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Abstract

Pulmonary drug delivery is governed by several biophysical parameters of delivery carriers, such 

as particle size, shape, density, charge, and surface modifications. Although much attention has 

been given to other parameters, particle shape effects have rarely been explored. In this work, we 

assess the influence of particle shape of inhaled delivery carriers on their aerodynamic properties 

and macrophage uptake by using polymeric microparticles of different geometries ranging in 

various sizes. Doxorubicin was conjugated to the polymer particles and the bioconjugates were 

characterized. Interestingly, the results of in-vitro lung deposition, performed using a next 

generation impactor, demonstrated a significant improvement in the aerodynamic properties of 

the rod-shaped particles with a high aspect ratio as compared to spherical particles with the same 

equivalent volume. The results of a macrophage uptake experiment demonstrate that the high 

aspect ratio particles were phagocytosed less than spherical particles. Furthermore, the cytotoxicity 

of these doxorubicin-conjugated particles was determined against murine macrophages, resulting 

in reduced toxicity when treated with high aspect ratio particles as compared to spherical particles. 

This project provides valuable insights into the influence of particle shape on aerodynamic 

properties and primary defense mechanisms in the peripheral lungs, while using polymeric 

microparticles of various sizes and geometries. Further systematic development can help translate 

these findings to preclinical and clinical studies for designing efficient inhalable delivery carriers.
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1.0 Introduction

Non-invasive pulmonary drug delivery has been widely explored for localized delivery to 

the lungs and as a route for systemic drug delivery, due to the large surface area available 

for drug absorption [1]. Human lungs, however, have efficient defense mechanisms, such as 

mucociliary escalation in the central lung region (upper airways), and phagocytic uptake by 

alveolar macrophages in the peripheral lung region, to eliminate any inhaled foreign material 

and prevent its retention in the lungs [1–3]. Advances in the field of pulmonary drug delivery 

have identified several tunable bio-physical parameters that influence drug delivery to the 

lungs. Parameters such as particle size [4–6], density [7–9], rigidity [10,11], hygroscopicity 

[12–14] and surface chemistry [15–17] have been reported to govern the fate and deposition 

of inhaled particles in the lungs.

Despite these advancements, drug delivery to the lungs suffers from multiple limitations, 

such as low dose deposition, rapid elimination of inhaled particles by existing defense 

mechanisms, and short half-life, impacting drug bioavailability and poor patient compliance 

[7,18]. For efficient delivery to the lungs, inhaled delivery carriers must reach the desired 

site of action, which in most respiratory diseases is the peripheral lungs, while also evading 

phagocytic uptake by alveolar macrophages [1,19]. The importance of particle shape was 

highlighted by understanding the enhanced and prolonged retention of respiratory disease­

causing microorganisms, such as Mycobacterium tuberculosis, Hemophilus influenza, 

Legionella pneumophila and Pseudomonas aeruginosa in the lungs [20–22]. While inhaled 

particulate delivery carriers are known to be rapidly eliminated from the lungs, these 

microorganisms demonstrate prolonged retention in the peripheral lungs after evading 

existing lung defense mechanisms, thereby resulting in severe respiratory diseases. 

Interestingly, the shape of these microorganisms is known to be aspherical or rod-like, which 

suggests that their shape plays an important role in enhancing their aerodynamic properties 

while also evading clearance from the lungs [23,24].

In addition to aspherical microorganisms, rod-shaped or fibrous particles such as asbestos 

and carbon nanotubes, are known to deposit in the alveolar region. This deposition causes 

adverse health effects, implying that particle shape enhances the aerodynamic behavior 

of particles [25,26]. Several computational fluid dynamic (CFD) studies have predicted 

the deposition performance of fibers or elongated particles in the lungs. Specifically, it is 

reported that they orient themselves parallel to the airflow, causing them to preferentially 

travel to the distal region of the lungs [27–29]. However, experimental respiratory 

deposition, or in-vitro deposition behavior, of such anisometric rod-shaped or fibrous 

particles, has not been thoroughly examined [30]. Thereby highlighting an opportunity to 

investigate the role of particle shape on the aerodynamic behavior and peripheral lung 

deposition of aspherical particles.

Along with particle deposition, macrophage internalization is another factor deciding 

the therapeutic fate of particles in the lungs. Several studies have highlighted the 

impact of particle shape on phagocytic uptake, with rod-shaped or filamentous particles 

being successful in evading phagocytic uptake [31–33]. It has been shown that cellular 

internalization is governed not only by the particle shape, but also by its orientation and 
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target geometry when interacting with the cell membrane. [31,34]. The target geometry of 

a particle is defined as the local shape of the particle (for aspherical particles) at the initial 

points of contact with the target cells [34]. Studies have reported that target geometry 

governs the local interaction between particles and macrophage surface, which further 

dictates the internalization of the particles [34–36]. Their results indicated that particles 

with low curvature regions escape uptake by macrophages significantly as compared to high 

curvature regions [32,34,37]. Therefore, fine-tuning the particle shape of inhaled delivery 

carriers may serve as a strategy to address the existing limitations of pulmonary drug 

delivery systems and improve their therapeutic efficiency.

The aim of the present study is to explore a novel strategy of particle shape modulation for 

developing effective inhaled delivery carriers possessing efficient aerodynamic properties for 

peripheral lung deposition, and evading macrophagic uptake. To this end, we have utilized 

doxorubicin hydrochloride (DOX) as a model drug to evaluate the influence of particle shape 

on the therapeutic effectiveness of delivery carriers. The aerodynamic properties of particles 

with various sizes and shapes were empirically evaluated using a next generator impactor 

(NGI), which is an in-vitro lung deposition simulator. Furthermore, the impact of particle 

shape on the cytotoxicity and uptake of various DOX-conjugated particles have been studied 

using RAW 264.7 murine macrophages.

2.0 Materials and Methods

2.1 Materials

Polybead® carboxylate microspheres of various sizes (0.5 μm, 6.0 μm and 10 μm) were 

purchased from PolySciences, Inc. (Warrington, PA, USA). Poly (vinyl alcohol) (PVA­

fully hydrolyzed) was obtained from Sigma Aldrich (St. Louis, MO, USA). Doxorubicin 

hydrochloride (DOX) was procured from LC laboratories (Woburn, MA, USA). Phosphate 

buffered saline (PBS) pH 7.4, dimethyl sulfoxide (DMSO), and HPLC grade solvents 

(acetonitrile and water) were purchased from Fisher Scientific (Hampton, NH, USA). 

Various other assay kits and molecular biology grade reagents were obtained from several 

sources which have been listed along with their respective methods.

2.2 Cell Culture

RAW 264.7 murine macrophage cells were acquired from American Type Culture 

Collection (ATCC) (Manassas, VA, USA). RAW 264.7 cells were grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Corning Inc., Corning, NY, USA), supplemented with 

10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA, USA), 1% sodium 

pyruvate and 1% penicillin-streptomycin (Corning Inc., Corning, NY, USA) and incubated at 

37°C under 5% CO2. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

and crystal violet were obtained from Fisher Scientific (Hampton, NH, USA). Vectashield 

hardset mounting medium kit with DAPI was procured from Vector Laboratories Inc. 

(Burlingame, CA, USA).
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2.3 Particle Fabrication

Spherical polystyrene particles were fabricated to rod-shaped particles using a one 

dimension stretching method as previously reported with slight modifications [38]. As 

shown in Figure 1A, carboxylic acid-functionalized polystyrene particles of various sizes 

(0.5 μm, 6 μm and 10 μm) were dispersed into a polyvinyl alcohol (PVA) film and were 

subsequently stretched to the desired length in an oil bath using a custom made apparatus 

[38]. The detailed process is discussed in the subsequent sections i.e., 2.3.1, 2.3.2 and 2.3.3.

2.3.1 Film preparation—Briefly, 5% PVA w/V (~2 g in 30 ml of water) was dissolved 

in water at 85°C with continuous stirring. After complete dissolution of PVA, 2% (w/V) 

glycerol was added as a plasticizer to the PVA solution. The resultant mixture was then 

allowed to cool to room temperature and spherical polystyrene particles (~20 mg) were 

added to this mixture. The mixture was then carefully poured onto a 13 cm × 13 cm plastic 

petri dish (BIPEE®; 0708191706106; purchased from Amazon.com) to avoid trapping any 

air bubbles in the film. However, if bubbles were present in the film, they were carefully 

removed using micro pipette. The resultant films were dried completely for ~48 hours and 

stored in a dry place until further use.

2.3.2 Film stretching—The dried film was cut into ~5 × 5 cm sections and mounted 

on custom-made stretchers as described in Figure S1 [34,39]. The stretcher was comprised 

of two aluminum blocks mounted on a rotating screw. After mounting the film on the 

blocks, the length of the film (from block to block) was measured to determine the final 

stretching distance. The stretcher along with the mounted film was immersed in hot mineral 

oil (~120°C) for 5 minutes to liquefy the embedded polystyrene particles and stretching 

was performed while keeping the stretcher immersed in the oil bath (Figure 1A). Stretching 

of the film was performed to 3-fold or 6-fold of the initial length of the film mounted 

between aluminum blocks to obtain rod shaped particles of varied lengths. Short rods (SR) 

were obtained upon stretching the film to 3-fold of its initial length, while 6-fold stretching 

resulted in long rods (LR). After stretching to the desired distance, the film was cooled for 

10 minutes before removal from the stretcher.

2.3.3 Particle recovery—The stretched film was removed from the stretcher and cut 

into small pieces which were dissolved in water at 70 °C. The particles were then washed 

3x by centrifugation at 10,000×g for 10 minutes with water to remove PVA and residual 

oil from the mixture. The recovered stretched particles were finally redispersed in 1 mL of 

water and stored at 4 °C until further use.

2.4 Structural Morphology

Morphology of both spherical and stretched particles was examined using a Nova 

NanoSEM™ 450 and a Helios NanoLab 660 (FEI, Hillsboro, Oregon, USA). Briefly stated, 

the particles were dried on the SEM pin stub (Ted Pella, Inc., Redding, CA, USA) and 

then sputter coated with palladium for 90 seconds and imaged at 5 kV. Dimensions of the 

particles were obtained by measuring 30 particles from each of the obtained micrographs 

using Image J analysis software with n=3 images for each sample (total 90 particles/sample).
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2.5 Conjugation of Doxorubicin (DOX) on Spherical and Stretched Particles

Conventional carbodiimide chemistry was used for conjugating the carboxylate groups on 

the particles’ surface to the amine group of DOX, resulting in formation of an amide bond 

as shown in Figure 1B [40]. Briefly, 1 mg of particles were added to an aqueous solution 

containing an excess of 50mM 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 

25 mM N-hydroxy succinimide (NHS), and stirred for 5 hours at room temperature to 

activate the carboxylate groups on the particles’ surface. The particles were then centrifuged 

to remove the excess EDC and NHS, followed by washing to ensure complete removal of 

the reagents. The activated particles were then incubated with an excess amount of DOX 

(1 mg) for 24 hours Following the incubation period, the unconjugated drug was separated 

by centrifugation at 10,000×g for 10 minutes followed by washing the particles twice with 

water. Additionally, the conjugated particles were washed with methanol to remove any free 

DOX. The DOX-conjugated particles were then resuspended in water and stored at 4°C for 

further analysis. Spheres of all sizes used for conjugation were also recovered from the PVA 

films, as described in 2.3.1, after placing them in the hot oil bath as mentioned in section 

4.3 for the stretched particles. This was done to expose the carboxylic groups of spheres to 

similar conditions as that of SR and LR.

The amount of drug conjugated was determined by measuring the DOX absorbance of the 

intact conjugated particles at 485 nm using a TECAN Spark10M plate reader (Tecan Group 

Ltd., Männedorf, Switzerland).

2.6 Solid State Characterization of DOX Conjugation

DOX conjugation was characterized by DSC and FT-IR studies using freeze dried samples. 

Samples were lyophilized using a LABCONCO FreeZone freeze dryer (Kansas City, MO, 

USA). Freeze-dried samples were then stored at 4 °C in an air-tight container until further 

experiments were performed.

2.6.1 DSC studies—Calorimetric studies of DOX, blank 10 μm particles, a physical 

mixture of DOX and blank particles, and DOX-conjugated particles were performed using 

a DSC 6000 (Perkin Elmer; Waltham, MA, USA) equipped with an intra-cooler accessory. 

1.5 mg of sample was sealed in an aluminum pan, while a sealed empty pan was maintained 

as reference. The samples were analyzed over a temperature range of 50 °C to 300 °C at a 

heating rate of 10°C/minute while being maintained under a nitrogen purge having a flow 

rate of 50 mL/minute.

2.6.2 FT-IR—FT-IR analysis of the samples was performed using a Spectrum-100 (Perkin 

Elmer, Inc.; Shelton, CT, USA) equipped with attenuated transmittance reflectance (ATR). 

The spectra of DOX, blank polystyrene particles, DOX-conjugated particles, and a physical 

mixture of DOX and blank particles were measured for comparison over the 1000–4000 

cm−1 range.

2.6.3 UV-Visible Absorbance Studies—UV spectra of the samples were obtained 

using a TECAN Spark10M plate reader (Tecan Group Ltd., Männedorf, Switzerland). 
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Spectra of samples; Dox, blank polystyrene particles and DOX-conjugated particles were 

obtained by performing scan over the UV-visible range of 300–700 nm range.

2.6.4 Thermogravimetric Analysis (TGA)—TGA of blank polystyrene particles was 

performed using TGA7 (Perkin Elmer; Waltham, MA, USA) to confirm the residual 

moisture evaporation. About 5 mg of sample was weighed accurately and placed on a 

previously tared platinum pan. Sample was analyzed for % weight loss by heating at 

temperature ranging from 50°C to 300 °C maintained under a constant nitrogen purge of 20 

mL/min.

2.7 In-vitro Pulmonary Deposition Behavior

Aerodynamic properties of the inhaled particles govern their in-vitro deposition behavior 

and can be used to estimate the lung deposition patterns of particles in-vivo [41]. The 

in-vitro deposition behavior of DOX-conjugated particles was assessed using a Copley-170 

Next Generation Impactor™ (NGI, MSP corporation, MN, USA) to predict the effect of 

particle shape on aerodynamic properties using methods previously reported by our group 

[42,43]. Briefly, 2 mL of DOX-conjugated particles at a concentration of 450 μg/mL were 

nebulized using a jet nebulizer, PARI LC PLUS® nebulizer cup connected with Pari FAST­

NEB compressor system into a pre-cooled impactor under vacuum maintained at 15 liters/

minute for 4 minutes. The NGI was previously cooled at 4 °C for 90 minutes to avoid heat­

transfer which otherwise may cause shrinkage of nebulized droplets, thereby impacting the 

particles’ deposition behavior [44]. Following nebulization, particles deposited on each stage 

of the NGI were collected using a cell scrapper and analyzed for the amount of drug present 

using a TECAN Spark10M plate reader (Tecan Group Ltd., Männedorf, Switzerland), as 

described earlier. Aerodynamic parameters, such as fine particle fraction (% FPF) and mass 

median aerodynamic diameter (MMAD), were calculated from the amount of drug deposited 

in each stage as reported previously [45]. % FPF was determined as the fraction of emitted 

dose deposited in the NGI stages with < 5.39 μm, while MMAD (dae < 5.39 μm) represented 

the aerodynamic particle size distribution and was calculated using log-probability analysis 

(n = 3) [43].

2.8 In-vitro Release Studies

In-vitro release studies of all 10 μm DOX-conjugated particles (spheres, short rods, long 

rods) were performed using a release method previously reported with slight modifications 

[16]. Briefly, 2 mg of DOX-conjugated particles were dispersed in 5 mL of PBS pH 7.4 and 

acetate buffer pH 5.5. The samples were incubated at 37 °C with continuous shaking at 50 

rpm. At predetermined intervals, the samples were centrifuged at 10,000×g for 10 minutes, 

and obtained supernatants were analyzed at a wavelength of 485 nm using a TECAN 

Spark10M plate reader to determine the amount of DOX released.

2.9 Stability Studies

Stability studies of 10 μm DOX-conjugated particles were performed by storing the samples 

at two different conditions: 4 °C (representing normal refrigerated storage) and 40 °C/

75%RH (accelerated stability storage) for a time interval of 15 days as reported previously 

[46,47]. Following the storage period, the samples were analyzed in terms of particle size 
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along with aspect ratio, change in particle shape and amount of DOX-conjugated as μg of 

Dox/mg of particles.

2.10 Cytotoxicity Assessment

Cytotoxicity studies of free DOX and DOX-conjugated 10 μm particles were performed 

against RAW 264.7 murine macrophages using the MTT assay. Briefly, RAW 264.7 

macrophages were seeded at a density of 2.5×103 cells/well in tissue culture treated 96-well 

plates (Eppendorf, Hauppauge, NY, USA) and were incubated overnight at 37 °C/5% CO2. 

Cells were then treated with the various DOX-conjugated particles or free DOX and were 

incubated for 24 hours or 48 hours. After their respective treatment period, media was 

removed and the MTT dye (1 mg/mL) was added followed by 2 hours of incubation. DMSO 

was then added to each well after aspirating the MTT solution to dissolve the formazan 

crystals formed during MTT incubation. The plates were then shaken for 30 minutes on a 

plate shaker and the optical absorption was measured at 570 nm using a TECAN Spark10M 

plate reader (Tecan Group Ltd., Männedorf, Switzerland). The cytotoxicity of the particles 

was determined by comparing the cell viability against the non-treated cells used as control 

groups. IC50 values were determined by normalizing and transforming the data to log values 

using GraphPad Prism Software Version 6.0.

2.11 Cellular Uptake Studies

The uptake of different shaped DOX-conjugated particles and free DOX was evaluated in 

RAW 264.7 murine macrophages using a previously reported method [48]. Briefly, 1.0×104 

cells/chamber were seeded on an 8-chambered imaging coverslip (Eppendorf, Hauppauge, 

NY, USA) and were incubated overnight at 37 °C and 5% CO2. The cells were then 

treated with DOX-conjugated particles or free DOX (2.9 μg/mL) for 3 hours; and were 

subsequently washed twice with ice-cold PBS (1X). The cells were then fixed using 4% 

paraformaldehyde for 10 minutes and then again washed with PBS (1X) to remove excess 

paraformaldehyde. The coverslip was separated from the chamber and it was mounted on 

a clear glass microscopic slide using a VECTASHEILD hardset mountant containing DAPI 

(H1500, Vector laboratories, Burlingame, CA, USA). The cells were then imaged using an 

EVOS-FL fluorescence microscope (Thermo Fisher Scientific, Waltham, MA, USA) at 20X 

magnification.

In addition to a qualitative assessment, intracellular quantification of DOX was also 

performed according to a previously published method [48]. Briefly, RAW 264.7 

macrophages were seeded at a density of 1.0 × 106 cells/well in 6-well plates and incubated 

overnight at 37 °C and 5% CO2. The cells were then treated with DOX and DOX-conjugated 

10 μm particles for 1 hour or 3 hours. After the respective time interval, the treatment 

solution was aspirated, and cells were washed twice with ice-cold PBS (1X). The cells were 

harvested using a cell scraper and centrifuged to obtain a cell pellet. The obtained pellet 

was washed twice using 1X PBS and was lysed using 100 μL DMSO. The lysed pellet 

was centrifuged again, and the obtained supernatant was subjected to fluorometric analysis. 

The florescence intensity of DOX in each treatment group was determined at an excitation 

wavelength of 480 nm and an emission wavelength of 590 nm using a TECAN Spark10M 

plate reader (Tecan Group Ltd., Männedorf, Switzerland) [49].
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2.12 Statistical Analysis

All results are presented as a mean ± SD unless otherwise stated. Statistical significance 

was determined using the student’s t-test, one-way ANOVA and Tukey’s post-hoc multiple 

comparison by GraphPad Prism 6.01 (San Jose, CA, USA). p<0.05 or less was considered 

significant.

3.0 Results and Discussion

3.1 Particle Fabrication and Morphology of Particles

Three different polystyrene particle sizes were used to prepare elongated rod-shaped (fiber­

like) particles. The rod-shaped particles were successfully fabricated using one-dimensional 

film stretching as mentioned in the methods section. Both spherical and stretched particles 

were imaged using scanning electron microscopy (SEM). As shown in Figure 2, spherical 

particles of various sizes were successfully transformed to rod-shaped particles with varied 

aspect ratios. The aspect ratio (AR) is defined as the ratio of the length of the major axis 

of the particles to the length of the minor axis of the particles. As observed in Table 1 and 

Figure 2, 3-fold stretching of 0.5 μm particles resulted in short rod (SR) shaped particles 

with a major axis of 1.4±0.1 μm and a minor axis 0.3±0.0 μm resulting in an AR of 4.1±0.2.

Further stretching the particles 6-fold resulted in 0.5 μm particles producing long rods (LR) 

with a major axis length of 1.9±0.2 μm and minor axis length of 0.3±0.0 μm, resulting in an 

AR value of 6.6±0.6. An increase in stretching length then resulted in an increase in the AR 

value. Similarly, 6.0 μm polystyrene particles which underwent 3-fold stretching resulted in 

an SR with 9.1±0.9 μm (major axis length) and 1.7±0.3 μm (minor axis length) causing an 

AR value of 5.4±0.8. Furthermore, LR of 6.0 μm equivalent diameter displayed 13.7±1.6 μm 

(major axis length) and 1.5±0.4 (minor axis length) resulting in 9.1±1.4 AR (Table 1 and 

Figure 2). Stretching of 10.0 μm particles 3-fold resulted in fabrication of SR particles with 

a 22.1±3.3 μm major axis length and a 7.1±0.9 μm of minor axis length accounting for an 

AR value of 3.3±0.5. Similarly, stretching to 6-fold formed LR particles with 32.2±3.2 μm 

(major axis length) and 5.6±0.9 μm (minor axis length) resulting in a 5.8±1.1 AR value as 

shown in Table 1 and Figure 2. AR values of both SR and LR particles stretched from their 

10.0 μm diameter size was found to be less than their respective counterparts of 6.0 μm and 

0.5 μm diameter size particles. This reduction in AR values can be attributed to the increased 

rigidity of the particles with an increase in equivalent diameter [50]. These results suggest 

that particles of various sizes can be successfully transitioned from spherical to rod shape by 

employing the described stretching method.

3.2 Conjugation of Drug (Doxorubicin) with Spherical and Stretched Particles

Doxorubicin (DOX) was chosen as the model drug for conjugation for the following major 

reasons: 1) widely explored conjugation chemistry and 2) inherent florescence which can be 

used for in-vitro assays. Fabricated particles were conjugated with DOX using EDC-NHS 

chemistry (Figure 1B); and the amount of DOX conjugated to the particles was analyzed 

by measuring the UV absorbance of the intact conjugated particles. As seen in Figure 3A, 

the amount of DOX conjugated to the particles remained relatively consistent, irrespective of 

size and shape of the particles. For example, the amount of DOX conjugated (μg of DOX/mg 

Shukla et al. Page 8

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of particles) with 0.5 μm particles was found to be 454.6±2.0 μg/mg (Sph), 469.1±5.3 μg/mg 

(SR) and 425.8±5.5 μg/mg (LR) (Figure 3A).

Further increasing the particle size to 6- and 10-μm resulted in the conjugation efficiency of 

DOX to polystyrene particles to be unaffected. For example, the 10 μm-Sph demonstrated a 

DOX conjugation of 425.5±3.3 μg/mg (μg of Dox/mg of particles). The stretched particles 

10 μm-SR displayed 406.1±1.2 μg/mg, while 10 μm-LR demonstrated 399.0±1.9 μg/mg 

DOX being conjugated (Figure 3A). A similar amount of DOX conjugated/mg of particles 

in spherical as well as both the rod-shaped particles indicates that the carboxylic acid 

functionalized on the polystyrene particles remains unaffected by the stretching procedure. 

The number of carboxylic acid groups available for conjugation on the particles is dependent 

on the total particle volume indicating that an increase in size of the particle causes an 

increase in the number of carboxylic acid groups [50]. Therefore, to equalize the number of 

carboxylic acid groups available for conjugation amongst the particles of various size and 

shapes, we have used a constant total mass of particles for the conjugation reaction.

3.3 Characterization of DOX Conjugation

3.3.1 DSC Studies—Calorimetric studies were performed to evaluate the conjugation of 

DOX with the particles. Figure S2A is the representative thermogram of analyzed samples 

for 10 μm size particles. As can be observed, DOX showed a sharp endothermic peak at 

206.2 °C, representing the melting of DOX as also reported in the literature [51,52]. DSC 

curve of PVA demonstrated an endotherm at 228°C which represents the meting point of 

the polymer as also reported previously [53]. The thermogram of blank particles displayed 

a small endothermic peak at 103.2 °C, representing the evaporation of residual water from 

the sample as confirmed by the TGA studies seen in Figure S2B. The thermal study results 

of the physical mixture of DOX and blank particles demonstrated endothermic peak at 

198.4 °C, representing the melting point of DOX (Figure S2A). For all the DOX-conjugated 

particles, the characteristic peak of DOX was found to be absent, indicating that pure 

unbound DOX was not present in the conjugated particles and was removed during washing 

steps suggesting that DOX present in the formulation is conjugated to the particles. The 

obtained results are in accordance with previously published studies where the endothermic 

peak of DOX was found to be absent upon conjugation [52,56]. Therefore, it can be inferred 

that DOX was bound strongly to the particles resulting in the formation of a stable covalent 

bond.

3.3.2 FT-IR studies—The FT-IR spectra of analyzed samples are displayed in Figure 

3C where DOX displayed several characteristic peaks at 3315 cm−1 (-N-H stretching), 2916 

and 2898 cm−1 (-C-H stretching of phenyl rings), 1730 cm−1 (-C=O ketone stretching and 

C-H2 bending), 1617 cm−1 (-CO-H bending), 1580 cm−1 (-C=O quinone stretching), 1525 

cm−1 (out of plane vibration of -N-H) and 881 cm−1 (-C-N bending) [57–59]. Polystyrene 

particles demonstrated peaks at 3106 cm−1, 3079 cm−1 and 3026 cm−1 (C-H stretching 

of aromatic rings and -O-H stretching of carboxylic acid), 2930 cm−1 and 2849 cm−1 

(-CH2- stretching), 1620 cm−1 ,1511 cm−1 and 1470 cm−1 (C=C stretching of aromatic 

rings) [60,61] (Figure 3C). Analysis of all three DOX-conjugated particles (10 μm-Sph, 

10 μm-SR and 10 μm-LR) demonstrated a majority of the characteristic peaks of DOX 
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at ~3315 cm−1, 2916 cm−1, 1730 cm−1 and 1580 cm−1, indicating the presence of DOX 

in the conjugated particles. However, as shown in Figure 3C, conjugation of DOX to 

polystyrene resulted into substitution of 1525 cm−1 (out of plane vibration of -N-H) of 

DOX with peak at 1509 cm−1 (10 μm-Sph), 1502 cm−1 (10 μm-SR) representing amide II 

vibrations of -N-H and -C-N stretching, indicating the involvement of the -NH2 group to 

form the -CONH bond [56,62]. Amide vibrations observed in FT-IR spectra are reported 

as amide I, amide II and amide III vibrations. Amide I vibration is observed between 

1600 cm−1–1800 cm−1 and is majorly governed by -C=O stretching vibrations. Amide II 

vibrations are observed at 1470 cm−1 to 1570 cm−1 and are caused due to -N-H stretching 

and -C-N stretching vibrations while amide III is observed at 1250 cm−1 to 1350 cm−1 due 

to -C-H and -N-H deformation vibration [58,63]. In the FT-IR analysis performed for DOX 

conjugated particles, we observed amide II vibration while amide I and amide III vibrations 

were found to be absent. These FT-IR results indicate successful conjugation of DOX to the 

polystyrene particles via amide bond linkage between the carboxylic acid (-COOH) groups 

of polystyrene particles and amine (-NH2) group of DOX.

3.3.3 UV-Visible Absorbance Studies—UV-Visible absorbance spectra of analyzed 

samples are shown in Figure S2C. As can be observed, blank polystyrene particles did 

not demonstrate any wavelength absorption in the analyzed UV-visible wavelength range 

of 300–700 nm. DOX exhibits a maximum wavelength (λmax) absorption at 485 nm as 

in Figure S2C. However, upon conjugating DOX to polystyrene particles, the maximum 

wavelength (λmax) for absorption shifted to 508 nm signifying a reduced energy state. 

This increase in λmax is indicative of interaction between DOX and polystyrene particles 

during the conjugation process resulting into reduced energy state. Such change in the λmax 

due to interactions between DOX and polymers have been previously reported [64,65]. 

Formation of the desired amide bond would result in this increased conjugation, resulting 

in the increased maximum wavelength of absorption. This finding is in accordance with our 

previous findings as described in the results of DSC and FTIR experiments.

3.4 In-vitro Pulmonary Deposition Behavior

Therapeutic delivery to the lungs through inhalation improves treatment efficacy due 

to localized accumulation and minimal exposure to other organs, subsequently reducing 

adverse effects [41]. As briefly discussed in Section 1.0, delivery of inhaled particles to 

the respiratory surface is governed by the aerodynamic properties of the particles; such as 

mass median aerodynamic diameter (MMAD) and % fine particle fraction (% FPF). For 

efficacious treatment, it is essential that the inhaled delivery carriers reach the desired site 

of action while also having an optimally controlled deposition rate at those sites [66]. The 

aerodynamic properties reflect the deposition behavior of the inhaled particles and provide 

valuable information about the respirability of the particles [45]. For optimal deep lung 

deposition of inhalable delivery carriers, an MMAD value of 1–5 μm is desired [8,67]. 

The aerodynamic behavior of the fabricated particles was assessed using a next generation 

cascade impactor (NGI); and is represented in terms of MMAD and % FPF. NGI comprises 

of eight impaction stages (stage 1 to stage 8) with decreasing nozzle size resulting in size 

fractionation stages representing the anatomical features of the human lungs for classifying 

the particles based on their aerodynamic properties [68]. The Copley-170 NGI™ consists of 
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various stages with different aerodynamic cut-off diameters (dae) reflecting different regions 

of the human respiratory tract. For example; stage 1 (dae 14.1 μm), stage 2 (dae 8.6 μm) and 

stage 3 (dae 5.4 μm) represent the upper respiratory tract (i.e., oropharyngeal region), while 

stage 4 to stage 8 represents dae 3.3 μm to 0.98 μm, reflecting the bronchoalveolar region 

[69]. The impact of particle shape and size on in-vitro pulmonary deposition is shown in 

Table 2.

The aerodynamic parameters of all stretched particles are presented in Table 2. A graphical 

presentation of the aerodynamic behavior of 10 μm particles is shown in Figures 4A & 

4B, while a graphical representation of 0.5 μm and 6.0 μm particles are presented in the 

supplementary data (Figure S3). As a general trend, both the mass median aerodynamic 

diameter (MMAD), and fine particle fraction (FPF) appeared to change favorably with an 

increased aspect ratio (AR) of the particles (i.e., decrease in MMAD and increase in FPF), 

with effects of shape change more evident for bigger particle sizes (10 μm) (Table 2, Figures 

3A & 3B). For example, all three 0.5 μm particles (0.5μm-Sph, 0.5μm-SR and 0.5μm-LR) 

demonstrated an MMAD of ~4.5 μm with no significant difference observed in % FPF with 

a value reported to be >75% (Figures S3A and S3B). An increase in particle size from 0.5 

μm to 6.0 μm resulted in increase in the MMAD for 6.0μm-Sph (5.6±0.1 μm), along with 

a % FPF value of 61.7±2.1%, therefore making the particles non-respirable with maximum 

deposition occurring in the proximal region of the respiratory tract. However, a transition 

of particle shape from spheres to rods resulted in a significant (p<0.01) reduction in the 

MMAD value with a 4.3±0.2 μm for 6.0 μm-SR, and 4.7±0.1 μm for 6.0μm-LR (Table 2, 

Figures S3C and S3D). Interestingly, % FPF values for 6.0 μm rod-shaped particles were 

found to be significantly (p<0.05) increased as compared to spherical particles, as shown 

in Table 2 (76.2±1.1% FPF for 6.0μm-LR vs 61.7±2.1% for 6.0μm-Sph). Similarly, the 

MMAD value for 10 μm-Sph (Table 2) indicated a high MMAD value of 8.2±0.8 μm, 

while the stretched particles demonstrated significantly (p<0.0001) lower MMAD values 

of 4.2±0.6 μm for 10 μm-SR particles and 3.4±0.1 μm for 10 μm-LR particles. Upon 

comparing the % FPF values (Table 2), the 10 μm-Sph displayed ~45%, while rod-shaped 

particles demonstrated a significant (p<0.0001) increase in % FPF ,with ~90% for 10 μm-SR 

and ~95% for 10 μm-LR particles. This increase in % FPF indicates that most of the emitted 

dose will be deposited into the respirable region of the lungs which is comprised of the 

bronchi-alveolar region.

Deposition of 10 μm DOX-conjugated particles at various stages of NGI are illustrated in 

Figure 4A. For 10μm-Sph particles, deposition was observed mostly in stage 1 (~4 μg), stage 

2 (~6 μg), stage 3 (~5 μg) and stage 4 (~3 μg) while ≤1 μg DOX deposition was observed 

from stage 5 to stage 8, indicating preferential accumulation above the bronchoalveolar 

regions. This indicates that the particles deposit primarily in the larger respiratory airways 

and will be cleared either by mucociliary clearance or exhalation [70]. Spherical particles do 

not appear to streamline themselves effectively and tend to deposit in the respiratory airways 

by various mechanisms based on their MMAD values; i.e., inertial impaction (for MMAD>5 

μm), gravitational sedimentation (for MMAD 1 to 5 μm) or diffusion (for MMAD ≤0.5 μm) 

[71–73]. While stretched particles, 10 μm-SR and 10 μm-LR, , showed minimal deposition 

at stages 1 and 2 (≤ 1 μg). Deposition of stretched particles, both SR and LR, increased 

dramatically from stage 3 onwards. Maximum deposition of stretched particles was observed 
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in stage 5 where ~22 μg of DOX was quantified for 10 μm-SR and ~28 μg DOX for 10 

μm-LR particles. At stage 6, the deposition of DOX decreased to ~16 μg for 10 μm-SR, 

while the reduction in deposition behavior of 10 μm-LR particles was mild, with ~25 μg 

DOX observed for 10 μm-LR. The deposition of 10 μm-LR particles, as shown in Figure 

4A, continued until stage 8, with ~5 μg DOX observed, while the 10 μm-SR particles 

displayed ~0.5 μg DOX. Since the majority of the deposition for 10 μm-SR and 10 μm-LR 

stretched particles occurred after stage 3, this indicates that deposition of the particles 

will predominantly occur in the lower respiratory airways, such as the bronchoalveolar 

region, as represented by stages 4–8 of the NGI. Therefore, it can be confirmed that a 

change in particle shape enhanced their deposition into the deeper (peripheral) lungs. This 

can be attributed to better propulsion of rod-shape particles down the respiratory tract 

after properly aligning themselves with the air flow direction [28]. Several computational 

fluid dynamics (CFD) simulation models have predicted deposition of fibers (elongated 

rod shaped; AR>3) vs sphere particles in the lungs, where elongated particles are shown 

to streamline themselves with the air flow and deposit in the peripheral airways [27–29]. 

Rod-shaped particles deposit by interception, where the fiber-like particles come in close 

contact with the surface, which would have been missed by the center of the mass [74]. An 

increase in particle length results in an increase in particle deposition via interception, which 

allows the particles to properly align with the airflow and travel to the distal (peripheral) 

airways in the alveolar region [75]. This corroborates the improved aerodynamic behavior 

of rod-shaped particles as compared to spheres, and that amongst the rod-shaped particles, 

LR was better than SR. The % cumulative deposition plot, as shown in Figure 4B, indicated 

that 50% of the cumulative dose for the 10 μm-Sph deposited at the effective cut-off 

aerodynamic diameter of 5.57 μm. The stretched particles demonstrated a significantly 

(p<0.0001) lower effective cut-off aerodynamic diameter for 50% cumulative deposition: 

2.53 μm for 10 μm-SR particles and 2.26 μm for 10 μm-LR particles (Figure 4B). Similar 

deposition behavior was observed for the 0.5 μm and 6.0 μm rod-shaped particles (Figure 

S3). The results presented in Figures 4A & 4B suggest that rod-shaped particles (stretched 

particles) significantly improved the aerodynamic deposition of the particles as compared 

to the spherical particles, resulting in maximum deposition into the alveolar region of 

the lungs. Therefore, the in-vitro pulmonary deposition results support the hypothesis that 

changing the shape of spherical particles to a rod-shape causes deeper lung deposition of 

particles.

3.5 In-vitro Release of DOX-conjugated Particles

The release of DOX from conjugated polystyrene particles was analyzed in buffer systems 

at pH 7.4, mimicking physiological conditions, and pH 5.5, representing intracellular 

lysosomal vesicles as well as the microenvironment of cancer cells [76,77]. As seen in 

Figure 4C, no burst release of DOX was observed in the in-vitro release study. The release 

of DOX was observed to be pH dependent, which indicated that the release of DOX was 

faster at lower pH values (i.e., 5.5) as compared to higher pH values (i.e., 7.4). Upon 

incubation at pH 5.5, DOX-conjugated particles released about 45.2±2.8 % of DOX from 

10 μm-Sph particles, 43.8±1.3 % DOX from 10 μm-SR particles, and 45.7±1.3% DOX 

from 10 μm-LR particles after 5 days (Figure 4C), while a significantly (p<0.0001) small 

amount of DOX was found to be released at physiological pH 7.4, likely due to slower 
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hydrolysis of the amide bond [62]. At pH 7.4, the % drug released after 5 days of incubation 

was as follows: 10 μm-Sph particles observed 18.9±2.3% drug release, 10 μm-SR particles 

displayed 18.7±3.0% drug release, and 10 μm-LR particles showed 18.7±3.7% drug release 

(Figure 4C). The increased release of DOX from the particles at an acidic pH (5.5) is known 

to be mediated by cleavage of the amide bond by acid hydrolysis resulting in the subsequent 

release of DOX into the media [62,76]. These results are in accordance with other studies 

where a slower release of DOX was observed at pH 7.4 due to the enhanced stability 

of the amide conjugated DOX particles as well as slower hydrolysis kinetics at normal 

physiological conditions [62,77–79]. In addition, the slower release of DOX at physiological 

pH supports the use of these conjugated particles as effective delivery carriers due to a 

reduced loss of DOX while reaching the site of action, resulting in reduced off-target side 

effects and increased target accumulation [80,81]. However, unlike physiological conditions, 

these studies were performed in the absence of enzyme and therefore may not truly reflect 

the release mechanics of the drug from the particles.

3.6 Stability Studies

The stability of 10 μm DOX-conjugated particles was determined after storing for 15 days 

at two different conditions: 1) storage conditions represented by 4°C; and 2) accelerated 

stability conditions represented by 40°C and 75% relative humidity (RH), as previously 

reported [47]. The stability was assessed in terms of particle shape, particle size, and the 

amount of drug conjugated. Figure 5A shows representative SEM images of the particles, 

where no change was observed in the shape of the particles when stored at accelerated 

conditions as compared to normal storage conditions. This can be attributed to the high glass 

transition temperature (110°C) and non-biodegradability of polystyrene particles, which 

helps in retaining their shape at accelerated conditions (40°C/75% RH). Furthermore, the 

size of the stretched particles was measured using ImageJ software. As seen in Figure 

5B, the major axis of the 10 μm-SR particles at 4 °C was found to be 25.2±1.2 μm and 

24.6±1.9 μm at 40°C/75%RH (vs. 25.6±1.5 μm on Day 0). However, the minor axis of 10 

μm-SR particles at 4 °C was 7.2±0.8 μm, and at 40°C/75%RH was 7.9±0.9 μm as compared 

to 7.5±0.7 μm on Day 0. The aspect ratio of the particles also showed a non-significant 

difference with 3.5±0.4 at normal conditions and 3.2±0.5 at accelerated conditions, vs. 

3.4±0.3 on the initial day. Similarly, 10 μm-LR particles also displayed non-significant 

changes in particle size and aspect ratio (Figure 5B). The length of the major axis at 4 °C 

was found to be 36.2±2.0 μm, while at 40°C/75%RH it was reported to be 36.7±2.5 μm 

(vs. 36.5 ± 3.5 μm on day 0). The minor axis of 10 μm-LR particles at normal conditions 

was found to be 6.1±0.9 μm, and 5.9±0.9 μm at accelerated conditions, as compared to 

6.0 ± 0.8 μm for day 0. Upon analyzing the aspect ratio values, no significant differences 

were observed at 4 °C with 6.4±1.0, 40°C/75%RH having 6.3±1.2 and day 0 with 6.1 ± 0.9 

(Figure 5B).

The amount of DOX conjugated to the particles was also analyzed at the end of the stability 

period. As seen in Figure 5C, 10 μm-Sph displayed 426±10 μg of DOX/mg of particles at 

4 °C and 421±9 μg of DOX/mg of particles at 40°C/75%RH as compared to 425±3 μg of 

DOX/mg of particles on Day 0. 10 μm-SR particles demonstrated 425±10 μg of Dox/mg of 

particles on day 0, and ~430 mg of μg of Dox/mg of particles at both stability conditions. 
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Similarly, 10 μm-LR particles displayed 455±8 μg of Dox/mg of particles on day 0, and 

non-significant changes with ~460 μg of Dox/mg of particles at both stability conditions 

(Figure 5C). These non-significant differences in the amount of conjugated drug present at 

both stability conditions can be attributed to the stable amide bond conjugation between 

DOX and the carboxylic acid of the polystyrene particles, which remains unaffected at 

increased temperatures [82]. These results indicate the superior stability of DOX-conjugated 

particles at accelerated conditions.

3.7. Cytotoxicity Assessment on Macrophages

The cytotoxicity of free DOX and DOX-conjugated particles (Sph, SR, and LR) was 

assessed against RAW 264.7 cells using an MTT assay at both 24- and 48-hours incubation. 

Figure 6A represents the % cell viability of RAW 264.7 cells after 24 hours treatment 

with 10 μm particles as compared to plain DOX. Free DOX demonstrated the highest 

cytotoxicity toward macrophages with an IC50 value of 1.06±0.1 μM. The DOX-conjugated 

spherical particles displayed ~70% cell viability at 5μM, while stretched particles SR and 

LR displayed ~75% cell viability (Figure 6A), and plain DOX demonstrated 27.1±4.1% 

cell viability at a concentration of 5μM. This data represents a ~2.5-fold reduction in the 

off-target toxicity of DOX when encapsulated in stretched inhalable particles.

DOX displayed a time-dependent cytotoxicity against macrophages as shown in Figure 6B 

and Table 3 with an IC50 value of 0.08±0.03 μM following 48 hours incubation. Treatment 

with DOX-conjugated 10 μm-Sph resulted in a ~28-fold increase in IC50 value; 2.8±0.8 μM, 

as compared to plain DOX. The stretched 10 μm-SR particles displayed a ~31-fold increase 

in IC50 value as compared to free DOX. Interestingly, treatment with 10 μm-LR particles 

resulted in a significant (p<0.01) ~71-fold increase in IC50 against DOX with a calculated 

IC50 of 7.5±3.1 μM. Additionally, 10 μm-LR particles displayed ~2.7-fold (p<0.05) increase 

in IC50 as compared to 10 μm-Sph, and ~2.5-fold (p<0.05) increase against 10 μm-SR 

particles (Figure 6B and Table 3). Similar results were also observed for various particles of 

6.0 μm equivalent diameter (Figure S4). Based on these cytotoxicity results, the treatment 

groups can be ranked in the following order of reducing toxicity/increasing safety against 

RAW 264.7 macrophages: 10 μm-LR particles showing the highest safety, followed by 10 

μm-SR particles, then 10 μm-Sph, and minimal safety was displayed by DOX .

The cytotoxicity of blank particles was also assessed in RAW 264.7 cells after 24- and 

48-hours incubation. As seen in Figure 6C, after 24 hours of incubation, all blank particles 

demonstrated >85–90% cell viability. Similar results were also observed after 48 hours 

incubation of these particles as shown in Figure 6D, indicating that the particles were safe 

against RAW 264.7 cells. These findings indicate that the cytotoxicity of DOX-conjugated 

particles against macrophages is due to the DOX from the conjugated particles becoming 

internalized by the cells, and not due to the polystyrene particles.

3.7 Cellular Uptake – Investigating Escape of Particles by Macrophages

The intracellular uptake of DOX-conjugated spherical and stretched particles was analyzed 

for RAW 264.7 murine macrophages using a fluorescent microscope after incubation of 

particles for 3 hours. Macrophage clearance serves as a primary defense mechanism in 
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the deep lungs, and it is essential for inhalable delivery carriers to evade this uptake 

(phagocytosis) in order to result in prolonged retention upon deposition and improved 

efficacy of the treatment [1]. Cytotoxicity data of DOX and DOX-conjugated particles 

against RAW 264.7 macrophages revealed that an increase in the aspect ratio of the particles 

resulted in reduced toxicity to macrophages, indicating that particular shape plays an 

important role in cellular internalization. Therefore, we performed cellular uptake studies 

to evaluate the influence of particle shape on internalization by macrophages. As seen in 

Figure 7A (inset magnified image), DOX demonstrated significant internalization in RAW 

264.7 murine macrophages with DOX fluorescence (Red) overlapping with the nuclei (DAPI 

- blue fluorescence). This indicates that free DOX was readily localized in the nuclei of 

RAW 264.7 cells. For 10 μm-Sph particles, it can be observed that DOX was conjugated 

to the spherical particles and distributed in the cytoplasm surrounding the nuclei of RAW 

264.7 cells, as observed in the inset image (Figure 7A). The stretched particles 10 μm-SR 

displayed the presence of some DOX particles in the cytoplasm. However, the florescence 

intensity of DOX was comparatively less than the spherical particles, indicating reduced 

cellular uptake of the 10 μm-SR stretched particles as shown in the enlarged inset image 

(Figure 7A). For 10 μm-LR particles, the florescence intensity of DOX was found to be 

diminished, showing minimal DOX florescence in the cytoplasm or nuclei of the cells 

(Figure 7A). Therefore, an increase in the aspect ratio of the particle resulted in reduced 

internalization of DOX-conjugated particles, suggesting that particle shape impacts cellular 

uptake by macrophage cells. Based on these results, it can be inferred that a change in the 

shape of particles may influence their uptake by macrophages.

The intracellular uptake of free DOX and DOX-conjugated particles was also quantified by 

analyzing the fluorescence of DOX. As demonstrated in Figure 7B, free DOX displayed 

the highest florescence intensity at incubation times of 1- and 3-hours. Furthermore, free 

DOX demonstrated a significantly (p<0.001) higher fluorescence intensity than 10 μm 

particles (spherical and stretched) at both 1 hour and 3 hours of incubation. Amongst 

the10 um particles, Sph demonstrated a significantly higher florescence intensity after 1 

hour incubation ~1.7-fold (p<0.05) and ~2.4 fold (p<0.01), than 10 μm-SR and 10 μm-LR 

particles, respectively. However, at 1 hour incubation, there was no significant difference 

observed between the fluorescence intensity of 10 μm-SR particles and 10 μm-LR particles. 

The fluorescence intensity of 10 μm-sphere particles after 3 hours of incubation displayed 

a ~1.4-fold (p<0.01) increase in florescence intensity as compared to 10 μm-SR particles, 

and ~2.4-fold (p<0.001) increase as compared to 10 μm-LR particles as shown in Figure 

7B. Additionally, 10 μm-SR particles displayed a significantly (p<0.01) higher fluorescence 

of (~1.5-fold) when compared to 10 μm-LR particles. The results of this study are also 

corroborated by the fluorescence imaging results depicting the escape of 10 μm-LR particles 

from macrophage uptake (Figure 7A). These results indicate that spherical particles were 

readily internalized as compared to rod-shaped particles, indicating that particle shape plays 

a vital role in macrophage uptake.

The enhanced internalization of free DOX in the macrophages can be attributed to the rapid 

passive diffusion of DOX across the cell membrane [40,83]. However, DOX-conjugated 10 

μm particles (both spheres and stretched particles) may undergo energy-dependent uptake, 

such as phagocytosis, and therefore display a comparatively reduced uptake as compared to 

Shukla et al. Page 15

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DOX [19]. The results further demonstrate that a change in particle shape from sphere to rod 

results in reduced uptake by macrophages. This is in agreement with several studies which 

reported that macrophage uptake is highly influenced by particle shape, where spherical 

particles are readily internalized as compared to those with a non-spherical shape [31,32,34]. 

This effect is further enhanced for particles with a higher aspect ratio, where macrophages 

are not able to completely engulf such particles due to the incomplete formation of actin 

pseudopods around the particles, then resulting in reduced cellular internalization [32,84]. 

Therefore, particles with a higher aspect ratio (10 μm-LR particles, in this study) possess a 

greater ability to escape macrophage uptake.

4.0 Conclusion

In this study we demonstrated the interplay between particle size and particle shape on 

the aerodynamic properties and alveolar macrophage uptake of model microparticles with 

different aspect ratios. Our results demonstrated that a change in the particle shape, from 

spherical to rod-shape, improved the aerodynamic behavior of particles, and this effect 

was amplified among particles with a large equivalent diameter. Additionally, for the 

same equivalent diameter particle, an increase in the aspect ratio resulted in improved 

aerodynamic properties. The current study also provides evidence that the particle shape 

influences cytotoxicity and cellular internalization by macrophages, which is the major 

clearance mechanism present in the lungs. These results also demonstrated a reduced 

cytotoxic activity of rod-shaped particles as compared to spherical particles. Subsequently, 

we assessed the influence of particle shape on the escape of phagocytic uptake by murine 

macrophages where rod-shape particles observed reduced uptake compared to spherical 

particles. Additionally, an increase in the aspect ratio of particles resulted in a decrease 

in internalization by macrophages. Therefore, our findings provide valuable insights into 

the influence of particle shape on the design of inhalable delivery carriers for pulmonary 

administration to combat respiratory diseases. While this is one of the first studies to 

demonstrate the impact of polymeric particles shape in preferential lung deposition, in order 

to be clinically relevant, these observations need to be translated to biodegradable polymeric 

particles. Future follow-up studies with this project involve developing biodegradable 

(PLGA) rod-shaped particles with tunable surface modifications for providing desired 

therapeutic effects.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Bioinspired particles of desired size were successfully fabricated using 1­

dimensional film stretching method.

2. Particle shape of inhalable carriers governed their aerodynamic properties and 

deposition behavior in lungs.

3. Macrophage uptake and viability was considerably influenced by the shape of 

the delivery carriers

4. Particle shape could serve as a promising biophysical parameter for designing 

of effective inhalable delivery carriers
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Figure 1: 
(A) Schematic representation of fabrication of particles of varied shapes using the stretching 

method. (B) Reaction scheme for conjugation of DOX to the carboxylic groups present on 

the surface of the polystyrene particles using EDC-NHS chemistry.
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Figure 2: 
Representative scanning electron microscopy (SEM) micrographs of particles obtained by 

stretching microparticles of various sizes. Scale bar= 10μm
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Figure 3: 
Characterization of DOX conjugation to various 10μm particles. (A) amount of DOX­

conjugated to various particles expressed as μg of Dox/mg of particles. Data is represented 

as mean±SD for n=3 experiments. (C) Spectra of samples analyzed using FT-IR also a 

representative magnified image of spectra is shown for all the samples.
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Figure 4: 
(A) Aerodynamic distribution pattern of various 10μm particles at different stages of Next 

Generation Cascade Impactor (NGI) expressed as DOX Deposition (μg) at each stage. 

(B) % Cumulative deposition plotted against effective cut-off diameter (μm) to determine 

deposition impact due to difference in particle shape of 10μm particle. (C) In-vitro drug 

release profile of DOX from various 10μm particles; 10μm-Sph, 10μm-SR and 10μm-LR 

evaluated at pH 7.4 and pH 5.5. Data represents mean ± SD (n=3). ** p<0.01.
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Figure 5: 
Stability of various 10μm particles evaluated at two different conditions; 4°C and 40°C/

75%RH, after 15 days storage evaluated for changes in morphology, particle size, and 

amount of drug conjugated. (A) Stability evaluated in terms of morphological changes of 

particles represented by respective SEM micrographs. (B) Stability evaluated in terms of 

major axis length, minor axis length and aspect ratio of particles and (C) Stability evaluated 

in terms of μg of Dox/mg of particles present at the end of 15 days.
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Figure 6: 
In-vitro cytotoxicity studies of various 10μm particles in RAW 264.7 cells determined using 

MTT assay. (A) Cytotoxic potential of DOX-conjugated 10μm particles evaluated after 24 

hours incubation (B) Cytotoxic potential of DOX-conjugated 10μm particles was evaluated 

after 48 hours incubation (C) Blank particle cytotoxicity evaluated in RAW 264.7 cells after 

24 hours incubation and (D) Blank particle cytotoxicity evaluated in RAW 264.7 cells after 

48 hours incubation. (Data represent mean ± SD of 3 individual experiments with n=6 for 

each experiment).
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Figure 7: 
In-vitro cellular uptake studies of various 10μm particles. (A) Florescent images of Dox, 

10μm-Sph, 10μm-SR and 10μm-LR in RAW 264.7 macrophages after 3 hours incubation. 

The inset images represent magnified image of the outside image. Representative images 

from n = 3 experiments. Scale bar = 100 μm (B) Quantitative determination of intracellular 

DOX after 1 hr. and 3 hours incubation in RAW 264.7 cells represented as florescence 

intensity. Data represent mean ± SD (n=3). *p<0.05, ** p<0.01, *** p<0.001 and **** 
p<0.0001.
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Table 1:

Calculated particle size of stretched particles using Image J software.

Sample Major Axis (μm) Minor Axis (μm) Aspect Ratio (AR) (Major Axis/Minor Axis)

0.5μm-SR 1.4 ± 0.1 0.3 ± 0.0 4.1 ± 0.2

0.5μm-LR 1.9 ± 0.2 0.3 ± 0.0 6.6 ± 0.6

6.0μm-SR 9.1 ± 0.9 1.7 ± 0.3 5.4 ± 0.8

6.0μm-LR 13.7 ± 1.6 1.5 ± 0.4 9.1 ± 1.4

10μm-SR 22.1 ± 3.3 7.1 ± 0.9 3.3 ± 0.5

10μm-LR 32.2 ± 3.2 5.6 ± 0.9 5.8 ± 1.1

Data represent mean±SD for 3 individual images of each sample with n=30 for each image (Total of 90 images/sample).
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Table 2:

Aerosolization properties of various microparticles calculated in terms of MMAD and % FPF.

Sample MMAD % FPF

0.5μm-Sph 4.5 ± 0.3 77.2 ± 5.0

0.5μm-SR 4.2 ± 0.5 74.2 ± 0.7

0.5μm-LR 4.4 ± 0.4 79.5 ± 5.7

6.0μm-Sph 5.6 ± 0.1 61.7 ± 2.1

6.0μm-SR 4.3 ± 0.2** 76.5 ± 4.9*

6.0μm-LR 4.7 ± 0.1** 76.2 ± 1.1*

10μm-Sph 8.2 ± 0.8 44.7 ± 5.7

10μm-SR 4.2 ± 0.6**** 89.5 ± 9.6***

10μm-LR 3.4 ± 0.1**** 95.5 ± 0.6****

Data are represented as mean±SD for n=3 experiments.

*
p<0.05,

**
p<0.01,

***
p<0.001 and

****
p<0.0001.
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Table 3:

IC50 values of different treatment groups in RAW 264.7 cells calculated from experimental cytotoxicity data 

obtained after 48 hours incubation.

Treatment Group IC50 value (μM)

Dox 0.1 ± 0.0

10μm-Sph 2.8 ± 0.8

10μm-SR 3.1 ± 0.1

10μm-LR 7.5 ± 3.1
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