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ABSTRACT

Dry powder aerosols have attracted increasing attention for the treatment of
pulmonary diseases due to their capability of providing direct and efficient drug
delivery to the lungs. Unfortunately, barriers exist in the implementation of dry
powder pulmonary delivery systems, including: (1) dry powder aerosols with
aerodynamic diameters smaller than 1 pm will often be exhaled; (2) particles with
aerodynamic diameters above 5 pm tend to deposit in the mouth, throat or upper lung
mucosa and will then be eliminated due to mucosal clearance mechanisms; and (3)
particles larger than 1 pm that deposit in the deep lung area may be cleared from the
alveoli via macrophages. Spray-dried nanocomposite microparticles (nCmP),
combining the advantages of nanoscale and microscale carriers, can be employed to
overcome these issues. Microscale powders facilitate effective deep lung deposition
while the embedded nanoscale carriers can provide multiple functions such as the
protection of active ingredients from degradation, enhancement of the solubility of
drugs, controlled drug release, and reduction of systemic side effects. Several nCmP
systems have been developed for various applications, but few comprehensive studies
have been completed to illustrate how to effectively engineer optimal nCmP systems
with desired properties including: targeted deposition in airways, controlled release of
payloads, ability of overcoming physiological barriers, and favorable formulation
stability.

This dissertation focuses on the development, characterization, and

optimization of various dry powder aerosol nanocomposite microparticle systems for



the treatment of pulmonary diseases. In the production of nCmP, acetalated dextran
(Ac-Dex) nanoparticles loaded with therapeutics are synthesized, suspended in an
excipient solution or DI water, and transformed into microscale dry powder
microparticles via spray drying. Upon pulmonary administration, the nCmP will
deposit on the surface of the mucosal layer of the lungs and decémpose into free NP,
allowing the nanoparticles to reach the mucus and/or cell epithelium and then release
drug(s) at sustained rate. Nanoparticles were prepared using Ac-Dex with different
degradation rates to control the drug release profiles. In this work, various therapeutics
were encapsulated in nanoparticles, and subsequently nCmP, for applications in the
treatment of cystic fibrosis-related lung infections or pulmonary arterial hypertension.
The physical properties of the nanoscale carriers in terms of size, size distribution, and
surface properties were modified by manipulating the parameters of the nanoparticle
preparation process. Dry powder aerosols embedded with nanoparticles were
formulated using spray drying. The aerosol performance was optimized by
manipulating the composition of feed solution and spray drying parameters. The
optimal parameters to form nCmP with deep lung and whole lung deposition were
studied. Furthermore, the favorable drying conditions necessary to achieve high
therapeutic stability and formulation stability of the particles was also evaluated.
Overall, dry powder aerosol nanocomposite microparticles have the ability to
provide pulmonary drug delivery systems with tunable properties to fit a wide variety
of desired applications. These general-purpose systems exhibit promising potential in

the improved treatment of pulmonary diseases through particle engineering and design.






























4.2

4.3

5.1

5.2

53

54

spray drying and redispersion from nanocomposite microparticles
(Redispersed TACNP).....ooiuiiiiiiiii e, 117
Geometric diameter (as measured by SEM imaging and ImageJ analysis),
water content, TAC loading, nanoparticle (NP) loading in nanocomposite
microparticles (nCmP), and NP loading efficacy in nCmP................ 127
In vitro aerosol dispersion performance properties including theoretical mass
median aerodynamic diameter (MMADT) from tapped density measurements,
experimental mass median aerodynamic diameter (MMADE), geometric
standard deviation (GSD), fine particle dose (FPD), fine particle fraction

(FPF), respirable fraction (RF), and emitted dose (ED) for

Factors and levels for the Box-Behnken design of dry powder aerosol
nanocomposite microparticle (nCmP) formulations corresponding to the
spray drying parameters utilized..............c.ocoiiiiiiiiiiiiii 146
Spray drying formulation parameters of the nanocomposite microparticle
(nCmP) system including the inlet temperature (Tin), nanoparticle loading in
weight % (NP%), and feed concentration (F¢)...........cocvivinnnnn.n 147
Properties of curcumin nanoparticles (CUR NP) including their size (as
measured by dynamic light scattering), polydispersity index (PDI), zeta
potential, drug loading, and encapsulation efficiency (EE)............... 154
Responses of the Box-Behnken design for the nanocomposite microparticle
(nCmP) systems including drug loading, encapsulation efficiency (EE), water

content, mass median acrodynamic diameter (MMAD), geometric standard

xiii



5.5

C.1

C2

6.1

6.2

deviation (GSD), fine particle fraction (FPF), respirable fraction (RF),
emitted dose (ED), percent size change, and percent polydispersity index
(PDI) change.....cc.ovuiiiiiiiiit e e 156
Statistical significance (p-value and coefficient estimation) of nanocomposite
microparticle (nCmP) formulation parameters including drug loading (DL),
encapsulation efficiency (EE), size change, polydispersity (PDI) change,
mass median aerodynamic diameter (MMAD), fine particle fraction (FPF),
respirable fraction (RF), emitted dose (ED), and water content (WC) with
respect to the spray dryer inlet temperature (Tj,), nanoparticle loading (NP%),
and feed concentration (FC).........coiiiiiiiiiiiiiiiiiiiii 157
Summary of curcumin-loaded nanocomposite microparticle (nCmP) systems
and their corresponding inlet temperature (Tin), nanoparticle loading (NP %),
and feed concentration (FC)....c.ovvviiniieriiiiiiiiiiiiiniciiiieeeienene 225
Summary of the nCmP properties following spray drying............... 229
Average diameter (as measured by dynamic light scattering), polydispersity
index (PDI), and zeta potential (ZP) of CUR-loaded nanoparticles before
spray drying (NP) and after redispersion from nanocomposite microparticles
(MCMP). . e 206
Geometric diameter (as measured by SEM imaging and ImageJ analysis),
water content, tapped density, theoretical mean mass aerodynamic diameter
(MMADT), drug loading, and drug encapsulation efficiency of nCmP and

M e, 208

Xiv









1.1

1.2

1.3

21

2.2

23

2.4

2.5

2.6

3.1

3.2

LIST OF FIGURES
Figure 1.1. Schematic of nanoparticle formulation via nanoprecipitation... 3
Figure 1.2. Schematic of nanoparticle formulation via emulsion
TaA21o10) 215 1) | P 3

Figure 1.3. Schematic of nanocomposite microparticle formulation via spray

Schematic of nanocomposite microparticle (nCmP) system used for pulmonary
delivery appliCations. .......vueuiieiniiie i 23
Representative nanocomposite microparticles (nCmP) systems imaged via
scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and fluorescence imaging........coeeueereeneiiirineinnerneannereeennn 30
Schematic of nanocomposite microparticle (nCmP) formation during spray
drying from a droplet of feed solution of nanoparticles (NP) and excipients in a
SOLVEIL. .ottt e 42
Schematic of processing parameters affecting the aerodynamic diameter of
nanocomposite microparticles (NCmP)............c.ooiiiiiiiiiiiiiin.. 48
Schematic outlining the parameters that can influence the stability of nCmP. 49
Schematic of the parameters that affect the recovery of redispersed
nanoparticles fromnCmP............oooii 49
Schematic of an aerosol nanoparticle microparticle (nCmP) system interacting
with the pulmonary mucosa..........covviiiiiiiiiiiiiii 71
Representative SEM micrographs of azithromycin (AZI) nanoparticles (NP)

and nanocomposite microparticles (NCmP).............ocooiiiiiiiiiiinnnn, 83

xvi



4.4

4.5

4.6

4.7

B.1

5.1

52

53

Representative differential scanning calorimetry (DSC) thermograms of raw
tacrolimus (TAC), raw acetalated dextran (Ac-Dex), raw mannitol, TAC
nanoparticles (TAC NP), and formulated TAC nanocomposite microparticles
(TACHCMP). ..o e 122
Representative powder X-ray (PXRD) diffractograms of raw tacrolimus (TAC),
raw acetalated dextran (Ac-Dex), raw mannitol, and formulated TAC
nanocomposite microparticles (TAC nCmP).............cooviiiiiiiiinnnn.n. 123
Aerosol dispersion performance of tacrolimus nanocomposite microparticles
(TAC nCmP) as % particles deposited on each stage of the Next Generation
Impactor™ (NGI™). ..o e e et e e e 126
A549 cell viability measured by resazurin assay after 48 h and 72 h exposure
to (a) free TAC, and (b) TAC nanocomposite microparticles (nCmP)...... 128
Structure of tacrolimuUS......o.oitiieiiiii i 223
Schematic of (A) the preparation of curcumin nanoparticles (CUR NP) via
emulsion/solvent evaporation, (B) formation and collection of nanocomposite
microparticles (nCmP) via spray drying, and (C and D) an aerosol nCmP
system interacting with the pulmonary mucosa...................ccoeee.... 141
Influence of spray dryer inlet temperature (Tin) on the size and polydispersity
index (PDI) of nanoparticles redispersed from nanocomposite microparticles
comprised of 100% NP loading...........cccvviriiiiiiiiiiiiniiiiiiienn. 160
Representative differential scanning calorimetry (DSC) thermograms of raw

Ac-Dex, PVA, curcumin, and mannitol............cccoeeiieiiiiiiiiinnin. 161

Xviil



5.4

5.5

5.6

Cl1

C.2

C3

6.1

6.2

6.3

Representative SEM micrographs of curcumin-loaded nanocomposite
microparticles (CUR nCmP) spray dried with varying conditions such as inlet

temperature (Tin), nanoparticle loading (NP%), and feed concentration

Nanocomposite microparticle (nCmP) aerosol dispersion performance as %
deposited on each stage of the Next Generation Impactor™ (NGI™) for
representative CUR nCmP systems.........coooieiiiiiiiiiiiiiiiiiiiiinen, 165
Schematic outlining the influences of inlet temperature (Tj,), weight ratio of
NP (NP%), and feed concentration (Fc) on the properties of the resulting
NanocomMpOSite MICTOPArtiCles. ....ovuiiiii i 167
Representative SEM micrographs of curcumin-loaded nanocomposite
microparticle systems (CUR nCmP) corresponding to Table B.1.......... 226
Representative SEM micrographs showing the crack generation caused by the
high energy electron beam..............coiiiiiiiiiiiiiiii 227
Structure of CUrCUMIN. ...ttt 228
Schematic depicting the of synthesis of Ac-Dex (Left) and preparation of
nanoparticles and formation of nanocomposite microparticles (nCmP) and
microparticles (MP).......coiiiiii e 180
SEM micrographs of curcumin-loaded nanocomposite microparticles (CUR
nCmP) and microparticles (CURMP)........oooviiiiiiiiiiiiiiiiin e, 192
In vitro drug release profiles for curcumin (CUR) nanocomposite microparticle

(nCmP) and microparticle (MP) systems.........c..cooviiiiienieiiinan.. 195

Xix



6.4

6.5

6.6

6.7

D.1

Representative differential scanning calorimetry (DSC) thermograms of raw
curcumin (CUR), raw acetalated dextran-5Smin (Ac-Dex-5min), raw acetalated
dextran-3h (Ac-Dex-3h), CUR nCmP-5min, CUR nCmP-h, CUR nCmP-3h,
CUR MP-5min, CUR MP-h, and CUR MP-3h..........cocoiiiiiiiininin. 200
Representative powder X-ray diffractograms (PXRD) of raw curcumin (CUR),
raw acetalated dextran-5min (Ac-Dex-5min), raw acetalated dextran-3h (Ac-
Dex-3h), CUR nCmP-5min, CUR nCmP-h, CUR nCmP-3h, CUR MP-5min,
CUR MP-h,and CURMP-3h.....coooiiiiii e, 203
Aerosol dispersion performance of curcumin-loaded nanocomposite
microparticles (CUR nCmP) and microparticles (CUR MP) as % particles
deposited on each stage of the Next Generation Impactor™ (NGI™)..... 204
In vitro aerosol dispersion performance properties including fine particle dose
(FPD), fine particle fraction (FPF), respirable fraction (RF), and emitted dose
(ED) for curcumin loaded nanocomposite microparticles (CUR nCmP) and
microparticles (CUR MP)... ..ot 205
Original data and fitted curves of in vitro drug release profiles for curcumin
(CUR) nCmP and MP systems including CUR nCmP-5min, CUR nCmP-h,
CUR nCmP-3h, CUR MP-5min, CUR MP-h, and CUR MP-3h at pH =5 (A, C)

ANA PH = 7.4 (B, D)oot 235

XX































































































































































































































































































































































































































































































































































































































































Optimization of the spray drying conditions to formulate nCmP encapsulated with
Ac-dex nanoparticles with various coating materials for pulmonary delivery or
systemic delivery of therapeutics through the lungs.

Investigation of the safety and efficacy of tacrolimus-loaded nCmP for the
treatment of pulmonary arterial hypertension by in vivo study using an animal
model.

Development of nCmP comprised of hydrophilic encapsulated nanoparticles and a
hydrophobic excipient of microscale carriers, which could be applied to provide
sustained release of hydrophilic drugs with short half-lives.

Application of the general-purpose nCmP system for protein, DNA, and RNA

delivery to the lung.

213



APPENDIX A

Supplementary Material for Chapter 3

214
























APPENDIX B

Supplementary Material for Chapter 4

222



Figure B.1. Structure of tacrolimus
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Table C.1. Summary of curcumin-loaded nanocomposite microparticle (nCmP) systems
and their corresponding inlet temperature (Ti,), nanoparticle loading (NP %), and feed

concentration (Fc).

nCmP Tin (°C) (I:I/f) Fe (%)
A 50 50 2.3
B 130 50 2.5
C 90 20 2.3
D 90 80 2.3
E 50 20 1.5
F 90 50 1.5
G 50 80 1.5
H 130 80 1.5
I 130 20 1.5
J 50 50 0.5
K 90 80 0.5
L 130 50 0.5
M 90 20 0.5
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Figure C.2. Representative SEM micrographs showing the crack generation caused by
the high energy electron beam where (A) was taken just after the initial focusing on the

particles and (B) was taken 5 seconds after focusing. Scale bar =5 pm.
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Table C.2. Summary of the nCmP properties following spray drying.

Factors Responses
Run T | NP Fe C\Zz‘tzzt Size cllljaIr)llge Po%:;?ial Tou Yield
CO|l ) | () %) change (%) (%) |Change (%) (°0) (%)
1 {130 80 1.5 |4.51% 0.2% -2.9% -2.9% 71.5 38.8
2|50 50 0.5 [5.71% 5.6% 20.0% 20.4% 30.5 59.3
3|50 50 2.5 [13.82% 0.0% 31.4% 13.3% 31.5 67.0
4 190 50 1.5 |2.95% 2.5% 14.3% | -32.5% 51.0 60.6
5190 80 0.5 |5.94% 9.7% 17.1% | -22.3% 51.5 50.0
6 | 90 50 1.5 |3.41% 4.9% 14.3% | -30.1% 50.5 62.0
7 | 50 20 1.5 |5.43% 1.0% 21.4% | -62.2% 34.5 50.2
8 | 90 80 2.5 14.69% 4.9% 57.1% | -14.9% 52.5 65.9
9 130 50 0.5 }5.66% 7.5% 30.0% | -61.0% 72.0 43.6
10 | 90 20 2.5 12.63% 4.8% 20.0% | -59.7% 49.5 41.2
11 1130 50 2.5 |3.84% 1.1% -20.0% -1.1% 69.0 534
12 { 90 50 1.5 13.23% 2.3% -1.4% -32.4% 50.5 60.1
13 1 50 80 1.5 |4.68% 4.2% 15.7% 8.9% 34.5 65.8
14 | 90 20 05 6.72%| -0.2% 329% | -30.7% 49.0 434
151130 20 1.5 [4.13% 8.3% 22.9% | -38.2% 73.0 53.4
Factors Responses
Rug| Tin | NP% | Fe Lgr;ii g | EE MMAD| GSD | FPF | RF | EF
O o) | D) (%) (%) | (um) | (um) | (%) | (%) | ()
1 (130 80 1.5 0.372 72.74 | 2.44 | 2.34 [98.6%|76.0%|97.7%
2 150 50 0.5 0.201 62.78 | 1.69 | 2.79 199.4%|77.2%|98.0%
3150 50 2.5 0.192 60.14 | 4.49 | 1.95 [85.0%]57.9%|99.0%
4 190 50 1.5 0.201 62.83 | 4.28 | 1.70 [84.4%|60.9% | 99.6%
5190 80 0.5 0.357 69.79 | 1.50 | 2.57 [98.8%]86.0% | 96.3%
6 | 90 50 1.5 0.087 58.45 | 4.05 | 2.34 [86.1%67.4%]99.6%
7 | 50 20 1.5 0.074 58.12 | 7.44 | 2.34 [54.2%(48.4%]99.8%
8 | 9 80 2.5 0.402 78.70 | 2.48 | 2.77 197.5%|70.0% | 94.6%
9 1130 50 0.5 0.195 61.09 | 3.69 | 2.81 [83.6%(73.0%]98.8%
10 | 90 20 2.5 0.083 65.33 | 7.20 | 2.81 [62.2%(38.0% |100.1%
11 1130 50 2.5 0.172 53.71 | 5.78 | 2.50 [66.2%[55.8%]99.2%
12| 90 50 1.5 0.193 60.34 | 4.11 | 1.88 |85.3%|61.6%|99.9%
13| 50 80 1.5 0.288 56.43 | 2.38 | 2.71 [98.1%(82.2% | 95.7%
14 | 90 20 0.5 0.093 72.93 | 3.24 | 3.00 |83.3%|64.4%|97.1%
151130 20 1.5 0.113 88.07 | 5.46 | 1.88 [68.8% [46.2% |100.0%
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where K is the release constant and m is the accumulated fraction of the drug released at

time t.

Hopfenberg model: m=1-[1-Kt(t—1)]"

where K is a constant equal to ko/Coag, where ko is the erosion rate constant, Cy is the
initial concentration of drug in the matrix, and ao is the initial radius for particles. m is the

accumulated fraction of the drug released at time t.

Baker's model: M: = A(2P,e“C,t)"?

where M is the amount of drug released in time t, Py is the drug permeability, A is the
total area of the particle, Cy is the drug concentration at the initial time, and k is the first-

order rate constant of bond cleavage of the polymer carrier.
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Table D.1. The drug release duration and total released fraction of each particle system at

both pH.
pH=35 pH=74
Particle Release Total Released Release Total Released
System Duration (h) Fraction (%) Duration (h) Fraction (%)

nCmP-5min 2 92.6 8 93.6
nCmP-h 2 63.4 12 31.5
nCmP-3h 4 73 24 23.7
MP-5min 6 78 24 60.6
MP-h 12 86.4 24 52.7
MP-3h 24 68.5 168 249
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