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Abstract

Paclitaxel (as intravenous Taxol) is one of the most applied chemotherapeutics used for the 

treatment of lung cancer. This project involves the development of a dry powder nanocomposite 

microparticle (nCmP) aerosol containing PTX-loaded nanoparticles (NP) to be delivered via a dry 

powder inhaler to the lungs for the treatment of non-small cell lung cancer (NSCLC). 

Nanoparticles were formulated by a single emulsion and solvent evaporation method, producing 

smooth, neutral PTX NP of approximately 200 nm in size. PTX nCmP were obtained via spray 

drying PTX NP with mannitol, producing amorphous wrinkled particles that demonstrated optimal 

aerosol deposition for in vitro pulmonary delivery. Free PTX, PTX NP, and PTX nCmP were 

evaluated in vitro in both 2D monolayers and 3D multicellular spheroids (MCS). PTX NP 

enhanced cytotoxicity when compared to pure drug in the 2D evaluation. However, on a liquid 

culture 3D tumor spheroid model, PTX NP and pure PTX showed similar efficacy in growth 

inhibition of MCS. The PTX nCmP formulation had a comparable cytotoxicity impact on MCS 

compared with free PTX. Finally, PTX nCmP were evaluated in an air-grown 3D MCS platform 

that mimics the pulmonary environment, representing a new model for the assessment of dry 

powder formulations.
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1. INTRODUCTION

Lung & bronchus cancer is the leading cause of cancer-related deaths in the United States, 

with an estimated of 228,150 new cases anticipated for 2019 and a mortality of 390 deaths 

per day. The 5-year relative survival rate of a patient diagnosed with lung cancer is 19%.1 

Chemotherapy has been extensively used in the treatment of lung cancer, with the use of 

potent drugs delivered intravenously (I.V.). Such systemic delivery is often associated with 

high toxicity, high dosages, and low specificity. Pulmonary delivery has emerged as an 

attractive route of delivery of therapeutics to treat diseases such as lung cancer, as it can 

overcome limitations associated with I.V. delivery.2 Aerosol therapeutics involve a non-

invasive delivery system that can utilize lower doses of drug with fewer systemic side 

effects.3–4

Dry powder inhalers (DPIs) are often preferred over other aerosols devices as they can offer 

physical stability of formulations in solid form, are portable and easy to use, and can be 

applied to a wide variety of active ingredients and dosages.5–6 While micron-sized particles 

(1 – 5 μm) can be easily delivered to the deep airways, they are easily removed from the 

airways via phagocytosis.7 In turn, nanocarriers offer advantages such as the ability to 

penetrate physiological barriers, improved colloidal stability of hydrophobic drugs, and 

sustained release of therapeutics, which can reduce dosing frequency.8

Particle deposition in the lungs following aerosolization is dependent on their size, 

morphology, and density, among other factors.9 Overall, the aerosol performance of particles 

is determined by their aerodynamic diameter.10 Larger particles are deposited in the airways 

by impaction and sedimentation, while smaller particles deposit by diffusion (Brownian 

motion).11–12 The optimal particle size (aerodynamic diameter) for deep lung deposition has 

been established to be between 1 and 5 μm.12 In this regard, NP deposition is limited 

because of their low inertia and high possibility of being exhaled. Micron-sized aggregates 
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of nanoparticles (i.e. nanocomposite microparticles) typically have enough mass to deposit 

effectively into the lungs. Once these particles deposit in the airways, they dissociate back 

into nanoparticles.13–14 Studies reporting examples of inhalable dry powder formulations 

based on nanocomposite microparticles (nCmP) include tobramycin-loaded PLGA NP for 

bacterial infections,15 poly(glycerol adipate-co-ω-pentadecalactone) NP loaded with a 

pneumococcal antigen for pneumonia vaccination,16 POxylated polyurea dendrimer-based 

NP loaded with chemotherapeutics17, and ibuprofen, a common anti-inflammatory drug.18 

nCmP can improve the delivery of drugs due to their ability to provide tunable lung 

deposition while delivering drug-loaded NP to the different regions in the lungs.19

Paclitaxel (PTX) is a microtubular stabilizer chemotherapeutic characterized by its high 

toxicity, low water solubility (~0.4 μg/ml), and need to use excipients in IV delivery.20 The 

hydrophobicity of PTX limits its bioavailability, thus there has been significant work to 

develop PTX nanocarriers using polymeric micelles, liposomes, nanoemulsions, etc.21 

Chemotherapeutics are typically assessed in a 2-dimentional (2D) monolayer cell platform. 

However, this platform does not accurately represent complex tumor morphology, nor 

translate into similar results in vivo.22 This misrepresentation can be due to the lack of dense 

extracellular matrix produced23 and the lack of cell-particle interactions observed in tumors.
24–25

Cancer cells tend to form solid tumors that are known to have hypoxic cells and a necrotic 

core, which often results in high resistance to treatment. Another reason for the failure of 

cancer treatments is low drug concentration in tumors due to transport and diffusion 

limitations.26 Various techniques have been explored to fabricate in vitro multicellular 

spheroids (MCS),27–30 that at sizes over 200 μm, develop an outer proliferating region, an 

inner quiescent region, and a hypoxic necrotic core, that can represent in vitro tumors.31–33 

3D MCS can mimic tumor features such as spatial architecture, cell-cell signaling, 

physiological responses, gene expression patters, and drug resistance mechanisms.34–35

On this project we developed and characterized dry powder aerosol PTX nanocomposite 

microparticles for their potential in the treatment of lung cancer. PTX was encapsulated in 

acetalated dextran (Ac-Dex), a biodegradable, tunable polymer derived from dextran36 via a 

single emulsion/solvent evaporation technique to produce PTX-loaded nanoparticles (PTX 

NP). These NP were then spray dried with mannitol to form nanocomposite microparticles 

that were characterized for lung deposition using a Next Generation Impactor (NGI). The 

impact of the PTX NP formulation on cancer cells was evaluated in a liquid covered culture 

(LCC) 2D cell monolayer followed by evaluation in LCC 3D MCS for NP, and PTX nCmp 

in air-interface culture (AIC) 3D MCS. The described 3D AIC platform may aid in the early 

evaluation of aerosol formulations in a more accurate and representative manner.

2. MATERIALS AND METHODS

2.1 Materials

Dextran from Leuconostic mesenteroides (MW 9,000–11,000), pyridinium p-

toluenesulfonate (PPTS, 98%), anhydrous dimethyl sulfoxide (DMSO, ≥ 99.9%), 2-

methoxypropene (2-MOP, 97%), triethylamine (TEA, ≥ 99%), deuterium chloride (DCl, 35 
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wt% in D2O, 99% atom D), dichloromethane (DCM, > 99.8%), anhydrous sodium acetate, 

D-mannitol (≥ 98%), Triton™ X-100, bisBenzimide H 33342 trihydrochloride (Hoechst 

33342), methanol (HPLC grade, ≥ 99.9%), and acetic acid (≥ 99%) were obtained from 

Sigma-Aldrich (Natick, MA, USA). Deuterium oxide (D2O, 99.8% atom D), poly(vinyl 

alcohol) (PVA, 88% hydrolyzed, average MW 22,000), and curcumin (CUR, > 98%) were 

obtained from Acros Organics (Geel, Belgium). Formic acid (FA, ≥ 99.5%), glycine (≥ 

98.5%), and Hydranal™ Coulomat AG Honeywell were obtained from Fisher Scientific 

(Somerville, NJ, USA). Phosphate buffered saline 10X (PBS) was obtained from Research 

Products International (RPI, Mount Prospect, IL, USA). Paclitaxel (> 99.5%) was purchased 

from LC Laboratories (Woburn, MA, USA). A549 human lung adenocarcinoma epithelial 

cells and NCl-H441 (H441) lung papillary adenocarcinoma epithelial cells were obtained 

from American Type Culture Collection (ATCC, Manassas, VA, USA). Fetal bovine serum 

(FBS) was obtained from Atlanta Biologics (Flowery Branch, GA, USA). RPMI 1640 1X 

with L-glutamine and 25 mM HEPES and collagen rat tail type I were obtained from 

Corning Inc. (Corning, NY, USA). Dulbecco’s modified Eagle’s medium (DMEM, 4.5 g/L 

d-glucose and L-glutamine), trypsin-EDTA (0.25%) phenol red, calcein AM, and ethidium 

homodimer-1 were obtained from Life Technologies™ (Carlsbad, CA, USA). Sodium 

pyruvate, penicillin streptomycin, and Fungizone were obtained from GE Health Life 

Sciences (Pittsburgh, PA, USA).

2.2 Synthesis of acetalated dextran (Ac-Dex)

The synthesis of acetalated dextran (Ac-Dex) was conducted as previously described.37 

Briefly, lyophilized dextran (1 g, MW 9–11,000) and the catalyst PPTS (25 mg) were 

dissolved in 10 mL of anhydrous DMSO under pure N2 atmosphere. Dextran reacted with 5 

mL of 2-MOP for 5 minutes and the reaction was quenched with 1 mL of TEA. The product 

was then precipitated dropwise in mildly stirring distilled water (300 mL, pH 9), vacuum 

filtered and thoroughly rinsed with extra distilled water. The product was frozen overnight 

and lyophilized (−50°C, 0.03 mBar) for 48 hours to remove residual water.

2.3 Nuclear magnetic resonance (NMR) analysis of acetalated dextran (Ac-Dex)

Conversion of hydroxyl groups (total acetal coverage) and the cyclic acetal coverage (CAC) 

were determined using 1H-NMR spectroscopy (Bruker 300 MHz NMR, MA, USA). In an 

NMR tube, 10 mg of Ac-Dex was suspended in 700 μL of D2O, and then hydrolyzed with 

30 μL of DCl. The hydrolysis of acyclic acetals produces methanol and acetone whereas 

cyclic acetals produce only acetone. The total acetal coverage and the CAC were determined 

after normalization of the methanol and acetone peaks in relation to the average of the 

dextran peaks. The normalization is associated with the number of protons detected on each 

molecule, and the results were expressed per 100 molecules of glucose. A more detailed 

description of the analysis of Ac-Dex may be found in the study by Broaders et al. (2009).36

2.4 Preparation of PTX-loaded Ac-Dex nanoparticles (PTX NP)

Paclitaxel-loaded nanoparticles (PTX NP) were prepared via a single emulsion and solvent 

evaporation method. 50 mg of PTX was dissolved in 1 mL of DMSO and 200 μL of this 

solution was added to 1800 μL of DCM. 1 mL of the PTX DCM solution was added to 95 

mg of Ac-Dex (5 wt% initial PTX loading), forming the organic phase. 6 mL of 3% PVA in 
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PBS (aqueous phase) was added to the organic phase and sonicated (Q500 Sonicator, 

Qsonica, Newton, CT, USA) for 60 seconds with 1 second on/off pulse at an amplitude of 

70% (100% amplitude = 120 μm). The resulting emulsion was transferred to a 40 mL 

spinning solution of 0.3% PVA in PBS and stirred for 4 hours to evaporate the organic 

solvent and stabilize the nanoparticles. The final solution was centrifuged at 12,000 rpm 

(19,802 g) and 4 °C for 20 minutes. The nanoparticles were washed twice with distilled 

water, frozen, and lyophilized (−50°C, 0.03 mBar) for 24 hours.

For the preparation of fluorescent NP for imaging (CUR NP), 1 mg of curcumin (CUR, 

fluorescent reagent) was dissolved in 1 ml DCM and added to 39 mg of Ac-Dex (organic 

phase) and made using the steps described above. Blank NP were made following the same 

procedures as CUR NP and PTX NP, excluding any dye or therapeutic.

2.5 Formulation of PTX nanocomposite microparticles (PTX nCmP) via spray drying

Paclitaxel nCmP were formulated with PTX NP and mannitol in an aqueous suspension 

using a Büchi B-290 spray dryer (Büchi Labortechnik, AG, Switzerland) in open mode. The 

ratio of PTX NP: mannitol was 80:20 (w/w) in DI water, which was suspended at a feed 

concentration of 0.5% (w/v). The spray dryer conditions were: 414 L/h dry N2 flow rate, 

aspiration rate of 28 m3/h, pump rate of 0.9 mL/min, inlet temperature of 90 °C, and nozzle 

cleaner rate of 4. The nCmP were collected in an amber glass vial and stored in desiccators 

at −20 °C.

2.6 Particle morphology and shape analysis via scanning electron microscopy (SEM)

The surface morphology and shape of the NP and nCmP were evaluated by scanning 

electron microscopy (SEM) with a Zeiss SIGMA VP Field Emission-SEM (Germany). NP 

were suspended in distilled water at a concentration of 10 mg/ml, dropped onto aluminum 

SEM stubs, and dried at room temperature. nCmP samples were placed on SEM stubs 

covered by double-sided adhesive carbon tabs. Samples were sputter coated with a thin film 

of gold/palladium alloy a BIO-RAD system at 20 μA for 60 seconds under argon gas. 

Images were captured at 5 kV at various magnifications.

2.7 Particle size, size distribution, and zeta potential analysis of NP and nCmP

The hydrodynamic size, size distribution (polydispersity index, PDI), and zeta potential of 

NP and NP re-dispersed from nCmP were measured by dynamic light scattering (DLS) 

using a Malvern Nano Zetasizer (Malvern Instruments, Worcestsershire, UK). NP were 

suspended in distilled water (0.5 mg/mL, pH 9), vortexed, and sonicated for one minute, and 

measurements were performed at 25°C. The sizes of dry NP and nCmP were analyzed by 

measuring the diameter of at least 100 particles from SEM images using ImageJ (Systat, San 

Jose, CA, USA).

2.8 Analysis of PTX loading in PTX NP and PTX nCmP

The drug loading (DL) of PTX NP and nCmP was determined via ultra-performance liquid 

chromatography (UPLC, LaChrom, Hitachi, Japan). The detection of PTX was performed 

using an Ascentis column (C18, 5 μm × 150 mm × 4.6 mm). The UPLC conditions were as 

follows: pump rate of 1 ml/min, absorbance of 227 nm, temperature of 25°C, 20 μL per 
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injection, 4-minute retention time, and a mobile phase containing 60% acetonitrile and 40% 

DI water. Samples were completely dissolved in the mobile phase (1 mg/mL) prior to 

analysis. The PTX concentration was quantified by comparison with a standard calibration 

curve of PTX in the mobile phase. The drug loading, encapsulation efficacy (EE) and NP 

loadings were calculated using the following equations:

DL wt% =  mass of PTX in NP
 total mass of particles  × 100 (1)

EE wt% =  actual drug loading 
 theoretical drug loading  × 100 (2)

Theoreticaldrugloading wt% =  initial mass of PTX 
 initial mass of PTX+initial mass of Ac− Dex 

× 100
(3)

NPloading wt% =  mass of NP loaded in nCmP
 mass of nCmP × 100 (4)

NPloadingefficacy wt% =  mass of NP loaded in nCmP 
 initial mass of NP in nCmP formulation  × 100 (5)

2.9 In vitro PTX release from NP and nCmP

The in vitro release profiles of PTX from NP and nCmP were determined via a release study 

of suspended particles (1 mg/mL, 1.7 mL) in modified phosphate buffer (PBS, 0.1 M, pH 

7.4, 0.5% wt% Tween 80) and modified acetate buffer (0.1 M, pH 5, 0.5% wt% Tween 80). 

The suspensions were incubated at 37°C and 100 rpm (Digital Heat Block and Orbi shaker, 

Benchmark Scientific, Edison, NJ, USA). At various time points (0–7 days), particle 

samples were centrifuged at 23,102 g for 5 minutes at 4°C to isolate the particles. 200 mL of 

supernatant was withdrawn and replaced by the same amount of fresh buffer. The 

supernatant samples were analyzed for PTX content by UPLC following the same method 

described previously.

2.10 Differential scanning calorimetry (DSC)

The thermal phase transitions of NP, nCmP, and raw materials were determined by DSC 

using a TA Q10 DSC system (TA instruments, New Castle, DE, USA) equipped with an 

automated computer-controlled cooling system. 1–3 mg of sample was weighed into 

Tzero™ alodine-coated aluminum pans, which were hermetically sealed. The sealed sample 

pan was placed in the DSC chamber along with an empty sealed reference pan, which were 

heated from 0–300 °C at a rate of 10 °C/min.

Guzmán et al. Page 6

ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.11 Powder X-ray diffraction (PXRD)

PXRD was applied to determine the crystalline nature of nCmP and its raw components 

using a Rigaku Multiflex X-ray diffractometer (The Woodlands, TX, USA) with Cu Kα 
radiation source (40KV, 44mA). Samples were placed in a horizontal slit holder prior to 

analysis. The scan range was 5–60° in 2θ at a sampling width of 0.1 and scan speed of 1°/

min.

2.12 Karl Fischer coulometric titration

The water content of nCmP was quantified by Karl Fischer (KF) coulometric titration using 

a 737 KF coulometer (Metrohm, Riverview, FL, USA). 10 mg of particles were dissolved in 

anhydrous methanol and injected into the reaction cell filled with Hydranal® KF reagent. 

The water content was analyzed and reported in wt%. Pure solvent was analyzed as 

background sample.

2.13 In vitro aerosol dispersion performance with a Next Generation Impactor (NGI)

The in vitro aerosol dispersion of dry powder nCmP was evaluated using a Next Generation 

Impactor™ (NGI™, MSN Corporation, Shoreview, MN, USA) equipped with a stainless-

steel induction port attachment (USP throat) and gravimetric NGI™ insert cups. The NGI 

was connected to a Copley HCP5 vacuum pump (Copley Scientific, United Kingdom). The 

flow rate was measured and adjusted to 60 L/min, which models the flow rate of healthy 

adult lungs.38 Glass fiber filters (55 mm, type A/E, Pall Life Sciences) were weighed and 

placed on the insert cups from stages 1 through 7 to reduce bounce or re-placement of 

powder.39 10 mg of powder was loaded into a hydroxypropyl methylcellulose capsule 

(HPMC, size 3, Quali-V®, Qualicaps® Inc., Whitsett, NC, USA) and placed in a human dry 

powder inhaler (DPI) device (Handihaler, Boehringer Ingelheim Pharmacauticals, CT, 

USA). The DPI was then attached to a rubber mouthpiece connected to the NGI. Three 

capsules were released in every experiment (for a total of 30 mg) in triplicate. The NGI was 

operated with a delay time of 10 s and running time of 10 s. The particle deposition on each 

stage was determined gravimetrically by the difference in mass of the glass filter before and 

after particle deposition. The effective cutoff diameters for each impaction stage were given 

by the manufactured as: Stage 1 (8.06 μm); Stage 2 (4.46 μm); Stage 3 (2.82 μm); Stage 4 

(1.66 μm); Stage 5 (0.94 μm); Stage 6 (0.55 μm); and Stage 7 (0.34 μm). The fine particle 

dose (FPD), fine particle fraction (FPF), respirable fraction (RF), and emitted dose (ED) 

were calculated as follows:

Fine particle dose FPD = mass of particles < 4.4μm stages 2 through 7 (6)

Fineparticlefraction FPF =  fine particle dose 
 initial particle mass loaded into capsules  × 100 (7)

Respirablefraction RF =  mass of particles  < 4.4μm  stages 2 through 7  
 total particle mass on all stages  ×

100
(8)
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Emitteddose ED =  initial mass in capsules−final mass remaining in capsules 
 initial mass in capsules 

× 100
(9)

The experimental mass median aerodynamic diameter (MMADE) and geometric standard 

deviation (GSD) for the particles were determined using a Mathematica® program written 

by Dr. Warren Finlay.39

2.14 Tapped density and theoretical aerodynamic size analysis of nCmP

The density of nCmP was determined via tapped density measurements.40 25–35 mg of 

particles (m) was weighed in a thin glass tube and tapped 200 times over a hard surface to 

ensure efficient packing. The height and diameter of compacted particles were measured 

using a digital caliper to calculate the volume occupied for the particles (V). The tapped 

density (r) was calculated using the equation:

ρ = m
V (10)

The theoretical MMAD (MMADT) was calculated using the following equation:

MMADT = d ρ
ρ* (11)

where d is the geometric diameter of nCmP determined by ImageJ and ρ* = 1 g/cm3 is the 

reference density of solid polymer.

2.15 In vitro cell studies

A549 human epithelial adenocarcinoma lung cancer cells were cultured in DMEM 

containing 10 v/v % FBS, 1 mM sodium pyruvate, 1 v/v % penicillin streptomycin (100 

U/ml penicillin, 100 μg/ml streptomycin), and 0.2 v/v % Fungizone (0.5 μg/ml amphotericin 

B, 0.41 μg/ml sodium deoxycholate). H441 cells were cultured in RPMI L-glutamine media 

containing same additives, except sodium pyruvate. Cells were incubated at saturated 

humidity, 37 °C, and 5% CO2.

2.15.1 Two-Dimensional (2D) cell culture and cell viability—The viability of 

A549 cells exposed to free PTX and PTX NP was evaluated using a resazurin assay on 2D 

cell monolayers. Cells (5,000 cells/well) were seeded in a flat bottomed 96-well plate and 

allowed to attach for 24 hours. PTX was dissolved in DMSO and then serially diluted in 

media (final DMSO concentration < 0.2 v/v%). Cells were dosed with free PTX and PTX 

NP at concentrations from 0.001 – 10 μM PTX for 48 hours. Resazurin was added to the 

wells (20 μL, 20 mM) and incubated for 4 hours. The fluorescence intensity was detected at 

544/590 nm in a Cytation 3 plate reader (BioTek Instruments Inc., Winooski, VT, USA). 

Relative viability was expressed as the fluorescence of cells dosed with PTX formulations 

over control cells.
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2.15.2 NP cellular uptake—Confocal microscopy images were taken of A549 cells 

seeded on 35 mm glass bottom Petri dishes at a concentration of 500,000 cells/dish 

incubated overnight. Cells were exposed to 66 μM CUR NP and incubated for 3 hours, 

washed 3X with PBS, stained with CellMask™ deep red plasma membrane (0.5 μL/mL in 

PBS), and fixed with 4% paraformaldehyde in PBS. Images were taken at 100X 

magnification. For quantification, A549 cells were seeded in flat bottomed 96-well plate 

(5,000 cell/well), incubated for 24 hours, and dosed with 66 μM CUR NP. After 3 hours of 

incubation, cells were washed twice with 200 mM glycine in PBS, twice with cold PBS, and 

fixed with 200-proof ethanol for 10 minutes. NP uptake was quantified using a fluorescence 

scan at 420/540 nm.

2.15.3 Transepithelial electrical resistance (TEER) evaluation—Transepithelial 

electrical resistance was applied on the alveolar epithelium cell line H44141 to evaluate 

monolayer integrity following nCmP exposure. 100,000 cells/well were seeded on the apical 

side of a 0.4 μm Transwell and grown in liquid covered culture for two days. Air interface 

culture was induced when media was removed from the apical side of the Transwells. TEER 

values were measured periodically until a tight monolayer was formed (stable TEER values), 

and Blank and PTX nCmP (1 mg/well) were dosed to the cells (day 0). TEER readings 

continued for five days and treated samples were compared to control cells.

2.15.4 Liquid covered culture 3D multicellular spheroid (MCS) evaluation—
3D multicellular spheroids (MCS) were formed via centrifugation using A549 cells for the 

evaluation of PTX NP. 5,000 cells/well containing collagen type I (20 μL/mL cell solution) 

were seeded into ultra-low attachment round-bottomed 96-well plates, centrifuged at 1100 g 

for 15 minutes, and incubated. At day 5, fully-formed MCS were dosed with free PTX and 

PTX NP (5 – 0.001 μM PTX), Blank NP, 0.1% DMSO in media, and media (control). 

Bright-field images were taken using a Cytation 3 imager (BioTek Instruments Inc., 

Winooski, VT, USA) at different time points over 15 days, and the diameter of MCS were 

evaluated. The growth or inhibition of MCS upon PTX exposure was analyzed by 

calculating the change in size in treated MCS relative to untreated controls.

2.15.5 Air interface culture 3D multicellular spheroid (MCS) evaluation—For 

the evaluation of aerosolized PTX nCmP, A549 cells were seeded into an alginate scaffold 

and grown in air interface culture (AIC) conditions. Alginate was purified as previously 

described.42 3 mL of 1.65 wt% alginate in PBS was loaded into a 5 mL syringe, and all 

bubbles were removed. In another 5 mL syringe, 750 μL of 150 mM CaSO4 in PBS 

containing 1% (v/v) Fungizone was collected. The syringes were connected and vigorously 

mixed. The resulting mixture was transferred into 3D Petri Dishes® (5 × 7 array, 800 × 800 

μm, MicroTissue, Providence, RI, USA) to form hydrogel micromolds. Excess solution was 

removed from the top of the mold and gelation occurred at room temperature for 15–20 

minutes. Once the alginate scaffold gelled, it was removed from the mold and incubated 

overnight in DMEM prior to seeding. The Young’s modulus of the alginate gels was 

determined using an Instron 3342 single-column apparatus (Norwood, MA) with a strain 

rate of 2 mm/min until hydrogel failure. The Young’s modulus was calculated from the slope 
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of the linear region of the resulting stress-strain curve using Instron’s Bluehill 3 software 

package.

Alginate scaffold micromolds were placed in Transwell® inserts (3.0 μm pore size, 12-well 

plates). 500 μL of DMEM was transferred to the basolateral compartment of the Transwell, 

and 75 μL of cell solution (1.33 × 106 cell/ml) was transferred to the hydrogel scaffold 

(apical side). After MCS formation (day 1), media in the scaffold was gently removed to 

allow the MCS to grow in AIC conditions. Media from the basolateral side was replaced 

every other day. At day 5, PTX nCmP, equivalent to 1 μM and 5 μM of PTX in mass, were 

dosed onto the AIC MCS in powder form using a syringe and cone for dispersion, as can be 

seen in Figure 1. Blank nCmP with equivalent mass to PTX nCmP doses were also dispersed 

onto AIC MCS. Images were taken periodically using the Cytation3 imager from days 1 to 

15. The diameter of MCS treated with PTX nCmP was recorded and compared to untreated 

controls. The growth or inhibition of AIC MCS upon nCmP exposure was analyzed by 

calculating the change in size in treated MCS relative to untreated control.

2.16 Statistical analysis

All measurements were performed in at least triplicate and values were presented as mean ± 

standard deviation. Half maximal inhibitory concentration (IC50) values were calculated 

using a symmetrical sigmoidal fit method in readerfit.com. The statistical significance of the 

results was determined using Student’s t-test, where p < 0.05 (*) was considered statistically 

significant.

3. RESULTS

3.1 Characterization of acetalated dextran (Ac-Dex)

The synthesis of Ac-Dex resulted from the reaction between dextran and 2-MOP in the 

presence of an acid catalyst, and the resulting hydrophobic polymer contained both cyclic 

and acyclic acetal groups. NMR analysis showed a total acetal coverage (conversion of -OH 

groups) of 81% and a cyclic acetal coverage of 80.5 (per 100 glucose units). Figure S1 and 

Table S1 show a representative spectrum and the detailed results of +H NMR, respectively.

3.2 Nanoparticle characterization

3.2.1 Morphology, size, size distribution, and surface charge—The size, 

distribution, and surface charge of NP are presented in Table 1. For PTX NP and Blank NP, 

the hydrodynamic diameters were less than 200 nm with low PDI (< 0.15) and slightly 

negative charges. PTX NP were spherical and smooth with uniform dispersion as shown in 

Figure 2A. ImageJ size analysis from the SEM micrographs indicated smaller NP sizes for 

both PTX NP and Blank NP.

3.2.2 PTX loading and in vitro release—PTX was encapsulated into Ac-Dex NP 

with an encapsulation efficiency of 71% and drug loading of 3.57 wt% (Table 1). The 

release profile of PTX NP (Figure 2D) demonstrated sustained release of PTX, with a slight 

burst release for both pH values. PTX release was slower at pH 7.4, reaching 47% release in 
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7 days. In contrast, release at pH 5.1 was faster, reaching a plateau at 48 hours with around 

70% PTX release.

3.3 Nanocomposite microparticle characterization

3.3.1 Morphology, size, surface charge, and re-dispersion—PTX nCmP 

exhibited raisin-like morphology (Figure 2B) with visible nanoparticles (Figure 2C). The 

geometric diameter of nCmP determined using ImageJ was 2.17 μm (Table 2). PTX NP re-

dispersed from PTX nCmP exhibited an increase in size to 270.6 nm, higher PDI of 0.33, 

and a more negative charge (−18.5 mV) (Table 1).

3.3.2 Drug loading, loading efficacy, and in vitro release from nCmP—PTX 

nCmP had a drug loading of 3.04 wt%, corresponding to a PTX loading efficacy of 105 % in 

nCmP (Table 2). PTX nCmP exhibited sustained release of PTX at both pH values, with 

accelerated release in acidic conditions similar to PTX NP (Figure 2D).

3.3.3 Water content analysis—The residual water content of PTX nCmP was lower 

than 3% (Table 2), determined via colorimetric Karl Fischer titration.

3.3.4 Solid-state analysis of particle formulations—DSC thermograms of raw 

materials and nCmP are shown in Figure 3A. Raw PTX exhibited an endothermic phase 

transition peak at 222 °C and an exothermic peak at 243 °C. Raw Ac-Dex presented a broad 

endothermic peak around 183°C and raw mannitol displayed a main phase transition peak at 

171°C. Blank and PTX nCmP showed similar broad peaks around 158 and 188 °C and no 

phase transitions were observed for any samples under 150 °C. Figure 3B presents powder 

X-ray diffractograms of raw materials and nCmP. Raw Ac-Dex presented no peaks, and raw 

PTX and mannitol exhibited strong peaks. After spray drying, blank and PTX nCmP 

exhibited no significant peaks.

3.3.5 Density and theoretical MMAD of nCmP—The tapped density and the 

theoretical mass median aerodynamic diameter (MMADT) of PTX nCmP are shown in 

Table 2. The corresponding values were 0.33 g/cm3 and 1.25 ± 0.01 μm.

3.3.6 In vitro aerosol performance of nCmP—The in vitro aerosol dispersion 

analysis of PTX nCmP showed broad aerosol dispersion of particles across all stages (Figure 

4A), with 3% of the total mass depositing on the first stage, the majority of nCmP deposited 

on stage 4 (35%), and 4% depositing on at stage 7. The experimental MMAD was 2.44 μm, 

with a GSD of 2.34 μm (Table 2). The FPF, RF and ED were 66, 97, and 88%, respectively 

(Figure 4B).

3.4 In vitro cell analysis of PTX NP and PTX nCmP

3.4.1 In vitro cytotoxicity in 2D monolayer—A 2D monolayer of A549 cells 

exposed to free PTX and PTX NP exhibited IC50 values of 0.23 μM and 0.07 μM PTX NP, 

respectively, after 48 hours of exposure (Figure 5A).
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3.4.2 Cellular uptake of CUR NP—The cellular uptake of NP into 2D A549 cells was 

evaluated using fluorescent CUR NP with similar size, PDI, and surface charge to PTX NP. 

Figure 5B shows a representative confocal image of CUR NP associated in the cytoplasm of 

A549 cells, and the quantification of CUR NP uptake indicated that more CUR NP were 

successfully uptaken into A549 cells.

3.4.3 Transepithelial electrical resistance (TEER) evaluation—The effect of PTX 

and Blank nCmP on cell monolayer integrity in air interface culture (AIC) conditions was 

evaluated via transepithelial electrical resistance (TEER). The AIC monolayer reached 

TEER values above 100 Ω cm2 a day after transitioning from LCC to AIC conditions, and 

these values remained stable until analysis began (Figure 5C). For the first two days after 

exposure to nCmP, cells exposed to Blank nCmP exhibited increased relative TEER, which 

then decreased slightly and was statistically the same as the control TEER. Cells exposed to 

PTX nCmP showed no statistical difference in TEER during the 5-day evaluation in 

comparison to the control.

3.4.4 Liquid covered culture (LCC) MCS growth inhibition evaluation—LCC 

3D A549 multicellular spheroids (MCS) dosed with free PTX and PTX NP exhibited a dose 

dependent response in the inhibition of the growth of MCS in comparison to the control 

(Figure 6). In particular, MCS experienced growth inhibition when exposed to PTX 

concentrations equal to or above 0.01 μM for both free PTX and PTX NP. Figure 6C shows 

the comparison in the change of MCS diameter with respect to the control. Between 0.01 

and 0.5 μM PTX the MCS had similar responses to free PTX and PTX NP, where MCS size 

decreased with increasing PTX concentration by day 15. At higher PTX concentrations (≥ 1 

μM), MCS exposed to free PTX reached a plateau where MCS size no longer decreased, and 

MCS exposed to PTX NP continued to decrease in size. Figure 7 shows representative 

images of LCC MCS dosed with 1 μM PTX at different time points, and their corresponding 

sizes. The MCS were not tightly formed on day 1 and increased in size and solidarity with 

time. For days 1 and 5, the size of the MCS exposed to free PTX and PTX NP were similar 

to the control, whereas by day 15, MCS size decreased significantly upon exposed to free 

PTX and PTX NP. The effect of Blank NP on MCS growth was also evaluated, showing no 

significant difference to control MCS, with the exception of being slightly larger than the 

control MCS after 15 days (Figure 7B).

3.4.5 AIC MCS growth inhibition evaluation—As shown in Figure 1, air interface 

culture (AIC) MCS were formed on alginate micromolds prior to exposure to aerosolized 

nCmP. The alginate micromold scaffolds exhibited a Young’s modulus of 3.55 ± 0.59 kPa 

after 24 hours of incubation in DMEM. A549 cells seeded in the alginate micromold were 

transitioned to AIC a day after seeding in LCC. At day 5, the spheroids were compact and 

fully formed (Figure 8A), and thus AIC MCS were exposed to nCmP at this time. After 

dosing with nCmP the MCS showed gradual tumor size reduction and disaggregation at the 

highest PTX nCmP concentration (5 μM) in comparison to control MCS. The change in 

diameter of AIC MCS from day 5 to day 15 are reported in Figure 8B (MCS diameters from 

day 3 to 15 can be found in Figure S1). MCS exposed to Blank nCmP exhibited a high 

growth rate than the control, whereas PTX nCmP resulted in no growth in the AIC MCS. 
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The change in diameter of AIC MCS relative to control after the treatment on day 15 can be 

seen in Figure 8C. Blank nCmP did not show any significant effect on the growth of AIC 

MCS, and both PTX nCmP formulations resulted in effectively no growth in the MCS at this 

time point.

4. DISCUSSION

Water-soluble dextran was transformed to hydrophobic Ac-Dex, where parent -OH groups 

were converted into acetal groups. Ac-Dex had a high total -OH conversion that can help to 

ensure the stability of particles and allow for the formation of small NP.40 The resulting 

acetal groups allows the NP to have pH-tunable degradation for drug delivery in acidic 

tumors or inflammatory tissues.43

The small size of PTX NP reported from the SEM and ImageJ represent NP in their dry 

state. The hydrodynamic size of PTX NP evaluated with DLS allowed for the measurement 

of NP size with a hydrated layer. PTX NP had a low PDI, indicating high NP stability in an 

aqueous suspension due to the steric effect of the PVA coating.44 SEM images of NP 

corroborates the high homogeneity reached with single emulsion fabrication. After spray 

drying, NP re-dispersed from nCmP showed a 35% increase in hydrodynamic diameter, 

likely due to agglomeration during the spray drying process, which is confirmed by a higher 

PDI. The slightly more negative charge of re-dispersed PTX NP can be attributed to 

mannitol in the formulation, which showed a charge of around −19.23 mV in water solution, 

compared to the almost neutrally-charged PTX NP.

The in vitro PTX release profiles of the NP and nCmP were evaluated in physiological (pH 

7.4) and acidic (pH 5.1) conditions. The systems exhibited a low initial burst release, which 

is an essential characteristic for extended-release delivery systems.45 The release profiles at 

each pH were similar between the NP and nCmP. In acidic conditions, the majority of PTX 

was released after 48 hours. At pH 7.4, PTX release was slower, reaching 50% release after 

7 days. Fast PTX release in lower pH and slower release in neutral pH can be favorable for 

fast release of the drug in the acidic microenvironments of cancer cells while having slower 

release in healthy tissue.

PTX NP exhibited high PTX encapsulation efficiency, and after spray drying the PTX 

loading in nCmP increased, which corresponds to a NP loading efficiency in nCmP above 

100%. This phenomenon is likely due to the loss of PVA from the NP during the spray 

drying process, which leads to an increase in the percentage of PTX in the total nCmP mass. 

The low water content in PTX nCmP can enable storage stability of the particles, and can 

prevent agglomeration during aerosolization.

DSC analysis was performed for raw materials and nCmP to evaluate their stability and 

phase transition behavior. The lack of an endothermic peak at 222°C and decomposition 

peak at 243°C (evident for raw PTX) in PTX nCmP suggests that amorphization of the drug 

occurred during spray drying or that the amount of PTX in the nCmP was below the 

detection limit for DSC. The strong endothermic peak from pure mannitol was not present 

for the nCmP. The broad peak present for nCmP is likely due to displacement of the Ac-Dex 
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phase transition peak. Overall, nCmP showed temperature stability under 150°C to comply 

with manufacturing and storage conditions.

The crystallinity of raw materials and nCmP were analyzed by PXRD. The lack of peaks in 

the Ac-Dex diffractogram indicate that it is an amorphous polymer, which is likely because 

of the rapid precipitation method of collection after the Ac-Dex reaction. While raw PTX 

and mannitol exhibited strong peaks and are thus crystalline, these peaks are no longer 

present in nCmP. This indicates the likelihood of amorphization of PTX and mannitol after 

the spray drying process. These data agree with the reduced and transformed peaks observed 

in DSC analysis. Reduced crystallinity of the nCmP formulation is advantageous for the 

rapid solubilization of nCmP formulations (and thus release of PTX) after delivery to the 

lungs.

The in vitro aerosol performance of PTX nCmP was conducted using a Next Generation 

Impactor™ coupled with a human DPI device. The simulated inhalation resulted in a high 

emitted dose of particles, which is necessary to make use of the most of each dosage. The 

fine particle fraction of PTX nCmP indicates that 66% of the nCmP mass released from the 

capsules had a particle size lower than 4.4 μm, and the 97% RF demonstrates the potential 

for effective deposition of particles to the bronchi and distal airways. nCmP that deposited 

on the first stage of the NGI (3%) would likely deposit primarily by impaction (≥ 5 μm) in 

the upper respiratory airways (primary bronchi) of the lungs.12 Particles that deposited in 

stages 2 to 6, corresponding to 93% to the total mass in all stages of the NGI, would likely 

be able to deposit in the lower lung airways (secondary bronchi and bronchioles) due to 

sedimentation (0.5 – 5 μm), and the smaller particles from stage 7 would likely deposit via 

Brownian motion in the alveoli region (< 0.5 μm).11 The high dispersion of nCmP (GSD of 

2.34 μm) demonstrates the ability of nCmP to deposit in all stages of the NGI.

The theoretical mass median aerodynamic diameter (MMADE of 1.25 μm) was calculated 

from the geometric diameter from SEM micrographs and tapped density of the PTX nCmP, 

and was smaller than the experimental MMAD obtained using the NGI, with an increase of 

95%. The increase in MMAD following aerosolization in the NGI is likely due to 

agglomeration of the particles due to ambient humidity and the electrostatic interactions of 

amongst the particles,46 which can increase particle deposition in the upper airways.47 The 

deposition of the PTX nCmP in lower stages was likely achieved because of their low tapped 

density, which can be attributed to the raisin-like morphology of the nCmP. The hollow shell 

morphology of the nCmP can be attributed to the saturation of NP at the droplet surface 

compared to the droplet center, where NP diffusion is slower than the surface shrinkage 

during spray drying. As the evaporation process occurs, the droplet shell collapses and 

wrinkled particles with low density are formed,48 as observed in the PTX nCmP.

The cytotoxicity of free PTX and PTX NP was evaluated in LCC monolayers. 2D A549 cells 

were dosed with free PTX and PTX NP and there was a 70% reduction in the IC50 value for 

PTX NP compared to free PTX after 48 hours of exposure, suggesting that the sustained 

release of the drug plays a role in enhancing cell death.45
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For cellular uptake, CUR NP were selected for their similar size and charge to PTX NP and 

the ease in imaging fluorescent CUR without negatively impacting cell viability and 

morphology. Since NP surface charge is nearly neutral, the main parameter that can 

influence NP internalization in cells is their size. It was previously reported that 100–200 nm 

polymeric NP might be the optimal size for the highest uptake in cells and to avoid alveolar 

macrophage clearance.49 CUR NP were successfully uptaken into the A549 cytoplasm after 

three hours of exposure, indicating the NP have the potential to deliver and release PTX 

directly inside the cells.

In order to determine the effects of Blank and PTX nCmP on the lung epithelium, we 

evaluated the integrity of the tight junctions of an air interface monolayer of H441 cells upon 

exposure to nCmP via transepithelial electrical resistance (TEER) measurements. H441 cells 

were grown in a monolayer as a human distal lung epithelial model,50 and following growth 

in AIC, were dosed with nCmP powders. The increase in TEER upon exposure to Blank 

nCmP is likely due to exposure of the cells to the by-product dextran following the 

degradation of Ac-Dex as nutrient for the cells. Cells exposed to PTX nCmP did not show 

significant reduction in TEER for up to 5 days of exposure, suggesting a conservation in the 

tight junctions in the monolayer of cells.

While 2D cell culture has been extensively used for drug screening, a 3D multicellular 

spheroid (MCS) platform offers a better representation of solid tumors in vitro due to their 

similar structures, physiological responses, cell-drug interactions, and drug resistance 

mechanisms.51–52 MCS grown in a 3D LCC model were dosed with free PTX and PTX NP 

5 days after MCS formation. MCS at this point were fully developed spheroids with 

heterogenous structure: a proliferating region, a quiescent viable region, and a necrotic core. 

This phenomenon has been confirmed in our previous work and is in accordance with other 

reports where MCS > 200 μm have shown similar characteristics to real tumors.30, 32 MCS 

growth continued for 15 days, as after this point control MCS size begins to decline.

PTX NP showed no clear superiority in the inhibition of MCS growth in comparison to free 

PTX, implying that PTX NP are as effective as free PTX, with both likely experiencing 

limited penetration into the MCS. The likelihood of limited penetration in the MCS is 

supported by the fact that tumors develop a dense extracellular matrix (ECM) that prevents 

the transport and diffusion of large molecules into their interstitial space.53–54 Collagen, one 

of the main components in ECM, is known to increase the resistance to interstitial transport 

in tumors.55 The described LCC MCS contained type I collagen to facilitate the 

agglomeration of cells. The formation of a solid external cell layer in the spheroids was 

visible in the bright-field images when they changed from loose aggregates of cells to solid 

tumor spheroids from day 1 to day 5. In addition, MCS exposure to Blank NP did not result 

in alterations in the growth of the MCS, likely due to their exposure to the harmless by-

products of Ac-Dex degradation, which can cause an increase in MCS size as they can use 

dextran as a nutrient.

To demonstrate proof-of-concept treatment of lung cancer via aerosol delivery of PTX-

loaded dry powders, PTX NP were spray dried with mannitol to obtain nCmP, which can be 

delivered using a dry powder inhaler. To evaluate the chemotherapeutic effect of the 
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particles, MCS grown in an alginate micromold scaffold at air interface culture (AIC) 

conditions were dosed with dry powder PTX nCmP. The alginate scaffold exhibited similar 

stiffness to that of lung tissue, which has a Young’s modulus between 1 and 5 kPa.56 

Immediately after PTX nCmP treatment (day 5) and up to day 15 the MCS sizes were 

significantly inhibited with no appreciable growth. MCS exposed to PTX nCmP displayed 

disaggregation of cells as signal of cell death promoted by PTX delivered from the NP. 

Blank nCmP seemed to increase MCS growth in comparison to the control.

Although the overall cytotoxicity of PTX NP and PTX nCmP was found to be comparable to 

that of free PTX, the encapsulation of the drug into the nanocarrier and further nCmP 

formulation is key for the development of a stable dry powder formulation with appropriate 

lung deposition, reduced physiological clearance and effective tumor inhibition for a 

localized delivery of the drug. Overall, this formulation show promise in the treatment of 

lung cancer via a pulmonary route. PTX nCmP have the potential to reduce the total dose 

administered and reach the targeted site of the disease in comparison to systemic delivery.

5. CONCLUSIONS

We developed a paclitaxel-loaded aerosol nanocomposite microparticle (PTX nCmP) 

formulation based on spray-dried Ac-Dex PTX-loaded NP and mannitol. PTX nCmP 

exhibited favorable in vitro aerosol distribution and deposition using an NGI, with a size and 

morphology that can allow them to reach the distal regions of the lungs. NP were 

successfully re-dispersed from nCmP upon contact with aqueous medium. The physical 

properties of the NP allowed for effective cellular uptake in A549 cells. 2D cells were highly 

affected by PTX NP is comparison to free PTX, however, this correlation was not seen in the 

3D LCC model. This phenomenon demonstrates the complex interaction of nanoparticles 

with MCS. The 3D AIC platform allowed for the assessment of PTX nCmP, showing its 

potential as an in vitro model to better mimic pulmonary environments and promoting its 

further application in the evaluation of other aerosol formulations. Overall, the described 

work involves a new nCmP platform capable of effectively delivering PTX to the lungs via 

their aerosolization as a dry powder.
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ABBREVIATIONS

PTX paclitaxel; NP, nanoparticles

Ac-Dex acetalated dextran

CUR curcumin

CAC cyclic acetal coverage

2D two-dimensional

3D three-dimensional

MCS multicellular tumor spheroids

PPTS pyridinium p-toluenesulfonate

DMSO dimethyl sulfoxide

2-MOP 2-methoxypropene

TEA triethylamine

DCM dichloromethane

PVA poly(vinyl alcohol)

PBS phosphate buffered saline (1X PBS dilution unless specified)

NMR nuclear magnetic resonance

DLS dynamic light scattering

PDI polydispersity index

DL drug loading

EE encapsulation efficacy

UPLC ultra-performance liquid chromatography

DMEM Dulbecco’s modified Eagle’s medium

RPMI Roswell Park Memorial Institute

FBS fetal bovine serum

DSC differential scanning calorimetry

PXRD powder X-ray diffraction

KF Karl Fischer titration

NGI Next Generation Impactor

FPD fine particle dose
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FPF fine particle fraction

RF respirable fraction

ED emitted dose

DPI dry powder inhaler

LCC liquid covered culture

AIC air interface culture
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Figure 1. 
Schematic of the formation of three-dimensional (3D) multicellular tumor spheroids (MCS) 

on an alginate scaffold in an 3D air interface culture (AIC) platform followed by exposure to 

aerosolized nanocomposite microparticles (nCmP).
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Figure 2. 
Representative scanning electron micrographs of nanoparticles (NP) and nanocomposite 

microparticles (nCmP) systems, and their in vitro paclitaxel (PTX) release profiles at 

different pH values. (A) paclitaxel-loaded nanoparticles (PTX NP) at 20,000X, (B) 

paclitaxel nanocomposite microparticles (PTX nCmP) at 5,000X, and (C) PTX nCmP at 

40,000X. (D) Comparative release profiles of PTX from PTX NP and PTX nCmP at pH 7.4 

and pH 5.1 (n = 3).
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Figure 3. 
(A) Differential scanning calorimetry (DSC) thermograms and (B) powder X-ray 

diffractograms (PXRD) of raw paclitaxel (Paclitaxel), raw acetalated dextran (Ac-Dex), raw 

mannitol (Mannitol), blank nanocomposite microparticles (Blank nCmP) and paclitaxel-

loaded nCmP (PTX nCmP).
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Figure 4. 
In vitro aerosol dispersion performance of paclitaxel-loaded nanocomposite microparticles 

(PTX nCmP) in a Next Generation Impactor™ (NGI™) for Q = 60 L/min. (A) Particle 

deposition on each stage of the NGI, including the particle size cutoff corresponing to every 

stage (μm), (B) fine particle fraction (FPF), respirable fraction (RF), and emitted dose (ED) 

of PTX nCmP (mean ± standard deviation, n=3).
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Figure 5. 
Two-dimensional (2D) cell culture evaluations including: (A) Cell viability and IC50 values 

of A549 cells dosed with free paclitaxel (PTX) and paclitaxel-loaded NP (PTX NP) for 48 

hours. (B) Cellular uptake of fluorescent curcumin-loaded nanoparticles (CUR NP) in A549 

cells following 3 hours of incubation, including (Left) a representative confocal image 

showing CUR NP (green) and cell membrane (red), scale bar = 20 μm and (Right) 

fluorescence quantification of uptake. (C) Transepithelial electrical resistance (TEER) 

analysis performed on H441 cells in air interface culture (AIC) condition after exposure to 

blank and paclitaxel-loaded nanocomposite microparticles (Blank nCmP and PTX nCmP, 

respectively). Statistical analysis was performed using Student’s t-test, where * p < 0.05, ** 
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p < 0.01, *** p < 0.001; n ≥ 3, which represents the comparison to control (cells in media 

only).
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Figure 6. 
Analysis of three-dimensional (3D) A549 multicellular spheroid (MCS) growth in liquid 

culture conditions upon exposure to different concentrations of paclitaxel (PTX) 

formulations, including: (A) free PTX and (B) PTX NP. (C) Comparison of the change in 

diameter relative to control (media only) upon exposure to free PTX and PTX NP at day 15. 

The red arrows indicate when the MCS were dosed with PTX or PTX NP. Statistical analysis 

was performed using Student’s t-test, where * p < 0.05, ** p < 0.01, *** p < 0.001 to 

compare PTX versus PTX NP; n ≥ 3.
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Figure 7. 
(A) Representative bright-field images (scale bar = 500 μm), and (B) corresponding 

quantification of A549 three-dimensional (3D) multicellular spheroid (MCS) growth in 

liquid culture conditions upon exposure to 1 μM of free PTX, PTX nanoparticles (NP), and 

Blank NP equivalent to 1 μM of NP (by mass). Control MCS were exposed to media only. 

Statistical analysis was performed using Student’s t-test, where * p < 0.05, ** p < 0.01, *** 

p < 0.001; n ≥ 3, which represents the comparison to control (no exposure to PTX or NP).
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Figure 8. 
Analysis of three-dimensional (3D) A549 multicellular spheroids (MCS) growth in air 

interface culture (AIC) conditions upon exposure to aerosolized paclitaxel-loaded 

nanocomposite microparticles (PTX nCmP). (A) Representative bright-field images of AIC 

MCS exposed to Blank nCmP and PTX nCmP (equivalent to 1 μM and 5 μM of PTX by 

mass used in liquid covered culture studies), scale bar = 500 μm. (B) Change in diameter of 

AIC MCS exposed to Blank and PTX nCmP over time compared to control. (C) Comparison 

of the change in AIC MCS diameters relative to control upon exposure to Blank and PTX 

nCmP at day 15. Statistical analysis was performed using Student’s t-test, where * p < 0.05, 

n ≥ 3; which represents the comparison to control (AIC MCS only).
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Table 1.

Characteristics of paclitaxel (PTX)-loaded nanoparticles (NP), blank NP without PTX, PTX NP re-dispersed 

from PTX nanocomposite microparticles, and curcumin (CUR)-loaded NP. Analysis includes NP diameter as 

measured by dynamic light scattering (DLS) and ImageJ, polydispersity index (PDI), zeta (ζ) potential, PTX 

loading in NP, and encapsulation efficiency (EE) (mean ± standard deviation, n = 3).

Particle System Method Diameter (nm) PDI ζ Potential (mV) PTX Loading (μg PTX/mg NP) EE (%)

PTX NP DLS 198.4 ± 9.9 0.14 ± 0.04 −3.14 ± 0.55
35.73 ± 1.56 71.46 ± 3.11

ImageJ 103.6 ± 19.3 N/A N/A

Blank NP DLS 191.9 ± 3.5 0.12 ± 0.02 −4.79 ± 0.63
N/A N/A

ImageJ 150.3 ± 25.9 N/A N/A

Re-dispersed PTX NP DLS 270.7 ± 11.0 0.34 ± 0.03 −18.47 ± 0.42 N/A N/A

CUR NP DLS 182.10 ± 2.04 0.11 ± 0.03 −4.08 ± 0.25 14.73 ± 0.11* N/A

*
μg CUR/mg NP
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Table 2.

Characteristics of paclitaxel (PTX)-loaded nanocomposite microparticles (nCmP), including water content, 

PTX loading, nanoparticle (NP) loading in nCmP, NP loading efficacy in nCmP, geometric diameter (via 

Image J), tapped density, theoretical mass median aerodynamic diameter (MMADT), experimental MMAD 

(MMADE), and geometric standard deviation (GSD) (mean ± standard deviation, n=3).

Particle System Water Content (%) PTX Loading (μg PTX/mg 
nCmP) NP Loading in nCmP (%) NP Loading Efficacy in nCmP 

(%)

PTX nCmP 2.78 ± 0.50 30.38 ± 0.80 85.01 ± 2.24 106.27 ± 2.80

Particle System Geometric diameter (μm) Tapped Density (g/cm3) MMADT (μm) MMADE (μm) GSD (μm)

PTX nCmP 2.17 ± 0.59 0.33 ± 0.01 1.25 ± 0.01 2.44 ± 0.25 2.34 ± 0.42
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