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This book aims to provide the reader with a comprehensive overview of the current 
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Preface

The exponential development of nanotechnological products in recent years has led to
pressing concern regarding the safety profiles when considering human and environmental
exposure. Nanotoxicology has emerged as a scientific topic of growing interest, and much
effort is being put into the development of valid protocols and assays to achieve, as much as
possible, the standardization of parameters applied to the validation of nanoparticles and
nanomaterials. How their biophysical characteristics influence the crucial interface with liv‐
ing cells and organisms and relevant protocols for this assessment are explored in Section 1
(Biointerfaces with Nanoparticles and Nanomaterials). The following section (Toxicity Vali‐
dation for Nanomedicine) discusses in detail specific protocols widely used for in vitro test‐
ing in cancer research and applications in other fields of nanomedicine. The last section
(Environmental Nanotoxicology) approaches the importance of studying bioaccumulation
and drawing toxicity profiles of nanoparticles and nanomaterials.

This book aims to give an overview of some of the most important methodologies and de‐
velopments in nanotoxicity, which will certainly impact the way nanoparticles and other
nanostructured materials are perceived and applied in our daily lives.

Andreia C. Gomes
University of Minho
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Abstract

Engineered nanomaterials (ENMs) strongly interact with biomolecules due to their 
unique physicochemical properties. From the standpoint of nanotoxicity, it is imperative 
to achieve a comprehensive understanding of various nano-bio interactions to ultimately 
design benign ENMs that do not elicit adverse physiological responses. Spectroscopic 
tools are ideal for elucidating the underlying biophysical mechanisms of nano-bio inter-
actions. In this chapter, we review spectroscopy techniques, such as Raman, infrared, 
circular dichroism (CD), and hyperspectral imaging, to illuminate the nano-bio inter-
face. Particularly, we discuss the role of spectroscopic tools in gaining a fundamental 
understanding of the formation and influence of protein corona on ENM physiological 
responses.

Keywords: protein corona, spectroscopy, nano-bio interface, silver

1. Introduction

The advancement of nanotechnology over the past two decades has spurred the fields of health 
care, information technology, energy, homeland security, food safety, and transportation; and 
the global market for nanotechnology-related products reached more than $200 billion in 2009 
with a projected $1 trillion per annum by 2015 (US Senate Committee, 2011) [1]. Despite this 
enormous global market, there remain several concerns regarding the impact of engineered 
nanomaterials (ENMs) on biological responses in living organisms and the environment at large 
[1–7]. A comprehensive knowledge of the ENM-biomolecular interactions is central to applica-
tions in nanomedicine, consumer goods, and other unintentional exposures. Currently, there are 
more than 40 nanopharmaceuticals in routine clinical use, and the patents and publications on 
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nanomedicine have been exponentially increasing [8]. Considering that nanomedicine efforts are 
a sudden convergence of contrasting scientific disciplines (e.g., materials science, bioengineering, 
pharmacology), the advancement and acceptance of nanotechnology rely heavily on a holistic 
interdisciplinary understanding of the impact of fundamental properties of ENMs (such as their 
morphology, size, defects, and chemical stability) on physiological and environmental systems.

Upon introduction into a biological system, ENMs rapidly associate a variety of macromol-
ecules including proteins, peptides, amino acids, fatty acids, lipids, and other organic matter 
forming protein biocorona [9–11]. The formation of the corona is dictated not only by the 
physicochemical properties of the ENM but also by the composition of the physiological envi-
ronment [12]. The addition of the corona on the surface of the ENM imparts a new distinctive 
interactive surface, which influences activity, deposition, clearance, and cytotoxicity [13–15]. 
The biocorona has also been shown to compromise the targeting capacity of functionalized 
ENMs and subsequently hinder delivery therapy [11, 16, 17]. In addition, the inconsistencies 
observed between in vitro and in vivo extrapolation of ENM toxicity are likely contributable 
to differences in ENM-biocorona formation [9, 18]. Spectroscopic tools are ideal for exploring 
the biological interactions of ENMs with proteins [19–21]. As discussed in this chapter, com-
bining spectroscopic tools with traditional toxicological studies can provide unique insights 
into the nano-bio interface that could be used to ultimately design benign ENMs.

2. Spectroscopic insights into protein corona

2.1. Hyperspectral imaging

Gold and silver nanoparticles display a collective and resonant oscillation of surface electrons, 
known as plasmons, upon light excitation in the visible region (400–700 nm). The surface plas-
mon resonance is highly sensitive to both nanoparticles aggregation and the dielectric constant 
of the environment surrounding them. In a biological medium, the presence of protein corona 
around nanoparticles alters the SPR peak by modifying the dielectric constant [22]. Similarly, 
their cellular uptake could lead to aggregation, which is known to red shift the SPR peak 
[23]. Hyperspectral imaging is an excellent tool that combines microscopy and spectroscopy 
in real time by accumulating reflectance spectrum for each pixel in a micrograph. Thus, the 
state of nanoparticles and protein corona upon cellular uptake can be gleaned from the hyper-
spectral micrographs [24–26]. Recently, we explored the cellular uptake of silver nanoparticles 
(Ag NPs) with and without protein corona using hyperspectral imaging [23]. Our studies 
revealed intracellular modifications resulting from protein corona formation as shown in 
Figure 1. Changes in the microenvironment of AgNPs were evidently reflected in the shift of 
plasmon energies allowing us to differentiate between intra- and extra-cellular nanoparticles. 
Hyperspectral imaging presents an alternative to traditional electron microscopy methods for 
the identification of nanoparticles and protein corona inside the cell [27–30]. The exhaustive 
sample preparation needed for electron microscopy, such as encapsulation in a polymer fol-
lowed by microtoming, often leads to artifacts. For example, the large agglomerates formed 
during the electron microscopy sample preparation are indistinguishable from agglomerates 
resulting from the loss of nanoparticles surface coating upon entering biological media.

Unraveling the Safety Profile of Nanoscale Particles and Materials - From Biomedical to Environmental Applications4

2.2. Circular dichroism (CD) spectroscopy

ENM-protein complex formation poses concerns on potential denaturation of proteins, which 
can alter protein binding to receptors and induce inflammatory responses. Lysozyme, for exam-
ple, adsorbed on gold nanoparticles (AuNPs) was observed to induce misfolded proteins which 
likely catalyze the formation of aggregates [31]. Similarly, fibrinogen was found to unfold on 
the surface of stabilized (negatively charged with polyacrylic acid) AuNPs and bind to integrin 
receptor (MAC-I) leading to inflammatory response [32]. Circular dichroism (CD) spectroscopy 
has been extensively used to study conformational changes in biomolecules [33–35]. CD studies 
on ENM protein corona can elucidate the changes in protein secondary structures ensuing from 
their adsorption to ENMs surface [36]. For example, apolipoprotein (ApoA-I) protein, which 
is known to be abundant in the protein corona of metal nanoparticles, exhibited secondary 
structural changes dependent on the surface coating (Figure 2). ApoA-I is the major lipopro-
tein component of high-density lipoprotein (HDL). It adopts a shape similar to a horseshoe of 
dimensions 12.5 x 8 x 4 nm with high α-helix content [37–39]. The helices in ApoA-I are pre-
dicted to be amphipathic, with the hydrophobic (/hydrophilic) face mediating lipid (/aqueous) 
interactions. The thermodynamic drive to minimize the aqueous exposure of the hydrophobic 
residues is one of the major factors in ApoA-I adsorption on AgNPs [40, 41]. We studied the 
interactions between ApoA-I and 100-nm AgNPs with four different coatings, viz., citrate, 
polyvinylpyrrolidone (PVP), branched polyethylenimine (bPEI), and lipoic acid [42]. 
These coatings were chosen to provide both negative (citrate, PVP, lipoic acid) and posi-
tive charged surfaces (bPEI) with different affinities for AgNPs. While lipoic acid interacts 
strongly through Ag-S bonds, other coatings (citrate, PVP, bPEI) are considerably weaker. 
As shown in Figure 2, CD studies showed a significant decrease in α-helical content for all 
surface coatings with the complete disappearance of α-helices for AgNP-bPEI and AgNP-
lipoic acid. From a physiological standpoint, we found a significant increase in the ability 
of ApoA-I-coated AgNP-bPEI and AgNP-lipoic acid to generate reactive oxygen species 
due to its unfolding. The conformational changes observed in CD can provide more infor-
mation on ENM-protein corona complex and may be even used as a predictor for adverse 
immune responses.

Figure 1. (a) Hyperspectral-enhanced darkfield images of macrophages exposed to AgNPs and AgNPs with protein 
corona for 2 hours, at a concentration of 25 μg/mL. Macrophage nucleus appears blue in the images due to DAPI stain. (b) 
Differences in mean spectra for AgNPs with different sizes (20 and 110 nm) and coatings (PVP and citrate). Based on such 
shifts in plasmon energies, it is possible to study the uptake and modification of AgNPs using hyperspectral imaging.
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2.3. Infrared spectroscopy

Unlike metal nanoparticles, carbon-based ENMs exhibit strong optical absorption <240 nm due 
to their π-electron system, which can interfere with protein CD spectra collected in 200–300 nm 
range, precluding the use of CD to study nanocarbon-protein corona. Alternatively, we used 
ATR-FTIR (attenuated total internal reflection-Fourier transform infrared) spectroscopy to eluci-
date the adsorption-induced structural changes in proteins (bovine serum albumin or BSA and 
fibrinogen) on carbon ENMs such as multi-walled carbon nanotubes (MWNTs), graphene, and 
graphene oxide nanoribbons (GNRs and GONRs). The FTIR spectrum of proteins displays two 
main bands, Amide I (1600–1700 cm−1) and Amide II (1500–1580 cm−1), arising from the amide 
bonds that link the amino acids in proteins. While Amide I band is mainly associated with the 
C═O stretching vibration, Amide II band results primarily from bending vibrations of the N─H 
bond. Given that both the C═O and the N─H bonds are involved in the hydrogen bonding 
between the different peptide units, their spectral position and intensity can be used to determine 
the secondary structure content of a protein. For example, as shown in Figure 3, the α-helical 
content in BSA leads to strong adsorption of ~1640–1660 cm−1 (dashed lines), while the lower 
frequency component at ~1620–1640 cm−1 and the peak ~1555 cm−1 arise from β-sheets. Clearly, 
the rich secondary structure of BSA (particularly, the peak relating to α-helical content) signifi-
cantly disappears upon its adsorption on to all carbon-based NMs, as expected from its low 
internal stability. Indeed, the changes in secondary structure are higher in the case of MWNTs 
(i.e., complete disappearance of secondary structure), suggesting that BSA unfolds much more, 
relative to GNRs and GONRs, in order to adhere to the tubular MWNTs. GNR and GONR retain 
BSA secondary structure to certain extent, as shown by the presence of ~1555 cm−1 for β-sheets. 
In the case of fibrinogen, the secondary structural changes are found to be higher for GONRs 
compared to MWNTs and GNRs plausibly due to the formation of hydrogen bonds. The α-helix 
peak was found to partially disappear for fibrinogen adsorbed on MWNTs and GNRs. Lastly, the 

Figure 2. (a) Circular dichroism (CD) spectra for ApoA-I incubated with AgNPs of different surface coatings (citrate, 
PVP, bPEI, and lipoic acid) show (b) marked decrease in α-helix content with corresponding increase in β-sheets and 
irregular structures. Spectra were analyzed using CAPITO (a CD Analysis & Plotting Tool), and secondary structure 
content was estimated. CD spectroscopy provides secondary and tertiary protein structure content estimation of 
biomolecules, which is critical for analyzing conformational changes during ENM-protein interactions.
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Figure 3. (a–c) Snapshots of MD simulations showing BSA on SWNT, GNR, and GONR 10 ns after adsorption. (d–f) 
show the top view. The adsorption is accompanied by disruption of α-helices into random peptide chains.

Figure 4. (a) FTIR spectra for native BSA and BSA adsorbed on MWNTs, GNRs, and GONRs show that the CNMs 
significantly affected the secondary structures of the proteins. The absorption peak for α-helix in native BSA, in the 
range from 1640 to 1660 cm−1 (indicated by the vertical dashed lines), showed a significant reduction (disappeared for 
MWNTs) for all CNMs, suggesting that the secondary structure of BSA adsorbed on CNMs was less compact. (b) In the 
case of fibrinogen, the loss of secondary structure was highest for GONRs possibly due to the formation of hydrogen 
bonds. While both MWNTs and GNRs exhibited a loss of α-helical content, the appearance of new peak ~1500 cm−1 
(corresponding to random motifs) in GNRs suggested a lesser degree of relaxation for fibrinogen, compared to MWNTs.
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 structural changes for fibrinogen on GNRs seemed to be less pronounced than MWNTs possibly 
due to its shape. It could be rationalized that fibrinogen must unfold more to adhere to MWNTs 
due to their higher curvature than GNRs. To further understand NM-BSA interactions, we also 
performed large-scale molecular dynamics (MD) simulations of BSA-MWNT, GNR/GONR-
water systems (detailed in [43]). As shown in Figure 3, we observed that proteins undergo con-
formational changes after initial contact (in accordance with our experimental observations, 
discussed in Figure 4), leading to some protein regions collapsing on to the ENM surface rather 
than gradually spreading from the initial region of contact.

3. Probing electronic interactions at the nano-bio interface

Charge transfer is known to play an important role in several many physiological processes 
including blood clotting, vitamin absorption, and oxidative stress [44–46]. Differences in electro-
negativity between proteins and the ENM surface may induce charge transfer which, along with 
other perturbations in the media (e.g., pH, thermodynamic fluctuations), plays a critical role in 
protein denaturation, protein-protein interactions, and alterations to the cellular and extracellular 
redox status. Such interactions are not necessarily specific, with conformational changes possibly 
resulting in newly exposed charged regions and hydrophobic domains attracting or repelling 
other surrounding proteins or nanostructures. Electronic properties of ENMs, including their 
band structure and density of states, have been shown to regulate protein adsorption dynamics 
via charge transfer, which are evident as shifts in absorption and emission spectra [47, 48].

3.1. Charge transfer during corona formation

The chemisorption of proteins on bulk material surfaces has been known to occur through 
charge transfer processes. For example, the aromatic amino acids present in BSA (trypto-
phan, phenylalanine, histidine, and tyrosine) could interact with the unhybridized pz orbitals 
of the carbon-based ENMs, via providing a weak acceptor level in the electronic density of 
states (DOS) to allow partial charge transfer. It may be expected that a surface facilitating 
higher charge transfer at the nanoscale may lead to stronger surface-protein interactions and 
a subsequent increase in protein adsorption. Spectroscopic and electrochemical techniques 
such as micro-Raman, CD, and cyclic voltammetry can be used to analyze and elucidate the 
influence of charge transfer on protein affinity for ENMs and the alterations in secondary 
and tertiary structures that occur with adsorption. Among variety of ENMs, nanocarbons 
possess strong affinity for proteins through hydrophobic and aromatic π-π stacking interac-
tions [49]. Previously, we elucidated the charge transfer interactions between nanocarbons 
and proteins using micro-Raman spectroscopy. Our results show that strong interaction of 
proteins (albumin and fibrinogen) with nanocarbons is strongly influenced by charge trans-
fer between them, inducing protein unfolding which enhances conformational entropy and 
higher protein adsorption. For instance, the UV-visible absorption spectrum of single-wall 
carbon nanotubes (SWNTs) coated with BSA were found to blue shift significantly, while 
BSA-coated graphene sheets (both exfoliated and synthesized via chemical vapor deposition) 
exhibited no such changes [50]. Additionally, micro-Raman spectroscopy revealed alterations 
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in the structure of the G-band (or graphitic band) of BSA-coated SWNTs. The G-band, which 
is highly sensitive to charge transfer, was found to be upshifted with a Breit-Wigner-Fano line-
shape resulting from electron transfer between BSA and SWNTs. No changes were observed 
for graphene upon protein coating, indicating that ENMs-BSA charge transfer is unique to 
SWNTs. Concomitantly, FTIR spectroscopy revealed subsequent conformational changes in 
BSA (Figure 4) in the form of uncompacting of α-helices, suggesting hard corona formation on 
SWNTs as opposed to graphene. These results insinuate that disruption in electrostatics due 
to ENM-protein charge transfer leads to the breaking of peripheral H-bonds in the α-helices 
and permanent denaturation of BSA on SWNTs [50, 51].

3.2. Two-dimensional (2D) materials

Unique properties of two-dimensional (2D) nanomaterials, including boron nitride (BN), gra-
phene, and graphene oxide, relate to their electronic interactions with biomolecules. The 2D 
structure of these ENMs gives rise to π-electron clouds which can interact strongly with other 
π-electrons in proteins or amino acids [52]. While we predominantly focused on proteins, it is 
important to note that individual amino acid interactions with ENMs are equally significant 
indicators of corona formation and cytotoxicity modeling. In particular, aromatic amino acids 
offer π-electrons similar to 2D ENMs, and therefore exhibit this strong affinity for certain 
2D materials through this π-π electron stacking. We studied interactions between aromatic 
amino acids (tryptophan, tyrosine, and phenylalanine) and 2D nanomaterials (graphene, gra-
phene oxide or GO, and BN) using micro-Raman and photoluminescence (PL) spectroscopy 
combined with electrochemical characterization. Perturbation in the electronic structure was 
evident through changes in Raman spectra as shown in Figure 5, and results were quantified 
using CV measurements (Figure 6). Downshift in characteristic G and 2D bands in the spectra 

Figure 5. Raman spectra of graphene (Gr)-amino acid complexes show significant shifts in carbon characteristic (a) 
G band and (b) 2D band indicating charge transfer between amino acid and graphene. Solid line indicates fits to 
experimental data. Panel b shows deconvoluted peaks of 2D band. Downshift in G and 2D bands for graphene-tyrosine 
complex indicates upshift in fermi level (Ef) induced by electron transfer from tyrosine.
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indicated upshift in Fermi level induced from electron transfer from the amino acid. In CV 
characterization, the application of gate voltage on the working electrode (i.e., ENMs) modu-
lates its electronic energy levels, which when above (/below) the LUMO (/HOMO) levels of 
the protein can result in a charge transfer. While reversible charge transfer in redox couples 
appears as two peaks in the CV curve (one for oxidation and the other for reduction), only 
a single peak is often observed for irreversible charge transfer. The irreversibility of these 
charge transfer between 2D ENMs and amino acids was confirmed with appearance of new 
peak (~0.6–0.8 V) in our CV curves. Further findings suggested variance in π-electron cloud 
structure in graphene and BN determined electron stacking orientation and associated amino 
acid affinity, while functional groups mediated affinity through H-bonding in GO. As shown 
in Figure 6b, indeed adsorption of amino acids on 2D materials significantly alters their abil-
ity to generate reactive oxygen species [52].

4. Conclusions

Understanding the biological interactions of ENMs with a biocorona and its influence on cel-
lular uptake, generation of reactive oxygen species, and cytotoxicity is critical to implement 
the safe use of ENMs. Spectroscopic tools offer critical insights into the nano-bio interface 
by providing information regarding the protein adsorption affinity, the influence of charge 
transfer, and protein unfolding on ENMs. Hyperspectral imaging is an excellent complemen-
tary technique to electron microscopy. The changes in the micro-environment of ENMs are 
reflected in their hyperspectra allowing one to identify intra-cellular ENMs. Circular dichro-
ism and infrared spectroscopy are sensitive to the changes in protein structure, while Raman 
and cyclic voltammetry provide information about the charge transfer between ENMs and 
proteins. A comprehensive characterization of ENM-protein corona with spectroscopic tools 

Figure 6. (a) Cyclic voltammetry (CV) curves for graphene and tryptophan show appearance of new peak ~0.6–0.8 V 
indicating irreversible charge transfer. (b) Percent change in reactive oxygen species (ROS) by macrophages when exposed 
different 2D materials like graphene (Gr), boron nitride (BN), and graphene oxide (GO) to amino acid complexes (tyrosine, 
tryptophan, and phenylalanine). Sensitivity to charge transfer makes electrochemical impedance spectroscopy a valuable 
tool in probing nano-bio interactions.
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is necessary for establishing relationships between ENM physicochemical properties and 
their biological responses.
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1. Introduction

The development and production of nanomaterials are one of the fastest growing areas of 
advanced technologies, providing a wide range of novel applications in the electronic, health-
care, cosmetic, agronomy, engineering and food industries. The nanotechnology era has 
increased nanoparticles concentration in the environment, causing continuous human expo-
sure, with both uncontrolled contact by inhalation or through the skin, as well as exposure via 
oral administration or by drug injection.

The lack of toxicological data on nanomaterials makes it difficult to assess the risk due to their 
exposure. For all these reasons, there is an urgent need to develop rapid, accurate and effective 
testing strategies to assess the impact of these emerging materials on human health and the envi-
ronment. Three nanoparticles of growing interest have been selected as key materials in this chap-
ter: (1) superparamagnetic iron oxide nanoparticles (SPIONs) that are commonly developed as 
magnetic resonance imaging (MRI) contrast agents [1], (2) titanate nanotubes (TiONts) for their 
elongated morphology [2] and (3) ZnO nanoparticles, known for their potential hazards [3].

The major objective of this study concerns the detailed assessment of oxide nanoparticles 
toxicity or safety profile, through the development of pertinent bioassays. Cytotoxicity assays 
to check cellular homeostasis disruption, transmission electron microscopy (TEM) analysis 
and flow cytometry for particle uptake investigation, cell death evaluation, and the influence 
of nanoparticles on biogenesis and activity of cell organelles are described. Moreover, eco-
toxicological monitoring was performed using zebrafish embryos as a model. Survival and 
hatching rates, and malformations were determined upon exposure to oxide nanoparticles. 
Finally, an understanding and factors to control the protein/nanomaterial interactions are fur-
ther presented. These proteins influence the cellular interactions with the nanoparticles such 
as adhesion to the plasma membrane or uptake, but also their biodistribution.

2. Synthesis, purification and characterization tools for oxide 
nanoparticles toxicity control and profiling

To investigate the toxicological risk assessment of nanomaterials, it is necessary to jointly con-
trol their morphology, their size distribution, the nature of their interfaces (charges and chem-
istry) and their colloidal stability in several media. Indeed, many controversies in literature 
come from the lack of control of one of these parameters. In this part, the emphasis is placed 
on the synthesis as well as the characterization tools used to fully investigate nanoparticles 
and to control the parameters influencing their nanotoxicity.

2.1. Synthesis routes of oxide nanoparticles: the case of SPIONs and TiONts

2.1.1. Synthesis of SPIONs by soft chemistry as well as functionalization of their surface

SPIONs were prepared according to a method derived from the classical Massart protocol [4]. 
Briefly, a 1:2 molar ratio of ferrous and ferric chloride was added to a NaOH solution at 90°C 
under vigorous mechanical stirring. The product was magnetically settled down and washed 
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three times with 400 mL of 1 M HNO3. Finally, the particle suspension was centrifuged at 
450× g for 1 h to remove the biggest aggregates. The supernatant was dialyzed against an 
HNO3 solution (pH 4.0) during 24 h [5].

In order to increase their colloidal stability for biological assays, bare SPIONs were subjected to 
3-aminopropyltriethoxysilane (APTES) in an equivalent mass ratio into a 1:1 ethanol/water mix-
ture, the pH of which was decreased to 4.0 by the addition of 1 M HCl prior to the APTES addi-
tion. The mixture was submitted to an ultrasonic treatment to afford a good particle dispersion 
leading to the polysiloxane coverage of individual particles rather than agglomerates. The mix-
ture was then submitted to mechanical stirring during 48 h. Glycerol was then added followed 
by the evaporation of the ethanol/water mixture under reduced pressure to increase the polysi-
loxane condensation around SPIONs. Finally, glycerol was removed by acetone addition to the 
SPION suspension accompanied by a magnetic decantation. SPIONs were finally resuspended 
into ultrapure water yielding SPIONs-NH2 and dialyzed 1 week against ultrapure water [6].

The surface of bare SPIONs or SPIONs-NH2 was then functionalized with polyvinyl alco-
hol (PVA) or polyethylene glycol (PEG-COOH), respectively. Polymers of different molecular 
weights (from 2 to 30 kDa) and bearing different chemical groups were used. PEG chains were 
covalently grafted on the surface of SPIONs (EDC/NHS coupling), while PVA was linked via 
electrostatic interactions [7].

2.1.2. Synthesis of TiONts and functionalization of their surface

Titanate nanotubes were prepared by a classical hydrothermal method. Titanium dioxide rutile 
precursor powders (440 mg) were added to a NaOH aqueous solution (10 mol.L−1, 110 mL) 
[2]. The mixture was subjected to ultrasound (15 min, 375 W) before being transferred into a 
sealed Teflon reactor. The temperature was set at 155°C for 36 h and the mixture was stirred by 
magnetic stirring (120 rpm). The resulting white product was isolated by centrifugation and 
washed with deionized water until pH 6.0 was reached. Finally, the powder was freeze-dried.

The biocompatibility of TiONts in biological systems has been improved through their sur-
face modification with APTES, PEG or chitosan grafting. Bare TiONts were coated by APTES 
and PEG with protocols very similar to that used for SPIONs [8]. The method of chitosan 
(CT) grafting is based on electrostatic interactions between chitosan’s amines and nanotubes’ 
hydroxyl groups. Briefly, a mixture of TiONts and CT in a 1:2 molar ratio of TiONts(–OH)/
CT(–NH2) was prepared and the pH was adjusted to 7.0. The suspension was mixed up at 
25°C under magnetic stirring during 24 h. The powder was washed several times with deion-
ized water by an ultrafiltration device (300 kDa, regenerated cellulose) [9].

2.2. Purifications of bare nanoparticles and nanohybrids

Purification of nanoparticles is undoubtedly an important and challenging step in order 
to control both the chemistry of their surface and their dispersion in varied media. All the 
obtained nanohybrids were purified by ultrafiltration on 30 kDa membranes and/or dialyzed 
on 3.5 kDa membranes to remove ungrafted stabilizing molecules and remaining salts finally 
yielding nanoparticle suspensions at the pH and the conductivity of ultrapure water. Finally, 
a portion of the suspensions was freeze-dried for powder characterizations: X-ray diffraction 
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1. Introduction

The development and production of nanomaterials are one of the fastest growing areas of 
advanced technologies, providing a wide range of novel applications in the electronic, health-
care, cosmetic, agronomy, engineering and food industries. The nanotechnology era has 
increased nanoparticles concentration in the environment, causing continuous human expo-
sure, with both uncontrolled contact by inhalation or through the skin, as well as exposure via 
oral administration or by drug injection.
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magnetic resonance imaging (MRI) contrast agents [1], (2) titanate nanotubes (TiONts) for their 
elongated morphology [2] and (3) ZnO nanoparticles, known for their potential hazards [3].

The major objective of this study concerns the detailed assessment of oxide nanoparticles 
toxicity or safety profile, through the development of pertinent bioassays. Cytotoxicity assays 
to check cellular homeostasis disruption, transmission electron microscopy (TEM) analysis 
and flow cytometry for particle uptake investigation, cell death evaluation, and the influence 
of nanoparticles on biogenesis and activity of cell organelles are described. Moreover, eco-
toxicological monitoring was performed using zebrafish embryos as a model. Survival and 
hatching rates, and malformations were determined upon exposure to oxide nanoparticles. 
Finally, an understanding and factors to control the protein/nanomaterial interactions are fur-
ther presented. These proteins influence the cellular interactions with the nanoparticles such 
as adhesion to the plasma membrane or uptake, but also their biodistribution.

2. Synthesis, purification and characterization tools for oxide 
nanoparticles toxicity control and profiling

To investigate the toxicological risk assessment of nanomaterials, it is necessary to jointly con-
trol their morphology, their size distribution, the nature of their interfaces (charges and chem-
istry) and their colloidal stability in several media. Indeed, many controversies in literature 
come from the lack of control of one of these parameters. In this part, the emphasis is placed 
on the synthesis as well as the characterization tools used to fully investigate nanoparticles 
and to control the parameters influencing their nanotoxicity.

2.1. Synthesis routes of oxide nanoparticles: the case of SPIONs and TiONts

2.1.1. Synthesis of SPIONs by soft chemistry as well as functionalization of their surface

SPIONs were prepared according to a method derived from the classical Massart protocol [4]. 
Briefly, a 1:2 molar ratio of ferrous and ferric chloride was added to a NaOH solution at 90°C 
under vigorous mechanical stirring. The product was magnetically settled down and washed 
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three times with 400 mL of 1 M HNO3. Finally, the particle suspension was centrifuged at 
450× g for 1 h to remove the biggest aggregates. The supernatant was dialyzed against an 
HNO3 solution (pH 4.0) during 24 h [5].

In order to increase their colloidal stability for biological assays, bare SPIONs were subjected to 
3-aminopropyltriethoxysilane (APTES) in an equivalent mass ratio into a 1:1 ethanol/water mix-
ture, the pH of which was decreased to 4.0 by the addition of 1 M HCl prior to the APTES addi-
tion. The mixture was submitted to an ultrasonic treatment to afford a good particle dispersion 
leading to the polysiloxane coverage of individual particles rather than agglomerates. The mix-
ture was then submitted to mechanical stirring during 48 h. Glycerol was then added followed 
by the evaporation of the ethanol/water mixture under reduced pressure to increase the polysi-
loxane condensation around SPIONs. Finally, glycerol was removed by acetone addition to the 
SPION suspension accompanied by a magnetic decantation. SPIONs were finally resuspended 
into ultrapure water yielding SPIONs-NH2 and dialyzed 1 week against ultrapure water [6].

The surface of bare SPIONs or SPIONs-NH2 was then functionalized with polyvinyl alco-
hol (PVA) or polyethylene glycol (PEG-COOH), respectively. Polymers of different molecular 
weights (from 2 to 30 kDa) and bearing different chemical groups were used. PEG chains were 
covalently grafted on the surface of SPIONs (EDC/NHS coupling), while PVA was linked via 
electrostatic interactions [7].

2.1.2. Synthesis of TiONts and functionalization of their surface

Titanate nanotubes were prepared by a classical hydrothermal method. Titanium dioxide rutile 
precursor powders (440 mg) were added to a NaOH aqueous solution (10 mol.L−1, 110 mL) 
[2]. The mixture was subjected to ultrasound (15 min, 375 W) before being transferred into a 
sealed Teflon reactor. The temperature was set at 155°C for 36 h and the mixture was stirred by 
magnetic stirring (120 rpm). The resulting white product was isolated by centrifugation and 
washed with deionized water until pH 6.0 was reached. Finally, the powder was freeze-dried.

The biocompatibility of TiONts in biological systems has been improved through their sur-
face modification with APTES, PEG or chitosan grafting. Bare TiONts were coated by APTES 
and PEG with protocols very similar to that used for SPIONs [8]. The method of chitosan 
(CT) grafting is based on electrostatic interactions between chitosan’s amines and nanotubes’ 
hydroxyl groups. Briefly, a mixture of TiONts and CT in a 1:2 molar ratio of TiONts(–OH)/
CT(–NH2) was prepared and the pH was adjusted to 7.0. The suspension was mixed up at 
25°C under magnetic stirring during 24 h. The powder was washed several times with deion-
ized water by an ultrafiltration device (300 kDa, regenerated cellulose) [9].

2.2. Purifications of bare nanoparticles and nanohybrids

Purification of nanoparticles is undoubtedly an important and challenging step in order 
to control both the chemistry of their surface and their dispersion in varied media. All the 
obtained nanohybrids were purified by ultrafiltration on 30 kDa membranes and/or dialyzed 
on 3.5 kDa membranes to remove ungrafted stabilizing molecules and remaining salts finally 
yielding nanoparticle suspensions at the pH and the conductivity of ultrapure water. Finally, 
a portion of the suspensions was freeze-dried for powder characterizations: X-ray diffraction 
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(XRD), infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS) and thermogravi-
metric analysis (TGA) [8, 10, 11].

2.3. Importance of high-standard characterization tools for nanotoxicity evaluation 
and safety profile definition

It is well known that numerous parameters influence the toxicity of nanomaterials. This is the 
reason why each kind of nanoparticles (bare or coated-SPIONs, TiONts or ZnO) was thoroughly 
characterized by an array of analytical techniques, which allowed to keep track of the precise 
morphology, composition, agglomeration and surface chemistry (composition and charge). We 
ensured the highest standards of characterization of hybrid nanomaterials (Figure 2).

The size and morphology of the individual nanoparticles were determined by transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM). The agglomeration 
state was investigated via dynamic light scattering (DLS) and specific surface area measure-
ments (BET method). The colloidal stability was investigated by UV-visible spectroscopy in 
several media (e.g., PBS, MEM and albumin solutions): the UV absorbance evolution was 
recorded over time every 5 min during several hours. The faster the absorbance decreased, the 
less stable the particles were in suspension [9, 10].

The oxide nanoparticles structure was investigated by X-ray diffraction (XRD), high resolu-
tion TEM, selected area diffraction (SAD), Raman and FTIR spectroscopies. The nanoparticles 
chemistry was also analyzed by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) (Figure 2) [6].

Moreover, the chemical composition of the nanoparticles surface was investigated through 
XPS, TGA, zeta potential measurements and FTIR spectroscopy. For instance, XPS was associ-
ated with TGA to quantify the molecule number grafted at the surface of nanohybrids [12].

3. Cytotoxicity, cellular uptake and biodistribution of oxide 
nanoparticles

The previously described metal oxide nanoparticles are excellent candidates for a variety of 
biomedical applications ranging from drug delivery to diagnostic aids, as well as implantable 
biomaterials [6, 8, 13, 14]. However, a thorough evaluation of particles interaction with the tar-
geted cells, circulatory immune cells and tissues is the first prerequisite. Here, these interactions 
are presented from an internalization and cytotoxicity point of view, and the biodistribution of 
these particles in various in vivo models (healthy and tumor bearing rodents) is also highlighted.

3.1. Superparamagnetic iron oxide nanoparticles: toxicity, cellular interactions and 
biodistribution

3.1.1. Cytotoxicity of SPIONs

SPIONs are well developed for biomedical applications as a consequence of their easy and 
reproducible production. Another advantage of the SPIONs is their chemistry. They are in fact 
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made from one of the most abundant metals present in metabolism: iron. Despite the fact that 
iron could induce ROS generation in cells [15], working with this element clearly decreases the 
potential toxicity compared to other metal oxide nanoparticles during dissolution processes 
in vitro or in vivo [15]. Naked SPIONs tend to sediment and can precipitate at physiological 
conditions, leading to a severe toxicological hazard [16]. It is imperative to modify the surface 
of these nanoparticles to avoid any aggregation and the resultant risk of toxicity. Polyethylene 
glycol (PEG) is a polymer commonly used to increase the biocompatibility of the SPIONs as 
well as their stealthiness for specific targeting [17]. SPIONs grafted with PEG do not show 
any cytotoxicity via MTT assay at a concentration up to 270 µgFe/mL, 24 h after incubation 
with RAW 264.7 and HepG2 cell lines [5]. Polyvinyl alcohol (PVA) is also used to stabilize 
SPIONs and do not have any cytotoxic effects (MTS assay) for a concentration of 800 μgFe/mL 
24 h after incubation with RAW 264.7 cells [18]. Furthermore, PVA coated SPIONs do not sig-
nificantly activate or influence human T helper cells and have a negligible influence on T cell 
apoptosis at a concentration of 100 μgSPIONs/mL after 72 h [19]. Regarding PVA, the covalent 
binding of this polymer onto the SPION surface significantly decreases some inflammatory 
effects on same T helper cells [20]. Evaluating cytotoxicity of SPIONs is not a trivial operation. 
Many tests are measuring the evolution of absorbance and the nanomaterials are influencing 
the final value. It is then very important in order to avoid false positive or negative results, to 
carefully setup the experiments and the control to correct the absorbance [21].

As demonstrated in many studies, the addition of a biocompatible polymer layer on the 
SPION surface significantly improves their biocompatibility, which is a crucial step for the 
biological interactions targeted.

3.1.2. Cellular uptake and biodistribution of superparamagnetic iron oxide nanoparticles

First of all, the magnetic properties of SPIONs are very interesting to increase the cellular uptake 
rate of these nanoparticles with a magnet [22] and then to improve the labeling of cells for bio-
medical applications [23, 24]. The concentration and the charge play a significant role in the cel-
lular internalization [25]. For instance, negatively charged fluorescently labeled SPIONs have a 
higher internalization in prostate-cancer PC-3 cell line as observed via confocal microscopy or 
flow cytometry, in comparison to positively charged SPIONs [26]. In the same way, neutrally 
charged SPIONs coated with PEG show less cellular interactions on RAW 264.7 cells by TEM and 
classical microscopy (labeled with Prussian blue) than negatively charged PEGylated-SPIONs 
[5]. On another side, positively charged PVA-SPIONs seem to have a better internalization by 
HeLa cells than neutral PVA-SPIONs with an additional influence of the culture medium used, 
especially depending on the presence of proteins [7]. Thus, the influence of the chemical coating 
is an important factor, however it seems that the nature of the medium used is much more critical.

Regarding their biodistribution, SPIONs usually show accumulation in the liver and spleen 
[1, 27]. SPION accumulation to the liver is delayed due to a coating of neutral PEG onto 
SPIONs, as observed by MRI and Prussian blue-based histology [5]. Their circulation time 
in the bloodstream is at least 3 h longer compared to negatively charged PEG-SPIONs [5]. 
The charge of PVA conjugated particles can also induce different in vivo behavior of SPIONs. 
When observed 15 min after injection into a rat model, 50% of the dose of positively charged 
PVA-SPIONs already accumulate in the liver when 90% of the neutral and the negatively 
charged PVA-SPIONs are still passing through the bloodstream [28].
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(XRD), infrared spectroscopy (IR), X-ray photoelectron spectroscopy (XPS) and thermogravi-
metric analysis (TGA) [8, 10, 11].

2.3. Importance of high-standard characterization tools for nanotoxicity evaluation 
and safety profile definition

It is well known that numerous parameters influence the toxicity of nanomaterials. This is the 
reason why each kind of nanoparticles (bare or coated-SPIONs, TiONts or ZnO) was thoroughly 
characterized by an array of analytical techniques, which allowed to keep track of the precise 
morphology, composition, agglomeration and surface chemistry (composition and charge). We 
ensured the highest standards of characterization of hybrid nanomaterials (Figure 2).

The size and morphology of the individual nanoparticles were determined by transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM). The agglomeration 
state was investigated via dynamic light scattering (DLS) and specific surface area measure-
ments (BET method). The colloidal stability was investigated by UV-visible spectroscopy in 
several media (e.g., PBS, MEM and albumin solutions): the UV absorbance evolution was 
recorded over time every 5 min during several hours. The faster the absorbance decreased, the 
less stable the particles were in suspension [9, 10].

The oxide nanoparticles structure was investigated by X-ray diffraction (XRD), high resolu-
tion TEM, selected area diffraction (SAD), Raman and FTIR spectroscopies. The nanoparticles 
chemistry was also analyzed by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) (Figure 2) [6].

Moreover, the chemical composition of the nanoparticles surface was investigated through 
XPS, TGA, zeta potential measurements and FTIR spectroscopy. For instance, XPS was associ-
ated with TGA to quantify the molecule number grafted at the surface of nanohybrids [12].

3. Cytotoxicity, cellular uptake and biodistribution of oxide 
nanoparticles

The previously described metal oxide nanoparticles are excellent candidates for a variety of 
biomedical applications ranging from drug delivery to diagnostic aids, as well as implantable 
biomaterials [6, 8, 13, 14]. However, a thorough evaluation of particles interaction with the tar-
geted cells, circulatory immune cells and tissues is the first prerequisite. Here, these interactions 
are presented from an internalization and cytotoxicity point of view, and the biodistribution of 
these particles in various in vivo models (healthy and tumor bearing rodents) is also highlighted.

3.1. Superparamagnetic iron oxide nanoparticles: toxicity, cellular interactions and 
biodistribution

3.1.1. Cytotoxicity of SPIONs

SPIONs are well developed for biomedical applications as a consequence of their easy and 
reproducible production. Another advantage of the SPIONs is their chemistry. They are in fact 
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made from one of the most abundant metals present in metabolism: iron. Despite the fact that 
iron could induce ROS generation in cells [15], working with this element clearly decreases the 
potential toxicity compared to other metal oxide nanoparticles during dissolution processes 
in vitro or in vivo [15]. Naked SPIONs tend to sediment and can precipitate at physiological 
conditions, leading to a severe toxicological hazard [16]. It is imperative to modify the surface 
of these nanoparticles to avoid any aggregation and the resultant risk of toxicity. Polyethylene 
glycol (PEG) is a polymer commonly used to increase the biocompatibility of the SPIONs as 
well as their stealthiness for specific targeting [17]. SPIONs grafted with PEG do not show 
any cytotoxicity via MTT assay at a concentration up to 270 µgFe/mL, 24 h after incubation 
with RAW 264.7 and HepG2 cell lines [5]. Polyvinyl alcohol (PVA) is also used to stabilize 
SPIONs and do not have any cytotoxic effects (MTS assay) for a concentration of 800 μgFe/mL 
24 h after incubation with RAW 264.7 cells [18]. Furthermore, PVA coated SPIONs do not sig-
nificantly activate or influence human T helper cells and have a negligible influence on T cell 
apoptosis at a concentration of 100 μgSPIONs/mL after 72 h [19]. Regarding PVA, the covalent 
binding of this polymer onto the SPION surface significantly decreases some inflammatory 
effects on same T helper cells [20]. Evaluating cytotoxicity of SPIONs is not a trivial operation. 
Many tests are measuring the evolution of absorbance and the nanomaterials are influencing 
the final value. It is then very important in order to avoid false positive or negative results, to 
carefully setup the experiments and the control to correct the absorbance [21].

As demonstrated in many studies, the addition of a biocompatible polymer layer on the 
SPION surface significantly improves their biocompatibility, which is a crucial step for the 
biological interactions targeted.

3.1.2. Cellular uptake and biodistribution of superparamagnetic iron oxide nanoparticles

First of all, the magnetic properties of SPIONs are very interesting to increase the cellular uptake 
rate of these nanoparticles with a magnet [22] and then to improve the labeling of cells for bio-
medical applications [23, 24]. The concentration and the charge play a significant role in the cel-
lular internalization [25]. For instance, negatively charged fluorescently labeled SPIONs have a 
higher internalization in prostate-cancer PC-3 cell line as observed via confocal microscopy or 
flow cytometry, in comparison to positively charged SPIONs [26]. In the same way, neutrally 
charged SPIONs coated with PEG show less cellular interactions on RAW 264.7 cells by TEM and 
classical microscopy (labeled with Prussian blue) than negatively charged PEGylated-SPIONs 
[5]. On another side, positively charged PVA-SPIONs seem to have a better internalization by 
HeLa cells than neutral PVA-SPIONs with an additional influence of the culture medium used, 
especially depending on the presence of proteins [7]. Thus, the influence of the chemical coating 
is an important factor, however it seems that the nature of the medium used is much more critical.

Regarding their biodistribution, SPIONs usually show accumulation in the liver and spleen 
[1, 27]. SPION accumulation to the liver is delayed due to a coating of neutral PEG onto 
SPIONs, as observed by MRI and Prussian blue-based histology [5]. Their circulation time 
in the bloodstream is at least 3 h longer compared to negatively charged PEG-SPIONs [5]. 
The charge of PVA conjugated particles can also induce different in vivo behavior of SPIONs. 
When observed 15 min after injection into a rat model, 50% of the dose of positively charged 
PVA-SPIONs already accumulate in the liver when 90% of the neutral and the negatively 
charged PVA-SPIONs are still passing through the bloodstream [28].
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Overall, SPIONs are well developed and tested for many biological applications. They do 
not show any dramatic toxicity and have interesting cellular and in vivo interactions, making 
them extremely attractive as theranostic agents [29].

3.2. Titanate nanotube in vitro toxicity and biodistribution testing

3.2.1. Cytotoxicity of TiONts: the surface chemistry matters

The cytotoxicity of titanate nanotubes made by hydrothermal treatment has been assessed 
in H596 human lung tumor cells [30], cardiomyocytes [31], SNB19 and U87-MG glioblasto-
mas [32], Caco-2 cells [33], as well as 22Rv1 prostate cancer cells [8]. Interestingly, the degree 
of ion exchange via acid treatment, which partly or entirely substitutes sodium cations by 
hydrogen cations, is a key parameter that drives the cytotoxicity of titanate nanowires [30]. 
Titanate nanotubes that were not treated with acid did not induce significant cytotoxic effect 
in cardiomyocytes, as seen by MTT assay performed between 1 and 10 μg/mL TiONts [31]. 
Similarly, TiONts concentration ranging up to 100 μg/mL do not induce detectable cytotoxic-
ity in glioblastoma cell lines [32]. In contrast, the viability of CHO cells significantly decreases 
to 66% viability after 24 h of incubation with 100 μg/mL of bare TiONts; however, concentra-
tions up to 20 μg/mL were not found to be cytotoxic to these ovarian cells [10]. Additionally, 
PEGylation of TiONts did not modulate TiONts effect on cell viability up to 5 μg/mL [10]. 
However, the subsequent surface functionalization of these nanotubes with Docetaxel reduces 
the drug availability and significantly increases Docetaxel IC50 in 22Rv1 cells, compared to 
free drug control [8]. As described in the next section, in vivo studies have shown that TiONts 
acts like an anchor in the tumor, which prevents drug from leaching out of the cancerous cells, 
and as a result, the loss in drug potency was not detrimental in this specific case [8].

Beyond their cytotoxicity data, TiONts have been shown to arrest cell cycle in the G2/M phase 
for both SH-B19 and U87-MG cell lines, as observed while investigating the origin of their 
radio sensitization effect in glioblastoma [32]. Indeed, an important intrinsic feature of these 
metal oxide nanotubes is their ability to potentiate gamma radiation effect on cells, making 
them an interesting candidate for combinatorial therapies on ongoing preclinical investiga-
tions (i.e., chemotherapy along with radiation therapy) [34].

3.2.2. Cellular uptake of nanotubes: the shape takes the lead

This chapter mainly focuses on metal oxide nanoparticles, however, beyond the surface 
chemistry of such materials, one of the key parameters to consider while studying nanopar-
ticle interaction with cells and tissues is their shape. Indeed, due to their needle-like mor-
phology, bare TiONts are internalized in cells not only by endocytosis, but also by diffusion 
across the plasma membrane, as observed by TEM analysis for cardiomyocytes [31], SNB19 
and U87-MG glioblastoma cell lines [32]. Nanotubes display a significant higher specific sur-
face compared to their spherical counterparts [2] and this potentially modifies their degree of 
interaction with plasma proteins and cells. Our group has observed that even by incubating 4 
times more spherical TiO2 than TiONts with cardiomyocyte cells to account for the difference 
in specific surface values, TiONts were internalized in much more cells than spherical TiO2 
[31]. Cell penetration via diffusion, along with their increased specific area, potentially makes 
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them an excellent candidate as a new nanomedicine platform after careful assessment of their 
cytotoxicity in each targeted cell model.

3.2.3. Biodistribution and “tumor retention effect” of titanate nanotubes

Nanotubes display unique behavior regarding their interaction with and internalization within 
cells, as well as distribution to tissues, compared to spherical nanoparticles. Indeed, the shape is a 
critical parameter governing circulation time and biodistribution for the same material. For exam-
ple, the circulation time for tubular micelles in mice is 10 times longer than the one of spherical 
micelles [35]. Titanate nanotubes have been shown to transiently accumulate in the lungs before 
being quickly eliminated by the bladder more than 24 h following their IV injection in mice [36]. 
Lung accumulation has also been observed in the case of carbon nanotubes; however, they were 
still detected 3 months following injection [37]. Interestingly, single walled carbon nanotubes have 
been demonstrated to be uptaken in the bloodstream by a subset of monocytes that subsequently 
deliver them to the tumor [38]. Nanoparticles passively accumulate in tumor by enhanced per-
meability and retention effect (EPR effect), due to the poorly formed vasculature supporting the 
malignant cells, in combination with reduced clearance secondary to defective lymphatic drain-
age at site. While passive targeted delivery to tumor is estimated to deliver only a small fraction of 
the injected dose utilizing spherical nanoparticles, nanotubes are capable of reaching significantly 
greater accumulation than their spherical counterparts and also display greater surface area that 
potentially leads to greater effect [39]. Immune cells’ active delivery of tubular nanomaterials 
to the tumor [38], as well as the enhanced retention time of tubular-shaped nanomaterials into 
tumors [8] are attractive factors in using such particles for drug delivery. Indeed, our group has 
reported for the first time that prostate tumors retain more than 70% of docetaxel-functionalized 
titanate nanotubes up to 7 days following intratumoral injection, indirectly bypassing the well-
known multidrug resistance effect [8] (Figure 1-A). Exploring the tubular shape of nanobioma-
terials that can provide a solid “tumor retention effect” will be an important step forward in 
developing the next generations of drug delivery platforms in oncology.

3.3. Importance of the protein corona on biological interactions of nanomaterials

Understanding the in vitro and in vivo behavior of nanoparticles is one of the main objectives of 
current studies. It seems too simplistic today to draw conclusions about their behavior without 
taking into account the environment, especially the proteins present in the systems studied 
[40]. Nowadays, it is accepted that once nanoparticles are incubated in biological fluids such 
as blood, they will be covered by proteins [41]. Not only do these proteins interact with the 
chemical coatings of materials, but they mostly also modulate their biological fate [28, 42].

The nature of the coating, including resulting charge, surface chemistry and particle hydrody-
namic size, influences the adsorption of proteins on the surface of nanoparticles: the protein 
corona [43, 44]. For example, we demonstrated that bare silica beads covered by either a gold 
or a titanium oxide layer have different preferential binding to proteins [43]. Once incubated 
1 h at 37°C with fetal bovine serum (FBS), we showed that:

• naked silica nanoparticles have no interactions with neither plasminogen nor albumin (two 
of the most abundant proteins present in FBS),
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Overall, SPIONs are well developed and tested for many biological applications. They do 
not show any dramatic toxicity and have interesting cellular and in vivo interactions, making 
them extremely attractive as theranostic agents [29].

3.2. Titanate nanotube in vitro toxicity and biodistribution testing

3.2.1. Cytotoxicity of TiONts: the surface chemistry matters

The cytotoxicity of titanate nanotubes made by hydrothermal treatment has been assessed 
in H596 human lung tumor cells [30], cardiomyocytes [31], SNB19 and U87-MG glioblasto-
mas [32], Caco-2 cells [33], as well as 22Rv1 prostate cancer cells [8]. Interestingly, the degree 
of ion exchange via acid treatment, which partly or entirely substitutes sodium cations by 
hydrogen cations, is a key parameter that drives the cytotoxicity of titanate nanowires [30]. 
Titanate nanotubes that were not treated with acid did not induce significant cytotoxic effect 
in cardiomyocytes, as seen by MTT assay performed between 1 and 10 μg/mL TiONts [31]. 
Similarly, TiONts concentration ranging up to 100 μg/mL do not induce detectable cytotoxic-
ity in glioblastoma cell lines [32]. In contrast, the viability of CHO cells significantly decreases 
to 66% viability after 24 h of incubation with 100 μg/mL of bare TiONts; however, concentra-
tions up to 20 μg/mL were not found to be cytotoxic to these ovarian cells [10]. Additionally, 
PEGylation of TiONts did not modulate TiONts effect on cell viability up to 5 μg/mL [10]. 
However, the subsequent surface functionalization of these nanotubes with Docetaxel reduces 
the drug availability and significantly increases Docetaxel IC50 in 22Rv1 cells, compared to 
free drug control [8]. As described in the next section, in vivo studies have shown that TiONts 
acts like an anchor in the tumor, which prevents drug from leaching out of the cancerous cells, 
and as a result, the loss in drug potency was not detrimental in this specific case [8].

Beyond their cytotoxicity data, TiONts have been shown to arrest cell cycle in the G2/M phase 
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them an excellent candidate as a new nanomedicine platform after careful assessment of their 
cytotoxicity in each targeted cell model.

3.2.3. Biodistribution and “tumor retention effect” of titanate nanotubes
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being quickly eliminated by the bladder more than 24 h following their IV injection in mice [36]. 
Lung accumulation has also been observed in the case of carbon nanotubes; however, they were 
still detected 3 months following injection [37]. Interestingly, single walled carbon nanotubes have 
been demonstrated to be uptaken in the bloodstream by a subset of monocytes that subsequently 
deliver them to the tumor [38]. Nanoparticles passively accumulate in tumor by enhanced per-
meability and retention effect (EPR effect), due to the poorly formed vasculature supporting the 
malignant cells, in combination with reduced clearance secondary to defective lymphatic drain-
age at site. While passive targeted delivery to tumor is estimated to deliver only a small fraction of 
the injected dose utilizing spherical nanoparticles, nanotubes are capable of reaching significantly 
greater accumulation than their spherical counterparts and also display greater surface area that 
potentially leads to greater effect [39]. Immune cells’ active delivery of tubular nanomaterials 
to the tumor [38], as well as the enhanced retention time of tubular-shaped nanomaterials into 
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reported for the first time that prostate tumors retain more than 70% of docetaxel-functionalized 
titanate nanotubes up to 7 days following intratumoral injection, indirectly bypassing the well-
known multidrug resistance effect [8] (Figure 1-A). Exploring the tubular shape of nanobioma-
terials that can provide a solid “tumor retention effect” will be an important step forward in 
developing the next generations of drug delivery platforms in oncology.

3.3. Importance of the protein corona on biological interactions of nanomaterials

Understanding the in vitro and in vivo behavior of nanoparticles is one of the main objectives of 
current studies. It seems too simplistic today to draw conclusions about their behavior without 
taking into account the environment, especially the proteins present in the systems studied 
[40]. Nowadays, it is accepted that once nanoparticles are incubated in biological fluids such 
as blood, they will be covered by proteins [41]. Not only do these proteins interact with the 
chemical coatings of materials, but they mostly also modulate their biological fate [28, 42].

The nature of the coating, including resulting charge, surface chemistry and particle hydrody-
namic size, influences the adsorption of proteins on the surface of nanoparticles: the protein 
corona [43, 44]. For example, we demonstrated that bare silica beads covered by either a gold 
or a titanium oxide layer have different preferential binding to proteins [43]. Once incubated 
1 h at 37°C with fetal bovine serum (FBS), we showed that:

• naked silica nanoparticles have no interactions with neither plasminogen nor albumin (two 
of the most abundant proteins present in FBS),
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• TiO2-coated silica nanoparticles interact only with albumin, and

• gold-coated silica nanoparticles interact with both the proteins.

For PVA-coated SPIONs, the charge of the polymers also influences the protein corona [45] and 
is different for the three types of PVA-SPIONs (neutral, positively and negatively charged) incu-
bated in FBS for 1 h at 37°C. We also showed there were important differences between in vitro 
and in vivo protein coronas [28]. In the case of negatively charged PVA-SPIONs, for example, 
more than 60% of the adsorbed proteins from rat serum have sizes comprised between 30 and 
50 kDa in vitro when the main proteins (more than 50%) are below 30 kDa in vivo (15 min post 
injection) (Figure 1-B). Literature regarding the protein corona of TiONts is very limited at pres-
ent and our group aims to elucidate key aspects of the topic in the years to come. Interestingly, 
titanate nanotubes bind significantly less plasma proteins than spherical TiO2 (Degussa P25) [46], 
even though they display a greater specific surface [2]. These proteins include albumin, Ig heavy 
chain (mu), Ig light chain, fibrinogen (alpha, beta and gamma chains) and complement C3.

The coatings of the nanoparticles influence the nature of their protein corona. The medium 
used is also important for the interactions between materials and proteins [47]. Thus, taking 
into account not only the physicochemical properties but also the biological environment, it is 
essential to understand cellular uptake and biodistribution of nanoparticles in order to better 
control their toxicological risks.

4. Influence of nanoparticles on the biogenesis and activity of 
cellular organelles

Organelles (mitochondria, peroxisome, lysosome, endoplasmic reticulum, and Golgi appa-
ratus) are integral parts of the cells, essential for the its proper functioning. Their dysfunc-
tions can lead to serious consequences. For instance, mitochondrial alterations can go as far 
as to activate apoptosis [48], peroxisomal dysfunction affect the mitochondria, subsequently 
leading to oxidative stress and cell death [49, 50], alterations of the lysosome may have conse-
quences on the induction of autophagy and apoptosis [51], endoplasmic reticulum damages 
can lead to reticulum stress which can trigger different forms of cell death in extreme cases 

Figure 1. (A) Quantification of nanohybrid biodistribution via gamma counting 7 days post injection (mean of three 
mice ± SD) (adapted with permission from [8], DTX: docetaxel). (B) Abundance of plasma proteins found at the surface 
of SPIONs after incubation with rat serum in vitro versus in vivo (adapted with permission from [28]).
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[52], and Golgi apparatus dysfunctions can disturb post-translational modifications and vesic-
ular transport [53]. The incidence of the cytotoxicity of nanoparticles is often addressed in 
generalized terms such as induction of cell death, oxidative stress stimulation, inflammation 
activation and genotoxicity. The impact of nanoparticles on cell organelles is less known and 
must be taken into consideration as organelle dysfunctions affect general health in unexpected 
ways. As regards the peroxisome, whose dysfunctions can lead to severe neurodegenerative 
damage [54], there are currently no data on the effects of nanoparticles on this organelle.

It is therefore essential to understand the interaction of nanoparticles with cell organelles in 
terms of distribution and impact on their biogenesis and biological activities. This not only 
helps to prevent or optimize the toxic effects of nanoparticles depending on the intended 
purpose (cytoprotection or cell death induction), but also to use them specifically in nano-
medicine without side effects.

4.1. Effect of nanoparticles on mitochondria

The interaction of nanoparticles with the mitochondria (as well as the other organelles) must 
be approached with the consideration that they are either the consequence of targeted interac-
tions with specifically dedicated functionalized nanoparticles, or a random direct or indirect 
interaction which leads to unwanted side effects. This second aspect must be systematically 
taken into consideration, and integrated into a cytotoxic screening procedure which will per-
mit to specify the biological activity of nanoparticles at the mitochondrial level. In order to 
understand the toxicological interactions of nanoparticles on biogenesis and mitochondrial 
metabolism, it is necessary to specify whether they interact physically with the mitochondria 
and accumulate at specific locations such as external membrane, mitochondrial space, inter-
nal membrane and cristae. In this context, it has been shown that Gadolinium oxide (Gd2O3) 
nanoparticles, which have a range of biomedical uses, induce mitochondrial apoptosis by 
acting on Bcl-2 and Bax [55]. Similarly, silver nanoparticles impair mitochondrial activity and 
decrease cell viability [56]. Nanoparticles interact with mitochondria in different manner, 
based on their physicochemical nature. TiO2 nanoparticles, which are present in numerous 
manufactured products, induce loss of mitochondrial transmembrane potential (ΔΨm) and 
an overproduction of superoxide anions in murine microglial BV-2 cells [57]. After exposure 
with a high concentration of ZnO nanoparticles [58], BV2 cells undergo an increase in mito-
chondrial transmembrane potential (Figure 2). In addition, MTT assays have highlighted that 
SPIONs and TiONts can also affect mitochondrial integrity depending on their concentrations 
(especially at high doses) and surface coating [10]. Since numerous types of nanoparticles are 
able to induce mitochondrial dysfunctions, which can have dramatic consequences on human 
health after chronic or acute exposures, a systematic evaluation of the impact of nanoparticles 
on the mitochondria is required.

4.2. Effect of nanoparticles on the peroxisome

Peroxisome has emerged as a key regulator in overall cellular lipid and reactive oxygen spe-
cies metabolism. In mammals, these organelles have been recognized as important hubs in 
redox-, lipid-, inflammatory-, and innate immune-signaling networks. Peroxisomal dysfunc-
tions are associated with important brain diseases [54]. To exert its activities, the peroxisome 
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mit to specify the biological activity of nanoparticles at the mitochondrial level. In order to 
understand the toxicological interactions of nanoparticles on biogenesis and mitochondrial 
metabolism, it is necessary to specify whether they interact physically with the mitochondria 
and accumulate at specific locations such as external membrane, mitochondrial space, inter-
nal membrane and cristae. In this context, it has been shown that Gadolinium oxide (Gd2O3) 
nanoparticles, which have a range of biomedical uses, induce mitochondrial apoptosis by 
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based on their physicochemical nature. TiO2 nanoparticles, which are present in numerous 
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an overproduction of superoxide anions in murine microglial BV-2 cells [57]. After exposure 
with a high concentration of ZnO nanoparticles [58], BV2 cells undergo an increase in mito-
chondrial transmembrane potential (Figure 2). In addition, MTT assays have highlighted that 
SPIONs and TiONts can also affect mitochondrial integrity depending on their concentrations 
(especially at high doses) and surface coating [10]. Since numerous types of nanoparticles are 
able to induce mitochondrial dysfunctions, which can have dramatic consequences on human 
health after chronic or acute exposures, a systematic evaluation of the impact of nanoparticles 
on the mitochondria is required.
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must interact both functionally and physically with other cell organelles, mainly mitochondria  
and endoplasmic reticulum [59, 60]. It seems therefore important to precise the effects of 
nanoparticles on peroxisome. Numerous techniques such as fluorescent microscopy and flow 
cytometry are available to estimate the impact of molecules/nanoparticles at the peroxisomal 
level [61] nevertheless, no data are available concerning the impact of nanoparticles on this 
organelle.

4.3. Effect of nanoparticles on the lysosome

Endocytosis is the major uptake mechanism of particles by cells [62]. The nanoparticles 
entrapped in endosomes are eventually degraded by specific enzymes present in phagoly-
sosomes, as the endosomes fuse with lysosomes. The function of lysosomes is to break down 
molecules and dispose unwanted materials [63]. This phenomenon can also limit the delivery 
of therapeutic nanoparticles to the intracellular target site. Nanoparticles depending on its 
physicochemical nature can alter the function of lysosome and subsequently favor the activa-
tion or the inhibition of autophagy [64–66]. For instance, we have observed that ZnO nanopar-
ticles induce a loss of lysosome membrane integrity in BV2 cells at high-dose exposure 
(80 mg/mL) as seen by flow cytometry detection of acridine orange (Figure 2). Additionally, 
double-membrane vesicles closely resembling autophagosomes have been observed by TEM, 
following 6 h of cardiomyocyte incubation with TiONts [31]. As the lysosomal pathway may 
have beneficial or detrimental effects on cell activity, a panel of assays is required to define the 
influence of nanoparticles on this organelle and its potential consequences in major diseases 
(metabolic diseases, cancer and neurodegenerative diseases).

Figure 2. Interaction of ZnO nanoparticles with murine microglial (BV2) cells. Nanoparticles characterized for size, 
shape, surface charge, crystal structure, chemical composition and purity were exposed to BV2 cells for a maximum 
duration of 24 h. The ZnO nanoparticles exposure induced dose-dependent increase in transmitochondrial membrane 
potential and loss of lysosomal membrane integrity as revealed by flow cytometry analysis using fluorescent probes 
DiOC6(3) and propidium iodide respectively.
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4.4. Effect of nanoparticles on the endoplasmic reticulum and Golgi apparatus

Currently limited data are available on the impact of nanoparticles on endoplasmic reticulum 
and Golgi apparatus. It has been reported that silica nanoparticles accumulate in the endoplas-
mic reticulum and triggers autophagy [67]. On the other hand, the intracellular accumulation 
of gold nanoparticles leads to inhibition of macropinocytosis and reduction of endoplasmic 
reticulum stress [68]. Thus, it appears that nanoparticles can have different effects on the endo-
plasmic reticulum. Consequently, their effects on this organelle must not be neglected.

There is evidence that some nanoparticles can be taken up by the Golgi apparatus for further 
processing; however, no additional information are available on the influence of nanopar-
ticles on the activity of the Golgi apparatus [69, 70].

Among the most appropriated techniques available in nanotoxicology, observation of cells 
and tissues by TEM is well suited. This method permits quantitative and qualitative evalua-
tion of modifications at the organelle level which are not easily detected with antigenic and 
functional changes. Various methods of flow cytometry with appropriate probes are also of 
interest to define the impact of nanoparticles on the biogenesis and activities of the organelles. 
These methods can be complemented with other methods of biochemistry, such as Western 
blot, PCR and RT-qPCR to study the nanobiointeraction at the molecular level. These meth-
ods make it possible to identify specific molecular targets and study the effects of nanopar-
ticles on signaling pathways. The development of chip-based single-cell analysis is also of 
great interest for nanotoxicity assessment [71].

Overall, the beneficial or detrimental effects of nanoparticles on the organelles are difficult to 
predict. Systemic evaluation of nanoparticle interaction with organelles using simple tech-
niques will help to minimize, if not to subdue, the biological risk associated with nanopar-
ticles on human health, as well as with the environment.

5. Zebrafish as a model for testing the toxicity of SPIONs and 
TiONts

Due to the increase of nanotechnologies in an expanding range of applications in industrial 
and biomedical purposes, those new materials require ecotoxicological, biosafety and bio-
compatibility evaluation. While nanotoxicity can be rapidly assessed in vitro, results obtained 
do not reflect complex processes that happen in full organisms and ecosystems.

Various factors must indeed be taken into account, such as the route of administration (i.e., 
route of exposure), biodistribution, long-term exposure, induction of developmental defects 
or activation of the immune system [72, 73]. However, in vivo approaches using classical 
mammalian models have strict ethical considerations, are time consuming and are expensive. 
Most importantly, throughput approaches cannot be considered via those models.

Given its many advantages, zebrafish is now a recognized model for toxicological and bio-
medical assays [74–77]. The main advantages of this species are rapid development, exter-
nal fertilization, easy observation of all developmental stages, small size, transparency of the 
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embryos and larvae, large number of embryos, ease of maintenance and close contact with 
surrounding medium (water) allowing easy interface with materials. In addition, it is possible 
to take advantage of the sequenced and annotated genome via experimental and genetic tools 
such as fluorescent microscopy, time lapse, histology, transgenic organisms, microinjection 
and ectopic expression of specific genes. For all these reasons, small fish species represent one 
of the best choices to study pharmacological/toxicological effects and physiological altera-
tions in vertebrates as a first screening step. Similarly, due to their small size, they are highly 
suitable for investigating alterations in vertebrate physiology under confined conditions [78]. 
Indeed, several zebrafish larvae can be placed into one well of 96 wells plates or one larva in 
a 384 wells plates. Finally, standardized fish embryo toxicity methods are recognized and can 
be applied to analyze nanomaterials’ effects on vertebrates [79].

Recently, zebrafish models were used to evaluate the toxicity of various nanoparticles, includ-
ing SPIONs and spherical TiO2 [80–83]. Studies in zebrafish embryos point to toxicity using 
concentrations of iron oxide particles >10 mg/L resulting in increased mortality, hatching 
delay and malformations [81], showing the possibility of toxicity of SPIONs at elevated  

Figure 3. Toxicity evaluation of TiONts and chitosan modified TiONts, SPIONs and TiONt-SPIONs in zebrafish 
embryos. Unless noted, SPIONs, TiONts and SPION-TiONts concentration was 50 µg/mL; negative control: water; 
positive control: 4 µg/mL of 3,4-dichloroaniline.
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concentrations. Another study revealed that SPIONs coated with cross-linked aminated dex-
tran may cause acute brain toxicity in adult zebrafish [83]. Iron overload, changes of gene 
expression and inhibition of acetylcholinesterase were proposed as causes for the observed 
neurotoxicity. In another study, SPIONs, which were non-toxic in vitro, were lethal in zebraf-
ish embryos when used at concentrations higher than 10 mg/mL [80]. Regarding TiO2 nano-
tubes, they are reported to have an excellent biocompatibility [84]. However, another work 
using zebrafish as model organism showed that TiO2 nanotubes at 1 mg/L may cause unde-
sired tissue accumulation in injured animals and asymmetric and shorter regeneration after 
fin amputation [82]. We analyzed SPIONs as well as unmodified and modified TiONts in 
zebrafish embryos for toxicity (Figure 3). Embryos were incubated up to 96 h post fertilization 
with different amounts of these materials (500 μg/mL for TiONts, 50 μg/mL for SPIONs and 
TiONts-SPIONs). No lethality, developmental effects (no malformation) or delayed hatching 
were observed. Even if we used higher concentrations than Park et al. [82], we did not observe 
any toxicity. In contrast to Parker, we did not treat injured animals, and we used a higher 
number of animals in the experiments.

All together, we concluded that the nanomaterials we produced do not show any obvious 
toxicity, even at high concentrations. However, to get more precise information, the zebrafish 
embryos will be analyzed by qRT-PCR for detection of stress or inflammation related gene 
expression and with fluorescent markers for apoptosis events.

6. Conclusion

The outcomes presented in this chapter are the result of collaborations between chemists, 
physico-chemists, biologists and clinicians on the field of biomedical applications of nanoparti-
cles. Such interdisciplinary collaborations are required to investigate nanotoxicity. Controlled 
nanoparticles, fully characterized and leading to stable suspensions in biological media, have 
to be prepared. Then, rapid, accurate and efficient testing strategies have to be developed to 
assess the effect of these emerging materials on the human health and the environment: in 
vitro assays but also in vivo evaluation (biodistribution, retention, elimination and ecotoxicity). 
All the skills (chemistry, physico-chemistry, nanomaterials engineering, toxicology, biology 
and medicine) are required to achieve this goal.
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be applied to analyze nanomaterials’ effects on vertebrates [79].

Recently, zebrafish models were used to evaluate the toxicity of various nanoparticles, includ-
ing SPIONs and spherical TiO2 [80–83]. Studies in zebrafish embryos point to toxicity using 
concentrations of iron oxide particles >10 mg/L resulting in increased mortality, hatching 
delay and malformations [81], showing the possibility of toxicity of SPIONs at elevated  

Figure 3. Toxicity evaluation of TiONts and chitosan modified TiONts, SPIONs and TiONt-SPIONs in zebrafish 
embryos. Unless noted, SPIONs, TiONts and SPION-TiONts concentration was 50 µg/mL; negative control: water; 
positive control: 4 µg/mL of 3,4-dichloroaniline.
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concentrations. Another study revealed that SPIONs coated with cross-linked aminated dex-
tran may cause acute brain toxicity in adult zebrafish [83]. Iron overload, changes of gene 
expression and inhibition of acetylcholinesterase were proposed as causes for the observed 
neurotoxicity. In another study, SPIONs, which were non-toxic in vitro, were lethal in zebraf-
ish embryos when used at concentrations higher than 10 mg/mL [80]. Regarding TiO2 nano-
tubes, they are reported to have an excellent biocompatibility [84]. However, another work 
using zebrafish as model organism showed that TiO2 nanotubes at 1 mg/L may cause unde-
sired tissue accumulation in injured animals and asymmetric and shorter regeneration after 
fin amputation [82]. We analyzed SPIONs as well as unmodified and modified TiONts in 
zebrafish embryos for toxicity (Figure 3). Embryos were incubated up to 96 h post fertilization 
with different amounts of these materials (500 μg/mL for TiONts, 50 μg/mL for SPIONs and 
TiONts-SPIONs). No lethality, developmental effects (no malformation) or delayed hatching 
were observed. Even if we used higher concentrations than Park et al. [82], we did not observe 
any toxicity. In contrast to Parker, we did not treat injured animals, and we used a higher 
number of animals in the experiments.

All together, we concluded that the nanomaterials we produced do not show any obvious 
toxicity, even at high concentrations. However, to get more precise information, the zebrafish 
embryos will be analyzed by qRT-PCR for detection of stress or inflammation related gene 
expression and with fluorescent markers for apoptosis events.

6. Conclusion

The outcomes presented in this chapter are the result of collaborations between chemists, 
physico-chemists, biologists and clinicians on the field of biomedical applications of nanoparti-
cles. Such interdisciplinary collaborations are required to investigate nanotoxicity. Controlled 
nanoparticles, fully characterized and leading to stable suspensions in biological media, have 
to be prepared. Then, rapid, accurate and efficient testing strategies have to be developed to 
assess the effect of these emerging materials on the human health and the environment: in 
vitro assays but also in vivo evaluation (biodistribution, retention, elimination and ecotoxicity). 
All the skills (chemistry, physico-chemistry, nanomaterials engineering, toxicology, biology 
and medicine) are required to achieve this goal.
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Abstract

Nanotechnology currently plays a pivotal role in several fields and has enabled substan-
tial advances in a relatively short time. In biomedicine, nanomaterials can be potentially 
employed as a tool for early diagnosis and an innovative mode of drug delivery. Novel 
nanomaterials are currently widely manipulated without a full assessment of their poten-
tial health risks. It is commonly thought that nanomaterials’ first contact with the organism 
is through the different components of the immune system. However, if the entry route is 
intravenous, the first contact will be with the blood’s components (erythrocytes, platelets, 
white cells, plasma and complement proteins). The presence of nanomaterials within a 
dynamic environment such as the bloodstream can produce potential harmful effects fol-
lowing interaction with several blood components. The design of innovative strategies 
leading to the development of more hemocompatible nanomaterials is also necessary.

Keywords: nanotechnology, blood, complement, protein corona

1. Introduction

Current nanotechnology plays a pivotal role in a variety of fields and has enabled substan-
tial advances in a relatively short time. In biomedicine, nanomaterials can be potentially 
employed as a tool for early diagnosis and an innovative mode of drug delivery [1–3]. As 
nanomaterial research grows, increased occupational exposure and very likely environmental 
pollution occur due to a lack of handling regulations.
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Abstract

Nanotechnology currently plays a pivotal role in several fields and has enabled substan-
tial advances in a relatively short time. In biomedicine, nanomaterials can be potentially 
employed as a tool for early diagnosis and an innovative mode of drug delivery. Novel 
nanomaterials are currently widely manipulated without a full assessment of their poten-
tial health risks. It is commonly thought that nanomaterials’ first contact with the organism 
is through the different components of the immune system. However, if the entry route is 
intravenous, the first contact will be with the blood’s components (erythrocytes, platelets, 
white cells, plasma and complement proteins). The presence of nanomaterials within a 
dynamic environment such as the bloodstream can produce potential harmful effects fol-
lowing interaction with several blood components. The design of innovative strategies 
leading to the development of more hemocompatible nanomaterials is also necessary.
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1. Introduction

Current nanotechnology plays a pivotal role in a variety of fields and has enabled substan-
tial advances in a relatively short time. In biomedicine, nanomaterials can be potentially 
employed as a tool for early diagnosis and an innovative mode of drug delivery [1–3]. As 
nanomaterial research grows, increased occupational exposure and very likely environmental 
pollution occur due to a lack of handling regulations.
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The studies about the nanomaterials  started fifteen years ago, and knowledge regarding their 
toxic potential is still limited and without appropriate regulatory measures in place [4–6]. 
Toxicologists, epidemiologists, and sociologists have particularly debated the future implica-
tions of nanotechnology as well as concerns regarding their toxicity and potential environ-
mental impact. Nanomaterial application has expanded across a variety of fields, and the lack 
of attention involving their regulation is worrisome [7]. Novel nanomaterials are currently 
widely manipulated without a full assessment of their potential health risks, while nano-
materials that are already commercially available have no Safety Data Sheets. There is an 
urgent need for studies that will help identify, understand, and predict the cellular or tissue 
responses that nanomaterials can trigger in humans: it is important to understand how safe 
they are and establish respective protective measures.

The potential medical applications of nanomaterials are spreading to the fields of imaging, 
therapy, and nanodiagnostics [8, 9]. Regardless of the medical use they are given, nano-
materials come into contact with human tissues and cells which can trigger reactions that 
might include nanomaterial-blood interactions, damage, acute inflammation, and chronic 
inflammation.

Human beings have developed evolutionary defense mechanisms against the microorgan-
isms and foreign particles with which they might potentially interact. When effective, these 
mechanisms provide immunity, that is, resistance to the invasive agents. Their failure results 
in illness. The human immune system modulates many important biological protective pro-
cesses [10–12]. It coordinates responses involving a variety of cells and molecules to protect 
us from invading pathogens, as well as cancer cells and foreign agents [13, 14]. It is commonly 
thought that nanomaterials’ first contact with the organism is via the different components of 
the immune system. However, if the entry route is intravenous, the first contact will be with 
the blood’s components (erythrocytes, platelets, white cells, plasma and complement pro-
teins). This interaction can lead to different associated pathophysiological processes, as will 
be enunciated below (Figure 1). Knowing what happens when nanomaterials interact with 
blood components is an essential step when evaluating health risks.

Until now, all biomaterials meant for use in humans trigger a tissue response when they come in 
contact with either healthy or sick tissue [15–17]. However, this response is triggered by physical 
contact between the tissue and the biomaterial which is implanted in an organ or tissue. When 
we talk about nanomaterials, it should be considered that due to their size, effects will take place 
at a nanolevel, that is, at the cellular or molecular levels. The response they trigger will not be 
necessarily the same as the one occurring after the implantation of a biomaterial. Additionally, 
since the projected applications of nanomaterials in nanomedicine involve diagnosis (imaging) 
and treatment (nanotransporters)—mostly for cancer—host contact with nanomaterials will be 
of an intravascular nature. Nanomaterial-blood interactions have been linked to inflammatory 
responses; early response to this damage mainly involves the blood and the vascular endothe-
lium. Once nanomaterials enter the bloodstream, they come into contact with blood cells (red 
cells, white cells, and platelets), complement proteins, and plasma proteins. It is important to 
understand how they interact with those elements to assess their effective toxic potential, in 
both the blood and remote sites.

Unraveling the Safety Profile of Nanoscale Particles and Materials - From Biomedical to Environmental Applications38

1.1. Interaction of nanomaterials with red cells

Erythrocytes or red blood cells are exposed to attacks throughout their life span which results 
in constant biochemical and morphological changes. These cells’ contact with nonbiological 
objects may significantly affect their functions [18, 19]. Nanomaterial interaction with these 
cells has different effects depending on their intrinsic characteristics. Venkatesan et al. [20] and 
Choimet et al. [21] recently reported the high hemocompatibility of chitosan  nanoparticles 
loaded with siRNA-Npr3 and nanoparticles formed with colloidal apatite; however, chitosan 
nanoparticles dissolved with tripolyphosphate (TPP) to acid pH produce hemolysis [22]. Kim 
et al. [23] carried out rheological measurements and showed that, at concentrations of 12.5 
μg/mL, silica nanomaterials caused hemolysis, deformation, and aggregation of erythrocytes. 
It is well known that negatively charged silver nanoagents (AgNPs) strongly interact with 
organic cations of the erythrocyte membrane and stimulate hemolysis [24]. Wang et al. [25] 
found that red blood cells and hemoglobin concentrations increased in rats treated with gra-
phene quantum dots (5 mg/kg). The reason why erythrocytes do not show immediate dam-
age when exposed to toxic substances is because they have a system of antioxidant defense 
that includes nonenzymatic antioxidants such as glutathione and antioxidant enzymes such 

Figure 1. Interaction of nanoparticles (NPs) with bloodstream components and physiological effects.
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as catalase and peroxiredoxin-2 [26, 27]. The presence of this defense system could explain 
their resistance to the damage induced by nanoparticles, indicating that these cells are not as 
sensitive to the toxic effects of nanoparticles. However, one of the factors that can influence 
whether a nanoparticle leads to hemolysis or not is the presence of surfactants [28] and [29] 
coatings. Surfactants confer different properties to nanomaterials, altering charge, interfacial 
tension, and becoming an amphiphilic molecule, which reduces the nanomaterial coales-
cence. Coatings add different chemical groups to the surface of nanoparticles confer different 
chemical behaviors. However, hemocompatibility will be different for each type of nanopar-
ticle, making it impossible to anticipate if one nanoparticle will be toxic when surfactants or 
coatings are added.

Recent studies have shown the usefulness of erythrocytes as nanoparticle carriers: they 
assist their adherence to the vascular endothelium [30] and serve as a platform to bypass 
the immune system [31, 32]. The physical and chemical properties of erythrocytes are ideal 
for drug delivery. According to data regarding cell-based therapies, those using erythrocytes 
have proved to be the most stable, versatile, safe, and easy to manufacture. This strategy 
is based on temporarily opening pores in the membrane of erythrocytes, easily transport-
ing drugs and ensuring that the latter can stay within these cells once the pores have closed 
[33]. One of the main uses for this system is the delivery of contrast agents contained within 
superparamagnetic iron oxide (SPIO) nanoparticles, ultrasmall superparamagnetic iron oxide 
(USPIO) nanoparticles, very small superparamagnetic iron oxide (VSPIO) nanoparticles, and 
monocrystalline iron oxide nanocompound (MION) particles, which are already registered 
and approved for use in the United States and Europe [34]. These have been successfully 
employed for magnetic particle inspection (MPI) techniques involving the imaging of vessels 
or structures filled with blood, both during interventions and when monitoring long-term 
cardiovascular diseases [35]. There is no doubt regarding the hemolytic potential of nanoma-
terials, and since the presence of hemolysis for long periods can have fatal health effects, an 
assessment of each nanomaterial’s hemolytic potential is quite important.

1.2. Interaction of nanomaterials with platelets

As they go through the blood, nanoparticles can also interact with platelets. When these blood 
cells come into contact with any material, they adhere to its surface and begin a cascade of sig-
nals that eventually leads to fibrin cross-linking and clot formation. While platelet binding is 
the main process that maintains hemostasis and prevents hemorrhages, it can also lead to the 
appearance of potentially deadly thrombi that can cause strokes or cerebrovascular accidents 
[36]. Thrombus formation involves a series of cellular events that entail the participation of 
molecular components, mainly proteins. If a nanomaterial has the capacity to induce platelet 
aggregation and alter the normal process of coagulation, it could lead to bleeding or throm-
bosis. Hence,  it is important to know the thrombogenic capacity of each type of nanomaterial, 
especially when considering their potential nanobiomedical applications.

There are few reports regarding the interaction between nanoparticles and platelets. Unfor-
tunately, most of them show evidence of the procoagulant effects of employed nanomaterials, 
along with their potential health risks if the exposed person is going through pathological 
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processes such as cardiovascular disease or metabolic syndrome. Nanoparticle-platelet inter-
action and endothelial injury may result in the activation of the coagulation cascade, the for-
mation of blood clots, and the partial or total occlusion of blood vessels by thrombi. These 
effects will depend not only on the size, charge, hydrophobicity, or type of cover but also on 
the intrinsic characteristics of the nanoparticles (Figure 2).

Nanoparticle size seems to be an important factor for platelet activation. It has been observed 
that the smaller the nanoparticles are, the more likely it is that these cells will be activated. 
It was already demonstrated that platelet response increases with the size reduction of gold 
nanoparticles (AuNPs) [37]. On the other hand, SiO2 nanoparticles have been shown to 
produce more severe effects when they are about 50–70 nm in size. Concordantly, another 
work suggests that the effect of 200 nm SiO2 particles was more intense than that caused 
by 50 nm ones [38]. Nanoparticles’ capacity to induce platelet activation has been amply 
reported. Examples include gold (AuNP) and silver (AgNP) nanoparticles, as well as CdTe 
and CdSe quantum dots [39–41]. As far as coating is concerned, carboxyl, amino, phosphate, 
or hydroxyls are all known to lead to platelet activation [42]. On the other hand, negatively 
charged surfaces can more easily initiate thrombotic events because, in physiological coagu-
lation, platelet contact with anionic surface starts the coagulation cascade [43]. It was recently 
reported that, at low concentrations (50 ng/mL), TiO2 nanoparticles could trigger the activa-
tion of the contact system, leading to inflammation-induced thrombosis in a complete blood 
in vitro model [44].

Figure 2. Effect of nanoparticles properties on human physiological response.
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Simple and multiwalled carbon nanotubes (SWCNTs and MWCNTs), iron nanoparticles (Fe2O3 
and Fe3O4NPs), silicon oxide nanoparticles (SiO2 NPs), pegylated nanoparticles (PEGylated), 
titanium oxide nanoparticles (TiO2NPs), and zinc oxide nanoparticles (ZnONP) are known 
not to induce platelet activation [45]. This makes them ideal for theranostics. Interestingly, 
just like several types of nanoparticles that can induce platelet activation, certain nanomate-
rials are being used for diagnosis in thrombotic disease since thrombogenic proteins range 
from nanometers to micrometers in size. High-resolution imaging is required to observe these 
proteins in real time, and this is being achieved via the use of nanotransporters. For example, 
liposomes contain thrombin inhibitors for acute thrombosis, perfluorocarbon nanoparticles 
with thrombin inhibitors, polymer nanotransporters with antithrombotic activity, magnetic 
nanoparticles conjugated with thrombolytic activity urokinase, and Fe2O3 nanoparticles 
conjugated with plasminogen activator for thrombosis [46]. Identifying the prothrombotic 
or nanotransporting potential of a nanomaterial is important given its potential medical 
implications.

1.3. Interaction of nanomaterials with peripheral mononuclear cells

Peripheral blood mononuclear cells (PBMC) are another important element in the blood-
stream. While there are many studies on lymphocyte cell lines, the use of PBMC cells allows 
for the simultaneous analysis of nanoparticle effects on several important immune cells such 
as B-cells, T-cells, monocytes, and natural killer (NK) cells. Studying nanomaterials with 
these types of cells are crucial since these will interact with nanoparticles once the latter are 
introduced into the blood torrent. The peripheral blood mononuclear cells (lymphocytes and 
monocytes) represent a host defense system that is capable of releasing various inflammatory 
mediators after its activation. The physicochemical properties of nanomaterials can act as 
intrinsic signals that aid immunity.

Immune cells need to communicate to exercise their function. One way is via the production 
and release of exosomes, nanovesicles that are naturally present in and are released by the 
majority of cells in the body. These exosomes can act as a means of communication for trans-
ferring functional proteins, mRNA and microRNA. Studies conducted by Andersson-Willman 
et al. [47] show that in subtoxic concentrations, TiO2 and ZnO nanoparticles do not interfere 
with the traffic and release of these exosomes in PBMC cell populations. Adhesion molecules 
such as integrins and selectins also play an important role in immune response. ZnO NPs 
alter the expression of several integrins, L-selectin and chemokine receptor CXCR4, impor-
tant molecules for key cellular functions such as adhesion, migration, and cell  proliferation 
[48]. Immune cells also have other functions, such as inducing the proliferation of other cells, 
phagocytizing, or killing. It has been pointed out that peripheral blood immune cells (lym-
phocytes, NK cells, granulocytes, and monocytes) have a different sensitivity to the effect of 
polylactic-glycolic acid (PLGA-PEO) nanoparticles. These particles suppressed the prolifera-
tive function of lymphocytes and the killing activity of NK cells, but stimulated phagocytic 
activity of granulocytes and monocytes, as well as the respiratory burst of phagocytes [49].

Nanoparticles have different toxic effects in human PBMC. Lankoff et al. [50] used silica 
nanoparticles and observed no significant cytotoxic and genotoxic effects in peripheral blood 
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lymphocytes. However, cell proliferation was affected in a concentration-dependent manner. 
Those same authors found that surface charge and zeta potential are important for the bind-
ing and uptake of nanoparticles into cells. Peripheral blood lymphocytes died after exposure 
to nanoparticles containing silicon and carbon nanotubes, an effect that was dependent on the 
concentration of the nanoparticles employed [51, 52]. TiO2, ZrO2, and Al2O3 nanoparticles did 
not damage these cells’ DNA at concentrations of 1, 10, and 100 μg/mL [53]. Nanoparticle size 
seems to influence toxicity. Studies involving peripheral blood lymphocytes treated with SiO2 
nanoparticles of different sizes (6, 20, and 50 nm) induced size-dependent cytotoxic, geno-
toxic, and mutagenic effects [54].

Nanoparticle coating also seems to influence the toxicity induced in peripheral blood mono-
nuclear cells. Oleate F3O4 nanoparticles produce cytotoxic and genotoxic effects. Oleate seems 
to confer a different load and agglomeration potential, favoring cell uptake and, therefore, 
cytotoxicity [55]. Recently, Farace et al. studied the effect of nanocapsules (PCs, 170–300 nm) 
coated with chitosan and pluronic PEG on peripheral blood mononuclear cells and subpopu-
lations of T lymphocytes and monocytes which were taken as representative of the innate 
immune response [56]. They observed that different types of NCs produce different effects 
on immune cells. For example, the PEG NCs were completely inert, while Pluro NCs and 
Chito NCs had immunomodulatory effects. Pluro nanoparticles induced an immune response 
through CD69 up-modulation in monocytes and increased the release of IL-6, IL-10, IL-12, 
and TNFα. On the other hand, Chito nanoparticles produced apoptosis in monocytes and 
T-cells, as an increase in the secretion of pro-inflammatory cytokines (TNFα and IL-12) [57]. 
Interestingly, Chito NCs induced the secretion of IL-4 and IL-13 cytokines. Normally, the T 
effector (Th2) helper cells produce a cytokine profile that includes IL-4, IL-6, IL-10, and IL-13. 
These cytokines signal B-cells to proliferate and differentiate in antibody-producing plasma 
cells. The possible activation of Th2 cells mediated by Chito NCs might be responsible for the 
induction of allergy in humans.

1.4. Interaction of nanomaterials with complement proteins

The complement system is part of innate immunity and is one of the oldest defense systems. 
Any absence or abnormalities in this system or any of its components can cause serious and 
even deadly disease. The complement system has three known modes of activation: the clas-
sical, alternative, and lectin pathways, which differ both in their activation mechanisms and 
initial components. The main biological functions of this system include (a) opsonization, (b) 
chemotaxis, (c) cellular and bacterial lysis, (d) anaphylatoxin function, and (e) participation 
in the elimination of immune complexes [58]. The system is composed of several components 
(C1, C2 to C9) and factors (B, D, HI, and P) and gets its name from the fact that it complements 
the immune response mediated by antibodies [59].

It is not known why certain nanoparticles cause the activation of the complement system, 
but it is of knowledge that the surface charge plays an important role. It has been noted that 
charged nanoparticles do more to activate the complement than neutral counterparts (e.g., 
polypropylene sulfur nanoparticles, lipid nanocapsules, polycation-based nanoparticles con-
taining cyclodextrin and polystyrene nanospheres [60–63]). Also, polymer coatings made of 
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to nanoparticles containing silicon and carbon nanotubes, an effect that was dependent on the 
concentration of the nanoparticles employed [51, 52]. TiO2, ZrO2, and Al2O3 nanoparticles did 
not damage these cells’ DNA at concentrations of 1, 10, and 100 μg/mL [53]. Nanoparticle size 
seems to influence toxicity. Studies involving peripheral blood lymphocytes treated with SiO2 
nanoparticles of different sizes (6, 20, and 50 nm) induced size-dependent cytotoxic, geno-
toxic, and mutagenic effects [54].

Nanoparticle coating also seems to influence the toxicity induced in peripheral blood mono-
nuclear cells. Oleate F3O4 nanoparticles produce cytotoxic and genotoxic effects. Oleate seems 
to confer a different load and agglomeration potential, favoring cell uptake and, therefore, 
cytotoxicity [55]. Recently, Farace et al. studied the effect of nanocapsules (PCs, 170–300 nm) 
coated with chitosan and pluronic PEG on peripheral blood mononuclear cells and subpopu-
lations of T lymphocytes and monocytes which were taken as representative of the innate 
immune response [56]. They observed that different types of NCs produce different effects 
on immune cells. For example, the PEG NCs were completely inert, while Pluro NCs and 
Chito NCs had immunomodulatory effects. Pluro nanoparticles induced an immune response 
through CD69 up-modulation in monocytes and increased the release of IL-6, IL-10, IL-12, 
and TNFα. On the other hand, Chito nanoparticles produced apoptosis in monocytes and 
T-cells, as an increase in the secretion of pro-inflammatory cytokines (TNFα and IL-12) [57]. 
Interestingly, Chito NCs induced the secretion of IL-4 and IL-13 cytokines. Normally, the T 
effector (Th2) helper cells produce a cytokine profile that includes IL-4, IL-6, IL-10, and IL-13. 
These cytokines signal B-cells to proliferate and differentiate in antibody-producing plasma 
cells. The possible activation of Th2 cells mediated by Chito NCs might be responsible for the 
induction of allergy in humans.

1.4. Interaction of nanomaterials with complement proteins

The complement system is part of innate immunity and is one of the oldest defense systems. 
Any absence or abnormalities in this system or any of its components can cause serious and 
even deadly disease. The complement system has three known modes of activation: the clas-
sical, alternative, and lectin pathways, which differ both in their activation mechanisms and 
initial components. The main biological functions of this system include (a) opsonization, (b) 
chemotaxis, (c) cellular and bacterial lysis, (d) anaphylatoxin function, and (e) participation 
in the elimination of immune complexes [58]. The system is composed of several components 
(C1, C2 to C9) and factors (B, D, HI, and P) and gets its name from the fact that it complements 
the immune response mediated by antibodies [59].

It is not known why certain nanoparticles cause the activation of the complement system, 
but it is of knowledge that the surface charge plays an important role. It has been noted that 
charged nanoparticles do more to activate the complement than neutral counterparts (e.g., 
polypropylene sulfur nanoparticles, lipid nanocapsules, polycation-based nanoparticles con-
taining cyclodextrin and polystyrene nanospheres [60–63]). Also, polymer coatings made of 
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polyethylene glycol (PEG) and poloxamine-908 partially neutralize the surface charge and 
reduce the activation of the complement system [64, 65]. However, similar studies using dex-
tran and chitosan showed that the size and shape of the polymer influenced the degree of 
complement activation, which was not determined by the effects of the load [66]. The pres-
ence of thiol groups in the nanoparticle’s surface also increases the activation of the comple-
ment [67].

We know that hydrophobic surfaces are more powerful activators than hydrophilic ones and 
that the inclusion of NH2, –OH, or –COOH groups influences the activation of the comple-
ment [68]. Nanotubes functionalized with psychosine activate the complement via the clas-
sical pathway [69]. Several studies have shown that the activation of the complement can be 
dependent on size, polydispersity index, zeta potential, and surface ligand density [70–72].

The activation of the complement system leads to an inflammatory response via the release of 
anaphylatoxins (e.g., C3a and C5a), C3b and C5b–C9 lytic complex, since this response origi-
nates uncontrolled activation, which can lead to organism collapse [73]. One of the diseases 
that has been directly associated to the activation of the complement system is C activation-
related pseudoallergy (CARPA), which entails reactions of hypersensitivity. Such situations 
demand security evaluations and the development of technologies that consider complement 
activation and nanomaterials’ potential to induce CARPA [74]. Complement activation has 
also been associated with the development and growth of tumors [75]. The generation of C5a 
in a tumor environment increases tumor growth by promoting the recruitment of suppres-
sor cells derived from myeloid in malignant tumors and the deregulation or suppression of 
CD8 cytotoxic cells. This is therefore another important consideration when evaluating new 
nanomaterials.

It is clear that nanomaterials can have different effects on the components of the immune sys-
tem in peripheral blood and at the tissue level. It is also evident that the physical, chemical, 
and optical properties of nanomaterials are critical for this interaction. That is in fact what has 
led to the design of tools that can be employed in the field of immunology. Nanomaterials are 
being used in the development of vaccines and immunotherapy and even therapeutic meth-
ods that seek to inhibit the complement system in cancer treatment [76]. There is an urgent 
need to understand the exact mechanisms of nanoparticle/immune interaction so as to have a 
more complete picture of what could actually happen in humans, thus ensuring more effec-
tive and secure applications.

1.5. Interaction of nanomaterials with plasma proteins

So far, there is no evidence that just by entering the bloodstream, nanoparticles can interact 
with associated cells and molecules and trigger a variety of potentially adverse effects. As 
nanoparticles go through the systemic circulation, they will also interact with plasma pro-
teins. Protein adsorption in biological medium is an important issue when measuring biologi-
cal response to nanoparticles [77–79]. Binding of plasma components and the formation of 
nanoparticle-protein interactions largely determines nanoparticle fate in the systemic circula-
tion and should influence functionality as much as the plasma protein binding of drugs [80]. 
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Knowledge regarding nanoparticle-protein interaction mechanisms has evolved over the past 
few years. Initially, several authors had indicated that protein adsorption decreased subse-
quent to the functionalization of the nanomaterial since the hydrophobicity of the nanoparti-
cle’s surface was also reduced [81]. However, nanoparticle-protein interaction is very complex 
and that the scenario will depend on whether this interaction occurs in the blood, interstitial 
liquid, or some other biological liquid, as well as the specific surface properties of particular 
nanoparticles (size, shape, load, composition, and surface functionalization) [82].

It has been recently noted that once a nanoparticle enters the biological environment, it 
becomes coated in proteins, the so-called protein corona that will influence the fate of the 
nanoparticle inside the organism (i.e., the time spent in the bloodstream, biodistribution, cel-
lular uptake, and intracellular localization) (Figure 3). This will also depend on the biological 
environment and on whether the biological environment is physiologically ill or healthy [83]. 
In addition to the above, it must be considered that the ultimate goal in nanomedicine is to 

Figure 3. Nanoparticles (NPs) in bloodstream and corona protein formation.
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more complete picture of what could actually happen in humans, thus ensuring more effec-
tive and secure applications.
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So far, there is no evidence that just by entering the bloodstream, nanoparticles can interact 
with associated cells and molecules and trigger a variety of potentially adverse effects. As 
nanoparticles go through the systemic circulation, they will also interact with plasma pro-
teins. Protein adsorption in biological medium is an important issue when measuring biologi-
cal response to nanoparticles [77–79]. Binding of plasma components and the formation of 
nanoparticle-protein interactions largely determines nanoparticle fate in the systemic circula-
tion and should influence functionality as much as the plasma protein binding of drugs [80]. 
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use nanoparticles as transporters or a contrast medium for imaging. For theranostic purposes, 
nanoparticles must be functionalized with peptides, proteins, antibodies, oligonucleotides, or 
drugs, which means that the proteins that make up the corona will probably vary depending 
on the molecule with which the nanoparticle is conjugated and will provide the nanomate-
rial not only with a new biological identity but also with new physicochemical properties, 
changing shape, size, load, surface composition, and state of aggregation. This will also allow 
conformational changes [84, 85].

The binding of nanoparticles to plasma proteins such as albumin can increase biological prop-
erties that reduce the activation of the complement system, increasing blood circulation time 
and reducing toxicity [86]. In this regard, it would seem that the adsorption of circulating pro-
teins might confer safety, facilitate interactions mediated by receptors, and improve the phar-
macokinetic profile, i.e., these are potential theranostic advantages. However, the proteins 
that are involved in relevant physiological and toxicological processes in the bloodstream, 
such as the complement and coagulation factors, have also been identified forming the pro-
tein corona. The formation of the latter may additionally reduce target cellular interactions by 
making the ligands inaccessible to their surfaces [87]. For these reasons, the formation of the 
protein corona could be disadvantageous for theranostic purposes.

Another subject of study in this regard is that of the “hard or soft corona.” The term “hard 
corona” describes a long life and low complexity balance, while “soft corona” consists of the 
formation of layers of highly complex biomolecules that exchange quickly. That said, this 
concept is not widely used by researchers, and studies on ligand-receptor interaction with 
nanoparticles do not specify if the interaction is with a hard or soft corona [88].

When does the protein corona form and how quickly? Studies by Tenzer et al. [89] showed 
almost instant formation upon nanoparticle contact with the blood (<30 s). This group studied 
positively and negatively charged polystyrene nanoparticles (nPsNPs and pPsNPS, respec-
tively) and silica nanoparticles of various sizes (Ø ≈ 35, 120, and 140 nm), loads, and surface 
modifications (unmodified amine and carboxylate), exposing them to human plasma for dif-
ferent periods of time. They quantified the formation of 166 different protein coronas every 
30 s for PsNPs and silica nanoparticles (35 nm). When modified the surfaces were able to 
quantify the formation of 300 different protein coronas.

Some authors have pointed out that the protein corona can increase the useful drug load 
capacity of nanoparticles. The very small size of the nanoparticles facilitates their travel 
down the bloodstream, their incorporation into cells, and their interaction with the cellular 
compartments with different molecules, including DNA. A way in which the protein corona 
can improve not only nanoparticles’ drug transporting capacities but also their pharmacoki-
netic properties is by increasing payload capability through the use of porous materials (e.g., 
porous silicon) that can be packaged with the drug, as well as through the volume increase 
of liposomes. However, most current methods, unaware of the formation of the protein 
corona, typically load the drugs over the nanoparticles surface via chemical conjugation or 
adsorption. In these cases, the maximum amount that can be charged is restricted to a single 
layer [90]. Nanoparticles functionalized with polyethylene glycol (PEG) have been recently 
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 developed. PEG provides colloidal stability even under conditions of physiological salinity 
caused by interparticle repulsion. However, even complex pegylation is unable to completely 
prevent the formation of the protein corona, even though the degree of protein adsorption is 
clearly reduced [91].

The adsorption of serum proteins and the formation of a corona are part of the immune 
response. Expanding the circulation time of the nanoparticles means more contact with the 
blood proteins, a higher probability of thrombogenicity, and the activation of the complement 
system [92]. Since the corona depends on the characteristics of the nanoparticle (chemical 
surface, size, shape, and charge), these properties could be adjusted in such a way for the 
proteins that make it up to mitigate the immune response. Tuning the properties of affinity 
toward the corona could optimize the biocompatibility of the nanoparticles and reduce their 
toxicity. However, this process is not easy, and few researchers designing nanomaterials take 
corona formation into consideration. Ideally, nanoparticle development should encompass 
studies that provide data regarding nanoparticle-protein interactions, as is customary during 
the development of a new drug. There are few reports on this subject, and limited knowledge 
in this field may be a reason for the lack of successful clinical treatments.

1.6. Interaction of nanomaterials with the vascular endothelium

Oftentimes, the study of nanomaterial-blood interactions focuses on blood cells and proteins. 
However, the vascular endothelium where these elements are contained must also be taken 
into consideration and plays an important role because these cells and proteins interact with 
it triggering severe pathophysiological processes. In addition to the multiple direct physical 
interactions between nanoparticles and endothelial cells, nanoparticles enter and circulate in 
the blood vessel. Among other important functions, the endothelium maintains the vascular 
tone, vascular cell growth regulation, leukocyte and platelet adhesion regulation, thrombo-
sis and fibrinolysis regulation, and inflammation mediation. The normal endothelium may 
detect hemodynamics (e.g., pressure and friction forces) and hormonal changes (e.g., vaso-
active substances as well as mediators that occur in blood cells and platelets). As a conse-
quence, endothelial cells synthesize and release biologically active substances that maintain 
vascular homeostasis. Endothelial damage accompanied by endothelial dysfunction plays a 
crucial role and is associated with a prothrombotic state. Several reports associate nanoma-
terial exposure to endothelial damage [93–95] because blood is the main route for nanopar-
ticle transportation during distribution [96]. Some of the most important findings regarding 
nanoparticles and endothelial cell interaction are described below.

There are several reports in the literature regarding nanomaterials that affect cell viability and 
proliferation. Among them are gallium nitride nanoparticles (GaN NPs) [97], cerium dioxide 
nanoparticles (CeO2 NPs) [98], gold nanospheres [99, 100], silica NPs [101–103], CdTe [104], 
and silver nanoparticles [105] to quote some examples. Silver nanoparticles have received 
much attention as of late due to the biological effects they produce in endothelial cells, e.g., 
decreased cell viability, induced apoptosis, increased ROS production, increased produc-
tion of IL-6 and IL-8 interleukins, and increased expression of adhesion proteins, which can 
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use nanoparticles as transporters or a contrast medium for imaging. For theranostic purposes, 
nanoparticles must be functionalized with peptides, proteins, antibodies, oligonucleotides, or 
drugs, which means that the proteins that make up the corona will probably vary depending 
on the molecule with which the nanoparticle is conjugated and will provide the nanomate-
rial not only with a new biological identity but also with new physicochemical properties, 
changing shape, size, load, surface composition, and state of aggregation. This will also allow 
conformational changes [84, 85].

The binding of nanoparticles to plasma proteins such as albumin can increase biological prop-
erties that reduce the activation of the complement system, increasing blood circulation time 
and reducing toxicity [86]. In this regard, it would seem that the adsorption of circulating pro-
teins might confer safety, facilitate interactions mediated by receptors, and improve the phar-
macokinetic profile, i.e., these are potential theranostic advantages. However, the proteins 
that are involved in relevant physiological and toxicological processes in the bloodstream, 
such as the complement and coagulation factors, have also been identified forming the pro-
tein corona. The formation of the latter may additionally reduce target cellular interactions by 
making the ligands inaccessible to their surfaces [87]. For these reasons, the formation of the 
protein corona could be disadvantageous for theranostic purposes.

Another subject of study in this regard is that of the “hard or soft corona.” The term “hard 
corona” describes a long life and low complexity balance, while “soft corona” consists of the 
formation of layers of highly complex biomolecules that exchange quickly. That said, this 
concept is not widely used by researchers, and studies on ligand-receptor interaction with 
nanoparticles do not specify if the interaction is with a hard or soft corona [88].

When does the protein corona form and how quickly? Studies by Tenzer et al. [89] showed 
almost instant formation upon nanoparticle contact with the blood (<30 s). This group studied 
positively and negatively charged polystyrene nanoparticles (nPsNPs and pPsNPS, respec-
tively) and silica nanoparticles of various sizes (Ø ≈ 35, 120, and 140 nm), loads, and surface 
modifications (unmodified amine and carboxylate), exposing them to human plasma for dif-
ferent periods of time. They quantified the formation of 166 different protein coronas every 
30 s for PsNPs and silica nanoparticles (35 nm). When modified the surfaces were able to 
quantify the formation of 300 different protein coronas.

Some authors have pointed out that the protein corona can increase the useful drug load 
capacity of nanoparticles. The very small size of the nanoparticles facilitates their travel 
down the bloodstream, their incorporation into cells, and their interaction with the cellular 
compartments with different molecules, including DNA. A way in which the protein corona 
can improve not only nanoparticles’ drug transporting capacities but also their pharmacoki-
netic properties is by increasing payload capability through the use of porous materials (e.g., 
porous silicon) that can be packaged with the drug, as well as through the volume increase 
of liposomes. However, most current methods, unaware of the formation of the protein 
corona, typically load the drugs over the nanoparticles surface via chemical conjugation or 
adsorption. In these cases, the maximum amount that can be charged is restricted to a single 
layer [90]. Nanoparticles functionalized with polyethylene glycol (PEG) have been recently 
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 developed. PEG provides colloidal stability even under conditions of physiological salinity 
caused by interparticle repulsion. However, even complex pegylation is unable to completely 
prevent the formation of the protein corona, even though the degree of protein adsorption is 
clearly reduced [91].

The adsorption of serum proteins and the formation of a corona are part of the immune 
response. Expanding the circulation time of the nanoparticles means more contact with the 
blood proteins, a higher probability of thrombogenicity, and the activation of the complement 
system [92]. Since the corona depends on the characteristics of the nanoparticle (chemical 
surface, size, shape, and charge), these properties could be adjusted in such a way for the 
proteins that make it up to mitigate the immune response. Tuning the properties of affinity 
toward the corona could optimize the biocompatibility of the nanoparticles and reduce their 
toxicity. However, this process is not easy, and few researchers designing nanomaterials take 
corona formation into consideration. Ideally, nanoparticle development should encompass 
studies that provide data regarding nanoparticle-protein interactions, as is customary during 
the development of a new drug. There are few reports on this subject, and limited knowledge 
in this field may be a reason for the lack of successful clinical treatments.

1.6. Interaction of nanomaterials with the vascular endothelium

Oftentimes, the study of nanomaterial-blood interactions focuses on blood cells and proteins. 
However, the vascular endothelium where these elements are contained must also be taken 
into consideration and plays an important role because these cells and proteins interact with 
it triggering severe pathophysiological processes. In addition to the multiple direct physical 
interactions between nanoparticles and endothelial cells, nanoparticles enter and circulate in 
the blood vessel. Among other important functions, the endothelium maintains the vascular 
tone, vascular cell growth regulation, leukocyte and platelet adhesion regulation, thrombo-
sis and fibrinolysis regulation, and inflammation mediation. The normal endothelium may 
detect hemodynamics (e.g., pressure and friction forces) and hormonal changes (e.g., vaso-
active substances as well as mediators that occur in blood cells and platelets). As a conse-
quence, endothelial cells synthesize and release biologically active substances that maintain 
vascular homeostasis. Endothelial damage accompanied by endothelial dysfunction plays a 
crucial role and is associated with a prothrombotic state. Several reports associate nanoma-
terial exposure to endothelial damage [93–95] because blood is the main route for nanopar-
ticle transportation during distribution [96]. Some of the most important findings regarding 
nanoparticles and endothelial cell interaction are described below.

There are several reports in the literature regarding nanomaterials that affect cell viability and 
proliferation. Among them are gallium nitride nanoparticles (GaN NPs) [97], cerium dioxide 
nanoparticles (CeO2 NPs) [98], gold nanospheres [99, 100], silica NPs [101–103], CdTe [104], 
and silver nanoparticles [105] to quote some examples. Silver nanoparticles have received 
much attention as of late due to the biological effects they produce in endothelial cells, e.g., 
decreased cell viability, induced apoptosis, increased ROS production, increased produc-
tion of IL-6 and IL-8 interleukins, and increased expression of adhesion proteins, which can 
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 promote inflammation [106–108]. Sun et al. have shown that the interaction of silver nanopar-
ticles with the cell membrane of endothelial cells is the main factor behind endothelial dys-
function and may be associated with thromboembolic problems [109]. It has also been found 
that silicon nanoparticles induce oxidative stress, inflammation, alteration of the oxide nitric 
(NO) balance, and endothelial dysfunction via the activation of MAPK/Nrf2. They can also 
induce inflammation and cytotoxicity in endothelial cells through the activation of potassium 
channels [103]. Moreover, it has been suggested that nanoparticles can regulate the barrier 
function of tight junction (occludins, claudins, and ZO proteins) because they interact with 
key kinases, altering not only the oxidative status around the junction between endothelial 
cells but also altering the blood flow into the vessel [110]. These data indicate that nanopar-
ticle/endothelial cell interaction can modify the function of the blood vessel, whether in the 
site of injection at the moment of intravenous administration, during the distribution process, 
or when directed toward specific targets.

Nanomaterials are being used to direct and deliver drugs toward the endothelium and 
improve treatments for oncological, cardiovascular, pulmonary, neurologic, and ophthalmic 
diseases; they also have nanodiagnostic potential [111–121]. One of the problems in cancer is 
the formation of new blood vessels that irrigate the tumor (angiogenesis). Targeting nanopar-
ticles toward the tumor and allowing these to exert their harmful effects on the endothelial 
wall could reduce the size of the tumor due to lack of nutrients. Some of the nanomateri-
als used for this purpose are liposomes (Ala-Pro-Arg-Pro-Gly (APRPG) liposomes). These 
can successfully target tumor microvessels via functionalization with Ala-Pro-Arg-Pro-Gly 
(APRPG) peptide, which binds the blood vessels through the VEGF receptor-1 [122]. Another 
application involves the treatment of corneal endothelial dystrophy to improve and integrate 
cell therapy through superparamagnetic nanoparticles that facilitate the delivery of human 
corneal endothelial cells (HCECs) [123].

2. Conclusion

To summarize, the presence of nanomaterials within a dynamic environment such as the 
bloodstream can produce potentially harmful effects following interaction with several blood 
components. As reported in the literature, results have not been wholly encouraging because 
the said interaction can lead to different associated physiopathological processes linked to 
hemocompatibility. There is no doubt that nanomaterials might have theranostic potential for 
different clinical specialties and that their features improve upon traditional strategies: they 
are small and have physicochemical and optical properties that help direct molecules toward 
specific sites to control specific processes on a vascular level. However, the properties behind 
these advantages also create limitations, since most nanomaterials can cause important nano-
level interactions. The hemocompatibility of nanomaterials is essential when we consider 
that, regardless of the route of entry, the blood will transport them at any given time. Further 
in-depth studies are needed to understand, predict, and counteract the conduct of nanoma-
terials within the cellular and molecular microenvironments. The design of innovative strate-
gies leading to the development of more hemocompatible nanomaterials is also necessary.
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function and may be associated with thromboembolic problems [109]. It has also been found 
that silicon nanoparticles induce oxidative stress, inflammation, alteration of the oxide nitric 
(NO) balance, and endothelial dysfunction via the activation of MAPK/Nrf2. They can also 
induce inflammation and cytotoxicity in endothelial cells through the activation of potassium 
channels [103]. Moreover, it has been suggested that nanoparticles can regulate the barrier 
function of tight junction (occludins, claudins, and ZO proteins) because they interact with 
key kinases, altering not only the oxidative status around the junction between endothelial 
cells but also altering the blood flow into the vessel [110]. These data indicate that nanopar-
ticle/endothelial cell interaction can modify the function of the blood vessel, whether in the 
site of injection at the moment of intravenous administration, during the distribution process, 
or when directed toward specific targets.

Nanomaterials are being used to direct and deliver drugs toward the endothelium and 
improve treatments for oncological, cardiovascular, pulmonary, neurologic, and ophthalmic 
diseases; they also have nanodiagnostic potential [111–121]. One of the problems in cancer is 
the formation of new blood vessels that irrigate the tumor (angiogenesis). Targeting nanopar-
ticles toward the tumor and allowing these to exert their harmful effects on the endothelial 
wall could reduce the size of the tumor due to lack of nutrients. Some of the nanomateri-
als used for this purpose are liposomes (Ala-Pro-Arg-Pro-Gly (APRPG) liposomes). These 
can successfully target tumor microvessels via functionalization with Ala-Pro-Arg-Pro-Gly 
(APRPG) peptide, which binds the blood vessels through the VEGF receptor-1 [122]. Another 
application involves the treatment of corneal endothelial dystrophy to improve and integrate 
cell therapy through superparamagnetic nanoparticles that facilitate the delivery of human 
corneal endothelial cells (HCECs) [123].

2. Conclusion

To summarize, the presence of nanomaterials within a dynamic environment such as the 
bloodstream can produce potentially harmful effects following interaction with several blood 
components. As reported in the literature, results have not been wholly encouraging because 
the said interaction can lead to different associated physiopathological processes linked to 
hemocompatibility. There is no doubt that nanomaterials might have theranostic potential for 
different clinical specialties and that their features improve upon traditional strategies: they 
are small and have physicochemical and optical properties that help direct molecules toward 
specific sites to control specific processes on a vascular level. However, the properties behind 
these advantages also create limitations, since most nanomaterials can cause important nano-
level interactions. The hemocompatibility of nanomaterials is essential when we consider 
that, regardless of the route of entry, the blood will transport them at any given time. Further 
in-depth studies are needed to understand, predict, and counteract the conduct of nanoma-
terials within the cellular and molecular microenvironments. The design of innovative strate-
gies leading to the development of more hemocompatible nanomaterials is also necessary.
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Abstract

Cell models for the study of antiproliferative and/or cytotoxic properties of engineered 
nanoparticles are valuable tools in cancer research. Several techniques and methods are 
readily available for the study of nanoparticles’ properties regarding selective toxicity 
and/or antiproliferative effects. Setting up of those techniques, however, needs to be care-
fully monitored. Harmonization of the wide range of methods available is necessary for 
assay comparison and replicability. Although individual or core laboratory capabilities 
play a role in selection and availability of techniques, data arising from cancer cell models 
are useful in guiding further research. The variety of cell lines available and the diversity 
of metabolic routes involved in cell responses make in vitro cell models suitable for the 
study of the biological effect of nanoparticles at the cell level and a valid approach for 
further in vivo and clinical studies. The present systematic review looks at the in vitro 
biological effects of different types of nanoparticles in cancer cell models.

Keywords: cancer, nanoparticles, organic, metallic, nanobiotechnology, cytotoxicity, 
antiproliferation

1. Introduction

Toxicity studies are needed for nanoparticles’ (NPs) intended application on biomedical ther-
anostics. Nanostructures are being designed and fabricated with a wide range of potentiali-
ties, including those in cancer therapeutics, medical imaging and diagnostics. Thus, research 
on cell models and in vivo toxicity is growing as the nanostructures that are being fabricated 
will find possible uses in biomedical, clinical medicine and health-related sectors. NPs have 
interesting physical-chemical properties that are of value when engineering drug delivery 
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systems, diagnostic platforms and nanotechnology-based imaging strategies. The high sur-
face-to-volume ratio of NPs allows the use of different molecules, such as those intended for 
targeted drug delivery [1]. The above properties, however, might render NPs a toxic in vitro 
and in vivo profile. Since many NPs are entering the health market, it becomes increasingly 
necessary to perform toxicological investigation along with NP fabrication.

Earlier and recent toxicity studies on human cell lines have found a range of nanostructures 
that might be selectively toxic for particular cellular lines, including cancerous ones [2, 3]. This 
selective toxicity against specific types of cancer is a promising research field with potential 
implications in (pro)diagnosis and therapeutics [4, 5]. Human cell models are available for a 
variety of malignancies, serving as suitable platforms for exploring antiproliferative and cyto-
toxic effects of nanostructures [6]. Data from cancer cell models and NP exposure are valu-
able for guiding and designing in vivo testing and, potentially, for developing new anticancer 
theranostic strategies [7].

In this review, we compile and discuss the findings of several recent works using cancer cell 
models and exploring selective NP toxicity and/or antiproliferative effects for potential thera-
peutic applications in cancer. We looked for particularly interesting scientific papers from 
indexed journals published within 2015–2017. The focus of this review is on methodological 
aspects of NP treatment on human cell–based models, i.e. viability assessment techniques, 
experimental design for investigation of mechanisms of cellular damage, cell culture pro-
tocols and NP stability assessment, including in biological media. Results of this review are 
presented by nature of NPs. Studies exploring new cell culture techniques for assessment of 
NP toxicity on cancer cell lines were also included.

2. Physicochemical characteristics of nanomaterials and their influence 
on toxicity

The potential for biomedical applications of several NPs is enormous. There are, however, 
several shortcomings regarding interactions of engineered NPs with biological environments. 
Toxicity concerns for NPs intended for use in biomedicine have limited their translation into 
clinical settings. NP properties such as size, surface-to-volume ratio, shape, surface function-
alization and stability on biological media, among others, have been demonstrated to influ-
ence the toxicological profile of the nanostructures and their biocompatibility in general [7, 8]. 
It has been also demonstrated that the level of toxicity varies depending upon cell type, which 
reflects on particular cell line biology and genetics [9].

Interactions of NPs inside a biological environment, e.g. eukaryotic cells, have been widely 
studied [10]. Proteins, lipids or any biomolecule may be absorbed by NPs, affecting not only 
the original synthetic structure but its biological effect. Assessing antitumor properties of 
NPs requires stability in investigation under in vitro cell culture conditions. The interactions 
between NPs and biomolecules present in the culture media, such as proteins and lipids, 
could change nanomaterial’s characteristics [12]. For instance, research has demonstrated the 
formation of protein corona around NP surface due to interaction with cellular media, result-
ing in modifications of their physical properties and leading, for instance, to aggregation and  
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sedimentation [13]. Thus, NP characterization during in vitro experiments is essential to 
understand the relationship between physical properties and mechanisms of in vitro toxicity.

In general, smaller NPs are more toxic than larger ones [14]. Several works have confirmed 
this relationship and some authors have identified NP sizes that correlate well with the level 
of toxicity observed on in vitro tests [15]. A range of toxic mechanisms leading to apoptosis, 
necrosis and genotoxicity is triggered by NPs of different range of dimensions. The net cyto-
toxic effect is usually cell and NP concentration dependent [9].

Several coating strategies have been tested for lowering the cytotoxic effects of many engi-
neered NPs intended for medical applications. Metallic NPs have been extensively inves-
tigated and are excellent candidates as drug nanocarriers, for imaging strategies and for 
immunological platforms in biomedicine [11]. Toxicity concerns have, however, slowed their 
faster development and translation. Green chemistry or biologically mediated synthesis of 
coated metallic NPs is on the rise, and consequently their nanotoxicity evaluation on biologi-
cal media has been pursued and published [15, 16].

Nanoparticles
Anticancer properties

Advantages Disadvantages

Metallic and nonmetallic 
nanoparticles

Naked [94, 95] • High antitumor activity

•  Storage and release of 
energy to other molecules 
quite effectively

•  Improvement of sensitive 
single-molecule detection 
techniques

•  External stimuli 
responsive, e.g. light and 
magnetism modulate its 
activity

•  Tunable physical and 
chemical properties

• Conformational changes

• Coalescence

•  Stabilizers do not 
function properly in 
different solvents

•  In a large extent, 
synthesized with toxic 
chemicals for health and/
or environment

Coated [13, 16, 96] •  Easy conjugation to 
drugs, proteins, and/or 
nucleotides

•  Attenuated cytotoxicity 
against normal cells due to 
surface functionalization

• Specific site of action

•  Biological effect varies 
among different coatings

•  Formation of a protein 
corona

•  Sedimentation and/or 
aggregation

Liposomes [96] • High biocompatibility

•  Capability of conjugation 
with soluble and insoluble 
drugs

• Targeted drug release

• Low toxicity

•  Colloidal stability and 
biodegradability

•  Complex and expensive 
synthesis

Table 1. Advantages and disadvantages of (non)metallic nanoparticles and liposomes application in cancer research.
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systems, diagnostic platforms and nanotechnology-based imaging strategies. The high sur-
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sedimentation [13]. Thus, NP characterization during in vitro experiments is essential to 
understand the relationship between physical properties and mechanisms of in vitro toxicity.
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Nanostructures such as semiconductor quantum dots (QDs) are also being investigated for 
biomedical purposes. Since the toxicity of these nanostructures is known, different coating 
procedures have been investigated in order to reduce their toxicity. For instance, zinc sulfide 
(ZnS) QDs functionalized with chitosan have shown no toxic effects on human leukocytes, 
contrary to the highly toxic cadmium sulfide (CdS) QDs that, even coated with biocompatible 
chitosan, showed to be toxic in a concentration and time-dependent manner [17]. A summary 
of the pros and cons of the use of NPs in cancer research is shown in Table 1.

3. The selective toxicity of nanomaterials on in vitro cancer cell models

Several mechanisms are involved in NP-mediated in vitro toxicity in normal (i.e. noncancerous) 
and cancerous cells. Cellular responses to NP exposure might include those at cell, organelle and 
gene level or a combination of them [18]. Direct cytotoxic effects might be apoptosis or necrosis 
(or both) mediated, with a number of mechanisms leading to cell death, changes in proliferation 
patterns and effects on cell differentiation. High levels of reactive oxygen species (ROS) produc-
tion, downregulation of antioxidant enzyme coding genes, lipid peroxidation and genotoxic 
effects, among others, may be involved in the integrated cellular response to NPs [19, 20].

In spite of the number of studies providing useful information on nanotoxicological profiling, 
there remains particular information with regard to cell-NP specificity interactions. In addition, 
investigation on the toxicity of nanostructures and biointeractions rely on data from a wide vari-
ety of experiments with several different methods and techniques that are chosen on the basis 
of laboratory capabilities and researchers´ technical expertise [21, 22]. Then, there are, as today, 
no standard cell panels or defined protocols available for assessment of cancer cell responses to 
NPs; therefore, data arising from those studies are difficult to compile and integrate. Moreover, 
there is still the risk that the toxicological picture from a particular study on specific NPs and 
cell lines might not be “complete” enough and that toxic risks may be overlooked.

Apoptosis is a common response of cells to NP treatment. Azizi and colleagues found that 
albumin-coated silver NPs (AgNPs) LD50 were several times lower for breast cancer cells 
than for normal white blood cells. Apoptosis assays such as Annexin V and microscopy 
counts of apoptotic bodies demonstrated that albumin-coated AgNPs exert proapoptotic 
selective effects on breast cancer cells while normal blood cells remained viable at the tested 
concentrations and times of exposure [5].

In a recent work on several murine cancer cell lines, Namvar and colleagues investigated the 
antitumor properties of biosynthesized zinc oxide NPs (ZnONPs). They found that cancer cell 
proliferation was inhibited by NPs in a time- and concentration-dependent manner and that 
the mechanism of cell death was primarily apoptosis via procaspases activation and intrinsic 
mitochondrial pathway triggering [2].

NP exposure may cause cancer cell death by oxidative stress through varied mechanisms, 
including ROS production, inhibition of antioxidant enzymes, mitochondrial damage and lipid 
peroxidation [20]. For instance, Matulionyte, et al. demonstrated that photoluminescent gold 
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nanoclusters have specific toxicity against MCF-7 breast cancer cells and were less toxic on 
MDA-MB 231 breast cancer cells, a highly drug-resistant cell line. The mechanism of cell death 
was apoptosis, necrosis and generation of ROS, effects that were more evident in MCF-7 cells [23].

Several other mechanisms are involved in the selective toxicity of NPs against different cancer 
cell lines. Endoplasmic reticulum (ER) autophagy is a well-known process related with NP 
exposure. A study by Wei, et al. found that silica NPs (SiNPs) induced ER autophagy in colon 
cancer cells. The authors showed a time-dependent effect of NP exposure, but interestingly, 
autophagy was present only at either low or high NP concentrations [24].

Due to the complexity of cell responses to NPs, it is important to evaluate the biological effect of 
NPs from different perspectives, from toxicology assessment to both in vitro and in vivo testing, 
to better understand NP-induced cellular responses and the mechanisms behind them (Figure 1).

Figure 1. Schematic interpretation of nanoparticle (NP) cellular effects. NPs undergo internalization by nonspecific or 
specific endocytosis and remain in the cytoplasm or inside intracellular vesicles, either individually or in aggregates. 
NPs might release ions that enter the nucleus and cause DNA fragmentation/hypermethylation and/or cell cycle arrest 
in cancer cells. Furthermore, NPs’ inhibitory effect on cellular viability is due to downregulation of antiapoptotic genes, 
e.g. Bcl2, generation of reactive oxygen species (ROS), mitochondria fission and autophagy and events that finally induce 
cell death through apoptosis. NPs could decrease the expression of transcription factors involved in stemness and thus 
inhibit angiogenesis.
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In the following sections, we discuss the cytotoxic and antiproliferative in vitro properties of 
different types of NPs and their potential application in nanotherapeutics.

3.1. Metallic nanoparticles: noble metals and selective antitumor properties

Inorganic nanostructures exhibit interesting physical properties such as magnetism, fluo-
rescence and localized surface plasmon resonance, which in combination with NPs’ small 
dimensions make them suitable for biological applications. An advantage over other types 
of nanostructures is that inorganic NPs could respond to external stimulation with light or 
magnetic fields [1]. Among inorganic NPs, noble metals have been commonly used for the 
synthesis of nanomaterials. For instance, silver, gold and platinum NPs are of interest in can-
cer research as multifunctional anticancer agents due to their particular properties [25, 26]. In 
the subsequent sections, antitumor properties of noble metallic NPs are discussed focusing on 
their in vitro effects on several cancer cell lines.

3.1.1. Silver nanoparticles

Silver nanoparticles (AgNPs) possess particular physicochemical properties that determine 
their extent of cytotoxicity in biological systems [27]. It is well documented that AgNPs exert 
an antiproliferative effect on cancer cell lines [19, 28]. According to Choi, et al., AgNPs develop 
a potential cytotoxic effect on A2780 ovarian carcinoma cells and ovarian cancer stem cells 
(OvCSCs) at high concentrations. The inhibitory effect on cellular viability is caused by the 
upregulation of p53 and caspase-3 genes. In contrast, AgNPs might promote cell proliferation 
at low concentrations. The relevance of these findings is that OvCSCs present more sensitivity 
to the treatment with AgNPs, which is particularly interesting due to the fact that CSCs might 
increase the risk of acquired resistance to chemotherapy [19].

The therapeutic effect of AgNPs in multidrug resistant (MDR)-cancer cells has also been 
investigated. Kovacs, et al. demonstrated that AgNPs induce apoptosis-mediated cell death 
in drug-sensitive (Colo 205) and drug-resistant (Colo 320) colon adenocarcinoma cell lines, 
in a dose-dependent manner [28]. The internalization of AgNPs was observed in both cell 
types; thus, they remained in the cytoplasm. In addition, AgNPs may act synergistically 
with anticancer drugs to enhance their tumor-killing effects in MDR cells due to their capa-
bility of modulating efflux activity [28]. It is important to highlight the risk of exposing 
normal cells to AgNPs. To illustrate, a hippocampal neuronal cell model (HT22) was treated 
with AgNPs, obtaining a decrease in cell viability, oxidative damage and hypermethylation 
in DNA due to the internalization of AgNPs. These effects in normal cells may be prolonged 
since harmful impacts remain after AgNP removal [29]. Similar reports were found by Gao, 
et al., demonstrating that AgNPs can potentially damage mouse embryonic stem cells [30]. 
A novel approach to reduce cytotoxicity against normal cells is the functionalization or 
modification of AgNP surface [16]. Extensive research has been conducted to validate the 
hypothesis that AgNPs could inhibit angiogenesis, a complex process that is involved in the 
formation of new blood vessels and tumor progression [31]. For instance, Gurunathan, et al. 
concluded that the treatment of bovine retinal endothelial cells (BRECs) with AgNPs might 
activate PI3K/Akt pathway resulting in the inhibition of capillary formation [32]. Based on 
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this evidence, AgNPs are potent antineoplastic agents with acute cytotoxic effects that mod-
ulate several metabolic pathways leading to decreased cell viability, independently or in 
combination with other anticancer drugs. This synergistic effect will be further discussed 
along this chapter.

3.1.2. Gold nanoparticles

Compatibility of gold with biosystems has been well demonstrated since metallic nanoscale 
materials were originally developed [33]. In recent years, synthesis and application of gold 
NPs (AuNPs) in the biomedical field have substantially increased due to their ductility physi-
cochemical properties and biocompatibility. AuNPs can be synthesized in different shapes 
including spheres, rods, cubes, triangles, cones and shells [34]. Therefore, based on their size 
and shape, “naked” AuNPs possess several applications, e.g. as antitumor agents, drug nano-
carriers, hyperthermia enhancers and radio sensitizers [1, 35].

AuNPs exert in vitro cytotoxicity on several human cancer cell lines including cervical (HeLa), 
prostate (PC-3), hepatocellular carcinoma (HepG2) and breast cancer (MDA-MB-231) [3, 36–
38]. Wozniak, et al. proved that spherical and rod-shaped AuNPs are more efficient than other 
shapes in reducing cell proliferation of cancer cells in vitro [36]. Positively charged naked 
AuNPs interact with negatively charged cell membranes, increasing cellular uptake, pref-
erably with smaller diameter particles rather than larger ones [37]. Also of interest, AuNPs 
can be used in combination with other anticancer molecules. For instance, Ke, et al. reported 
that AuNPs improved the responsiveness of Calu-1 epidermoid carcinoma cell line to 
tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) [39]. This combined 
approach induced DNA fragmentation, mitochondrial fission and a decrease in cell viability 
due to apoptosis. By contrast, the effect on cell viability was minimal in the BEAS-2B normal 
lung cell line [39].

In addition, AuNPs could act as enhancers of hyperthermia-targeted therapy because they 
efficiently absorb laser light and convert it into thermal energy [40]. The synergistic effect of 
AuNPs and laser-induced thermotherapy renders thermally exposed cancer cells susceptible 
to be ablated with minimal exposure times and lower laser intensities [33]. Rau, et al. showed 
that AuNPs could cause severe damage in the cytoskeleton of MG63 osteosarcoma cells in 
combination with laser treatment, increasing the calcium content inside the cells and leading 
to mineralization [41]. Another technique to induce hyperthermia in tumors is directed ultra-
sound. Kosheleva, et al. discovered that the combined treatment of ultrasound and AuNPs 
exerted a more acute cytotoxic effect on A549 lung cancer cells compared to BEAS-2B normal 
lung cells when cultivated separately and in coculture [42]. These findings suggested that 
AuNP-assisted thermotherapy could cause targeted cancer cell ablation, while avoiding dam-
age to surrounding noncancerous cells.

AuNPs can be uptaken by cancer cells via endocytosis and trigger apoptotic events [43]. As a 
consequence, an improvement in radiation therapy has been observed when cancer cells are 
previously exposed to AuNPs [43]. Likewise, high atomic number in AuNPs increases radia-
tion absorption from the target tumor [43]. Literature suggests that AuNPs act as radiosensi-
tizers in several cancer cell lines, such as U251 glioblastoma, which in clinical practice could 
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increase radiotherapy efficacy and prevent the development of drug-resistant tumors [44]. 
Another approach thoroughly studied by Rezaee, et al. showed that electroporation enhances 
radiosensitizing effect of AuNPs in HT-29 colon adenocarcinoma cells as a result of increasing 
cell membrane permeability. In this study, AuNPs’ radiosensitizing effect was more promi-
nent in cancer cells than in normal counterparts [43].

3.1.3. Platinum nanoparticles

Several investigations have addressed the antiproliferative effect of platinum nanoparticles 
(PtNPs) in cell models [45–48]. Bendale, et al. concluded that the harmful effect of PtNPs 
on cancer cell viability depends on the cell type. At the same PtNP concentration, an acute 
cytotoxic effect was observed in lung (A549), ovary (PA-1) and pancreatic (Mia-Pa-Ca-2) can-
cer cells [45] . In this study, no significative effect on cell viability was observed in breast, 
renal, colon and leukemia cancer cell lines. Interestingly, peripheral blood mononuclear cells 
(PBMCs) were not affected either, suggesting that PtNPs could preferably target tumor cells 
[45]. According to Kutwin, et al., PtNPs severely affect the proliferation rate and morphology 
of U118 and U87 human malignant glioma cell lines, and as a consequence, cells suffer from 
membrane disruption, reduced density and decreased migration [46]. Gehrke, et al. did not 
find any adverse effect on cellular viability when HT29 colon carcinoma cells were treated 
with PtNPs. It was observed, however, that smaller PtNPs enter the cells and remain in the 
cytoplasm or inside intracellular vesicles, either individually or in aggregates. Additionally, 
PtNPs released Pt ions that may bind to DNA leading to strand cleavage damage [49]. 
Another important feature is the synergistic antitumor activity between platinum and gold 
NPs. Ahamed, et al. reported that platinum-coated gold nanorods (AuNRs-Pt) affected cell 
viability on MCF7 breast cancer cells at relatively low doses. The mechanism of action of 
AuNRs-Pt involved impairment of normal morphology resulting in rounded cells, cell cycle 
detention at SubG1 phase, increased expression levels of proapoptotic genes caspase-3 and 
caspase-9 and generation of ROS [47]. Manikandan, et al. demonstrated that PtNPs could 
improve photothermal treatment in cancer cells. Neuro-2a brain neuroblastoma cells were 
exposed to the combined scheme of laser irradiation and PtNPs, which resulted in induction 
of apoptosis [48]. There was no significative effect on cellular viability when PtNPs and laser 
treatment were applied separately [48].

3.1.4. Other metal-based nanomaterials

Titanium dioxide (TiO2), zinc (Zn), copper (Cu) and iron (Fe) are used in several industrial 
applications such as cosmetics, paint chemicals, food additives, pharmacological coatings, 
drug delivery systems, biosensor technologies and body implants. These nanomaterials have 
been also tested in cancer research and development of new therapeutics [22, 50].

Xia and coworkers reported the cytotoxic effect of cuprous oxide nanoparticles (CONPs) on 
HeLa, SiHa and MS751 human cervical cancer cell lines. Results demonstrated that CONPs 
are uptaken by cells and internalized into the cytoplasm, mitochondria and lysosomes; as a 
result, cell morphology alterations and decreased cellular viability were observed. Cell cycle 
arrest in the G1/G0 phase, induction of apoptosis and autophagy were also reported [51].
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The antineoplastic effect of CONPs in PC-3, LNCaP FGC and DU145 human prostate car-
cinoma cells was investigated by Wang, et al. The results of this study suggest that CONPs 
might induce cytotoxicity selectively on cancerous cells without affecting normal prostate 
epithelial cells (RWPE-1). Moreover, a significant decrease in the expression of Oct4, Sox2 and 
KLF4 transcription factors related with stem-cell proliferation capability was observed [52].

Superparamagnetic iron oxide nanoparticles (SPIONs) are also included in a large extent 
in nanomedical products [1]. SPIONs develop magnetic properties within a magnetic field; 
therefore, they are able to act in specific target sites [1]. Several studies demonstrated that 
SPIONS can be approached as hyperthermia enhancers, contrast agents in magnetic reso-
nance imaging, drug nanocarriers and anticancer candidates [1]. For instance, Du, et al. stud-
ied the combined effect of SPIONs and spinning magnetic field (SMF) on the survival rate 
of U-2 OS and Saos-2 osteosarcoma cell lines. This combined treatment exerts a more effec-
tive cytotoxic response triggering the intracellular ROS generation, autophagic cell death and 
apoptosis, than SPION treatment alone [53].

3.2. Nonmetallic and organically coated metallic nanomaterials: antiproliferative and 
cytotoxic properties

3.2.1. Green synthesis–based nanomaterials

Production of materials at the nanometric scale (1–100 nm) has been performed using several 
approaches [54]. The most common synthesis method involves the use of three elements: cap-
ping agent, reducing agent and solvent [54]. However, most of these elements are toxic, flam-
mable, corrosive and even dangerous for the natural environment and living organisms. For 
this reason, a new green chemistry tendency emerged in the nanotechnology area to modify 
chemical processes and reduce or minimize the use of hazardous reagents [55]. The green-
synthesis approach has been focused on finding nontoxic elements to develop a more eco-
friendly design with improved efficiency [54]. Some of these new techniques require the use 
of solvents such as water, supercritical CO2 or ionic liquids [56, 57]. For example, silver and 
gold nanoscale structures, due to their chemical and biological properties, have been widely 
used in green synthesis in combination with medicinal plants (photosynthesis) or bacterial/
fungi/viral proteins (microbial-synthesis) [58]. This section provides further interesting exam-
ples of green-synthetized nanomaterials.

3.2.1.1. Photosynthesis

The importance of developing an alternative nanosynthesis protocol is not only for an envi-
ronmental footprint reduction, but contributes also for the simplification of industrial produc-
tion with the lack of expensive organic solvents and toxic chemicals [59]. The use of innocuous 
plant extracts with solvents such as water facilitates the production and further evaluation of 
green nanomaterials, which are fundamental for biological applications in critical areas e.g. 
drug production [59]. There are several nanoscale structures coated with plant extracts and 
their effect on living systems has been extensively studied [60]. For instance, Krishnaraj, et al. 
reported that Ag/Au biosynthesized NPs with Acalypha indica extract exerted a cytotoxic effect 
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increase radiotherapy efficacy and prevent the development of drug-resistant tumors [44]. 
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HeLa, SiHa and MS751 human cervical cancer cell lines. Results demonstrated that CONPs 
are uptaken by cells and internalized into the cytoplasm, mitochondria and lysosomes; as a 
result, cell morphology alterations and decreased cellular viability were observed. Cell cycle 
arrest in the G1/G0 phase, induction of apoptosis and autophagy were also reported [51].

Unraveling the Safety Profile of Nanoscale Particles and Materials - From Biomedical to Environmental Applications70

The antineoplastic effect of CONPs in PC-3, LNCaP FGC and DU145 human prostate car-
cinoma cells was investigated by Wang, et al. The results of this study suggest that CONPs 
might induce cytotoxicity selectively on cancerous cells without affecting normal prostate 
epithelial cells (RWPE-1). Moreover, a significant decrease in the expression of Oct4, Sox2 and 
KLF4 transcription factors related with stem-cell proliferation capability was observed [52].

Superparamagnetic iron oxide nanoparticles (SPIONs) are also included in a large extent 
in nanomedical products [1]. SPIONs develop magnetic properties within a magnetic field; 
therefore, they are able to act in specific target sites [1]. Several studies demonstrated that 
SPIONS can be approached as hyperthermia enhancers, contrast agents in magnetic reso-
nance imaging, drug nanocarriers and anticancer candidates [1]. For instance, Du, et al. stud-
ied the combined effect of SPIONs and spinning magnetic field (SMF) on the survival rate 
of U-2 OS and Saos-2 osteosarcoma cell lines. This combined treatment exerts a more effec-
tive cytotoxic response triggering the intracellular ROS generation, autophagic cell death and 
apoptosis, than SPION treatment alone [53].

3.2. Nonmetallic and organically coated metallic nanomaterials: antiproliferative and 
cytotoxic properties

3.2.1. Green synthesis–based nanomaterials

Production of materials at the nanometric scale (1–100 nm) has been performed using several 
approaches [54]. The most common synthesis method involves the use of three elements: cap-
ping agent, reducing agent and solvent [54]. However, most of these elements are toxic, flam-
mable, corrosive and even dangerous for the natural environment and living organisms. For 
this reason, a new green chemistry tendency emerged in the nanotechnology area to modify 
chemical processes and reduce or minimize the use of hazardous reagents [55]. The green-
synthesis approach has been focused on finding nontoxic elements to develop a more eco-
friendly design with improved efficiency [54]. Some of these new techniques require the use 
of solvents such as water, supercritical CO2 or ionic liquids [56, 57]. For example, silver and 
gold nanoscale structures, due to their chemical and biological properties, have been widely 
used in green synthesis in combination with medicinal plants (photosynthesis) or bacterial/
fungi/viral proteins (microbial-synthesis) [58]. This section provides further interesting exam-
ples of green-synthetized nanomaterials.

3.2.1.1. Photosynthesis

The importance of developing an alternative nanosynthesis protocol is not only for an envi-
ronmental footprint reduction, but contributes also for the simplification of industrial produc-
tion with the lack of expensive organic solvents and toxic chemicals [59]. The use of innocuous 
plant extracts with solvents such as water facilitates the production and further evaluation of 
green nanomaterials, which are fundamental for biological applications in critical areas e.g. 
drug production [59]. There are several nanoscale structures coated with plant extracts and 
their effect on living systems has been extensively studied [60]. For instance, Krishnaraj, et al. 
reported that Ag/Au biosynthesized NPs with Acalypha indica extract exerted a cytotoxic effect 

Cytotoxic and Antiproliferative Effects of Nanomaterials on Cancer Cell Lines: A Review
http://dx.doi.org/10.5772/intechopen.71685

71



in MDA-MB-231 human breast cancer cells. These NPs exhibited a proapoptotic effect through 
caspase-3 activation [58]. Another example of naturally coated AgNPs includes the effect of 
the Erythrina indica extract causing a dose-dependent reduction of viability in MCF7 breast 
cancer cells and HepG2 hepatocellular carcinoma [27]. The authors also demonstrated high 
antimicrobial activity for AgNPs against Staphylococcus aureus, Micrococcus luteus, Escherichia 
coli, Bacillus subtilis, Salmonella typhi and Salmonella paratyphi [27]. Moreover, AgNPs were syn-
thesized using Albizia adianthifolia leaf extract; the AgNP analysis determined the presence of 
saponins and glycosides as stabilizing agents [61]. Toxicity analysis was performed on A549 
lung cancer cells and normal peripheral lymphocytes [61]. The results showed a reduction 
in A549 cellular viability to 21% at 10 g/mL and 73% at 50 g/mL after 6 h of exposure [61]. In 
comparison, proliferation rates for normal cell lines were not altered [61]. Other applications 
of these nanostructured particles for disease treatment include antidiabetic effects, described 
with Cassia fistula AuNPs that reduce glucose levels in rats with streptozotocin-induced dia-
betes [62], and antimosquito larvicidal activity of Nelumbo nucifera AuNPs [63].

3.2.1.2. Microbial synthesis

Bacterial survival in the presence of heavy metals is caused by a transformation (reduction/pre-
cipitation) of metal ions into insoluble nontoxic metal nanoclusters. These detoxification reac-
tions are mediated by intracellular accumulation or a physicochemical process–denominated 
extracellular biosorption, which facilitates the concentration of contaminants, e.g. heavy met-
als, and binds them in their cellular structure, with variable levels of dispersity [64]. Based on 
these bacterial properties, Klaus, et al. described AgNP production in Pseudomonas stutzeri. This 
bacterium reduces silver ion to generate Ag0 and AgS2 NPs of different shapes and sizes located 
around the cellular poles [65]. Another interesting example is B. subtilis that reduces Au3+ to a 
neutral nanocompound (Au0) [66]. Moreover, production of lipopolysaccharides and phospho-
lipids in some bacteria mediates bioreduction, e.g. transformation of chloroauric acid (HAuCl4) 
to AuNPs in E. coli DH5α [64]. Nonetheless, assembly of microbial NPs is also performed in 
several fungi species such as Penicillium chrysogenum, which has showed to be an AuNP pro-
ducer in HAuCl4 solution [67]. Another remarkable study optimized nanowire production with 
M13 virus as biotemplate for development of lithium batteries [68]. Based on this informa-
tion, affordable and massive industrial production should be feasible with the use of biological 
nanofactories such as the above-mentioned examples. However, the lack of complete under-
standing of the molecular reaction mechanism is a major disadvantage of this methodology.

3.2.2. Organically coated metallic and nonmetallic nanomaterials

Nanobiotechnology as a mature biomedical field emerged in the last years [69]; for example, 
from gene-delivery systems to targeted drug delivery, it has several applications in cancer 
treatment, diagnosis (biomarkers), molecular biology and genetic/cell engineering [70, 71]. 
A nanomedicine-based therapeutic approach might be built on nanocarriers, e.g. liposomes 
and NPs that improve chemotherapeutic biodistribution [72] and have been useful for treat-
ing diseases such as cancer [73] and microbial infections [74]. In 1989, Matsumura and Maeda 
described the enhanced permeation and retention (EPR) effect, a controversial concept based 
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on the passive accumulation of macromolecular drugs in tumors due to the presence of a high 
number of abnormal blood vessels (angiogenesis), which lack lymphatic drainage, affecting 
in turn as a drug delivery system [75]. Despite the fact that this effect has been extensively 
studied but has failed in clinical trials [76], EPR is still one of the most used concepts in nano-
biodistribution [76]. With this information in mind, this section discusses relevant aspects 
of metallic and nonmetallic coated nanomaterials, including liposomes as novel therapeutic 
agents for cancer.

3.2.2.1. Organically coated nanomaterials

Organic coating is used to stabilize NPs and maintain a balance between electrostatic and 
electrosteric repulsion forces [73]. NPs of different shapes might be covered with diverse cap-
ping agents such as citric acid, polysaccharides, surfactants, proteins, polymers and nucleic 
acids [77, 78]. However, despite the fact that they have the same core material, coated-NPs 
exert different biological responses. For instance, viability, genotoxicity and mutagenicity 
evaluation of AgNPs coated with anionic (citrate, SDS), neutral (disperbyk, tween) or cationic 
(byk and chitosan) compounds were performed by Kun, et al. using lymphoblast TK6 cell line 
and Chinese hamster lung fibroblasts. The methodology used for testing involved trypan blue 
exclusion assay, relative growth activity, cell morphology, HPRT mutation and comet assay. 
The results determined that AgNPs_byk and AgNPs_chitosan were the most cytotoxic, affect-
ing cell morphology, inhibiting proliferation and inducing cell death through apoptosis or 
necrosis. Furthermore, AgNPs_byk showed significant mutagenic effects by inducing DNA 
strand breaks and oxidation. It is important to note that AgNPs_byk formed the smallest 
agglomerates in medium solution in comparison to other coated AgNPs, suggesting that size 
is an important factor in toxicity. To sum up, coated NPs display various biological in vitro 
effects depending mainly on their surface charge [12].

One of the well-known NP biointeractions is that with bovine serum albumin (BSA), which 
relies on principle that a protein corona is dynamically formed around NPs when they enter a 
biological environment [79]. A recent investigation performed by Zhou, et al. determined that 
ZnONPs bound to BSA elicited interleukin-6 (IL-6) production-mediated anti-inflammatory 
responses in HepG2 liver cancer cell line. Additionally, synthesized NPs induced mitochon-
dria and lysosomal damage by increasing intracellular Zn ions production [79]. However, 
the analysis of the biological effect of ZnONPs bound to α-linolenic acid (LNA) did not show 
the same response [79]. Another interesting example is the evaluation of the response of 
SPIONs conjugated to the antitumor peptide ATWLPPR (A7R) on HUVEC human umbili-
cal vein endothelial cells and MDA-MB-231 human breast adenocarcinoma [11]. These NPs 
might be adjusted carriers for targeted drug delivery systems using their magnetic properties. 
Furthermore, the presence of cell receptors for the A7R peptide facilitates the uptake of the 
nanocarriers. This is particularly important because the role of the receptor is to repress the 
vascular endothelial growth factor A (VEGF A). Consequently, NPs affect angiogenic events 
and impair cell proliferation [11].

The study of commercial anticancer drug formulations in nanoform has also been evalu-
ated, with positive results in many cases. For instance, tamoxifen, an anticancer agent used 
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in MDA-MB-231 human breast cancer cells. These NPs exhibited a proapoptotic effect through 
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thesized using Albizia adianthifolia leaf extract; the AgNP analysis determined the presence of 
saponins and glycosides as stabilizing agents [61]. Toxicity analysis was performed on A549 
lung cancer cells and normal peripheral lymphocytes [61]. The results showed a reduction 
in A549 cellular viability to 21% at 10 g/mL and 73% at 50 g/mL after 6 h of exposure [61]. In 
comparison, proliferation rates for normal cell lines were not altered [61]. Other applications 
of these nanostructured particles for disease treatment include antidiabetic effects, described 
with Cassia fistula AuNPs that reduce glucose levels in rats with streptozotocin-induced dia-
betes [62], and antimosquito larvicidal activity of Nelumbo nucifera AuNPs [63].
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als, and binds them in their cellular structure, with variable levels of dispersity [64]. Based on 
these bacterial properties, Klaus, et al. described AgNP production in Pseudomonas stutzeri. This 
bacterium reduces silver ion to generate Ag0 and AgS2 NPs of different shapes and sizes located 
around the cellular poles [65]. Another interesting example is B. subtilis that reduces Au3+ to a 
neutral nanocompound (Au0) [66]. Moreover, production of lipopolysaccharides and phospho-
lipids in some bacteria mediates bioreduction, e.g. transformation of chloroauric acid (HAuCl4) 
to AuNPs in E. coli DH5α [64]. Nonetheless, assembly of microbial NPs is also performed in 
several fungi species such as Penicillium chrysogenum, which has showed to be an AuNP pro-
ducer in HAuCl4 solution [67]. Another remarkable study optimized nanowire production with 
M13 virus as biotemplate for development of lithium batteries [68]. Based on this informa-
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nanofactories such as the above-mentioned examples. However, the lack of complete under-
standing of the molecular reaction mechanism is a major disadvantage of this methodology.
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A nanomedicine-based therapeutic approach might be built on nanocarriers, e.g. liposomes 
and NPs that improve chemotherapeutic biodistribution [72] and have been useful for treat-
ing diseases such as cancer [73] and microbial infections [74]. In 1989, Matsumura and Maeda 
described the enhanced permeation and retention (EPR) effect, a controversial concept based 
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the same response [79]. Another interesting example is the evaluation of the response of 
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Furthermore, the presence of cell receptors for the A7R peptide facilitates the uptake of the 
nanocarriers. This is particularly important because the role of the receptor is to repress the 
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in estrogen receptor-positive (ER+) breast cancer, has been commonly used before surgery to 
reduce tumor volume [80]. However, tamoxifen resistance has become a significant problem 
in cancer treatment [80]. Devulapally, et al. synthesized biodegradable polymer NPs loaded 
with the active compound of tamoxifen (4-hydroxytamoxifen-4OHT) and the noncoding RNA 
(anti-miR-21). NPs showed antiproliferative and proapoptotic effects in human breast (MCF7, 
ZR-751, BT-474) and mouse mammary (4 T1) carcinoma cells [81].

3.2.2.2. Nonmetallic nanomaterials

Despite the fact that most widely used nanomaterials have metal cores, a number of industry-
relevant nonmetallic nanoscale particles such as SiO2 and carbon NPs have been engineered. 
For instance, silica NPs have been extensively used in food additives [82], toothpaste and skin 
care products [83]. However, their use requires toxicology screening to determine their inno-
cuity. According to Wittig, et al., commercially available nanosilica (Ø 12 nm) increases the 
growth of GXF251L human gastric carcinoma cells. The results showed an important prolif-
erative effect through the activation of cellular epidermal growth factor receptor (EGFR) and 
mitogen-activated protein kinase (MAPK) signaling pathways [84].

On the contrary, research on antiproliferative properties have found that cerium oxide nano-
crystals (nanoceria: CeO2-NCs) can act as an anticancer drug [85]. The investigation conducted 
by Khan, et al. found that fluorescence microscopy assessments of nanoceria displayed a 
marked in vitro cytotoxic effect and reduced cellular viability on HT-29 human colorectal ade-
nocarcinoma. The results showed downregulation of Bcl2 and BclxL protein expression sug-
gesting proapoptotic effects. Additionally, this study confirmed previous reports [86] where 
cerium oxide exhibited a cytotoxic effect toward cancer cells with minimum toxicity to normal 
cells [86]. Another interesting example involved the evaluation of cytotoxic effects of smart-
releasing NPs synthesized using cytochrome C (Cyt C) and hyaluronic acid (HA) [87]. This 
study, by Figueroa, et al., showed that A549 human lung adenocarcinoma cellular viability 
was reduced to 20% (0.16 mg/mL [Cyt C], 6 h of exposure), while OS-7 African green monkey 
kidney fibroblasts were not affected. Confocal microscopy imaging confirmed the release of 
Cyt C to the cytoplasm upon reaching the target. In this study, EPR effect is used to develop 
a new potential stimuli-driven nanoparticle for cancer treatment [87].

Liposomes were firstly described in the middle 1960s as spherical vesicles constituted with 
phospholipid bilayers [88]. These lipid-based nanoparticles have been used in several fields 
from biophysics to biology for many years [88]. With the advances of nanotechnology, lipo-
somes have evolved in order to assure controlled delivery of active molecules to a specific site 
of action. For instance, a radiation therapy scheme in use for more than 50 years is boron neu-
tron capture (BNCT), which is based on the specific delivery of the isotope (boron-10) under-
going a nuclear reaction to form boron-11, through exposure to a laser beam (neutron source 
[89]). This reaction causes a release of an -particle that has a high linear energy transfer (LET) 
and kills the equivalent of one cell diameter [89]. In the above research, conducted by Maitz, 
et al., the effect of unilamellar liposomes (composed of cholesterol, 1, 2-distearoyl-sn-glycero-
3-phosphocholine, K [nido-7-CH3 (CH2)15-7, 8-C2B9H11] and core Na3 [1-(2′-B10H9)-2-NH3B10H8])  
on mice bearing tumors (breast carcinoma EMT6 and colon carcinoma CT26) was studied. 
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in estrogen receptor-positive (ER+) breast cancer, has been commonly used before surgery to 
reduce tumor volume [80]. However, tamoxifen resistance has become a significant problem 
in cancer treatment [80]. Devulapally, et al. synthesized biodegradable polymer NPs loaded 
with the active compound of tamoxifen (4-hydroxytamoxifen-4OHT) and the noncoding RNA 
(anti-miR-21). NPs showed antiproliferative and proapoptotic effects in human breast (MCF7, 
ZR-751, BT-474) and mouse mammary (4 T1) carcinoma cells [81].

3.2.2.2. Nonmetallic nanomaterials

Despite the fact that most widely used nanomaterials have metal cores, a number of industry-
relevant nonmetallic nanoscale particles such as SiO2 and carbon NPs have been engineered. 
For instance, silica NPs have been extensively used in food additives [82], toothpaste and skin 
care products [83]. However, their use requires toxicology screening to determine their inno-
cuity. According to Wittig, et al., commercially available nanosilica (Ø 12 nm) increases the 
growth of GXF251L human gastric carcinoma cells. The results showed an important prolif-
erative effect through the activation of cellular epidermal growth factor receptor (EGFR) and 
mitogen-activated protein kinase (MAPK) signaling pathways [84].

On the contrary, research on antiproliferative properties have found that cerium oxide nano-
crystals (nanoceria: CeO2-NCs) can act as an anticancer drug [85]. The investigation conducted 
by Khan, et al. found that fluorescence microscopy assessments of nanoceria displayed a 
marked in vitro cytotoxic effect and reduced cellular viability on HT-29 human colorectal ade-
nocarcinoma. The results showed downregulation of Bcl2 and BclxL protein expression sug-
gesting proapoptotic effects. Additionally, this study confirmed previous reports [86] where 
cerium oxide exhibited a cytotoxic effect toward cancer cells with minimum toxicity to normal 
cells [86]. Another interesting example involved the evaluation of cytotoxic effects of smart-
releasing NPs synthesized using cytochrome C (Cyt C) and hyaluronic acid (HA) [87]. This 
study, by Figueroa, et al., showed that A549 human lung adenocarcinoma cellular viability 
was reduced to 20% (0.16 mg/mL [Cyt C], 6 h of exposure), while OS-7 African green monkey 
kidney fibroblasts were not affected. Confocal microscopy imaging confirmed the release of 
Cyt C to the cytoplasm upon reaching the target. In this study, EPR effect is used to develop 
a new potential stimuli-driven nanoparticle for cancer treatment [87].

Liposomes were firstly described in the middle 1960s as spherical vesicles constituted with 
phospholipid bilayers [88]. These lipid-based nanoparticles have been used in several fields 
from biophysics to biology for many years [88]. With the advances of nanotechnology, lipo-
somes have evolved in order to assure controlled delivery of active molecules to a specific site 
of action. For instance, a radiation therapy scheme in use for more than 50 years is boron neu-
tron capture (BNCT), which is based on the specific delivery of the isotope (boron-10) under-
going a nuclear reaction to form boron-11, through exposure to a laser beam (neutron source 
[89]). This reaction causes a release of an -particle that has a high linear energy transfer (LET) 
and kills the equivalent of one cell diameter [89]. In the above research, conducted by Maitz, 
et al., the effect of unilamellar liposomes (composed of cholesterol, 1, 2-distearoyl-sn-glycero-
3-phosphocholine, K [nido-7-CH3 (CH2)15-7, 8-C2B9H11] and core Na3 [1-(2′-B10H9)-2-NH3B10H8])  
on mice bearing tumors (breast carcinoma EMT6 and colon carcinoma CT26) was studied. 
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The results showed a 50% tumor reduction after 45 min of radiation, despite lower boron con-
centrations inside EMT6 tumor, in comparison to CT26. The average time for tumor growth, 
set as three times the pretreatment volume, was 38 days for BNCT-treated mice in comparison 
to 4 days for untreated controls. In conclusion, the authors found that liposomes were useful 
elements for increasing inherent radiosensitivity in selected tumors [89].

The use of liposomes has also been found useful for drug delivery systems [90]. Sadhu, et al. 
evaluated the cytotoxicity and antiproliferative effects of liposomes designed to increase the 
intracellular glutathione disulfide (GSSG) on B16 murine metastatic melanoma tumor cells 
(B16F10), human metastatic lung carcinoma cells (NCI-H226) and in vivo on C57BL/6 mice. 
Glutathione (GSH) is fundamental in the antioxidant defense against ROS [91]. Oxidation of 
GSH is mediated by a sulfhydryl residue from oxidative species and results in GSSG [91]. 
Analysis of GSSG has been a challenge since it is not inducible and neither cell membrane 
permeant. The results showed an important effect in the apoptotic pathway affecting cell 
migration, invasion and adhesion. Dacarbazine (the treatment option for melanoma) and 
GSSG liposomes showed a significant in vivo reduction of tumor proliferation (90% and 85%, 
respectively) [91].

Drewes, et al. demonstrated that lipid-core nanocapsules containing poly(ε-caprolactone), 
capric/caprylic triglyceride, sorbitan monostearate and polysorbate 80 affected cell prolif-
eration and triggered cell cycle arrest on SK-Mel-28 human melanoma cells. Furthermore, 
nanocapsules induced apoptosis and necrosis on a murine model B16F10 (H2b) bearing B16 
melanoma cell line [92]. To sum up, GSSG liposomes and lipid-core nanocapsules are poten-
tially useful for antimetastatic treatment and as drug delivery systems for melanoma treat-
ment, respectively [91]. Organically coated nanostructures, including liposomes, might exert 
antiproliferative cytotoxic properties against cancer cells/tumors but may also induce cell pro-
liferation depending on the type of tumor and nanostructure used.

The wide spectrum of known cancer cellular responses to nanomaterials is summarized in 
Table 2.

4. Conclusion

In vitro cellular models for the study of antiproliferative and/or cytotoxic properties of engi-
neered nanomaterials are valuable tools in cancer research. Cancer cell lines represent very 
easy-to-use models where different codelivery treatments might be tested. For instance, 
including chemotherapeutic drugs, siRNAs and antibodies in the same NPs should help 
lower drug concentrations and side effects as well as improve the therapeutic effect. Taking 
advantage of this type of approach in cancer cell lines might be of value when testing NPs 
in personalized medicine applications, when tumor cells from the patients are collected and 
either cultured or injected into in vivo vertebrate models. Recently, Rita, et al. reported the 
use of zebrafish xenotransplants [93] using colon cancer cell lines, SW480, SW620, and HT29, 
HCT116 and Hke3. Larvae were injected with cancer cells to develop mono-/polyclonal tumors, 
which were treated with different antiproliferation drugs. Results displayed differential  
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The results showed a 50% tumor reduction after 45 min of radiation, despite lower boron con-
centrations inside EMT6 tumor, in comparison to CT26. The average time for tumor growth, 
set as three times the pretreatment volume, was 38 days for BNCT-treated mice in comparison 
to 4 days for untreated controls. In conclusion, the authors found that liposomes were useful 
elements for increasing inherent radiosensitivity in selected tumors [89].

The use of liposomes has also been found useful for drug delivery systems [90]. Sadhu, et al. 
evaluated the cytotoxicity and antiproliferative effects of liposomes designed to increase the 
intracellular glutathione disulfide (GSSG) on B16 murine metastatic melanoma tumor cells 
(B16F10), human metastatic lung carcinoma cells (NCI-H226) and in vivo on C57BL/6 mice. 
Glutathione (GSH) is fundamental in the antioxidant defense against ROS [91]. Oxidation of 
GSH is mediated by a sulfhydryl residue from oxidative species and results in GSSG [91]. 
Analysis of GSSG has been a challenge since it is not inducible and neither cell membrane 
permeant. The results showed an important effect in the apoptotic pathway affecting cell 
migration, invasion and adhesion. Dacarbazine (the treatment option for melanoma) and 
GSSG liposomes showed a significant in vivo reduction of tumor proliferation (90% and 85%, 
respectively) [91].

Drewes, et al. demonstrated that lipid-core nanocapsules containing poly(ε-caprolactone), 
capric/caprylic triglyceride, sorbitan monostearate and polysorbate 80 affected cell prolif-
eration and triggered cell cycle arrest on SK-Mel-28 human melanoma cells. Furthermore, 
nanocapsules induced apoptosis and necrosis on a murine model B16F10 (H2b) bearing B16 
melanoma cell line [92]. To sum up, GSSG liposomes and lipid-core nanocapsules are poten-
tially useful for antimetastatic treatment and as drug delivery systems for melanoma treat-
ment, respectively [91]. Organically coated nanostructures, including liposomes, might exert 
antiproliferative cytotoxic properties against cancer cells/tumors but may also induce cell pro-
liferation depending on the type of tumor and nanostructure used.

The wide spectrum of known cancer cellular responses to nanomaterials is summarized in 
Table 2.

4. Conclusion

In vitro cellular models for the study of antiproliferative and/or cytotoxic properties of engi-
neered nanomaterials are valuable tools in cancer research. Cancer cell lines represent very 
easy-to-use models where different codelivery treatments might be tested. For instance, 
including chemotherapeutic drugs, siRNAs and antibodies in the same NPs should help 
lower drug concentrations and side effects as well as improve the therapeutic effect. Taking 
advantage of this type of approach in cancer cell lines might be of value when testing NPs 
in personalized medicine applications, when tumor cells from the patients are collected and 
either cultured or injected into in vivo vertebrate models. Recently, Rita, et al. reported the 
use of zebrafish xenotransplants [93] using colon cancer cell lines, SW480, SW620, and HT29, 
HCT116 and Hke3. Larvae were injected with cancer cells to develop mono-/polyclonal tumors, 
which were treated with different antiproliferation drugs. Results displayed differential  
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drug sensitivities and support the potential application of this assay in personalized medicine 
and diagnostics. Such approaches should also decrease multidrug resistance rates.

Several techniques and methods are readily available for investigation of nanostructured par-
ticle properties regarding their selective cytotoxicity and/or antiproliferative effects. Setting 
up of those techniques, however, needs to be carefully monitored. Harmonization of the wide 
range of methods available is necessary for assay comparison and replicability.

To sum up, extended cell-based testing (in vivo) is necessary to obtain a complete understand-
ing of the in vitro results. Although individual or core laboratory capabilities play a role in 
selection and availability of techniques, data arising from cancer cell models have demon-
strated usefulness in guiding further research.
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drug sensitivities and support the potential application of this assay in personalized medicine 
and diagnostics. Such approaches should also decrease multidrug resistance rates.

Several techniques and methods are readily available for investigation of nanostructured par-
ticle properties regarding their selective cytotoxicity and/or antiproliferative effects. Setting 
up of those techniques, however, needs to be carefully monitored. Harmonization of the wide 
range of methods available is necessary for assay comparison and replicability.

To sum up, extended cell-based testing (in vivo) is necessary to obtain a complete understand-
ing of the in vitro results. Although individual or core laboratory capabilities play a role in 
selection and availability of techniques, data arising from cancer cell models have demon-
strated usefulness in guiding further research.
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Abstract

The poor clinical translation of oncological nanomedicine products is one of the greatest 
challenges faced by research today. The use of reductionist in vitro models of human can-
cer and non-predictive animal models is generally considered as one of the main causes of 
such very low translation rate. The integration of three-dimensional (3D) tumour spher-
oids in the early stages of the preclinical screening pipeline could significantly facilitate 
the translation of nanomedicine candidates into clinical practice, by allowing for a more 
reliable prediction of their efficacy and safety in humans. To lead a successful integration 
of 3D spheroids, protocols that satisfy issues of ease-of-use, reproducibility and com-
patibility with conventional and high-throughput assays, without losing the advantages 
offered by two-dimensional (2D) cell systems, are still needed. To address such need, 
protocols for the formation and characterisation of scaffold-free 3D tumour spheroids of 
human adenocarcinoma cells were developed and optimised in this study for their appli-
cation in nanomedicine safety testing. The protocols reported in this chapter provide the 
ground on how 3D tumour spheroids could be implemented to design nanomedicine 
products and speed up experimental cancer research, eliminating those candidates that 
are likely to be ineffective or unsafe in human at early development stages.

Keywords: 3D tumour spheroids, lung cancer, drug discovery, nanomedicine, safety

1. Introduction

Due to the lack of effective treatment schemes and the high mortality associated with 
many malignancies, the efforts of the pharmaceutical industry have recently focused on 
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 developing new target-oriented nanomedicine products for improving the cancer patients’ 
survival rate [1].

In parallel to novel targeted anticancer drugs (e.g. imatinib, trastuzumab, crizotinib and 
vemurafenib) [2], various nanomedicine products [3, 4] have been approved for clinical use in 
recent times, for more effective and safer cancer treatment. Nevertheless, the attrition rate of 
more than 90% for new drug candidates entering clinical trials is raising increasing concern 
[5–7]. One of the major reasons for drugs failure, accounting for around 60% of failed clini-
cal trials, is the lack of efficacy in humans [8–10], albeit the therapeutic effect was robustly 
demonstrated earlier in preclinical studies. The translation rate of nanomedicine products 
into real clinical anticancer treatments is also worryingly low [3, 11]. Limitations in the pre-
clinical toolbox currently used in the drug discovery pipeline are believed to be one of the 
major causes for such growing failures and poor translation [5, 12–14]. For example, doubts 
as to the relevance of animal models in preclinical studies have been raised: various system-
atic reviews [15–21] describe in fact the inadequateness of animal research for the efficacy 
assessments of new drug candidates. Conventional two-dimensional (2D) in vitro models are 
likewise considered as highly reductionist [22], endangering the relevance of the preclinical 
efficacy data collected [5]. Thus, the integration of new preclinical models in the drug devel-
opment pipeline is urgently needed.

In order to downtrend the raising failure rates in clinical trials, to increase successful clini-
cal translation with reduced R&D costs and animal experimentation, and ultimately to find 
new and safe cancer therapies (Figure 1), preclinical models must better reflect human in vivo 
conditions. This will assist the clear identification of compounds that have the potential to tar-
get specifically and selectively those receptors, markers or cellular behaviours characteristic 
of malignant cells, allowing for newly identified compounds and nanomedicine products to 
benefit from enhanced efficacy.

There is overwhelming evidence that in vitro three-dimensional (3D) tumour spheroids 
(i.e. microscale 3D spherical cultures of living cancer cells cultured under non-adher-
ent conditions [23] can provide predictive information on drug efficacy and safety in 
a smart, cost- and time-effective manner [24]. 3D tumour spheroids can be formed by 
either self-assembling or by forcing cells to grow as cell clusters starting from single cell 
 suspensions [25]. Conventional methods for spheroid formation include hanging drops, 
culture of cells on non-adherent surfaces, spinner flask cultures and rotary cell culture 
systems [26].

It has been demonstrated that 3D tumour spheroids more accurately reflect the responses 
of human tumours than simple 2D cell cultures [27], in particular with respect to drug 
sensitivity [28, 29] and nanomedicine efficacy [30]. Some targeted compounds have already 
proven to be more effective in 3D spheroids than in 2D cultures [31, 32]. In general, how-
ever, tumour cells cultured in 3D exhibit significantly increased drug resistance compared 
to those grown in 2D monolayer cultures. For example, in spheroid models of colorectal 
cancer [33] and pancreatic cancer [34], a reduction in the responsiveness to antitumour 
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agents was observed as a function of multicellular 3D architecture. Multicellular drug 
 resistance is not a new concept and has been studied for the past three decades [35–42]. It is 
associated with the ability of 3D tumour spheroids from human cancer cell lines to mimic 
cell dormancy [43, 44]. Cell dormancy originates from the fact that cancer cells in poorly 
vascularised tumour regions need to adapt to an unfavourable metabolic microenviron-
ment [45], stopping cell cycle progression and becoming dormant. This can confer cancer 
cells the resistance to drug treatment in humans [46–48]. 3D tumour spheroids can also 
reproduce cell-cell interactions between cancer cells and/or cancer cells and stroma [49–51]. 
These interactions strongly influence tumour cells [52] in relation to growth [53], metastasis 
[53] and response to radio-/chemo-therapy [54]. Various studies have shown in fact that 
radio- and chemo-resistance of cancer cells is associated with cell-cell adhesion [55]: the 
term ‘cell adhesion-mediated drug resistance’ (CAM-DR) has been used to describe this 
resistance phenomenon [56, 57].

Figure 1. Scheme of the drug development pipeline (A) currently in use and (B) envisaged via the implementation of 
new and more predictive preclinical models. (A) Once active compounds have been identified through the process 
of drug discovery, preclinical research (in vitro studies on cultured cells and in vivo studies on animals) are carried 
out, followed by clinical trials (on humans). Drug development is costly, in particular when carrying out in vivo 
and clinical studies. The current drug development pipeline leads to only one successful market product over 
5000–10,000 active compounds identified. (B) Advanced preclinical models capable of predicting drug failures 
earlier in the ‘proof-of-principle’ stage, prior to entering costly in vivo and clinical studies, will decrease the 
overall costs of drug development. Studies on 3D tumour spheroids may help significantly, filtering out as early 
as possible compounds that may not be successful in in vivo and clinical studies, thus decreasing the total cost 
of drug development and increasing the success rate of active compounds in reaching the market as effective 
chemotherapeutic agents.
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For the purpose of translating oncological nanomedicine products, assessing the ability of the 
nanocarrier to penetrate into the tumour tissue is essential. 3D tumour spheroids do indeed 
offer a more predictive in vitro model for assessing this aspect [58–65]. Such in vitro models 
have also been extensively used in the last years to evaluate the efficacy [62, 66–72] and safety/
toxicity [73–76] of various nanomedicine products with oncological applications, as well as to 
assess the effect of nanomaterials’ physico-chemical properties on their ability to act as nano-
carriers of anticancer agents [77–83].

Finally, the use of 3D tumour spheroids considerably limits the ethical issues associated with 
the use of animal preclinical models, in agreement with the ‘3Rs (Reduction, Refinement, 
Replacement) principle’ of Russell and Burch in animal research [84].

In light of these considerations, 3D tumour spheroids represent (i) a more predictive 
and accurate preclinical model and (ii) a key milestone towards a faster and sustain-
able development of effective nanomedicine products. Consequently, research efforts 
have recently focused towards adopting 3D tumour spheroids into test platforms, and 
3D tumour spheroids has been proposed as ‘standard-to-be’ for the development and 
optimisation of new chemotherapeutic agents [85, 86]. From the pharmaceutical industry 
prospective, it has been also widely accepted that incorporation of 3D tumour spheroids 
into the drug development pipeline can help selecting the most promising drug candi-
dates prior to clinical trials and to determine future-oriented treatment modalities [14, 
87]. What still remains unclear is how to produce such in vitro models with a significantly 
higher degree of equivalence to their in vivo counterparts, while making them techni-
cally feasible for industrial-scale reliable testing [88]. Indeed, this technological gap has 
highly hindered the implementation of 3D tumour spheroids as testing platform by the 
pharmaceutical and nanomedicine industries. Our study aims at addressing this gap by 
reporting standardised protocols for the formation, characterisation and application of 
scaffold-free 3D tumour spheroids. Non-small cell lung cancer (NSCLC) was chosen as 
target cancer type because several therapeutic drugs intended for use in this malignancy 
have recently failed to show major benefit in clinical trials, despite promising preclinical 
data [89, 90].

2. Relevance of standardised testing in nanotoxicology

There is overwhelming evidence that in vitro 3D tumour spheroids more accurately predict 
the drug sensitivity of human tumours than conventional 2D cultures. In the market, there 
are several products available for spheroids preparation; however, for many of them opera-
tors are left with the burden to optimise the working protocols to their specific needs. The 
protocols described herein provide technical solutions for the formation of scaffold-free 3D 
spheroids and for the characterisation of their architecture and protein marker expression. To 
support the identification of candidates with clinical potential, protocols are provided for the 
collection of quantitative data on the efficacy and safety of drug nanocarriers (nanomedicine). 

Unraveling the Safety Profile of Nanoscale Particles and Materials - From Biomedical to Environmental Applications90

No further optimisation is needed, with the additional advantage of their full compatibility 
with contemporary high-throughput technologies.

3. Experimental details

3.1. Reagents

Reagents used in this study were chosen due to their wide availability worldwide. Please 
note that these can be purchased from other distributors and manufacturers than those listed 
here, except if differently specified. TryplE™ solution, rhodamine phalloidin, Hoechst 33342 
counterstain, Mouse Anti-Human β-catenin primary IgG, Alexa Fluor 568-conjugated Goat 
anti-Mouse secondary IgG, FITC-conjugated Mouse Anti-Human Occludin IgG, Alexa Fluor 
488-conjugated Monoclonal Mouse Anti-Human Connexin-43 IgG, Live/Dead Cytotoxicity 
kit for mammalian cells and 0.4% Trypan Blue Solution (all from Invitrogen Ltd) were pur-
chased from Bio-Sciences Ltd (Ireland). Phosphate-buffered saline (PBS) tablets, 37% para-
formaldehyde (PFA) solution, glutaraldehyde (GA), bovine serum albumin (BSA), Triton 
X-100, hexamethyldisilazane (HMDS) and absolute ethanol (EtOH) were obtained from 
Sigma-Aldrich (Ireland). VECTASHIELD transparent mounting medium was purchased 
from Vector Laboratories Inc. (CA, USA). Sheep Anti-Human Fibronectin Antigen Affinity-
purified Polyclonal primary IgG, NorthernLights™ 557-conjugated Anti-Sheep secondary 
IgG, Goat Anti-Human Vimentin Antigen Affinity-purified Polyclonal primary IgG, and 
NorthernLights™ 557-conjugated Anti-Goat secondary IgG were purchased from R&D 
Systems (Ireland). FITC-conjugated Mouse Anti-Human E-cadherin IgG and BD Cycletest™ 
Plus DNA Reagent Kit was supplied by BD Biosciences (Oxford, UK). Connexin 43 antibody 
and E-cadherin (24E10) rabbit mAb used for Western blot experiments were purchased from 
Cell Signalling Technology (Brennan and Company, Ireland).

3.2. Cell culture

Human alveolar adenocarcinoma cells (A549 cell line) (ATCC® CCL-185™) and human lung 
fibroblasts (MRC-5 cell line) (ATCC® CCL-171™) were obtained from the American Tissue 
Culture Collection (LGC standards, Middlesex, UK). A549 and MRC-5 cells were cultured 
in Ham’s F12K medium supplemented with 2nM L-glutamine (Gibco, Invitrogen Ltd, Bio-
Sciences Ltd, Ireland), 1% penicillin/streptomycin (Gibco, Invitrogen Ltd, Bio-Sciences Ltd, 
Ireland) and 10% foetal bovine serum (FBS) (Sigma-Aldrich, Ireland).

Cell culture flasks, 24-well low-cell binding plates (Nunc™) and 96-well ultra-low attach-
ment (ULA) plates (Corning Costar) were purchased from Fisher Scientific (Ireland). Happy 
Cell™ ASM medium and 96-well low-cell binding plates (Biocroi Ltd) were kindly donated 
by Biocroi Ltd (Ireland). Happy Cell™ ASM medium is a polymer-based suspension media 
of low viscosity that enables the 3D culture of cells [91]. 96-well flat-bottom, non-treated 
plates (BD Falcon™) and 96-well U-bottom, non-treated plates (BD Falcon™) were purchased 
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from BD Biosciences (Oxford, UK). Four-well Millicell EZ slides were supplied by Millipore 
(Ireland).

3.3. Equipment

A Zeiss 510 meta laser scanning confocal microscope (LSCM) equipped with a Zeiss LSM 
5 software and Zeiss Orion Plus He-ion microscope (both from Carl Zeiss, Germany) were 
used for imaging the 3D tumour spheroids. A Countess™ cell counter (Invitrogen, UK) was 
used for trypan blue exclusion assay, while BD Accuri C6 flow cytometer (Becton Dickinson 
Biosciences, UK) was used for high-throughput assays. The Volocity 3D Image Analysis 
Software (PerkinElmer Inc., MA, USA) was used for surface rendering of Z-stack images and 
co-localization studies. Flow cytometry was carried out by means of BD Accuri™ C6 flow 
cytometer (BD Biosciences, Oxford, UK).

4. Technical protocols and considerations

This study describes the protocols for the formation, characterisation and use of 3D tumour 
spheroids as in vitro models for testing nanomedicine products. These protocols, which are 
simple, validated and reproducible, can be grouped into three main categories (highlighted in 
blue boxes in Figure 2): (1) protocols for the formation of 3D tumour spheroids, (2) protocols 
for analytical techniques and (3) protocols for specialised applications.

4.1. Formation of 3D tumour spheroids

One aspect commonly missing in all commercially available products for the formation of 
scaffold-free 3D tumour spheroids is the description of achievable spheroid size. In addition 
to this, not all available methodologies produce an abundance of 3D spheroids, and often 
the in vitro models formed have different dimension and shape. The direct consequence is 
that 3D tumour spheroids are often not comparable among studies, as they are formed of 
cells in different proliferative and metabolic states, raising serious concerns about the repro-
ducibility of data produced. A recent study has in fact showed that a number of morphol-
ogy parameters (including volume and shape) affect the response of spheroids to treatment 
[92]. Such lack of reproducibility is hindering the use of 3D tumour spheroids in preclinical 
tests.

A protocol was developed in this study allowing for the formation of scaffold-free, non-adher-
ent 3D tumour spheroids of A549 cells with or without the use of a reference commercial 
product (Happy Cell™ ASM) in combination with various commercially available multi-well 
plates. Our protocol allowed forming 3D models with well-defined and highly reproducible 
size in a range between 200 μm and 2 mm. In particular, our 3D tumour spheroids mimicked 
the size of early stage NSCLC at clinical stages 0–I, where the tumour mass has dimensions 
below 3 cm.
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4.1.1. Formation of 3D tumour models of A549 cells

3D tumour spheroids of A549 cells were prepared as described here below.

A. Preparing Happy Cell™ ASM for use:

• Dilute F12K/DMEM Happy Cell™ ASM 2× (commercial product) in Ham’s F12K media 
(supplemented with 2nM L-glutamine, 1% penicillin-streptomycin and 10% foetal bovine 
serum (FBS)) in 1:9 ratio, thus obtaining Happy Cell™ ASM 1×.

Figure 2. Scheme composing the main application of the protocols developed in this study. Protocols are grouped into 
three main categories. In some cases, sub-categories can be identified. The protocols developed were validated for their 
function through experiments analyzing various cellular parameters, by means of standard well-established techniques.
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B. Preparing multi-well plates for cell seeding:

• Aliquot Happy Cell™ ASM 1× in a 24-well plate (500 μl/well) or in a 96-well plate  
(200 μl/well). If using multi-well ultra-low attachment (ULA) plates, the use of Happy 
Cell™ ASM can be avoided. An equal amount of supplemented media should be ali-
quoted in its place.

• If preparation of cell suspension is delayed, incubate plates at 37°C, 5% CO2 until use.

C. Cell seeding:

• Maintain cell line as adherent monolayer cultures in T75 cell culture flasks in Ham’s F12K 
media supplemented with 2 nM L-glutamine, 1% penicillin-streptomycin and 10% FBS. 
Incubate at 5% CO2 at 37°C.

• Rinse the cells with phosphate buffered saline (PBS) and add 2 mL of TrypLE™ to detach 
adherent A549 cells (at 80% confluence) from the culture flask.

• Incubate at 37°C for 3–5 min.

• Neutralise TrypLE™ with 6 mL fresh supplemented Ham’s F12K media and centrifuge the 
cells suspension at 5000 rpm for 4 min.

• Aliquot the cell suspension in 1.5 mL Eppendorf tubes (1 mL cells suspension/tube). For the 
applications described within this exercise, an initial cell seeding density of 1 × 106 cells/mL 
in supplemented Ham’s F12K media is recommended.

• Centrifugation step: centrifuge the cell suspensions (7200 rpm, 1 min). A cells pellet should 
form at the bottom of the microtube.

• Carefully aspirate one cells pellet at a time with a sterile, plastic 1000 μL syringe tip.

• Inoculate the cells pellet on the Happy Cell™ ASM 1× (or supplemented media) previously 
aliquoted in multi-well plates (1 cells pellet/well).

• Incubate for 4 days at 37°C and 5% CO2. This culture time (spheroid growth phase) is com-
parable to those reported in the scientific literature [93].

Our experimental data indicated that three main parameters are key in defining the final 
size of the 3D tumour spheroids formed following our protocol. These are (i) competitive 
cell adhesion and cell monolayer formation (the stronger is the cell adhesion to the culture 
substrate, the smaller are the 3D tumour spheroids formed); (ii) initial cell aggregation 
(the higher cell aggregation is when seeding the cells, the bigger are the 3D tumour spher-
oids formed) and (iii) the spheroid-liquid surface tension (the lower is the viscosity of the 
spheroid’s surrounding environment, the bigger the spheroids will grow in size). In the 
next sections, detailed evidence on the importance of such parameters is presented and 
supported by experimental data.
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4.1.1.1. Competitive cell adhesion and cell monolayer formation: selecting the appropriate  
multi-well plate

Commercially available multi-well plates are available in a variety of formats. In deciding 
which multi-well plate format to use, the application intended for 3D tumour spheroids 
should be considered carefully.

The overall tumour response to chemotherapeutic treatments is in fact affected by a multitude 
of factors, among which is the tumour size. Tumour size is known to strongly affect the diffu-
sion and penetration of molecular and nano-enabled chemotherapeutic treatments decreasing 
their efficacy [94]. By varying their size, 3D tumour spheroids are thus amenable to therapy-
related studies with different emphasis, ranging from studies focusing either on the investiga-
tion of the micro-environmental regulation of tumour cell physiology or on the therapeutic 
efficacy of drugs in authentic pathophysiological milieu conditions. Spheroid size needs 
therefore to be precisely defined when integrating 3D cell models in drug-testing strategies.

Several commercially available multi-well cell culture plates compatible with high-through-
put assays have been tested within this study. In order to perform a comparative assessment 
of the most suitable multi-well plates for spheroid formation, identical spheroid preparation 
reagents were used in all relevant experiments. Thus, 3D tumour spheroids were always 
formed in Happy Cell™ ASM, in combination with various commercially available multi-
well plates. The growth of 3D tumour spheroids was monitored by light microscopy for all 
the tested multi-well plate formats. Table 1 reports the size distributions of the spheroids 
obtained in the various plate formats investigated, whereas representative light microscopy 
images of the 3D tumour spheroids formed are shown in Figure 3. Light microscopy imaging 
showed that 3D tumour spheroids formed in 24-well low-cell binding plates and ULA plates 
were bigger and more compact, and therefore, more mechanically robust.

4.1.1.2. Initial cell aggregation: the influence of centrifugation on the size of 3D tumour spheroids

Next important feature to consider is how cell aggregation during seeding influences the 
final size of the 3D tumour spheroids formed. A parallel set of experiments, where cells were 
seeded avoiding any centrifugation prior to plating, demonstrated the strong influence of this 
step in defining the final size of the spheroids, except when using 96-well low-cell binding 
plate. The main outcomes of our experiments (in terms of tumour size) are summarised in 
Table 2. Our results demonstrated that, for obtaining spheroids of size above 1 mm after 4 
days in culture, the centrifugation step described in the protocol was necessary.

4.1.1.3. Spheroid-liquid surface tension

As stated above, the viscosity of the spheroid’s surrounding environment influences the final 
size of the in vitro model. Our experimental data showed that the dilution factor of Happy 
Cell™ ASM in supplemented cell culture media contributed to defining the final size of the 
3D tumour spheroids formed (Table 3). In detail, increasing the viscosity of the surrounding 
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size of the 3D tumour spheroids formed following our protocol. These are (i) competitive 
cell adhesion and cell monolayer formation (the stronger is the cell adhesion to the culture 
substrate, the smaller are the 3D tumour spheroids formed); (ii) initial cell aggregation 
(the higher cell aggregation is when seeding the cells, the bigger are the 3D tumour spher-
oids formed) and (iii) the spheroid-liquid surface tension (the lower is the viscosity of the 
spheroid’s surrounding environment, the bigger the spheroids will grow in size). In the 
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reagents were used in all relevant experiments. Thus, 3D tumour spheroids were always 
formed in Happy Cell™ ASM, in combination with various commercially available multi-
well plates. The growth of 3D tumour spheroids was monitored by light microscopy for all 
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step in defining the final size of the spheroids, except when using 96-well low-cell binding 
plate. The main outcomes of our experiments (in terms of tumour size) are summarised in 
Table 2. Our results demonstrated that, for obtaining spheroids of size above 1 mm after 4 
days in culture, the centrifugation step described in the protocol was necessary.
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environment by reducing the dilution of Happy Cell™ ASM to a 1:1 (Happy Cell™ ASM: sup-
plemented media) ratio caused a reduction in tumour spheroids size, except in ULA plates. 
Thus, our results suggested that, for obtaining spheroids of size above 1 mm, a 1:9 (Happy 
Cell™ ASM: supplemented media) ratio or the use of ULA multi-well plates (in combination 
or without Happy Cell™ ASM) is recommended.

4.1.2. Formation of 3D co-culture tumour models

3D co-culture tumour models including heterotypic cellular components (also referred to 
as multicellular spheroid (MCS) models or multicellular 3D tumour spheroids) play a criti-
cal role in recreating the tumour microenvironment in vitro. The tumour microenvironment 
plays a critical role in cancer cell differentiation, and greatly impacts therapeutic efficiency 
of chemotherapeutic drugs. Co-culture 3D tumour models represent therefore one of the 
most promising in vitro systems for predictive testing of compound efficacy in oncology [94]. 
Thus, in this study, we developed protocols allowing the formation of a 3D co-culture tumour 
model that aims to analyse the interplay of NSCLC cells and the healthy surrounding con-
nective tissue. In detail, our model comprised 3D tumour spheroids of lung cancer epithelial 

Multi-well plate format Spheroid size 
(mm)

Notes

Number of 
wells

Well shape Well surface 
material

Supplier

4 Flat-bottom Glass Millipore Not formed • High cell adhesion

• Not suitable

24 Flat-bottom Low-cell binding 
polystyrene

Nunc™ 1.5 ± 0.5 • Optimal substrate

• No cell adhesion

• Mechanically robust spheroids

96 Flat-bottom Low-cell binding 
polystyrene

Biocroi Ltd 0.18 ± 0.11 • Partial cell adhesion

ULA polystyrene Corning Costar 0.85 ± 0.55 • Optimal substrate

• No cell adhesion

• Mechanically robust spheroids

• 3D spheroids size without 
Happy Cell™ ASM: 0.3–1.3 
mm

Non-treated 
polystyrene

BD Falcon™ 0.4 ± 0.1 • Partial cell adhesion

U-bottom Non-treated 
polystyrene

BD Falcon™ 0.35 ± 0.25

Tumour spheroids were grown in Happy Cell™ ASM at a 1:9 (Happy Cell™ ASM: supplemented media) dilution 
ratio. With exemption of 96-well plates from Biocroi Ltd., all multi-well plate formats tested are gold-standard cell 
culture substrates available from conventional suppliers. Cell culture plates provided by Biocroi Ltd. are included for 
comparison, as a recommended substrate for spheroids growth in Happy Cell™ ASM.

Table 1. Multi-well plate formats tested and main experimental outcomes in respect to the size of 3D tumour spheroids 
formed.
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Figure 3. Comparison of 3D tumour spheroids size formed in various multi-well plate formats: (A) 96-well low-cell 
binding plate; (B) 24-well low-cell binding plate; (C–D) 96-well non-treated plate with (C) flat-bottom or (D) U-bottom 
wells; and (E) 96-well ULA plate. Tumour spheroids were grown in Happy Cell™ ASM at a 1:9 (Happy Cell™ ASM: 
supplemented media) dilution ratio.

Multi-well plate format Spheroid size 
(mm)

Consequences of lack of 
centrifugation step

Number of 
wells

Well shape Well surface 
material

Supplier

4 Flat-bottom Glass Millipore Not formed • None

24 Flat-bottom Low-cell binding 
polystyrene

Nunc™ 0.75 ± 0.5 • Decreased spheroids size

96 Flat-bottom Low-cell binding 
polystyrene

Biocroi Ltd 0.14 ± 0.06 • No significant changes in 
spheroids size

ULA polystyrene Corning Costar 0.23 ± 0.16 • Decreased spheroids size

Non-treated 
polystyrene

BD Falcon™ 0.15 ± 0.05 • Decreased spheroids size

U-bottom Non-treated 
polystyrene

0.08 ± 0.02

Spheroids were grown in Happy Cell™ ASM at a 1:9 (Happy Cell™ ASM: supplemented media) dilution ratio. 
Conclusions on the consequences associated to the lack of the centrifugation step on the spheroids size are drawn based 
on the comparison to the spheroid sizes values reported in Table 1.

Table 2. Influence of centrifugation step on the final size of the 3D tumour spheroids formed in the various multi-well 
culture plates tested.
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(A549) cells cultured on a 2D monolayer of healthy stromal fibroblasts (MRC-5 cells). 3D co-
culture tumour models were prepared as described below.

A. Formation of a fibroblast monolayer:

• Maintain MRC-5 cell line as adherent monolayer culture in T75 cell culture flasks in Eagle’s 
Minimum Essential Medium (EMEM) media supplemented with 1% penicillin-streptomy-
cin and 10% FBS, at 5% CO2 at 37°C.

• Rinse the cells with PBS and add 2 mL of TrypLE™ to detach adherent MRC-5 cells (at 80% 
confluence) from the culture flask.

• Incubate at 37°C for 3–5 min.

• Neutralise TrypLE™ with 6 mL fresh supplemented EMEM media and centrifuge the cells 
suspension at 5000 rpm for 4 min.

• Using cell seeding density of 1 × 106 cells/mL in supplemented EMEM media, plate the cells 
in four-well chambered Millicell EZ slides (final volume: 500 μL/well).

• Incubate for 2/3 days at 37°C and 5% CO2, until cell monolayer confluence is achieved.

B. Seeding of 3D tumour spheroids:

• With a sterile, plastic 1000 μL syringe tip, carefully aspirate the 3D tumours spheroids pre-
viously grown from A549 cells for 4 days with or without Happy Cell™ ASM 1×.

Multi-well plate format Spheroid size 
(mm)

Influence of increased viscosity 
of environment

Number of 
wells

Well shape Well surface 
material

Supplier

4 Flat-bottom Glass Millipore Not formed • None

24 Flat-bottom Low-cell binding 
polystyrene

Nunc™ 1.05 ± 0.15 • Decreased spheroids size

96 Flat-bottom Low-cell binding 
polystyrene

Biocroi Ltd 0.15 ± 0.05 • No significant changes in 
spheroids size

ULA polystyrene Corning 
Costar

1.25 ± 0.75 • Decreased spheroids size

Non-treated 
polystyrene

BD Falcon™ 0.15 ± 0.05 • Decreased spheroids size

U-bottom Non-treated 
polystyrene

0.2 ± 0.1

The experimental outcomes (in terms of tumour size) are here reported for spheroids grown in Happy Cell™ ASM at a 
1:1 (Happy Cell™ ASM: supplemented media) dilution ratio. The influence of the increased viscosity of the environment 
on the spheroids size are evaluated based on the comparison to the spheroid sizes values reported in Table 1.

Table 3. Influence of the viscosity of the surrounding environment on the final size of the 3D tumour spheroids formed.
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• Inoculate the 3D tumour spheroids on the fibroblast monolayers. It is recommend to use 
a mixture of supplemented Ham’s F12K and EMEM media (ratio 1:1) as culture media for 
the co-culture 3D tumour models.

• Incubate for 24 h at 37°C and 5% CO2 to allow the formation of cell-cell adhesions.

Figure 4 shows representative laser scanning confocal microscopy (LSCM) images of the fully 
formed 3D co-culture tumour models. For specific LSCM staining and imaging protocols 
please refer to the appropriate sections of this manuscript.

4.2. Protocol for analytical techniques

A wide variety of techniques can be used to study 3D tumour spheroids characteristics. A 
comprehensive description of such techniques can be found in recently published reviews 
[26, 95]. The protocols that we describe within this section provide practical guidelines for 
the application of some of these techniques, allowing for the analytical characterisation of 
3D tumour spheroids and 3D co-culture tumour models. These protocols were optimised on 
3D tumour spheroids grown in 96-well ULA plates (with or without Happy Cell™ ASM), as 
these proven to be the most mechanically robust cultures formed. Robustness of 3D tumour 
spheroids was assessed as for their capability to maintain their shape and size under mechani-
cal stress (e.g. agitation or transfer with a pipette). Conventional two-dimensional (2D) cell 
monolayers (grown onto glass substrates according to cell supplier guidelines) were used as 
controls during the validation of our protocols for scaffold-free 3D spheroids.

4.2.1. Cellular imaging

A complete characterisation of the spheroid architecture and protein markers expression in 
the 3D tumour models used in preclinical studies is crucial for extrapolating and interpreting 

Figure 4. Representative LSCM images of a 3D co-culture tumour model stained for F-actin (rhodamine phalloidin; 
1:40 dilution; in red) and nuclei (Hoechst; 1:400 dilution; in blue). MRC-5 cells were also stained with 20 μM Cell 
Tracker Green CMFDA (in green) for 45 min (37°C and 5% CO2) prior to seeding the 3D spheroids, to allow their easy 
identification in the co-culture model. Images were collected in (A–B) single-plane or (C) Z-stack mode with an oil-
immersion 63× objective lens. (C) 3D rendering of Z-stack images obtained with the 3D function of Zeiss ZEN software 
(Carl Zeiss, Germany) (114 sections, total height: 102 μm). (A–C) Scale bars: 10 μm.
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(A549) cells cultured on a 2D monolayer of healthy stromal fibroblasts (MRC-5 cells). 3D co-
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The experimental outcomes (in terms of tumour size) are here reported for spheroids grown in Happy Cell™ ASM at a 
1:1 (Happy Cell™ ASM: supplemented media) dilution ratio. The influence of the increased viscosity of the environment 
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(Carl Zeiss, Germany) (114 sections, total height: 102 μm). (A–C) Scale bars: 10 μm.
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valuable data on the efficacy of the molecular or nano-enabled chemotherapeutic agent under 
investigation. Because scaffold-free 3D tumour spheroids are grown in liquid media and do 
not adhere to a substrate, such cell models are difficult to image due to the Brownian motion 
in the culture plates. Thus, the first challenge in imaging scaffold-free tumour spheroids is to 
stabilise the 3D cell structures, without disrupting their architecture and markers expression, 
to allow high-quality images to be captured and analysed.

In this study, protocols are described for monitoring and analysing fixed, physically intact 
spheroid cultures. By applying these protocols it is possible to implement a suite of conven-
tional and advanced imaging technologies, such as LSCM and He-ion microscopy (HIM) to 
characterise: (i) cells’ shape and organisation of their cytoskeleton; (ii) phenotype of the cells 
forming the 3D tumour spheroids and (iii) the degree of tumour differentiation.

Essential steps needed for preparing 3D tumour spheroids for conventional or advanced 
imaging analysis are described below.

A. Harvesting:

• At the chosen time point, harvest cells by gentle aspiration of 100 μL/well media. This op-
eration cannot be performed with vacuum pipettes, to avoid accidental aspiration of the 3D 
tumour spheroids formed.

B. Fixation:

• Add 200 μL/well of fixative and incubate at room temperature.

• Special considerations: fixation of 3D tumour spheroids can be achieved by a chemical 
approach. Fixation is usually the first stage in a multistep process to prepare a sample 
for microscopy or other analysis. It is important, when selecting a fixative to have clearly 
set in mind the final purpose of the analysis, which must be considered and matched 
by the requirements for the analytical technique. Some fixatives are suitable for general 
structure analysis, others for immunocytochemistry. Survival of tissue antigens for im-
munochemical staining depends on the type and concentration of fixative, on fixation 
time and on the size of the tissue specimen to be fixed. In relation to the suite of conven-
tional and advanced imaging technologies discussed in this study, it is recommended 
the use of 4% paraformaldehyde (PFA) as fixative for conventional imaging techniques 
(e.g. LSCM), with an incubation time of 10 min at room temperature. If immunocyto-
chemistry is performed, the selection of the fixative solution should be in accordance 
with the manufacturer’s instructions for the antibodies used. Finally, for advanced im-
aging analysis (e.g. HIM), immersion in 2.5% glutaraldehyde (GA) for 30 min at room 
temperature (25°C) is recommended. Incubation overnight at 4°C is also suitable. Avoid 
longer incubation time, as formaldehyde-derived products can cause cells shrinkage 
overtime.

• Gently aspirate 200 μL/well.
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C. Washing:

• Wash with 200 μL/well PBS by gently adding and then removing the solution to/from the 
wells.

• Agitation or shacking is to be avoided during this phase to not shear the 3D spheroids from 
the bottom of the well.

D. Mounting:

• Gently aspirate the 3D tumour spheroids with a 1000 μL tip and transfer them on micro-
scope glass slides.

• Mount the glass slide in transparent mounting medium prior to LSCM analysis—when 
covering with a glass coverslip, take care not to create air bubbles, then seal with nail var-
nish or tape. If using nail varnish, leave to dry for at least 30 min at room temperature in 
the dark before imaging.

E. Storage:

• The stability of the 3D spheroids has been tested at regular intervals: fixed spheroids can be 
stored in sterile PBS at 4°C up to 1 month.

• Glass slides can be stored in the dark at 4°C up to few months.

4.2.1.1. Conventional microscopy

When viewing an unstained 3D tumour spheroid under brightfield illumination, the com-
bined density and thickness of the 3D culture prevents the clear visualisation of individual 
cells (as seen in Figure 3E). However, fluorescent staining and immunocytochemistry cou-
pled with LSCM can be successfully used to image 3D tumour spheroids at the individual cell 
level. LSCM relies in fact on the combination of point illumination and a pinhole to eliminate 
most of the out-of-focus light signal and allows for reconstruction of 3D volumes, making it 
ideal to image thick samples, such as 3D tumour spheroids.

Here we describe the protocols for the visualisation of various cell markers within 3D tumour 
spheroids by fluorescent staining or immunocytochemistry. For best results we recommend 
to acquire Z-stack images by LSCM with intervals in the range between 0.8 and 1.2 μm. Note 
that spheroids thickness might in some cases exceed the Z-stack capacity of some models of 
confocal microscopes. Please also note that successful LSCM imaging requires the careful 
optimization of microscope set-ups. Specific filters, detectors and pinhole size for imaging 
the specimens might need to be optimised according to the specifications of the microscope 
and fluorescent dyes used. Long-term exposure of dyes to fluorescent light can lead to pho-
tobleaching, so ensuring that shutters closed in between image acquisitions can reduce this 
problem.

Nanotoxicity in Cancer Research: Technical Protocols and Considerations for the Use of 3D...
http://dx.doi.org/10.5772/intechopen.69447

101



valuable data on the efficacy of the molecular or nano-enabled chemotherapeutic agent under 
investigation. Because scaffold-free 3D tumour spheroids are grown in liquid media and do 
not adhere to a substrate, such cell models are difficult to image due to the Brownian motion 
in the culture plates. Thus, the first challenge in imaging scaffold-free tumour spheroids is to 
stabilise the 3D cell structures, without disrupting their architecture and markers expression, 
to allow high-quality images to be captured and analysed.

In this study, protocols are described for monitoring and analysing fixed, physically intact 
spheroid cultures. By applying these protocols it is possible to implement a suite of conven-
tional and advanced imaging technologies, such as LSCM and He-ion microscopy (HIM) to 
characterise: (i) cells’ shape and organisation of their cytoskeleton; (ii) phenotype of the cells 
forming the 3D tumour spheroids and (iii) the degree of tumour differentiation.

Essential steps needed for preparing 3D tumour spheroids for conventional or advanced 
imaging analysis are described below.

A. Harvesting:

• At the chosen time point, harvest cells by gentle aspiration of 100 μL/well media. This op-
eration cannot be performed with vacuum pipettes, to avoid accidental aspiration of the 3D 
tumour spheroids formed.

B. Fixation:

• Add 200 μL/well of fixative and incubate at room temperature.

• Special considerations: fixation of 3D tumour spheroids can be achieved by a chemical 
approach. Fixation is usually the first stage in a multistep process to prepare a sample 
for microscopy or other analysis. It is important, when selecting a fixative to have clearly 
set in mind the final purpose of the analysis, which must be considered and matched 
by the requirements for the analytical technique. Some fixatives are suitable for general 
structure analysis, others for immunocytochemistry. Survival of tissue antigens for im-
munochemical staining depends on the type and concentration of fixative, on fixation 
time and on the size of the tissue specimen to be fixed. In relation to the suite of conven-
tional and advanced imaging technologies discussed in this study, it is recommended 
the use of 4% paraformaldehyde (PFA) as fixative for conventional imaging techniques 
(e.g. LSCM), with an incubation time of 10 min at room temperature. If immunocyto-
chemistry is performed, the selection of the fixative solution should be in accordance 
with the manufacturer’s instructions for the antibodies used. Finally, for advanced im-
aging analysis (e.g. HIM), immersion in 2.5% glutaraldehyde (GA) for 30 min at room 
temperature (25°C) is recommended. Incubation overnight at 4°C is also suitable. Avoid 
longer incubation time, as formaldehyde-derived products can cause cells shrinkage 
overtime.

• Gently aspirate 200 μL/well.
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C. Washing:

• Wash with 200 μL/well PBS by gently adding and then removing the solution to/from the 
wells.

• Agitation or shacking is to be avoided during this phase to not shear the 3D spheroids from 
the bottom of the well.

D. Mounting:

• Gently aspirate the 3D tumour spheroids with a 1000 μL tip and transfer them on micro-
scope glass slides.

• Mount the glass slide in transparent mounting medium prior to LSCM analysis—when 
covering with a glass coverslip, take care not to create air bubbles, then seal with nail var-
nish or tape. If using nail varnish, leave to dry for at least 30 min at room temperature in 
the dark before imaging.

E. Storage:

• The stability of the 3D spheroids has been tested at regular intervals: fixed spheroids can be 
stored in sterile PBS at 4°C up to 1 month.

• Glass slides can be stored in the dark at 4°C up to few months.

4.2.1.1. Conventional microscopy

When viewing an unstained 3D tumour spheroid under brightfield illumination, the com-
bined density and thickness of the 3D culture prevents the clear visualisation of individual 
cells (as seen in Figure 3E). However, fluorescent staining and immunocytochemistry cou-
pled with LSCM can be successfully used to image 3D tumour spheroids at the individual cell 
level. LSCM relies in fact on the combination of point illumination and a pinhole to eliminate 
most of the out-of-focus light signal and allows for reconstruction of 3D volumes, making it 
ideal to image thick samples, such as 3D tumour spheroids.

Here we describe the protocols for the visualisation of various cell markers within 3D tumour 
spheroids by fluorescent staining or immunocytochemistry. For best results we recommend 
to acquire Z-stack images by LSCM with intervals in the range between 0.8 and 1.2 μm. Note 
that spheroids thickness might in some cases exceed the Z-stack capacity of some models of 
confocal microscopes. Please also note that successful LSCM imaging requires the careful 
optimization of microscope set-ups. Specific filters, detectors and pinhole size for imaging 
the specimens might need to be optimised according to the specifications of the microscope 
and fluorescent dyes used. Long-term exposure of dyes to fluorescent light can lead to pho-
tobleaching, so ensuring that shutters closed in between image acquisitions can reduce this 
problem.
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3D tumour spheroids of A549 cells can be stained with fluorescent probes or by immunocyto-
chemistry as described below.

A. Fluorescent staining of fixed 3D tumour spheroids:

• Add staining solution (100 μL/well) to the specimens.

• Incubated for 4 h at room temperature in the dark.

• Wash with 200 μL/well PBS by gently adding and then removing the solution to/from the 
wells. Repeat the washing step twice.

B. Immunocytochemistry of fixed 3D tumour spheroids

• If a cell permeabilization step is needed, incubate overnight at 4°C with 0.1% Triton X-100 
(200 μL/well). The long incubation time is needed to allow the solution to perfuse into the 
inner core of the 3D tumour spheroids. Note that if using methanol/acetone fixation, no 
permeabilization step is required.

• Wash with 200 μL/well PBS by gently adding, and then removing the solution to/from the 
wells.

• Add 200 μL/well blocking buffer (1% BSA) and incubate overnight at 4°C, for avoiding the 
antibody unspecific binding. It is recommended that for each antibody used, the original 
manufacturers’ instructions regarding blocking reagents must be followed.

• Remove the blocking buffer by gently aspirating 200 μL/well and wash with PBS as previ-
ously described (washing step).

• Add the primary antibody (100 μL/well) previously prepared in 0.1% Triton X-100 solution.

• Incubate for 4 h at room temperature. If the antibody is already conjugated to a fluoro-
phore, protect from light.

• Repeat the washing step twice.

• If an unconjugated primary antibody was used, add the secondary (labelled) antibody  
(100 μL/well) and incubate for 4 h at room temperature in the dark.

• Repeat the washing step twice.

4.2.1.1.1. Experimental validation: cell shape and cell cytoskeleton organisation—F-actin staining

Our protocol for fluorescent staining proved to be useful in quantifying the effect of the 
surrounding environment when culturing cells in 3D. Similarly to signalling molecules, 
the mechanical stimuli applied by the surrounding environment to cells induce subcellular 
and cellular events, such as cytoskeleton remodelling and cell shape changes [96, 97]. 3D 
tumour spheroids were formed without Happy Cell™ ASM in 96-well ULA plates, stained 
for F-actin (which is one of the main components of cells’ cytoskeleton) and analysed by 
LSCM. Representative LSCM images of 3D tumour spheroids are shown in Figure 5. A549 
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cells grown in 2D on glass substrates and stained for F-actin were used as control. Our proto-
col allowed determining that, when grown in scaffold-free 3D tumour spheroids, A549 cells 
showed a round cell shape and expressed cortical F-actin; in contrast, 2D cell cultures showed 
a cytoskeleton organised in cytoplasmic F-actin stress fibres.

4.2.1.1.2. Experimental validation: cell phenotype—expression of mesenchymal and epithelial  
markers

The microenvironment is known to influence the conversion of epithelial cells into mesen-
chymal cells in in vitro systems [98, 99] by a process called epithelial-to-mesenchymal transi-
tion (EMT). EMT is a critical series of events that switch early stage carcinomas into invasive 
malignancies. EMT is associated with the loss of epithelial cell markers and the acquisition of 
mesenchymal features [100, 101].

By applying our protocol for immunocytochemistry, 3D tumour spheroids formed in 96-well 
ULA plates were assessed for the expression of two mesenchymal markers: vimentin and fibro-
nectin. Figure 6 shows some representative results. In clinical trials, vimentin expression is used 
as a clinical marker of the response of NSCLC to chemotherapeutic agents [102], since increased 
expression of this protein gives an indication of tumour progression. In parallel, fibronectin 
expression is increased in NSCLC, enhancing the cells’ invasiveness and conferring them resis-
tance to apoptosis-inducing chemotherapeutic agents. Thus, the detection of these markers was 
selected during validation experiments as it finds a useful application in the preclinical drug 
efficacy-screening pipeline. Our immunocytochemistry could, for example, be used for charac-
terising spheroids cultured at different time points or formed by different protocols, allowing 
for the selection of the most relevant in vitro model to be used in preclinical tests. The expres-
sion levels to be mimicked should be assessed based on patient-based, clinically relevant data.

Our immunocytochemistry protocol was also found to be applicable for the evaluation of the 
expression of cleaved E-cadherin and β-catenin and for the investigation of their localization 
in the cell body (Figure 7A–F). Cells with epithelial phenotypes form adherent junctions. In 
such junctions, β-catenin binds to the cytoplasmic tail of the protein E-cadherin. During EMT, 

Figure 5. LSCM images of A549 cells cultured in (A) 2D and (B–D) 3D. Cells were stained with rhodamine phalloidin 
(1:40 dilution) to detect F-actin filaments (in red) and Hoechst (1:400 dilution) as nuclear counterstain (in blue). Images 
were collected in (A, C) single-plane or (B, D) Z-stack mode with a 20× (scale bar: 20 μm) or an oil-immersion 63× 
(scale bars: 10 μm) objective lens. (D) Projection of Z-stack images obtained with the projection function of Zeiss LSM 5 
software (61 sections, total height: 48 μm).

Nanotoxicity in Cancer Research: Technical Protocols and Considerations for the Use of 3D...
http://dx.doi.org/10.5772/intechopen.69447

103



3D tumour spheroids of A549 cells can be stained with fluorescent probes or by immunocyto-
chemistry as described below.

A. Fluorescent staining of fixed 3D tumour spheroids:

• Add staining solution (100 μL/well) to the specimens.

• Incubated for 4 h at room temperature in the dark.

• Wash with 200 μL/well PBS by gently adding and then removing the solution to/from the 
wells. Repeat the washing step twice.

B. Immunocytochemistry of fixed 3D tumour spheroids

• If a cell permeabilization step is needed, incubate overnight at 4°C with 0.1% Triton X-100 
(200 μL/well). The long incubation time is needed to allow the solution to perfuse into the 
inner core of the 3D tumour spheroids. Note that if using methanol/acetone fixation, no 
permeabilization step is required.

• Wash with 200 μL/well PBS by gently adding, and then removing the solution to/from the 
wells.

• Add 200 μL/well blocking buffer (1% BSA) and incubate overnight at 4°C, for avoiding the 
antibody unspecific binding. It is recommended that for each antibody used, the original 
manufacturers’ instructions regarding blocking reagents must be followed.

• Remove the blocking buffer by gently aspirating 200 μL/well and wash with PBS as previ-
ously described (washing step).

• Add the primary antibody (100 μL/well) previously prepared in 0.1% Triton X-100 solution.

• Incubate for 4 h at room temperature. If the antibody is already conjugated to a fluoro-
phore, protect from light.

• Repeat the washing step twice.

• If an unconjugated primary antibody was used, add the secondary (labelled) antibody  
(100 μL/well) and incubate for 4 h at room temperature in the dark.

• Repeat the washing step twice.

4.2.1.1.1. Experimental validation: cell shape and cell cytoskeleton organisation—F-actin staining

Our protocol for fluorescent staining proved to be useful in quantifying the effect of the 
surrounding environment when culturing cells in 3D. Similarly to signalling molecules, 
the mechanical stimuli applied by the surrounding environment to cells induce subcellular 
and cellular events, such as cytoskeleton remodelling and cell shape changes [96, 97]. 3D 
tumour spheroids were formed without Happy Cell™ ASM in 96-well ULA plates, stained 
for F-actin (which is one of the main components of cells’ cytoskeleton) and analysed by 
LSCM. Representative LSCM images of 3D tumour spheroids are shown in Figure 5. A549 
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cells grown in 2D on glass substrates and stained for F-actin were used as control. Our proto-
col allowed determining that, when grown in scaffold-free 3D tumour spheroids, A549 cells 
showed a round cell shape and expressed cortical F-actin; in contrast, 2D cell cultures showed 
a cytoskeleton organised in cytoplasmic F-actin stress fibres.

4.2.1.1.2. Experimental validation: cell phenotype—expression of mesenchymal and epithelial  
markers

The microenvironment is known to influence the conversion of epithelial cells into mesen-
chymal cells in in vitro systems [98, 99] by a process called epithelial-to-mesenchymal transi-
tion (EMT). EMT is a critical series of events that switch early stage carcinomas into invasive 
malignancies. EMT is associated with the loss of epithelial cell markers and the acquisition of 
mesenchymal features [100, 101].

By applying our protocol for immunocytochemistry, 3D tumour spheroids formed in 96-well 
ULA plates were assessed for the expression of two mesenchymal markers: vimentin and fibro-
nectin. Figure 6 shows some representative results. In clinical trials, vimentin expression is used 
as a clinical marker of the response of NSCLC to chemotherapeutic agents [102], since increased 
expression of this protein gives an indication of tumour progression. In parallel, fibronectin 
expression is increased in NSCLC, enhancing the cells’ invasiveness and conferring them resis-
tance to apoptosis-inducing chemotherapeutic agents. Thus, the detection of these markers was 
selected during validation experiments as it finds a useful application in the preclinical drug 
efficacy-screening pipeline. Our immunocytochemistry could, for example, be used for charac-
terising spheroids cultured at different time points or formed by different protocols, allowing 
for the selection of the most relevant in vitro model to be used in preclinical tests. The expres-
sion levels to be mimicked should be assessed based on patient-based, clinically relevant data.

Our immunocytochemistry protocol was also found to be applicable for the evaluation of the 
expression of cleaved E-cadherin and β-catenin and for the investigation of their localization 
in the cell body (Figure 7A–F). Cells with epithelial phenotypes form adherent junctions. In 
such junctions, β-catenin binds to the cytoplasmic tail of the protein E-cadherin. During EMT, 

Figure 5. LSCM images of A549 cells cultured in (A) 2D and (B–D) 3D. Cells were stained with rhodamine phalloidin 
(1:40 dilution) to detect F-actin filaments (in red) and Hoechst (1:400 dilution) as nuclear counterstain (in blue). Images 
were collected in (A, C) single-plane or (B, D) Z-stack mode with a 20× (scale bar: 20 μm) or an oil-immersion 63× 
(scale bars: 10 μm) objective lens. (D) Projection of Z-stack images obtained with the projection function of Zeiss LSM 5 
software (61 sections, total height: 48 μm).
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the intracellular fragment of E-cadherin (called cleaved E-cadherin) translocates into the cell 
nucleus. This results in the abolishment of the E-cadherin-mediated sequestering of β-catenin 
in the cytoplasm and the translocation of β-catenin to the cell nucleus. Co-localization stud-
ies were possible on an example set of LSCM images acquired from specimens prepared as 
described above. Such studies showed that cleaved E-cadherin and β-catenin were mainly 
localised in the cells’ nuclei when A549 cells were cultured as 3D tumour spheroids in 96-well 
ULA plates without Happy Cell™ ASM (Figure 7J).

Tight junctions (TJs) are also involved in cell adhesion and lung cancer development [103]. In 
particular, occludin plays a critical role in defining the cellular phenotypes in solid tumours 
[104]: while epithelial cell phenotypes express occludin, cells with mesenchymal phenotypes 
downregulate occludin expression, resulting in enhanced cellular invasiveness and motility 
and thus promoting tumorigenic and metastatic properties of tumour cells [101]. Figure 8 
shows representative LSCM images demonstrating that the immunocytochemistry protocol 
described in this study allowed evaluating the expression of occluding in 3D tumour spheroids.

Figure 6. LSCM images of (A, E) 2D cell cultures and (B–D, F–H) 3D tumour spheroids stained for (A–D) fibronectin and 
(E–H) vimentin (both in red). 3D tumour spheroids were formed in ULA plates (B, C, F, G) with or (D, H) without Happy 
Cell™ ASM. For fibronectin detection, cells were stained with Sheep Anti-Human Fibronectin Antigen Affinity-purified 
Polyclonal primary IgG (1:20 dilution) and NorthernLights™ 557-conjugated Anti-Sheep secondary IgG (1:200 dilution) 
was used as secondary antibody. For vimentin immunocytochemistry, cells were stained with Goat Anti-Human 
Vimentin Antigen Affinity-purified Polyclonal primary IgG (1:20 dilution) and NorthernLights™ 557-conjugated Anti-
Goat secondary IgG (1:200 dilution) was used as secondary antibody. Nuclei were counterstained with Hoechst (1:400 
dilution) (in blue). (A, E) In 2D cell cultures, fibronectin showed a dotted pattern, while vimentin appeared as robust 
stress fibres. (B–D, F–H) Cells in 3D tumour spheroids showed cytoplasmic expression of vimentin and fibronectin, 
with reduced expression in centrally located cells (spheroid core). (B, F) Projection of Z-stack images obtained with the 
projection function of Zeiss LSM5 software (19 sections, total height: 46.77 μm). (B, F) White boxes highlight the region 
of the 3D tumour spheroids magnified in image (C) and (G), respectively. Scale bars: (B, F) 20 μm (20× objective lens) and 
(A, C–E, G, H) 10 μm (63× objective lens).
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Figure 7. LSCM images of (A-C) 2D cell cultures and (D–F) 3D tumour spheroids stained for cleaved E-cadherin (in 
green), β-catenin (in red) and nuclei (in blue). 3D tumour spheroids were formed in ULA plates without Happy Cell™ 
ASM. A549 cells were stained with FITC-conjugated Mouse Anti-Human E-cadherin IgG (1:70 dilution), Mouse Anti-
Human β-catenin primary IgG (1:50 dilution) and Hoechst nuclear counterstain (1:400 dilution). As secondary antibody, 
Alexa Fluor 568-conjugated Goat anti-Mouse secondary IgG (1:1000 dilution) was used. (C) White arrows highlight 
nuclear translocation of β-catenin. (C, F) Projection of Z-stack images obtained with the projection function of Zeiss 
LSM 5 software (54 sections, total height: 57.32 μm). Scale bars: 10 μm (63× objective lens). (G–I) Volume rendering of 
representative Z-stack LSCM images of 3D tumour spheroids and (J) co-localization studies. (G–I) Volume rendering 
was obtained with the Volocity software. Scale bar: 1 unit = 12 μm.
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the intracellular fragment of E-cadherin (called cleaved E-cadherin) translocates into the cell 
nucleus. This results in the abolishment of the E-cadherin-mediated sequestering of β-catenin 
in the cytoplasm and the translocation of β-catenin to the cell nucleus. Co-localization stud-
ies were possible on an example set of LSCM images acquired from specimens prepared as 
described above. Such studies showed that cleaved E-cadherin and β-catenin were mainly 
localised in the cells’ nuclei when A549 cells were cultured as 3D tumour spheroids in 96-well 
ULA plates without Happy Cell™ ASM (Figure 7J).

Tight junctions (TJs) are also involved in cell adhesion and lung cancer development [103]. In 
particular, occludin plays a critical role in defining the cellular phenotypes in solid tumours 
[104]: while epithelial cell phenotypes express occludin, cells with mesenchymal phenotypes 
downregulate occludin expression, resulting in enhanced cellular invasiveness and motility 
and thus promoting tumorigenic and metastatic properties of tumour cells [101]. Figure 8 
shows representative LSCM images demonstrating that the immunocytochemistry protocol 
described in this study allowed evaluating the expression of occluding in 3D tumour spheroids.

Figure 6. LSCM images of (A, E) 2D cell cultures and (B–D, F–H) 3D tumour spheroids stained for (A–D) fibronectin and 
(E–H) vimentin (both in red). 3D tumour spheroids were formed in ULA plates (B, C, F, G) with or (D, H) without Happy 
Cell™ ASM. For fibronectin detection, cells were stained with Sheep Anti-Human Fibronectin Antigen Affinity-purified 
Polyclonal primary IgG (1:20 dilution) and NorthernLights™ 557-conjugated Anti-Sheep secondary IgG (1:200 dilution) 
was used as secondary antibody. For vimentin immunocytochemistry, cells were stained with Goat Anti-Human 
Vimentin Antigen Affinity-purified Polyclonal primary IgG (1:20 dilution) and NorthernLights™ 557-conjugated Anti-
Goat secondary IgG (1:200 dilution) was used as secondary antibody. Nuclei were counterstained with Hoechst (1:400 
dilution) (in blue). (A, E) In 2D cell cultures, fibronectin showed a dotted pattern, while vimentin appeared as robust 
stress fibres. (B–D, F–H) Cells in 3D tumour spheroids showed cytoplasmic expression of vimentin and fibronectin, 
with reduced expression in centrally located cells (spheroid core). (B, F) Projection of Z-stack images obtained with the 
projection function of Zeiss LSM5 software (19 sections, total height: 46.77 μm). (B, F) White boxes highlight the region 
of the 3D tumour spheroids magnified in image (C) and (G), respectively. Scale bars: (B, F) 20 μm (20× objective lens) and 
(A, C–E, G, H) 10 μm (63× objective lens).
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Figure 7. LSCM images of (A-C) 2D cell cultures and (D–F) 3D tumour spheroids stained for cleaved E-cadherin (in 
green), β-catenin (in red) and nuclei (in blue). 3D tumour spheroids were formed in ULA plates without Happy Cell™ 
ASM. A549 cells were stained with FITC-conjugated Mouse Anti-Human E-cadherin IgG (1:70 dilution), Mouse Anti-
Human β-catenin primary IgG (1:50 dilution) and Hoechst nuclear counterstain (1:400 dilution). As secondary antibody, 
Alexa Fluor 568-conjugated Goat anti-Mouse secondary IgG (1:1000 dilution) was used. (C) White arrows highlight 
nuclear translocation of β-catenin. (C, F) Projection of Z-stack images obtained with the projection function of Zeiss 
LSM 5 software (54 sections, total height: 57.32 μm). Scale bars: 10 μm (63× objective lens). (G–I) Volume rendering of 
representative Z-stack LSCM images of 3D tumour spheroids and (J) co-localization studies. (G–I) Volume rendering 
was obtained with the Volocity software. Scale bar: 1 unit = 12 μm.
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4.2.1.1.3. Experimental validation: tumour differentiation—expression of Connexin-43 (Cx-43)

Cx43 represents one of the predominant gap junction proteins; its down-regulation is associ-
ated to poorly differentiated NSCLC, as showed in vitro and in human tissue [105]. Thus, Cx43 
is a cellular marker of the tumour differentiation. Figure 8 shows representative micrographs 
of fixed 3D tumour spheroids labelled with an anti-Cx43 antibody following our protocol 
described above (Figure 9).

Figure 8. LSCM images of (A) 2D cell cultures and (B–C) 3D tumour spheroids stained for occludin with FITC-conjugated 
Mouse Anti-Human Occludin IgG (1:50 dilution) (in green) and for nuclei with Hoechst (1:400 dilution) (in blue). 3D 
tumour spheroids were formed in ULA plates, without Happy Cell™ ASM. (A, C) Projection of Z-stack images were 
obtained with the projection function of Zeiss LSM 5 software (77 sections, total height: 76 μm). (A–C) Scale bars: 10 μm 
(63× objective lens).

Figure 9. LSCM images of (A) 2D cell cultures and (B–C) 3D tumour spheroids stained with Alexa Fluor 488-conjugated 
Monoclonal Mouse Anti-Human Connexin-43 IgG (1:50 dilution) and Hoechst nuclear counterstain (1:400 dilution). 
3D tumour spheroids were formed in ULA plates, without Happy Cell™ ASM. Arrows highlight (A) expression 
of connnexin-43 plaques in 2D cell cultures and (B) cortical expression of connexin-43 in 3D tumour spheroids. (C) 
Projection of Z-stack images were obtained with the projection function of Zeiss LSM5 software (46 sections, total height: 
58.5 μm). (A–C) Scale bars: 10 μm (63× magnification).
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4.2.1.2. Advanced microscopy

The protocol presented within this section contains a series of detailed steps that allow exam-
ining the morphology of cultured cells subsequent to 3D growth by advanced microscopy, 
such as, for example, scanning electron microscopy (SEM) or He-ion microscopy (HIM).

It is widely accepted that the preparation methods of biological specimens for SEM/HIM 
imaging can introduce artefacts. To avoid this and to preserve the cells’ architecture, we rec-
ommend employing a drying method using hexamethyldisilazane (HMDS). HMDS repre-
sents a cost- and time-efficient alternative to critical point drying (CPD) in the preparation of 
cells for electron microscopy imaging [106, 107].

A. Dehydration of fixed 3D tumour spheroids:

• Following fixation, immerse samples in PBS to remove excess fixative for 10 min—all steps 
are carried out at room temperature.

• Gently aspirate the 3D tumour spheroids with a 1000 μL tip and transfer them on microscope 
glass slides previously marked with a liquid-repellent slide marker pen for staining procedures.

Please note: the use of a 1000 μL tip is necessary to avoid perturbation of the original 3D 
spheroids architecture.

• Add an excess of 30% ethanol (EtOH) to samples, and leave them to equilibrate for 10 min.

• Discard excess liquid. Excess solutions should be discarded by gentle pipetting (avoid vacu-
um-pipetting) out the liquids, making sure that 3D tumour spheroids (visible by naked eye 
as small white spots after addition of EtOH) are not accidentally aspirated during this step.

• Repeat previous steps with 50, 70 and 90% EtOH, and leave to equilibrate for 10 min for 
each solution—discard solutions after each incubation.

• Add an excess of absolute EtOH and leave to equilibrate for 20 min—discard excess liquid. 
Repeat this step twice, discarding the solution after each incubation.

B. Chemical drying of dehydrated 3D tumour spheroids:

• Add an excess of 30% HDMS and leave to equilibrate for 5 min. Handle HDMS with care. 
HDMS is a flammable liquid and vapour. It is harmful if swallowed, inhaled or absorbed 
through skin. It causes severe irritation or burns to skin, eyes and respiratory tract. Avoid 
contact with eyes and skin. Avoid breathing vapours. Wear goggles, gloves and protec-
tive clothing. Use only with adequate ventilation. Wash hands thoroughly after handling. 
Avoid prolonged or repeated exposure.

• Discard excess solution.

• Add an excess of 60% HDMS and leave to equilibrate for 5 min.

• After discarding the solution, add an excess of pure HDMS and equilibrate for 10 min.

• Remove excess liquid and dry in a chemical fumehood overnight.
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4.2.1.1.3. Experimental validation: tumour differentiation—expression of Connexin-43 (Cx-43)

Cx43 represents one of the predominant gap junction proteins; its down-regulation is associ-
ated to poorly differentiated NSCLC, as showed in vitro and in human tissue [105]. Thus, Cx43 
is a cellular marker of the tumour differentiation. Figure 8 shows representative micrographs 
of fixed 3D tumour spheroids labelled with an anti-Cx43 antibody following our protocol 
described above (Figure 9).

Figure 8. LSCM images of (A) 2D cell cultures and (B–C) 3D tumour spheroids stained for occludin with FITC-conjugated 
Mouse Anti-Human Occludin IgG (1:50 dilution) (in green) and for nuclei with Hoechst (1:400 dilution) (in blue). 3D 
tumour spheroids were formed in ULA plates, without Happy Cell™ ASM. (A, C) Projection of Z-stack images were 
obtained with the projection function of Zeiss LSM 5 software (77 sections, total height: 76 μm). (A–C) Scale bars: 10 μm 
(63× objective lens).

Figure 9. LSCM images of (A) 2D cell cultures and (B–C) 3D tumour spheroids stained with Alexa Fluor 488-conjugated 
Monoclonal Mouse Anti-Human Connexin-43 IgG (1:50 dilution) and Hoechst nuclear counterstain (1:400 dilution). 
3D tumour spheroids were formed in ULA plates, without Happy Cell™ ASM. Arrows highlight (A) expression 
of connnexin-43 plaques in 2D cell cultures and (B) cortical expression of connexin-43 in 3D tumour spheroids. (C) 
Projection of Z-stack images were obtained with the projection function of Zeiss LSM5 software (46 sections, total height: 
58.5 μm). (A–C) Scale bars: 10 μm (63× magnification).
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HDMS is a flammable liquid and vapour. It is harmful if swallowed, inhaled or absorbed 
through skin. It causes severe irritation or burns to skin, eyes and respiratory tract. Avoid 
contact with eyes and skin. Avoid breathing vapours. Wear goggles, gloves and protec-
tive clothing. Use only with adequate ventilation. Wash hands thoroughly after handling. 
Avoid prolonged or repeated exposure.

• Discard excess solution.

• Add an excess of 60% HDMS and leave to equilibrate for 5 min.
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4.2.1.2.1. Experimental validation: imaging of 3D architecture, cell membrane texture and cell shape 
by HIM

He-ion microscopy (HIM) is an advanced imaging technique in which a focused beam of He+ 
ions is directed onto the sample surface, which liberates secondary electrons that are collected 
forming detailed images of the sample surface topography [108]. In biomedical sciences, HIM 
offers various advantages over conventional SEM imaging, such as a high spatial resolution 
(with better material contrast and improved depth of focus) and the ability to image uncoated, 
non-conductive samples without the deposition of a metal (or other conductive) overcoat 
[109, 110], which can indeed reduce and/or completely mask cell surface details [111]. This 
opens up a whole new range of surface details in biological specimens that can be examined 
rapidly and with less risk of artefacts. HIM accuracy can be indeed exploited to image the 
shape, membrane texture, membranous projections and 3D architecture of 3D tumour spher-
oids with unsurpassed image quality and detail.

Our protocol for advanced microscopy was found valuable for capturing HIM images of 3D 
tumour spheroids formed without Happy Cell™ ASM in 96-well ULA plates (Figure 10).

4.2.2. Molecular analysis

Because of the central role of proteins in understanding cancer cells responses, it is often 
valuable to be able to extract, purify and quantify the expression of specific proteins. Thus, 
we developed an easy-to-use protocol outlining the steps necessary for the extraction of total 
protein from 3D tumour spheroids.

A. Collect 3D tumour spheroids:

• Aspirate growth media and 3D tumour spheroids formed with a 1000 μL pipette from each 
well and collect them in a 20 mL tube.

Please note the use of a 1000 μL tip is necessary to avoid perturbation of the original 3D 
spheroids architecture

• Centrifuge at 5000 rpm at room temperature (25°C) for 20 min.

B. Total protein extraction:

• Aspirate the supernatant and re-suspend the cell-pellet with 1.5 mL of PBS.

• Centrifuge at 5000 rpm at room temperature (25°C) for 20 min.

• Aspirate the supernatant and re-suspend the cell-pellet in lysis buffer.

• After addition of the lysis buffer, mix energetically to favour disaggregation of 3D tumour 
spheroid-pellet.

• Proceed with standard immunoblotting.
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4.2.2.1. Experimental validation: Western Blot of cell junctions

Validation data were obtained using our protocol to extract protein from 3D tumour models 
cultured in Happy Cell™ ASM in Nunc® low-cell binding plates (24-well format), as con-
firmation of the molecular fingerprinting of the 3D tumour spheroids. Western blotting, a 
gold-standard technique in protein detection and quantification, was used for evaluating 
the expression in 3D tumour spheroids of (i) adherent junctions (namely, full-length pro-
tein E-cadherin and β-catenin) and (ii) TJs, such as occluding, zonula occludens-1 (ZO-1) and 
ZO-3. Cell lysis and Western blotting were performed following previously optimised in-
house published protocols [112]. The results obtained (shown in Figure 11) demonstrated 
the expression of full-length E-cadherin and β-catenin. It should be noted that cells cultured 
in 3D spheroids showed nuclear translocation of cleaved E-cadherin (Figure 7) as well as 

Figure 10. HIM images of A549 cells forming 3D tumour spheroids in ULA plates. The three-dimensional architecture 
of the spheroids can be appreciated at low magnification (A–B), while the presence of unique membrane ruffles and a 
multitude of filopodia and lamellipodia on the cells surface can be detected when imaging at high magnifications (C–D). 
Samples were imaged using an accelerating voltage of 30 kV. The working distance was 8 mm and a 10 μm aperture. 
The probe current was between 0.5 and 1.5 pA. Images were acquired by collecting the secondary electrons emitted 
by the interaction between the He-ion beam and the specimen with an Everhart-Thornley detector (part of the He-ion 
microscope system). The image signal was acquired in a 32- or 64-line integration to each contributing line of the image. 
Scale bars: (A) 10 μm, (B) 5 μm, (C) 2 μm and (D) 0.5 μm.
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4.2.1.2.1. Experimental validation: imaging of 3D architecture, cell membrane texture and cell shape 
by HIM

He-ion microscopy (HIM) is an advanced imaging technique in which a focused beam of He+ 
ions is directed onto the sample surface, which liberates secondary electrons that are collected 
forming detailed images of the sample surface topography [108]. In biomedical sciences, HIM 
offers various advantages over conventional SEM imaging, such as a high spatial resolution 
(with better material contrast and improved depth of focus) and the ability to image uncoated, 
non-conductive samples without the deposition of a metal (or other conductive) overcoat 
[109, 110], which can indeed reduce and/or completely mask cell surface details [111]. This 
opens up a whole new range of surface details in biological specimens that can be examined 
rapidly and with less risk of artefacts. HIM accuracy can be indeed exploited to image the 
shape, membrane texture, membranous projections and 3D architecture of 3D tumour spher-
oids with unsurpassed image quality and detail.

Our protocol for advanced microscopy was found valuable for capturing HIM images of 3D 
tumour spheroids formed without Happy Cell™ ASM in 96-well ULA plates (Figure 10).

4.2.2. Molecular analysis

Because of the central role of proteins in understanding cancer cells responses, it is often 
valuable to be able to extract, purify and quantify the expression of specific proteins. Thus, 
we developed an easy-to-use protocol outlining the steps necessary for the extraction of total 
protein from 3D tumour spheroids.

A. Collect 3D tumour spheroids:

• Aspirate growth media and 3D tumour spheroids formed with a 1000 μL pipette from each 
well and collect them in a 20 mL tube.

Please note the use of a 1000 μL tip is necessary to avoid perturbation of the original 3D 
spheroids architecture

• Centrifuge at 5000 rpm at room temperature (25°C) for 20 min.

B. Total protein extraction:

• Aspirate the supernatant and re-suspend the cell-pellet with 1.5 mL of PBS.

• Centrifuge at 5000 rpm at room temperature (25°C) for 20 min.

• Aspirate the supernatant and re-suspend the cell-pellet in lysis buffer.

• After addition of the lysis buffer, mix energetically to favour disaggregation of 3D tumour 
spheroid-pellet.

• Proceed with standard immunoblotting.
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ZO-3. Cell lysis and Western blotting were performed following previously optimised in-
house published protocols [112]. The results obtained (shown in Figure 11) demonstrated 
the expression of full-length E-cadherin and β-catenin. It should be noted that cells cultured 
in 3D spheroids showed nuclear translocation of cleaved E-cadherin (Figure 7) as well as 

Figure 10. HIM images of A549 cells forming 3D tumour spheroids in ULA plates. The three-dimensional architecture 
of the spheroids can be appreciated at low magnification (A–B), while the presence of unique membrane ruffles and a 
multitude of filopodia and lamellipodia on the cells surface can be detected when imaging at high magnifications (C–D). 
Samples were imaged using an accelerating voltage of 30 kV. The working distance was 8 mm and a 10 μm aperture. 
The probe current was between 0.5 and 1.5 pA. Images were acquired by collecting the secondary electrons emitted 
by the interaction between the He-ion beam and the specimen with an Everhart-Thornley detector (part of the He-ion 
microscope system). The image signal was acquired in a 32- or 64-line integration to each contributing line of the image. 
Scale bars: (A) 10 μm, (B) 5 μm, (C) 2 μm and (D) 0.5 μm.
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the expression of full-length E-cadherin (Figure 11): co-expression of these two forms of the 
E-cadherin protein is in fact possible during intermediate steps of the EMT process. In addi-
tion, Western blot showed that occluding and ZO-1 were expressed, whereas ZO-3 was not. 
For forming functional TJs, the transmembrane components of occludin need to interact with 
at least one ZO protein [113]. Our results seemed to suggest therefore that functional TJs 
might have been formed in 3D tumour spheroids.

4.3. Protocol for the evaluation of biological responses in 3D tumour spheroids

Exposure of 3D tumour spheroids formed with our protocol to drugs or nanomedicine can-
didates resulted very simple, as the spheroids could be exposed to the tested compounds/
nanocarriers by their direct addition in the media, as conventionally used in 2D cell culturing 
protocols. In order to quantify the cellular responses to the drugs/nanocarriers tested, we 
developed protocols based on commercially available assays that are routinely applied to 
monitor intracellular activity in 2D monolayer cell cultures.

Various techniques are used to characterise the effect of anticancer agents on 3D tumour 
spheroids, as described in a recently published review [95]. In general, monitoring of spher-
oid integrity by phase contrast imaging is still the most popular technique to evaluate the 
cytotoxic effects of drugs. Spheroid growth delay, a classical analytical endpoint, is most 
frequently calculated as the difference between treated and untreated spheroids to reach a 
particular volume and has recently been proposed for standardised spheroid screening [114]. 
However, with respect to clinical relevance, loss of spheroid integrity may not result from 
total tumour cells destruction, as spheroid integrity does not necessarily reflect the presence 

Figure 11. Western blot of (A) β-catenin (92 kDa), (B) Connexin-43 (19, 31 and 59 kDa), (C) ZO-3 (140 kDa) and ZO-1 
(220 kDa), (D) full-length protein E-cadherin (135 kDa), (E) occludin (65 kDa), and relative bands intensities normalised 
on the β-actin bands intensity. 2D cultures and 3D tumour spheroids were lysed following the protocol described—the 
lysates were resolved by SDS-PAGE and after Western blotting were probed for the various proteins.
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of viable cells. Therefore, quantification of cell survival after treatment is desirable. Our proto-
cols for conventional and high-throughput assays can be used for visualising and monitoring 
the viability of the cell population in the spheroids. Thus, they allow for the investigation of 
(i) the therapeutic efficacy of tested chemotherapeutic agents, (ii) the toxicity of nanocarriers 
and/or (iii) the efficiency in delivering anticancer treatments by means of nanocarriers.

4.3.1. Conventional assays

Standardised protocols, which do not require further optimization depending on the rate of 
cell growth or the cell culturing substrate used, are described in detail for the live/dead cyto-
toxicity and trypan blue exclusion assays in the following sections.

A. Live/dead cytotoxicity assay in 3D tumour spheroids:

• At the desired time point, harvest cells by gentle pipetting 100 μL/well media. This opera-
tion cannot be performed with vacuum pipettes, to avoid accidental aspiration of the 3D 
tumour spheroids formed.

• Add the pre-warmed staining solution (100 μL/well) to the wells. Staining solution is pre-
pared as recommended in the supplier’s protocol.

• Incubate for 45 min at room temperature in the dark.

• Gently aspirate the 3D tumour spheroids with a 1000 μL tip and proceed to analysis. Please 
note: the use of a 1000 μL tip is necessary to avoid any potential perturbation in the spatial 
localization of live/dead cells.

• Please note that it is not possible to carry out analysis on stored specimens.

B. Trypan blue exclusion assay in 3D tumour spheroids:

• Aspirate growth media and 3D tumour spheroids from each well with a 1000 μL pipette 
and collect them in a 20 mL tube. Please note the use of a 1000 μL tip is necessary to avoid 
perturbation of the original 3D spheroids architecture, triggering any potential cell death.

• Centrifuge at 3000 rpm at room temperature (25°C) for 5 min.

• Aspirate the supernatant and re-suspend the cells with 1 mL of PBS.

• Add 100 μL of trypan blue solution (0.4%) to 1 mL of cells.

• After addition of the trypan blue solution, mix energetically to favour disaggregation of 3D 
tumour spheroids.

• Load a haemocytometer or a cell counter slide with the stained cell suspension.

• Immediately count the number of blue stained cells and the number of unstained cells un-
der a low magnification microscope or with an automatic cell counter.

• To calculate the percentage (%) of live cells use Eq. (1):
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of viable cells. Therefore, quantification of cell survival after treatment is desirable. Our proto-
cols for conventional and high-throughput assays can be used for visualising and monitoring 
the viability of the cell population in the spheroids. Thus, they allow for the investigation of 
(i) the therapeutic efficacy of tested chemotherapeutic agents, (ii) the toxicity of nanocarriers 
and/or (iii) the efficiency in delivering anticancer treatments by means of nanocarriers.

4.3.1. Conventional assays

Standardised protocols, which do not require further optimization depending on the rate of 
cell growth or the cell culturing substrate used, are described in detail for the live/dead cyto-
toxicity and trypan blue exclusion assays in the following sections.

A. Live/dead cytotoxicity assay in 3D tumour spheroids:

• At the desired time point, harvest cells by gentle pipetting 100 μL/well media. This opera-
tion cannot be performed with vacuum pipettes, to avoid accidental aspiration of the 3D 
tumour spheroids formed.

• Add the pre-warmed staining solution (100 μL/well) to the wells. Staining solution is pre-
pared as recommended in the supplier’s protocol.

• Incubate for 45 min at room temperature in the dark.

• Gently aspirate the 3D tumour spheroids with a 1000 μL tip and proceed to analysis. Please 
note: the use of a 1000 μL tip is necessary to avoid any potential perturbation in the spatial 
localization of live/dead cells.

• Please note that it is not possible to carry out analysis on stored specimens.

B. Trypan blue exclusion assay in 3D tumour spheroids:

• Aspirate growth media and 3D tumour spheroids from each well with a 1000 μL pipette 
and collect them in a 20 mL tube. Please note the use of a 1000 μL tip is necessary to avoid 
perturbation of the original 3D spheroids architecture, triggering any potential cell death.

• Centrifuge at 3000 rpm at room temperature (25°C) for 5 min.

• Aspirate the supernatant and re-suspend the cells with 1 mL of PBS.

• Add 100 μL of trypan blue solution (0.4%) to 1 mL of cells.

• After addition of the trypan blue solution, mix energetically to favour disaggregation of 3D 
tumour spheroids.

• Load a haemocytometer or a cell counter slide with the stained cell suspension.

• Immediately count the number of blue stained cells and the number of unstained cells un-
der a low magnification microscope or with an automatic cell counter.

• To calculate the percentage (%) of live cells use Eq. (1):

Nanotoxicity in Cancer Research: Technical Protocols and Considerations for the Use of 3D...
http://dx.doi.org/10.5772/intechopen.69447

111



  % live cells =  [1 −   number of stained cells  _________________________________  number of total cells  ]  × 100  (1)

4.3.1.1. Experimental validation: therapeutic efficacy of Paclitaxel in 3D tumour spheroids

In the validation of our protocol, the live/dead cytotoxicity assay was integrated with LSCM. 
3D tumour spheroids were formed without Happy Cell™ ASM in 96-well ULA plates. 3D 
tumour spheroids were then exposed to Paclitaxel (0.03 mM) for 24 and 72 h, and the percent-
age of live cells was compared to the paired negative (untreated cells) and positive controls 
(cells treated with 70% MeOH for 30 min at 37°C). Representative LSCM images of 3D tumour 
spheroids stained with the devised protocol for live/dead cytotoxicity assay are shown in 
Figure 12. Analysis of LSCM images demonstrates a small (but not significant) increase in 
the proportion of dead cells when 3D tumour spheroids were exposed to Paclitaxel for 24 h, 
while the size of the spheroids appeared reduced following exposure at both time points. The 
treatment with 70% MeOH provided the expected positive control outcome.

Further to this, the viability of 3D tumour spheroids exposed to Paclitaxel (0.03 mM) for 24 
and 72 h was evaluated by means of the trypan blue exclusion assay protocol. Quantitative 
data are reported in Figure 13 as the average ± standard deviation (nreplicates ≥ 2). Exposure to 
Paclitaxel for 24 h resulted in a significant reduction in cell viability in 3D tumour spheroids, 
although cell viability increased after 72 h treatment. This result might be related to the well-
known ability of 3D tumour spheroids to mimic drug resistance phenomena [115, 116], which 
has been observed in vivo. As expected, treatment with 70% MeOH resulted in a significant 
reduction of live cells as positive control sample.

4.3.1.2. Experimental validation: cytotoxicity of nanocarriers in 3D tumour spheroids and therapeutic 
efficacy of anticancer agents delivered by nanocarriers

3D tumour spheroids were formed without Happy Cell™ ASM in 96-well ULA plates and 
exposed to gold nanoboxes (Au-1) and its nanomedicine form consisting of a multi-layered 
nanomaterial made of the same gold core (Au-1) coated with Paclitaxel-encapsulated gela-
tine (Au-2). Full characterisation of these nanomaterials is provided in a previous publica-
tion of the authors [117]. 3D tumour spheroids were exposed to Au-1 and Au-2 for 24 or 
72 h. The experimental design included a negative control (untreated cells) and a positive 
control (cells treated with 70% MeOH for 30 min at 37°C). Representative LSCM images of 
3D tumour spheroids stained with the live/dead cytotoxicity assay protocol are shown in 
Figure 14. Analysis of such images allowed concluding that Au-1 did not produce any sig-
nificant variation in the cell viability following 24 and 72 h exposure, whereas 72 h exposure 
to Au-2 resulted in a reduction of the total amount of live cells in the 3D tumour spheroids.

Trypan blue exclusion assay was carried out in parallel experiments, where 3D tumour spher-
oids formed in 96-well ULA plates were exposed to Au-1 for 24 and 72 h. The quantitative 
results are reported in Figure 15 as average ± standard deviation (nreplicates ≥ 2). The assay con-
firmed that such nanocarriers did not cause any cytotoxicity when incubated with 3D tumour 
spheroids for 72 h.
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4.3.2. High-throughput assays

The setup based on high-throughput flow cytometry is described below. This setup could be 
easily integrated into a standard large-scale drug-testing routine. The setup requires a small 
number of spheroids and a limited amount of drug/nanomedicine candidate, and it can inte-
grate many analytical endpoints. Since spheroid dissociation is carried out during the sample 
preparation steps, this assay is suitable for all spheroid size ranges that may be examined 
when comparing treated and untreated spheroids.

Figure 12. LSCM images of 3D tumour spheroids stained for live (calcein AM; 1:500 dilution; in green) and dead 
(ethidium homodimer-1; 1:300 dilution; in red) cells after 24 and 72 h exposure to Paclitaxel (0.03 mM). Negative 
(untreated 3D tumour spheroids) and positive (3D tumour spheroids treated with 70% MeOH for 30 min) controls are 
also reported. Scale bars: 10 μm (63× objective lens).
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4.3.1.1. Experimental validation: therapeutic efficacy of Paclitaxel in 3D tumour spheroids

In the validation of our protocol, the live/dead cytotoxicity assay was integrated with LSCM. 
3D tumour spheroids were formed without Happy Cell™ ASM in 96-well ULA plates. 3D 
tumour spheroids were then exposed to Paclitaxel (0.03 mM) for 24 and 72 h, and the percent-
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Trypan blue exclusion assay was carried out in parallel experiments, where 3D tumour spher-
oids formed in 96-well ULA plates were exposed to Au-1 for 24 and 72 h. The quantitative 
results are reported in Figure 15 as average ± standard deviation (nreplicates ≥ 2). The assay con-
firmed that such nanocarriers did not cause any cytotoxicity when incubated with 3D tumour 
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4.3.2. High-throughput assays

The setup based on high-throughput flow cytometry is described below. This setup could be 
easily integrated into a standard large-scale drug-testing routine. The setup requires a small 
number of spheroids and a limited amount of drug/nanomedicine candidate, and it can inte-
grate many analytical endpoints. Since spheroid dissociation is carried out during the sample 
preparation steps, this assay is suitable for all spheroid size ranges that may be examined 
when comparing treated and untreated spheroids.

Figure 12. LSCM images of 3D tumour spheroids stained for live (calcein AM; 1:500 dilution; in green) and dead 
(ethidium homodimer-1; 1:300 dilution; in red) cells after 24 and 72 h exposure to Paclitaxel (0.03 mM). Negative 
(untreated 3D tumour spheroids) and positive (3D tumour spheroids treated with 70% MeOH for 30 min) controls are 
also reported. Scale bars: 10 μm (63× objective lens).
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A. Sample preparation:

• At the desired time point, aspirate growth media and 3D tumour spheroids from each well 
with a 1000 μL pipette and collect them in a 20 mL tube.

• Centrifuge at 1650 rpm at room temperature (25°C) for 5 min.

B. Assay:

• Perform the cell staining with the kit chosen according to the manufacturer’s protocol, and 
run the sample in the flow cytometer.

Figure 13. Percentage (%) of live cells in 3D tumour spheroids grown in ULA plates without Happy Cell™ ASM 
and exposed to Paclitaxel (0.03 mM) for 24 and 72 h. Untreated (negative control or NT) and 70% MeOH-treated 
(positive control or PT) 3D tumour spheroids were also included in the experimental design. Stained and unstained 
cells were counted by a Countess™ cell counter. For the statistical analysis, a two-way analysis of variance (2-way 
ANOVA) followed by Bonferroni post-test analysis was carried out (GraphPad Prism 5 Software Inc., USA). p < 0.05 was 
considered statistically significant. The symbols (*) and (**) indicate p < 0.05 and p < 0.01, as compared to NT. The symbol 
(+) indicates p < 0.05 as compared to 24 h.

Figure 14. LSCM images of 3D tumour spheroids stained for live (calcein AM; 1:500 dilution; in green) and dead 
(ethidium homodimer-1; 1:300 dilution; in red) cells after 24 and 72 h exposure to a gold nanocarrier (Au-1) or Paclitaxel-
loaded, gelatine-coated gold nanocarriers (Au-2). Negative (untreated 3D tumour spheroids) and positive (3D tumour 
spheroids treated with 70% MeOH for 30 min) controls are also reported. Scale bars: 10 μm (63× objective lens).

Unraveling the Safety Profile of Nanoscale Particles and Materials - From Biomedical to Environmental Applications114

• Special considerations: please note that the assay kit used in this study does not require a 
step for disaggregating the 3D tumour spheroids in a single cell suspension, as lysis of cells 
is performed during the assay. An additional step might be required if a different kit is used.

4.3.2.1. Experimental validation: changes in cell cycle following exposure to Paclitaxel

Example data were obtained using the protocol described above to quantify the cell cycle 
changes in 3D tumour spheroids exposed to Paclitaxel (0.03 mM) for 24 h. Stained nuclei were 
visualised using the SSC-H vs FSC-H scatter plot and a gate (P1) was applied to exclude debris 
at lower scatter intensities. Aggregate exclusion gating (P2 in P1) via doublet discrimination 
was performed on the P1 population using the FL2-H vs FL2-A scatter. Finally, analysis of the 
cell cycle stage for G0/G1, S and G2/M phase was carried out by manual gating on the FL2-H 
histogram. A minimum of 10,000 events was collected in the (P2 in P1) gate and visualised on 
the FL2-H histogram. Data are presented in Figure 16 as percentage (%) cell population in (P2 
in P1) and expressed as average ± standard deviation (ntest = 2).

Figure 15. Percentage (%) of live cells in 3D tumour spheroids grown in ULA plates after exposure to gold nanoparticles 
for 24 and 72 h. Untreated (negative control or NT) and 70% MeOH-treated (positive control or PT) 3D tumour spheroids 
were also included in the experimental design. Stained and unstained cells were counted by a Countess™ cell counter. 
For the statistical analysis, a two-way ANOVA followed by Bonferroni post-test analysis was carried out (GraphPad 
Prism 5 Software Inc., USA). p < 0.05 was considered statistically significant. The symbols (*) and (**) indicate p < 0.05 
and p < 0.01 as compared to NT.

Figure 16. Percentage (%) of cell population in the G0/G1, S and G2/M phases after exposure to Paclitaxel (0.03 mM) for 24 h. 
cells were stained with the BD Cycletest™ Plus DNA Reagent Kit and analysed using BD Accuri™ C6 flow cytometer. Data 
are shown as average ± standard deviation (nreplicates = 2). For the statistical analysis, a two-way ANOVA followed by Bonferroni 
post-test analysis was carried out (GraphPad Prism 5 Software Inc., USA). p < 0.05 was considered statistically significant. The 
symbols (**) and (***) indicate significant changes (p < 0.01 and p < 0.001, respectively) compared to the G0/G1 phase.
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Our data showed an increase in the percentage cell population in G0/G1 phase after 24 h treat-
ment with Paclitaxel. This anticancer drug is known to inhibit the mitotic spindle formation, 
thus blocking the progression of mitosis and triggering apoptosis or reversion to the G-phase 
of the cell cycle without cell division. The results presented in Figure 16 reflect the mechanism 
of action of the drug under investigation, and validate the trypan blue exclusion assay results, 
showing an increased cell death following 24 h exposure to Paclitaxel (Figure 13).

5. Authors’ perspective

Since 2006, when a simple method to generate non-adherent 3D tumour spheroids for poten-
tial high-throughput toxicity analysis of drug compounds was firstly reported [118], several 
methods have been developed to generate scaffold-free 3D tumour spheroids for drug dis-
covery. These methods share the common feature of promoting cell-cell coupling by resisting 
cell-substrate interactions. They can be grouped into four main methodological categories: (i) 
hanging drop [85, 119, 120]; (ii) cell culture on non-adherent surfaces that effectively inhibits 
cellular attachment, such as (poly-HEMA)-coated plates [121, 122], low-binding plates [123, 
124], ultra-low attachment (ULA) plates [125] or micro-patterned plates [126, 127]; (iii) micro-
carrier systems [128] and (iv) rotation-based culturing techniques, such as spinner flasks [129] 
and rotary cell culture systems [130, 131]. Formation of scaffold-free heterotypic multicellular 
3D spheroids has likewise been extensively reported [132]. Nevertheless, when transferring 
drug testing to the third dimension, the limited ability to image, process and automate assays 
performance in 3D tumour spheroids still remains the main barrier for the adoption of these 
3D culture techniques for routine preclinical drug development studies [133].

To the best of our knowledge, the main commercial approaches to the automation of scaf-
fold-free 3D cell culturing techniques are InSphero GravityPLUS™ Hanging Drop system and 
GravityTRAP™ ULA plates, 3D Biomatrix’s Perfecta3D™ hanging drop multi-well plates, 
Global Cell Solutions magnetic microcarrier-based GEM™ and PolyGEM™ systems, and 
Happy Cell™ ASM. Although each method has certain advantages, the challenges that these 
approaches still pose for automation are well-documented [24]. In detail, limitations are posed 
to imaging due to Z-axis resolution, image depth and light scattering [134], although advances 
have been recently made in this field [135] by, for example, introducing additional post-pro-
cessing treatments of 3D spheroids with Scale reagent [136]. The main consequence is that 
most studies on 3D tumour spheroids are carried out at low resolution by light microscopy and 
immunohistochemistry, or at the single-cell level by multiphoton microscopy or spectroscopic 
imaging/mapping techniques [137]. These techniques however are not compatible with high-
throughput screening. In addition to these technical aspects, most of the commercially avail-
able products for scaffold-free 3D cell culture are not accompanied by technical documentation 
or peer-reviewed scientific publications describing the specific protocols that need to be used 
for drug discovery applications. For many of the products mentioned above, users and opera-
tors are left with the burden of re-optimising the working protocols to their specific needs. For 
instance, it is known that cells in Happy Cell™ ASM, a product used in this study, form discrete 
populations within the wells of 96-well low-cell binding plates provided by the same  supplier 
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and, during continued culture, they assemble into spheroids. However, no information is pro-
vided on: (i) the size of the 3D tumour spheroids formed in the multi-well plates supplied by 
Biocroi Ltd itself; (ii) the size of the 3D tumour spheroids obtained if using multi-well plates 
purchased from different commercial sources and compatible with high-throughput screening 
assays and (iii) how to standardise and homogenise the size of 3D tumour spheroids. Similarly, 
according to the manufacturer, protocols for the formation, maintenance and harvesting of 
3D tumour spheroids formed in 3D Biomatrix’s Perfecta3D™ hanging drop multi-well plates 
should be optimised by each user[138–140]. Such uncertainties are indeed strongly hindering 
the integration of 3D culturing technologies into the pharmaceutical industry practice.

The aim of this study was to develop practical and technical solutions filling such gaps of 
standardisation, focusing on screening applications that are achievable without expensive 
robotic equipment and that could be employed in many research labs. Happy Cell™ ASM 
was selected as the least characterised product, whereas low-binding/ULA multi-well plates 
were chosen as they are the most common substrates currently used for forming 3D tumour 
spheroids. Human adenocarcinoma cells (A549 cell line) were selected as a relevant model for 
developing technical protocols with translational potential in the drug development pipeline: 
all results presented here are based on such cell line. The A549 cell line is considered one of 
the closest cell line mimicking the human epithelial alveolar model [141], and a physiologi-
cally relevant in vitro model of NSCLC [142], which is the most prevalent form of human lung 
cancer originating from epithelial cells. A549 cells are also an established cell line for anti-
cancer drugs discovery and screening [143] and it has proven to be a robust cell line/alveolar 
model for several previous nanomaterial-based studies [112, 117, 144–148]. Unlike other stud-
ies on A549 cells [118, 149–151], the formation of our 3D tumour spheroids did not require 
architecturally complex scaffolds or reconstitute basement membrane that could circumvent 
some applications, such as drug delivery and assays performance.

The protocols developed can be grouped in three categories (in dark blue in Figure 1). For 
each of the identified categories, experimental validation was carried out and is reported in 
the form in which they have been used in our lab, namely forming 3D tumour spheroids and 
incorporating them into a 3D co-culture model, characterising the markers expressed by 3D 
tumour spheroids, and testing an anticancer drug or gold nanocarriers.

Our protocol allowed cell aggregation and spheroids formation in standard commercially 
available multi-well plates, thus meeting the pharmaceutical industry requirements [133]. 
Formation of 3D tumour spheroids was easily controlled by tuning specific parameters (i.e. 
the initial cell aggregation and cells adhesion to the substrate). 3D structure and mechani-
cal robustness are mandatory requirements to allow the translation and implementation of 
3D tumour spheroids into a primary drug-testing routine. Without these features, in fact, 
the pathophysiological gradients developed in genuine tumour spheroids cannot be mim-
icked [94]. Unfortunately, some so-called spheroids in the literature are no more than loose 
aggregates that easily detach; they cannot be manipulated or transferred and they show lack 
cell-cell interactions [23]. Our experimental data demonstrated that only 3D tumour spher-
oids formed in 24-well low-cell binding plates and ULA plates were mechanically robust 
(Figure 3). 3D tumour spheroids formed in these cell culture plates could be easily transferred 
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onto different substrates for further specific analysis (e.g. immunofluorescence staining and 
imaging), showing a beneficial advantage over other multi-well cell plates.

As heterotypic cell interactions are key for the function of certain tissues, co-cultures includ-
ing multiple cell types are another means of increasing relevance to in vivo scenario [152]. A 
protocol for forming 3D co-culture tumour models was therefore developed. Various exam-
ples of spheroid co-culture approaches are reported in the literature [153] including, but not 
limited to: (i) mixed spheroids, mimicking, for example, lung cancer [154]; (ii) tumour spher-
oids cultured on fibroblast monolayers as model of colon carcinoma [155, 156] or breast can-
cer [157] and (iii) tumour spheroids co-cultured with pre-established fibroblast spheroids for 
creating in vitro models of breast cancer [158–160]. Mixed spheroids are the most widely used 
approach. In this approach, however, the histo-morphology and cellular distribution cannot 
be accurately controlled by the end-user, resulting in not-homogenous (and not replicable) 
models, even if identical cell numbers and harmonised culture protocols are used. These 
models have therefore limited application as drug screening models in the pharmaceutical 
industry. Thus, in our study a co-culture approach in which tumour spheroids were plated 
onto a fibroblast monolayer was preferred. Fibroblasts were selected as these cells represent a 
major portion of the tumour stroma in carcinomas, and they can promote cancer progression 
and invasion [161, 162]. Confocal images of the 3D co-culture models formed in this study 
demonstrated the successful attachment of 3D spheroids of A549 cells to the fibroblast mono-
layer (Figure 4), suggesting interaction among the different cell types.

Since the presence or extent of certain tumour characteristics, such as those associated to EMT, 
are likely to affect drug response, it is essential to extensively characterise the spheroid model 
used during drug screening. The protocols described in our study allowed a simple and eco-
nomically feasible evaluation of cell markers expression (Figures 5–10) by means of conven-
tional and advanced microscopy approaches. Spheroids characteristics were also assessed 
by Western blotting (Figure 11). Although not all the main features of solid cancers (such as 
the influence of acellular stroma and immune cells) were modelled through our formation 
protocols, our results demonstrated that 3D tumour spheroids did reflect many important 
properties of solid tumours, including the expression of specific cancer markers.

Finally, keeping in mind that one of the preferred embodiments of the protocols described 
herein is their application in research labs for efficacy screening of new chemotherapeutic 
agents and oncological nanomedicine products, cell features/responses were assessed by con-
ventional and high-throughput assays (Figures 12–16). Various studies provide evidence that 
standard cell proliferation assays (e.g. AlamarBlue assay [163]) are not suitable for quanti-
fying cytotoxic/cytostatic responses in 3D tumour spheroids, as they do not show a linear 
correlation with cell densities [164], unless properly adapted. Similarly, nanomaterials are 
known to interfere with many assays (e.g. MTT) [3, 165]. Our protocols based on conventional 
viability assays satisfied criteria, such as ease-of-use and reliability, without losing the main 
advantages of validated commercially available kits. A protocol for high-throughput flow 
cytometry was also developed, resolving time and cost issues [166]. The implementation of 
flow cytometry can be regarded as advantageous since this technique is widely used in clini-
cal laboratories and can include multiple molecular read-outs and endpoints.
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6. Conclusions

3D tumour spheroids can allow the fast development of new effective anticancer nanomedi-
cines without dissatisfying safety, economical and ethical issues raised by societal, healthcare 
and pharmaceutical industry stakeholders. However, this can be achieved only by developing 
clear, simple and reproducible protocols for the formation and use of 3D tumour spheroids in 
a way that is compatible with standard analysis techniques. The protocols described within 
this work offer a set of tools addressing many of the problems that need to be overcome in 
order to translate 3D tumour spheroids into preclinical models. The obtained data validate 
the developed protocols to bear a novel platform technology solving the existing bottlenecks 
in the arena of anticancer drug and nanomedicine products development, presented here in 
the form of gold nanocarriers.
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onto different substrates for further specific analysis (e.g. immunofluorescence staining and 
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oids cultured on fibroblast monolayers as model of colon carcinoma [155, 156] or breast can-
cer [157] and (iii) tumour spheroids co-cultured with pre-established fibroblast spheroids for 
creating in vitro models of breast cancer [158–160]. Mixed spheroids are the most widely used 
approach. In this approach, however, the histo-morphology and cellular distribution cannot 
be accurately controlled by the end-user, resulting in not-homogenous (and not replicable) 
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models have therefore limited application as drug screening models in the pharmaceutical 
industry. Thus, in our study a co-culture approach in which tumour spheroids were plated 
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and invasion [161, 162]. Confocal images of the 3D co-culture models formed in this study 
demonstrated the successful attachment of 3D spheroids of A549 cells to the fibroblast mono-
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Since the presence or extent of certain tumour characteristics, such as those associated to EMT, 
are likely to affect drug response, it is essential to extensively characterise the spheroid model 
used during drug screening. The protocols described in our study allowed a simple and eco-
nomically feasible evaluation of cell markers expression (Figures 5–10) by means of conven-
tional and advanced microscopy approaches. Spheroids characteristics were also assessed 
by Western blotting (Figure 11). Although not all the main features of solid cancers (such as 
the influence of acellular stroma and immune cells) were modelled through our formation 
protocols, our results demonstrated that 3D tumour spheroids did reflect many important 
properties of solid tumours, including the expression of specific cancer markers.

Finally, keeping in mind that one of the preferred embodiments of the protocols described 
herein is their application in research labs for efficacy screening of new chemotherapeutic 
agents and oncological nanomedicine products, cell features/responses were assessed by con-
ventional and high-throughput assays (Figures 12–16). Various studies provide evidence that 
standard cell proliferation assays (e.g. AlamarBlue assay [163]) are not suitable for quanti-
fying cytotoxic/cytostatic responses in 3D tumour spheroids, as they do not show a linear 
correlation with cell densities [164], unless properly adapted. Similarly, nanomaterials are 
known to interfere with many assays (e.g. MTT) [3, 165]. Our protocols based on conventional 
viability assays satisfied criteria, such as ease-of-use and reliability, without losing the main 
advantages of validated commercially available kits. A protocol for high-throughput flow 
cytometry was also developed, resolving time and cost issues [166]. The implementation of 
flow cytometry can be regarded as advantageous since this technique is widely used in clini-
cal laboratories and can include multiple molecular read-outs and endpoints.
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and in vivo multiplex bioimaging as multiple QDs can be used in one subject or field of view 
to image a variety of targets under a single excitation.

QDs have unique advantages over traditional dyes and fluorescent proteins such as a high 
quantum yield, extreme brightness, tunable emission wavelength, long fluorescence duration, 
exceptional photostability and resistance to photobleaching [5]. In addition, their high extinc-
tion coefficient makes them ideal for optical applications and transport. Since QDs wave-
lengths are tunable based on size, their conducting properties can be very well controlled to 
suit various applications. Zinc sulfide (ZnS)-coated cadmium selenide (CdSe) nanocrystals 
are the most commonly studied QDs for bioapplications due to their wide bandgap and easily 
tunable emission in the visible range [6]. These qualities make them especially useful for vari-
ous industrial, agricultural, and biomedical applications [7]. Another reason for the popular-
ity of the CdSe QDs is their well-established synthesis and characterization protocols [8]. In 
this chapter, the synthesis, toxicity, and surface modification of CdSe QDs in bioanalytics and 
biomedical diagnostics are discussed.

1.1. Synthesis of QDs

Quantum dots can be prepared by formation of nanosized semiconductor particles through 
colloidal chemistry or by epitaxial growth and/or nanoscale patterning [9]. Preparation of 
QDs designed for biological applications has four basic steps: core synthesis, shell growth, 
aqueous solubilization, and biomolecular conjugation or biofunctionalization.

1.1.1. Core-shell protocol

QDs core is generally made from heavy metal semiconductors of group II–VI (CdSe, CdS, 
CdTe, HgS, ZnS, ZnSe), III–V (GaAs, GaN, InP, InAs, InGaAs), IV–VI (PbS, PbSe, PbTe, SnTe), 
and group III–V (InP and InGaP) (Table 1). The most common method for preparation of 
QDs core consists of a rapid injection of semiconductor or organometallic precursors (e.g., 
Cd precursor and TOPSe) into hot and vigorously stirred specific coordinating solvent (e.g., 
thiol stabilizers). Coordinating solvents stabilize the bulk semiconductors and avoid aggrega-
tion as the QDs grow [10]. Thereafter, the semiconductor core material (e.g., CdSe) must be 
protected from degradation and oxidation to optimize QDs performance. Hence, an external 
layer or protective shell (e.g., ZnS) is usually synthesized to cover the QD semiconductor core 
to enhance stability, while increasing its photoluminescence [11]. Due to their synthesis in 
nonpolar organic solvents, the inorganic core-shell semiconductor QDs (e.g., CdSe) are typi-
cally hydrophobic, which prevents their solubility and enhances the formation of aggregates 
or precipitates in water-based solutions. This property limits biological applications of core-
shell QDs, requiring additional modifications of their surfaces to achieve biocompatibility or 
solubility in biological or water-based fluids.

1.1.2. Aqueous solubilization

The aqueous dispersal of core-shell QDs is controlled by the chemical nature of their sur-
face coating. Numerous effective methods have been established to create hydrophilic QDs, 
which can be divided into two main categories [12]. The first route, commonly designated as 
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“cap exchange procedure,” consists of a complete replacement of the hydrophobic layer of 
organic solvent by bioactive molecules containing soft acidic and hydrophilic groups point-
ing outwards, from the QDs surface to surrounding bulk water molecules [13, 14]. This route 
allows electrostatic stabilization of inorganic core shell of QDs through their interactions with 
small charged ligands (e.g., amines, cystamine, cysteine, 2-mercaptoethanol, ethylamine, or 
mercaptopropionate) or charged surfactants to form a new external coating layer that encap-
sulates QDs. The second route allows steric stabilization through modification of the native 
coordinating organic ligands on the QDs surface with “bulky” uncharged polymeric sur-
face ligands such as the polyethylene glycol or PEG [15, 16]. Alternatively to electrostatic and 
steric stabilizations, bulky and charged ligands (e.g., polyelectrolytes or polyethyleneimine), 
amphiphilic inorganic shell (e.g., silica added to QDs during polycondensation) or solid lipid 
nanoparticles composed of high biocompatible lipids of physical and chemical long-term sta-
bility have been successfully tested for further stabilization of QDs [17–19]. All aforemen-
tioned coating strategies are useful for QDs solubilization while allowing further addition of 
polymers or bioactive molecules for cell labeling and imaging.

1.1.3. Biofunctionalization

Biofunctionalization refers to the ability to successfully attach or conjugate bioactive molecules 
(e.g., oligonucleotides, proteins, polysaccharide, and peptides) to water-dispersed QDs. This 
process can be achieved by binding to polyhistidine tags, electrostatic (e.g., avidin- biotin) or 
covalent interactions. This later is typically accomplished by activated 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC) coupling amine and carboxyl groups and catalyzed male-
inimide (SMCC) linking amine to sulfhydryl groups [20, 21]. It is important to mention that 
these processes remain challenging due to surface chemistry of QDs, control of attachment 
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orientation of biomolecules [19, 21, 22], and determination of conjugation efficacy. QDs have 
greater surface area-to-volume ratio allowing several types of biomolecules to be attached to 
a single QD to provide multifunctionality of the conjugate [23]. Only few protocols for bio-
functionalization are available, and systematic studies are needed for functional evaluation of 
conjugated or biofunctionalized QDs [14, 20, 21].

2. In vitro and in vivo toxicity of QDs

Due to their heavy metal semiconductor cores, QDs are considered toxic when the cores 
are not adequately contained by an outer shell, such as the ZnS shells mentioned above. 
Without containing the cores, potential damage to biological systems can occur, which 
composes a challenge to surmount for medical and other in vivo applications. The core of 
the most widely used and studied QDs consists of cadmium selenide (CdSe) or telluride 
(CdTe) given their quantum confinement region spanning the entire optical spectrum [24]. 
Cadmium ions (Cd2+) have been identified as the primary cause of QDs cytotoxicity due to 
their overtime leaking, upon illumination or oxidation [25, 26]. Leaked Cd2+ is able to bind to 
thiol groups of key molecules of mitochondria and cause enough stress and damage leading 
to cell death [27].

Moreover, the cytotoxicity of QDs appears directly related to the protective inorganic surface 
layers [25]. Additional surface coatings may be needed to substantially reduce or eliminate 
the release of Cd2+ [26]. The utilization of gelatin during the production of CdTe QDs has 
resulted in reduced toxicity of particles [28]. In the case of CdSe QDs, it is believed that prop-
erly prepared closed (ZnS) or multiple (e.g., ZnS/SiO2, ZnS/PEG hydrophilic coating) shells 
render cadmium leakage less likely [29, 30]. However, oxidized QDs surface may unintend-
edly react with intracellular components, causing formation and release of reduced Cd that 
results in apoptosis within primary hepatocytes isolated from rats [31–33]. In addition, the 
charge and chemical reactivity of QDs play dominant roles in their biocompatibility, inde-
pendent of their size [32]. Various studies have demonstrated the crucial roles of multiple 
positive charges and size-dependent polycationic materials of QDs in cytotoxic mechanisms 
of nanoparticles [34, 35].

Majority of in vitro studies use transformed cell lines to demonstrate the cytotoxicity of QDs 
that may not fully reflect the response cascade in normal cells [12]. Nonetheless, the use of 
these cell types allows for many generalizations to be made regarding the toxicity related to 
specific QDs features (i.e., size, protective shell, and surface chemistry), experimental dosage, 
and exposure conditions. Table 2 summarizes few studies exemplifying the complexity of 
investigating QDs nanotoxicity due to multiple variables such as their size, shell components 
and surface chemistry that should be taken into account when designing an experiment. The 
comparable size of QDs with certain cellular components may facilitate their passage through 
many biological barriers and accumulation in different tissues to cause adverse effects after 
long-term exposure [36]. At equal concentrations and positive charges, smaller QDs (i.e., 2–3 nm) 
display high cytotoxicity than larger ones (i.e., >5 nm), with liver and kidneys often being 
main target organs due to their blood filtering function [37].

Unraveling the Safety Profile of Nanoscale Particles and Materials - From Biomedical to Environmental Applications136

QDs (core and  
protective layers)

Concentration Exposure Toxic effect References

CdSe/ZnS-SSA 0.1–0.4 mg/mL 0–24 h 0.1 mg/mL altered cell 
growth; most cells nonviable 
at 0.4 mg/mL

[38]

CdSe/ZnS-SSA 0.1 mg/mL QDs per  
5 × 107 cells

2 h to 7 days No toxicity in mice in vivo [38]

CdSe/ZnS conjugates: 
NH2, OH, OH/COOH, 
NH2/OH, COOH

1–2 μM 12 h 2-μM QD-COOH-induced 
DNA damage upon 2 h of 
exposure

[39]

CdSe/ZnS/MUA 0–0.4 mg/mL 24 h 0.2 mg/mL, Vero; 0.1 mg/mL, 
HeLa; 0.1 mg/mL, hepatocytes

[40]

CdTe 0.01–100 μg/mL 2–24 h 10 μg/mL cytotoxic [41]

CdSe-MAA, TOPO QDs 62.5–1000 μg/mL 1–8 h 62.5 μg/mL cytotoxic under 
oxidative/photolytic conditions

[25]

No toxicity on addition of 
ZnS cap

QD micelles: CdSe/ZnS 
QDs in (PEG-PE) and 
phophatidylcholine

1.5–3 nL of 2.3-μM QDs 
injected, approx. 2.1 × 109 
to 4.2 × 109 QDs/cell

Days 5 × 109 QDs/cell: cell 
abnormalities, altered viability 
and motility

[42]

No toxicity at 2 × 109 QDs/cells

CdSe/ZnS amp-QDs and 
mPEG QDs

Injections, approx.  
180-nm QD, approx. 
20-pmol QD/g animal 
weight

15-min cells 
incubation, 
1–133 days 
in vivo

No signs of localized necrosis 
at the sites of deposition

[43]

CdSe/ZnS-DHLA 400–600 nM 45–60 min No effect on cell growth [44]

Avidin-conjugated  
CdSe/ZnS QDs

0.5–1.0 μM 15 min No effect on cell growth and 
development

[44]

CdSe/ZnS-amphiphilic 
micelle

60-μM QD/g animal 
weight, 1-μM and 20-nM 
final QD concentration

Information  
not provided

Mice showed no noticeable ill 
effects after imaging

[45]

CdSe/ZnS-DHLA QDs 100 μL of B16F10 cells 
(approx. 2 × 105 to  
4 × 105) used for tail  
vein injection

4–6 h cell 
incubation, 
mice sacrificed 
at 1–6 h

No toxicity observed in cells 
or mice

[46]

CdSe/ZnS-MUA QDs; 
QD-SSA complexes

0.24 mg/mL 2 h 0.4 mg/mL MUA/SSA-QD 
complexes did not affect 
viability Vero cells

[47]

CdSe/ZnS 10-pmol QDs/1 × 105 cells 
(approx. 10 nM)

10 days  
(cell culture)

10 nM QD had minimal 
impact on cell survival

[48]

CdTe aqQDs 300–600 nM 3 days Nearly completely inhibited 
cell growth even from the 
very beginning

[49]

CdTe-gelatinized/
nongelatinized

1–100 nM 72 h At 1 nM, did not initiate any 
detrimental effects; at 100 nM, 
resulted in the death of all 
PC12 cells

[50]
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Due to the complexity to characterize the cytotoxicity of nanoparticles, the US National 
Cancer Institute and several other US health agencies have created the Nanotechnology 
Characterization Laboratory (NCL) for efficacy and toxicity testing of nanoparticles, including 
fluorescent QDs. As part of the process, the NCL will describe physical attributes of nanopar-
ticles, their in vitro biological properties and their in vivo biocompatibility.

3. Bioapplications

Despite the reported and controversial cytotoxicity, QD nanoparticles remain excellent can-
didates for numerous bioapplications. Compared to organic dyes, QDs display narrow, sym-
metrical, and tunable emission spectra and contingency for their size and material composition 
[54]. Various QD sizes have closer but nonoverlapping emission wavelengths [20], which exci-
tation through a single light source leads to a photostable and broad absorption spectra [52].

3.1. QDs labeling

The brightness of CdSe QDs fluorescence has made them the widely labeled nanoparticles 
for various biosensing (e.g., oligonucleotides, organic dyes) and single or multiplex labeling 
(e.g., antibodies, peptides) [22, 23, 31, 55–57]. Yet, the localization (intracellular or extracellu-
lar), expression level, and environment (oxidizing or reducing) of the target molecule should 
be considered during the QDs labeling protocol. For example, the intracellular targeting may 
pose additional challenges requiring the need of cell-penetrating peptides (e.g., polyargi-
nine, polylysine) for effective intracellular delivery of QDs conjugates, while maintaining 
the homeostasis and osmotic balance of cells. Reproductive studies have shown the ability of 
porcine gametes to interact with self-illuminated CdSe/ZnS QDs [58, 59] with the necessity to 
determine the suitable sperm-to-QDs ratio, avoiding or limiting QDs toxicity to sperm func-
tion, as observed in previous studies using various nanoparticles [58–65]. In vitro matured 

QDs (core and  
protective layers)

Concentration Exposure Toxic effect References

CdTe, CdTe/CdS, CdTe/
CdS/ZnS

0.2–0.3 μM 0–48 h Cells treated with CdTe and 
CdTe/CdS QDs were mostly 
nonviable by 48 h (for all 
concentrations tested)

[51]

CdSe/ZnS-PEG  
(EviTag T1 490 QD)

0.84–105 μM 0–24 h Commercially available QDs 
demonstrated low cytotoxicity 
but induced cell detachment

[52]

CdSe 1, 10, and 20 nM 24 h 1 nM QD for 24 h showed no 
decreased in cell viability; in 
contrast, cells treated with 
10 and 20 nM QDs for 24 
h showed decreases in cell 
viability in the order of 20 
and 30%

[53]

Table 2. Inconsistent considerations on QDs toxicity evaluation (modified from [3]).
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oocytes appeared to accumulate higher levels of QDs compared to spermatozoa, which, 
instead, exhibited stronger membrane labeling (Figures 1 and 2). Reduced QDs internaliza-
tion within the spermatozoa was attributed to sperm membrane specificities, whereas the 
limitations of QDs as compared to organic dyes may not be ruled out [66]. The conjugation 
of self-illuminated CdSe/ZnS QDs with anti-plasminogen antibody (for specific targeting) 
revealed stronger signals within the porcine oocyte than the nonconjugated QDs, applied for 
plain targeting (Figure 2). The use of these CdSe/ZnS QDs also provided opportunity for ex 
vivo imaging of cultured porcine ovarian follicles (Figure 3), which would, in the near future, 
permit real-time monitoring of key molecules having role(s) during folliculogenesis.

3.1.1. QDs labeling for cell imaging and disease detection

Effective labeling of fluorescent QDs is crucial for extracellular and intracellular tracking of 
target molecules in their native environment. QDs functionalized with antibody are optimal 
for extracellular targeting of cell-surface membrane proteins (e.g., receptors) and subsequent 
targeted imaging [20, 22, 31], which practice will create opportunities for precise assessments 
of cellular and molecular mechanisms of diseases (e.g., cancer) and their treatments. Near-
infrared QDs (e.g., CdSe, CdTe) emit in the wavelength range of 650–900 nm to overcome the 
optical property variations and endogenous autofluorescence of tissues under in vivo con-
ditions [67], permitting tumor localization and visualization while offering a new mean for 
cancer prevention and treatment.

Figure 1. Confocal microscope imaging of mature boar spermatozoa labeled with CdSe QDs 655 nm. Labeled spermatozoa 
revealed major localizations of QDs (red spots) in the head and mid-piece regions. Sperm nuclei are counterstained in 
blue with DAPI. Micrograph A = overlay of 3 lights (visible, blue DAPI and red QDs 655 nm); Micrograph B = overlay 
of DAPI and QD 655 nm.
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the homeostasis and osmotic balance of cells. Reproductive studies have shown the ability of 
porcine gametes to interact with self-illuminated CdSe/ZnS QDs [58, 59] with the necessity to 
determine the suitable sperm-to-QDs ratio, avoiding or limiting QDs toxicity to sperm func-
tion, as observed in previous studies using various nanoparticles [58–65]. In vitro matured 
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oocytes appeared to accumulate higher levels of QDs compared to spermatozoa, which, 
instead, exhibited stronger membrane labeling (Figures 1 and 2). Reduced QDs internaliza-
tion within the spermatozoa was attributed to sperm membrane specificities, whereas the 
limitations of QDs as compared to organic dyes may not be ruled out [66]. The conjugation 
of self-illuminated CdSe/ZnS QDs with anti-plasminogen antibody (for specific targeting) 
revealed stronger signals within the porcine oocyte than the nonconjugated QDs, applied for 
plain targeting (Figure 2). The use of these CdSe/ZnS QDs also provided opportunity for ex 
vivo imaging of cultured porcine ovarian follicles (Figure 3), which would, in the near future, 
permit real-time monitoring of key molecules having role(s) during folliculogenesis.

3.1.1. QDs labeling for cell imaging and disease detection

Effective labeling of fluorescent QDs is crucial for extracellular and intracellular tracking of 
target molecules in their native environment. QDs functionalized with antibody are optimal 
for extracellular targeting of cell-surface membrane proteins (e.g., receptors) and subsequent 
targeted imaging [20, 22, 31], which practice will create opportunities for precise assessments 
of cellular and molecular mechanisms of diseases (e.g., cancer) and their treatments. Near-
infrared QDs (e.g., CdSe, CdTe) emit in the wavelength range of 650–900 nm to overcome the 
optical property variations and endogenous autofluorescence of tissues under in vivo con-
ditions [67], permitting tumor localization and visualization while offering a new mean for 
cancer prevention and treatment.

Figure 1. Confocal microscope imaging of mature boar spermatozoa labeled with CdSe QDs 655 nm. Labeled spermatozoa 
revealed major localizations of QDs (red spots) in the head and mid-piece regions. Sperm nuclei are counterstained in 
blue with DAPI. Micrograph A = overlay of 3 lights (visible, blue DAPI and red QDs 655 nm); Micrograph B = overlay 
of DAPI and QD 655 nm.
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The intracellular localization of selective biomolecules for targeting presents additional chal-
lenges associated with QDs conjugates delivery within the cells. Available methods for QDs 
delivery are composed of, but not limited to, positively charged peptides or cell-penetrating pep-
tides on QDs, microinjection, electroporation, or nonspecific or receptor-mediated  endocytosis 

Figure 2. Confocal microscope imaging of porcine oocytes matured in the presence of QDs 655 nm. Cumulus-oocyte 
complexes were matured in the presence of QD alone (plain targeting; micrographs A/B/C) or QD conjugated with 
anti-plasminogen antibody (specific targeting: micrographs D/E/F). Micrograph NC = Control without QDs; A and D = 
Overlays of visible light and QDs 655 nm filter; B and D = overlays of DAPI and QDs 655 nm, and C and F = QDs 655 nm 
filter alone. The stronger and differential distribution of the red signal can be seen following QDs conjugation.

Figure 3. Confocal microscope imaging of porcine follicles microinjected with nonconjugated QDs 655 nm. Dissected 
antral follicles were microinjected, cultured for 1 (A) or 3 (B) days, then prepared for histology slides and imaging. QDs 
(red sports) are mainly visible within the layer of granulosa cells (GC) after 1 day of culture (A) and then throughout the 
theca interna (TI) and externa (TE) after 3 days of culture (B).
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[57, 67–69]. Electroporation technique has shown robust and highly efficient delivery of both 
monomer and aggregate QDs to the cells due to induced electrical pulses that temporarily 
permeabilize the plasma membrane [70]. It has been used for in vivo imaging of cancer cells 
through active intracellular delivery of QDs [67]. Electroporation of QDs in lung (NCI-H460) 
and ovary (SK-OV-3) cancer cells revealed high and longer (over a month) QDs retention 
inside the cells, allowing observation of the entire process of subcutaneous tumor growth and 
cancer cell dissemination at late stages of metastasis in a natural tissue environment [67]. It is 
important to mention that biofunctionalized QDs have been used for imaging in many other 
diseases, including the brain tissue [71, 72].

3.1.2. QDs labeling for cell imaging in reproductive biology

The small size (2–10 nm in diameter) and unique physicochemical properties of QDs, espe-
cially their tunable size-dependent fluorescence emission, make them excellent candidates 
for applications in the reproductive field. For example, the multicolor detection of various 
QDs permits spectral multiplexing for simultaneous detection and quantification of different 
biomolecules in in vitro bioassays [23, 54, 73–75], which may be crucial in understanding the 
complexity of mammalian gamete maturation in their native environment.

Additionally, signal amplification of enzymatic reactions could be achieved through QDs 
emitting localized and bright fluorescence in bioassays. This later could be illustrated by the 
novel QD-BRET (Bioluminescent Resonance Energy Transfer), a luciferase-doped QDs which 
enzymatic reaction with its substrate (luciferin or coelenterazine) produces energy (480 nm) 
that is immediately absorbed by the CdSe QDs to emit brighter and long-lasting NIR fluo-
rescence [76]. Numerous in vivo, in vitro, and ex situ studies have successfully applied the 
QD-BRET for imaging of somatic and reproductive (mammalian gametes and ovarian follicle; 
Figures 1–3) cells [58, 59, 77].

The use of spectral multiplexing and signal amplification in reproductive biology has poten-
tial for fast diagnostics of gamete quality through direct (e.g., fluoroimmunoassays) or indi-
rect (lab-on-chip arrays) evaluations. The proposed arrays should contain various QDs sizes 
that are biofunctionalized to target various key biomarkers of reproductive cells.

In addition to above-mentioned applications, there is potential to use QDs conjugates for 
targeted labeling, tracking, and imaging of ovarian follicle cells (during folliculogenesis) or 
spermatozoa (during intrauterine migration). Moreover, a recent study using amphibians 
reported the ability of living tadpoles to accumulate QD (655 nm) nanoparticles, likely imped-
ing with their development [78].

4. Future outlook

QDs applications have been explored for molecular and pharmaceutical fields, but are rapidly 
expanding to other research areas. It is expected that QDs will be used for (1) categorizing 
various types of biological processes, (2) localizing and identifying molecular mechanisms of 
disease, (3) developing novel drug-action mechanisms, (4) applications in intracellular and 
extracellular compartments and (5) innovative approaches for biochemical assays. Ventana 
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[57, 67–69]. Electroporation technique has shown robust and highly efficient delivery of both 
monomer and aggregate QDs to the cells due to induced electrical pulses that temporarily 
permeabilize the plasma membrane [70]. It has been used for in vivo imaging of cancer cells 
through active intracellular delivery of QDs [67]. Electroporation of QDs in lung (NCI-H460) 
and ovary (SK-OV-3) cancer cells revealed high and longer (over a month) QDs retention 
inside the cells, allowing observation of the entire process of subcutaneous tumor growth and 
cancer cell dissemination at late stages of metastasis in a natural tissue environment [67]. It is 
important to mention that biofunctionalized QDs have been used for imaging in many other 
diseases, including the brain tissue [71, 72].

3.1.2. QDs labeling for cell imaging in reproductive biology

The small size (2–10 nm in diameter) and unique physicochemical properties of QDs, espe-
cially their tunable size-dependent fluorescence emission, make them excellent candidates 
for applications in the reproductive field. For example, the multicolor detection of various 
QDs permits spectral multiplexing for simultaneous detection and quantification of different 
biomolecules in in vitro bioassays [23, 54, 73–75], which may be crucial in understanding the 
complexity of mammalian gamete maturation in their native environment.

Additionally, signal amplification of enzymatic reactions could be achieved through QDs 
emitting localized and bright fluorescence in bioassays. This later could be illustrated by the 
novel QD-BRET (Bioluminescent Resonance Energy Transfer), a luciferase-doped QDs which 
enzymatic reaction with its substrate (luciferin or coelenterazine) produces energy (480 nm) 
that is immediately absorbed by the CdSe QDs to emit brighter and long-lasting NIR fluo-
rescence [76]. Numerous in vivo, in vitro, and ex situ studies have successfully applied the 
QD-BRET for imaging of somatic and reproductive (mammalian gametes and ovarian follicle; 
Figures 1–3) cells [58, 59, 77].

The use of spectral multiplexing and signal amplification in reproductive biology has poten-
tial for fast diagnostics of gamete quality through direct (e.g., fluoroimmunoassays) or indi-
rect (lab-on-chip arrays) evaluations. The proposed arrays should contain various QDs sizes 
that are biofunctionalized to target various key biomarkers of reproductive cells.

In addition to above-mentioned applications, there is potential to use QDs conjugates for 
targeted labeling, tracking, and imaging of ovarian follicle cells (during folliculogenesis) or 
spermatozoa (during intrauterine migration). Moreover, a recent study using amphibians 
reported the ability of living tadpoles to accumulate QD (655 nm) nanoparticles, likely imped-
ing with their development [78].

4. Future outlook

QDs applications have been explored for molecular and pharmaceutical fields, but are rapidly 
expanding to other research areas. It is expected that QDs will be used for (1) categorizing 
various types of biological processes, (2) localizing and identifying molecular mechanisms of 
disease, (3) developing novel drug-action mechanisms, (4) applications in intracellular and 
extracellular compartments and (5) innovative approaches for biochemical assays. Ventana 
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Medical Systems has just begun publicizing their QDs Map family of immunohistochemis-
try reagent kits for automated slide processing and fluorescent detection of fixed specimens 
(www.ventanadiscovery.com). The increased commercial offering of QDs products reflects 
the desirability of QDs photophysical properties, namely, photostability, single source excita-
tion, narrow emission, multiplexing capabilities, and high quantum yield.

Unfortunately, the lack of reliable and reproducible techniques to conjugate a variety of bio-
molecules such as antibodies, protein markers, DNA, and RNA to QDs in a methodical way 
with control over their ratio, orientation, and avidity remains to hinder their ongoing use in 
clinical diagnostics [3]. In the future, it is to be expected that more commercial products inte-
grating QDs for clinical, diagnostic, and research purposes will be released for public use and 
manipulation, which will likely give rise to more reliable conjugation techniques as they are 
further investigated. The outcomes of current research combining nanotechnology and repro-
ductive biology clearly indicate nanoparticles as promising tools for both basic and applied 
research in animal reproduction [79–84].
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Abstract

Use of nanotechnological based formulations and nanomaterials are increasing day-by-
day in wide range covering a broad typology of applications, from design and develop-
ment of targeted drug delivery systems, manufacturing of pesticides, domestic appliances, 
textiles, to bioremediation engineering. There are therefore concerns about the environ-
mental risks or bioaccumulation-related issues that may arise particularly resulting from 
the application of drug-loaded nanocarriers or effect of pesticides that reach the natural 
ecosystems. This is a major threat in the present era and needs to be balanced against 
their undoubted benefits to human society. The assessment of the physical and chemical 
properties of nanoparticles and nanomaterials influencing their toxic manifestation due 
to accumulation in human or in animal organs is still poorly investigated. This chapter 
reviews the possibilities of bioaccumulation of different nanoscale particles and materi-
als, their potential acute and subacute toxicological profile and their identification and 
characterization in different organs and tissues of vertebrates.

Keywords: nanomaterials, nanoparticles, bioaccumulation, characterization, toxicity, 
analytical methods, in vitro studies, in vivo studies

1. Introduction

Nanostructured materials can be easily accessible to the cellular level of a tissue or an organ 
in comparison to macro scale particles given their small size that makes them prone to passive 
entrance. On the other hand the functional performance of nanoparticles depends on their 
size, morphology and chemical nature of its surface which influence the triggering of phago-
cytosis through the cellular membranes. Moreover, large pay loads may conduce to stress 
conditions, and thereby increase inflammation and reduce defense action against pathogens 
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[1, 2]. It is also known that nanoparticles made up of non-degradable or slowly degradable 
materials may accumulate at the cellular level hindrance the enzymatic activity of functional 
proteins [3]. The toxic manifestations may also arise due to their chemical composition and 
structure, surface charge, solubility and aggregation on the site of elimination or filtration 
such as at the glomerular filtration of nephrons. In this context, it is fundamental to investi-
gate the aggregation and agglomeration of the nanostructured particles and materials, fol-
lowed in the ionic environment of the biological fluids to elicit its functional activity and 
resulting toxicity.

Among available manufactured nanomaterials, titanium dioxide (TiO2) is one of the most 
widely used to date [4]. Previous studies suggested that TiO2 nanoparticles production 
ranged from 7800 to 38,000 metric tons per year in the USA alone and will be approximately 
2.5 million metric tons by 2025 [5, 6]. The fate and bioaccumulation of TiO2 based nanoma-
terials (nanotubes TiO2-NTs) and nanoparticles (TiO2-NPs) in a paddy microcosm over a 
period of 17 days showed that the Ti levels were the highest in biofilms during the exposure 
period [7].

Bioaccumulation factors indicated that TiO2-NPs and TiO2-NTs were largely transferred from 
low to superior trophic levels [8]. Considering the potential entries of TiO2 based nanomateri-
als in organisms, their bioaccumulation throughout the food chain should be regarded with 
great concern in terms of the overall health of the natural ecosystems [9].

Aquatic floras play a vital role as primary producers of biomass which constitutes the ele-
mentary level of food in trophic chains. Environmental exposure of algae to nanoparticles at 
potential toxic concentrations may affect natural ecosystems by interfering at the basic energy 
source of the food webs. As an example, Chandler et al. demonstrated that increased alga 
mortality occurred upon exposure to nano-ZnO and C60 at the size of 1 ppm in comparison 
to 10 ppm [10].

At the level of primary consumers it was revealed that bioaccumulation of nanomaterials in 
Daphnia magna through alga (used as food source), presented a more toxic profile for zinc 
oxide in comparison to carbon based nanomaterials which may be explained by its higher sol-
ubility [10]. In addition Teer and colleagues investigated the effects of nano-Ag derived from 
coated AgNPs and AgNO3 on phosphate availability given its potential as Ag + ligand and as 
determinant of phytoplankton productivity [11]. It was observed that both nanparticles accu-
mulated at similar concentrations into the primary producer during high phosphate insult. 
Yet, AgNO3 accumulation was only increased for low phosphate condition [11].

Regarding studies at superior trophic level, it was shown that goldfish Carassius auratus 
exposed to 10–100 mg/L of TiO2-NPs significantly accumulated these nanoparticles on tis-
sues and organs, namely: intestine from 42.71 to 110.68 ppb and gills from 4.10 to 9.86 ppb. 
In addition, overall growth inhibition induced by lipid oxidation in the liver was recorded 
[12]. In other work, Hanna and colleagues investigated the potential ecological damage of an 
essential trace element - Cu - derived from CuO engineered nanoparticles (ENPs) exposed 
marine mussels exposed to 3 mg of CuO ENPs for 4 weeks resulting its clearance of ionic Cu 
which decreased to 48% leading to a reduction in the invertebrates growth rate in comparison 
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to the control animals, suggesting that CuO ENPs are less toxic than ionic Cu probably due to 
the slow dissolution rate of the former [13].

Investigation on top predators including humans demonstrated that inhaled nanoscale par-
ticles are less cleared by macrophages than large sized particles [14], and are able to translo-
cate to other organs through circulatory or lymphatic drainage which may increase cytokine 
production and imbalance in redox potential [15] toward oxidation, leading to inflammation 
or cell death [16]. Nano sized particles and materials were also demonstrated to be taken up 
by mitochondria and nucleus of the cell [17] causing DNA mutation [18].

To surmount the health risk and potential toxic manifestations or disease associated conditions 
resulting from nano-devices or nano-structured materials exposure, efficient multifunctional 
designs are required to make the most of their interesting features while avoid adverse effects.

2. Mechanism of nanoparticle bioaccumulation and toxic action

Metallic elements such as Ni, Cu, Ti and Ag are increasingly considered as nanoparticles com-
ponents that are being applied to biocides and antimicrobials [19]. Once release to the natural 
environment their safety profile is of concern. Studies on their toxicological potential were 
greatly investigated in aquatic species from invertebrates to vertebrates given that these eco-
systems compose the ultimate sink of their fate: zooplankton [20, 21], fish [22, 23], algae [24], 
marine [25] and fresh water crabs [26]. Overall, these works point to three principal factors as 
potentially responsible for the metallic nanoparticles toxicity, namely: (i) dissolution rate, (ii) 
cellular uptake and (iii) induced level of oxidative stress and subsequent cellular damage [27].

Nonmetallic carbon-based nanomaterials such as fullerenes and carbon nanotubes, which are 
under exploration in cancer drug delivery, were reported to be cytotoxic [28]. Obtained data 
on cell proliferation of human lung cancer cells and human keratinocytes upon exposure to 
carbon-based nanomaterials revealed decreased cellular viability [29]. Intravenous adminis-
tration of single-walled carbon nanotubes on mice showed their long term accumulation in 
the mammalian organs such as liver, lungs and spleen, which was observed using Raman 
spectroscopy and TEM technique [30]. In addition, decreased levels glutathione (GSH), and 
increased malondialdehyde (MDA) levels suggested that the toxicity of the carbon nanotubes 
is due to oxidative stress [31].

Increased levels of reactive oxygen species (ROS) and malondialdehyde (MDA) were further 
reported after administration of silica nanoparticles (15–46 nm) at a dose of 10–100 μg/mL in 
human bronchoalveolar carcinoma cells [32].

2.1. Toxicity of nanoparticles due to dissolution

The toxicity of metallic nanoparticles was found to be dependent on the rate of dissolution of 
the metal ions from its respective nanoparticulate formulations. Bondarenko and colleagues 
demonstrated that Zn-ions released from ZnO NPs did not exerted significantly different 
toxic effects in vivo on different aquatic models, neither in vitro on mammalian cells [33]. 
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designs are required to make the most of their interesting features while avoid adverse effects.
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Metallic elements such as Ni, Cu, Ti and Ag are increasingly considered as nanoparticles com-
ponents that are being applied to biocides and antimicrobials [19]. Once release to the natural 
environment their safety profile is of concern. Studies on their toxicological potential were 
greatly investigated in aquatic species from invertebrates to vertebrates given that these eco-
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marine [25] and fresh water crabs [26]. Overall, these works point to three principal factors as 
potentially responsible for the metallic nanoparticles toxicity, namely: (i) dissolution rate, (ii) 
cellular uptake and (iii) induced level of oxidative stress and subsequent cellular damage [27].

Nonmetallic carbon-based nanomaterials such as fullerenes and carbon nanotubes, which are 
under exploration in cancer drug delivery, were reported to be cytotoxic [28]. Obtained data 
on cell proliferation of human lung cancer cells and human keratinocytes upon exposure to 
carbon-based nanomaterials revealed decreased cellular viability [29]. Intravenous adminis-
tration of single-walled carbon nanotubes on mice showed their long term accumulation in 
the mammalian organs such as liver, lungs and spleen, which was observed using Raman 
spectroscopy and TEM technique [30]. In addition, decreased levels glutathione (GSH), and 
increased malondialdehyde (MDA) levels suggested that the toxicity of the carbon nanotubes 
is due to oxidative stress [31].

Increased levels of reactive oxygen species (ROS) and malondialdehyde (MDA) were further 
reported after administration of silica nanoparticles (15–46 nm) at a dose of 10–100 μg/mL in 
human bronchoalveolar carcinoma cells [32].

2.1. Toxicity of nanoparticles due to dissolution

The toxicity of metallic nanoparticles was found to be dependent on the rate of dissolution of 
the metal ions from its respective nanoparticulate formulations. Bondarenko and colleagues 
demonstrated that Zn-ions released from ZnO NPs did not exerted significantly different 
toxic effects in vivo on different aquatic models, neither in vitro on mammalian cells [33]. 
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Differences were only found on its dissolution rate, which were revealed to be non-species 
dependent [33]. Under aerobic conditions it was also found a positive correlation among the 
dissolution rate of AgNPs and their toxicological profile upon exposure of bacteria and zoo-
plankton models [34, 35]. In addition, sub-toxic effects of CuO NPs observed in bacteria seem 
to be associated with dissolved Cu ions liberated from the respective nanoformulation, trig-
gering ROS production and causing cell death [36].

Regarding non-metallic nanoscale particles, biodegradable polymeric nanoparticles made up 
of poly-(D), L-lactide-co-glycolide) i.e. PLGA and its derivatives it is known that their drug 
release is based on the dissolution rate of its surface coating polymeric material PLGA [37]. 
Nevertheless, it was demonstrated in macrophages that the surface coating of these polymeric 
nanoparticles may be linked to induced toxicity by increasing oxidative stress levels [38].

2.2. Uptake of nanoparticles and their effects on biological membranes

Metallic nano-sized particles as ZnO NPs, with size inferior to 10 nm, were demonstrated to 
be highly internalized by prokaryotes in vitro causing cellular damage to both Gram negative 
Escherichia coli and Gram positive Staphylococcus aureus [39, 40]. This bactericidal potential was 
also observed for Ag NPs in the size range of 1–10 nm which was shown to be size-dependent 
[41, 42]. TEM microscopy confirmed bacteria internalization and showed a uniform pattern of 
distribution [40]. Even at non cytotoxic concentrations cellular uptake occurred [43].

Regarding the mechanisms of internalization, it was proposed that non-specific diffusion and 
membrane damage, and porins-specific intake are the potential modes through which the 
NPs could transpose bacterial wall [44]. Cellular uptake depends on multiple intrinsic (e.g. 
specific and dependent on the types of cell, tissue or organs) and extrinsic (e.g. NPs size 
and coating) variables [45]. ZnO NPs functionalization was demonstrated to affect bacteria 
membrane permeability increasing cellular uptake levels [46]. The hydroxyl groups of poly-
vinylalcohol (PVA) macromolecule existent on the surface of the coated ZnO NPs was found 
to disrupt the cellular membrane given its alkaline nature [46]. In case of Ag NPs, it has been 
shown that certain sizes of these metallic nanoparticles attached to Gram-negative Escherichia 
coli wall, resulting in its perforation which lead to the cell death [47], given that their direct 
contact with bacteria facilitated their dissolution at cell-NP interface and thus, enhanced their 
antibacterial effects [48].

In this regard, cationic-NPs have been reported as potential nanoparticles to cause pronounced 
disruption of plasma membrane integrity leading to mitochondrial and lysosomal damage, 
and production of autophagosomes, more than anionic-NPs [49]. Also, nonphagocytic cells 
were demonstrated to ingest cationic NPs to higher extent than anionic NPs [50]. Taking into 
account their surface charge nanoparticles can influence the selectivity and efficacy of drug 
delivery and imaging by selecting either a phagocytic or non-phagocytic pathway [51].

To evaluate cellular uptake of polymeric nanoparticles composed of poly-(lactic-co-glycolic 
acid) (PLGA) and coated with PVA and vitamin E TPGS, human colon adenocarcinoma cells 
were exposed in vitro [52]. It was found that vitamin E TPGS-coated PLGA NPs showed 1.4 
folds higher cellular uptake than that of PVA-coated PLGA nanoparticles [53]. Cryo-SEM and 
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TEM analysis confirmed the cellular internalization, indicating that NPs surface modification 
with vitamin E TGPS and PLGA enhance loading of chemotherapeutic agents to be adminis-
tered through oral route for cancer therapy [54].

2.3. Oxidative stress induced via nanoparticle and nanomaterial cellular uptake

Oxidative damage, caused in consequence of cellular internalization of NPs, has been consid-
ered one of the main causes of NPs cytotoxicity [55]. ZnO, CuO and Ag NPs, were already 
reported as ROS levels disruptors in aquatic microorganisms [56].

Also, the toxic effects of ROS generating potential of engineered Ag NPs were tested on differ-
ent strains of recombinant Escherichia coli mutants and that of wild type strain [57]. The results 
showed that mutant strains of recombinant type were 15 folds more responsive to Ag NPs 
than the wild type [58]; although, analogous effects were observed for Ag ions [59]. In eukary-
otes, induction of ROS by Ag NPs exposure was also observed in zebrafish Danio rerio [60].

It is well known that ions of redox-active metals, including Cu, may yield free radicals via the 
Fenton-type reaction and inflict intracellular oxidative stress [61, 62]. The Cu (II) ions can be 
transformed to Cu (I) ions in the presence of biological reducing agents such as ascorbic acid 
or glutathione (GSH), and consequently generate reactive hydroxyl radicals from hydrogen 
peroxide [63]. Using luminescent bacterial tests in recombinant Escherichia coli strains, ROS 
generating potential of aqueous suspensions of CuO NPs was demonstrated [58]. It has also 
been shown that CuO NPs induced oxidative stress and DNA damage in these recombinant 
bacteria strains at low subtoxic concentrations of 0.1 mg Cu/L [58].

In vivo investigation of the exposure effects of ZnO NPs on isolated rat liver mitochondria 
showed increased mitochondrial membrane permeability prone to energy dissipation [64], 
ROS levels production caused impairment of the mitochondrial respiratory chain and even 
apoptosis [65]. Similarly, the experiments on isolated human liver cells in-vitro showed ROS 
triggered mitochondrial pathway resulting apoptosis and cell death [65].

Moreover, it was also demonstrated a concentration dependent genotoxicity derived from 
exposure of several nanoparticles composed of α-alumina, β-alumina, SiO2, SbO5, and Fe2O3 
through generation of excess ROS, which leaded to DNA strand breakage [66]. DNA cleav-
age, an indicator of irreversible completion of apoptosis, occurred in organisms exposed to 
500 μg/kg of the above-mentioned precipitated nanoparticles [67]. Moreover, cleavage of 
inter-nucleosomal DNA ladder bands occurred upon exposure to 500 μg/kg of γ-alumina and 
α-alumina [66].

3. Conclusion

Nano-scale particles and materials applications are increasing significantly and thus their 
potential environmental and human health risks urges consideration. Analytical methods 
are required to reliably detect and characterize nanoparticles and nanomaterials in the natu-
ral environments, and their properties once interacting with complexes matrices such as air, 
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soil and water, as well as food and consumer products. Advances in engineering particles 
and materials testing, either qualitative or quantitative determinations, should be pursued to 
ensure a safety profile, including the development of standard guidelines. In addition to the 
toxicological studies, various uptake paths have to be investigated, including dermal, oral 
and intestinal routes, as well as bioaccumulation trials and potential long-term effects con-
sideration. Research into new analytical methods is further required to address the special 
properties for the establishment of ecological and human health risk factors.
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