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Abstract. Corticosteroid resistance poses a major challenge to effective treatment of
chronic obstructive pulmonary diseases. However, corticosteroid resistance can be overcome
by co-administration of theophylline. The aim of this study was to formulate the
corticosteroid budesonide with theophylline into inhalable dry powders intended for
pulmonary combination therapy. Four types of spray-dried powders were prepared: (i)
budesonide and theophylline co-dissolved and processed using a 2-fluid nozzle spray drier,
(if) budesonide nanocrystals and dissolved theophylline co-dispersed and processed using a 2-
fluid nozzle spray drier, (i) dissolved budesonide and dissolved theophylline processed using
a 3-fluid nozzle spray drier, and (iv) budesonide nanocrystals and dissolved theophylline
processed using a 3-fluid nozzle spray drier. Spray drying from the solutions resulted in co-
amorphous (i) and partially amorphous powders (iii), whereas spray drying of the
nanosuspensions resulted in crystalline products (ii and iv). Even though budesonide was
amorphous in (i) and (iif), it failed to exhibit any dissolution advantage over the unprocessed
budesonide. In contrast, the dissolution of budesonide from its nanocrystalline formulations,
i.e., (ii) and (iv), was significantly higher compared to a physical mixture or unprocessed
budesonide. Furthermore, the spray-dried powders obtained from the 2-fluid nozzle spray
drier, ie., (i) and (i), exhibited co-deposition of budesonide and theophylline at the same
weight ratio in the aerodynamic assessment using the New Generation Impactor. In contrast,
the depositions of budesonide and theophylline deviated from the starting weight ratio in the
aerodynamic assessment of spray-dried powders obtained from the 3-fluid nozzle spray drier,
i.e., (iii) and (iv). Based on these results, the powders spray-dried from the suspension by
using the 2-fluid nozzle spray drier, i.e., (ii), offered the best formulation properties given the
physically stable crystalline solid-state properties and the co-deposition profile.

KEY WORDS: pulmonary administration; spray drying; inhalable dry powder; 2-fluid nozzle; 3-fluid
nozzle.
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In recent years, there has been a trend towards
pulmonary delivery of multiple active pharmaceutical ingre-
dients (APIs) in combination for the treatment of lung
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diseases due to improved therapeutic efficacy, safety, and
patient compliance (1). Pharmaceutical combination therapy
can be achieved by using separate inhalers sequentially.
However, fixed combination dosage forms are more attractive
from a patient compliance point of view, as compared to the
sequential administration of separate dosage forms (2-4).
Examples of fixed combination dosage forms include the
combination of beclomethasone dipropionate and salbutamol,
salmeterol xinafoate and fluticasone propionate, and
budesonide and formoterol, respectively (5).
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Chronic obstructive pulmonary disease (COPD) is a
complex lung disease that involves multiple metabolic and
intracellular signaling pathways. Corticosteroids (e.g.,
budesonide, which was used as a model corticosteroid in this
study) have been commonly used in the treatment of COPD-
associated inflammation (6). Corticosteroids can reverse histone
acetylation induced by nuclear factor-<B and switch off the
expression of inflammatory proteins by binding to glucocorti-
coid receptors and recruiting histone deacetylase-2 (HDAC-2)
(7). However, corticosteroids have limited efficacy, which may
be due to reduced activity of HDAC-2 in COPD patients (8). A
promising approach to overcome the limited efficacy of
corticosteroids in the treatment of COPD-associated inflamma-
tion is to co-deliver corticosteroids with an API, which can
restore the activity of HDAC-2, using fixed-dose combination
inhalers (9). Theophylline is known to restore the activity of
HDAC-2 (10). Hence, combination of corticosteroids with
theophylline in theory has the potential of overcoming cortico-
steroid resistance, which otherwise limits the clinical efficacy of
anti-inflammatory corticosteroids in the treatment of COPD (9).

Dry powder-based dosage forms for pulmonary combi-
nation therapy are attractive because they display improved
physicochemical stability, compared to solution- or
suspension-based combination dosage forms (11). Commonly
applied methods for manufacturing of inhalable dry powders
include milling, spray drying, spray freeze drying, and the use
of supercritical fluid technologies (12). Among these ap-
proaches, spray drying is a cost-effective method, which offers
the possibility to engineer particles with customized proper-
ties (12,13). Inhalable dry powder dosage forms of API
combinations have been formulated containing, e.g., doxycy-
cline and ciprofloxacin (14), ciprofloxacin hydrochloride and
gatifloxacin hydrochloride (15), and colistin and rifampicin
(16), respectively. For the spray drying of these API
combinations, a conventional 2-fluid (2-F) nozzle spray drier
is used to prepare the inhalable dry powders. The two APIs
are prepared as a single solution containing both APIs and
fed into the 2-F nozzle, followed by atomization and drying to
solid particles. An alternative to the use of the 2-F nozzle
spray drier, a novel 3-fluid (3-F) nozzle spray drier can also be
used to prepare inhalable dry powders of API combinations,
where the two different APIs are prepared in two separate
feed samples. The two APIs can in theory be dissolved in two
different solvents with optimized solubilization properties for
each API. The two different feed samples are pumped
through two separate liquid passages, and they meet at the
tip of the nozzle, where they are atomized by the compressed
gas provided by the third passage (17). The feed sample used
for spray drying can be in form of a solution or suspension
(18). In addition, the solvents used for preparing the feed
sample can be water or organic solvent, or co-solvent.

In this study, we aimed to formulate a combination of
budesonide and theophylline into inhalable dry powders
intended for the treatment of COPD. For this purpose, two
types of spray driers (i.e., 2-F nozzle and 3-F nozzle spray driers)
were employed to prepare the inhalable dry powders, and the
feed samples were in two forms (i.e., solution and suspension).
Four types of inhalable dry powders were obtained, and the
morphology, solid-state properties, moisture content, dissolu-
tion profile, and aerosolization performance of these dual API-
containing dry powders were characterized.
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MATERIALS AND METHODS

Materials

Budesonide (M,, =430.5 g/mol, >98%) was a gift from
Hubei Gedian Renfu Pharmaceuticals (Wuhan, Hubei,
China). Theophylline (M, =180.2 g/mol, anhydrous, > 99%)
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Poloxamer 188 and polyethylene glycol sorbitan monolaurate
were acquired from Sigma-Aldrich. Ethanol (>99.7%, HPLC
grade) was purchased from VWR International (Leuven,
Belgium) and acetonitrile (>99.9%, HPLC grade) was from
Chemsolute (Roskilde, Denmark). Water used for the
preparation of all solutions was prepared using a MilliQ
water system from LabWater (Los Angeles, CA, USA).

Preparation of Nanosuspension by Wet Ball Milling

The nanosuspension of budesonide was prepared by wet
ball milling as previously reported (19,20). Briefly, glass beads
(Sigma-Aldrich, St. Louis, MO, USA) with a diameter of 0.5
and 1.0 mm, respectively, mixed at a weight ratio of 1:3 were
used for the wet ball milling. A volume of 10 ml of aqueous
suspension containing 300 mg of budesonide, 100 mg of
poloxamer 188, and 10 g of glass beads was stirred by using a
magnetic stirrer (IKA RCT basic, IKA-Werke GmbH & Co.
KG, Staufen, Germany) at dial 7 (dial 1-10 equals a speed
range from 50 to 1100 min~') at room temperature (rt) for
5 h. The milled particles were ultracentrifuged to remove the
liquid phase using gradient centrifugation, i.e., 6000g for
5 min, 12,000g for 5 min, 21,000g for 5 min, 34,000g for 5 min,
and 48,000g for 10 min at 25°C (Optima™ Max-XP Ultra-
centrifuge, Beckman Coulter, CA, USA). The supernatant
was discarded, and the pellet containing the nano-sized
budesonide particles was collected and re-dispersed in water.
The particle size and morphology as well as the stability of
the nanosuspension have been reported in a previous
publication (21).

Preparation of Inhalable Dry Powders by Spray Drying

Inhalable dry powders of budesonide and theophylline
were prepared by using a Biichi B-290 spray dryer (Biichi
Labortechnik AG, Falwil, Switzerland) applying the process
conditions listed in Table I and formulation compositions
listed in Table II. The 2-F nozzle consists of one gas passage
and one liquid passage (Fig. 1). The feed solution containing
a mixture of budesonide and theophylline dissolved in a
water-ethanol mixture (20:80, v/v) was spray-dried into a
powder formulation. In addition, an aqueous feed suspension
containing the nanosuspension of budesonide and dissolved
theophylline was spray-dried into a nanocomposite powder.
The 3-F nozzle is equipped with one gas passage and two
liquid passages (Fig. 1). Budesonide dissolved in a water-
ethanol mixture (20:80, v/v) and theophylline dissolved in a
water-ethanol mixture (20:80, v/v) were supplied from
separate passages and spray-dried using the spray drier
equipped with the 3-F nozzle (Biichi Labortechnik AG,
Flawil, Switzerland). In addition, the nanosuspension of
budesonide and the aqueous solution of theophylline were
fed separately into two different liquid passages and spray-
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Table I. Process Parameters for the Two Types of Spray Drying
Processes

Process parameters Particulars

Feed rate (ml/min) 2-Fluid nozzle spray drier: 3.0

3-Fluid nozzle spray drier:

Inner feed: 1.5

Outer feed: 1.5

Inlet temperature (°C) 100

Outlet temperature (°C) 55-60 (water as the solvent)
63-68 (a mixture of ethanol and
water as the solvent)

Drying air flow rate (m?/h) ca. 35

Atomization air flow rate (I/h) 473

dried into a nanocomposite powder. An inert loop B-295
(Biichi Labortechnik AG) and a dehumidifier (Biichi
Labortechnik AG) were used when ethanol was included in
the feed solution.

Morphology of Spray-Dried Powders

The morphology of unprocessed budesonide and the-
ophylline was assessed by using a Hitachi TM3030 Tabletop
scanning electron microscope (SEM, Hitachi High-
Technologies Corporation, Tokyo, Japan). The unprocessed
materials were sputter-coated with a gold layer and imaged at
an accelerating voltage of 15 kV. The morphology of the
spray-dried powders was examined by using a FEI Quanta
3D FEG scanning electron microscopy (FEI, Hillsboro, OR,
USA). The samples were sputter-coated with gold (6 nm)
using a Leica EM ACE 200 (Vienna, Austria), and images
were acquired at x 20,000 magnification.

Solid-State Properties of Spray-Dried Powders

X-ray powder diffraction (XRPD) measurements were
performed using an X’Pert PRO X-ray diffractometer
(PANalytical, Almelo, The Netherlands). The samples were
exposed to Cu Ka radiation (1 =1.54187 A) generated from a
current of 40 mA and a voltage of 45 kV, respectively. Data
were collected and analyzed using the X’Pert Data Collector
software (PANalytical). The samples were scanned from 5 to
35° 26 with a step size of 0.026° 26 and a scanning speed of
0.067° 26/s. The thermal behavior of the unprocessed
materials and the spray-dried powders was characterized by
using a Discovery differential scanning calorimeter (DSC, TA
Instruments, New Castle, USA) under a nitrogen flow of
50 ml/min. An amount of 2-4 mg of the samples was filled
into a Tzero aluminum pan and sealed with a Tzero lid. The
melting points (7)) of the unprocessed materials and the
spray-dried powders were determined at a heating rate of
10°C/min. For the spray-dried powders, a modulated temper-
ature mode was used to determine the glass transition
temperature (7,), where samples were heated at a linear
heating rate of 2°C/min, an amplitude of 0.2120°C and a
period of 40 s. Analysis of the T, (onset temperature) and
the T, (midpoint) from the reversing heat flow was

Table II. The Four Types of Formulation Compositions in This Study

3-Fluid nozzle spray drier

2-Fluid nozzle spray drier

Names of spray-dried

powders

Outer feed solution (theophylline)

Inner feed solution/suspension (budesonide)

Solvent

Concentration

Form of

Concentration Solvent
of budesonide
(mg/ml)

Solvent Form of

Concentration of Concentration

budesonide
(mg/ml)

of theophylline

(mg/ml)

budesonide

budesonide

of theophylline

(mg/ml)

2.95

Water-ethanol Dissolved

Budesonide-theophylline 2-F  7.05

mixture

(20:80, v/v)

Water

Nanosuspension —

2.95

Budesonide nanosuspension- 7.05

theophylline 2-F
Budesonide-theophylline 3-F -
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Water-ethanol

5.90

Water-ethanol Dissolved

14.10

mixture

mixture (20:80, v/v)

(20:80, v/v)

Water

Nanosuspension 5.90

Water

14.10

Budesonide nanosuspension- —

theophylline 3-F

*The molar ratio of budesonide and theophylline was 1:1 for all the cases

**Theophylline was dissolved in respective solvents for all the cases
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Budesonide-theophylline 2-F Budesonide-theophylline 3-F
Liquid passage A: a mixture of budesonide and Liquid passage B: theophylline in a water-ethanol
theophylline in a water-ethanol mixture mixture

Liquid passage C: budesonide in a water-ethanol

mixture

ine 2-F i i ine 3-F

Liquid passage A : a nanosuspension of Liquid passage B: an aqueous solution of
budesonide dispersed in an aqueous solution of theophylline
theophylline Liquid passage C: a nanosuspension of budesonide:

Fig. 1. Schematic representation of the atomization of solutions or
suspensions of budesonide and theophylline taking place in 2-F (left)
and 3-F (right) nozzles, respectively

performed by using the Trios software (TA Instruments).
Determination of the 7, was based on three independent
samples of each spray-dried powder.

Moisture Content of Spray-Dried Powders

A Discovery thermogravimetric analyzer (TGA, TA
Instruments, New Castle, USA) was used to determine the
moisture content of the spray-dried powders. The samples
were placed in 100-pul platinum pans and heated from rt to
150°C at a heating rate of 10°C/min. The moisture content
is expressed as the percentage of the weight loss between
rt and 140°C. All measurements were performed on three
independent samples from one batch of each spray-dried
powder.

Dissolution Testing

The dissolution profiles of unprocessed theophylline, a
physical mixture of unprocessed budesonide and theophyl-
line, and the spray-dried powders were evaluated using a USP
type II apparatus (Erweka DT70 dissolution tester, Erweka
GmbH, Heusenstamm, Germany) in a modified, custom-
made set-up with a rotating mini-paddle at a rotation speed of
50 rpm with 200 ml of 10-mM phosphate buffer (pH 7.4 +0.1)
at 37°C. A hydroxypropyl methylcellulose capsule (Size 3;
Capsugel, West Ryde, Australia) loaded with a weighed
amount of powder equivalent to an amount of 4 mg of
budesonide or approximately 1.67 mg of theophylline was
placed in a custom-made metal sinker, which was subse-
quently submerged in the dissolution medium. At specific
time points (5, 10, 20, 30, 45, and 60 min), a volume of 3 ml of
the dissolution medium was withdrawn and replaced imme-
diately with pre-warmed medium. The samples were filtered
using 0.22-um syringe filters (Q-Max Nylon, Frisenette ApS,
Knebel, Denmark), and the concentrations of budesonide and
theophylline were determined by high-performance liquid
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chromatography (HPLC), as described below. The experi-
ments were conducted using two independent samples. The
average percentages of cumulative budesonide and theophyl-
line release, respectively, were determined as a function of
time.

Assessment of Aerodynamic Properties

A Next Generation Impactor (NGI, Copley Scientific,
Nottingham, UK) was used to evaluate the aerodynamic
performance of the spray-dried powders. All NGI stages were
coated with a polyethylene glycol sorbitan monolaurate-
ethanol mixture (10:90, v/v) to minimize particle bouncing
after deposition. Approximately 10 mg of powder sample was
loaded in a hydroxypropyl methylcellulose capsule (Size 3;
Capsugel) and placed in an RSOl Monodose dry powder
inhaler device (Plastiape, Osnago, Italy). The aerodynamic
performance was assessed at a flow rate of 95 I/min for 2.4 s.
After actuation, the inhaler, the capsule, the throat, all stages,
and the micro-orifice collector (MOC) were washed sepa-
rately with a water-ethanol mixture (60:40, v/v). The
budesonide and theophylline concentrations were quantified
by HPLC, as described below. All experiments were con-
ducted using at least three independent samples of one batch
of each spray-dried powder. The fine particle fraction (FPF)
of loaded powder (FPF loaded), the FPF of recovered
powder (FPF recovered), and the FPF of emitted powder
(FPF emitted) were defined as the mass fraction of particles
<5.0 pm of aerodynamic diameter with respect to the loaded
mass, recovered mass, and emitted mass, respectively.

Quantification of Budesonide and Theophylline by HPLC

The concentrations of budesonide and theophylline in
the samples obtained from the dissolution testing and the
assessment of aerodynamic properties were quantified by
HPLC using an Agilent 1260 infinity HPLC system (Agilent,
Santa Clara, USA) equipped with an Agilent 1290 Diode
Array Detector. A volume of 20 pl of sample was injected
into an Agilent 5 TC-C18 column (250x4.6 mm, 5 pm,
Agilent) at a flow rate of 1.0 ml/min at rt, and the APIs were
detected using an ultraviolet detector. Quantification of
budesonide was conducted using a mixture of 35% (v/v)
acetonitrile and 65% (v/v) monobasic sodium phosphate
buffer (3.17 mg/ml, pH 3.2+0.05) as the mobile phase at a
detection wavelength of 254 nm. Linearity, the limit of
detection, and the limit of quantification have been reported
previously (21). Quantification of theophylline was performed
at a detection wavelength of 280 nm using a gradient of
monobasic sodium phosphate buffer (3.17 mg/ml, pH 3.2 +
0.05) and acetonitrile (Supplementary data, Table SI). The
standard curve was linear in the range of 0.15-100 pg/ml
(R*>0.999). The limit of detection and the limit of
quantification were 5 and 20 ng/ml, respectively.

Statistical Analysis

All experimental data are presented as mean values +
standard deviation (SD), unless otherwise stated. Statistically
significant differences were assessed by a one-way analysis of



AAPS PharmSciTech (2019) 20: 137

variance (ANOVA) or a ¢ test at a 0.05 significance level
(GraphPad Software, La Jolla, CA, USA).

RESULTS AND DISCUSSION
Morphology

Unprocessed budesonide displayed an irregular shape
and a broad size distribution (Fig. 2a), whereas unprocessed
theophylline exhibited a flake-like shape (Fig. 2b). The
primary particles of budesonide-theophylline 2-F were
spherical with a diameter smaller than 5 pm (Fig. 2c). The
primary particles of budesonide-theophylline 3-F were also
mostly spherical, but the particle size distribution appeared
to be broader, compared to the budesonide-theophylline 2-F
particles (Fig. 2d). The budesonide nanosuspension-
theophylline 2-F and the budesonide nanosuspension-

5um
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theophylline 3-F (Fig. 2e, f) particles possessed comparable
morphological features, which were as expected different
from those of the budesonide-theophylline 2-F and
budesonide-theophylline 3-F particles. The average hydro-
dynamic diameter (z-average) of the nanosuspension of
budesonide was approximately 300 nm, which was reported
in a previously published paper (21). Budesonide
nanosuspension-theophylline 2-F and budesonide
nanosuspension-theophylline 3-F particles appeared to be
composed of nano-sized crystallites that resulted in a rough
surface appearance of the particles and flake-like crystals
embedded throughout the matrix composed of nano-sized
crystallites. The flake-like characteristics of unprocessed
theophylline and the use of the nanosuspension of
budesonide in the feed formulation suggest that the flake-
like crystals displayed in the particles were from theophyl-
line, and the nano-sized particles were from budesonide.

b

20 ym

5pum

5um

Fig. 2. Representative SEM images of unprocessed budesonide (a), unprocessed theophylline (b),
budesonide-theophylline 2-F (c¢), budesonide-theophylline 3-F (d), budesonide nanosuspension-
theophylline 2-F (e), and budesonide nanosuspension-theophylline 3-F (f)
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Solid-State Analysis

The distinct diffraction peaks present in the
diffractograms of unprocessed budesonide and theophylline
confirm the crystalline state of the unprocessed APIs as
seen in Fig. 3. The diffractogram of budesonide-
theophylline 2-F powder displays a halo, which suggests an
amorphous form of budesonide and theophylline. The
diffractogram of budesonide-theophylline 3-F powder indi-
cated partial crystallinity mainly due to the presence of
diffraction peaks of the anhydrous crystalline form of
theophylline (7.2° and 12.7° 26) (22); however, the under-
lying halo pattern suggests that at least some amorphous
content of theophylline has been obtained using the 3-F
nozzle approach. In contrast, the diffractograms of
budesonide nanosuspension-theophylline 2-F and
budesonide nanosuspension-theophylline 3-F powders dis-
play distinct diffraction peaks of crystalline budesonide
(6.2°, 11.5°, 14.6°, 15.5°, and 16.2° 26) and the anhydrous
crystalline form of theophylline (7.2° and 12.7° 26) (21),
suggesting a crystalline state. The similarity of the
diffractograms to the diffractogram of unprocessed physical
mixtures suggests that these two samples are indeed a
crystalline physical mixture of both budesonide and the-
ophylline. This was expected since budesonide was present
in crystalline form prior to spray drying in the suspension,

Intensity

1 L 1 L 1 A 1 L 1 A 1 L 1
5 10 15 20 25 30 35

Position [°2Th.]

Fig. 3. Representative X-ray diffractograms of powders, including
unprocessed budesonide (a), unprocessed theophylline (b), a
physical mixture of unprocessed budesonide and theophylline
(¢), budesonide-theophylline 2-F (d), budesonide-theophylline 3-F
(e), budesonide nanosuspension-theophylline 2-F (f), and
budesonide nanosuspension-theophylline 3-F (g)
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and a pure theophylline solution cannot be prepared as an
amorphous material using spray drying but also results in a
crystalline product.

The sample that displayed amorphous properties was
subjected to T, analysis by DSC. The budesonide-
theophylline 2-F powder displayed a single 7, of 71.3+
0.6°C, which confirms the X-ray data suggesting successful
co-amorphous drug-drug formation (23,24). To further
investigate if the T, is representative of a co-amorphous
drug-drug formulation formed after spray drying, neat
amorphous budesonide was prepared via spray drying at
an inlet temperature of 100°C using a water-ethanol mixture
(20:80, v/v) as the solvent (Supplementary data, Fig. S1).
Neat amorphous budesonide displayed a T, of 89.4 +1.0°C.
Theophylline cannot be made amorphous via spray drying
(25) nor via any other approach (26), and hence an
experimental 7T, analysis cannot be determined for neat
amorphous theophylline.

The thermograms of unprocessed budesonide and
theophylline displayed endothermic events at approxi-
mately 253°C and 273°C (Fig. 4a, b), which represent the
melting points of budesonide and theophylline, respectively
(27,28). Based on the melting peak of theophylline at
273°C, the T, of theophylline was predicted to be approx-
imately 92.8°C, using Eq. 1 (and temperatures in Kelvin)
(27):

T, =0.67T,, (1)

Heat Flow (W/g)

30 60 920 120 150 180 210 240 270 300

Exo Up Temperature (°C)

Fig. 4. Representative DSC thermograms of powders, including
unprocessed budesonide (a), unprocessed theophylline (b), a
physical mixture of unprocessed budesonide and theophylline
(¢), budesonide-theophylline 2-F (d), budesonide-theophylline 3-F
(e), budesonide nanosuspension-theophylline 2-F (f), and
budesonide nanosuspension-theophylline 3-F (g)
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A theoretical T, for the budesonide-theophylline 2-F
powder can now be calculated using the Flory-Fox equation
(28):

1 wi wy

— 2
Te1p Tg1 T2 @

where T, 1, is the T, of the budesonide-theophylline 2-F
powder, and T, ; and T , are the T,s of budesonide (362.4 K)
and theophylline (365.8 K, calculated above), respectively; w;
and w, are the weight fraction of budesonide (0.705) and
theophylline (0.295), respectively. Using Eq. 2, the theoretical
T, of the budesonide-theophylline 2-F powder can be
calculated (7, 1,=89.8°C). The T, of the budesonide-
theophylline 2-F power measured by DSC is lower than the
theoretical T,. This may be explained by the presence of
residual moisture in the powder (0.5+0.04%) acting as a
plasticizer, thus lowering the T, of the budesonide-
theophylline 2-F powder compared to the theoretical T,
(29). The physical mixture displayed a melting point at
approximately 224°C (Fig. 4c), which is 29 and 49°C below
the melting points of crystalline budesonide and crystalline
theophylline, respectively, suggesting that the 1:1 molar ratio
represents a eutectic mixture. The DSC analysis of the spray-
dried powders was performed in the temperature range from
30 to 240°C due to thermal instability: For example, TGA
analysis suggested that the budesonide nanosuspension-
theophylline 2-F powder showed approximately 10% weight
loss at 250°C (data not shown). The thermograms of
budesonide-theophylline 2-F and budesonide-theophylline 3-
F powders displayed an exothermic peak at 130 and 115°C,
respectively, which implies that the amorphous budesonide
and theophylline recrystallize upon heating (Fig. 4d, e) (30—
32). The recrystallization event of amorphous budesonide and
theophylline was followed by a melting endotherm with an
onset temperature at approximately 220°C, which is compa-
rable to the melting point of the eutectic mixture of
budesonide and theophylline. The thermograms of
budesonide nanosuspension-theophylline 2-F and budesonide
nanosuspension-theophylline 3-F powders displayed only one
endothermic event at approximately 220°C as expected,
because these samples are not amorphous (Fig. 4f, g).

Moisture Content

The moisture contents of powders spray-dried from
suspensions were significantly lower (p < 0.05) than the moisture
contents of powders spray-dried from solutions (Table IIT). The
higher moisture content may be attributed to the fact that
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budesonide and theophylline are amorphous in the budesonide-
theophylline 2-F powder and partially amorphous in the
budesonide-theophylline 3-F powder, which results in more
hygroscopic materials (33) compared to the moisture contents of
the budesonide nanosuspension-theophylline 2-F powder and
the budesonide nanosuspension-theophylline 3-F powder.

Dissolution Profiles

Dissolution tests were performed for unprocessed the-
ophylline, a physical mixture of unprocessed budesonide and
theophylline, and the spray-dried powders (Fig. 5). As
expected, theophylline dissolved relatively fast, as compared
to budesonide, from the physical mixture, because theophyl-
line is a water-soluble API (0.85% solubility in water at 25°C)
(34). The dissolution of budesonide from unprocessed
budesonide and the nanosuspension of budesonide have been
reported in a previous study: Less than 10% of budesonide
was dissolved from unprocessed budesonide after 60 min and
approximately 60% of budesonide was dissolved from the
nanosuspension of budesonide after 10 min (21). The
dissolution of budesonide from the physical mixture was very
slow (Fig. 5): Only approximately 10% of the drug was
dissolved after 60 min. The formulations of budesonide
nanosuspension-theophylline 2-F and budesonide
nanosuspension-theophylline 3-F improved the dissolution
rate of budesonide, and approximately 90% of budesonide
was dissolved after 60 min. It is apparent from the SEM and
XRPD results that the co-spray-dried nanosuspension of
budesonide and solubilized theophylline consists of nano-
sized particles of budesonide and crystalline theophylline.
Hence, it can be assumed that the nano-sized particles of
budesonide are re-dispersed during the dissolution process.
The increased dissolution rate of budesonide in these
formulations can be explained by the small size and thus
large surface area of the particles (35).

Converting crystalline APIs into amorphous forms
usually enhances the solubility of poorly water-soluble APIs
(36). However, in this study, no significant improvement in
the dissolution rate of budesonide was observed for the co-
amorphous formulation (budesonide-theophylline 2-F pow-
der) (Fig. 5). One reason for this finding could be that the
applied dissolution method affects the dissolution behavior of
the budesonide-theophylline 2-F powder. In this study, the
powder was loaded into a capsule and subsequently placed in
a metal sinker to ensure a constant powder dose and to avoid
floating of the powder on the surface of the dissolution
medium upon exposure to the medium. The capsule shell and
the amorphous powder may tend to form a gel-like structure

Table III. Moisture Contents and FPF Values of the Spray-Dried Powders

Names of spray-dried powders Moisture content (%) FPF loaded FPF recovered FPF emitted
Budesonide-theophylline 2-F 0.5 +0.04 324 + 6.6 363 +£6.2 46.3 + 6.6
Budesonide-theophylline 3-F 1.2 +02 129 + 2.1 154 +24 179 + 2.6
Budesonide nanosuspension-theophylline 2-F 0.1+0.1 17.3 £ 0.6 204 £ 0.9 240+13
Budesonide nanosuspension-theophylline 3-F 0.1 £0.1 121 + 1.5 144 + 2.1 163 + 2.1

FPF, fine particle fraction
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Fig. 5. Cumulative dissolution rate of budesonide in 10 mM phosphate buffer (pH 7.4) (a).
A physical mixture of unprocessed budesonide and theophylline (O), budesonide-
theophylline 2-F (A), budesonide-theophylline 3-F (#), budesonide nanosuspension-
theophylline 2-F (V), budesonide nanosuspension-theophylline 3-F (<I). Cumulative
dissolution rate of theophylline in 10 mM phosphate buffer (pH 7.4) (b). Unprocessed
theophylline (M), a physical mixture of unprocessed budesonide and theophylline (O),
budesonide-theophylline 2-F (A), budesonide-theophylline 3-F (¢), budesonide
nanosuspension-theophylline 2-F (V), budesonide nanosuspension-theophylline 3-F ().
Data points represent average values of two independent samples

upon contact with the dissolution medium thus preventing the
release of budesonide. In addition, the amorphous powder
may absorb moisture and form aggregates inside the capsule
during dissolution, eventually resulting in poor powder
dispersibility (37,38). Furthermore, amorphous powder can
recrystallize once exposed to moisture or solvent, which has
been found in a previously published study (39). It should be
noted, however, that the used dissolution setup cannot reflect
the dissolution conditions in the lung; the purpose of the
dissolution experiments was simply to compare the dissolu-
tion rates of the four types of spray-dried powders.

Aerodynamic Performance

For inhalable combinations of dry powders, a challenge is
that differences in particle properties between the individual
APIs may result in segregation phenomena during inhalation,
which can induce variability in dose deposition between the two
different APIs (40). For the budesonide-theophylline 2-F
powder and the budesonide nanosuspension-theophylline 2-F
powders, the percentage masses of budesonide and theophyl-
line, respectively, were not significantly different in the stage
deposition of the NGI (Fig. 6a, b), suggesting that the two APIs
most likely will deposit in the same regions of the lungs. The co-
deposition of budesonide and theophylline from the
budesonide-theophylline 2-F powder or from the budesonide
nanosuspension-theophylline 2-F powder is due to the
budesonide feed sample and the theophylline sample being
pre-mixed before being subjected to spray drying. For the
budesonide-theophylline 3-F powder, there was a significant
difference between the budesonide content and the theophylline
content in the capsule after actuation (Fig. 6¢), and the
budesonide and theophylline contents were significantly differ-
ent in stage 4 of the NGI from the budesonide nanosuspension-
theophylline 3-F powder (Fig. 6d). A possible explanation for
these differences is that the budesonide liquid-feed and the
theophylline feed solution were fed from two separate liquid
passages and met at the tip of the 3-F nozzle. Hence, the mixing

time may be insufficient for generating a homogeneous mixture
the two APISs, eventually resulting in non-identical deposition of
budesonide and theophylline.

A significantly higher FPF emitted (p <0.05) was ob-
tained for the budesonide-theophylline 2-F powder, com-
pared to the other three spray-dried powders (Table III). A
high fraction of these three types of spray-dried powders was
detected in the throat or on the stages with high cut-off
diameters, and only minimal quantities of budesonide and
theophylline were collected in the lower stages of the NGI.
The surface morphology of budesonide nanosuspension-
theophylline 2-F and budesonide nanosuspension-
theophylline 3-F powders, i.e., existence of flake-like crystals
in the rough particles, may be a reason to explain the low
FPFs, as the flake-like crystals may result in a high inter-
particulate cohesion. The lower FPF of budesonide-
theophylline 3-F powder, compared to the budesonide-
theophylline 2-F powder, may be because of the higher
moisture contents, which could increase cohesion between
particles and decrease the flowability (41).

Based on the results of this study, the pros and the cons of
the four types of spray-dried powders are summarized in
Table IV. It was observed that powders prepared using the 2-F
nozzle and the 3-F nozzle spray driers were different, in
particular in the deposition profiles of budesonide and theoph-
ylline, even though the spray drying parameters (i.e., feed rate,
inlet temperature, drying air flow rate, and atomization air flow
rate) and the formulation compositions (i.e., solvent, concentra-
tion, solution/suspension form) were kept identical. The feed
sample of budesonide and the feed sample of theophylline were
pre-mixed into a homogeneous mixture before subjecting them
to spray drying, thus the depositions of budesonide and
theophylline spray-dried using the 2-F nozzle spray drier were
identical. However, this was not the case for the 3-F nozzle spray
drier, as the feed samples were only mixed for a short time at the
tip of the nozzle instead of being pre-mixed. In this study, the 3-F
nozzle spray drying approach showed a limitation in preparing
powders containing two APIs with a desired co-deposition
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Fig. 6. Aerodynamic assessment of the spray-dried powders, including budesonide-theophylline 2-F (a),
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nanosuspension-theophylline 3-F (d). The black bars denote budesonide and the white bars denote

theophylline. The bars represent mean values
differences: *p <0.05

profile for APIs, independent of the feed sample being in form
of a solution or suspension. Hence, powders prepared using the
2-F nozzle spray drier (i.e., budesonide-theophylline 2-F and
budesonide nanosuspension-theophylline 2-F) were superior to
the powders prepared using the 3-F nozzle spray drier (i.e.,
budesonide-theophylline 3-F and budesonide nanosuspension-
theophylline 3-F).

Formation of amorphous or partially amorphous materials
was observed in powders spray-dried from solutions, as
budesonide and theophylline were molecularly dispersed in
the feed sample, and the fast evaporation of solvent during spray
drying prevented the nucleation and/or growth of crystalline
materials. In contrast, crystalline states of budesonide and
theophylline were preserved or formed in the powders spray-
dried from suspension, as budesonide crystallites were already
present in the feed sample and theophylline was not able to
transform to an amorphous form by itself during spray drying. A
crystalline state of APIs is advantageous, as it ensures long-term
physical stability of spray-dried powders during storage. At this
point, it should be highlighted that the budesonide

+ SD (n>3). In ¢ and d, the stars indicate significant

nanosuspension-theophylline 2-F powder and the budesonide
nanosuspension-theophylline 3-F powder were superior to the
budesonide-theophylline 2-F and the budesonide-theophylline
3-F powders. The two APIs were in crystalline state in the
budesonide nanosuspension-theophylline 2-F powder and the
budesonide nanosuspension-theophylline 3-F powder, whereas,
the two APIs were amorphous and partially amorphous in the
budesonide-theophylline 2-F powder and the budesonide-
theophylline 3-F powder, respectively. Considering the solid-
state properties and deposition profile in the aerodynamic
assessment, the budesonide-theophylline 2-F powder was the
best formulation among the four types of spray-dried powders.

CONCLUSIONS

Four types of inhalable powders containing budesonide
and theophylline were formulated by applying different spray
drying approaches. The powder prepared by spray drying the
suspension using the 2-F nozzle spray drier is the best
formulation compared to the powder prepared by spray
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Table IV. Pros and Cons of the Four Types of Spray-Dried Powders

Names of spray-dried powders  Pros

Cons

Budesonide-theophylline 2-F
of spray-dried powders
Easy manufacturing process
Co-deposition of budesonide and

Higher FPF compared to the other three types

Amorphous powder
No advantage of dissolution for budesonide as
compared to that of unprocessed budesonide

theophylline in the aerodynamic assessment

Budesonide nanosuspension-
theophylline 2-F
the long-term physical stability

No involvement of organic solvent
Preservation of crystalline state ensures

Additional processing step for preparation
of budesonide nanocrystals

Co-deposition of budesonide and theophylline

in the aerodynamic assessment
Fast dissolution of budesonide

Budesonide-theophylline 3-F Easy manufacturing process

Budesonide nanosuspension-
theophylline 3-F Preservation of crystalline state

Fast dissolution of budesonide

No involvement of organic solvent

Partially amorphous powder
Deviation from the starting weight ratio of budesonide
and theophylline in the aerodynamic assessment
No advantage of dissolution for budesonide as
compared to that of unprocessed budesonide
Deviation from the starting weight ratio of budesonide
and theophylline in the aerodynamic assessment
Additional processing step for preparation
of budesonide nanocrystals

FPF, fine particle fraction

drying the solution using the 2-F nozzle spray drier and the
powders prepared by spray drying the solution and the
suspension using the 3-F nozzle spray drier, as the crystalline
states of budesonide and theophylline were preserved in the
spray-dried powder and it displayed identical deposition
profiles for both, budesonide and theophylline. In addition,
this study has demonstrated the limitations of a 3-F nozzle
spray drier in the preparation of two-API combinations with
a desired co-deposition profile for the APIs.
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