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Simple Summary: Nanoparticulate systems have been extensively explored for the treatment of
various diseases, including cancers. The outstanding characteristics of nanoparticles have made it
possible to administer them via different routes such as intravenous or inhalation. This flexibility
can improve the delivery of encapsulated drugs to the targeted cells for the treatment of lung-
related diseases and cancers such as non-small cell lung cancers. The effectiveness of a treatment
option needs to be validated in suitable in vitro and/or in vivo models. As the handling of in vivo
models is a challenge, many researchers have turned towards in vitro models that use normal cells or
specific cells from diseased tissues. This review focuses on the currently available nanoparticles for
lung cancers and the type of cellular work that can be conducted to evaluate the effectiveness of a
nanoparticulate system for this cancer type.

Abstract: Lung cancers, the number one cancer killer, can be broadly divided into small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC), with NSCLC being the most commonly
diagnosed type. Anticancer agents for NSCLC suffer from various limitations that can be partly over-
come by the application of nanomedicines. Nanoparticles is a branch within nanomedicine that can
improve the delivery of anticancer drugs, whilst ensuring the stability and sufficient bioavailability
following administration. There are many publications available in the literature exploring different
types of nanoparticles from different materials. The effectiveness of a treatment option needs to
be validated in suitable in vitro and/or in vivo models. This includes the developed nanoparticles,
to prove their safety and efficacy. Many researchers have turned towards in vitro models that use
normal cells or specific cells from diseased tissues. However, in cellular works, the physiological
dynamics that is available in the body could not be mimicked entirely, and hence, there is still possible
development of false positive or false negative results from the in vitro models. This article provides
an overview of NSCLC, the different nanoparticles available to date, and in vitro evaluation of the
nanoparticles. Different types of cells suitable for in vitro study and the important precautions to
limit the development of false results are also extensively discussed.

Keywords: non-small cell lung cancer; drug delivery; nanoparticles; pulmonary; cellular uptake;
permeability; A549 cell line; cytotoxicity; MTT assay

1. Introduction

After breast cancer, lung cancer (LC) is the second most diagnosed cancer in the world,
with over two million new cases in 2020 [1]. However, with 1,796,144 deaths or 18% of
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9,958,133 total cancer deaths, lung cancer appears as the top cancer killer in the world [1].
The chief cause of lung cancer is cigarette smoking, but there are significant geographical
and racial influences on lung cancer cases [2,3]. In general, lung cancer can be categorized
into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). SCLC is a
lethal tumor accounting for approximately 15% of lung cancers, while NSCLC accounts for
about 80–85% of lung cancers.

NSCLC can be further categorized into three types, namely, adenocarcinomas, squa-
mous cell carcinomas and large cell carcinomas. Lung adenocarcinoma occurs in the lung
periphery, usually related to the surface alveolar epithelium or bronchial mucosal glands,
accounting for about half of all lung cancers [4]. Although it develops more often in
smokers, this type of lung cancer is also common among non-smokers [5]. Squamous cell
lung cancer is usually located in the lung’s center and arises in the proximal bronchi. It also
develops in smokers and typically represents around 25% to 30% of NSCLC [6]. In contrast,
large cell carcinoma can appear anywhere in the lung tissue and grows more rapidly than
adenomas or squamous cell lung carcinomas. Although it accounts for approximately 3%
of all lung cancers, the overall survival in patients with large cell carcinoma is significantly
worse than the other subtypes [7].

Current treatment options for NSCLC include surgery, targeted therapy, chemother-
apy, and radiation therapy [3]. Systemic treatments (chemotherapy, targeted therapy, or
immunotherapy) are required for the vast majority of patients (clinical stages Ib–IV) [8].
However, the therapy selection, dosing, and administration are evolving and complex [9]
and beyond the scope of this review. In general, the first-line treatment for NSCLC typically
is platinum-based chemotherapy: cisplatin or carboplatin doublets [10,11]. Platinum-based
chemotherapy has a low therapeutic ratio, with significant toxicities including severe nau-
sea and vomiting, renal toxicity requiring adequate hydration, ototoxicity, and neuropathy.
Cisplatin-containing regimens have also been shown to be more toxic than those without
it [11,12]. Since NSCLC is typified by several gene point mutations and about 70% of
NSCLC patients experience somatic mutations in the exons of the epidermal growth factor
receptor (EGFR) gene [13,14], small-molecule EGFR tyrosine kinase inhibitors (EGFR-TKIs)
such as erlotinib and gefitinib have been included as the second-line treatment for NSCLC.
As compared with the standard chemotherapeutic regimen, EGFR-TKIs significantly im-
prove objective response rate, progression-free survival, and quality of life and show
mild toxicity. In fact, the newest EGFR-TKI, osimertinib, since its approval in April 2018,
has been widely adopted as first-line therapy for patients with advanced EGFR-mutant
NSCLC [15]. This remarkable advance in the use of EGFR-TKIs in the treatment of NSCLC
is currently gaining impact in the area of targeted therapy and precision medicine.

Other treatment options for patients with metastatic NSCLC who progress after
platinum-based chemotherapy (second line and beyond) include pemetrexed and doc-
etaxel [16] as well as anti-program cell death protein-1 (PD-1) inhibitors such as nivolumab,
pembrolizumab and programmed cell death ligand-1, atezolizumab [10]. Pembrolizumab,
in 2017, was approved by US FDA as the first-line treatment for patients with metastatic
NSCLC with high PD-1 expression [10]. Very recently, the FDA also approved the com-
bination of nivolumab and ipilimumab (the cytotoxic T-lymphocyte-associated antigen-4
(CTLA-4) inhibitor) as the first-line treatment for certain patients with metastatic or re-
current NSCLC, with no EGFR or anaplastic lymphoma kinase (ALK) genomic tumor
aberrations [17]. These immune checkpoint inhibitors (ICI) presented a new landmark in
oncology, and they have been shown to be significantly better than the use of docetaxel
in terms of overall survival, progression-free survival, duration of response, and overall
response rate [18]. Although all these drugs are highly effective in treating NSCLC, they
still suffer from several limitations, including toxicity, severe side effects, drug resistance
problems, high dose requirements for efficacy, and high treatment costs. Several approaches
have been explored to overcome these limitations. One promising approach includes the
utilization of nanotechnology for cancer treatment, which has been shown to substantially
reduce the cost, increase the therapeutic efficacy, and reduce systemic toxicity [19].
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Nanomedicine is a nanotechnology branch that employs materials between 5–200 nm,
applied to health and medicine [20]. Within nanomedicine, a nanoparticle drug delivery
system (NDDS) is a potential solution for overcoming the limitations of anti-cancer drugs,
as it can improve the effectiveness of the drugs by increasing the stability and bioavailabil-
ity, improving transport across the biological barriers and disease targeting, prolonging
circulation and blood concentration, reducing enzyme degradation, and reducing the
toxicity and immunogenicity of the drugs [21,22]. Nanoparticles are also advantageous
to augment the accumulation of therapeutic agents in the cancer tissues via an enhanced
permeability and retention (EPR) effect [23–25]. Many types of nanoparticles have been
formulated for the delivery of anti-cancer agents, although only a handful has reached the
clinical stage.

Among the challenges for progress in NDDS is the requirement for thorough physic-
ochemical characterization and evidence of safety and efficacy in the delivery of the
encapsulated drug to cancer cells [26]. Predictive in vitro models of cancer cells or tissues
are required to assess efficacy, absorption, and uptake as well as safety. It is unlikely that
any in vitro model would be sufficient as a final decision point for safety and efficacy, but
a useful in vitro toxicity screening model should be well-characterized and predictive of
in vivo effects with a low incidence of false positives or false negatives [27].

Based on the data available in the literature, NDDS has a high potential for lung deliv-
ery of active pharmaceutical ingredients (API). Due to their nanosize, these nanocarriers
may be capable of effectively traversing the bronchial epithelium barrier and accumulating
in deep lung regions. Herein, we present an overview of the latest nanotechnological
approaches for the delivery of chemo-immunotherapeutic agents against NSCLC. Types of
NDDS, use of cell evaluation, and the rationale behind their applications in permeability
and cell uptake studies as well as toxicity evaluation of the NDDS are also presented
and discussed.

2. NDDS for Chemo- and Immunotherapy against NSCLC

Various nanocarrier platforms are being investigated as the drug delivery systems
for an arsenal treatment of NSCLC. Lipid-based (i.e., liposomes, solid lipid nanoparti-
cles (SLNs) and nanostructured lipid carriers (NLCs)), polymeric-based, and metal-based
nanoparticles are some of the well-studied classes of nanocarriers. They are briefly dis-
cussed in the following subsections.

2.1. Liposomes

Doxil is the first nanoliposome formulation containing doxorubicin approved by the
US FDA in 1995 to treat AIDS-related Kaposis sarcoma [28]. Liposomes are spherical
delivery vehicles consisting of amphiphilic lipid bilayers that can entrap hydrophilic
molecules in the aqueous core and hydrophobic molecules within the lipid bilayers, as
shown in Figure 1a. They resemble the phospholipid bilayer membranes, biocompatible,
weakly immunogenic, and biodegradable, making them an efficient carrier system for
drug delivery [29–31]. Nanoliposomes could also enhance the stability of the incorporated
drugs in vivo, prolong the drug circulation, and readily modify the size and surface to
improve the drug’s therapeutic index [32]. In addition, the EPR effect of radioisotope-
loaded liposomes has been clinically proven in metastatic breast cancer patients using
positron emission tomography (PET) imaging [23,33]. The advantageous pharmacological
properties of liposomal formulations and their clinical applications have been extensively
reviewed by Beltran-Gracia et al. [34]. However, nanoliposomes have a few limitations,
including expensive production costs, poor stability at room temperature due to leakage
of the encapsulated drug during storage, and batch-to-batch variation [35]. Liposomes
have also been reported to induce the upregulation of pro-inflammatory cytokines and
the increase in liver enzymes upon intravenous administration of positively charged lipid
nanoparticles in healthy C57BL/6 mice [36].
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Figure 1. Schematic representation of various nanocarriers experimented for the treatment of
non-small cell lung cancer with their respective particle sizes. (a) Nanoliposomes, (b) solid lipid
nanoparticles, (c) nanostructured lipid carriers, (d) polymeric nanoparticles, (e) dendrimers, (f)
polymeric micelles, (g) gold nanoparticles, and (h) graphene (created using BioRender.com, accessed
on 2 April 2021).

2.2. Solid Lipid Nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) are colloidal nanocarriers developed in the 1990s to
overcome the limitations of emulsions, liposomes, and polymeric systems [37]. SLNs are
made of solid lipid where the drug is either present on the surface or entrapped inside
the solid core (Figure 1b) [38]. They are biocompatible, can withstand minor pressure (i.e.,
nebulization), and are less prone to enzyme degradation than other colloidal systems [39,40].
The system also negates the use of organic solvents, which ease the scale-up for large
production and confer better protection to the entrapped chemotherapeutic agent [41–43].
Unfortunately, similarly to other colloidal systems, the SLNs suffer the drawback of poor
drug loading in which the drug loading is limited by the solubility of the drug in the melted
lipid phase and expulsion of the drug during the storage [38]. An extensive review of SLNs
for drug delivery systems can be found in other publications [44,45].
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2.3. Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carriers (NLCs) are second-generation lipid-based nanoparticles
reported in the mid-1990s to mitigate the drawback associated with SLNs, as mentioned in
Section 2.2 [46]. NLCs are made of solid and liquid lipids in which partially crystallized
nano-sized lipid particles are dispersed in an aqueous phase containing an emulsifier
(Figure 1c) [40]. This loosely packed crystalline system allows the entrapment of drug
molecules, reduces the leakage of a drug during storage, and allows controlled release
of the drug [47–49]. NLCs have also been reported to have favorable distribution in the
organs, including lungs, that could enhance lung cancer as well as other cancer treatment
regimens [24]. Low drug loading capacity due to the crystalline nature of the lipids
and gelation in the dispersed phase due to the solid lipids’ polymorphism are the major
drawbacks of the NLC system [49–51].

2.4. Polymeric Nanoparticles

Polymeric nanoparticles have been extensively researched for NSCLC therapy, with
polymers such as poly-lactic-acid-co-glycolic acid (PLGA), poly-lactic-acid (PLA), chitosan,
and polycaprolactone [52,53]. Polymeric nanoparticles (Figure 1d) offer numerous ad-
vantages for drug delivery including their properties of being able to be manipulated
for controlled and sustained release, easy surface modification, easy nanosizing, readily
cellular uptake, being able to bypass reticuloendothelial clearance, and the ability to encap-
sulate various active molecules (i.e., drugs, peptides, and oligonucleotides), besides being
biocompatible and biodegradable [54,55]. They also have superior storage stability as com-
pared to lipid-based formulations [56]. Though these systems are found to be promising
for integrin-targeted therapy, the large-scale production could be cumbersome due to the
complex processing methodology. Nonetheless, the PLGA nanoparticulate system has been
shown to be non-toxic in various in vitro and in vivo studies, which makes it a promising
polymer to be explored for the treatment of NSCLC [38,57].

2.5. Dendrimers

Dendrimers are a unique class of polymeric nanoparticles first reported in the late
1970s [58]. They are synthetic molecules with repeatedly branched and radially symmetri-
cal three-dimensional structures, as shown in schematic Figure 1e [59]. They consist of a
core with highly repeating units, which are covalently linked to a nucleus, and terminal
chemical structures, which form the surface of the dendrimers [59]. Dendrimers are versa-
tile polymers owing to their predictable molecular weight, nanosize, monodisperse nature,
and suitability for the encapsulation of hydrophobic and hydrophilic chemotherapeutic
agents [60]. Their multifunctional surface also eases surface modification for targeted
delivery. Other than structural defects due to the terminal functional group that cannot
always be reacted stoichiometrically, dendrimer usefulness is hampered by batch-to-batch
variation and expensive production costs [59]. An extensive review of dendrimers as a
drug delivery tool is reported elsewhere [61,62].

2.6. Polymeric Micelles (PMs)

Polymeric micelles (PMs) (10–100 nm) are produced by the self-assembly of copoly-
mers or amphiphilic surfactants in water above its critical micellar concentration (Figure 1f).
PMs consist of a hydrophobic inner core surrounded by a hydrophilic shell structure [63].
Hence, hydrophobic and amphiphilic drugs can be encapsulated in the core to control their
release [64,65]. The hydrophilic shell stabilizes the core and allows the particle to bypass
the reticular endothelial system [64,65]. This, in return, prolongs the particle circulation
in the blood, which could enhance the particle accumulation in the tumor tissues. The
major drawback of PMs is leakage of the encapsulated drug in the blood circulation and
during storage [63,66]. A topical dosage form instead of intravenous administration could
mitigate some of these limitations related to PMs.
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2.7. Metal-Based Nanoparticles

Various classes of metal-based nanoparticles such as gold (Figure 1g), silver, carbon
nanotubes, and quantum dots have been investigated as drug delivery tools in NSCLC
therapy. The exponential growth in metal-based nanoparticles’ research is primarily due
to their acceptable biocompatibility and ease of size manipulation and surface modifica-
tion. Their visible light extinction properties have made them suitable for intracellular
tracking [65].

Graphene (Figure 1h), a carbon monolayer arranged in a hexagonal honeycomb lattice,
is also gaining significant attention owing to its superior drug loading capacity consisting
of pi–pi stacking between the graphene sheet [67]. Nonetheless, there is still a lack of
comprehensive understanding of the physicochemical property of graphene to maximize
its usage in drug delivery systems [68]. Hoseini-Ghahfarokhi et al. provided a detailed
review on the application of graphene as a drug delivery platform [69].

3. Routes of Administration of NDDS for NSCLC

Delivering NDDS for lung-related diseases has been challenging, but it holds signifi-
cant potential. Numerous efforts have been reported in the literature to determine the best
approach, route, material, and technique to achieve the desired therapeutic outcomes. In
general, lung targeted delivery may be achieved through localized (inhalation) or systemic
(intravenous) administration. Systemic administration has been the method of choice to
ease delivery, but it causes several drawbacks such as sub-optimal concentration of drug at
the site of lung cancer and toxicities on healthy cells [70].

Localized delivery is nevertheless a preferable approach as it lowers the occurrences
of adverse reactions that may happen due to systemic distribution. The inhalation route of
administration is not only useful for its local effect, but may also contribute to the systemic
efficacy of drugs as they may also accumulate in the lymphatic circulation following
administration [71]. As NDDS can reduce the biotoxicities of drugs through encapsulation,
in vivo studies have shown the ability of pulmonary-administered NDDS to reduce the
systemic toxicities of drugs, such as doxorubicin [72,73] and cisplatin [74]. The EPR effect
may not be applicable in the pulmonary delivery of NDDS. However, the passive targeting
method does play a role, besides the function of endocytosis that increases the likelihood
of drug accumulation in cancer cells. Researchers have also investigated an active targeting
method in lung delivery of NDDS. Tseng et al. reported that bEGF-decorated NDDS
was internalized by EGFR-expressed tumor efficiently and a high dose of cisplatin was
successfully achieved in the cancerous lung cells in animal models [75].

There are specific challenges that need to be considered to ensure an efficient pul-
monary delivery of NDDS. The structure of the respiratory system and lung clearance
mechanism may complicate the effort to ensure a sufficient amount of drug-encapsulated
NDDS are accumulated at the cancer site [76–78]. The size of NDDS is of concern, as parti-
cles in the nanometer range are usually expelled during normal breathing. This reduces the
possibility of NDDS retention in the lung. In addition, the design of nanoparticles should
be made precisely to allow the deposition and release of the encapsulated drugs on cancer
cells, whilst minimizing the exposure towards healthy cells. This will reduce the risk of
toxicities whilst improving the treatment efficacy. Several approaches have been explored,
as reported in the literature, such as pH-triggered release of drugs from NDDS [79], that
will ensure the release of encapsulated drugs in a low-pH environment, which is commonly
associated with the microenvironment of the surrounding cancer cells. Understanding the
microenvironment is hence very important as a guide to designing a suitable NDDS for
cancer targeting, in this case for lung cancer through pulmonary administration.

4. Cellular Evaluation of Drug Delivery System for Lung Cancer

Emerging evidence has highlighted the usefulness of nanoparticles as drug carriers,
especially in cancer targeting, due to their ability to deliver various drugs with diverse char-
acteristics in nature. However, it remains a challenge to choose the most suitable approach



Cancers 2021, 13, 3539 7 of 26

to closely characterize and evaluate the efficacy and safety profiles of nanomedicines in
conditions that closely reflect the physiological complexity. It should be noted that the
findings from preclinical studies may not represent the actual clinical outcomes of the de-
veloped nanomedicines. Herein, the cellular evaluation of nanomedicines against NSCLC
lung cancer cells is reviewed based on the available data in the literature. Different types
of cell lines have been reported as models to aid in the understanding of nanoformulation
activity and effectiveness at the cellular level. This section will describe in detail the type
of cell lines and the suitability of the cells to give the information needed in the evaluation
of nanoformulations.

4.1. Lung Cancer Cell Lines

Since the 1970s, over 200 lung cancer cell lines encompassing many of the different
histological subtypes of the disease have been established. Despite the fact that they
have been established many years ago, they often retain characteristics of the original
tumor they were derived from [80]. The number of individual lung cancer cell lines is
almost the largest amongst epithelial cancer cell types, and 20% of cancer cell lines in
the Sanger database are of lung cancer origin [81]. The selection of a suitable cell line
to evaluate a specific aim of the developed nanocarrier is essential and overlooking this
point might lead to a variety of misinterpreted data. This situation may arise due to some
complications such as possible selection of minor tumor subpopulations that do not have
the characteristics of the original population; possible acceleration of genomic instability;
the absence of stromal, immune, and inflammatory cells; and the vascularization of, as
well as the difficulty of evaluating, metastatic potential [82]. On the other hand, the proper
selection of a cell line with the appropriate preparation can give the benefits of the cells’
limitless replicative ability, availability of in vivo and in vitro tests for the evaluation of
invasiveness and tumorigenicity, possible identification of specific genetic, epigenetic and
cytogenetic changes, the ability to determine specific environmental conditions for optimal
growth, and the development of models to study multistage pathogenesis [83].

4.1.1. Epithelial Cell Culture

Epithelial lung cells are valuable tools for the study of multi-stage lung cancer patho-
genesis. For research, two types of culture models are available, namely primary cultured
cells and immortalized cell lines.

Primary Cell-Based Models

Generally, primary cell cultures retain the morphological and biochemical characteris-
tics of the tumor from which they were originally derived [84]. The primary cell culture
highly represents the native epithelia, as they are isolated directly from the tissue, thus
having more similarity in the cell characteristics. However, in the case of lung cancer cells,
this cell culture is more difficult to obtain due to the lack of availability of normal human
airway tissue; additionally, it is time-consuming to maintain [85]. Its reduced lifespan,
higher cost, and low reproducibility make it less preferred as a permeation model com-
pared to immortalized cell lines. Highly differentiated primary cell lines are commercially
available in the form of human 3D in vitro respiratory tissue models such as EpiAirwayTM
(MatTek Corporation, Ashland, MA, USA) and MucilAirTM (Epithelix SAS, Archamps,
France). Both cell models are cultured to form multi-layered, well-differentiated models
that closely resemble the respiratory tracts’ epithelial tissues. Results have shown that
primary lung cancer cell culture is possible to be obtained from percutaneous puncture,
providing a significant biological source to assess and investigate lung cancer’s molecular
mechanisms [84]. Furthermore, primary cultures preserve cancer cells with stem-like phe-
notypes, an advantage not always offered by cell lines. Thus, this ex vivo system represents
an important cancer research tool, but samples require correct manipulation to maximize
their translational value. The use of these cells, however, requires ethics approval and is
dependent on the availability of surgical material [86].
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Primary cell immortalization can be performed using in vivo models, usually of mice.
The microenvironment of living tissue promotes cancer cells’ growth, mainly due to the
high number of epithelial components and the subsequent crosstalk of the tumor [87]. The
combination of 3D technologies and primary cultures represents one of the in vitro models
that comes closest to reproducing the tumor’s actual pathophysiological features [88]
in terms of gene expression profiles, cellular signaling pathways, and the cell–cell and
cell–extracellular matrix interactions [89].

Immortalized Cells-Based Models

In vitro cultures of immortalized cell lines isolated from tumors have been used as
model systems in cancer for at least 65 years [90]. Understanding drug transport mecha-
nisms in the human lung is a crucial issue in pulmonary drug discovery and development.
For this purpose, there is an increasing interest in immortalized lung cell lines as alter-
natives to primary cultured lung cells, along with the need to provide a comprehensive
quantification of protein expressions in immortalized lung cell lines [91]. Many cancer
cells isolated from tumors are immortal in culture and are simple to maintain and not
limited to passages [92]. Although these types of cells are often associated with a loss of
ability to differentiate and showing less similarity in the biochemical characteristics of the
original tissue, they have often been used as a model in the permeation study, as they are
more reproducible and homogenous, easier to obtain and maintain, and relatively cheaper
compared to primary cells [93]. Several types of cell lines that were transformed or derived
from lung tumors are being used to develop models of epithelial barriers of the respiratory
tract (Table 1).

Table 1. Examples of cell culture models used to simulate epithelial barriers of the respiratory
tract [85,94].

Cell Types Cell Line Description

Bronchial
16HBE14o-

Human bronchial epithelial cell line (postcrisis
large simian virus 40 large T-antigen

transformed epithelial cell line).

BEAS-2B
Human bronchial epithelial cell line

(immortalized using adenovirus 12-simian virus
40 hybrid virus).

Calu-3
Human sub-bronchial gland cell line (derived

from a bronchial adenocarcinoma of a
25-year-old Caucasian man).

Alveolar
A549 Human alveolar lung adenocarcinoma cell line

hAELVi Primary alveolar epithelial cells (derived from
human lung after surgery).

Immortalized cell-based models can be composed of solely immortalized cells of two
primary pulmonary cell types, namely bronchial and alveolar cell lines. The commonly
used bronchial cell lines include Calu-3. This cell line can be cultured under different
conditions, namely air–liquid and liquid–liquid interfaces, resulting in the formation of
tight epithelia in both cell cultures [95]. However, appropriate culture conditions are
imperative in the development of the epithelial cell model as the air–liquid interface was
shown to promote proper cell differentiation and caused an increase in the expression of
drug transporters, while the liquid–liquid interface caused an increase in the transepithelial
electrical resistance (TEER). Furthermore, conditionally immortal cell lines derived from
C57/BL6 mice might serve as an excellent illustrative example of an appropriate model
system for cancer prevention studies [92].

The Calu-3 cell line can be used to assess formulation transportation in the lung
epithelial cell such as in the evaluation of intracellular uptake and transport capability of a
liposomal powder formulation loaded with ciprofloxacin and colistin. A study showed
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that the co-loaded liposomes resulted in a lower transport capability of both drugs across
the Calu-3 cell monolayer, resulting in an accumulation in the cell. Since the treatment
was aimed at respiratory tract infections, drug retention in the cells is expected to be
beneficial [96].

In utilizing alveolar cell lines, the human lung alveolar adenocarcinoma cell line (A549)
was often used as a model as it mimics the morphological and biochemical properties
of human lung cells and secretes surfactant protein [97]. Monolayers of these cells were
developed on cell culture inserts and used as lung barrier models to predict the inhalational
toxicity of nanoparticles towards the lung. However, this cell line is unsuitable for drug
permeability experiments due to its lack of functional tight junctions. The intrinsic prop-
erties limit its function as an effective in vitro model; thus, co-cultures of these cell lines
with other types of cell lines are often made to strengthen the model. Though monoculture
models are very convenient due to their simplicity, lack of interaction, and co-operative
function between different cell types, they may not portray the lung’s real condition. Most
of the time, the complementary cells are from the immune or vascular systems or support
cells. In one study, co-culture of the A549 cell with macrophages was performed to evaluate
the role of immune cells in ZnO nanoparticles’ internalization [98].

Co-culture of the A549 cell line with two different types of cells to create a more
complex system resembling the human airways was reported in a study by Wang and co-
workers [97]. The A549 cells were cultured with human differentiated monocytes (THP-1)
and human umbilical vein endothelial cells (EA. hy926) in an air–liquid interface in vitro
exposure system. The co-culture model was arranged so that the architecture mimics
the anatomy of the alveolar region, with the endothelial cells on the basal side of the
transwell and epithelial cells and macrophages on the apical side of the transwell. This
model has shown to form an enhanced tight junction, improving the atypical tight junction
associated with the monoculture model of the A549 cells. Enhanced biological responses
towards airborne engineered nanomaterials (ENMs) were also achieved, reflecting an ROS
production pattern closely related to human bronchial epithelial cells (HBECs) [97].

The monolayers of the single- or co-cultured cell lines can be grown under different
conditions, namely liquid–liquid interface (LLI) and air–liquid interface (ALI) conditions.
The former is a conventional method to evaluate nanoparticles’ dissolution rate but may
not be suitable for assessing nanoparticles intended for inhalation purposes due to the
extremely thin aqueous layers in the lungs [94]. Different culture conditions may also
influence the properties of the cultured monolayers. For instance, a monolayer formed
using Calu-3 cells was able to produce a mucus layer when cultivated under the ALI condi-
tion, providing a more similar model to the in vivo condition of the bronchial epithelium,
compared to cells cultured in LLI condition [99].

4.2. Assays Used in Lung Cancer Drug Delivery
4.2.1. Cytotoxicity Assays

Cell-based in vitro assays are routinely used to determine direct cytotoxic or antipro-
liferative effects of test substances on various cell lines. These assays have been used in the
characterization of nanoformulations for NSCLC treatment including liposomes [100,101],
solid lipid nanoparticles [102,103], polymeric nanoparticles [104,105], and metal-based
nanoparticles [106]. The current antiproliferative assay principles are based on cellular
enzyme activity, cellular ATP levels, protein or DNA interaction, and membrane integrity,
which are known characteristics of viable and non-viable cells [107]. The use of these
assays has been rapidly increasing over the years due to their rapid, economical, and
large sample testing capacity, besides eliminating the need for animal studies. In the case
of nanomaterial safety assessments, these in vitro assays are crucial for discriminating
between safe and hazardous nanoparticles and investigating the specific mechanism path-
ways of internalization and uptake mechanisms and causes of cell death. On the other
hand, investigations of the enhanced cytotoxic properties of nanoparticle drug delivery
systems loaded with known anticancer agents would entail a careful selection of assay and
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cautious interpretation of the obtained results. As such, mechanism-based cytotoxicity
assays may also be carried out in conjunction with the standard assays.

A number of antiproliferative assays with different principles have been developed
for the cytotoxicity screening of nanomaterials, as shown in Table 2. However, there is
a need for careful consideration of the type of nanomaterials, size, and surface modifica-
tions to minimize any possible interaction with the assay components. The classification
of these assays is usually based on the endpoint measurements used in the detection
methods. The tetrazolium salt-based assay is one of the most commonly used assays for
cell viability and proliferation screening [108]. The tetrazolium salt includes MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), XTT (sodium 2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide), and WST-1 (4-(3-(4-
iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio)-1,3-benzene disulfonate). The reduction
of tetrazolium salt to formazan product is facilitated by dehydrogenases localized in the
mitochondria of viable cells [109]. The main difference between MTT and the other assays
is that MTT reduction occurred intracellularly, and solubilization is required to measure
formazan absorbance. On the other hand, MTS, XTT, and WST-1 are water-soluble, neg-
atively charged, and do not readily penetrate cells. These substrates are typically used
with an intermediate electron acceptor that can transfer electrons from the cytoplasm or
plasma membrane to facilitate the reduction of the tetrazolium into soluble formazan, thus
eliminating the need for the solubilization step [110].

Table 2. Different cytotoxicity assays for the evaluation of nanoparticles.

Assays Method of
Detection Description Interaction with Nanoparticles

Tetrazolium based
substrates: MTT, MTS,

XTT, WST-1 assays
Colorimetric

NAD(P)H-dependent oxidoreductase or
dehydrogenases in viable cells can reduce

tetrazolium salt into purple-colored (MTT/MTS),
orange-colored (XTT), or orange to purple
(WST-1) formazan, which requires either

solubilization/non-solubilization process prior
to spectrophotometric analysis [111].

Carbon nanotubes (MTT) [112]
Carbon black (MTT) [113]

Mn (WST-1) [114]
Mg (Tetrazolium salt)
Polyhedral oligomeric

Silsesquioxane (MTT) [115]
Au (MTT) [116]

CdSe (MTS) [117]
helical rosette nanotubes (RNT)

(MTS) [118]
Sulforhodamine B

(SRB) assay
Colorimetric SRB binds stoichiometrically to proteins under

mild acidic conditions and can be extracted using
basic conditions; thus, the amount of bound dye

can be used as a proxy for cell mass [119].

Au or other metals [120]

Fluorometric
Alamar blue assay

(resazurin)
Colorimetric Metabolic activity of cells converts soluble

resazurin dye into fluorescent resorufin with
fluorescence emission [121].

CdSe [112]

Fluorometric TiO2 [112]
Adenosine

triphosphate (ATP)
assay

Colorimetric ATP present in viable cells will react with
luciferin in the presence of luciferase, producing

luminescence as the end product [122].

Au [123]
Silica [124]

Fluorometric
Luminometric

Lactate dehydrogenase
(LDH) leakage assay

Colorimetric Monitoring the release of lactate dehydrogenase
from compromised cells [125].

Au, Cu, Ag, TiO2, ZnO [116,126]
Fluorometric Carbon nanotubes [112]

Trypan blue exclusion
assay Microscopy Dye uptake in cells with compromised cell

membrane [127].
Real time assay(Glo™

reagents) Bioluminometric Real time monitoring of viable cells based on
luciferase–substrate reaction [128].

MTT assay was first described by Mosmann [111] and subsequently improved by
several other investigators [129–131]. MTT is a sensitive and reliable substrate indicator of
cellular metabolic activity and is preferred over the other methods measuring this endpoint,
such as the ATP and 3H-thymidine incorporation assay [132]. The substrate is briefly added



Cancers 2021, 13, 3539 11 of 26

to cells in culture, usually at a final concentration of 0.2–0.5 mg/mL and incubated for 1
to 4 h. The MTT assay measures the growth rate of cells by virtue of a linear relationship
between cell activity and absorbance [108].

It is worthwhile to note that MTT reduction is readily affected by metabolic and other
factors such as the composition of cell medium, which may, in turn, substantially affect the
quantitation of cell viability [131]. MTT formazan formation varies significantly among
cell lines in both the kinetics of its formation and the degree of saturability exhibited [131].
Additionally, metabolism and exocytosis of MTT are found to activate apoptosis-related
factors such as caspase-3 and caspase-8 or accelerate the leakage of cell contents after
the appearance of MTT formazan crystals, causing cell damage [133]. The addition of
exogenous compounds with reduction properties can interfere with the tetrazolium-based
assays and produce false-positive results. Chemicals such as ascorbic acid, dithiothreitol,
mercaptoethanol, L-cysteine, and other bioactive compounds can also reduce tetrazolium
salts non-enzymatically and lead to increased absorbance values detected in the assay
wells [134–138]. Hence, in the evaluation of nanoformulation cytotoxicity in NSCLC cell
lines, nanoparticles containing active ingredients with reducing and antioxidant abilities
may be likely to interfere with the results.

XTT, including MTS and WST-1, also presents several problems associated with high-
flux drug screening, including the inability of many cell lines to metabolize the tetrazolium
in the absence of an added electron transfer reagent such a phenazine methosulfate [139].
However, MTS is more soluble and nontoxic than XTT, which allows cells to be used for
further evaluation [140]. The downside with MTS solubility is that it may be susceptible
to colorimetric interference since the reaction is carried out in a one-step manner in the
presence of traces of colored test compounds. This limitation may also apply to nanopar-
ticles loaded with colored compounds. Since the net negative charge of these soluble
tetrazolium salts prevents their intracellular uptake and facilitates extracellular reduction,
nanoparticles interfering with the cell membrane may also affect their reduction. The
electron transport process may be compromised, giving false-negative results. Hence, in
such cases, a positively charged tetrazolium salt such as MTT may be desirable and provide
a more reliable evaluation of cytotoxicity [132].

The WST-1 substrate offers several advantages over MTT and XTT, including water-
solubility and greater stability and sensitivity [141]. However, a recent study has high-
lighted misleading cell viability results with WST-1 [114]. Apparently, endothelial cells
exposed to Mn particles (Mn alone or Fe–Mn alloy from 50 to 1600 µg/mL) were severely
damaged based on WST-1 assay, but not the ATP content assay. Further investigations
revealed that Mn particles interfere with the reduction of the WST-1 to formazan, possibly
via direct binding, giving false cytotoxicity results [114]. Hence, WST-1 assay or perhaps
other tetrazolium salt-based assays may not be suitable to evaluate the in vitro cytotoxicity
of Mn-containing materials.

Several studies have highlighted misleading cell viability results when using tetra-
zolium salts to evaluate cell viability following treatment with nanomaterials. Wörle-
Knirsch and co-workers have demonstrated that single-walled carbon nanotubes bind to
MTT-formazan crystals, producing false cytotoxicity results [142]. Data from A549 cells
incubated with carbon nanotubes produced a significant cytotoxic effect when using MTT
assay after 24 h, whereas the same treatment detected with WST-1, LDH, FACS-assisted
mitochondrial membrane potential determination, and Annexin-V/PI staining revealed
no cytotoxicity. The carbon nanotubes appear to interact with some tetrazolium salts such
as MTT but not with others (such as WST-1, INT, XTT) [142]. Nanomaterials made from
carbon black alone could interact with MTT dye and cause false cytotoxicity results [143].
Corroded Mg is found to convert tetrazolium salts to formazan, leading to a higher back-
ground and falsifying the results of cell viability, indicating that tetrazolium-based assays
are not a useful tool to evaluate the cytotoxicity of Mg-based nanoparticles in static in vitro
assays [143]. In another study, MTT is a potential confounder in nanoparticle toxicity
testing for trisilanol phenyl and trisilanol isooctyl polyhedral oligomeric silsesquioxane
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particles [144]. In addition, cadmium selenium (CdSe 100) nanoparticles and helical rosette
nanotubes (RNT 100) are found to interfere with the MTS assay [118]. When negatively
charged CdSe were added to the MTS assay, a significant over-estimation of cells was
observed [118]. An important consideration of these toxicity test systems is that they rely
on absorbance, fluorescence, or luminescence changes of the final product. Hence, certain
nanoparticles made from metals such as gold (Au) may absorb light in the visible region
(~520 nm) and interfere with the endpoint measurements [145].

The measurement of ATP in cytotoxicity testing is based on the luciferin–luciferase
bioluminescent reaction, which requires luciferase enzyme, luciferin and ATP, magnesium
(or other divalent cations), and oxygen. ATP concentration declines rapidly when cells un-
dergo cell death; hence, ATP levels are a reliable indicator of cytotoxicity effects [122]. ATP
in the viable cells will react with luciferin in the presence of luciferase and form luciferyl
adenylate, which is then oxidized to oxyluciferin and produces luminescence. The emitted
light is quantified with a luminescent reader, whereby the measured luminescence signal is
directly proportional to the amount of ATP and representative of the live cells present in
the sample [146]. Generally, the ATP assay is rapid, sensitive, and less prone to artifacts
compared to other viability assays. An ATP-based luminescent viability assay combined
with microscopic imaging is also found to be a more reliable screening tool as compared
with measuring the therapeutic effect in glioma cell lines and glioma stem-like cells [147].
However, certain nanoparticles may affect the assay, for example, silica nanoparticles are
found to interfere with ATP bioluminescence, producing low ATP measurement, which
can be mistakenly assessed as a result of significant inhibition [146].

The LDH assay principle is typically based on cell membrane integrity and monitoring
the release of lactate dehydrogenase from compromised cells [125]. LDH assay endpoints
can be either colorimetric or fluorometric. Experimentally, LDH activity typically involves
a coupled enzymatic reaction, where LDH oxidizes lactate to pyruvate, which subsequently
reacts with iodonitrotetrazolium chloride (INT) to form formazan, which can be measured
at 490 nm [148,149]. The amount of formazan is directly correlated with the amount of
LDH release and cell death. Generally, the LDH release assay is reliable, rapid, and straight-
forward [149]. However, the application of drugs or compounds intended to trigger LDH
release requires careful optimization to achieve a sufficient window to quantify cytoprotec-
tion without confounding the assay by differences in cell proliferation [148]. Furthermore,
LDH may be taken back into the cells or metabolized after prolonged insults. Additionally,
copper (Cu-40) and silver (Ag-35) nanoparticles are found to interfere with the LDH assay
by inactivating LDH [150,151]. Similarly, titanium dioxide (TiO2-25) nanoparticles are
also capable of adsorbing LDH molecules, affecting the LDH assay [152]. ZnO interacts
with LDH, resulting in less accurate cytotoxic measurements [151]. Adsorption of LDH on
the carbon nanotube surfaces has also contributed to the interferences in the LDH assay
results [153].

The trypan blue exclusion assay principle is similar to the LDH assay, except that the
trypan blue assay involved microscopy examination of cells. This simple assay requires the
use of a hemocytometer and the calculation of cells stained with the blue dye indicating
dead cells. [127]. Hence, trypan blue is negatively charged and will not be taken up by
cells with an intact cell membrane. Although this assay may be useful for daily laboratory
routines, it requires the harvesting of cells by trypsin, making it inconvenient for high
throughput or multiple assay screenings [154]. Thus, the trypan blue exclusion method is
usually not robust enough to determine cytotoxic properties of the test substances, includ-
ing nanoparticles. A preliminary determination of possible enhancement of cytotoxicity
activities of experimental nanoparticles loaded with anticancer agents is indispensable
and very useful. However, as mentioned above, some of these assay components may
not be desirable for certain nanomaterials because of dye–nanoparticle interactions. Addi-
tionally, most assays destroy the cells at the end of the experiment and are incompatible
with the kinetic or real-time analyses of compound toxicity, which are both dose- and
time-dependent [128].
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A recent innovative strategy to measure cell viability in real time was developed to
overcome such limitations. The bioluminescent assay is based on the cellular capacity to
reduce a luciferase prosubstrate to a form that is then rapidly utilized by the luciferase
enzyme present in the assay [128]. Since the reduced probe is rapidly utilized by luciferase,
it does not accumulate. Hence, a steady-state signal is maintained, which correlates to the
number of viable cells present at a given time. The clear advantage of this assay is that the
reagents are nontoxic to cells and the turnover of the prosubstrate is slow; thus, continuous
reads can be obtained over an extended period (72 h) [128]. This nonlytic homogeneous
bioluminescent assay also provides rapid, high-throughput, and extensive multiplexing
capability. However, since the assay involves luminescence, there is still a risk of possible
interaction with nanomaterials, and more studies are certainly needed to prove this point.

In nanoparticle-based drug delivery system, parameters such as the nanoparticle size,
concentration, coating, use of GRAS excipients, agglomeration, surface corona, charge, and
hydrophobicity/hydrophilicity significantly affect the biological responses at the cellular
level [155]. Thus, optimizing these parameters and ensuring the robustness of the assay
are essential for compatible physiological results. Furthermore, other factors such as drug
concentration, time of exposure to the drug, length of the assay, and cell density could also
be considered limitations if not properly optimized before conducting the assay [156].

Cytotoxicity assays are crucial preliminary assays to determine the safety profile of
nanoparticles using cell lines. In fact, the EU NanoSafety Cluster group has suggested
that at least four methods of determining cytotoxicity should be used in order to obtain a
reliable safety profile for novel nanomaterials [157]. As in the case of nanoparticles loaded
with anticancer agents, these basic assays are important to gauge possible enhancement
or improvement of cytotoxicity or antitumor activities of studied anticancer compounds
formulated as nanoparticles. However, it is important to note that the ultimate endpoints
of these assays are dead cells and hence are usually not comprehensive enough to char-
acterize the mode of cell death. Some of the more useful assays that may complement
the basic antiproliferation assays in anticancer drug screening include the TdT dUTP nick
end labeling (TUNEL) assay, which specifically detects fragmented DNA, a feature of
both programmed necrosis and apoptosis; the Comet assay, which uses single-cell gel
electrophoresis to detect DNA strand breaks; the apostain-based assay, which detects chro-
matin changes; the ROS production; the annexin V-FITC staining using a flow cytometry;
and other assays that monitor changes in the gene or protein expression in cells, includ-
ing reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR)-, microarray-,
and PCR-array-based assays. These assays are often used in the evaluation of anticancer
drug-loaded nanoparticles against lung cancer cell lines such as A549 and H1299 [158–161].

4.2.2. Permeability and In Vitro Cellular Uptake Assay

Indeed, the barriers involved in the administration route must be fully understood
to ensure optimal delivery of the drugs to the cancerous site. In vitro techniques are im-
perative to assess the fate of the formulated drug in the lung including binding, transport,
uptake, metabolism, and any toxicity related to pulmonary route administration. Partic-
ularly, in vitro models for predicting the permeability of drugs or nanoparticles would
offer several advantages compared to the in vivo studies, as the former offer simplicity
and reproducibility, are less expensive, and do not require ethical considerations [162].
The in vitro model also allows the manipulation of specific cellular pathways to provide
insight for a better understanding of in vivo systems. The safety and efficacy of therapeutic
compounds or formulations can be assessed based on the permeability and absorption
mechanism derived from in vitro experiments [94]. In lung tissues, permeability through
the pulmonary epithelium will determine the extent of nanoparticle distribution in the
body, whether they remain in the lung or are redistributed through the systemic circulation.
If the formulation is intended for local delivery, low permeation through the epithelium is
desirable to increase the nanoparticles’ concentration in lung tissues, allowing the drug to
exert its therapeutic effect locally. In contrast, high permeation through the lung epithelium
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is advantageous if the formulation is intended for systemic delivery [93]. The permeation
profile depends on a drug or nanoparticle’s physicochemical properties, such that hy-
drophilic molecules cross the epithelial membrane via paracellular and carrier-mediated
pathways while lipophilic molecules cross the membrane via the transcellular pathway
(Figure 2) [93,162].
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Vesicular transcytosis happens in the presence of caveolae (in pulmonary endothelial
cells and alveolar type I epithelial cells) and clathrin-coated pits (in alveolar type I and
type II cells) [163]. The vesicular transportation is size-dependent, with particles <200 nm
being internalized by the clathrin-coated pits while internalization of bigger particles
(200–1000 nm) relies on the caveolae-mediated endocytosis [164]. The presence of efflux
transporters in the pulmonary epithelium may alter the residence time and absorption
rate of certain drugs, which could be favorable for locally acting delivery systems. There
are three major in vitro models established to resemble the epithelial biological barriers
of the human lung. The models can be ranked according to their decreasing complexity
as follows: isolated perfused organ > isolated tissue > epithelial cell culture. Owing to
its complexity, the isolated perfused organ model has the most closeness to the in vivo
conditions of the human lung [85].

In vitro and in vivo studies suggest that active targeting nanoparticles will increase
selectivity in the cellular uptake and/or cytotoxicity over the conventional chemothera-
peutic drugs and non-targeted nanoparticle platform, particularly enhancing drug efficacy
and safety [165]. Ligand selection on the nanoparticles’ surface plays a critical role in
their cellular uptake [166]. Moreover, particles’ cellular uptake is a particle-size-dependent
phenomenon and has been shown to increase with decreasing particle size [71]. Thus, it is
imperative to visualize or quantify the number of nanoparticles taken up by the targeted
or untargeted cells to determine their efficiency and safety, respectively. The method of
choice, mainly spectroscopic and imaging methods, highly depends on the characteris-
tics of the particles including the surface characteristics, size, shape, and spectroscopic
properties (e.g., fluorescence and scattering) [167]. Several imaging techniques have been
applied to visualize the uptake of nanoparticles in the NSCLC cell lines including the
confocal fluorescence microscopy [168–170], transmission electron microscopy [168], and
flow cytometry [171]. The former is a commonly used technique based on qualitative
determination using fluorescence-based nanoparticles. The fluorescence signals from the
nanoparticles could be derived from an intrinsic property of the loaded drug (e.g., doxoru-
bicin) [169] or fluorescence tags (e.g., fluorescein isothiocyanate) [168]. Nonetheless, the
fluorescence tags may affect the uptake processes and may cause bleaching of fluorophores,
quenching, and induction of phototoxic reaction [172].

For a better understanding of the uptake process, quantification of the nanoparticles
in the cells would be valuable. However, the small particle size and low mass of the
delivery system limit the sensitivity and resolution of certain techniques. Inductively
coupled plasma (ICP)-based spectroscopic techniques have been used in the quantification
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of the nanoparticle uptake in the NSCLC cell lines including ICP-mass spectrometry (ICP-
MS) [173,174] as well as ICP-optical emission spectroscopy (ICP-OES) [175]. Although
these techniques have a very sensitive detection range (ppt to ppm), they could only
determine the nanoparticle mass in a cell population, not in a single cell. Nonetheless, the
nanoparticle uptake of a single cell can be extrapolated by determining the cell number in
one population during the cell culture assay [167].

4.2.3. Permeability Assays
Isolated Tissue Model

Animal models have been used in the evaluation of toxicological, allergic, pro-
inflammatory, and immunological properties of pharmaceutical products or formulations
in pre-clinical studies. However, utilization of ex vivo human systems has gained increas-
ing attention for high-throughput screening of potential toxicological and allergic reactions
of the lung towards pharmaceutical formulations, as they can overcome some limitations
related to the animal models, including high cost and time spent. One of the most common
tissue models is precision-cut lung slices (PCLS), which can be cultured from the explanted
healthy or diseased lung of human or animal models, with a more mechanistic resemblance
to multiple regions of the lung [176]. This model is more comprehensive for assessing
local responses such that they maintain the structural integrity of the tissue and its cell
populations while reflecting the extracellular matrix associated with the disease. The model
is created by cutting the lung tissue using microtomes or tissue slicers with enhanced pre-
cision and reproducible thickness, hence the technique being named precision-cut tissue
slices [177].

Placke and Fisher in 1987 had successfully developed a method to obtain PCLS, which
previously imposed a technical challenge for soft tissues such as lungs [178]. The method
involves the infusion of heated liquid agarose into the airways of hamster and rat lungs.
The solution, which was solidified at 4 ◦C, helps to maintain the inflated states of the
lung, thus preventing the collapse of airways and alveoli during the slicing process. The
PCLS are then maintained ex vivo in multi-well plates containing the culture medium,
which are optimized to allow the viability of the tissue without compromising its cytotoxic,
inflammatory, and immune responses against selected stimuli. Generally, PCLS can survive
for a period of up to 7 days [179]. However, the cultivation period can be prolonged for up
to ~14 days [180–182] or even 21 days [183] when cultured in appropriate media systems.
Longer cultivation of PCLS is essential for chronic exposure experiments.

PCLS has been used to assess the toxicity and efficacy of biological agents or materials
to the respiratory tract [184,185], including the siRNA-mediated RNA interference [186]
and inhalable influenza vaccine [187]. It has a greater advantage over the cell line assay
as it represents the actual condition of the lung, especially in disease conditions. In a
study, PCLS prepared from bleomycin-treated mice was used as an ex vivo idiopathic
pulmonary fibrosis model [188]. The model was used to evaluate compounds (i.e., ALK
inhibitor SB525334 and nintedanib) that are used in the treatment of the disease, and it
was shown to have an increased expression of fibrosis-related genes that are similar to
the in vivo bleomycin model. In the application of lung cancer, a tissue slice model was
prepared from isolated human tumor tissue slices and primary lung cancer cells from
NSCLC patients [189]. The model was used to evaluate chitosan-coated poly(lactide-co-
glycolide) nanoparticles containing an oligonucleotide, allowing the assessment of the
nanoparticle penetration into the tumor tissues and its efficacy in inhibiting telomerase
activity in the original condition of the solid tumor. Further, potential interactions between
different cell types in the lung tissue may be better simulated in the PCLS model. In a
toxicity evaluation of solid lipid nanoparticles’ formulation [190], a difference in the level of
toxicity was exhibited in the PCLS when compared to the A549 cell line. Lower cytotoxicity
in the PCLS was possibly due to the potential interactions between the different cell types
present and their susceptibility to chemical stimuli in the PCLS model.
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Cell Line-Based Permeability

Being cultured in ALI conditions, the multi-layered monocultures were demonstrated
to be compatible with testing drugs administered as a liquid aerosol by a clinical nebulizer,
offering an advantage over 3D tumor spheroids [191]. There are distinct differences in
morphology and permeability when Calu-3 cells are grown using an air interface culture
(AIC) or liquid covered culture (LCC). Studies have shown that cells cultured using the AIC
generate a more morphologically representative structure of the in vivo airway epithelium
than cells cultured on LCC in terms of ultrastructure, secretory components, and electrical
resistance. Additionally, AIC produces a thick mucus layer on the apical surface, whereas
in the LCC model, only secretory vesicles could be observed. Finally, measurement of
TEER, routinely used to determine the integrity and permeability of the epithelial cells,
demonstrated less restrictive tight junctions in the AIC model compared to the LCC
model [192].

4.2.4. Three-Dimensional Cell Models for Nanomedicine Research

To date, there is a variety of 3D cell models available that can be employed to design
and evaluate the efficiency of drug nanocarriers. These models enable the researchers to
study the specific aspects of the nanomedicine behavior in vivo, although none of these
models can recapitulate the exact complex tumor micro-environment. Among the common
3D multicellular in vitro tissue systems are organoid and spheroid systems [77]. They can
be derived from the pluripotent (embryonic or induced) or adult stem cells from various
organs, enabling further investigation of various aspects of a particular organ in the tissue
culture dish without the presence of a complex in vivo environment [193,194]. This 3D
culture system has been reported to significantly enhance the cell–extracellular matrix
interaction besides improving the survival, proliferation, differentiation, and responses of
the target cells [195,196]. The toxicity of neutral G5-OH nanoparticles tested in organoid is
comparable to and closely reflects the toxicity markers reported in rodent nephrotoxicity
models exposed to the similar nanoparticles [197]. Similarly, selective targeting of CD44-
overexpressing NSCLC cells by hyaluronan-based nanoparticles has been observed in 2D
and 3D cultures and in in vivo orthotopic lung cancer models. The nanoparticles provided
active targeting partially mediated by CD44 and were also found to demonstrate less
toxicity with improved antitumor efficiency [76–78]. Despite its robustness and functional
relevance to native tissues and organs, the dynamic transport of nanotherapeutics in a
3D culture system is often overlooked. There is a possibility of alteration in kinetics and
nanoparticle–cell interactions, which are dependent on the sedimentation and diffusion
velocities of the nanoparticles used. Hence, these factors must be meticulously considered
when evaluating cellular uptake with large and/or heavy nanoparticles [198].

Another advanced 3D cell model is the microfluidics-based organ-on-a-chip (Organ
Chip), which has recently received increased attention as a promising platform as this cell
model accurately replicates the microenvironments of native tissues and various tissue-
tissue interactions [199]. It simulates the tissue-level or organ-level physiology, which is
not possible with conventional 2D or 3D static culture systems via continuous perfusion
of the chambers containing living cells using a microfluidic cell culture device. A novel
3D human lung-on-a-chip model that recreates the organ-level structure and functions of
the human lung has been shown to effectively evaluate the pulmonary toxicity of nanopar-
ticles [197]. It has been acknowledged that the Lung Chip models offer greater potential
beyond just toxicity testing, as they can be utilized to evaluate various nanodiagnostics and
nanotherapeutics relevant for lung cancer. Nevertheless, the development of an organ chip
system is laborious and challenging, since there is a possibility of the interaction between
nanomedicine and microfluidics systems as well as the difficulty to initiate and maintain
the primary cells used in these systems. Additionally, achieving real-time and continuous
monitoring of the biological effects of nanomedicine and the requirement to standardize
the Organ Chip to accurately evaluate the pharmacokinetic profiles of the nanomedicine
remain a challenge [199].
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5. Perspective: Challenges and Opportunity

Notwithstanding the advantages of cell lines in evaluating the efficiency of delivering
nanomedicine for lung cancer treatment, questions have been raised about their reliability
since not all lung cancer subtypes are well represented by these cell-based experimen-
tal models [200]. The stromal, vascular, and inflammatory cells, which are fundamental
components in the development of local tumors as well as in the metastasis and angio-
genesis during the various lung cancer stages, are also lacking in tumor-derived cell lines
as opposed to the living tumor tissues [82]. The inaccuracy of cell morphology and func-
tionality, as well as the lack of a physiological matrix-like microenvironment exemplified
in 2D cell models, remains a major challenge in utilizing in vitro models to evaluate the
efficacy and safety profile of nanomedicine. These factors indirectly limit their ability to
recapitulate the appropriate levels of in vivo cellular responses [201]. This issue, however,
can be minimized by employing 3D models that have been shown to fundamentally bridge
between in vitro and in vivo studies, expanding nanoparticle translation to in vivo and
clinical stages in NSCLC research. Despite the advancement of 3D culture systems, 2D cul-
ture models remain the most employed approach and standard practice in nanomedicine
research as they are less laborious and easier to set up [202].

The outcome of a seemingly simple cytotoxicity assay might be highly dependent upon
the respective protocol and the test substance used. Various factors are known to contribute
to aberrant results, such as the physical interactions between the nanomaterials used to
manufacture the nanoparticles and the components in the assays (dye, surfactant etc.),
changes in cellular activities involved in redox reactions in response to the nanomaterials,
and many other unknown factors that may influence the determination of the cytotoxicity
profile of nano-particulate systems [203]. Perhaps it is a good idea that any interference
between raw nanomaterials and assay components should be thoroughly evaluated prior
to the commencement of a cytotoxicity assay to establish compatibility and to obtain some
baseline data. On the other hand, well-defined and characterized nanoparticles should be
used in these assays. This will ensure that the data obtained are reliable and not due to
unforeseen errors.

In addition, higher concentrations of nanoparticles (>10 mg/L) appear to have a
greater probability of interfering with assay function [118]. Hence, it would be plausible
to limit or optimize the concentration of nanoparticles or the concentration of drug(s)
entrapped in the nanoparticles [143]. Another consideration is that the final nanoparticle
concentration present in the assay may be much lower than the experimental concentration
due to biophysicochemical interactions that occur at the nano–bio interface, resulting in
incomplete membrane translocation or binding to various biological components [204].
Generally, it is not possible to accurately predict how each nanoparticle and its contents
will interact, react, or behave in any of the chosen assays. Reliance on a single assay could
be risky and may provide either false positive or negative results. Hence, the establishment
of baseline quality control, best practices, and comparative analyses of multiple assay
platforms are indeed essential.

6. Conclusions

Pharmaceutical technology has been playing a vital role in medicine, as it allows the
exploration of different materials and their combinations to prepare drug carriers, and to
further endow these with better properties that enable them to reach the desired target site.
Many questions arise around the topic of nanocarrier-based lung drug delivery systems.
Scientists have given a plethora of responses in the attempt to address all the issues raised,
finding alternatives and engineering adequate systems to fulfil requirements and needs.
One of the concerns is always the fate of the drug particles once they reached the target
site. In pulmonary drug delivery, the objective is sometimes to retain the drug in the lung,
as happens in local delivery approaches, thus minimizing the systemic absorption. In
other cases, an intravenous delivery route would aim for a systemic effect, and the carriers
are engineered to avoid retention at the administration site, with a specific targeting
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agent attached that would eventually bring the nanocarrier to the lung for the desired
therapeutic effect.

In vitro cell-culture-based models have been used for permeability screening and
cell uptake study of drugs or formulations. Although some cell lines have limitations,
continuous improvements have been made including co-culture with other cells to produce
a model that can mimic the human lung epithelial barrier as closely as possible. These
models are easy to exploit and do not involve ethical considerations related to animal use,
as required in a general in vivo study. In a nutshell, the basis behind each decision made
on an experimental model should be aligned to the research aims and relevance to human
physiology and should be pertinently translated.
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95. Kreft, M.E.; Jerman, U.D.; Lasič, E.; Hevir-Kene, N.; Rižner, T.L.; Peternel, L.; Kristan, K. The characterization of the human
cell line Calu-3 under different culture conditions and its use as an optimized in vitro model to investigate bronchial epithelial
function. Eur. J. Pharm. Sci. 2015, 69, 1–9. [CrossRef]

96. Yu, S.; Yuan, H.; Chai, G.; Peng, K.; Zou, P.; Li, X.; Li, J.; Zhou, F.; Chan, H.-K.; Zhou, Q.T. Optimization of inhalable liposomal
powder formulations and evaluation of their in vitro drug delivery behavior in Calu-3 human lung epithelial cells. Int. J. Pharm.
2020, 586, 119570. [CrossRef]

http://doi.org/10.1016/j.jconrel.2010.10.035
http://www.ncbi.nlm.nih.gov/pubmed/21059378
http://doi.org/10.1158/1078-0432.CCR-04-0334
http://www.ncbi.nlm.nih.gov/pubmed/15534115
http://doi.org/10.1016/j.biomaterials.2009.03.010
http://doi.org/10.1016/j.nano.2015.11.018
http://doi.org/10.1016/j.jconrel.2018.02.024
http://www.ncbi.nlm.nih.gov/pubmed/29474960
http://doi.org/10.1038/srep07085
http://www.ncbi.nlm.nih.gov/pubmed/25403950
http://doi.org/10.1093/jnci/djq279
http://www.ncbi.nlm.nih.gov/pubmed/20679594
http://doi.org/10.1158/0008-5472.CAN-13-2971
http://doi.org/10.1016/j.bbcan.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19167460
http://doi.org/10.1080/2331205X.2018.1503071
http://doi.org/10.1089/jam.2005.18.137
http://doi.org/10.1038/nrurol.2013.126
http://www.ncbi.nlm.nih.gov/pubmed/23752995
http://doi.org/10.1186/s12967-015-0469-1
http://doi.org/10.1186/s12967-017-1328-z
http://www.ncbi.nlm.nih.gov/pubmed/29116016
http://doi.org/10.1158/0008-5472.CAN-18-2747
http://doi.org/10.1093/carcin/bgi355
http://www.ncbi.nlm.nih.gov/pubmed/16474168
http://doi.org/10.4155/tde.13.67
http://doi.org/10.1016/j.ejps.2014.12.017
http://doi.org/10.1016/j.ijpharm.2020.119570


Cancers 2021, 13, 3539 22 of 26

97. Wang, Y.; Adamcakova-Dodd, A.; Steines, B.R.; Jing, X.; Salem, A.K.; Thorne, P.S. Comparison of in vitro toxicity of aerosolized
engineered nanomaterials using air-liquid interface mono-culture and co-culture models. NanoImpact 2020, 18, 100215. [CrossRef]
[PubMed]

98. Liu, T.; Liang, H.; Liu, L.; Gong, Y.; Ding, Y.; Liao, G.; Cao, Y. Influence of pristine and hydrophobic ZnO nanoparticles
on cytotoxicity and endoplasmic reticulum (ER) stress-autophagy-apoptosis gene expression in A549-macrophage co-culture.
Ecotoxicol. Environ. Saf. 2019, 167, 188–195. [CrossRef] [PubMed]

99. Grainger, C.I.; Greenwell, L.L.; Lockley, D.J.; Martin, G.P.; Forbes, B. Culture of Calu-3 cells at the air interface provides a
representative model of the airway epithelial barrier. Pharm. Res. 2006, 23, 1482–1490. [CrossRef] [PubMed]

100. Grace, V.M.B.; Wilson, D.D.; Guruvayoorappan, C.; Danisha, J.P.; Bonati, L. Liposome nano-formulation with cationic polar lipid
DOTAP and cholesterol as a suitable pH-responsive carrier for molecular therapeutic drug (all-trans retinoic acid) delivery to
lung cancer cells. IET Nanobiotechnol. 2021, 15, 380–390. [CrossRef]

101. Jiménez-López, J.; Bravo-Caparrós, I.; Cabeza, L.; Nieto, F.R.; Ortiz, R.; Perazzoli, G.; Fernández-Segura, E.; Cañizares, F.J.;
Baeyens, J.M.; Melguizo, C.; et al. Paclitaxel antitumor effect improvement in lung cancer and prevention of the painful
neuropathy using large pegylated cationic liposomes. Biomed. Pharmacother. 2021, 133, 111059. [CrossRef]

102. Leiva, M.C.; Ortiz, R.; Contreras-Cáceres, R.; Perazzoli, G.; Mayevych, I.; López-Romero, J.M.; Sarabia, F.; Baeyens, J.M.;
Melguizo, C.; Prados, J. Tripalmitin nanoparticle formulations significantly enhance paclitaxel antitumor activity against breast
and lung cancer cells in vitro. Sci. Rep. 2017, 7, 13506. [CrossRef]

103. Satari, N.; Taymouri, S.; Varshosaz, J.; Rostami, M.; Mirian, M. Preparation and evaluation of inhalable dry powder containing
glucosamine-conjugated gefitinib SLNs for lung cancer therapy. Drug Dev. Ind. Pharm. 2020, 46, 1265–1277. [CrossRef]

104. Aldawsari, H.M.; Alhakamy, N.A.; Padder, R.; Husain, M.; Md, S. Preparation and Characterization of Chitosan Coated PLGA
Nanoparticles of Resveratrol: Improved Stability, Antioxidant and Apoptotic Activities in H1299 Lung Cancer Cells. Coatings
2020, 10, 439. [CrossRef]

105. Alfaifi, M.Y.; Shati, A.A.; Elbehairi, S.E.I.; Fahmy, U.A.; Alhakamy, N.A.; Md, S. Anti-tumor effect of PEG-coated PLGA
nanoparticles of febuxostat on A549 non-small cell lung cancer cells. 3 Biotech 2020, 10, 133. [CrossRef]

106. Gupta, N.; Bhagat, S.; Singh, M.; Jangid, A.K.; Bansal, V.; Singh, S.; Pooja, D.; Kulhari, H. Site-specific delivery of a natural
chemotherapeutic agent to human lung cancer cells using biotinylated 2D rGO nanocarriers. Mater. Sci. Eng. C 2020, 112, 110884.
[CrossRef]

107. Aslantürk, Ö.S. In vitro cytotoxicity and cell viability assays: Principles, advantages, and disadvantages. In Genotoxicity: A
Predictable Risk to Our Actual World; Larramendy, M.L., Soloneski, S., Eds.; InTech: London, UK, 2018; Volume 2.

108. Ishiyama, M.; Tominaga, H.; Shiga, M.; Sasamoto, K.; Ohkura, Y.; Ueno, K. A combined assay of cell viability and in vitro
cytotoxicity with a highly water-soluble tetrazolium salt, neutral red and crystal violet. Biol. Pharm. Bull. 1996, 19, 1518–1520.
[CrossRef]

109. York, J.L.; Maddox, L.C.; Zimniak, P.; McHugh, T.E.; Grant, D.F. Reduction of MTT by glutathione S-transferase. Biotechniques
1998, 25, 622–624, 626–628. [CrossRef]

110. Huang, K.T.; Chen, Y.H.; Walker, A.M. Inaccuracies in MTS assays: Major distorting effects of medium, serum albumin, and fatty
acids. Biotechniques 2004, 37, 406–412. [CrossRef] [PubMed]

111. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

112. Breznan, D.; Das, D.; MacKinnon-Roy, C.; Simard, B.; Kumarathasan, P.; Vincent, R. Non-specific interaction of carbon nanotubes
with the resazurin assay reagent: Impact on in vitro assessment of nanoparticle cytotoxicity. Toxicol. In Vitro 2015, 29, 142–147.
[CrossRef]

113. Panomsuwan, G.; Chokradjaroen, C.; Rujiravanit, R.; Ueno, T.; Saito, N. In vitro cytotoxicity of carbon black nanoparticles
synthesized from solution plasma on human lung fibroblast cells. Jpn. J. Appl. Phys. 2018, 57, 0102BG. [CrossRef]

114. Scarcello, E.; Lambremont, A.; Vanbever, R.; Jacques, P.J.; Lison, D. Mind your assays: Misleading cytotoxicity with the WST-1
assay in the presence of manganese. PLoS ONE 2020, 15, e0231634. [CrossRef]

115. Lupu, A.R.; Popescu, T. The noncellular reduction of MTT tetrazolium salt by TiO2 nanoparticles and its implications for
cytotoxicity assays. Toxicol. In Vitro 2013, 27, 1445–1450. [CrossRef]

116. Vijayakumar, S.; Ganesan, S. In vitro cytotoxicity assay on gold nanoparticles with different stabilizing agents. J. Nanomater. 2012,
2012, 734398. [CrossRef]

117. Li, X.; Yan, Z.; Xiao, J.; Liu, G.; Li, Y.; Xiu, Y. Cytotoxicity of CdSe quantum dots and corresponding comparison with FITC in cell
imaging efficiency. Int. J. Clin. Exp. Med. 2016, 10, 753–759.

118. Ong, K.J.; MacCormack, T.J.; Clark, R.J.; Ede, J.D.; Ortega, V.A.; Felix, L.C.; Dang, M.K.; Ma, G.; Fenniri, H.; Veinot, J.G.;
et al. Widespread nanoparticle-assay interference: Implications for nanotoxicity testing. PLoS ONE 2014, 9, e90650. [CrossRef]
[PubMed]

119. Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren, J.T.; Bokesch, H.; Kenney, S.; Boyd, M.R. New
colorimetric cytotoxicity assay for anticancer-drug screening. J. Natl. Cancer Inst. 1990, 82, 1107–1112. [CrossRef] [PubMed]

120. Subudhi, M.B.; Jain, A.; Jain, A.; Hurkat, P.; Shilpi, S.; Gulbake, A.; Jain, S.K. Eudragit S100-coated citrus pectin nanoparticles for
colon targeting of 5-fluorouracil. Materials 2015, 8, 832–849. [CrossRef]

http://doi.org/10.1016/j.impact.2020.100215
http://www.ncbi.nlm.nih.gov/pubmed/32885098
http://doi.org/10.1016/j.ecoenv.2018.10.018
http://www.ncbi.nlm.nih.gov/pubmed/30340083
http://doi.org/10.1007/s11095-006-0255-0
http://www.ncbi.nlm.nih.gov/pubmed/16779708
http://doi.org/10.1049/nbt2.12028
http://doi.org/10.1016/j.biopha.2020.111059
http://doi.org/10.1038/s41598-017-13816-z
http://doi.org/10.1080/03639045.2020.1788063
http://doi.org/10.3390/coatings10050439
http://doi.org/10.1007/s13205-020-2077-x
http://doi.org/10.1016/j.msec.2020.110884
http://doi.org/10.1248/bpb.19.1518
http://doi.org/10.2144/98254st03
http://doi.org/10.2144/04373ST05
http://www.ncbi.nlm.nih.gov/pubmed/15470895
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1016/j.tiv.2014.09.009
http://doi.org/10.7567/JJAP.57.0102BG
http://doi.org/10.1371/journal.pone.0231634
http://doi.org/10.1016/j.tiv.2013.03.006
http://doi.org/10.1155/2012/734398
http://doi.org/10.1371/journal.pone.0090650
http://www.ncbi.nlm.nih.gov/pubmed/24618833
http://doi.org/10.1093/jnci/82.13.1107
http://www.ncbi.nlm.nih.gov/pubmed/2359136
http://doi.org/10.3390/ma8030832


Cancers 2021, 13, 3539 23 of 26

121. Nociari, M.M.; Shalev, A.; Benias, P.; Russo, C. A novel one-step, highly sensitive fluorometric assay to evaluate cell-mediated
cytotoxicity. J. Immunol. Methods 1998, 213, 157–167. [CrossRef]

122. Cree, I.A.; Andreotti, P.E. Measurement of cytotoxicity by ATP-based luminescence assay in primary cell cultures and cell lines.
Toxicol. In Vitro 1997, 11, 553–556. [CrossRef]

123. Rosli, N.S.B.; Rahman, A.A.; Aziz, A.A.; Shamsuddin, S. Determining the size and concentration dependence of gold nanoparticles
in vitro cytotoxicity (IC50) test using WST-1 assay. AIP Conf. Proc. 2015, 1657, 060001.

124. Braun, K.; Stürzel, C.M.; Biskupek, J.; Kaiser, U.; Kirchhoff, F.; Lindén, M. Comparison of different cytotoxicity assays for in vitro
evaluation of mesoporous silica nanoparticles. Toxicol. In Vitro 2018, 52, 214–221. [CrossRef]

125. Hillegass, J.M.; Shukla, A.; Lathrop, S.A.; MacPherson, M.B.; Fukagawa, N.K.; Mossman, B.T. Assessing nanotoxicity in cells
in vitro. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2010, 2, 219–231. [CrossRef]

126. Kong, B.; Seog, J.H.; Graham, L.M.; Lee, S.B. Experimental considerations on the cytotoxicity of nanoparticles. Nanomedicine
(Lond.) 2011, 6, 929–941. [CrossRef]

127. Strober, W. Trypan blue exclusion test of cell viability. Curr. Protoc. Immunol. 2015, 111, A3.B.1–A3.B.3. [CrossRef]
128. Duellman, S.J.; Zhou, W.; Meisenheimer, P.; Vidugiris, G.; Cali, J.J.; Gautam, P.; Wennerberg, K.; Vidugiriene, J. Bioluminescent,

nonlytic, real-time cell viability assay and use in inhibitor screening. Assay Drug Dev. Technol. 2015, 13, 456–465. [CrossRef]
129. Tada, H.; Shiho, O.; Kuroshima, K.; Koyama, M.; Tsukamoto, K. An improved colorimetric assay for interleukin 2. J. Immunol.

Methods 1986, 93, 157–165. [CrossRef]
130. Denizot, F.; Lang, R. Rapid colorimetric assay for cell growth and survival. Modifications to the tetrazolium dye procedure giving

improved sensitivity and reliability. J. Immunol. Methods 1986, 89, 271–277. [CrossRef]
131. Vistica, D.T.; Skehan, P.; Scudiero, D.; Monks, A.; Pittman, A.; Boyd, M.R. Tetrazolium-based assays for cellular viability: A

critical examination of selected parameters affecting formazan production. Cancer Res. 1991, 51, 2515–2520. [PubMed]
132. Patravale, V.; Dandekar, P.; Jain, R. Nanotoxicology: Evaluating toxicity potential of drug-nanoparticles. In Nanoparticulate Drug

Delivery; Patravale, V., Dandekar, P., Jain, R., Eds.; Woodhead Publishing: Cambridge, UK, 2012; pp. 123–155.
133. Lü, L.; Zhang, L.; Wai, M.S.; Yew, D.T.; Xu, J. Exocytosis of MTT formazan could exacerbate cell injury. Toxicol. In Vitro 2012, 26,

636–644. [CrossRef]
134. Chakrabarti, R.; Kundu, S.; Kumar, S.; Chakrabarti, R. Vitamin A as an enzyme that catalyzes the reduction of MTT to formazan

by vitamin C. J. Cell. Biochem. 2000, 80, 133–138. [CrossRef]
135. Ulukaya, E.; Colakogullari, M.; Wood, E.J. Interference by anti-cancer chemotherapeutic agents in the MTT-tumor chemosensitivity

assay. Chemotherapy 2004, 50, 43–50. [CrossRef]
136. Bernas, T.; Dobrucki, J. Mitochondrial and nonmitochondrial reduction of MTT: Interaction of MTT with TMRE, JC-1, and NAO

mitochondrial fluorescent probes. Cytometry 2002, 47, 236–242. [CrossRef]
137. Pagliacci, M.C.; Spinozzi, F.; Migliorati, G.; Fumi, G.; Smacchia, M.; Grignani, F.; Riccardi, C.; Nicoletti, I. Genistein inhibits

tumour cell growth in vitro but enhances mitochondrial reduction of tetrazolium salts: A further pitfall in the use of the MTT
assay for evaluating cell growth and survival. Eur. J. Cancer 1993, 29, 1573–1577. [CrossRef]

138. Collier, A.C.; Pritsos, C.A. The mitochondrial uncoupler dicumarol disrupts the MTT assay. Biochem. Pharmacol. 2003, 66, 281–287.
[CrossRef]

139. Scudiero, D.A.; Shoemaker, R.H.; Paull, K.D.; Monks, A.; Tierney, S.; Nofziger, T.H.; Currens, M.J.; Seniff, D.; Boyd, M.R.
Evaluation of a soluble tetrazolium/formazan assay for cell growth and drug sensitivity in culture using human and other tumor
cell lines. Cancer Res. 1988, 48, 4827–4833. [PubMed]

140. Cory, A.H.; Owen, T.C.; Barltrop, J.A.; Cory, J.G. Use of an aqueous soluble tetrazolium/formazan assay for cell growth assays in
culture. Cancer Commun. 1991, 3, 207–212. [CrossRef]

141. Berridge, M.V.; Tan, A.S. Trans-plasma membrane electron transport: A cellular assay for NADH- and NADPH-oxidase based on
extracellular, superoxide-mediated reduction of the sulfonated tetrazolium salt WST-1. Protoplasma 1998, 205, 74–82. [CrossRef]

142. Wörle-Knirsch, J.M.; Pulskamp, K.; Krug, H.F. Oops They Did It Again! Carbon Nanotubes Hoax Scientists in Viability Assays.
Nano Lett. 2006, 6, 1261–1268. [CrossRef]

143. Monteiro-Riviere, N.A.; Inman, A.O.; Zhang, L.W. Limitations and relative utility of screening assays to assess engineered
nanoparticle toxicity in a human cell line. Toxicol. Appl. Pharmacol. 2009, 234, 222–235. [CrossRef] [PubMed]

144. Almutary, A.; Sanderson, B.J. The MTT and crystal violet assays: Potential confounders in nanoparticle toxicity testing. Int. J.
Toxicol 2016, 35, 454–462. [CrossRef]

145. Vetten, M.A.; Tlotleng, N.; Tanner Rascher, D.; Skepu, A.; Keter, F.K.; Boodhia, K.; Koekemoer, L.-A.; Andraos, C.; Tshikhudo, R.;
Gulumian, M. Label-free in vitro toxicity and uptake assessment of citrate stabilised gold nanoparticles in three cell lines. Part.
Fibre Toxicol. 2013, 10, 50. [CrossRef] [PubMed]

146. Sibag, M.; Kim, S.H.; Kim, C.; Kim, H.J.; Cho, J. Interference sources in ATP bioluminescence assay of silica nanoparticle toxicity
to activated sludge. J. Microbiol. Methods 2015, 113, 65–71. [CrossRef]

147. Kleijn, A.; Kloezeman, J.J.; Balvers, R.K.; Kaaij, M.V.D.; Dirven, C.M.F.; Leenstra, S.; Lamfers, M.L.M. A systematic comparison
identifies an ATP-Based viability assay as most suitable read-out for drug screening in glioma stem-like cells. Stem Cells Int. 2016,
2016, 5623235. [CrossRef]

148. Kaja, S.; Payne, A.J.; Naumchuk, Y.; Koulen, P. Quantification of lactate dehydrogenase for cell viability testing using cell lines
and primary cultured astrocytes. Curr. Protoc. Toxicol. 2017, 72, 2–26. [CrossRef] [PubMed]

http://doi.org/10.1016/S0022-1759(98)00028-3
http://doi.org/10.1016/S0887-2333(97)00060-X
http://doi.org/10.1016/j.tiv.2018.06.019
http://doi.org/10.1002/wnan.54
http://doi.org/10.2217/nnm.11.77
http://doi.org/10.1002/0471142735.ima03bs111
http://doi.org/10.1089/adt.2015.669
http://doi.org/10.1016/0022-1759(86)90183-3
http://doi.org/10.1016/0022-1759(86)90368-6
http://www.ncbi.nlm.nih.gov/pubmed/2021931
http://doi.org/10.1016/j.tiv.2012.02.006
http://doi.org/10.1002/1097-4644(20010101)80:1&lt;133::AID-JCB120&gt;3.0.CO;2-T
http://doi.org/10.1159/000077285
http://doi.org/10.1002/cyto.10080
http://doi.org/10.1016/0959-8049(93)90297-S
http://doi.org/10.1016/S0006-2952(03)00240-5
http://www.ncbi.nlm.nih.gov/pubmed/3409223
http://doi.org/10.3727/095535491820873191
http://doi.org/10.1007/BF01279296
http://doi.org/10.1021/nl060177c
http://doi.org/10.1016/j.taap.2008.09.030
http://www.ncbi.nlm.nih.gov/pubmed/18983864
http://doi.org/10.1177/1091581816648906
http://doi.org/10.1186/1743-8977-10-50
http://www.ncbi.nlm.nih.gov/pubmed/24103467
http://doi.org/10.1016/j.mimet.2015.04.004
http://doi.org/10.1155/2016/5623235
http://doi.org/10.1002/cptx.21
http://www.ncbi.nlm.nih.gov/pubmed/28463416


Cancers 2021, 13, 3539 24 of 26

149. Decker, T.; Lohmann-Matthes, M.L. A quick and simple method for the quantitation of lactate dehydrogenase release in
measurements of cellular cytotoxicity and tumor necrosis factor (TNF) activity. J. Immunol. Methods 1988, 115, 61–69. [CrossRef]

150. Liang, L.; Cui, M.; Zhang, M.; Zheng, P.; Deng, Z.; Gao, S.; Wang, X.; Zhang, X.; Wang, C.; Liu, Y.; et al. Nanoparticles’ interference
in the evaluation of in vitro toxicity of silver nanoparticles. RSC Adv. 2015, 5, 67327–67334. [CrossRef]

151. Zhao, X.; Xiong, S.; Huang, L.C.; Ng, K.W.; Loo, S.C.J. Nanoparticle-assay marker interaction: Effects on nanotoxicity assessment.
J. Nanoparticle Res. 2015, 17, 13. [CrossRef]

152. Han, X.; Gelein, R.; Corson, N.; Wade-Mercer, P.; Jiang, J.; Biswas, P.; Finkelstein, J.N.; Elder, A.; Oberdörster, G. Validation of an
LDH assay for assessing nanoparticle toxicity. Toxicology 2011, 287, 99–104. [CrossRef] [PubMed]

153. Forest, V.; Figarol, A.; Boudard, D.; Cottier, M.; Grosseau, P.; Pourchez, J. Adsorption of lactate dehydrogenase enzyme on carbon
nanotubes: How to get accurate results for the cytotoxicity of these nanomaterials. Langmuir 2015, 31, 3635–3643. [CrossRef]
[PubMed]

154. Filipova, M.; Elhelu, O.K.; De Paoli, S.H.; Fremuntova, Z.; Mosko, T.; Cmarko, D.; Simak, J.; Holada, K. An effective “three-in-one”
screening assay for testing drug and nanoparticle toxicity in human endothelial cells. PLoS ONE 2018, 13, e0206557. [CrossRef]

155. Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A.K.M.A.; Hossain, K.F.B.; Banik, S.; Hosokawa, T.; Saito, T.; Kurasaki, M. A
systematic review on silver nanoparticles-induced cytotoxicity: Physicochemical properties and perspectives. J. Adv. Res. 2018, 9,
1–16. [CrossRef] [PubMed]

156. Cole, S.P.C. Rapid chemosensitivity testing of human lung tumor cells using the MTT assay. Cancer Chemother. Pharmacol. 1986,
17, 259–263. [CrossRef]

157. Hoskins, C.; Wang, L.; Cheng, W.P.; Cuschieri, A. Dilemmas in the reliable estimation of the in-vitro cell viability in magnetic
nanoparticle engineering: Which tests and what protocols? Nanoscale Res. Lett. 2012, 7, 77. [CrossRef]

158. Mo, Y.; Lim, L.Y. Paclitaxel-loaded PLGA nanoparticles: Potentiation of anticancer activity by surface conjugation with wheat
germ agglutinin. J. Control. Release 2005, 108, 244–262. [CrossRef]

159. Foldbjerg, R.; Dang, D.A.; Autrup, H. Cytotoxicity and genotoxicity of silver nanoparticles in the human lung cancer cell line,
A549. Arch. Toxicol. 2011, 85, 743–750. [CrossRef] [PubMed]

160. Parveen, S.; Sahoo, S.K. Evaluation of cytotoxicity and mechanism of apoptosis of doxorubicin using folate-decorated chitosan
nanoparticles for targeted delivery to retinoblastoma. Cancer Nanotechnol. 2010, 1, 47–62. [CrossRef]

161. Tanino, R.; Amano, Y.; Tong, X.; Sun, R.; Tsubata, Y.; Harada, M.; Fujita, Y.; Isobe, T. Anticancer activity of ZnO nanoparticles
against human small-cell lung cancer in an orthotopic mouse model. Mol. Cancer Ther. 2020, 19, 502. [CrossRef]

162. Sarmento, B.; Andrade, F.; da Silva, S.B.; Rodrigues, F.; das Neves, J.; Ferreira, D. Cell-based in vitro models for predicting drug
permeability. Expert Opin. Drug Metab. Toxicol. 2012, 8, 607–621. [CrossRef] [PubMed]

163. Kim, K.J.; Malik, A.B. Protein transport across the lung epithelial barrier. Am. J. Physiol. Lung Cell. Mol. Physiol. 2003, 284,
L247–L259. [CrossRef] [PubMed]

164. Rejman, J.; Oberle, V.; Zuhorn, I.S.; Hoekstra, D. Size-dependent internalization of particles via the pathways of clathrin- and
caveolae-mediated endocytosis. Biochem. J. 2004, 377, 159–169. [CrossRef]

165. Muhamad, N.; Plengsuriyakarn, T.; Na-Bangchang, K. Application of active targeting nanoparticle delivery system for chemother-
apeutic drugs and traditional/herbal medicines in cancer therapy: A systematic review. Int. J. Nanomed. 2018, 13, 3921–3935.
[CrossRef] [PubMed]

166. Tran, S.; DeGiovanni, P.-J.; Piel, B.; Rai, P. Cancer nanomedicine: A review of recent success in drug delivery. Clin. Transl. Med.
2017, 6, 44. [CrossRef] [PubMed]

167. Drasler, B.; Vanhecke, D.; Rodriguez-Lorenzo, L.; Petri-Fink, A.; Rothen-Rutishauser, B. Quantifying nanoparticle cellular uptake:
Which method is best? Nanomedicine 2017, 12, 1095–1099. [CrossRef] [PubMed]

168. Wang, T.; Liu, Y.; Wu, C. Effect of paclitaxel-mesoporous silica nanoparticles with a core-shell structure on the human lung cancer
cell line A549. Nanoscale Res. Lett. 2017, 12, 66. [CrossRef] [PubMed]

169. Xia, Y.; Chen, Y.; Hua, L.; Zhao, M.; Xu, T.; Wang, C.; Li, Y.; Zhu, B. Functionalized selenium nanoparticles for targeted delivery of
doxorubicin to improve non-small-cell lung cancer therapy. Int. J. Nanomed. 2018, 13, 6929–6939. [CrossRef]

170. Zheng, K.; Chen, R.; Sun, Y.; Tan, Z.; Liu, Y.; Cheng, X.; Leng, J.; Guo, Z.; Xu, P. Cantharidin-loaded functional mesoporous titanium
peroxide nanoparticles for non-small cell lung cancer targeted chemotherapy combined with high effective photodynamic therapy.
Thorac. Cancer 2020, 11, 1476–1486. [CrossRef] [PubMed]

171. Vyas, S.P.; Goswami, R. Size-dependent cellular uptake and TLR4 attenuation by gold nanoparticles in lung adenocarcinoma cells.
Nanomedicine 2019, 14, 229–253. [CrossRef]

172. Matczuk, M.; Ruzik, L.; Aleksenko, S.S.; Keppler, B.K.; Jarosz, M.; Timerbaev, A.R. Analytical methodology for studying cellular
uptake, processing and localization of gold nanoparticles. Anal. Chim. Acta 2019, 1052, 1–9. [CrossRef] [PubMed]

173. Barr, M.P.; Gray, S.G.; Hoffmann, A.C.; Hilger, R.A.; Thomale, J.; O’Flaherty, J.D.; Fennell, D.A.; Richard, D.; O’Leary, J.J.;
O’Byrne, K.J. Correction: Generation and characterisation of cisplatin-resistant non-small cell lung cancer cell lines displaying a
stem-like signature. PLoS ONE 2020, 15, e0233739. [CrossRef]

174. Munaweera, I.; Shi, Y.; Koneru, B.; Patel, A.; Dang, M.H.; Di Pasqua, A.J.; Balkus, K.J., Jr. Nitric oxide- and cisplatin-releasing
silica nanoparticles for use against non-small cell lung cancer. J. Inorg. Biochem. 2015, 153, 23–31. [CrossRef]

http://doi.org/10.1016/0022-1759(88)90310-9
http://doi.org/10.1039/C5RA05863E
http://doi.org/10.1007/s11051-014-2841-0
http://doi.org/10.1016/j.tox.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21722700
http://doi.org/10.1021/acs.langmuir.5b00631
http://www.ncbi.nlm.nih.gov/pubmed/25768724
http://doi.org/10.1371/journal.pone.0206557
http://doi.org/10.1016/j.jare.2017.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30046482
http://doi.org/10.1007/BF00256695
http://doi.org/10.1186/1556-276X-7-77
http://doi.org/10.1016/j.jconrel.2005.08.013
http://doi.org/10.1007/s00204-010-0545-5
http://www.ncbi.nlm.nih.gov/pubmed/20428844
http://doi.org/10.1007/s12645-010-0006-0
http://doi.org/10.1158/1535-7163.MCT-19-0018
http://doi.org/10.1517/17425255.2012.673586
http://www.ncbi.nlm.nih.gov/pubmed/22424145
http://doi.org/10.1152/ajplung.00235.2002
http://www.ncbi.nlm.nih.gov/pubmed/12533309
http://doi.org/10.1042/bj20031253
http://doi.org/10.2147/IJN.S165210
http://www.ncbi.nlm.nih.gov/pubmed/30013345
http://doi.org/10.1186/s40169-017-0175-0
http://www.ncbi.nlm.nih.gov/pubmed/29230567
http://doi.org/10.2217/nnm-2017-0071
http://www.ncbi.nlm.nih.gov/pubmed/28447906
http://doi.org/10.1186/s11671-017-1826-1
http://www.ncbi.nlm.nih.gov/pubmed/28116610
http://doi.org/10.2147/IJN.S174909
http://doi.org/10.1111/1759-7714.13414
http://www.ncbi.nlm.nih.gov/pubmed/32246815
http://doi.org/10.2217/nnm-2018-0266
http://doi.org/10.1016/j.aca.2018.10.027
http://www.ncbi.nlm.nih.gov/pubmed/30685026
http://doi.org/10.1371/journal.pone.0233739
http://doi.org/10.1016/j.jinorgbio.2015.09.002


Cancers 2021, 13, 3539 25 of 26

175. Baskar, G.; Ravi, M.; Panda, J.J.; Khatri, A.; Dev, B.; Santosham, R.; Sathiya, S.; Babu, C.S.; Chauhan, V.S.; Rayala, S.K.; et al.
Efficacy of dipeptide-coated magnetic nanoparticles in lung cancer models under pulsed electromagnetic field. Cancer Investig.
2017, 35, 431–442. [CrossRef] [PubMed]

176. Liu, G.; Betts, C.; Cunoosamy, D.M.; Åberg, P.M.; Hornberg, J.J.; Sivars, K.B.; Cohen, T.S. Use of precision cut lung slices as a
translational model for the study of lung biology. Respir. Res. 2019, 20, 162. [CrossRef]

177. Krumdieck, C.L.; dos Santos, J.; Ho, K.-J. A new instrument for the rapid preparation of tissue slices. Anal. Biochem. 1980, 104,
118–123. [CrossRef]

178. Placke, M.; Fisher, G. Adult peripheral lung organ culture—A model for respiratory tract toxicology. Toxicol. Appl. Pharmacol.
1987, 90, 284–298. [CrossRef]

179. Sanderson, M.J. Exploring lung physiology in health and disease with lung slices. Pulm. Pharmacol. Ther. 2011, 24, 452–465.
[CrossRef]

180. Temann, A.; Golovina, T.; Neuhaus, V.; Thompson, C.; Chichester, J.A.; Braun, A.; Yusibov, V. Evaluation of inflammatory
and immune responses in long-term cultured human precision-cut lung slices. Hum. Vaccines Immunother. 2017, 13, 351–358.
[CrossRef] [PubMed]

181. Neuhaus, V.; Schaudien, D.; Golovina, T.; Temann, U.-A.; Thompson, C.; Lippmann, T.; Bersch, C.; Pfennig, O.; Jonigk, D.;
Braubach, P.; et al. Assessment of long-term cultivated human precision-cut lung slices as an ex vivo system for evaluation of
chronic cytotoxicity and functionality. J. Occup. Med. Toxicol. 2017, 12, 13. [CrossRef]

182. Li, G.; Cohen, J.A.; Martines, C.; Ram-Mohan, S.; Brain, J.D.; Krishnan, R.; Ai, X.; Bai, Y. Preserving airway smooth muscle
contraction in precision-cut lung slices. Sci. Rep. 2020, 10, 6480. [CrossRef]

183. Bailey, K.E.; Pino, C.; Lennon, M.L.; Lyons, A.; Jacot, J.G.; Lammers, S.R.; Königshoff, M.; Magin, C.M. Embedding of precision-cut
lung slices in engineered hydrogel biomaterials supports extended ex vivo culture. Am. J. Respir. Cell Mol. Biol. 2020, 62, 14–22.
[CrossRef]

184. Sturton, R.G.; Trifilieff, A.; Nicholson, A.G.; Barnes, P.J. Pharmacological characterization of indacaterol, a novel once daily
inhaled β2 adrenoceptor agonist, on small airways in human and rat precision-cut lung slices. J. Pharmacol. Exp. Ther. 2008, 324,
270–275. [CrossRef] [PubMed]

185. Switalla, S.; Knebel, J.; Ritter, D.; Krug, N.; Braun, A.; Sewald, K. Effects of acute in vitro exposure of murine precision-cut lung
slices to gaseous nitrogen dioxide and ozone in an air-liquid interface (ALI) culture. Toxicol. Lett. 2010, 196, 117–124. [CrossRef]

186. Ruigrok, M.J.R.; Maggan, N.; Willaert, D.; Frijlink, H.W.; Melgert, B.N.; Olinga, P.; Hinrichs, W.L.J. siRNA-mediated RNA
interference in precision-cut tissue slices prepared from mouse lung and kidney. AAPS J. 2017, 19, 1855–1863. [CrossRef]
[PubMed]

187. Neuhaus, V.; Schwarz, K.; Klee, A.; Seehase, S.; Förster, C.; Pfennig, O.; Jonigk, D.; Fieguth, H.-G.; Koch, W.; Warnecke, G.; et al.
Functional testing of an inhalable nanoparticle based influenza vaccine using a human precision cut lung slice technique.
PLoS ONE 2013, 8, e71728. [CrossRef]
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