraor
form 1) of acetaminopherConsidering the thermal cycle that acetaminophen undergoes during
ALD coating procest is unlikely that theexisting form | would transform intiiorm Il. According

to literaturethis could happen if the form | is first nbedl, then cooled near room temperature and
heated again to over 70 °@.more likely explanation is that the Ti@TiCls) forms a binary
system together with the surface layer of acetaminophen, where the coating acts as an impurity
depressing the meltingopt of acetaminophen. Furthermore, it is known that binary systems of
acetaminophen and excipients decrease the initial melting temperature of acetamaruphen
reduce a degree of crystallinity of acetaminophen prodiRtssi et al., 2003; Kiova and
Leitner, 2012 Kayaly et al. 2014. Since the form | of acetaminophen remains as the main
component in the ALD Ti®(TiCls) coated acetaminophen the formed system is not a simple
eutectic system suggesting that only a surface reaction has takerpteermore, it is proposed

that by-productsfrom the processsuch as HG may transform some parts of the surface into
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amorphous via melting point depressitins possible that the endothermic reaction seen at 159
°C for the ALD TiO; (TiCls) samples due to acetaminophen crystallization from amorphous to
form 1l during the DSC measuremefithis mechanism would mean that Fi€bating prolongs
higher energy amorphous acetaminophen crystallizafibe. thermograph of 20 ALD cycles
Al203 and 50 cycles Ti®(TiCls) nanolaminate on acetaminopherFigure 2a (thermograph e)
shows that AIO3 coating protects acetaminophen from the formatioarmafxed system between
acetaminophen and TiQTiCls).

As a comparisonanother TiQ@ chemistry using TTIP and 4@ wasstudied (marked as TiO
(TTIP)). TheTTIP and HO chemistry is well studied for ALD Tiand can be used to avoid the
formation of HCI byproducts. A thermograph of an acetaminophen sample coated with TiO
(TTIP) in Figure 2b (thermograph djloes not showhe endothermic reaction at 159 °C observed
in TiO2 (TiCls) sample indicating that the formation of a binary system detected by DSC can be
avoided by using TTIP as the precursor. J{@TIP) grown sample melts at 168.7 °C with
enthalpy of fusion of 195.7 g*. The thermograph of the ZnO coated acetaminophen sample in
Figure 2b (thermograph cyeveals similar behavior to uncoated acetaminophefigare 2b
(thermograph aand TiQ (TTIP) coated sample, where it melts at 169.2 °C with the enthalpy of
fusionof 181.9 J ¢. A decrease in melting point due to the ALD coating substance present in
acetaminophen can be observed from the thermographs and data of the 50 efg|e&sDAlycles
TiO2 (TiCls) and AbO3z and TiQ (TiCls) nanolaminate samples shownFigures 2a and 2b and
in Table S1. The hermograph of 50 cycles T¥@TTIP) in Figure 2b (thermograph dhas the
same melting temperatues uncoated acetaminophen where a slight peak broadening towards
lower temperature is observable. The thermograph of ZnO coated acetaminopiguren2b

(thermograph chas the same melting temperature with uncoated acetaminophen and possess no
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peak broaddng. In pure substances the melting cuginee a symmetric peawhile in impure
substances the melting temperature decreases and the curve appears broader and asymmetric. The
theory of thermodynamics of tamomponent systems allows the determination ofpilngty of

eutectic mixturegHohne et al., 1996)

Figures 2c and2d show DSC thermographs after reheating the amorphous samples from the
first heatingcooling DSC cycle. The temperature with enthalpy of crystallization and fusion are
summarized inTable S2. A thermograph(a) In Figure 2c depicts a typical thermograph of
acetaminophen, where it crystallizes into the polymorph Il at 79.4 °C under thermal cycling, then
crystallizes to polymorph Il before melting at 156.9 °C (peat at 163.6 °C) with entHdlpsian
of 167.7 J g. Crystallization into polymorph Il is immediate after the crystallization of polymorph
lll since no exothermic reaction can be seen in the thermograph. In the presence of ALD coating
material the crystallization into the polymorghis shifted to higher temperatures, which appears
to increase with the coating thickness, i.e., amount of ALD material in the mixture. This can be
seen as an increased crystallization temperature for the 50 cycl®s @dated sample
(thermograph c ifrigure 2c) compared tdhe 20 cycles AlOs coated samplethermograph b in
Figure 2c). Crystallization into polymorph Il is visible and measurable for the samples with Al
and TiQ (TiCls), which is shown as an exothermic transition at near 140 °C in thermographs (b
e) inFigure 2c. Furthermore, the thermographs of both 50 cycle®2&nd TiQ (TiCls) clearly
show the melting of the polymorph Il at 137.5 and 142.1 °C, respectivelyisTbitowed by the
exothermic transition (crystallization into the polymorph II) before melting takes place at 161 °C
and 160.8 °C, respectively. Similar behavior has been observed with mixed systems of
acetaminophen and polymers, where the amount of golymhe mixture has been 1015 w%

(Trasi and Taylor, 2012).
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Figure 2d presents a comparison between samplés50 ALD cycles of A}O3, TiO2 and ZnO.
The thermograph of the samples having ZnO (thermographFeggure 2d) and TiQ (TTIP)
(thermograpid in Figure 2d) have slightly different behavior compared to samples witOAl
and TiQ (TiCls). The thermograph of the sample with ZnO shows exothermic transition at 79.4
°C attributed to the crystallization into polymorph Il followed by the crystdlbrainto
polymorph Il (seen as a small alteration in the thermograph at 135 °C) before melting of polymorph
Il at 156.8 °C with enthalpy of fusion of 176.1 3. §he thermograph of the sample containing
TiO2 (TTIP) shows the exothermic transition at 81.6 °C attributed to the crystallization into
polymorph 11l followed by crystallization into polymorph 1l at 136.7 °C before melting of

polymorphll at 156.7 °C with enthalpy of fusion of 171.43. g
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Figure 2. DSCthermographs during the first heating cycle of pure acetaminophen and ALD oxide
coated acetaminophen (a andabyl duringthe second heating cycle of pure acetaminophen and
ALD oxide coated acetaminophen (c andvith the heating rate of 10 K nifrin a dynamic inert

N2 atmosphereThe scans have been offset vertically for clarity.

3.2. Thermogravimetric analysis(TGA)

Thermogravimetric curves and differential thermogravimetric (DTG) curves, presenting the rate
of mass lossat certain temperaturegf acetaminophen and ALD oxide coated acetaminophen
obtained during heating inoMwre shown irFigure 3. The mass loss and mass loss rate during the
thermogravimetric measurement of acetaminophen and ALD coated acetaminophen samples at

different temperatures are also summarized@iahle S3 All the samples are stable up to around
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270 °C. This onsetemperature at which the mass loss starts to increase rapidly has been
extrapolated from the thermographs. All the coated samples regardless of the coating material or
thickness have slightly lower onset temperature compared to untreated acetaminepberear

265 °C. It seems that at this thickness range ALD coating has a negligible eftaettioarmal

stability of acetaminophen. A closer look at the thermogravimetric cufigasré 3 insets) reveals

a difference in mass loss between the samples él®wnset temperature of 265 °C. The mass

loss at 150 °C for bare acetaminophen is approximately 0.03%, indicating that acetaminophen
itself has very low content of volatile species, such as absorbed water. All the ALD coated
acetaminophen samples (besidEnO) have higher mass loss at 150 °C than untreated
acetaminophen attributed to desorption of volatile species from the coating. Negative residual mass
of ZnO at 150 °C is due to an error in thermogravimetric data based on the buoyancy effect, caused
by the decrease of the gas density when heated. Considering the initial sample mass to the point
where the mass is the highest due to the buoyancy effect (at 55 °C for the ZnO sample), the mass
loss for the ZnO coated sample at 150 °C is 0.14%. By applyenggiime consideration to the rest

of the samples the mass losses for the untreated acetaminophen, 20 e@eles0Adycles AO3,

50 cycles TiQ (TiCly), 20 + 50 cycles Az and TiQ (TiClys), TiO2 (TTIP) are 0.19 %, 0.26 %,

0.30 %, 0.59 %, 0.44 % and 0.24 %, respectivEhys assumes th#le initial sample weight to

the highest point of the gained mass due the buoyancy effect does not change the order of the mass
losses between the samples. Th®Zoated sample has the lowest mass loss at 150 °C indicating
least volatile species in the sample. The highest mass loss ofTi@@s) coatedacetaminophen

at 150 °C may be due to desorption of a binary system component detected also in the DSC
measureent (in addition to desorption of impurities from the coating). This eutectic system has a

lower melting point and may start to decompose the>-gi€@taminophen complex around the
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eutectic onset temperature of 153.7 °C found in DSC. This is clearly ab&erfrom the
thermogravimetric curve of TiEXTiCls) deposited acetaminophen sample as a sudden decrease in
residual massHjgures 3a and3b insets), and as a sudden increase in the mass loss rate at around
152 °C figures 3c and 3d insets). The lower madoss ofthe nanolaminate sample having 20

cycles AbO3z underneath the Ti®(TiCls) indicates the protecting characteristics of 20 cycles
Al203 from the effect of TIQ(TiCls). As found in DSC the formation of a binary system between
acetaminophen and T¥{TiCls) is not completely blocked with 20 cycles>®k. This is also
observable in the DTG curve for the nanolaminate sample, where the increase in the mass loss rate
is shown around 152 °C. Similar increase in mass loss rate is not observable forcyicée20

Al>03 sample. TiQ (TTIP) has lower mass loss at 150 °C than2I{OCl4) suggesting lower

amount of volatile species in the sample. The mass loss increases for all of the samples at the
melting temperature of acetaminophen (the onset temperature is 169 °C and the peak temperature
is 175 °C) stillis less than 1 %. At the onset temperatiwd GA the mass loss for all of the
samples is around 20%. All the ALD coated samples have a slightly lower decomposition
temperature than untreated acetaminophen denoted by the inflection point (the greatest mass loss
rate of the sample) in the derivagithermogravimetric curves kiigures 3c and3d. The inflection

point from DTG for the untreated acetaminophen is at 310 °C, while for the ALD coated
acetaminophen samples it is around 300 °C. After the inflection point the mass loss rate decreases
rapidlyfor all the samples except the 50 cycleglcoated acetaminophen by levelling off close

to zero after around 320 °The50 cycles AlOs coated acetaminophen sample continues the mass
loss with higher rate compared to the other samples indicating stabde decomposable
carbonaceous species in the samples. The mass loss of the acetaminophen sample at 388.5 °C

becomes zero, which has been used as an observation point for further analysis. The mass loss at
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388.5 °C for acetaminophen, acetaminophen coattd 20 cycles AlOs, 50 cycles AlOs, 50

cycles TiQ (TiCls), nanolaminate of 20 cycles &) and 50 cycles Tie(TiCls), 50 cycles TiQ

(TTIP) and 50 cycles ZnO are 99.53 %, 98.48 %, 93.05%, 94.62%, 95.38%, 95.72% and 93.62%,
respectively. Subtractingé mass loss from the initial sample weight results in the residual masses

of 0%, 1%, 6.44%, 4.83%, 4.16%, 3.87% and 6.02%, denoting the residual sample masses of 0,
0.11, 0.67, 0.53, 0.49, 0.49, and 0.83 mg, respectively. By assuming that the residuzi tmas
samples at 388.5 °C contains mostly ALD oxide material, the ratio of the active pharmaceutical
ingredient to the total content of the drug formulatioe, drug loading, can be defined. The
assumption that the residual mass at 388.5 °C contaegynALD oxide material is reasonable

since the DTG values and the mass loss rate of ALD coated samples are smaller or at least the
same as the mass loss rate of acetaminophen sample at this temperature. The drug loading

estimated based on the residuabmtor all of the ALD coated samples is above 90%.
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Figure 3. Thermogravimetric curves of acetaminophen and ALD oxide coated acetaminophen
obtained during the heating i and b), and differential thermogravimetric @)Tcurves of
the same samples, presenting the mass loss rate at certain temperature (c and d).

3.3.ATR-FTIR

The IR spectra shown iRigure 4 indicate that all the same assignments of the bands to
acetaminophen and ALD coated acetaminophen samples can be attributed to the monoclinic form
(polymorgh 1) of acetaminophen. The assignments of the bands associate to the functional groups
including the monoclinic band at 806 ¢NH bending at 1562 cty aromatic C=C stretching at
1608 cmt, C=0 amide stretching at 1651 €nphenolic OH stretchingetween 30003500 cm

1 and NH amide stretching at 3322 tifTrasi and Taylor, 2012; Kaialy et al., 2014; Qi et al.,
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2008; Zimmerman and Baranovic, 2011; Zhao et al., 20IH4g. IR spectra of ALD coated
acetaminophen do not reveal any structural chamgeseitaminophen when compared to uncoated
acetaminophen. This does not rule out the possibility of chemical reactions between the
acetaminophen and nanoscale ALD coating since the penetration depth -6TTARRS typically

higher than 0.5 pm. However, tBensitivity of ATRFTIR is improved by higher surface area of

the particle samples compared to a single planar sample. This benefit can be seen especially from
the IR spectra of 50 cycles TiQTTIP) and ZnO samples between 3000 and 3508 @Fgure

4e ard 4f), where the increase in intensity of OH stretching vibration attributed to the OH in ALD

oxide coating is observable.
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Figure 4. ATR-FTIR spectra opowder samples of a) untreated acetaminophen, b) 50 cycles ALD
Al203 on acetaminophen, c) 50 cycles ALD i(TiCls) on acetaminopn, d) 20 cycles ALD
Al203 + 50 cycles TiQ (TiCls) on acetaminophen, e) 50 cycles T(@OTIP) on acetaminophen,
and f) 50 cycles ZnO on acetaminophen.
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3.4.SEM/EDS analysis

Scanning electron microscopy images of uncoated and ALD coated acetaminophen particles in

Figure 5 confirm theirregular shape and size distribution of the particles. Deposition on

acetaminophen does not indumey apparent change in particle shape or size distribution or in

surface properties, which is revealed in the higher magnification imageguires 5b, d, f, h and

J. To confirm the existence and uniformity of ALD oxide coating on acetaminophen, energy

dispersive Xray spectroscopy (EDS) elemental mapping and point spectrum collection were

performed on the ALD coated acetaminophen samples.
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Figure 5. SEM images of a and b) untreatt
acetaminophen powder sample, ¢ and d) 50 cycles /
Al>0Os3 coded acetaminophen sample, e and f) 50 cy«
ALD TiO2 (TiCl4) coated acetaminophen sample, g ¢
h) 50 cycles TiQ@ (TTIP) coated acetaminophe
sample, and i and ) 50 cycles ZnO coat
acetaminophen sample.
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The elemental magng from images shown iRigure 6 confirms the uniform distribution of
metal elements (Al, Ti, Zn) on the acetaminophen particle samples, indicating uniform ALD metal
oxide deposition over the particles. The presence of ALD oxide coating on individiigbsavas
further demonstrated by the EDS point analgsighe particle surfaces and elemental mapping
across the particle crosection surfaceThe images irFigure 7 show points where EDS point
analysis were done. The EDS point analysis confirmeaxistence othe metal element from
ALD oxide in each point measured except the point for spectrurkigume 7cindicating absence
of ALD coating. The difference between the areas on the individual particle showed by spectra 5,

1 and 6 is evident.

Figure 6. Elemental mapping of-B) 50
cycles ALD AkOz coated acetaminophe
sample, ed) 50 cycles ALD TiQ (TiCly)
coated acetaminophen samplef) &0
cycles TiQ (TTIP) coated
acetaminophen sample, andhy 50
cycles ZnO coated acetaminoph
sample by SEM witlEDS
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Figure 7. SEM images of point spectrum collected from a) 50 cycles ALBOAlcoated
acetaminophen sample, b) 50 cycles ALD A{T0Cl4) coated acetaminophen sample, c¢) 50 cycles
TiO2 (TTIP) coated acetaminophen sample, and d) 50 cycles ZnO coatachimcgthen sample
by SEM with EDS.

The aea pointed to by spectrum 5 is very smooth representing plane acetaminophen surface
similarly to images irFigure 5a and5b for acetaminophen without ALD coating, while the areas
on the same particle pointed to by the spectra 1 and 6 appear rdtipBeekmentalmapping
across the particle cresgctions shown ikigure 2Srevealsthatthe X-rays originating from the

coating material (Al Ka in AOs and Ti Ka in TiQ) are localized on areas close to the top surface
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