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Afatinib-loaded inhalable PLGA nanoparticles for localized therapy
of non-small cell lung cancer (NSCLC)—development and in-vitro
efficacy
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Abstract
Afatinib (AFA) is a potent aniline–quinazoline derivative, approved by the Food and Drug Administration (FDA) in
2013, as a first-line treatment for metastatic non-small cell lung cancer (NSCLC). However, its clinical application is
highly limited by its poor solubility, and consequently low bioavailability. We hypothesize that loading of AFA into
biodegradable PLGA nanoparticles for localized inhalational drug delivery will be instrumental in improving therapeutic
outcomes in NSCLC patients. Formulated AFA nanoparticles (AFA-NP) were evaluated for physicochemical properties
(particle size: 180.2 ± 15.6 nm, zeta potential: − 23.1 ± 0.2 mV, % entrapment efficiency: 34.4 ± 2.3%), formulation
stability, in-vitro aerosol deposition behavior, and anticancer efficacy. Stability studies revealed the physicochemical
stability of AFA-NP. Moreover, AFA-NP exhibited excellent inhalable properties (mass median aerodynamic diameter
(MMAD): 4.7 ± 0.1 μm; fine particle fraction (FPF): 77.8 ± 4.3%), indicating efficient particle deposition in deep lung
regions. With respect to in-vitro drug release, AFA-NP showed sustained drug release with cumulative release of 56.8 ±
6.4% after 48 h. Cytotoxic studies revealed that encapsulation of AFA into PLGA nanoparticles significantly enhanced
its cytotoxic potential in KRAS-mutated NSCLC cell lines (A549, H460). Cellular uptake studies revealed enhanced
internalization of coumarin-loaded nanoparticles compared to plain coumarin in A549. In addition, 3D tumor spheroid
studies demonstrated superior efficacy of AFA-NP in tumor penetration and growth inhibition. To conclude, we have
established in-vitro efficacy of afatinib-loaded PLGA nanoparticles as inhalable NSCLC therapy, which will be of great
significance when designing preclinical and clinical studies.
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Introduction

Nanoparticulate systems have gained significant interest over
past several years due to their high efficiency in drug delivery
through providing a carrier system at nanoscale, which is very
well demonstrated by approval of over 50 nanomedicines and
nanotechno logy-based medica l p roduc t s [1–4] .
Nanoparticulate systems can be classified into inorganic, lip-
id-based, and polymeric nanoparticles. Polylactide co-
glycoside (PLGA) is considered to be the most prominent
polymer used for fabrication of polymeric nanoparticles; due
to its excellent biocompatibility and well-known biodegrad-
ability. Its flexible properties allow it to be an excellent choice
for targeting non-small cell lung cancer (NSCLC) [5]. While
understanding the importance of nanoparticulate systems in
treating various prevalent diseases, higher attention has been
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placed on improving delivery and efficacy of drugs in treating
tumors in difficult to access body parts, including lung cancer
[6, 7]. Being a predominant malignancy, lung cancer is re-
sponsible for approximately 1.38 million annual mortalities
worldwide, with non-small cell lung cancer (NSCLC) being
responsible for approximately 85% cases [8, 9]. Given that
most of the approved NSCLC therapies suffer from off-
target effects and acquired resistance, there is a dire need to
emphasize on the delivery approaches to ensure efficient lo-
calized delivery of nanoparticulate systems to tumor tissue
[10].

Pulmonary drug delivery has gained importance in recent
times due to its ability to deliver therapeutics to target tissues
in the lungs [11]. Local pulmonary inhalational delivery of
anticancer drug-loaded nanoparticulate system offers substan-
tial benefits in lung cancer treatment as the most current sys-
temic treatments are not very effective or lead to severe toxic
effects [11, 12]. It is worth adding that inhalation therapy is an
advantageous approach to deliver nanomedicines to the lung
due to its potential to increase local drug accumulation, pro-
long pulmonary residence time, protect drug from degradation
while minimizing drug resistance, and reduction of therapeu-
tic dose and off-target systemic toxicities [13, 14]. In addition,
inhalable therapy may also increase drug penetration into the
tumoral mass by maintaining a significantly higher drug con-
centration at the lung tumor site [14]. Several studies have
evaluated the accumulation of drug-loaded nanocarriers in
the lungs after pulmonary delivery and have reported im-
proved efficacy of inhalable carriers in NSCLC [15]. For in-
stance, gemcitabine-loaded gelatin nanocarriers [16],
paclitaxel-loaded nanocomposite microparticles [17],
quinacrine-loaded bovine serum albumin-modified cationic
nanoparticles [15], pirfenidone-loaded liposomes [18],
lactoferrin/chondroitin-functionalized monoolein nanocom-
posites [19], etc. have reported capability of inhaled
nanocarriers to provide localized drug delivery in NSCLC
treatment. In addition, Abdelaziz et al. [6], Mangal et al.
[20], Ahmed et al. [21], and Anderson et al. [22] have also
highlighted the significance of nanocarriers in pulmonary de-
livery along with details of further investigations being carried
out and their respective advantages and disadvantages. These
nanocarrier systems differ in their capability to encapsulate
hydrophilic and hydrophobic drugs, flexibility for surface
modifications, and ability to endure nebulization forces [6].
Furthermore, encapsulation of chemotherapeutic drugs in
inhalable nanocarriers and their pulmonary delivery has been
shown to demonstrate enhanced tumor accumulation and anti-
tumor activity, as reported in several studies [23, 24]. For
instance, Chishti et al. reported the efficacy of docetaxel nano-
particles administered through pulmonary route in treating
non-small cell lung cancer in preclinical in-vivo studies [24].
In another study, inhalable self-assembled albumin nanoparti-
cles of doxorubicin were evaluated for their anti-tumor

efficacy in xenograft models by Choi et al. and the authors
reported deep lung deposition of the inhaled albumin nano-
particles [23]. Other therapeutic applications of inhalational
therapy include treatment and management of asthma and
chronic obstructive pulmonary disease (COPD), pulmonary
fibrosis, inflammation, and cystic fibrosis [13, 25]. Hence,
inhalational therapy remains the mainstay of clinical treatment
in the care of pulmonary diseases; and sought after for lung
cancer therapeutics. Benefits of this kind of drug delivery
route can be achieved through selection of proper drug and
carrier system while considering the physicochemical proper-
ties of drug and the formulation characteristics [26].

Afatinib (AFA) is an aniline–quinazoline derivative,
potent, irreversible small-molecule tyrosine kinase inhibi-
tor (TKI), initially approved by the US Food and Drug
Administration (FDA) in 2013 as first-line treatment of
late-stage metastatic NSCLC and epidermal growth factor
receptor (EGFR) mutation positive NSCLC (FDA approv-
al in 2018) patients [27–33]. AFA irreversibly inhibits
ErbB family of tyrosine kinases, including epidermal
growth factor receptor (EGFR), HER2, and HER4, thus
leading to decrease in tumor cell proliferation and vascu-
larization [34]. AFA has been reported for its effect in
impairment of tumorigenesis in NSCLC with KRAS mu-
tations, known to drive acquired drug resistance [35].
While AFA is currently approved at a 40 mg once-a-day
oral dose, it is a free base, practically insoluble drug
(0.0128 mg/ml). Clinical outcomes include reduced risk
of both lung cancer progression and therapy failure com-
pared to other tyrosine kinase inhibitors [36]. AFA’s poor
water solubility may contribute to its low bioavailability
and poor penetration into tumor core. Moreover, AFA is
shown to have very high volume of distribution (4500 L)
indicating high tissue distribution and accumulation at
non-cancerous sites [37]. AFA being a relatively new
drug for NSCLC treatment, there have been major inves-
tigations for technologies to provide a safer way for its
delivery with reduced side effects (e.g., diarrhea, skin
rashes, paronychia) and underlying toxicity (e.g., gastro-
intestinal, dermatological, etc.) along with better drug
targeting [38]. Moreover, it is of utmost importance to
develop inhalable delivery systems for efficient delivery
of afatinib to the tumor site, so as to limit its off-target
tissue accumulation and toxicity. Hence, it is hypothe-
sized that utilizing a biodegradable nanoparticulate deliv-
ery system combined with inhalable delivery system pro-
vides an efficient carrier system to deliver afatinib to lung
tumors, and present an innovative approach for NSCLC
treatment, especially with KRAS mutations, while ensur-
ing excellent deep lung deposition. In the present study,
AFA-loaded PLGA nanoparticles were formulated and
characterized for their physicochemical properties, in-
vitro aerosol performance, and anticancer efficacy through
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in-vitro and ex-vivo studies in different KRAS-mutated
NSCLC cell lines.

Materials and methods

Chemicals and reagents

Afatinib base (AFA) was purchased from LC Laboratories
(Woburn, MA, USA). Acid-terminated poly (lactic-co-
glycolic) (PLGA 50:50; 7–17 kDa, Resomer 502H) and poly
vinyl alcohol (PVA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). A549 and H460 NSCLC cell lines were
obtained from ATCC (Manassas, VA, USA) and were main-
tained in RPMI-1640 medium (Corning, NY, USA) supple-
mented with 10% FBS (Atlanta Biologicals, R&D Systems,
Minneapolis, MN, USA), sodium pyruvate, and penicillin-
streptomycin (Corning, NY, USA) at 5% CO2/37 °C.
Healthy non-cancerous porcine kidney proximal tubule cell
line LLC-PK1 was obtained from Dr. Yong Yu (St. John’s
University, NY, USA) and maintained in BioWhittaker®
Medium 199 (Lonza Walkersville, Inc., MD, USA) with 5%
FBS and 10% pen ic i l l i n - s t r ep tomyc in . 3 - (4 ,5 -
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dichloromethane (DCM), dimethyl sulfoxide
(DMSO), coumarin-6, crystal violet dye, 16% paraformalde-
hyde (PFA) solution, HPLC grade methanol, acetonitrile
(ACN), and water were purchased from Fisher Scientific
(Hampton, NH, USA). Molecular biology kits and supplies
were purchased from other commercial vendors which are
listed at appropriate places throughout the manuscript. All
other solvents including UPLC grade chemicals and solvents,
unless it is otherwise specified, were purchased from Fisher
Scientific (Hampton, NH, USA).

UPLC method development for afatinib

A reverse-phase liquid chromatography method was devel-
oped for quantifying AFA using Waters series Acquity
UPLC (Waters, Milford, MA, USA). The column used was
Acquity UPLC BEH C18 column (50 × 2.1 mm, 1.7 μm,
130 Å). Mobile phase consisted of acetonitrile and phosphate
buffer (adjusted to pH 7.55 using 10 mM of potassium hy-
droxide) at 60:40 ratio. The flow rate was 0.25 ml/min and
detection wavelength was set at 254 nm. Retention time for
afatinib was found to be 0.731 min with total run time of
2 min. Data were collected and analyzed using the Empower
3.0 software.

Preparation of AFA-loaded PLGA nanoparticles

AFA nanoparticles were prepared following a procedure pre-
viously stated in literature [39, 40]. Briefly, AFA (1 mg) was

first dissolved in 1 ml of acetonitrile which was then added to
organic solution of PLGA (Resomer RG 502H; 60 mg PLGA/
3 ml of dichloromethane) and subjected to ultra-probe sonica-
tion for 2 min (10 s on-off cycle, 40% amplitude; QSonica
Q500, Newtown, CT, USA). This primary suspension was
further probe sonicated for 4 min (10 s on-off cycle, 40%
amplitude) in 1% w/v aqueous polyvinyl alcohol (PVA) sta-
bilizer solution. Prepared nanoparticles were then stirred over-
night at room temperature for removal of organic solvent and
were subsequently washed to remove excess PVA and
unentrapped drug. AFA-loaded nanoparticles were separated
from the aqueous suspension medium by ultracentrifugation
at 1000 rcf at 4°C for 3 min, and then washed twice with water
through centrifugation at 22,000 rcf for 15 min (4°C).
Obtained nanoparticles were re-dispersed with 1 ml of
MilliQ water.

Characterization of AFA-loaded NPs

NP size and polydispersity index (PDI) were measured
using dynamic light scattering technique (DLS) on
Zetasizer Nano (Malvern Instruments, Malvern, UK).
For sizing, sample was prepared by diluting NP formula-
tion in distilled water, followed by bath sonication for
2 min. Analysis was carried out at a scattering angle of
90° and at a temperature of T = 298.15 K. Z-average di-
ameter and polydispersity index were calculated using
Malvern software. To determine % encapsulation efficien-
cy (%EE) and drug loading capacity (DLC), nanoparticles
were lysed and amount of free Afatinib was determined
using UPLC as discussed above. Briefly, 20 μl DCM,
10 μl DMSO, and 1950 μl of acetonitrile:water (50:50)
were added to 20 μl of AFA-NP. It was then centrifuged
at 22,000 rcf for 45 min. Obtained supernatant was ana-
lyzed using UPLC system. The peak area of AFA was
recorded and the concentration of free AFA in supernatant
was calculated from a standard curve. The %EE and
%DLC were calculated using Eqs. 1 and 2 respectively.
All samples were measured in triplicate.

Encapsulation efficiency EEð Þ %ð Þ

¼ Total amount of AFAadded‐freeAFA

Total amount of AFAadded

� 100% ð1Þ

Drug loadingn capacity DLCð Þ %ð Þ

¼ Mass of AFAin nanoparticles

Mass of total polymer þ drug added

� 100% ð2Þ
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In-vitro drug release study

In-vitro drug release profile fromAFA-NPs was determined in
phosphate-buffered saline (PBS; pH 7.4) with 1% polysorbate
80 for a period of 48 h. Briefly, 100 μl of nanoparticle formu-
lation was dispersed in 1 ml of PBS with 1% polysorbate 80
(pH 7.4) in 2 ml microcentrifuge tubes. Tubes were incubated
at 37°C and 120 rpm. At each specific time point (15, 30 min,
1, 2, 3, 4, 6, 12, and 48 h), the amount of drug released was
determined by analyzing the collected supernatants by UPLC
after centrifuging the samples for 15 min at 22,000 rcf. Drug
release testing was performed in triplicate and data obtained
are represented as mean ± SD. Kinetics and pattern of drug
release from nanoparticle formulations was determined by
fitting the release data to distinct models: first-order and
Higuchi model as reported earlier [41].

Solid state characterization studies

Differential scanning calorimetry studies

The thermograms for AFA, AFA-NP, blank NP, and physical
mixture of AFA and blank NP were generated using a DSC
6000 (PerkinElmer, Inc.; Waltham, MA, USA); equipped
with an intra-cooler accessory. Briefly, a fixed amount of ac-
curately weighed sample (1–5 mg) was sealed in an aluminum
pan, analyzed over a temperature range (30–210°C), and com-
pared to a sealed empty aluminum pan maintained as refer-
ence. The heating rate was maintained at 10°C/min under a
nitrogen purge (flow rate: 50 ml/min).

Powder X-ray diffraction studies

X-ray diffraction spectroscopy was performed using XRD-
6000 (Shimadzu, Kyoto, Japan). The diffractometry is com-
posed of a graphite monochromator (copper-Kα1; radiation
wavelength 1.5418 Å, 40 kV, and 30 mA). Samples were
uniformly spread on a micro sample glass holder and then
analyzed (range of 5–80°; scanning speed of 2° (2θ)/min).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) spectrum of
AFA, Blank NP, and AFA-NP were obtained where solvent
(DMSO) was used for the background correction and 10 μl of
the formulation was used for the detection. Different peaks in
the plotted IR spectrum were then interpreted to detect the
presence of distinct AFA groups.

Morphological and quantitative analysis

AFA-NP formulation was imaged using transmission electron
microscopy (TEM) utilizing our previously published proto-
cols [41]. Briefly, the Formvar® carbon-coated copper grids
400-mesh (Electron Microscopy Sciences, Hatfield, PA,
USA) were made hydrophilic using glow discharge plasma
treatment for 60 s. About 5 μl of diluted nanoparticles sample
was then added to the grid and allowed to adhere for 1 min.
The samples were negatively stained by adding 5 μl of uranyl
acetate (1%) and excess was removed by usingWhatman filter
paper after 30 s. This process was repeated twice and the
sample was finally allowed to air dry. The grids were then
imaged using FEI Tecnai G2 Spirit TWIN TEM (Hillsboro,
OR, USA) operated at 120 kV voltage. Quantitative analysis
from obtained TEM images was performed using ImageJ soft-
ware version 1.52v. The images were processed using fast
Fourier transform (FFT) parameters and nanoparticles’ sizes
were recorded after adjusting the threshold to reduce the noise
from background. Results were obtained as average particle
size of 50 particles in terms of diameter measured in
nanometer.

Atomic force microscopy analysis

The morphological characterization of AFA-NP was per-
formed using atomic force microscopy (AFM) for a qualita-
tive confirmation of their morphology and surface properties.
Imaging was carried out using the cantilever in air using
Bruker Multimode AFM 8 (Billerica, MA, USA). Briefly,
nanoparticles were suspended in water, and were drop-
casted on to freshly cleaved mica surface and imaged with
Scanasyst-Air probe in peak force mode.

Stability studies

Stability of the formulated AFA-NP was evaluated while stor-
ing the samples at temperatures of 4, 25, and 37°C for 4 weeks
as reported previously [42]. Samples were withdrawn after
week 1, 2, 3, and 4; diluted with water (100-fold); and ana-
lyzed for particle size, PDI, and zeta potential using Malvern
Zeta Sizer. Entrapment efficiency was determined by lysing
the samples as described earlier using UPLC. All experiments
were performed in triplicate.

In-vitro aerosol performance lung deposition test

According to previously published studies, Next Generation
Impactor™ (M170 NGI: MSP Corporation, Shoreview, MN,
USA) was used to evaluate in-vitro lung deposition [15]. The
NGI was equipped with a stainless steel induction port (USP
throat adaptor) attachment and specialized stainless steel
NGI™ gravimetric insert cups (NGI Model 170, MSP
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Corporation, Shoreview, MN, USA). Prior to operation, NGI
plates were placed in refrigerator (4 °C; 3 h) for pre-
conditioning NGI to minimize solvent evaporation during
the process. To test in-vitro lung deposition, 2 ml AFA-NP
formulation was then placed into a PARI LC PLUS® nebu-
lizer cup of Pari FAST-NEB compressor system. (Boehringer
Ingelheim, Inc. Ridgefield, CT, USA) attached to a custom-
ized rubber mouth piece connected to the NGI™. To produce
a flow rate (15 L/min; 4 min), a Copley HCP5 vacuum pump
(Copley Scientific, Nottingham, UK) was used and flow rate
was adjusted using a Copley DFM 2000 flow meter (Copley
Scientific, Nottingham, UK). After the run, samples were col-
lected from every stage (1–8) as well as from throat and in-
duction port by using ACN:water (75:25) for rinsing. Samples
were centrifuged for 45 min at 21,000 rcf, and lysed superna-
tant was then analyzed using previously established UPLC
method. Drug content and effective deposition was calculated
for emitted dose deposited at each stage. To give an indication
of aerosolization performance, fraction of the emitted dose
deposited in the NGI stages with dae < 5.39 μm (Fine particle
fraction; FPF %) was calculated. To determine the spread of
aerodynamic particle size distribution, mass median aerody-
namic diameter (MMAD, dae < 5.00 μm) and the geometric
standard deviation (GSD) were calculated. Experiment was
done in triplicate (n = 3) and data are represented as mean ±
SD.

In-vitro cellular uptake studies

A hydrophobic dye, coumarin-6 (C-6), has been very well
established as a surrogate for demonstrating intracellular up-
take of encapsulated drugs using nanocarriers. Efficacy of
nanocarriers in traversing through the cellular lipid bilayers
enables enhanced therapeutic efficacy of drugs [43, 44].
Thus, to determine the impact of AFA encapsulation into bio-
degradable PLGA nanoparticles on its intracellular uptake,
(C-6) was used in preparation of nanoparticles instead of
AFA. Coumarin-loaded nanoparticles were prepared using
exactly the same method as mentioned in “Preparation of
AFA-loaded PLGA nanoparticles” section. In-vitro cellular
uptake studies were carried out according to previously pub-
lished method [45]. Briefly, A549 cells were seeded in tissue
culture treated 8-well chambered glass slides (Eppendorf,
Hauppauge, NY, USA) at a seeding density of 10,000 cells
per chamber, and then left overnight so that cells would ad-
here. The next day, cells were treated with either coumarin or
coumarin-6-loaded nanoparticles at 1 μg/ml concentration. At
each time interval (1- and 3-h), cells were washed twice with
ice-cold PBS (pH 7.4) after which 4% paraformaldehyde
(PFA) was added for 10 min for fixation. Fixed cells were
again washed twice with ice-cold PBS. Then, the chamber
was removed and 20 μl of Vectashield® hardset mountant
(H1500, Vector Laboratories, Burlingame, CA) was placed

on a glass slide dropwise followed by placing a cover glass
and appropriate drying of slides. After hardening of mounting
medium overnight at 4°C, the slides were imaged using
EVOS-FL fluorescence microscope with × 20 objective
(Thermo Scientific, Waltham, MA, USA).

In-vitro cytotoxicity assay

In order to determine anti-proliferative activity of AFA-NP in
comparison to plain AFA, an MTT assay was adopted as
reported in literature [46]. In brief, immortalized NSCLC cells
(A549 and H460) were seeded into tissue culture treated 96-
well plates (Eppendorf, Hauppauge, NY, USA) at a seeding
density of 2500 cells/well, and were incubated overnight for
adherence at 37°C/5% CO2. The next day, different concen-
trations of plain AFA and AFA-NP (0.098-25 μM) were pre-
pared in the culture media and were added to the adhered cells
while having culture media without any treatment as control.
Corresponding volumes of AFA-NPs were calculated based
on the drug entrapment efficiency. After 48 h of incubation,
media was removed from each well followed by addition of
MTT solution (1 mg/ml in PBS pH 7.4) and 2-h incubation so
that formazan crystals would be formed. Then, 100 μl of di-
methyl sulfoxide (DMSO) was added to each well after aspi-
rating MTT solution from each well to dissolve the formed
formazan crystals. Plates were then left on plate shaker for
30 min, and absorbance was measured using a multi-modal
plate-reader (Tecan Spark 10 M; Tecan, Männedorf,
Switzerland) at 570 nm. Cytotoxicity studies were also per-
formed following same protocol on healthy non-cancerous
porcine kidney proximal tubule cell line LLC-PK1 to further
evaluate the safety of drug-free nanoparticles using equivalent
amounts of Blank NP at concentrations of 0.78 and 3.125 μM
with 48 h of incubation period.

3D-spheroid cell culture study

Due to the complexity of tumor physiology, a 3D-spheroid
culture technique was proposed in order to mimic tumor en-
vironment giving a more realistic insight on drug activity. As
previously reported, a 3D cell-based model was developed
[15, 46]. In brief, A549 cells were first seeded in Corning®
ultralow attachment spheroid 96-well plates (Corning, NY,
USA) at a density of 2.0 × 103 cells/well, and were incubated
overnight at 37 °C/5% CO2. Then, spheroids were grown for
3 days before treatment for obtaining a substantial tumoral
core. The cells were subjected to two kinds of treatment reg-
imens; either single dose or multiple dose. As for single-dose
treatment, cells were given treatments (AFA orAFA-NP) only
once and media was then replaced on respective days (day 1,
3, 6, 9, 12, and 15). While in the case of multiple-dose study,
cells were treated with either AFA or AFA-NP (1 and 3 μM)
on respective days (day 1, 3, 6, 9, 12, and 15). In both cases,
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only half of the media volume (100 μl) was replaced with
fresh media or treatments in order to prevent disturbance of
the already developed spheroids or to eliminate chances spher-
oid aspiration hat may take place on complete removal of the
media. Using inverted microscope (LAXCO, Mill Creek,
WA, USA), spheroids were imaged at specified time intervals
(n = 5–6) at × 10 magnification. Spheroid diameters were
quantified using ImageJ software (Version 1.44) and spheroid
volumes were calculated.

Live-dead cell assay

Live/dead cell assay was performed using viability/
cytotoxicity assay kit for Animal Live & Dead Cells
(Biotium, Fremont, CA, USA), optimized for use in human
cells. According to manufacturer’s protocol, live-dead cell
study was performed on treated spheroids on day 15th of both
single and multiple dosing in the therapeutic model. Briefly,
after complete removal of media from the wells, 100 μl of
staining solution (2 μM calcein AM/4 μM Ethidium homodi-
mer III (EthD-III)) was added to treated spheroids; in order to
give the green/red fluorescent staining for alive and dead cells
respectively. Plate was then incubated at room temperature for
45 min in dark. Images were captured using (EVOS-FL,
Thermo Fisher Scientific, Waltham, MA, USA) and ImageJ
software was then used to quantify the mean red and green
fluorescence intensity (RFP), signifying the presence of dead
and alive cells in core of spheroidal mass.

Data analysis and statistical evaluation

All data were addressed as mean ± SD or SEM, with n = 3
unless otherwise mentioned. Three trials of cytotoxicity stud-
ies were performed for each control or treatment group with
n = 6 for each trial. All data were evaluated by unpaired
Student’s t test or one-way ANOVA followed by Tukey’s
multiple comparisons test, using GraphPad Prism software
(Version 6.0 for Windows, GraphPad Software, CA, USA).
A p value of < 0.05 was considered statistically significant and
was presented in data figures as a single asterisk (*). However,
some studies have demonstrated a smaller p value of 0.01or
less, which is included respectively.

Results and discussion

UPLC method development for afatinib

For determination of afatinib (AFA) concentration, a precise
and reproducible UPLC method was developed with a total
run time of 2 min. The developed method exhibited excellent
linearity (r2 = 1) for AFA concentration between 0.32–
100 μg/ml (Eq. 3). Calibration curve for determination of

AFA is shown in Fig. S1a. As shown in the UPLC chromato-
gram (Fig. S1b), a sharp peak with good resolution for AFA
was eluted with retention time of 0.731 min.

Y ¼ 77162 x−3467 ð3Þ

where Y = area under the curve and X = concentration of
afatinib (μg/ml).

Preparation and characterization of AFA-NPs

As can be seen from the histogram presented in Fig. 1a, the
formulated nanoparticles were found to be < 200 nm in size
with very monodispersed size distribution (represented by sin-
gle size peak on the histogram). Mean particle size, polydis-
persity index, and zeta potential of AFA-NPs were determined
using dynamic light scattering (DLS) on Malvern Zetasizer
Nano-ZS (Malvern Instruments, Malvern, UK). For formulat-
ed AFA-NP, particle size was 180.2 ± 15.6 nm, polydispersity
index was 0.112 ± 0.004, and zeta potential was found to be −
23.1 ± 0.2 mV. %Drug entrapment efficiency was determined
to be 34.4 ± 2.3%, along with actual % drug loading to be
0.58 ± 0.05% as shown in Fig. 1b. Emulsification is consid-
ered to be one of the most significant steps in nanoparticle
fabrication, which could lead to formation of large and
polydispersed particle aggregates as a result of insufficient
dispersion of phases. Therefore, a lot of investigation has been
done on the effects of experimental parameters including sta-
bilizer species, stabilizer concentration, and pH of aqueous
phase, on particle size and drug entrapment efficiency [47,
48]. It was previously reported that size of polymeric nano-
particles would strongly affect their rate of intracellular uptake
inside the tumormicroenvironment, i.e., higher cellular uptake
for smaller particle size [49, 50]. Different pathways were
suggested to be instrumental in cellular internalization of poly-
meric nanoparticles [44, 45]. Sub 200-nm-sized nanoparticles
most likely get internalized through receptor-mediated endo-
cytosis. However, bigger nanoparticles (> 200 nm) are shown
to get phagocytosed for gaining entry into the cells [51, 52].
Carteria et al. studied the mechanism for internalization of
rhodamine PLGA nanoparticles inside the cells using different
body organ models and tracking their intracellular fate [53].
Analysis of images suggested that mechanism of cellular in-
ternalization of formulated PLGA nanoparticles to be through
endocytosis.

In-vitro drug release from AFA-NPs

In order to determine drug release pattern, in-vitro drug release
was measured in phosphate buffer saline (PBS) (pH 7.4,
37 °C) mimicking environment of physiological fluid. A burst
release of encapsulated AFA at 24.3 ± 4.6% was observed
within first 30 min followed by sustained cumulative drug
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release of 39.3 ± 2.3% and 56.8 ± 6.4% after 24 and 48 h re-
spectively (Fig. 2a). The drug release data were further ana-
lyzed for a perfect fit to either the first-order or Higuchi drug
release models in order to predict best release kinetic and
release patterns (Fig. 2 b and c). In order to understand the
release mechanism, release equations were determined from
each model. The optimized equation was then chosen based
on the value of correlation coefficient (r2). Release data were
found to be the best fitting to first-order kinetic model (r2 =
0.86) (Fig. 2d). Several studies from different research groups
have previously reported similar release patterns from drug-

loaded PLGA nanoparticles [54–56]. In one such study,
Yadav and Sawant [56] developed etoposide-loaded biode-
gradable nanoparticles, and reported that the release of
etoposide from the PLGA NP followed first-order kinetics.
Matsuura et al. [57] prepared PLGA nanoparticles loadedwith
itraconazole or miconazole, with drug release pattern best
fitting the first-order kinetics model predicted by higher cor-
relation regression coefficient for first order compared to other
release models. The burst release observed from AFA-NP
may be due to rapid release of the drug adsorbed on or close
to nanoparticles surface [58]. While at later stages, a decrease

Fig. 2 In-vitro drug release
studies: a % Cumulative in-vitro
drug release profile of afatinib
loaded PLGA nanoparticles. b
First-order release kinetics and c
Higuchi release kinetics from
afatinib-loaded PLGA nanoparti-
cles. Data represent mean ± SD
(n = 3). d Release curve fitting
details of AFA-NP using various
models

Fig. 1 a Particle size distribution
histogram of afatinib loaded
PLGA nanoparticles. b
Characterization of particle size,
polydispersity index, zeta
potential, % entrapment
efficiency, and% drug loading for
afatinib loaded PLGA
nanoparticle formulation. Data
represent mean ± SD (n = 3)
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in drug release rate occurs, which is attributed to slow drug
diffusion and gradual PLGA polymer degradation with sub-
sequent release of entrapped drug from inside the polymeric
core. Therefore, drug release from PLGA nanoparticles is as-
sumed to be not dominated by a single mechanism but by a
combination of mechanisms [59].

Solid state characterization of AFA-NP

Differential scanning calorimetry

Differential scanning calorimetry (DSC) studies were per-
formed to understand melting and crystallization behavior of
AFAwhen present in different forms such as NP encapsulated
AFA, physical mixture with blank NPs, as compared to con-
trol. As can be seen in Fig. 3a, thermogram of AFA showed
sharp endothermic peaks at 95 °C and 125 °C due to its melt-
ing transition [60, 61]. Absence of a sharp peak in AFA-NP
indicated complete drug encapsulation in the nanoparticle

formulation core and suggested a consistent result with that
of XRD, discussed later.

Powder X-ray diffraction

Due to its crystalline nature, AFA showed distinct peaks at 2θ
values of 5.2, 10.4, 12.4, 14.4 ± 0.2 degrees two-theta in XRD
spectra, whereas there were noAFA peaks present in AFA-NP
indicating encapsulation of drug inside the nanoparticles as
shown in Fig. 3b. Results were found to be consistent with
previous studies where afatinib free base have resulted in sim-
ilar powder X-ray diffraction (PXRD) pattern [62]. Physical
mixture of Blank NP and AFA also exhibited peaks inferring
the crystalline nature of drug.

Fourier transform infrared spectroscopy

The Fourier transform infrared spectroscopy (FT-IR) spectra
of AFA, blank NP, and AFA-NP are presented in Fig. 3c. The

Fig. 3 a Thermograms of
afatinib, PLGA, physical mixture
of afatinib (AFA), blank NP, and
afatinib-loaded PLGA nanoparti-
cles (AFA-NP). b XRD patterns
of afatinib, PLGA, physical mix-
ture of afatinib (AFA), blank NP,
and afatinib-loaded PLGA nano-
particles (AFA-NP). c FT-IR
spectra of AFA, blank NP, and
AFA-NP. d. Transmission elec-
tronmicroscopy (TEM) images of
AFA-NP reveal the morphology
of nanoparticles. Magnification
42kX. The scale bar represents
200 nm
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IR spectrum of AFA showed characteristic peaks at about
2968 and 2833 cm−1 due to C-H stretching of CH3 group,
1647 cm−1 due to C=O stretching of the amide group, and
1335 cm−1 due to C-N stretching of the aromatic amine group.
A decrease and slight shift in the characteristic AFA peaks
around 2968 and 2833 cm−1 in the case of AFA-NP with no
peaks detected in the same region in the case of blank NPmay
be attributed to good entrapment of AFA inside the PLGA
matrix of formulated nanoparticles [63].

Morphological and quantitative analysis

A representative TEM image presented in Fig. 3d indicated
that the nanoparticles had uniform spherical shape with a
smooth surface. No aggregation of nanoparticles was ob-
served during TEM analysis which gives an indication of the
uniform dispersion of nanoparticles in formulation. TEM im-
ages were also quantified for particle size which was found to
be 118.7 ± 24.0 nm, and well in agreement with DLS size
measurements shown in Fig. 1.

Atomic force microscopy analysis

Particle size of AFA-NP nanoparticles was determined by
atomic force microscopy and the respective image is shown
in Fig. S1c. Thus, morphology of AFA NP has been con-
firmed qualitatively using atomic force microscopy (AFM).
Results from the AFM correspond to the distribution acquired
from DLS measurements and also narrow size distribution of
AFA-NP is confirmed as seen in Fig. 3d.

Stability studies

Stability is a major concern while dealing with nanosized drug
delivery systems due to emulsion instability and particle ag-
gregation [64]. Due to smaller particle size, there is a possi-
bility of NP aggregation with AFA-NP formulation. Hence,
studies were performed to determine stability of AFA nano-
particles at different storage conditions. As shown in Fig. S2,
stability analysis data revealed that AFA-NP formulation was
stable at 4° and 25°C, with no significant changes in particle
size (Fig. S2a) or zeta potential (Fig. S2b) for up to 4 weeks’
storage. It can be postulated that negative zeta potential of
AFA-NP prevents the particles from coalescing and aggregat-
ing [65]. There was no detrimental effect of temperature and
storage time on entrapment efficiency either (Fig. S2c).
Hence, the formulations were found to retain their physico-
chemical properties during their storage at different tempera-
tures of 4° and 25°C over a period of 4 weeks. Formulations
were also stored at 37°C to expose them for temperature ex-
cursions, and were found to exhibit increased particle size
which could be due to coalescence. However, regular labeled
storage conditions do not include 37 °C. Ahmed et al. studied

the stability of polyphenolic-loaded PLGA nanoparticles at
4°C and attributed the good stability of the formulated nano-
particles to the presence of a PVA coating barrier around the
polymeric nanoparticles [66].

In-vitro aerosol performance and lung deposition

Pulmonary route of administration is well known for its
ability to deliver therapeutics locally to site of action in
deep lungs but is challenged by major obstacles like poor
control over deposition rates and site of inhaled molecules
for efficacious delivery at the same time [26]. NPs
exhibiting optimal in-vitro aerosol lung deposition can
be administered via inhalation, facilitating local delivery
to the deep lungs, thus resulting in reduced exposure to
other organs and reduced adverse events. Nebulizers can
deliver the formulations as small droplets which will be
deposited in the lung airways based on their aerodynamic
properties like MMAD and FPF [67]. These aerodynamic
properties of nebulized particles are used to reflect the in-
vivo deposition profile in airways and alveolar part of
deep lung regions. Deposition of inhaled particles in the
respiratory airways depends on several parameters related
to the physical properties of particles along with many
physiological and anatomical factors of the respiratory
system [68]. To assess the respirability of AFA nanopar-
ticles, dose recovered from nebulizer cup and NGI stages,
FPF (%), MMAD, and GSD were calculated. Aerosol de-
position pattern is presented graphically in Fig. 4a which
refers to the % aerosol deposition at each stage of NGI,
aiding in determination of aerosol dispersion perfor-
mance. Relation between recovered cumulative mass and
effective cut-off diameter is shown in Fig. 4b which rep-
resents the % cumulative particles deposited at each NGI
stage. Following aerosolization experiments, fine particle
fraction (FPF) was found to be 77.8 ± 4.3%, which sug-
gests good aerosolization performance. In addition,
MMAD and GSD values being 4.3 ± 0.2 μm, and 2.2 ±
0.4 respectively as shown in Fig. 4c, suggest that majority
of the emitted dose could be effectively delivered to
targeted respirable region inside the lungs. Particle size,
surface morphology, and mass median aerodynamic diam-
eter (MMAD) of inhaled therapeutics determine their fate
and the site of deposition in deep lungs [69]. MMAD
within the range of 2–5 μm is essential for deep lung
accumulation of particulate therapeutics, which is other-
wise difficult to maintain due to inherent differences in
particles’ physicochemical properties [70, 71]. From the
results obtained, the efficacy of formulated AFA-NPs for
inhalable drug delivery of AFA could be established and
it can be ensured that developed nanoparticles would be
able to provide a promising strategy to overcome the
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physiological barriers involved in respiratory delivery of
anticancer therapeutics.

In-vitro cellular uptake in A549 NSCLC cell line

In-vitro cellular uptake studies were performed to evaluate
efficiency of PLGA nanoparticles’ uptake into A549 cells
(adenocarcinoma human alveolar basal epithelial cells).
A549 cells were used for the cellular uptake studies to ensure
the internalization of nanoparticles into these NSCLC cells for
exhibiting their cytotoxic effect [72]. Based on recent studies,
fluorescent dye (Coumarin-6) loaded polymeric nanoparticles
were formulated and utilized in the current study to evaluate
in-vitro cellular uptake [41]. It can be clearly seen from

fluorescence images of cells incubated with Coumarin-6-
loaded nanoparticles after 1 and 3 h that coumarin-loaded
NPs showed significantly higher intracellular uptake as com-
pared to plain coumarin (Fig. 5). It can be assumed that higher
cellular uptake for drug-loaded NPs will ultimately lead to
higher intracellular accumulation of afatinib, and thus
sustained release of drug inside the cells, resulting in sustained
and higher cytotoxicity as compared to plain afatinib. The
proposed mechanism for internalization of negatively charged
polymeric nanoparticles inside the cells could be through en-
docytosis [49]. When negatively charged particles get
adsorbed on cell surface’s positive binding sites, endocytosis
is known to be a favored pathway for nanoparticle internali-
zation [73]. This observation comes in accordance with

Fig. 5 In-vitro cellular uptake of
coumarin-6 loaded PLGA nano-
particles in A549 cells at two dif-
ferent time points; 1 and 3 h.
Coumarin-6 plain solution is used
as control. Nuclei are stained blue
(DAPI) and Coumarin NPs are
green. Scale bar 100 μm.
Representative images are pre-
sented from experiments run in
triplicate (n = 3)

Fig. 4 In-vitro deposition profile
of AFA-NP. a Aerosol dispersion
performance as % deposited on
each stage of the Next Generation
Impactor™ (NGI™) for AFA-
NP. For Q = 15 L/min for 4 min.
The effective cutoff diameters
(D50) for each impaction stage are
as follows: stage 1 (14.1 μm),
stage 2 (8.61 μm), stage 3
(5.39 μm), stage 4 (3.3 μm), stage
5 (2.08 μm), stage 6 (1.36 μm),
and stage 7 (0.98 μm). (n = 3,
average ± SD). b Cumulative %
deposition plot representing
cumulative % of particles
deposited at each stage. c
Aerosolization properties of
AFA-NP. Data represent mean ±
SD (n = 3)
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previously published studies reporting higher cellular uptake/
internalization of drug-loaded PLGA nanoparticles in A549
cells [45]. Tahara et al. reported that A549 cellular uptake of
PLGA NP increased when the particle size was controlled to
be below the sub-micron region [74].

In-vitro cytotoxicity studies

To evaluate improved therapeutic efficacy of AFA by en-
capsulation in PLGA nanoparticles against non-small cell
lung cancer (NSCLC), in-vitro cellular cytotoxicity of
prepared NPs in two different lung cancer cells (A549
and H460) was determined. Graphical plots of % cell
viability for formulated AFA-NPs against plain AFA in
two cell lines are shown in Fig. 6 and tabulated results for
IC50 are represented in Table 1. IC50 was found to be 3.8
± 1.1 and 2.7 ± 0.4 μM for plain AFA; and 1.8 ± 0.3 and
1.2 ± 0.4 μM for AFA-NP in A549 (Fig. 6a) and H460
(Fig. 6b) cell lines respectively with significantly im-
proved cytotoxic effect of AFA-NP compared to AFA in
A549 (p < 0.01) (Table 1). Although A549 cell line is
known to harbor wild type EGFR and HER2, activating
K-ras G12s point mutation may affect activity of EGFR
tyrosine kinase inhibitors (TKIs) [75, 76]. On the con-
trary, H460 cells express wild-type of EGFR but carry
KRAS mutation (KRASQ61H) [77, 78]. As can be seen
from both Fig. 6 a and b, and also from Table 1, it was
observed that IC50 value of AFA against A549 (Fig. 6a)
and H460 (Fig. 6b) cells was lower in case of AFA-NPs
compared to plain AFA which reflects improved anti-
proliferative activity of AFA in two cell lines. This could
be attributed to what has earlier been reported in literature

that; although free drug enters the cells by passive diffu-
sion, nanoparticles could be internalized by endocytosis
[79, 80]. This mechanism of internalization could also
occur in tumor cells, resulting in higher intracellular
AFA concentration with nanoparticles as compared to
plain drug [79]. To establish safety of nanoparticle formu-
lations to healthy tissues, blank (AFA free) PLGA nano-
particles were tested for toxicity in normal porcine kidney
cells, LLC-PK1, derived from proximal tubules (Fig. 6c).
As can be seen, blank nanoparticles without any AFA
exhibited negligible cytotoxicity against LLC-PK1 cell
line after 48 h at AFA equivalent concentrations of 0.78
and 3.125 μM with % cell viabilities of 98.8 ± 13.6% and
87.3 ± 9.7% respectively (Fig. 6c). These results also sug-
gest that the prepared materials and nanoparticles were
basically nontoxic, highly biocompatible, and safe.
These observations come in congruence with published
data of cytotoxicity studies of PLGA-loaded drugs on
same studied cell lines [15, 45]. Unal et al. prepared
paclitaxel-loaded PLGA nanoparticles and studied their
cytotoxicity on A549 cells, and demonstrated significantly
improved cytotoxicity in comparison to plain drug solu-
tion [81]. Merlin et al. prepared paclitaxel-PLGA nano-
particles and to study its anticancer efficacy in NCI-H460

Fig. 6 Cytotoxic effects on
different NSCLC cell lines a
A549 and b H460; after
treatments with AFA and AFA
NP. AFA-NP was found to en-
hance cytotoxicity effects com-
pared to AFA. Cells without
treatment were considered as
control (100%). Data represent
mean ± SD (n = 6) of 3 individual
experiments. c Safety studies: cy-
totoxicity studies on LLCPK-1
cell line after treatment with
Blank NP. Data represent mean ±
SD (n = 6)

Table 1 Comparison of
IC50 for AFA and AFA-
NP in different cell lines.
All data represent mean
± SD (n = 6) of three in-
dividual experiments

Cell line IC50 (μM)

AFA AFA-NP

H460 3.8 ± 1.1 1.8 ± 0.3

A549 2.7 ± 0.4 1.2 ± 0.4
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cells in-vitro [82]. Results showed increased cytotoxicity
of paclitaxel-PLGA nanoparticles compared to plain
paclitaxel.

3D-spheroid study for tumor penetrative anticancer efficacy

As described in “Methods” section, 3D-spheroid cell cul-
ture study (3D-SCC) was designed to better predict the
physiological interaction of AFA-loaded NPs with tumor-
al mas. In case of solid tumors, the monolayer cell culture
models do not accurately mimic tumor structure, resis-
tance to drugs, and drugs’ poor penetrability due to tumor
microenvironment [83]. This could lead to inaccurate
evaluation of actual performance of anticancer drugs with-
in actual biological environment. These aspects are also
responsible for inaccurate assessment of biological perfor-
mance of nanotherapeutics [46]. Hence, the development
of a 3D cell culture model has been thoroughly investi-
gated to facilitate screening of various anticancer drugs.
These cultures (tumor spheroids) combine the ability to
mimic the 3D structure of malignant tissue accurately in
addition to being relevant to cancer microenvironment to
which the tumor cells are exposed (e.g., proliferation, sur-
vival, multi-drug resistance, and gene expression hetero-
geneity) [84, 85]. These models promote aggregation of
cells which assists in constructing an in-vitro model with
infrastructure of an in-vivo tumor [86]. As 3D in-vitro
models allow creation of tumoral mass in three-
dimensional space while mimicking the in-vivo model,
they are able to recapitulate in-vivo biology. Moreover,
these models promote aggregation of cells which assists
in constructing an in-vitro model with infrastructure of in-
vivo tumor. Although in-vivo experiments were not per-
formed for the current study, few recent studies have
compared in-vitro 3D spheroids with in-vivo efficacy,
and have demonstrated to have similar outcomes in both
the models [86, 87]. Moreover, in-vitro tumor models
serve as low-cost screening platforms in cancer research
while in-vivo models present several challenges in quan-
titative mechanistic data extraction [88]. A 3D in-vitro
model was developed successfully by using Corning
ultra-low attachment spheroid plates as reported by
Vaidya et al. [15], in which cells are promoted to form a
spheroidal mass under favorable incubation conditions.
This in turn mimics the tumor mass physiology and gives
better insight for drug’s cytotoxic effectiveness, compared
to the cytotoxicity study, performed on 2D-cell
monolayer.

For spheroid study, A549 cell line were chosen as these
cells have strong intercellular communication, and could form
spheroid masses from day 1 on culturing. After plating, the
tumor spheroids were grown for 3 days before initiating the
treatments. This study was performed in two separate

treatment regimens; single and multiple. For each treatment
regimen, two different concentrations (1 and 3 μM) of both
AFA and AFA-loaded NPs were used. Images were captured
using inverted microscope (Laxco, Mill Creek, WA, USA) on
respective days and were analyzed using the ImageJ software
Version 1.44 (National Institute of Health, Bethesda, MD,
USA). Spheroid images and a plot for spheroid volume com-
parisons are represented in Fig. 7a and b for single dose; and
Figs. S3a and S3b for multiple dose.

In the single-dose study with a single treatment given on
day 1 following tumor mass establishment, the blank control
spheroids were found to have a volume of 6.3 ± 0.7 mm3 on
15th day as compared to a spheroid volume of 3.4 ± 0.8 mm3

(1 μM), and 2.7 ± 1.1 mm3 (3 μM) for AFA-loaded nanopar-
ticles. In contrast, spheroids treated with plain afatinib had a
volume of 6.3 ± 0.8 mm3 (1 μM), and 6.2 ± 0.8 mm3 (3 μM)
respectively, thus underlining a more pronounced tumor re-
duction potential of AFA-loaded nanoparticles (Fig. 7a).
Statistically speaking, a 1.21- (p < 0.01), and 1.1- (p < 0.01)
fold reduction in spheroid volumes was observed for AFA-
NP-treated spheroids compared to AFA on day 6 at 1- and
3-μM concentrations respectively. Following prolonged ex-
posure, a 2.14- (p < 0.01), and 2.42- (p < 0.01) fold reduction
in tumor volume was observed for AFA-NP-treated spheroids
compared to plain AFA on day 15 at 1- and 3-μM concentra-
tions respectively (Fig. 7b). Treatment with AFA-NP resulted
in a significant difference in spheroid volumes as compared to
AFA and control-treated groups (control vs. AFA-NP 1 μM:
p < 0.0001; control vs. AFA-NP 3 μM: p < 0.0001). Tumor
growth suppression was continually observed until the end of
the treatment.

In order to mimic physiological conditions inside the hu-
man body following multiple dosages, a multiple-dose treat-
ment was also performed (representative images shown in Fig.
S3a). In this study on day 15th, average volume of untreated
spheroids size was found to be 6.6 ± 1.5 mm3, whereas vol-
umes of AFA-NP treated spheroids was 5.3 ± 4.3 mm3 and
4.0 ± 1.3 mm3 for 1- and 3-μM respectively. Plain AFA-
treated spheroids were found to have volume of 6.1 ±
1.4 mm3 and 6.5 ± 1.1 mm3 for 1- and 3-μM respectively
(Fig. S3b). AFA-NP-treated spheroids exhibited a significant
reduction in tumor volumes compared to both plain AFA
treated and control spheroids on day 15 (AFA 1 μM vs.
AFA-NP 1 μM: p < 0.0001; AFA 3 μM vs. AFA-NP 3 μM:
p < 0.0001; control vs. AFA-NP 1 μM: p < 0.0001; control vs.
AFA-NP 3 μM: p < 0.0001).

From obtained results, it can be clearly stated that AFA
PLGA nanoparticles could significantly (p < 0.05) de-
crease tumor progression following single-dose treatment
after 6 and 15 days of treatment with concentrations (1
and 3 μM) compared to plain AFA. It was also observed
that on multiple-dose treatment, nanoparticle treatment
could significantly (p < 0.05) decrease tumor progression,
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especially after 6 days of treatment with AFA-NP at 1 and
3 μM concentrations in tested A549 NSCLC cell line
compared to plain drug. These data can also provide a
strong evidence for capability of AFA-NPs to efficiently
deliver the drug to spheroid’s/tumor’s core and their po-
tential preclinical/clinical efficacy. To elaborate, dimin-
ished spheroid volumes on treatment with AFA-NP are
indicative of nanoparticles’ ability to reach the solid core
of the spheroid mass. This penetrability of nanoparticles is
of advantage in reaching the tumor core, thus enabling
nanoparticles to exhibit their superior tumor growth inhi-
bition. Once AFA-NPs are internalized into the tumor
cells of 3D spheroids, due to anticancer effects of AFA,

increasing accumulation of non-proliferating cells in the
central regions of the spheroids will take place. This pro-
gressive reduction in proliferating fraction of cells could
be reflected by reduction of tumor volume [89]. Similarly,
Gdowski et al. developed a novel cabazitaxel bone
targeted nanoparticle (NP) system for improved drug de-
livery to the bone tumor [90]. To evaluate its tumor in-
hibitory activity, 3D-spheroid assay was used to compare
cytotoxicity of nanoparticles to free drug. Guo et al. for-
mulated doxorubicin-loaded polymeric nanoparticles
which were evaluated and compared to plain doxorubicin
on three-dimensional tumor spheroids, A549 cells [91].
They reported that when using plain drug, the tumor

Fig. 7 3D-spheroid study: single
dosing regimen: A549 cells were
treated with control, AFA, and
AFA-NP (1, 3 μM). a Images
represent the spheroids on 0, 6,
and 15 days of treatment. Scale
bar for the images represents
400 μM. b Effect of treatment on
growth of tumor in 3D spheroids
of A549 cells. % of spheroid vol-
umes after 6th and 15th day of
treatment were compared be-
tween the treatments. Data repre-
sent mean ± SD (n = 6).
Significance between the groups
was analyzed by one-way
ANOVA and Tukey’s multiple
comparison test. c The graph rep-
resents comparison of red fluo-
rescence intensity (dead cells) of
A549 spheroids through analyz-
ing the fluorescent images by
ImageJ software. d Images were
captured using EVOS-FL fluo-
rescence microscope. Regions
showing green (GFP) indicate
stained live cells and red (RFP) as
stained dead cells. Merge images
indicate overlay of GFP and RFP
regions. Representative images of
n = 6 experiments. Scale bar rep-
resent 500 μM
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spheroids were observed to continue to grow in volume
after 7 days to 128% of the original volume, while with
doxorubicin-loaded PLGA nanoparticles treatment, per-
centage decreased to almost 86% of its original volume.

Live-dead cell assay

As the physiological and 3D tumors represent biological ma-
trices, it is imperative for the drug to penetrate through tu-
mor’s microenvironment, in order to demonstrate its full ther-
apeutic potential. A live-dead cell assay helps us quantify the
alive vs. dead cells, not only on the tumor surface but also in
the core of the solid tumors [46]. As spheroid masses may
consist of well-established outer intact periphery of living
cells, it may also enclose a dead/necrotic cell core.
Therefore, a superficial tumor volume or diameter measure-
ment may not always assist in revealing the accurate effective-
ness of the investigational therapy to kill tumor cells. Hence,
this study was employed to confirm the ability of AFA nano-
particles to penetrate through solid mass of spheroids. Dead
cell portion from treated spheroid mass was quantified
through analyzing fluorescent images using ImageJ software.
From the results, it was found that AFA-NP-treated spheroids
exhibit significantly increased presence of dead cells (red fluo-
rescence) compared to live cells (green fluorescence) in case
of both single (Fig. 7d), as well as multiple dosing (Fig. 8a)
respectively. Red fluorescence intensity comparison on day
15 of single post treatment period revealed the presence of
significantly higher number of dead cells (RFP-AFA-NP

1 μM: 180.4 ± 23.5, AFA-NP 3 μM: 172.6 ± 23.5) in the case
of AFA-NP-treated spheroids compared to both control (100
± 1.37) and plain AFA (AFA 1 μM: 88.82 ± 0.5, AFA 3 μM:
83.18 ± 6.2) treated groups as seen in Figs. 7c and d (AFA
1 μM vs. AFA-NP 1 μM: p < 0.05; AFA 3 μM vs. AFA-NP
3 μM: p < 0.05; control vs. AFA-NP 1 μM: p < 0.05; control
vs. AFA-NP 3 μM: p < 0.05). From the obtained results, it can
be clearly stated that in case of nanoparticle treatment, there
was significant (p < 0.05) increase in RFP (red fluorescent
protein) intensity in case of AFA-NP at both 1 and 3 μM
concentration treatments compared to similar concentrations
of plain AFA. This indicates the ability of AFA-NPs in
reaching spheroid mass core leading to cell death. Therefore,
it can be concluded that drug-loaded nanoparticles facilitate
the entry of drug into deep tumor core, which would be inac-
cessible for plain drug, while the physicochemical properties
of nanoformulations such as small particle size, charge, or
surface modifications are crucial in imparting good penetra-
tion behavior to them [92]. It has also been reported in the
literature that smaller the nanoparticle size, more efficient will
be their transport within the tumor [93]. However, in case of
multiple dosing where spheroids were dosed at regular time
periods, a distinct difference was not observed in red fluores-
cence intensity after AFA and AFA-NP treatments as can be
seen in Fig. 8b. Asmultiple dosing strategy involves repetitive
dosing of respective treatments, it was assumed that higher
concentrations of AFA provide cumulatively higher drug con-
centration of AFA, thus exhibiting similar effect to AFA-NP
in tumor inhibition.

Fig. 8 Live-dead cell assay-
multiple dosing regimen. A549
spheroids treated with multiple
dosing were stained using the
viability/cytotoxicity assay kit to
determine% of live and dead cells
in respective spheroids. a Images
captured using EVOS-FL fluo-
rescence microscope. b The graph
represents comparison of red
fluorescence intensity (dead cells)
of A549 spheroids treated with
multiple dosing through analyz-
ing the fluorescent images by
ImageJ software. Data represent
mean ± SEM (n = 3). Significance
between the groups was analyzed
by one-way ANOVA and
Tukey’s multiple comparison test.
Scale bar represent 500 μM
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Conclusion

In our present study, inhalable afatinib-loaded PLGA nano-
particles were successfully formulated using double emulsion-
solvent evaporationmethod. Efficacy of proposed formulation
in treatment of NSCLC was supported by many in-vitro stud-
ies, through which the AFA-loaded polymeric nanoparticles
were compared to plain drug to order to comparatively assess
its therapeutic efficacy. Our studies also confirmed physical
and chemical stability of formulated nanoparticles in addition
to their qualitative evaluation in intracellular uptake and effi-
cacy in limiting tumor growth in NSCLC cancer cell lines.
This study can provide a reliable platform for development
of AFA-loaded polymeric nanoparticles for further preclinical
and clinical studies. Developed PLGA nanoparticles of
afatinib can exhibit higher residence time and accumulation
in the lungs with improved pharmacokinetic profile. To the
best of our knowledge, this study is one of a kind discussing
the delivery of afatinib in the form of polymeric nanoparticles
for deep lung/site-specific delivery by non-invasive inhala-
tional route, thus overcoming limitations of marketed oral
tablet. For future studies, surface modification of formulated
afatinib polymeric nanoparticles could be assessed for better
targeting and therapeutic efficacy.
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