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HIGHLIGHTS GRAPHICAL ABSTRACT

e SASD yielded naproxen crystalline Form
1 particles in an amorphous sorbitol
matrix. Supercritical CO, assisted spray drying

¢ SASD yielded a partially crystalline F
indomethacin-sorbitol mixture. i

e SASD produced naproxen and indo-
methacin particles in the range of
0.4-7.6 yum.

e The sorbitol matrix dissolved upon
contact with water releasing naproxen
particles.

e COSMO-RS modelling and DSC provided
insights into the API-sorbitol system.

<o,line

0.1% w/y Tween 20
0.1% w/y Poloxamer 188

ISR (Form 1) + EESEE] (amorphous)

Do experiment 12 using SASD

ARTICLE INFO ABSTRACT

Keywords: Co-spraying active pharmaceutical ingredients (APIs) with excipients is a strategy to create excipient matrices

Active phafmaceutical ingredients containing API particles to address formulation challenges such as the reconstitution of powders into homoge-

PM".lymOIP}.“lsm neous suspensions. In this work, indomethacin and naproxen were co-sprayed with/without sorbitol using su-
icroparticles

percritical CO5-assisted spray drying (SASD), followed by particle collection in a filter paper, and resuspension in
an aqueous excipient solution. SASD yielded particles in the range of 0.4-7.6 um, naproxen crystalline Form 1
particles in an amorphous sorbitol matrix, and a partially crystalline indomethacin-sorbitol mixture. Most
naproxen-sorbitol mixtures successfully constituted homogenous microparticle suspensions where sorbitol ma-
trix dissolved upon contact with water releasing naproxen particles, while indomethacin-sorbitol mixtures were
not reconstitutable and not studied further. The API-sorbitol interactions were studied in detail by thermal
analysis and COSMO-RS modelling. Overall, the work presented herein provides a better understanding of co-
spraying of APIs with excipients for the formulation of reconstitutable dried microparticles.

Supercritical CO,
Design of experiments
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1. Introduction

Particle size reduction has become an increasingly popular strategy
to enhance the dissolution rate of active pharmaceutical ingredients
(APIs) with low aqueous solubility such as those falling into the Bio-
pharmaceutics Classification System (BCS) class II. According to the
Noyes Whitney equation, smaller particles have a higher surface-to-
volume ratio which implies an enhanced contact with water mole-
cules, and thus, an enhanced dissolution rate [1-3]. Nano- and micro-
particles are commonly formulated as crystalline particles in aqueous
media containing stabilizers/excipients for parenteral administration
[2,4-8]. In this case, the dissolution rate upon parenteral administration
depends on the surface area of the crystals and the dissolution kinetics at
the targeted tissue fluid [7,8]. Accurate control over the API solid form
and particle size in aqueous suspensions is of paramount importance to
ensure the desired drug release and efficacy during administration. This
strategy can contribute to enhanced treatment of various diseases, for
instance through their formulation as long-acting injectables (LAIs).
Long-acting formulations typically release a drug for long periods (e.g.
weeks to months) replacing the need for daily medication and thus
improving patient adherence, convenience, and compliance [7,8].

The pharmaceutical industry follows two approaches to manufacture
parenteral aqueous particle suspensions: ready-to-use (RTU) suspen-
sions and powders for injection (also known as lyophilised powders for
injection, two-vial approach or reconstituted mixtures). RTU suspen-
sions have been successful in the delivery of small-volume parenteral
formulations as these are contained in a closed system without the need
for further manipulation [9]. Among parenteral commercial approaches,
RTU suspensions are easier to administer, prevent risks related to the
handling (e.g. preparation or calculation errors), and require less time
for preparation [9]. Conversely, powders for injection need to be
reconstituted into a suspension that can be injected [10]. For the latter
approach, during the reconstitution and dilution process, it is key to
achieve the right dose and stability of the parenteral formulation [10].
Reconstituted mixtures need to be handled by a medical professional to
ensure sterility and dose accuracy, and thus, the process is prone to
human errors [9-13]. However, powders for injection ensure that pa-
tients receive the accurate dose of medication as prescribed, giving
greater flexibility in terms of dosing and administration and making it
easier to customize the treatment for individual patients. Another key
advantage of the latter approach is better long-term stability in com-
parison to RTU suspensions. Thus, a larger number of APIs can be
formulated as powders for injection, due to the extended shelf stability,
and solvents or excipients required for long-term stability, which might
cause side effects, can be avoided. Overall, powders for injections offer
several advantages over other forms of pharmaceuticals and are a good

Table 1
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choice for drugs that require dosing flexibility and improved stability.

Typical methods to produce crystalline nano- and microparticles for
the preparation of parenteral aqueous suspensions can be divided into
top-down and bottom-up approaches. Bottom-up techniques build up
particles from the molecular level where the control over particle
properties such as the particle size distribution, morphology, and solid
form is generally more feasible compared to top-down methods [14,15].
Conventional bottom-up techniques (e.g. liquid antisolvent precipita-
tion, solvent evaporation) for the production of API particles require the
use of organic solvents and extra steps to remove them from the final dry
product. Conversely, techniques based on supercritical CO, can remove
the organic solvent during processing and thus, overcome this limitation
and also provide accurate control over the physicochemical properties of
API particles in the micro- and nanometric range [16-20]. The dry
product free of organic solvents can be obtained with supercritical CO,
technology. Supercritical CO, can be used in various techniques to
produce drug particles by acting as a solvent, antisolvent, on additive
[19,21]. The main function of the supercritical CO2 in the technique
used in this work, namely supercritical COy-assisted spray drying
(SASD), is to enhance the atomisation step. The desired particle size and
solid form can be achieved with SASD by adjusting distinct processing
parameters, such as the composition and ratio of the components of the
sprayed solution (e.g. organic solvent, active pharmaceutical ingredient
(API), excipient), the API solution and CO, flow rates, pressure, tem-
perature (drying chamber and nozzle), and nozzle parameters (e.g.
number of orifices, orifice diameter) [16-19,21,22]. The API model
systems used in this work are indomethacin and naproxen, which belong
to the BCS class II. There have been papers reported in the literature
addressing particle production of these APIs using COy-based atom-
isation techniques [23-26]. For instance, naproxen crystalline particles
with a median particle diameter of 10 ym were produced using
depressurization of an expanded liquid organic solution (DELOS) [23].
Regarding indomethacin, cocrystals of this API with saccharin have been
reported in the literature using supercritical fluid enhanced atomisation
(SEA), and in combination with excipients that act as carriers such as
PLGA and chitosan with supercritical assisted injection in a liquid
antisolvent (SAILA) and supercritical assisted atomisation (SAA),
respectively [24-26]. Moreover, microparticles of indomethacin pre-
senting the a polymorph have been produced by Rodrigues et al. using
the SEA method [27]. To the best of our knowledge, neither of these APIs
has been processed using the SASD method, particularly to generate a
reconstitutable powered formulation.

In this work, indomethacin and naproxen were sprayed using SASD
with and without sorbitol followed by their collection in a filter. The
hypothesis is that co-spraying each API with a water-soluble excipient
(sorbitol) would facilitate the reconstitution of the spray-dried powder

Experimental conditions used in CO,-assisted spray drying runs for a Design of Experiments (DoE) using naproxen and indomethacin as API model systems.

DoE experimental run Solvent Co-sprayed excipient P (MPa) Fliquid Fiquid Fco2 (8/min) Riiquid/co2 % 100
(mL/min) (g/min)?
1 Methanol No excipient 10 0.1 0.081 25 0.324
2 15 0.1 0.081 40 0.203
3 15 0.4 0.324 40 0.810
4 10 0.4 0.324 25 1.296
5 Acetone 10 0.1 0.081 25 0.324
6 15 0.1 0.081 40 0.203
7 15 0.4 0.324 40 0.810
8 10 0.4 0.324 25 1.296
9 Methanol Sorbitol 10 0.1 0.083 25 0.332
10 15 0.1 0.083 40 0.208
11 15 0.4 0.332 40 0.830
12 10 0.4 0.332 25 1.328

P: pressure inside the high-pressure nozzle. Fijquiq: mass solution flow rate. Fcoo: mass supercritical CO, flow rate. Rjiquid/co2: mass flow-rate ratio of the solvent to
supercritical CO,. For all CO,-assisted spray drying experiments, the sprayed volume was 20 mL, temperature in the nozzle and drying chamber was 50 °C, con-

centration of API and Sorbitol was 20 mg/mL each.

2 Densities used for acetone and methanol were 0.790 g/mL and 0.791 g/mL, respectively.
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CO, system

Nitrogen system

Solvent system

Fig. 1. Schematic diagram of the SASD process featuring two particle isolation
strategies used in this work: (1) particle isolation in a filter paper; (2) particle
isolation in an aqueous excipient solution. A, CO, cylinder; B, cooler and gas
compressor; C, CO, storage vessel; D, temperature-controlled (TC) water bath;
E, compressed nitrogen; F, API solution flask; G, HPLC pump; H, high-pressure
nozzle; I, nozzle heater; J, drying chamber heating unit; K, drying chamber; L,
Filter; V1,2,3, valves; PC: pressure controlled.

into a suspension. During the reconstitution process of the dried powder,
the aqueous-soluble excipient would act as a matrix for the API particles
by facilitating their redispersion [28]. Sorbitol has been used in com-
bination with the studied APIs, for instance in commercial oral sus-
pensions of indomethacin (Indocin) [29] and naproxen (Naprosyn) [30],
and it is a common excipient used to enhance particle resuspension
behaviour of dry powders produced via conventional spray-drying and
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has been used in intramuscular injections at concentrations up to 25%
[31-33]. The main aim is to assess if the SASD process is suitable to
produce crystalline API particles for reconstitution into aqueous
suspensions.

2. Materials and methods
2.1. Materials

Indomethacin (99% purity) and naproxen (98% purity) were pur-
chased from Baoji Guokang Bio-Technology Co. Ltd. (China). D-Sorbitol
(>98%) was purchased from Sigma Aldrich (Germany). Poloxamer 188
(Kolliphor P 188) and Tween 20 were purchased from Sigma Life Sci-
ence (Ireland). Acetone (>=99.8%) and methanol (HPLC grade) were
purchased from Fisher Chemicals (Ireland). Carbon dioxide (99.98%)
was supplied by BOC (Ireland). Purified water was freshly prepared
using a Milli-Q Advantage A10 Merck Millipore (Denmark) water puri-
fication system.

3. Methods
3.1. Solution preparation

Acetone and methanol were used as solvents. The solvent selection
was based on the solubility of the APIs (naproxen and indomethacin)
and sorbitol in each solvent. Indomethacin and naproxen are highly
soluble in acetone [34,35]. As sorbitol is insoluble in acetone, methanol
was selected as a solvent in the experiments where sorbitol was used
(DoE experimental runs 9-12, Table 1) [36]. For each experimental run,
400 mg of the API was dissolved in 20 mL of solvent. In the DoE
experimental runs 9-12, 400 mg of sorbitol were added to the API
methanol solution. The ratio of API:sorbitol was set to 1:1 (w/w) based
on previous screening experiments (not included in this manuscript)
where higher proportions of sorbitol led to nozzle blocking during su-
percritical COy-assisted spray drying (SASD). The API solution (with/-
without sorbitol) was sonicated for 10 min and filtered using a Fisher
brand PFTE 0.2 um filter paper, prior to SASD.

A B

Fig. 2. Colour code visual macroscopic classification and assessment of the resuspension of the SASD samples. A representative example of each case is presented. (A)
In red: Homoaggregated particle suspension: Visible particles and transparent media. (B) In yellow: Homoaggregated particle suspension: Visible particles and
opaque media. (C) In green: Homogeneous particle suspension. Created with BioRender.com.
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3.2. Supercritical COy-assisted spray drying (SASD)

Fig. 1 shows the schematic representation of the experimental setup
used for supercritical CO»-assisted spray drying (SASD). It consists of
two distinct systems, namely, the solvent and the CO; systems, pumped
independently into a coaxial nozzle (H in Fig. 1) using a Waters 515
HPLC pump and a Teledyne ISCO 260D pump, respectively. The API
solution and the supercritical COy mix and are atomised through a
stainless-steel coaxial nozzle with a mixing volume of 0.1 cm? (thickness
of nozzle disk is 0.5 mm, with 5 x40 pm orifices array and a cross
pattern with 500 um spacing). The temperature in the nozzle is
controlled using a CSi8D benchtop controller and heating resistors
(Omega, UK) and maintained at 50 °C. The API solution is atomised into
a 1000 cm® drying chamber (K in Fig. 1) which is surrounded by a
OMEGALUX rope heater (Omega, UK) (J in Fig. 1) which maintains the
drying chamber at 50 °C to facilitate evaporation of the organic solvent
once the API solution is atomised. A constant flux of nitrogen at room
temperature is circulated through the drying chamber from the top.
Finally, the spray-dried particles (together with the CO3, N3 and organic
solvent gaseous feeds) exit the drying chamber.

When the particles exit through the drying chamber (K in Fig. 1)
outlet, they are collected in a filter paper. The filter paper traps the API
dried particles, while the CO,, N3, and solvent vapour pass through it.
The particle collection unit (L in Fig. 1) consists of a metal filter and a
Whatman 90 mm Cat 1001 090 filter paper (200 nm pore size). The
samples were harvested and stored in vials inside a desiccator before
characterisation, to prevent the occurrence of polymorphic conversions
over time. An anti-static gun was used in the cases where the powders
were electrostatic. Later, the ability of the API particles to constitute a
homogeneous suspension was explored. In the protocol established,
1 mg of each sample produced by COj-assisted spray drying (DoE
experimental runs 1-12, Table 1) was added to 1 mL of “Aqueous so-
lution 1” (0.1% w/v poloxamer 188% and 0.1% w/v Tween 20 solution),
or “Aqueous solution 2” (1% w/v poloxamer 188% and 1% w/v Tween
20 solution). The composition of the aqueous suspensions was selected
according to the target application. Poloxamer 188 and Tween 20 are
excipients commonly used for parenteral use that stabilise hydrophobic
particles [37,38]. Then, the suspension was manually shaken for 30 s.
Subsequently, it was assessed macroscopically by placing the vial in
front of a black background and illuminating it with a flashlight. If the
suspension was determined as homogeneous (Fig. 2C), another 1 mg
was added further until macroscopic aggregates appeared, and thus
homoaggregation occurred. Homoaggregation was also characterised
using optical microscopy as per Fig. S5 in the Supporting information.
The homoaggregated samples were classified into two different cate-
gories (Fig. 2): a transparent suspension with macroscopic aggregates
(Fig. 2A), and an opaque suspension with macroscopic aggregates
(Fig. 2B). The objective of this approach was to successfully produce a
reconstitutable powder and characterise the successful suspensions.

To isolate the API particles from the excipient aqueous solution and
sorbitol, a 10 mL particle suspension was placed in a centrifuge vial and
centrifuged for 10 min at 5000 rpm (Eppendorf centrifuge 5810 R,
Germany). The supernatant was removed, leaving the sediment at the
bottom of the vial. The sediment was resuspended in deionised water,
followed by another centrifugation cycle to remove possible residual
water-soluble constituents of the suspension (poloxamer 188, Tween 20,
and sorbitol), thus, isolating the hydrophobic APIs. Finally, the sediment
(API particles) was used for further characterisation.

3.3. Design of experiments (DoE)

A 3-factor 2-level Design of Experiments (DoE) was used to assess the
influence of pressure, temperature, type of solvent, and presence of
excipient/matrix former (sorbitol) on the particle size and solid form of
the API particles produced using the SASD method. The solvents were
selected according to the solubility of the APIs (indomethacin,
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naproxen) and the co-sprayed excipient (sorbitol). Table 1 lists the SASD
processing conditions used in this DoE. In the Supporting Information,
Fig. S1 presents a schematic of the DoE listed in Table 1. The tempera-
tures of the nozzle and the drying chamber were set at 50 °C, the API
concentration was 20 mg/mL (value based on the solubility of the APIs
in the organic solvents), and the volume of API solution sprayed was
20 mL. The minimum (10 MPa) and maximum (15 MPa) values for the
pressure were selected in accordance with the limits of the SASD
equipment used and the minimum pressure required to ensure having
CO2 in the supercritical state [22,39]. The APILsorbitol ratio was
established as 1:1 (w/w). Preliminary experiments (not presented in this
manuscript) using higher sorbitol concentrations led to nozzle clogging.

3.4. Solid-state characterisation and particle size analysis

3.4.1. X-ray powder diffraction (XRPD)

X-Ray Powder Diffraction (XRPD) in reflection mode was performed
at ambient conditions using an X' Pert PRO MPD XRPD (PANalytical,
Philips, Germany) and an Empyrean diffractometer (PANalytical, Phi-
lips, Germany), both equipped with Cu-a radiation (A = 1.5406 A)ata
voltage of 45 kV, and a current of 40 mA. The instruments were oper-
ated in the continuous scan mode and the samples were analysed in the
angular range 4-35° (20) with a step size of 0.013° (26) and a measuring
time per step of 18.87 s

3.4.2. Fourier-transform infrared spectroscopy (FT-IR)

The Fourier-Transform Infrared Spectroscopy (FT-IR) spectrum of
the samples produced with SASD was measured at ambient temperature
using the Nicolet iS50 FT-IR spectrometer (Thermo Fisher Scientific,
USA). Approximately 5-10 mg of the samples were spread on a crystal
with a pushing arm. Each spectrum was collected at wavelengths
ranging from 4000 cm™! to 400 cm ™! using an attenuated total reflec-
tion (ATR) accessory for the analysis of powders, and 64 scans were
collected for each sample with a resolution of 4 cm ™!,

3.4.3. Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was performed using a
Netzsch Polyma 214 DSC (Netzsch, Germany) that was calibrated using
Sn (Tin) as a reference. Samples (5-10 mg) were crimped in non-
hermetic aluminium pans (25 pl) and scanned at a heating rate of
10 °C/min from 25 °C to 200 °C (above the melting temperatures of
indomethacin and naproxen) under a nitrogen purge of 50 mL/min. The
instrument was equipped with a refrigerated cooling system. The sam-
ples were stored in a desiccator and the DSC analyses were performed 2
weeks after producing the CO,-assisted spray-dried powdered samples
where the solid stability of the powder was also studied. The physical
mixtures containing sorbitol and API mixtures were prepared by gentle
grinding using a mortar and pestle for a short period (~ 2 min).

3.4.4. Scanning electron microscopy (SEM)

The SU70 Hitachi and Carryscope JEOL (Hitachi, Japan) SEM in-
struments were used to take images of the particles collected in a filter.
Each sample was carefully placed on a carbon tape previously stuck to
an SEM 15 mm stub. Then, it was coated with a gold deposit using an
Emitech K550 (Emitech, UK) instrument at 20 mA and for 2 min. The
samples were imaged in field-free mode at a voltage of 10 kV and a
working distance of 10 mm. At least 10 images were taken to verify the
uniformity of the samples. The average particle sizes were measured
using the Image J software. A minimum of 100 particles per sample were
measured to assess particle size.

3.5. Process yield
The process yield was defined as the amount of powder collected in

the filter relative to the amount of solid dissolved in the feed solution
(Eq. 1).
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Table 2
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List of solid forms and average particle sizes obtained for indomethacin and naproxen produced by SASD. The solid-state of the samples was analysed by XRPD and the
particle sizes were measured by SEM. The yield obtained for each experiment was calculated according to Section 2.2.6.

DoE Experimental run Indomethacin Naproxen
Solid-state Particle size (um) Yield (%) Solid-state Particle size (um) Yield (%)
1 Amorphous 1.43 +0.80% 111 Form 1 1.13 £ 0.61 7.7
2 Amorphous 0.81 +0.39 29.7 Form 1 0.44 +0.27% 22.3
3 Amorphous 0.88 £ 0.51 5.0 Form 1 0.77 £ 0.51 13.6
4 Amorphous 1.30 + 0.89° 3.9 Form 1 1.16 + 0.57 1.6
5 Amorphous 2.58 £ 2.95% 9.1 Form 1 1.73 £1.11* / 1.41 + 1.03¢ 10.3
6 Amorphous 1.36 £ 0.95 8.1 Form 1 0.80 + 0.49% 6.0
7 Amorphous 1.73 +£0.93 5.4 Form 1 0.69 + 0.33 2.6
8 Amorphous 2.09 + 1.63% 19.1 Form 1 1.34 +0.83 / 1.48 + 1.20° 19.2
9 o+ yb 6.86 & 5.23% 5.8 Form 1 3.22 £1.37% / 1.55 + 0.87¢ 13.0
10 o+ yb 1.51 +1.03° 22.8 Form 1 1.24 + 0.89% 12.3
11 o+ yb 4.06 + 4.85% 5.4 Form 1 1.39 +0.82% 14.7
12 o+ yb 7.59 + 4.29% 10.5 Form 1 3.19 +1.76% / 2.00 + 1.30° 28.0
a Particles presented irregular morphologies and/or particles aggregates/agglommerates.
b A significant amorphous halo was observed in the XRPD patterns (Fig. 3).
€ Particle size measured after resuspension/reconstitution as per Section 2.2.3.
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100 3.6. Solubility calculations using COSMO-RS
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COSMO-RS calculations were conducted to estimate the solubility/
miscibility of each API (indomethacin, naproxen) in sorbitol. The mol-
ecules were taken from the COSMObase dataset (COSMObase2021) and
the calculations were carried out using COSMOtherm2021 [40,41]. All

calculations were performed on a TZVPD level using all conformations
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Fig. 4. DSC analysis of: A) Unprocessed indomethacin, unprocessed sorbitol, mixture (mix) of unprocessed naproxen and sorbitol, supercritical CO,-assisted spray
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naproxen and sorbitol, CO»-assisted spray-dried naproxen with sorbitol using the conditions of DoE experimental run 12. The samples’ peak melting points, onset
temperatures, and the enthalpies of fusion for these thermograms are listed in Tables S1 and S2 in the Supporting Information.

of the molecules retrieved from the database (naproxen 4 conforma-
tions, indomethacin: 11 conformations, and sorbitol 28 conformations).
For the lattice energy calculations, the COSMO-RS reference framework
was used (the reference state of the calculation is 1 bar (0.1 MPa) of an
ideal gas and 1 mol of solvent, see Biovia COSMOtherm 2021 reference
manual [42-44].

4. Results and discussion

4.1. Supercritical COz-assisted spray drying of indomethacin and
naproxen with/without sorbitol followed by particle collection in a filter

4.1.1. Particle size and solid-state analysis

The solid form and particle size of the API (naproxen, indomethacin)
particles produced using the SASD method and isolated in a filter (L in
Fig. 1) were analysed to assess the impact of the processing conditions
(pressure and flow rate), solvent type (acetone, methanol) and presence
of an excipient (sorbitol). XRPD was used to study the solid form of the
samples produced by SASD, and these were compared with the poly-
morphic forms of each API reported in the literature and the theoretical
XRPD patterns available in the Cambridge Structural Database (CSD).
The reference patterns extracted from the CSD were COYRUD for Form 1
of naproxen, and INDMET02 and INDMETO03 for the o and y polymorphs
of indomethacin, respectively. The patterns from the CSD were selected
taking into consideration the experimental results. Residual impurities
from other polymorphic forms reported in the literature were not
observed.

The particle size of the samples was assessed using SEM despite the
particles presenting irregular morphologies and particle aggregates/

agglomerates (Figs. S2 and S3 in the Supporting Information), providing
an estimation of the average particle size of the samples. However, the
impact of the processing conditions on the particle size could not be
studied in detail due to uncertainties associated with this method.

Table 2 lists the resulting solid forms and particle sizes obtained for
all APIs (naproxen, indomethacin) samples produced by the SASD
method using the DoE approach (as per processing conditions listed in
Table 1). XRPD analysis showed that naproxen particles produced by
SASD, in the presence or absence of sorbitol, presented Form 1 (stable
form) consistently throughout all the experiments (Fig. 3B). It is
important to note that XRPD analysis of the samples was conducted
within 24 h after the powders were collected from the CO-assisted
spray dryer, and no crystallinity related to sorbitol was observed. On the
other hand, samples produced using the conditions of the SASD exper-
imental runs using indomethacin in the absence of sorbitol (DoE
experimental runs 1-8, in Tables 1 and 2), amorphous particles were
obtained. For SASD samples produced in experimental runs where
indomethacin and sorbitol were dissolved together in methanol and co-
sprayed (DoE experimental runs 9-12 in Tables 1 and 2), the XRPD
patterns revealed a strong amorphous halo pattern with some crystal-
linity. The peaks observed in the XRPD patterns did not present good
resolution, but identifiable peaks were attributed to a mixture of the a
and y polymorphs of indomethacin (Fig. 3 A).

The measured average particle size for indomethacin and naproxen
particles produced in the absence of sorbitol (DoE experimental runs 1-9
in Tables 1 and 2) ranged between 0.81 and 2.85 ym and 0.44-1.73 pm,
respectively (measured by SEM, presented in Figs. S2 and S3 in the
Supporting Information). Contrarily, when sorbitol was used, the
average particle size range for indomethacin was 1.51-6.86 um, and for



F. Méndez Canellas et al.

The Journal of Supercritical Fluids 199 (2023) 105969

A B) [ 17 T | ]
: A R 14 - '
| indomethacin DoE 12 i E | . i f‘l\ il\.N\,JA \ J ]
= T : T ': :] T :l :r T T g I 1 : | : \‘WVM/\.J
1 H . I’ | ' ] Nd,proxe boE 12 . 1
. ' P Il ; ] H | N T T ]
N i1 P ]
| S SV WU\’ J N1 + : ]
__ 7 Unp o: essedsorbltél . ‘ {1 & E : : } \'N |
< W T ] T ’ T ) T B gl 1 ! {1
s 1 a | 12 ks Lian ) WY U\LA/ N
- ! v ! ’ h Un:process;edsorblto/ ! : 1
:‘5) 7] H o : M lj \« \Aﬁ % HIN i " ! T ! ' ]
§ i lwd =0 F T :
F=3 Unprolcessequom‘ethacm ! N g 4 ! : ! ' 1
L] T T [ T Ll " T T i i : : : : _-'
| O T O A S S 0 YOIV V) VRS

i ; [ i E 3»‘}' d o, p Uriprocessiednaﬁroxen : H
‘irﬁﬁj%cmyp}a/wivorph S I P ' ]
™ Ta— L T ] d : : : ]
N ; ’ K 1 1 & Y ]
] ! Py i o ] 1 H ! | ! oo
i \_) L:_JJI \_;U W,Lfbu\u{ \ Jwv‘, "\)'VJ‘V‘\\)\J’-”"U'J“"UI 4 4 ! Jhom A ; / ! 8 ,“'1 JUA_
Indomethac:n a po/ymorph | | 1 Ndproxen )’orm 1 i ' 1

T T T T T T T T T T T

5 10 15 20 25 30 5 10 15 20 25 30

2 Theta (8) 2 Theta (0)

Fig. 5. Additional XRPD patterns of indomethacin and naproxen were performed immediately before the DSC measurements (2 weeks after production) to study the
solid stability of the samples. Inmediately after XRPD, these samples were analysed by DSC, as presented in Fig. 4. Theoretical XRPD patterns for the o and y
polymorphs of indomethacin INDMETO02 and INDEMTO03), and Form 1 (COYRUD) of naproxen were used from the CSD. For indomethacin, blue dotted lines indicate
the characteristic peaks of the o polymorph at 8.5° and 14.7° 26, while the red dotted lines indicate the characteristic peak of the y polymorph at 12.9°, 19.8°, and
22.1° 26. For naproxen, the red dotted lines indicate the peaks of Form 1 at 6.6°, 12.7°, and 19.1° 26. The black dotted lines indicate peaks corresponding to sorbitol

solid forms reported by DeJong and Hartel [51].

Table 3

Calculation of the lattice energy (AGiyice) of indomethacin and naproxen by
adding the free energy of solvation (4Gs,paion) calculated using COSMO, and the
free energy of crystallisation (AG.ysaisaion) calculated using Eq. (2).

Naproxen
Solvent Experimental AGerysealiisation AGsotvation AGiatice
solubility (molar (kJ/mol) (kJ/mol) (kJ/mol)
fraction)?®
EtOAc 0.0263 8.87 53.65 62.66
Acetone 0.0504 7.24 54.01 61.41
Dichloromethane  0.0155 6.60 44.78 55.08
Acetonitrile 0.0064 12.07 47.34 59.85
Methanol 0.0122 10.91 48.90 59.82
Indomethacin
Acetonitrile 0.0021 14.71 68.18 82.89
Ethanol 0.0027 14.15 71.73 85.79
Methanol 0.0021 14.73 70.50 85.24
EtOAc 0.0093 11.03 76.48 87.52
Acetone 0.0234 9.30 76.72 86.01

AExperimental solubility of naproxen and indomethacin in various organic sol-
vents in mole fraction was extracted from the literature [34-36,53]

naproxen was 1.24-3.22 um. For both APIs, samples produced using the
SASD processing conditions of experimental runs 9 and 12 presented an
increment in the average particle size that was attributed to sorbitol
forming a matrix surrounding the API particles. As previously stated,
due to a non-uniform particle morphology, the particle size could not be
studied in further detail.

The collection yield for both APIs in these experiments was typically

0.4

0.35

0.3

0.25

0.2

API mass fraction

| o —

0 20 40 60

Mass percentage (w%) of CO,

80 100

—e— Naproxen Indomethacin

Fig. 6. Solubilities (in mass fraction) of indomethacin and naproxen (API
concentration at 20 mg/mL) in sorbitol (20 mg/mL) and methanol in liquid CO4
at 50 °C calculated using COSMO, as per section 2.2.7. The experimental con-
ditions used in the work presented herein are highlighted in red.

below 30% due to the instrumental set up. Higher yields have been re-
ported when e.g. a product was isolated using a cyclone [17,18,45-47].
Moura et al. used a high-efficiency cyclone as the particle collection
system in SASD and obtained yields ranging from 50% to 70% [18]. The
adhesion of particles, particularly sub-micron and nano-sized particles,
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Table 4

Calculation of the API mass fraction solubilities (naproxen, indomethacin) in the
liquid mixture composed of CO,, methanol, and sorbitol at 50 °C for the DoE
experimental runs 9-12.

DoE APIs (naproxen and Solubility (mass fraction)
experimental run  indomethacin) mass fraction x ,
Naproxen  Indomethacin
1000

9 0.0797 0.178757  0.13900

10 0.0499 0.174231 0.134214

11 0.1984 0.194097  0.155223

12 0.3158 0.208159  0.170629

to the walls of drying chambers often leads to low collection yields [17].

4.1.2. Thermal analysis

To provide insight on the effect of co-spraying sorbitol with each
model API (naproxen, indomethacin) using SASD, the thermal proper-
ties of a representative sample of each API processed by this method
(DoE point 12), together with unprocessed APIs and sorbitol, were
analysed using DSC. The DSC data is detailed in Tables S1 and S2 in the
Supporting Information. It is important to remark that the samples were
analysed with DSC 2 weeks after production, and XRPD was conducted
again to assess any possible changes in the solid form of the samples. The
powder produced using the conditions of DoE experimental run 12 was
selected as the representative sample for analysis due to two reasons.
First, it was conducted at a high flow rate (0.4 mL/min) and thus, was
time efficient. Second, it used a pressure of 10 MPa instead of 15 MPa

Table 5
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resulting in less supercritical fluid consumed throughout the process and
thus, cost-effective.

Fig. 4A shows that unprocessed indomethacin presented an onset
temperature of 160.5 °C. The melting temperature of the y form of
indomethacin has been reported to be in the range of 158-161 °C,
therefore, as also is observed in the XRPD pattern presented in Fig. 5 A,
unprocessed indomethacin corresponds to the y polymorph [35,48].

Fig. 4B shows that unprocessed naproxen presents an endothermic
peak with a peak temperature of 159.0 °C that corresponds to Form 1.
Song et al. reported the melting peaks of all reported polymorphic forms
of naproxen (Forms 1, 2, 3, and 4), and Form 1 presented the melting
peak at the highest temperature (156.2 °C) while, for instance, Form 4
presented an endothermic peak at the second highest temperature at
148.2 °C [49]. The XRPD pattern of unprocessed naproxen supported
the conclusion that it corresponds to Form 1 (Fig. 5B). Nevertheless, the
onset temperature (i.e. intersection point of the extrapolated baseline
and the inflectional tangent at the beginning of the melting peak) was
considered of more relevance to determine the melting temperature as it
indicates the start of the melting event and it is more independent to
sample mass and heat rate compared to the melting peak.

Unprocessed sorbitol (displayed in Figs. 4A and 4B for comparison
purposes) presented an endothermic melting peak with an onset tem-
perature of 98.5 °C. The onset temperature coincided with the y poly-
morph of sorbitol reported by Nezzal et al. at 96 °C (the highest onset
temperature for all the polymorphs reported) [50]. Moreover, the XRPD
pattern for sorbitol (Fig. 5) also matched with the XRPD pattern of the y
polymorph of sorbitol reported by DeJong and Hartel [51]. Tables S1

Results of the resuspension studies. The colour code classification is detailed in Fig. 2. For the homogeneous particle suspensions, the maximum concentration reached
is defined. (A) In red: Homoaggregated particle suspension: Visible particles in transparent solution. (B) In yellow: Homoagreggated particle suspension: Visible
particles in opaque solution. (C) In green: Homogeneous particle suspension.DoE experimental run.

Indomethacin Naproxen
DoE experimental
Aqueous solution | Aqueous solution | Agueous solution | Agueous solution

e 1° 2° 1° 2°

1 A A B B

2 A A B B

3 A A B B

4 A A A A

5 A A B C(1mg/mL)*
6 A A B A

7 A A B A

8 A A B B

9 A A C (5-6 mg/mL)® C (5-6 mg/mL)¢
10 A A C(1-2 mg/mL)¢ C(1-2 mg/mL) €
11 A A B B

12 A A C (4-5 mg/mL) € C (4-5 mg/mL)¢

a Poloxamer 188 0.1% w/v, Tween 20 0.1% w/v
b Poloxamer 188 1% w/v, Tween 20 1% w/v
¢ Maximum concentration achieved before forming a homoagreggated particle suspension; visible particles in opaque solution
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Fig. 7. XRPD patterns of SASD-processed naproxen powder before suspension,
and the isolated naproxen particles after suspension (according to section
2.2.3). The representative sample used was produced using the conditions of
DoE experimental run 12 for naproxen, at a concentration of 1 mg/mL in an
aqueous solution containing poloxamer 188 (0.1% w/v) and Tween 20 (0.1%
w/V). The red dotted lines indicate the peaks of Form 1 at 6.6°, 12.7°, 16.8° and
19.1° 26. The black dotted lines indicate peaks corresponding to sorbitol.

and S1 in the Supporting Information list the DSC data of the thermo-
grams shown in Fig. 4.

There was no evidence of eutectic phase formation, based on thermal
analysis of the physical mixtures of unprocessed APIs and sorbitol
samples [52].

The DSC curves for the SASD-processed powders differed from the
unprocessed physical mixtures. For the indomethacin sample produced
using the conditions of DoE experimental run 12 (co-sprayed indo-
methacin and sorbitol, Fig. 4A), sorbitol presented one peak in the DSC
thermogram. The peak with an onset temperature of 73.7 °C was
attributed to the E subform of sorbitol [50]. Regarding indomethacin, it
presented two distinguished peaks with onset temperatures at 149.9 and
157.3 °C that corresponded to the o and y polymorphs of indomethacin,
respectively [35,48]. The o form of indomethacin presents a melting
temperature in the range of 149-154 °C as reported in the literature [35,
48]. The appearance of these different polymorphs of indomethacin
might have been heat-induced during the DSC, or both polymorphs may
have been present in the analysed sample as the XRPD pattern of the
same sample (Fig. 5 A) analysed before DSC presented an amorphous
halo with traces of crystallinity. The conclusion from the DSC and XRPD
results was that SASD impacted the crystallinity of the sample, as the
nucleation of different polymorphs of indomethacin may have occurred.
This might have been due to the fast nucleation events during SASD
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processing which did not allow the kinetic crystallisation of indometh-
acin. Other possible causes might rely on the processing conditions
(temperature, pressure, flow rate) that were not adequate for the crys-
tallisation of a single form.

The naproxen sample produced in the DoE experimental run 12
presented a peak with an onset temperature of 153.8 °C corresponded to
Form 1 of naproxen, as previously discussed and as observed in the
XRPD pattern (Fig. 5B). Nevertheless, sorbitol presented two separate
melting peaks at 79.9 °C and 89.5 °C (onset temperatures of 76.6 °C and
86.1 °C) in that sample that were attributed to the E subform and o
polymorph of sorbitol, respectively, by comparing them to the reported
data by Nezzal et al. [50]. The XRPD analysis conducted immediately
before DSC (Fig. 5B) revealed two additional peaks at 10.1 and 21.2 26
compared to the XRPD patterns after particle production (Fig. S4, Sup-
porting Information) that were attributed to sorbitol crystalising to the
aforementioned solid forms during storage. Therefore, sorbitol might
have been initially presented in an amorphous, semicrystalline, or
nanocrystalline solid state that after two weeks crystallised upon stor-
age. It is important to remark that the samples were stored in a desic-
cator to prevent recrystallisation, however, as previously observed,
sorbitol presents a complex polymorphic behaviour [50]. On the other
hand, naproxen did not present changes in the solid form, as Form 1 is
the most stable polymorph.

To sum up, the APIs and sorbitol powders processed by SASD pre-
sented thermal properties that contrasted with the unprocessed solid
mixtures. Consequently, SASD processing had an impact on the physi-
cochemical properties of the resulting powders leading to complex be-
haviours of sorbitol. Naproxen samples consistently presented the most
stable polymorphic form (Form 1) while all indomethacin samples
presented amorphous powders, with some crystallinity only in the
samples produced using the conditions of DoE experimental runs 9-12
where sorbitol was co-sprayed.

4.2. Solubility modelling of the APIs in sorbitol and CO

To further explore the interactions of the APIs with sorbitol, COSMO-
RS modelling was used to calculate the solubility of the APIs in sorbitol,
as per section 2.2.7. To estimate the solubility of naproxen and indo-
methacin in sorbitol, the concept of lattice energy was used. The lattice
energy (AGigice), defined as the difference in free energy between the
crystalline state and the gas state can be obtained by summing the free
energy of solvation (AGspasion, Obtained using COSMO as per section
2.2.7) and the free energy of crystallization (4 Gerysatiisation, Obtained from
experimental solubility data using the Van ‘t Hoff equation, Eq. 2).

AGuice = AGsolvation +AGcry:mIIisalion = AGsolvation +RT h’l()C) Eq 2

The input values of the components (indomethacin y polymorph,
naproxen Form 1 and, p-sorbitol) solubilities in diverse organic solvents
were extracted from the literature [34-36,53]. The results of the cal-
culations are given in Table 3.

Using the mean lattice energies and the calculated solvation energies
in a 1:1 APLsorbitol (w/w) mixture as per Section 2.2.1, the solubility of
naproxen and indomethacin in sorbitol was calculated. The solubility in
mass fraction of indomethacin and naproxen in sorbitol was 0.00042
and 0.0029, respectively. From these calculations, it can be concluded
that both naproxen and indomethacin have quite low solubility in sor-
bitol, and hence, from a thermodynamic perspective, the APIs could
crystallise from an APILsorbitol 1:1 (w/w) mixture. However, as
observed in the previous section, despite indomethacin being able to
crystallise in thermodynamic terms, it was not possible in kinetic terms
due to the fast evaporation of the solvent mixture, and thus trapping
indomethacin in an amorphous state. Conversely, the calculations ob-
tained agree with naproxen where the crystallisation of the most stable
form (Form 1) occurred in thermodynamically and kinetically terms
during spray drying. Additionally, due to the low solubilities of the APIs
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Particles isolated from the suspension

Fig. 8. Schematic representation and SEM images of the naproxen particles produced using the conditions of DoE experimental run 12 (co-sprayed with sorbitol)

before suspension (left) and after resuspension (right).

in sorbitol, it is expected that sorbitol, initially present in the amorphous
phase, could crystallise during storage, as there is no evidence of
eutectic phases (see Section 3.1.2). Thus, the modelling supported the
experimental conclusions obtained from the thermal analysis.

To assess the influence of COy on the solubility of naproxen and
indomethacin, COSMO calculations were carried out assuming meth-
anol, sorbitol and CO, to be hypothetical liquids instead of a super-
critical mixture. The solubility of the APIs was calculated at 50 °C
(nozzle temperature used in the experiments) using the experimental
solubility of the APIs at 25 °C in pure methanol (Fig. S6 Supporting
Information). The solubilities of the APIs in methanol were used as
starting point (calibration) for the COSMO calculations. The solubilities
in mass fractions of indomethacin and naproxen at 25 °C in methanol
are 0.02488 and 0.08152 [53].

The results as per Fig. 6 indicate that there is a strong synergistic
effect between sorbitol, methanol and CO5 at 50 °C. The solubility of the
APIs increases in the system as CO; is added until it reaches a maximum
and then, dramatically decreases. At the dramatic decrease (highlighted
inred in Fig. 6) is where the DoE experimental runs were conducted. The
solubility of all components in the mixtures used in DoE experimental
runs 9-12 (see Table 1) was calculated and is shown in Table 4.

These results show that in all cases for DoE experimental runs 9-12,
all components (e.g. naproxen, indomethacin, sorbitol) are dissolved in
liquid CO;. According to the modelling conducted, any crystallization of
the APIs (naproxen and indomethacin) is expected to happen after
exiting the nozzle when the solvent evaporates inducing the precipita-
tion of the API particles. This agrees with the experimental observations
where no nozzle clogging was observed. It is important to take into
account that the modelling was conducted considering CO as a hypo-
thetical liquid, and therefore, it presents limitations. To model super-
critical COo, it has to be considered that CO5 is compressible like a gas
and has solvating properties and similar densities as a liquid [54]. Ac-
curate predictions of the solubilities would require adaptations of the
COSMO model [55]. For the purposes of the work presented herein, the
calculations conducted sufficed and supported the experimental
observations.

10

4.3. Reconstitution of Sorbitol-Coated Indomethacin and Naproxen
Particles Produced by CO2-Assisted Spray Drying and Collected in a Filter

4.3.1. Suspension Screening

The goal of co-spraying the APIs (naproxen and indomethacin) with
sorbitol using the SASD technique was to use sorbitol as a matrix for the
crystalline API particles and to create particles with enhanced resus-
pension behaviour. Once the API particles are mixed with the aqueous
dispersant, the sorbitol matrix would easily dissolve in the solution due
to its high aqueous solubility, and the API particles would be released
and easily resuspended.

The powders produced with the SASD method were suspended in an
aqueous solution of poloxamer 188 (polymeric excipient) and Tween 20
(surfactant). Both excipients have been used/reported in the literature
for the preparation of parenteral particle suspensions [56,57]. Two
different concentrations of the excipients were explored: 0.1% w/v and
1% w/v. The suspensions produced were macroscopically assessed and
they were classified into 3 categories, as described in Fig. 2. The
objective was to obtain a homogeneous particle suspension free of ag-
glomerates. Nevertheless, in some cases, the particles homoaggregated
and were classified into 2 different categories depending on the opacity
of the suspension: visible particles in opaque media, and visible particles
in transparent media.

Indomethacin samples produced with the SASD method could not
constitute a homogeneous particle suspension free of aggregates
(Table 5). In all cases for indomethacin, homoaggregates were formed
and the media was transparent. The excipient system failed during the
resuspension process to replace the solid-air interface with a solid-liquid
interface leading to the formation of homoaggregates. The high surface
energy of the amorphous indomethacin particles was not possible to be
stabilised with the selected excipients, and the only way to reduce it was
through the formation of homoaggregates of the hydrophobic particles.

On the other hand, naproxen samples produced using SASD pre-
sented improved resuspension behaviour compared to indomethacin.
Moreover, naproxen powders made according to the DoE experimental
runs 9-12, where sorbitol was used as an excipient, showed enhanced
suspension behaviour (Table 5). This fact agrees with the strategy
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Fig. 9. FT-IR spectra of unprocessed sorbitol, unprocessed naproxen, naproxen produced from the SASD-process (“Nanproxen DoE 127), and naproxen isolated from

suspension (“Particles isolated from suspension™).

initially formulated of using this excipient as a matrix to enhance the
resuspension behaviour.

It is important to remark that this was a macroscopic assessment of
the resuspendability of the SASD-processed API particles. This screening
was conducted to select the optimal SASD processing conditions to
produce a successful powder for resuspension. Co-spraying of sorbitol
was the only condition that enhanced the resuspension behaviour of the
SASD-processed naproxen samples. Indomethacin did aggregate upon
contact with the aqueous solution, and thus did not present desired
properties for an injectable formulation. After the macroscopic evalua-
tion, the particle size and morphology of the successful candidates were
studied in detail in the following section.

4.3.2. Suspension characterisation
Taking into consideration the results from the previous section,
indomethacin was excluded from further analysis, and the study was
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focused on naproxen. The samples produced using the conditions of DoE
experimental runs 5, 8, 9, and 12 for naproxen were selected according
to the previous screening (Table 5). Despite the sample produced using
the conditions of DoE experimental run 8 was the only one that was not
homogeneous and presented homoaggregates (visible particles in opa-
que solution), the sample was selected to assess the impact of the
different flow rates used in the DoE on the resuspended particle size and
morphology. The API particles in the sorbitol matrix might have been
impacted by the flow rate. For instance, Moura et al. concluded in the
optimisation of SASD that the lower the flow rate, the smaller the par-
ticle size, therefore this parameter was worth studying in more detail
[18]. The pressure was not studied due to the poor resuspension
behaviour of powders produced in the DoE experimental runs 4, 6, and 7
(homoaggregated particle suspensions with visible particles in trans-
parent solution). A naproxen suspension (1 mg/mL) was produced for
the selected experimental samples (DoE experimental runs 5, 8, 9, and
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12). The particles were then isolated from the suspension and analysed
by XRPD. In all cases, the crystal form remained the same. The poly-
morphic Form 1 of naproxen, as that of the SASD processed powder, was
retained in the suspended particles (Fig. 7).

SEM was used to analyse the morphology and particle size of the
resuspended particles. The particle sizes obtained for naproxen particles
isolated from the suspensions for the samples produced using the con-
ditions of DoE experimental runs 5, 8, 9, and 12, were 1.41 + 1.03 pm,
1.48 +1.20 um, 1.55 + 0.87 um, 2.00 + 1.30 um, respectively as per
Table 2. The average particle size remained similar for naproxen parti-
cles produced using the conditions of DoE experimental runs 5 and 8
before and after resuspension with a change lower than 0.3 um (see
Table 2). Conversely, samples produced using the conditions of DoE
experimental runs 9 and 12, where naproxen was co-sprayed with sor-
bitol, had a different particle size before and after suspension. The
average particle size decreased by more than 1 pm after resuspension for
both samples (see Table 2). Also, the morphology of the particles
changed drastically. The matrix of sorbitol containing the naproxen
particles produced using SASD dissolved upon contact with the aqueous
solution reducing the particle size and releasing the API particles. This
hypothesis was supported by the SEM images. As can be observed in
Fig. 8, the morphology of the particles before and after suspension was
significantly different. Recrystallisation of the naproxen particles is not
likely to have occurred due to the low solubility of the API particles in
water, and the fast process of isolation of particles from suspension
(Section 2.2.2). Moreover, an experiment spraying sorbitol alone using
the conditions of DoE 12 was conducted, but no sorbitol particles were
produced. A sticky mass was instead collected in the filter paper.
Therefore, naproxen and sorbitol particles would not have formed
separately, and the hypothesis of a sorbitol matrix was supported.

A correlation between the particle size after resuspension and the
solution flow rate used during the SASD was considered as the size of the
API particles in the sorbitol matrix might be dependent on the flow rate,
however, no correlation was observed.

FT-IR was performed to determine if sorbitol was fully dissolved
when the powder was resuspended. Fig. 9 presents the FT-IR spectra of
unprocessed sorbitol, unprocessed naproxen, and co-sprayed naproxen
and sorbitol from the SASD method (DoE experimental run 12). It can be
observed that the unprocessed sorbitol spectra and the SASD-processed
powder spectra present a peak at 1053 cm ™ and 1047 cm ™}, respec-
tively, which corresponds to sorbitol [58]. Sorbitol presents a charac-
teristic absorbance peak at 1046 cm ™! associated with C— O stretching
vibrations [58,59]. The slight shift in the peak was not attributed to an
interaction between naproxen and sorbitol molecules because as
concluded in Section 3.2, the interaction between the API and sorbitol is
negligible. Additionally, both molecules present a strong and wide peak
between 3500 cm ! and 3000 em ! corresponding to the O-H stretching
vibrations [59]. The absence of a peak at/close to 1046 cm ! in the
resuspended naproxen particles (after isolation from suspension) indi-
cated the absence of sorbitol. This confirms that sorbitol dissolved upon
contact with the aqueous solution releasing the naproxen particles.

5. Conclusions

This work presented a strategy to produce crystalline API particles in
an excipient matrix using SASD. The strategy was based on co-spraying a
water-soluble excipient namely, sorbitol, with two model APIs, namely
indomethacin and naproxen. For naproxen, crystalline particles were
obtained, while for indomethacin the particles produced presented a
strong amorphous halo in all XRPD patterns. The COSMO-RS modelling
conducted revealed that the APIs are not soluble in sorbitol and thus,
agreed with the thermal analysis where no interaction between the APIs
and excipient was observed. Moreover, COSMO-RS modelling provided
insight on how crystallisation occurs in the SASD process, by giving an
approximate calculation that in the nozzle all components (e.g. nap-
roxen, indomethacin, sorbitol) should be dissolved in the CO5/solvent
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mixture. Regarding the reconstitution of the SASD powdered samples
into particle suspensions, for naproxen, using sorbitol during the SASD
process generated a powder that could be suspended in an aqueous
excipient solution of poloxamer 188 and Tween 20. Naproxen presented
the most stable solid form (Form 1) as a dry powder after being isolated
from suspension. The particles in suspension had an average size of
approximately 2 pm regardless of the experimental conditions used, and
a plate-like morphology. The strategy presented could potentially be
further developed and implemented to produce resuspendable powders
for injection, and could be expanded to more water-soluble excipients
and other APIs.
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