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ABSTRACT
This systematic and comprehensive study reports for the first time on the successful

rational design of advanced inhalable therapeutic dry powders containing dimethyl fumarate, a
first-in-class Nrf2 activator drug to treat pulmonary inflammation, using particle engineering
design technology for targeted delivery to the lungs as advanced spray dried (SD) one-
component DPIs. In addition, two-component co-spray dried (co-SD) DMF:D-Man DPIs with
high drug loading were successfully designed for targeted lung delivery as advanced DPIs using
organic solution advanced spray drying in closed mode. Regional targeted deposition using
design of experiments (DoE) for in vitro predictive lung modeling based on aerodynamic
properties was tailored based on composition and spray drying parameters. These findings
indicate the significant potential of using D-Man in spray drying to improve particle formation
and aerosol performance of small molecule with a relatively low melting point. These respirable
microparticles/nanoparticles in the solid-state exhibited excellent aerosol dispersion performance
with an FDA-approved human DPI device. Using in vitro predictive lung deposition modeling,
the aerosol deposition patterns of these particles show the capability to reach lower airways to
treat inflammation in this region in pulmonary diseases such as acute lung injury (ALI), chronic
obstructive pulmonary disease (COPD), pulmonary hypertension (PH), and pulmonary

endothelial disease.

Keywords: dry powder inhaler (DPI), nanotechnology, solid state particle engineering design,
targeted pulmonary drug delivery, human inhaler device, in vitro aerosol predictive lung
deposition modeling, chronic obstructive pulmonary disease (COPD), acute lung injury (ALI),

pulmonary hypertension (PH), pulmonary endothelial disease
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INTRODUCTION

Acute lung injury (ALI) and the acute respiratory distress syndrome (ARDS) are life-
threatening conditions that occur in critically ill patients, including patients who experience
shock, trauma, sepsis, burns, aspiration, or pneumonia. Although the terms ALI and ARDS are
often used interchangeably, strict criteria reserve ARDS for the most severe form of the disease.
Clinical manifestations include inflammatory responses of the lung to both direct and indirect
insults and are characterized by severe hypoxemia, hypercapnia, diffuse infiltration on
radiographs, and a substantial reduction in pulmonary compliance. Although mechanical
ventilation (MV) is crucial for maintaining life during ALI/ARDS, the mechanical forces
generated during ventilation can further damage the lungs due to alveolar distension, barotrauma,
and cyclic airway closing and reopening. This phenomenon, ventilator associated lung injury
(VALI), can trigger a pulmonary and systemic inflammatory reaction leading to multiple organ
dysfunction and organ failure.

Chronic obstructive pulmonary disease (COPD) is a chronic disease occurring primarily
in elderly patients that is often associated with chronic inflammatory response leading to airflow
limitation. The pathophysiology of COPD' involves chronic inflammation of the airways due to
chronic bronchitis and emphysema. Alveolar macrophages play a key role in this inflammatory
response by releasing inflammatory mediators including tumor necrosis factor-o (TNF-a),
interleukin-IL 6, interleukin IL-8, monocyte chemotactic peptide (MCP)-1, leukotriene LTB4
and reactive oxygen speciesz. In patients with chronic obstructive pulmonary disease, cellular
remodeling of airway smooth muscle occurs more often and this is not fully reversible. Current,
treatment options for COPD includes anticholinergics, beta,-agonists, and inhaled

corticosteroids®”. Current therapeutics control the symptoms but do not cure the underlying

Page 4 of 53



Page 5 of 53

79
80
81
82
83
84
85

86

87
88
89
90
91
92
93
94
95
96
97

98

99
100

101

Molecular Systems Design & Engineering

disease®. Similarly, in disease such as pulmonary hypertension (PH) there is both pulmonary
endothelial injury and remodeling of the pulmonary smooth muscle layer. Based upon a large
number of studies in animal models, the three major stimuli that drive the vascular remodeling
process are shear stress” ®, inflammation® ', and hypoxia''. Although, the precise mechanisms
by which these stimuli impair pulmonary vascular function increased oxidative stress is thought
to play a major role continue to be investigated. The oxidative stress in PH has been linked to
increases in uncoupled endothelial nitric oxide synthase (eNOS)", increases in the activity of

xanthine oxidase'® and NADPH oxidase'* activity as well as mitochondrial dysfunction'’.

Dimethyl fumarate (DMF), is shown to possess anti-inflammatory'® property that can be
explored to target the cellular inflammatory response pathway® and protect against oxidative
stress in patients with COPD'”. DMF is a fumaric acid ester known for its therapeutic activity in
treating multiple sclerosis (MS) and psoriasis. Its efficiency in treating psoriasis vulgaris was
introduced through self-experiment by German chemist Walter Schweckendieck'®. Several years
later, DMF was approved for topical skin administration as Fumaderm® for treating dermatologic
conditions in Europe. Recently, the DMF was approved in the United States as an orally
administered delayed-release capsule, Tecfidera” (Biogen, Research Triangle Park, NC) to treat
the autoimmune neurological disease, multiple sclerosis. The approval of DMF to treat multiple
sclerosis has opened doors to new avenues for research in using the DMF in other inflammatory
and autoimmune conditions, such as polyarthiritis, vascular calcification'®, renal fibrosis*’, and

pancreatitis®" >,

It has been shown that DMF possess both anti-inflammatory and anti-oxidant properties.

Its mode of action as an anti-oxidant is attributed to its ability to activate the nuclear factor

(erythroid — derived 2) — like 2 (Nrf2) genetic pathway and so reduce oxidative stress™ **. In
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normal cells, Nrf2 is sequestered by the Kelch like -ECH- associated protein 1 (Keap-1) to form
a Nrf2-Keap 1 complex. However, during oxidative stress nrf2 dissociates from Keap-1,
translocates into the nucleus and binds to electrophile response elements (ARE), promoting the
transcription of the target gene. DMF activates the dissociation of Nrf2 from Keap-1 by

selectively blocking, or binding to, reactive cysteine residues in Keap-1'7.

Nrf2 has been reported to alleviate lung inflammation following lung injury® and its anti-
inflammatory property is attributed to its ability to prevent nuclear factor kappa B (NF-kB)
translocation into the nucleus®®. As a result, NF-xkB dependent gene expression is attenuated.
Siedel et al, have shown that in the airway, DMF exhibits both an anti-inflammatory effect, by
inhibiting NF-kB® and an ability to attenuate airway smooth muscle cell proliferation through
induction of heme-oxygenase-1 (HO-1)*'. There is increasing interest in exploring the anti-
oxidant signaling pathway (Nrf2), for anti-inflammatory therapy and stimulating the Nrf2
pathway in alveolar macrophages has been shown to prevent the exacerbation of COPD caused

by bacterial infection™.

Little is known regarding the role of Nrf2 in pulmonary endothelial diseases such as PH.
However, it has been shown that Nrf2 is stimulated in endothelial cells, exposed to laminar shear
stress®’. Increased shear stress is thought to be a major component of the endothelial dysfunction
associated with certain congenital heart defects that result in increased pulmonary blood flow” ®.
Interestingly, oscillatory shear stress, such as that observed during the development of
atherosclerosis and which results in reduced NO production and increased superoxide
generation®® decreases Nrf2-mediated activation of ARE-linked genes and transitions the
endothelium to a proathrogenic state’’. Recent evidence also suggests that the Nrf2—Keapl
complex may be tethered to the mitochondrion and this complex may directly sense ROS that are

6
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released from mitochondria®. As mitochondrial ROS are stimulated during the development of

33-35

endothelial dysfunction this may allow Nrf2 signaling to be stimulated. A potential concern

in using Nrf2 activators in a non-targeted manner is the reported dual role of the Nrf2 pathway in
cancer progression, as reported by Zhang et.al’®. To overcome this deleterious action we propose
a targeted delivery to the lungs, using inhalation delivery, which would target the Nrf2 activators
to the intended site of action in the organ and significantly reduce, or even eliminate, off-target

side effects.

Hence, in this systematic and comprehensive study, we have engineered DMF into
advanced inhalable dry powders that can be targeted to the respiratory tract as dry powder
inhalers (DPIs) using an FDA-approved human DPI device. Organic solution closed mode
advanced spray drying was employed to exploit the unique advantages of organic solvents over
aqueous in forming dry particles that are both inhalable and high performing as DPIs, as we have
reported **!. There is of plethora of literature on the various types of nanomaterials that can be

used in drug delivery®™’

. In addition to advanced spray drying under rationally chosen spray
drying conditions to engineer spray dried (SD) DMF nanostructured inhalable powders, DMF
was co-spray dried (co-SD) with D-mannitol (D-Man) at various molar ratios with high drug
loading. D-Man is a non-reducing sugar, a mucolytic agent, and an aerosol performance
enhancer in DPIs. We chose D-Man based on our previously study in which D-Man significantly
improved in vitro aerosol dispersion performance*®. To the authors' knowledge, we are the first

to report on inhalable microparticles/nanoparticles of DMF and co-SD DMF:D-Man for targeted

pulmonary delivery as advanced DPIs.
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EXPERIMENTAL: MATERIALS AND METHODS
Materials

DMF [97% purity] [CsHsO4; molecular weight (MW): 144.12 g/mol], shown in Figure 1
(ChemDraw Ultra Ver. 10.0.; CambridgeSoft, Cambridge, Massachusetts), was obtained from
Sigma-Aldrich (St. Louis, Missouri). Raw Man (CeH1406; MW: 182.17 g/mol) (Figure 1)
was obtained from Acros Organics (New Jersey,USA). Methanol (HPLC grade, ACS-certified
grade, purity 99.9%) was obtained from Fisher Scientific (Fair Lawn, New Jersey).
HYDRANAL® -Coulomat AD was obtained from Sigma-Aldrich. The nitrogen gas used was
ultra-high purity (UHP) nitrogen gas (Cryogenics and gas facility, The University of Arizona,

Tucson, Arizona). Raw DMF was stored in sealed glass desiccators over Indicating

.. . ., ™ . .
Drierite/Drierite  desiccant at room temperature. Raw D-Man was used as received and stored

under room conditions. Other chemicals were stored under room conditions.

[Insert Figure 1]

Methods

Preparation of SD and co-SD particles by Organic Solution Advanced Spray Drying in

Closed Mode

Organic solution advanced spray drying process in the absence of water was
performedium in closed mode using a Biichi B-290 Mini Spray Dryer with a high performance
cyclone in closed mode using UHP dry nitrogen gas as the atomizing drying gas and connected to

the B-295 Inert Loop (Btichi Labortechnik AG, Flawil, Switzerland). The feed solution was

Page 8 of 53
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prepared by dissolving the component/s in methanol using Branson 7500 ultrasonicator to aid in
dissolution. For the two-component system, the components were dissolved successively in the
solvent consisting of drug with Man in rationally selected molar ratios in methanol. Table 1

lists the spray drying conditions for one- and two-component powders. The drying gas

atomization rate (670 L/h at 35mmHg) and aspiration rate (35 m3/h at 100% rate) was
maintained constant during all the experiments. Three feed pump rates were employed to
obtained particles using pump rates of 7.5mL/min (low, 25%), 15mL/min (medium, 50%), and
30mL/min (high, 100%). The stainless steel two-fluid nozzle tip diameter was 0.7 mm with
1.5mm gas cap. The SD and co-SD particles were separated from the nitrogen drying gas in the
high-performance cyclone (HPC) and collected in the small sample collector. All SD and co-SD

powders were carefully stored in sealed glass vials stored in sealed glass desiccators over

™
indicating Drierite/Drierite  desiccant at —20°C under ambient pressure. For comparison purpose,

Man was sprayed as single component under the same conditions as co-SD DMF:Man mixtures.

[Insert Table 1]

Scanning Electron Microscopy (SEM)

Using conditions similar to previously reported®® ****%7 visual imaging and analysis of
particle size, morphology, and surface morphology was achieved by scanning electron
microscopy (SEM). The powder samples were placed on double coated carbon conductive
adhesive Pelco tabs™ (TedPella, Inc. Redding CA), which were adhered to aluminum stubs
(Ted- Pella, Inc.) Subsequently, the powder sample in the stub was sputter coated with thin film
of gold using Anatech Hummer 6.2 (Union city, CA, USA) system at 20pnA for 90secs under

Argon plasma. The electron beam with an accelerating voltage of 30 kV was used at a working

9
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distance of 10-10.4mm. SEM images were captured by SEM FEI Inspect S (Brno, Czeck

republic) at several magnification levels.

Particle Sizing and Size Distribution Using SEM Micrographs

The mean size, standard deviation and size range of the particles were determined
digitally using SigmaScan Pro 5.0.0 (Systat, San Jose, CA, USA), using similar conditions that
have been previously reported*®. Representative micrographs for each particle sample at 15,000x

magnification was analyzed by measuring the diameter of at least 100 particles per sample.

X-Ray Powder Diffraction (XRPD)
Using conditions similar to previously reported®® * ** 7 X-ray powder diffraction
(XRPD) patterns of samples were collected at room temperature with a PanAnalytical X pert

diffractometer (PANalytical Inc., Westborough, MA, USA) with Cu Ka radiation (45 kV,

40mA, and L =1.5406 A) between 5.0° and 70.0° (20) with a scan rate of 2.00°/ minute at
ambient temperature. The powder samples were loaded on zero background silicon wafer

sample holder and diffraction measured with an X’celerator detector.

Differential Scanning Calorimetry (DSC)

38, 39, 46, 47
4> 27 7

Using conditions similar to previously reporte , thermal analysis and phase

transition measurements were performed on a TA Q1000 differential scanning calorimeter (DSC)

®
(TA Instruments, New Castle, Delaware) equipped with T-Zero  technology, RSC90
automated cooling system, auto sampler and calibrated with indium. Approximately 1-10

mg sample was placed into an anodized aluminum hermetic DSC pan. The T-Zero® DSC pans

10
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were hermetically sealed with the T-Zero hermetic press (TA Instruments). An empty
hermetically sealed aluminum pan was used as reference pan for all the experiments. UHP
nitrogen was used as the purging gas at a rate of 40 mL/min. The samples were heated from
0.00°C to 250.00°C at a scanning rate of 5.00°C/min. All measurements were carried out in

triplicate (n = 3).
Hot Stage Microscopy (HSM) under Cross-Polarizers

Using conditions similar to previously reported®™ *** " hot-stage microscopy (HSM)
studies used a Leica DMLP cross-polarized microscope (Wetzlar, Germany) equipped with a
Mettler FP 80 central processor heating unit and Mettler FP82 hot stage (Columbus, OH, USA).
Samples were mounted on glass slide and heated from 25.0°C to 200.0°C at a heating rate of
5.00°C/min. The images were digitally captured using a Nikon coolpix 8800 digital camera

(Nikon, Tokyo, Japan) under 10x optical objective and 10x digital zoom.

Karl Fisher Titration (KFT)

d* 34697 the residual water content of

Using conditions similar to previously reporte
all SD and co-SD powders were quantified analytically by Karl Fischer titration (KFT)
coulometrically using a TitroLine 7500 trace titrator (SI Analytics, Germany). Approximately 5-20

mg of powder was added to the titration cell containing Hydranal® Coulomat AD reagent. The

residual water content was then calculated.

Confocal Raman Microspectroscopy (CRM), Chemical Imaging, and Mapping
Confocal Raman microspectroscopy (CRM) provides noninvasive and nondestructive
microspectroscopic component analysis of DPI formulations. Using similar conditions

previously reported®® ** ** % Raman spectra was obtained at 514 nm laser excitation using

11
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236 Renishaw InVia Reflex (Gloucestershire, UK) at the surface using a 20x magnification objective
237  on a Leica DM2700 optical microscope (Wetzlar, Germany) and equipped with a Renishaw
238 inVia Raman system (Gloucestershire, UK). This Renishaw system has a 2400 I/mm grating,
239  with a slit width of 65pm and a thermoelectrically cooled Master Renishaw CCD detector. The
240  laser power was adjusted to achieve 5000 counts per second for the 520 cm™ line of the internal
241 Si Reference. Raman spectral map was obtained with the stage moved in increments of 20x20 pm
242 in each axis. Each map point was acquired 1 accumulation using 2 s of detector exposure time

243 per accumulation. Spectra were subjected to baseline correction prior to further analysis.

244  Attenuated Total Reflectance — FTIR Spectroscopy

245 A Nicolet Avatar 360 FTIR spectrometer (Varian Inc., CA) equipped with a DTGS detector and
246  a Harrick MNP-Pro (Pleasantville, NY,USA) attenuated total reflectance (ATR) accessory was
247  used for all the experiments. Each spectrum was collected for 32 scans at a spectral resolution of
248 8 cm’ over the wavenumber range of 4000-400 cm™. A background spectrum was carried out
249  under the same experimental conditions and was subtracted from each sample spectrum. Spectral
250 data were acquired with EZ-OMNIC software. These conditions are similar to our previous

251 reports38’ 39.46.47

252 In Vitro Aerosol Dispersion Performance

253 In accordance with USP Chapter <601> specifications on aerosols and using
254  conditions similar to previously reported®® * 4’ the aerosol dispersion performance of SD
255  DMF and co-SD particles was tested using the Next Generation Impactor™ (NGI™) (MSP
256  Corporation, Shoreview, Minnesota, USA) with a stainless steel induction port (USP throat)
257  attachment (NGI Model 170; MSP Corporation) equipped with specialized stainless steel NGI

258  gravimetric insert cups (MSP Corporation) and FDA approved human DPI device HandiHaler®

12
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(Boehringer Ingelheim, Ingelheim, Germany). An airflow rate (Q) of 60 L/min (adult airflow
rate) was adjusted and measured before each experiment using a COPLEY DFM 2000 flow
meter (COPLEY Scientific, Nottingham, United Kingdom). The NGI was connected to a
COPLEY HCP5 vacuum pump (COPLEY Scientific) through a COPLEY TPK 2000 critical
flow controller (COPLEY Scientific). The mass of powder deposited on each stage was
quantified by gravimetric method using type A/E glass fiber filters with diameter 55mm
(PALL Corporation, Port Washington, New York) and 75mm (Advantec, Japan). Quali-V clear
HPMC size 3 inhalation grade capsules (Qualicaps, North Carolina) were filled with about 10 mg
of powder was used. Three capsules were used in each experiment. In vitro aerosolization was

done in triplicate (n=3) under ambient conditions.

For the NGI, Q= 60 L/min, the D,so aerodynamic cutoff diameter for each NGI stage was
calibrated by the manufacturer and stated as: stage 1 (8.06 pum); stage 2 (4.46 um); stage 3 (2.82
um); stage 4 (1.66 um); stage 5 (0.94 um); stage 6 (0.55 pm); and stage 7 (0.34 um). The
emitted dose (ED) was determined as the difference between the initial mass of powder loaded
in the capsules and the remaining mass of powder in the capsules following aerosolization. The
ED (%) Equation 1 was used to express the percentage of ED based on the total dose (TD) used.
The fine particle dose (FPD) was defined as the dose deposited on stages 2 to 7. The fine particle
fraction (FPF %) Equation 2 was expressed as the percentage of FPD to ED. The respirable
fraction (RF %) Equation 3 was used as the percentage of FPD to total deposited dose (DD) on all

impactor stages.

Emitted Dose (ED%) = =X 100% Equation 1

Fine Particle Fraction (FPF%) = %X 100% Equation 2

13
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281 Respirable Fraction (RF%) = % X 100 % Equation 3

282  In addition, the mass median aerodynamic diameter (MMAD) of aerosol particles and
283  geometric standard deviation (GSD) were calculated using a Mathematica (Wolfram Research,
284  Inc., Champaign, IL) program written by Dr. Warren Finlay.

285

286 STATISTICAL ANALYSIS

287 Design of experiments (DoEs) for in vitro aerosol performance was conducted using
288  Design Expert® 8.0.7.1 software (Stat-Ease Corporation, Minneapolis, Minnesota). A full
289  factorial design of 3' for single component spray dried D-Man and a factorial design of 3* for co-
290  SD systems were designed. Interaction of excipient and process parameter on the performance of
291  the formulation was evaluated using the 3-D surface plot generated from Design Expert®. All
292 experiments were performed in triplicate (n = 3). Results are expressed as mean + standard

293 deviation.
294  RESULTS
295  Scanning Electron Microscopy (SEM)

296 Spray dried DMF was successfully produced at 100% pump rate. Co-SD DMF:D-Man
297  powders at various molar compositions with high drug loading were successfully produced at
298  low (25%), medium (50%) and high (100%) pump rates. The particle shape and surface
299  morphology were visualized by SEM for the all raw and spray dried (SD) one-component
300 powders of DMF and D-Man (Figure 2). All spray dried samples showed smooth and spherical

301 nanoparticles/nanospheres compared to raw DMF and Man. SD DMF at high pump rate showed

14
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smooth and spherical particles and SD D-Man showed spherical particles at low pump rate with

slight sintering of particles at medium and high pump rate.

[Insert Figure 2]

As shown in Figure 3, co-SD particles at DMF:D-Man 90:10 and 80:20 molar ratios
exhibited spherical particles at all pump rates with smooth surface morphology. Co-SD DMF:D-
Man 50:50 particles exhibited spherical particles with smooth surface morphology at low pump

rates and somewhat crinkled particles at medium & high pump rates.

[Insert Figure 3]

Particle Sizing and Size Distribution by Image Analysis of SEM Micrographs

As shown in Table 2, all co-SD samples had projected mean geometric diameter in the
size range of 0.51 — 1.04 um, while individually spray dried DMF had 0.76 um and mannitol had
0.56 — 1.08 um. Majority of the particles had a mean geometric diameter in nanoscale range
which is in agreement with the SEM micrographs. All the SD and co-SD particles had particle

size range < Sum, which is the preferred particle size for inhalation powders.

[Insert Table 2]

X-Ray Powder Diffraction (XRPD)

The XRPD pattern of raw DMF showed sharp and intensive peaks characteristic of long-
range molecular order (i.e. crystallinity) at 2-theta degree values of 10.94, 21.99 and 24.28, as
shown in Figure 4. To the authors knowledge this is the first time powder diffraction pattern of
DMF has been reported. The observed peaks are in excellent agreement with predicted powder

diffraction pattern obtained using CCDC Cambridge database software. SD DMF had the same

15
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323  pattern as raw DMF suggesting that raw and SD DMF had the same crystal structure. XRPD
324  pattern of D-Man has been previously reported*®. Comparing with the previous report, the raw
325 D-Man used in this study was found to be beta form with prominent peaks at 18.77, 23.39, 14.65
326 and 20.47 2-theta degree values. However, SD D-Man exhibited peaks at different 2-theta
327  values. The diffraction pattern of SD D-Man is closely resembles that of alpha and delta
328  polymorphic forms at all three pump rates. Li et al observed alpha (medium pump rate) and
329 alpha and delta (high pump rate) polymorphic forms at the same pump rate*®. However, it is
330  worth mentioning that the inlet and outlet temperatures were different in both the studies. The
331 rich diffraction pattern seen in both the samples (DMF and D-Man) suggest that the single

332 components possessed long range molecular order and this was retained after spray drying.

333 For the co-SD DMF:D-Man powders, all XRPD diffractograms exhibited sharp peaks
334  which are characteristic of long-range molecular order i.e. crystallinity, as shown in Figure 4.
335  The diffraction pattern of co-SD samples (all three molar ratios) were similar to SD D-Man at
336 low and medium pump rates. At high pump rate, 90:10 had diffraction pattern similar to SD

337  DMF while other two molar ratios had mixed pattern resembling both DMF and D-Man.

338 All spray dried and co-spray dried samples exhibited several sharp peaks characteristic of
339  long range molecular order, which is consistent with highly crystalline powders. Unlike majority
340  of spray dried systems which forms amorphous dispersion, the presence of sharp peaks in spray
341 dried and co-SD samples is indicative of retention of crystallinity following organic solution
342  closed mode spray drying. Retention of crystallinity by mannitol following spray drying was

343 recently reported by Li et al*®

344 [Insert Figure 4]

16
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Differential Scanning Calorimetry (DSC)

Representative DSC thermograms of raw components, SD single component and co-
spray dried particles are shown in Figure 5. Raw and SD DMF exhibit single endothermic
transition at about 102°C suggesting transition from ordered to disordered phase. The presence of
ordered phase at room temperature is in good agreement with XRPD data. Raw and SD D-Man
exhibited single transition similar to previously reported results*®. As can be seen from Table 3,
an increase in enthalpy was observed for SD D-Man samples with an increase in pump rate.
There was a spray drying pump rate effect observed on the DSC thermograms of co-SD particles.
At low and medium pump rates, there was only one endothermic transition at about 164°C, while
at high pump rate two endothermic transitions were observed at 102°C and 164°C. At room
temperature, all co-SD particles exhibited no transition suggesting existence of ordered phase
that is consistent with XRPD observation. At higher heating scan rates of 20°C/min and
40°C/min, there was no reproducible transition (glass) or no transition observed for all the
samples (data not shown). The two endothermic peaks observed at high pump rate suggest
decreased molecular miscibility between the two components at that pump rate (100%) while
single peak at lower pump rates suggest molecular encapsulation of the drug in the excipient (D-
Man). In any case, from all DSC data it is clear that the components exist in crystalline ordered

phase before and after spray drying suggesting absence of polymorphic interconversion.
[Insert Figure 5]
[Insert Table 3]

HSM under cross-polarizer lens
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Figure 6 shows representative images from HSM experiment. All raw samples exhibited
birefringence suggestive of crystallinity of the particles. Raw DMF at increasing temperature
started melting at about 80°C and completely melted at 100°C. However, there was particle
growth observed for SD DMF sample from 70-102°C followed by melting starting at 103.7°C
and completely melted at 104.5°C. This is an unusual phenomenon observed on heating SD
DMEF particles, which can be attributed to transition to a different phase. However, this needs
further investigation. Raw D-Man and SD D-Man (all pump rates) exhibited one observable
transition from solid state to liquid state at temperatures higher than 160°C. However, different
co-SD particles showed thermal events on heating. All low and medium pump rate particles
showed one transition from solid state to liquid state at higher temperatures of 160-166°C. At
high pump rate all co-SD samples had two observable thermal events upon heating. One was loss
of birefringence which can be described as melting of one component at about 60-70°C and other
melting at 160-164°C. Additionally, 80:20 molar ratio particles at 100% pump rate showed a
particle growth similar to SD DMF starting at 70°C. The thermal activity observed with HSM is
comparable with the DSC data, where two peaks were seen at high pump rate and one peak seen

at low and medium pump rates.

[Insert Figure 6]

Karl Fisher Titration (KFT)

Table 4, shows the residual water content in the raw and spray dried powders. The SD D-
Man samples had low water content but higher than raw D-Man. This is similar to previously
reported residual water content results of D-mannitol before and after spray drying. It can be

noted from the Table 4 that all SD powder samples had residual water content < 1.50 % w/w.
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These values of residual water content are considered acceptable for inhalation dry powder

formulation.
[Insert Table 4]
ATR-FTIR Spectroscopy

ATR-FTIR spectra in Figure 7, confirms the presence of the components in the co-SD
particles. The spectra of DMF obtained is similar to the spectra reported in Scifinder® and by

Lopes et al®

. Co-SD samples at the low and medium spray drying pump rates showed O-H
stretching at 3260-3280 (cm™) suggesting H-bonding with D-mannitol. At High pump rate, the
spectra are similar to SD DMF. Additionally, 80:20 at low and medium samples shows C-H

stretch at 2940 (cm™).
[Insert Figure 7]
Confocal Raman Microspectroscopy (CRM), Chemical Imaging, & Mapping

Confocal Raman microscopy analysis was performed to further investigate the physical
form and homogeneity of DMF and Man in co-SD particles. A spectral scan from 100-4000/cm-'
was performed on all samples. All the samples exhibited high crystallinity before and after spray
drying with or without D-Man. Based on the spectral scan of both the components, Raman shift
in the range of 2826-3289 (cm™) was observed during confocal Raman mapping (CRM). In
general, the spectral scan and CRM of all samples were in good agreement. As seen in Figure 8
and 9, the spectral scan of all co-SD samples at low pump rate exhibited Raman shift that was
consistent with D-Man. At medium pump rate, 90:10 molar ratio sample showed Raman shift of
both DMF and D-Man while other samples exhibited only that of D-Man. At high pump rate, co-
SD DMF:D-Man 90:10 and 80:20 powders had Raman shift consistent with that of DMF while
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410  50:50 exhibited that of Man. Interestingly, co-SD DMF:D-Man 50:50 powder exhibited Raman
411  spectra similar to that of D-Man. By CRM, all co-spray dried samples (all molar ratios and all
412 pump rates) exhibited homogeneity in their distribution. Figure 10 shows representative
413  brightfield micrographs obtained at 20x magnification of co-SD samples and the corresponding
414  Raman signal obtained from different regions of the imaged sample. The image represents an
415  area of the powder sample to assess the chemical composition (i.e. molecular fingerprint) and
416  distribution of the components. As can be seen from Figures 10A and 10B, the peaks are
417  consistently seen in a given sample suggesting uniform distribution of the components. Figure
418 10 A exhibits the characteristic peaks corresponding to DMF, while Figure 10B exhibits the
419  characteristic peaks of D-Man. Raman spectra of co-SD samples at some pump rates showed
420  peaks corresponding to mannitol at different molar ratios suggesting encapsulation of the drug by

421  mannitol.

422 [Insert Figure 8]
423 [Insert Figure 9]
424 [Insert Figure 10]
425

426  In Vitro Aerosol Dispersion Performance

427 In vitro aerosol dispersion performance using NGI® revealed that all SD and co-SD
428  systems had high ED values. For most of the co-SD DMF:D-Man systems, the FPF was
429  improved with the addition of the aerosol performance enhancer, D-Man, compared to the one-
430  component SD DMF powders. Aerosol dispersion of SD DMF alone exhibited higher fraction of
431  particle deposition at the earlier stages (1-3), but inclusion of D-man had profound effect on the
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stage deposition. As can be seen from the Figure 11, co-spray drying DMF with D-Man
decreased the deposition on stage 2, but increased the aerosol deposition on stages 1 and 3-6,
which include nanoparticles in the solid state. There was no measurable deposition seen on stage

7 for all aerosolized powders.

[Insert Figure 11]

DISCUSSION

To the authors' knowledge, this is the first reported study to successfully design and
optimize DPIs of DMF and DMF:D-Man molecular mixtures by organic solution advanced
closed mode spray drying. This study is also the first to have comprehensively characterized
DMF for its physicochemical properties in the solid state. The systematic approach in this study
included single component SD drug, single component SD excipient (D-Man) and co-SD
rationally chosen molar ratios of drug: excipient. Particle engineering techniques are often used
in inhalation formulation to achieve narrow particle size distribution, small, smooth particles,
hollow or encapsulated particles which can be aerosolized without a carrier. Spray drying is the
most versatile particle engineering design technology particularly when using dilute organic
solutions in closed mode advanced spray drying™ leading to small, spherical and dry particles

that can be successfully target lower airways, as reported by us®* *¢- 473153

This study shows that the presence of D-Man in the solution has enabled DMF molecule
to be encapsulated into small, spherical particles at lower pump rates while DMF didn’t form
particles at these pump rates individually. This is likely due to the hydrogen bonding between

DMF and D-Man, since D-Man is an H-bond donor and DMF is an H-bond acceptor. In solution
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454  polar organic molecules tends to form hydrogen bonded aggregates, these aggregates serve to be
455  the precursor for the crystal of the molecules. SEM micrographs of SD particles has shown
456  diameter < 2um which is the preferred particle size for targeted delivery to deeper regions of
457  lung. The size and shape of particles determines the forces that the particle will experience
458  during its fluid motion (i.e. aerosolization)*. By targeting in this manner, the dose of the drug
459  that needs to be inhaled can be reduced. This is also the rationale in choosing the DMF:D-Man
460  molar ratios in this study, where the ratio of Man was not to exceed that of the drug, as high drug
461  loading is desired for DPI delivery. But, in this study the DMF individually and co-SD with man
462  retained its crystallinity and this is evident from DSC, XRPD and Raman analysis. However, the
463  DSC thermograms of co-SD particles showed different miscibility among the components at
464  different pump rates. The single transition observed at low and medium pump rates suggest that
465  the components were homogenous and completely miscible on a molecular level, while two
466  transitions seen at high pump rate suggest molecular heterogeneity such as nanodomains. At low
467  and medium pump rates, the drying process is slower, while at a higher pump rate the drying
468  process is faster. Hence, longer spray drying time during low and medium pump rates can
469  promote miscibility of the components in the solid state. This is verified by the HSM images

470  where melting of two components sequentially was noticed at only high pump rate.

471 This can be due to the favorable H-bonding of the two components at lower pump rates
472  as seen from ATR-FTIR analysis. DMF is a symmetrical molecule that can exist in several
473  different isomeric forms. The most stable conformer is reported to have both ester groups in cis
474  orientation with respect to the C=C bond*’. The energy difference seen in DSC can be due to the
475  conformational changes of the molecule at that pump rate. All thermal analysis confirmed the

476  stability of the particles at room temperature and biological temperature. However, the particle
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growth observed in HSM of SD DMF at higher temperature needs further investigation. Dry
powder acrosol particles are not expected to be exposed to higher temperatures (70°C or higher),
hence the investigation is reserved for future study. The crystalline nature of the SD particles was
further verified by the low residual water content of all the particles. The crystallinity of the
particle with low water content can lead to increased physical and chemical stability of the
powder for a prolonged period of time. Crystalline compounds possess less molecular mobility
which leads to decreased reactivity, hence increased physical and chemical stability.

Additionally, decreased residual water can lead to better aerosol dispersion performance.

The in vitro aerosol performance of the spray dried and co-SD systems are tabulated in
Table 5 and the influence of pump rate and D-Man concentration is presented in 3-D surface
response plots (DesignExpert™) in Figure 12. Co-SD 50:50 system, high pump rate had the
highest EDF, FPF and RF and minimum MMAD, followed by low pump rate and medium pump.
Co-SD 80:20 system, exhibited a trend as can been seen in Figure 12, where EDF,FPF and RF
increased as the pump rate increased and MMAD decreased as the pump rate decreased. Co-SD
90:10, low pump rate showed lower EDF, FPF, and RF and higher MMAD compared to other
two pump rates. However, the performance values of medium and high pump rates are
comparable. Similar to 50:50 co-SD system, SD D-Man high pump rate had the highest EDF,

FPF and RF and minimum MMAD, followed by low pump rate and medium pump.
[Insert Table 5]
[Insert Figure 12]

Compared to single component SD DMF, the emitted dose fraction was increased only in

some of the systems with increased DMF concentration and higher pump rate (80:20 50%, 80:20
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100% and all pump rates of 90:10 ratio). Except, 50:50 ratio at 50% pump rate all other co-SD
systems had increased FPF. However, RF of particles wasn’t increased in systems other than
50:50 100% and 80:20 100%. Some co-SD systems decreased the MMAD while others had
increased value. All ratios at 100% pump rate had lower or comparable MMAD to single
component SD-DMF. At 25% pump rate only 50:50 molar ratio co-SD system had MMAD less
than SD-DMF. At 50% molar ratios with lower mannitol (80:20 and 90:10) had MMAD less
than or comparable to SD-DMF. The effect of pump rate and different concentration of mannitol
was studied using the 3-D surface response graphs (Figure 12) generated from Design Expert®
software. Overall, 50:50 molar ratio at 100% pump rate had the highest FPF, RF and lowest
MMAD which may be due to the presence of D-Man, because at 100% pump rate SD D-Man at
100% pump rate had similar characteristics. However, ED was highest at 80:20 high pump rate

and GSD lowest of single component SD DMF.

The aerosol stage deposition in Figure 11, demonstrated using NGI and Handihaler
device indicate that the formulation possess the capability to reach lower airways of the lung.
The deposition of the aerosol particles at this region is characterized by sedimentation and
Brownian diffusion in addition to the low air velocity’’. Inflammatory diseases such as asthma
and COPD are characterized by airway remodeling and the pathological process involves both
larger and smaller airways. However the difference between these two diseases lie in the cells
that are involved in the process. In COPD, CD8+, T-lymphocytes and macrophages are the
predominant cells involved®™. Hence, targeted delivery of DMF to this respiratory region will be
advantageous in targeting the underlying mechanisms giving rise to pulmonary inflammation
because it possesses both anti-inflammatory and anti-oxidant properties. Additionally, the

hydrophobicity of DMF would be expected to increase drug residence time in the lungs due to
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favorable hydrophobic interactions with lung cellular membranes. This, in turn, would be
expected to decrease dosing frequency administration of the drug. DMF hydrophobicity would
also be expected to minimize drug translocation out of the lung, thereby decreasing systemic side

effects.

CONCLUSIONS

This systematic and comprehensive study reports for the first time on the successful
design of advanced inhalable dry powders containing dimethyl fumarate, a first-in-class Nrf2
activator drug to treat pulmonary inflammation, using advanced particle engineering design
technology for targeted delivery to the lungs as advanced spray dried one-component DPIs. In
addition, two-component co-spray dried (co-SD) DMF:D-Man DPIs with high drug loading were
successfully designed for targeted lung delivery as advanced DPIs using organic solution
advanced spray drying in closed mode. Regional targeted deposition using in vitro predictive
lung modeling based on aerodynamic properties was tailored based on composition and spray
drying parameters. These findings indicate the significant potential of using D-Man in spray
drying to improve particle formation and aerosol performance of small molecule with a relatively
low melting point. These respirable microparticles/nanoparticles in the solid-state exhibited
excellent aerosol dispersion performance with a human DPI device. Using in vitro predictive
lung deposition modeling, the aerosol deposition patterns of these particles show the capability to
reach lower airways to treat inflammation in this region in pulmonary diseases such as acute lung
injury (ALI), chronic obstructive pulmonary disease (COPD), pulmonary hypertension (PH), and

pulmonary endothelial disease.
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554 LIST OF TABLE LEGENDS

555  Table 1: Advanced spray drying parameters for spray dried (SD) and co-spray dried (co-SD)
556  powders from methanol (MeOH) solution using organic solution advanced closed mode spray
557  drying particle engineering design.

558  Table 2: Particle sizing using image analysis on SEM micrographs (n>100 particles)

559  Table 3: DSC thermal analysis. (n=3, mean + standard deviation)

560 Table 4: Residual water content quantified by KFT. (n=3, mean + standard deviation)

561  Table 5: In vitro aerosol dispersion performance as DPIs. (n=3, mean =+ standard deviation)
562

563
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LIST OF FIGURE LEGENDS

Figure 1: Chemical structures of DMF (top) and D-Mannitol (bottom).
Figure 2: SEM micrographs of raw DMF, raw D-Man, SD DMF, and SD D-Man

Figure 3: SEM micrographs of co-SD DMF:D-Man solid-state particles as a function of
composition and advanced spray drying pump rate (low, med, and high)

Figure 4: XRPD diffraction patterns for: (A). Raw and SD DMF powders; (B).Co-SD DMF:D-
Man and SD D-Man powders designed at low spray drying pump rate; (C).Co-SD DMF:D-Man
and SD D-Man powders designed at medium spray drying pump rate; and (D). Co-SD DMF:D-
D-Man and SD D-Man designed at high spray drying pump rate.

Figure 5: Representative DSC thermograms for: (A). Raw DMF; (B). SD DMF; (C). Co-SD
DMF:D-Man 50:50 designed at low spray drying pump rate; (D). Co-SD DMF:D-Man 80:20
designed at medium spray drying pump rate; and (E).Co-SD DMF:D-Man 90:10 designed at
high spray drying pump rate.

Figure 6: Representative HSM images for: (A). Raw DMF; (B). SD DMF; (C). Co-SD DMF:D-
Man 90:10 designed at high spray drying pump rate; (D). Co-SD DMF:D-Man 80:20 designed at
medium spray drying pump rate; and (E).Co-SD DMF:D-Man 50:50 designed at low spray
drying pump rate.

Figure 7: ATR-FTIR spectra for: (A). Raw and SD DMF; (B). SD D-Man designed at three
spray drying pump rates of low, medium, and high; (C) co-SD DMF:D-Man powders designed at
low spray drying pump rate; (D) co-SD DMF:D-Man powders designed at medium spray drying
pump rate; and (E). co-SD DMF:D-Man powders designed at high spray drying pump rate.

Figure 8: Raman spectra for one-component powders for: (A). raw DMF and SD DMF; and (B).
SD D-Man designed at three spray drying pump rates (low, medium, and high).

Figure 9: Raman spectra of co-SD DMF:D-Man powders designed at three spray drying pump
rates as: (A). low spray drying pump rate; (B). medium spray drying pump rate; and (C). high
spray drying pump rate.

Figure 10: Representative confocal Raman microspectroscopy for chemical imaging and
mapping for co-SD DMF:D-MAN inhalable powders for: (A). DMF:D-Man 90:10 designed at
high spray drying pump rate showing peaks of DMF and D-D-Man; and (B). DMF:D-Man 80:20
designed at medium spray drying pump rate showing peaks of D-Man.

Figure 11: In vitro aerosol dispersion performance as DPIs using the NGI and the FDA-
approved human DPI device, the Handihaler® for: (A). SD DMF; (B). SD D-Man; (C). Co-SD
DMF:D-Man 50:50; (D). Co-SD DMF:D-Man 80:20; and (E). Co-SD DMF:D-Man 90:10.

Figure 12: 3-D surface response plots showing the influence of spray drying pump rate (a
pharmaceutical processing property) and chemical composition (a molecular property) on in
vitro aerosol dispersion performance (a macroscopic performance property) as DPIs for: (A).
ED; (B). FPF; (C). RF; and (D). MMAD.
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Table 1: Advanced spray drying parameters for spray dried (SD) and co-spray dried (co-SD)
powders from methanol (MeOH) solution using organic solution advanced closed mode spray
drying particle engineering design.

Powder Molar Ratio Feed
Comoosition Composition concentration | Pump Rate Inlet T Outlet T
P (DMF: D- in MeOH (%) (OC) (o C)
(Molar Ratio) Man) o
(% w/v)
SD DMF 100:0 I High (100%) 89 30-44
SD DMF 100:0 I Med (50%) 90 3841
SD DMF 100:0 I Low (25%) | 89-90 46-49°
CO'S&%\\IAF:D' 90:10 0.81 Low (25%) 90 48-49
Co'sﬁdill\\l’[F:D' 90:10 0.81 Med (50%) 90 37-39
CO'S&%\\IAF:D' 90:10 0.81 High (100%) 90 19-30
CO'S&%\\IAF:D' 80:20 0.46 Low (25%) 90 48-49
Co'sﬁdill\\I/IF:D' 80:20 0.46 Med (50%) 90 36-40
CO'S&%\\IAF:D' 80:20 0.46 High (100%) |  90-91 14-24
Co'sﬁdill\\l’[F:D' 50:50 0.18 Low (25%) |  89-90 45-50
CO'S&%\\IAF:D' 50:50 0.18 Med (50%) 90 30-35
Co'sﬁdill\\l’[F:D' 50:50 0.18 High (100%) 90 35-39
SD D-MAN 0:100 0.1 Low (25%) | 90-91 47-43
SD D-MAN 0:100 0.1 Med (50%) 90 31-33
SD D-MAN 0:100 0.1 High (100%) | 89-90 28-10

*No particles obtained
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Table 2: Particle sizing using image analysis on SEM micrographs (n>100 particles)

Powder Composition Spray Drying Pump Mean Size Size Range
(Molar Ratio) Rate (nm) (nm)
(%)

SD DMF High 0.76+0.33 0.18-2.25
(100%)

Co-SD DMF:D-MAN Low 0.51+0.16 0.24-1.00
90:10 (25%)

Co-SD DMF:D-MAN Med 0.56+0.18 0.28-1.30
90:10 (50%)

Co-SD DMF:D-MAN High 0.78+0.29 0.31-1.74
90:10 (100%)

Co-SD DMF:D-MAN Low 0.58+0.39 0.24 -3.61
80:20 (25%)

Co-SD DMF:D-MAN Med 0.64+0.32 0.22-2.09
80:20 (50%)

Co-SD DMF:D-MAN High 0.84+0.37 0.27-2.29
80:20 (100%)

Co-SD DMF:D-MAN Low 0.54+0.18 0.23-0.98
50:50 (25%)

Co-SD DMF:D-MAN Med 1.04+0.47 0.34-2.93
50:50 (50%)

Co-SD DMF:D-MAN High 1.01+0.45 0.31 -2.66
50:50 (100%)

SD D-MAN Low 0.56+0.25 0.21-1.33
(25%)

SD D-MAN Med 1.08+0.62 0.39-3.12
(50%)

SD D-MAN High 0.80+0.45 0.27-2.71

(100%)
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Table 3: DSC thermal analysis. (n=3, mean + standard deviation)

Powder Composition Spray Drying Tpeak (°C) AH J/g)
(Molar Ratio) Pump Rate
(%)
Raw DMF N/A 102.19+0.02 245.3+37.26
Raw D-MAN N/A 166.39+0.06 316.97+3.02
SD DMF High 102.12+0.21 242.133+7.73
(100%)
Co-SD DMF:D-MAN Low 164.08+0.10 308.67+124.91
90:10 (25%)
Co-SD DMF:D-MAN Med 163.78+0.03 303.57£19.49
90:10 (50%)
Co-SD DMF:D-MAN High 102.90+0.26 231.57+11.48
90:10 (100%) 164.34+0.19 33.88+1.79
Co-SD DMF:D-MAN Low 163.87+0.04 290.03+2.67
80:20 (25%)
Co-SD DMF:D-MAN Med 163.36+0.22 286.00+3.01
80:20 (50%)
Co-SD DMF:D-MAN High 102.08+0.19 154.93+0.27
80:20 (100%) 164.08+0.04 96.09+17.35
Co-SD DMF:D-MAN Low 164.69+0.19 233.83+18.14
50:50 (25%)
Co-SD DMF:D-MAN Med 164.99+0.19 267.37+20.46
50:50 (50%)
Co-SD DMF:D-MAN High 100.26+0.44 11.22+1.22
50:50 (100%) 164.61+0.51 286.50+35.27
SD D-MAN Low 164.92+0.12 251.33+6.98
(25%)
SD D-MAN Med 163.32+0.17 285.17+27.24
(50%)
SD D-MAN High 164.06+0.10 366.13+57.10

(100%)
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Table 4: Residual water content quantified by KFT. (n=3, mean + standard deviation)

Powder Composition Spray Drying Pump Rate | Residual Water content
(Molar Ratio) () (o wiw)
Raw DMF N/A 0.26+0.05
Raw D-MAN N/A 0.21+0.01
SD DMF (llf)io%;) 0.16+0.01
Co-SD I;l(\ff(:)D-MAN é;):/:) 1.36+0.04
Co-SD I;l(\ff(:)D-MAN (15\’(1?32) 1.05+0.05
Co-SD I;l(\ff(:)D-MAN (E)lo%o) 0.37+0.04
Co-SD I;l(\f;(:)D-MAN é;):/:) 1.26+0.07
Co-SD I;l(\f;(:)D-MAN (15\’(1?32) 0.82+0.09
Co-SD I;l(\fvzﬁ(:)D-MAN (?(;(%};)) 0.48+0.08
Co-SD I;l(\g(:)D-MAN é;):/z) 1.20+0.06
Co-SD Igl(\)/zlg(:)D—MAN (2660/(01) 1.49+0.16
Co-SD Igl(\)/zlg(:)D—MAN (1%10%)2) 1.61+0.08
SD D-MAN é;’ov/‘; | 1.46+0.06
SD D-MAN (g/éeo/‘j) 0.79+0.21
SD D-MAN High 0.98+0.01

(100%)




Table 5: In vitro aerosol dispersion performance as DPIs. (n=3, mean + standard deviation)
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Powder Spray Dryin Fine Respirable
Formulation pray DIying | g mitted Dose Particle PIr: MMAD
o Pump Rate o . Fraction GSD
Composition (%) (%) Fraction (%) (pm)
(molar ratio) (%)
High)
SD DMF (100%) 85.18+5.51 17.07+4.72 61.28+21.61 7.59+1.55 1.89+0.16
Low
SD D-MAN (25%) 89.57+4.05 29.56+3.83 43.26+6.02 7.24+1.68 2.81+0.20
Med
SD D-MAN (50%) 81.55+8.59 26.34+3.46 37.60+4.28 8.56+1.34 2.84+0.18
High
SD D-MAN (100%) 85.89+10.38 49.46+6.93 76.15+6.01 3.89+0.34 1.98+0.32
DMF:D-MAN Low
50:50 (25%) 69.60+10.52 33.63+2.06 49.59+5.47 5.32+0.81 2.59+0.15
DMF:D-MAN Med
50:50 (50%) 64.59+7.35 13.64+1.94 22.33+2.41 18.36+1.87 3.73+0.18
DMF:D-MAN High
50:50 (100%) 71.64+15.20 42.56+1.32 74.73+8.82 3.67+0.59 2.01+£0.13
DMF:D-MAN Low
80:20 (25%) 84.08+10.30 22.63+0.82 32.10+1.19 10.92+0.74 3.69+0.18
DMF:D-MAN Med
80:20 (50%) 88.70+3.10 29.82+4.53 48.96+8.11 6.86+1.25 2.46+0.17
DMF:D-MAN High
80:20 (100%) 95.66+4.69 34.48+1.42 62.70+0.81 5.56+0.26 2.38+0.05
DMF:D-MAN Low
90:10 (25%) 85.17£5.61 23.15+1.76 32.89+3.83 11.15+1.84 3.09+0.15
DMF:D-MAN Med
90:10 (50%) 87.74+6.30 24.1242.43 45.23+3.79 7.85+0.92 2.65+0.14
DMF:D-MAN High
90:10 (100%) 87.01+£7.58 24.15+0.83 51.70+0.77 7.86+0.33 2.34+0.07
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Figure 1: Chemical structures of DMF (top) and D-Mannitol (bottom).
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Figure 2: SEM micrographs of raw DMF, raw D-D-Man, SD DMF, and SD D-Man
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Figure 3: SEM micrographs of co-SD DMF:D-Man solid-state particles as a function of
composition and advanced spray drying pump rate (low, med, and high)
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Figure 4: XRPD diffraction patterns for: (A). Raw and SD DMF powders; (B).Co-SD DMF:D-
Man and SD D-Man powders designed at low spray drying pump rate; (C).Co-SD DMF:D-Man
and SD D-Man powders designed at medium spray drying pump rate; and (D). Co-SD DMF:D-
Man and SD D-Man designed at high spray drying pump rate.
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Figure 5: Representative DSC thermograms for: (A). Raw DMF; (B). SD DMF; (C). Co-SD
DMF:D-Man 50:50 designed at low spray drying pump rate; (D). Co-SD DMF:D-Man 80:20
designed at medium spray drying pump rate; and (E).Co-SD DMF:D-Man 90:10 designed at

high spray drying pump rate.
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Figure 6: Representative HSM images for: (A). Raw DMF; (B). SD DMF; (C). Co-SD DMF:D-
D-Man 90:10 designed at high spray drying pump rate; (D). Co-SD DMF:D-Man 80:20 designed

| at medium spray drying pump rate; and (E). Co-SD DMF:D-Man 50:50 designed at low spray
drying pump rate.
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Figure 7: ATR-FTIR spectra for: (A). Raw and SD DMF; (B). SD D-Man designed at three
spray drying pump rates of low, medium, and high; (C) co-SD DMF: D-Man powders designed
at low spray drying pump rate; (D) co-SD DMF:D-Man powders designed at medium spray
drying pump rate; and (E). co-SD DMF: D-Man powders designed at high spray drying pump

rate.
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Figure 8: Rab-Man Raman spectra for one-component powders for: (A). raw DMF and SD

DMF; and (B). SD D-Man designed at three spray drying pump rates (low, medium, and high).
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Figure 9: Rab-Man Raman spectra of co-SD DMF: D-Man powders designed at three spray
drying pump rates as: (A). low spray drying pump rate; (B). medium spray drying pump rate; and
(C). high spray drying pump rate.
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Figure 10: Representative confocal Raman microspectroscopy for chemical imaging and
mapping for co-SD DMF: D-Man powders for: (A). DMF: D-Man 90:10 designed at high spray
drying pump rate showing peaks of DMF and D-Man; and (B). DMF: D-Man 80:20 designed at
medium spray drying pump rate showing peaks of D-Man.
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Figure 11: In vitro aerosol dispersion performance as DPIs using the NGI and the FDA-
approved human DPI device, the Handihaler® for: (A). SD DMF; (B). SD D-Man; (C). Co-SD
DMF: D-Man 50:50; (D). Co-SD DMF: D-Man 80:20; and (E). Co-SD DMF: D-Man 90:10.
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Figure 12: 3-D surface response plots showing the influence of spray drying pump rate (a
pharmaceutical processing property) and chemical composition (a molecular property) on in

vitro aerosol dispersion performance (a macroscopic performance property) as DPIs for: (A).
ED; (B). FPF; (C). RF; and (D). MMAD.



