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Abstract

Nanotechnology is a rapid-growing field with an extreme 
potential to revolutionize cancer treatments. However, 
despite the rapid advances, the clinical translation is still 
scarce. One of the main hurdles contributing for this set-
back is the lack of reliable in vitro models for preclinical 
testing capable of predicting the outcomes in an in vivo 
setting. In fact, the use of 2D monolayers, considered the 
gold-standard in vitro technique, leads to the creation of 
misleading data that might not be completely observed in 
in vivo or clinical setting. Thus, there is the need to use 
more complex models capable of better mimicking the 
tumor microenvironment. For that purpose, the develop-
ment and use of multicellular tumor spheroids, three-
dimensional (3D) cell cultures which recapitulate 
numerous aspects of the tumors, represents an advanta-
geous approach to test the developed anticancer therapies. 
In this chapter, we identify and discuss the advantages of 

the use of these 3D cellular models compared to the 2D 
models and how they can be utilized to study nanoparticle-
cancer cell interaction in a more reliable way to predict 
the treatment outcome in vivo.
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1	 �Introduction

Cancer, a complex and multifactorial disease, is one of the 
major threats to global health due to its high rates of inci-
dence and mortality. In fact, this disease is one of the leading 
causes of death worldwide having, according to the report on 
global burden of cancer worldwide (GLOBOCAN 2018) by 
the World Health Organization (WHO), been responsible for 
9.6 million deaths in 2018. Moreover, it is expected that this 
value will keep increasing over the years [1].

Commonly, anticancer therapy relies, on the initial stage, 
on chemotherapy treatment in order to reduce the tumor 
mass followed, if possible, by surgery to remove the rest of 
the tumor. Subsequently, chemotherapy and radiotherapy are 
applied to eliminate the remaining cancer cells [2]. Despite 
being the main strategy, this method still faces many hurdles 
as the existence of numerous and severe adverse effects, due 
to the nonspecificity of these approaches. Furthermore, che-
motherapeutics also show lack of efficacy due to their physi-
cochemical characteristics, leading to poor accumulation in 
the tumor site, short blood circulation, and the existence of 
tumor resistance mechanisms [3].

Nanoparticles (NPs), owing to their physicochemical 
properties, have emerged as powerful tools to improve cancer 
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treatments and counteract the aforementioned hurdles [4–6]. 
Nowadays, it is possible to produce NPs from a myriad of 
materials (polymers, lipids, inorganic materials, etc.) and 
precisely tune their production to achieve specific character-
istics [4, 7]. Hence, NPs can be produced to load different 
types of molecules, control their pharmacokinetic and phar-
macodynamic profiles, protect them from degradation, and 
increase their stability and accumulation in the targeted tis-
sues [8]. Altogether, it permits to boost the therapeutic effect 
of the treatments while diminishing their off-target side 
effects.

However, while NPs have been showing promising results 
in preclinical testing, their clinical translation is still limited 
[4]. One of the major hurdles for NP clinical translation is 
the lack of preclinical models that can resemble the hetero-
geneity of the different tumors and their phenotypes [9–11]. 
In fact, NP interaction with cancer cells is usually tested in 
in vitro 2D cellular models which lack the complexity of bio-
logical tissues and thereby cannot fully replicate the exis-
tence of diverse physiological barriers and the interplay 
between the different components of the tumors (e.g., cells, 
extracellular matrix, soluble molecules). Thus, these assays 
can only provide limited results which ultimately do not cor-
respond to what is observed on an in vivo and clinical set-
ting. It is then imperative to develop new relevant in vitro 
cancer models capable of better recapitulating the tumor 
microenvironment (TME) [11].

The development of three-dimensional (3D) cellular 
models, which mimic several aspects of the TME, can bridge 
the gap between 2D models and in vivo and ease the devel-
opment and screening of new nanomedicines for cancer 
treatment [9, 12]. By using these more accurate models, it is 
possible to obtain more reliable results and also use them to 
tune the NP properties based on the biology of the target 
population, leading to the development of effective therapies 
[9].

Hence, in this chapter we present an overview on 3D 
in  vitro models to study the interaction between NPs and 
cancer cells in order to better predict the outcome of the 
treatments and facilitate the translation of the therapies.

2	 �2D Versus 3D Models

To date, two-dimensional (2D) cell culture monolayer mod-
els have been the gold-standard technique to preclinically 
develop and study anticancer therapies, due to their easiness, 
simplicity, reproducibility, quickness, and low cost [13–15]. 
These models are mostly produced from immortal tumor cell 
lines, as they are an unlimited self-replicating source capable 
of growing in large quantities [16]. Additionally, these cell 
lines are relatively molecular homogeneous, and their genetic 
profile is known and described [16]. To increase the predic-

tive value of the gathered data, it is possible to use primary 
cells isolated from living tissue [17, 18]. Although these cells 
maintain the genomic and phenotypic profiles of the descen-
dant tissue, they are hard to culture and have limited self-
replication, which hamper their use [18]. Moreover, 2D 
models cannot mimic crucial aspects from the tumors, such 
as the heterogenicity of the TME, composed by various types 
of cells and noncellular structures as the extracellular matrix 
(ECM), failing to emulate the in vivo conditions and provide 
physiological relevance. The existent 3D spatial conforma-
tion of tumors results in a heterogeneous and diffusion-
limited exposure to various nutrients, signaling molecules, 
oxygen, and metabolites, among other physical and chemical 
cues, which cannot be mirrored in 2D cultures [19–22]. 
Moreover, this 3D spatial organization is also known to 
influence cell-cell interactions, impacting their morphology, 
adhesion, viability, proliferation, and biological response to 
soluble factors and physical stimuli [23–25]. For example, 
these morphological and biological changes are responsible 
for a slower proliferation rate of cells in 3D compared to 2D 
models [26, 27], impacting their response to different com-
pounds, including anticancer molecules [27]. As such, 2D 
models, by failing to simulate the reciprocal interactions 
between different cells and the TME, influence the obtained 
outcomes to the tested therapies, leading in the end to poor 
prediction of their real in vivo effect.

To avoid the production of misleading preclinical data 
and improve the translation of new anticancer therapies, 
there is the need to bridge the gap between 2D models, in 
vivo whole-animal tumor models, and clinical trials. To that 
end, 3D cellular models have been extensively studied as 
they permit the simulation of numerous physiological aspects 
of the tumors, being more relevant and better predictive 
models than the 2D ones [12, 20, 28, 29]. In the past decades, 
various 3D models have been developed, including microflu-
idic models, scaffold-based models, tumor tissue explant 
models, and multicellular tumor spheroids (MCTS) [30].

2.1	 �Multicellular Tumor Spheroid 
Production Techniques

MCTS are formed without resorting to any exogenous artifi-
cial platforms to promote cell growth [31]. To produce 
MCTS, several techniques can be applied, being the most 
commonly used agitation-based, hanging drop, and liquid 
overlay techniques (Fig. 1). All these techniques have as base 
the use of nonadherent surfaces to promote cell-cell interac-
tions and consequent aggregation [31]. In agitation-based 
techniques, single-cell suspensions are kept agitating, for 
example, in spinner flasks, in order to reduce the effect of 
gravity and promote spontaneous aggregation [32, 33]. 
While this method is appropriate for long-term culture and 
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can mimic the dynamic conditions found in the body, it car-
ries several disadvantages as the need of specific material, 
formation of heterogeneous spheroids, and difficulty to han-
dle [34]. Moreover, the shear fluid force may induce damage 
and/or changes in the used cells [35]. In the hanging drop 
method, cell cultures are suspended and due to the gravita-
tional forces cells tend to sediment and spontaneously aggre-
gate in the liquid-air interface [36]. Using this method it is 
possible to produce uniform spheroids of mono- and co-
cultures [37]. However, since spheroids are suspended in a 
low volume of media, it is time-consuming and difficult to 
handle and cannot be maintained for long periods [37]. At 
last, liquid overlay technique represents a more convenient 
and easier procedure, capable of producing uniform spher-
oids and which is possible to adapt for high-throughput 
screening (HTS) [33]. In this technique, cell suspensions are 
placed in nonadherent surfaces, as agarose or poly(2-
hydroxyethyl methacrylate) (poly-HEMA), enhancing cell-
cell interactions in spite of the cell-surface interactions [38]. 
Currently, it is possible to use commercial molds in which 
these materials (e.g., agarose) are casted, allowing the simul-
taneous production of numerous spheroids in a homoge-
neous manner [39, 40].

2.2	 �MCTS Advantages

MCTS are one of the most commonly used 3D tumor mod-
els, consisting of spherical cellular self-aggregates that pro-

duce their own ECM, being capable of recapitulating several 
aspects of the TME, and are recognized as nonvascularized 
tumor models [41]. This type of model possesses a similar 
growth kinetics to real tumors, starting with an exponential 
cell expansion, followed by a delayed growth due to a 
decrease in proliferative cells, and increase in quiescent and 
necrotic cells [42]. As the MCTS grow, a gradient of oxy-
gen, nutrients, and metabolic waste is formed, leading to an 
hypoxic core with necrotic cells and an outer rim formed by 
proliferative cells in the outer layer and quiescent cells in 
the inner layer. This hollow structure is estimated to be 
formed in spheroids with diameter over 400–500 μm, with 
the outer rim having usually 100–220 μm of thickness [42–
45]. Furthermore, combined with the formed 3D spatial 
organization and its cell-cell and cell-ECM interactions, this 
leads to cellular heterogeneity, affecting protein expression 
and leading to different genetic profiles, which were found 
to resemble the physiological conditions existent in human 
tumors [46]. These protein expression and genetic changes 
highly impact the function of different anticancer therapies, 
inducing several mechanisms of drug resistance [47]. 
Another aspect of human tumors that is recapitulated in 
MCTS is the existence of an acidic microenvironment. Due 
to the generation of a hypoxic core, tumor cells, in response 
to the lack of oxygen, increase the production of lactate, 
which promotes an acidification of the microenvironment 
(pH  6.5–7.2) [28, 48]. This acidic TME directly impacts 
anticancer molecules protonation, influencing their uptake 
and efficacy [49].

Fig. 1  Multicellular tumor spheroid production techniques, their advantages, and limitations. (Imaged partly generated using Servier Medical Art)
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Additionally, MCTS can be optimized to mimic the cel-
lular heterogeneity of human tumors by co-culturing tumor 
cells with different stromal cells as fibroblasts, as well as 
immune and endothelial cells [50, 51]. It is known that the 
intricate relationship of tumor and stromal cells promotes 
several pro-tumor events as angiogenesis, invasion, metasta-
sis, and resistance to anticancer drugs [51, 52]. Stromal cells 
will influence tumor cell activity by secreting soluble factors 
(e.g., cytokines and growth factors) [53], producing ECM 
proteins, which interact with different signaling pathways 
[54] and that create a physical barrier that limits the penetra-
tion of different molecules [55, 56]. Altogether, these factors 
contribute to a higher resistance of the tumor cells to the anti-

cancer treatments when compared with 2D models, resem-
bling in a better fashion what happens in an in vivo situation 
(Fig. 2).

Also, the ability to produce uniform spheroids with mono- 
and co-cultures; to tailor their size and controlling their prop-
erties, for example, by adjusting the initial cell density and 
duration of culture; and to use them for HTS purposes makes 
them valuable tools to study tumor biology and treatment. For 
instance, spheroids can be used to study the signaling cross 
talk in the TME, tumor cell growth kinetics, migration and 
invasion, and the response to several anticancer therapies, 
including radiotherapy, chemotherapy, immunotherapy, and 
the use of biomaterials such as nanoparticles [15, 57, 58].

Fig. 2  Main aspects of 3D spheroids that recapitulate tumor character-
istics and are essential for anticancer therapy screening. (a) 
Heterogenicity of tumors (cancer and stromal cells). (b) Gradient of 
nutrients, oxygen, and pH, formation of necrotic core, and senescent 
and proliferative layers. (c) Formation of physical barrier by extracel-

lular matrix deposition and cell-cell interaction. (d) Correlation between 
the growth kinetics of spheroids and solid tumors: initial exponential 
growth (avascular growth phase) and plateau state. (e) Closer gene 
expression patterns to in vivo solid tumors. (Reprinted with permission 
from Ref. [55])
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2.3	 �Disadvantages/Limitations

Despite the current advances, the employment of 3D mod-
els for preclinical testing still faces several adversities. The 
major existent shortcomings are the lack of standardiza-
tion in terms of protocols for spheroid production and 
evaluation/testing (e.g., characterization, imaging, drug 
and other therapies screening purposes), high costs, highly 
laborious, cell-type limitation to form spheroids, and dif-
ficulty to produce homogeneous spheroids for HTS pur-
poses [59, 60]. However, the use of 3D models for 
preclinical testing is growing exponentially [61], and in 
the next years, with the advances on 3D model formation 
and standardization of the characterization and testing 
assays, they will likely substitute 2D cell culture models 
for in vitro preclinical research [62].

3	 �Multicellular Tumor Spheroids 
for Assessing Nanomaterials

One important application of MCTS is to test the cellular 
association, biocompatibility, and efficacy of nanomaterials, 
as it can provide valuable data on their interaction and effect 
in the tumors, as well as in the specifically in the different 
components of the TME, predicting their impact in  vivo. 
Therefore, it allows to improve the nanoformulations before 
proceeding to animal studies, reducing the number of used 
animals and expediting the development of successful thera-
pies. Thus, it is of utmost importance to start testing the 
developed nanomaterials in more relevant models than the 
standard 2D cultures, since 2D models can create misleading 
data.

3.1	 �Cellular Association/Tumor Penetration

When assessing NP cellular association, the absence of ECM 
which creates a physical barrier and diffusion gradient 
through tissue highly impacts the results in 2D when com-
pared to 3D [63, 64]. For instance, even if high cellular 
uptake is observed both in the 2D and 3D cell models, in the 
3D cell model, the NPs might be predominately taken up by 
cells in the periphery without being able to deeply penetrate 
in the tumor [42]. This will consequently have an effect on 
the antiproliferative ability of the developed nanosystems, 
which might show a higher effect on the 2D cell models (i.e., 
a lower IC50 value) [65, 66]. Furthermore, several studies 
have shown a correlation between high NPs and drug accu-
mulation and penetration, with an enhanced cytotoxic effect 
[67, 68]. Thus, the use of MCTS is extremely useful to study 
the penetration ability of the NPs into the tumors and assess 
their anticancer efficacy [33].

It is known that the physicochemical characteristics (e.g., 
size, charge, morphology, and surface functionalization) of 
the NPs will highly impact their interaction and penetration 
into tumors (Fig. 3). Therefore, this subsection will discuss 
the impact of the NP physicochemical properties on interac-
tion cells in 3D in vitro models and compare to 2D in vitro 
cellular models and in vivo assays (Table 1).

3.1.1	 �Size
The size of the NPs is one of the most crucial parameters 
affecting their interaction with cancer cells. Thus, several 
studies have been performed to try to analyze its impact in 
the penetration and uptake of NPs in tumors. For example, in 
one study, Tchoryk et al. [69] have cultured HCT116 colorec-
tal cancer spheroids and incubated them with polystyrene 
NPs with different sizes (30, 50, and 100 nm) (Fig. 4). After 
24 h incubation, the smaller NPs (30 and 50 nm) were taken 
up by over 90% of the cells, while the larger particles 
(100 nm) were only taken up by 22%. Furthermore, while 
the smaller NPs were able to reach the core of the spheroid, 
the larger NPs were mainly located in the periphery. This 
study demonstrated a size-dependent uptake and penetration 
of NPs into tumors. Another study [70], also using polysty-
rene NPs but with bigger sizes (20, 100, and 500 nm), has 
compared in  vitro cellular uptake and penetration in 2D 
monolayers of pancreatic cancer cells (BxPC-3 and PANC-
1) and in spheroids prepared with the same cell lines. 
Interestingly, in this study it was found that there was a size-
dependent uptake in BxPC-3 monolayers 
(20 > 100 > 500 nm), while in PANC-1 monolayers, 100 nm 
NPs were the ones with higher uptake. This was attributed to 
the fact that BxPC-3 cells exclusively used clathrin-
dependent mechanisms for the uptake of all the NPs and in 
PANC-1 cells, there were multiple endocytic routes involved 
in the uptake of 100 nm NPs and only one mechanism for 
NPs with the other sizes. Further, when incubated with the 
spheroids, it was observed a size-dependent uptake, showing 
linear correlation with the BxPC-3 cellular uptake in 2D and 
no correlation with the data obtained with the PANC-1. This 
has shown that the mechanisms of uptake, transport, and 
penetration may vary between the 2D and 3D in vitro models 

Fig. 3  Illustration of the physicochemical characteristics that affect NP 
interaction with the tumors. (Imaged partly generated using Servier 
Medical Art)
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and between different 3D models. Like the previously men-
tioned study, only the smaller NPs could penetrate into the 
tumors, while the others were mainly retained in the periph-
ery of the spheroid. Moreover, the addition of fibroblasts to 
the spheroid model significantly enhanced ECM deposition, 
leading to a poorer penetration of the NPs into the spheroid 
and blocking their access to the core. However, due to trans-
cytosis mediated by fibroblasts, 100  nm NPs accumulated 
more efficiently than the other NPs.

Other studies using gold NPs with size ranging from 2 to 
100 nm (2, 6, 15, 50, and 100 nm) [71, 72] have also shown 
a size-dependent uptake and penetration of the NPs in 2D 
monolayers and spheroids, with the smaller NPs being taken 
up and penetrating in a higher extent. NPs with size >15 nm 
were found mainly in the periphery of the spheroids, show-
ing similar pattern to what was observed in the aforemen-
tioned studies. Moreover, in these studies, there was 
correlation between the in vitro results and the in vivo, where 
it was also observed a size-dependent tumor accumulation 
after intravenous injection of the NPs.

Taking this into account, it is possible to observe that 
smaller NPs (<100 nm) have a higher penetration in spher-
oids [67, 71–73], while larger NPs, despite having limited 
penetration, may accumulate in spheroids’ periphery. 

Moreover, several studies have found that 50 nm is the opti-
mal size for a better balance between NP penetration and 
accumulation [71, 74].

3.1.2	 �Surface Charge
Surface charge is another critical parameter with high influ-
ence in NP penetration and accumulation in tumors, and that 
can be studied using 3D in vitro cellular models [68, 75]. For 
example, Solomon et al. [67] incubated lung cancer spher-
oids with positively (53 ± 7 mV) and negatively (−56 ± 3 mV) 
charged liposomes for 1  h and analyzed their uptake and 
ability to penetrate in the tumor spheroids. Positively charged 
NPs were taken up at a higher extent than negatively charged 
NPs, possibly due to interaction of the NPs with the nega-
tively charged membranes of the cells. Moreover, positively 
charged NPs accumulated in the periphery of the spheroid, 
with low capacity of penetration, while the negatively 
charged NPs were able to penetrate the spheroid. Interestingly, 
after loading these NPs with a chemotherapeutic drug (pacli-
taxel), it was observed a higher cytotoxic effect for the posi-
tive NPs, attributed to a higher accumulation of the NPs and 
consequently of the drug, even if in the periphery of the 
spheroid. Similar findings were obtained in other studies, for 
example, using positively and negatively charged liposomes 
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in melanoma spheroids [76] and positively and negatively 
charged gold NPs in breast cancer spheroids [77], with posi-
tive NPs accumulating in the periphery and negative NPs 
being able to penetrate into the core of the spheroids. 
Moreover, negative gold NPs contrarily to positive NPs were 
able to induce a higher hyperthermia effect after being radi-
ated by near-infrared laser [77].

The same observations were not totally obtained in a dif-
ferent study performed by Tchoryk et al. [69] In this study, 
50  nm polystyrene NPs positively charged (aminated) and 
negatively charged (carboxylated or plain NPs) were incu-
bated for 24 h with HCT116 colorectal cancer spheroids. As 
expected, positively charged aminated NPs were highly 
taken up, and their penetration was limited to the outer cell 
layers of the spheroids. However, while negatively charged 
plain NPs were also able to be highly taken up by the cancer 
cells and penetrate deeply into the spheroid, negatively 
charged carboxylated NPs were only taken up at a low extent 
(20% after 24  h) and could barely penetrate the spheroid. 
The authors justify this due to the different protein content 
that might be adsorbed to the NPs upon protein corona for-
mation. This highlights that both the surface charge and also 
the constitution of the NPs have an effect on NP interaction 
that should be considered. Also, it is hypothesized that the 
presence of ECM restricts the diffusion of charged NPs due 
to electrostatic interactions [78].

Altogether, these findings allow to rationally tailor the 
NPs according to the needs of the treatment, taking into con-
sideration that positively charged NPs are commonly retained 
in the superficial layers of spheroids, while negatively 
charged NPs, depending on their surface chemistry, are able 
to penetrate deeper into the spheroids [67, 79]. Furthermore, 
while positive charge might impede NP deep penetration 
into the tumor tissue, it can enhance their retention [79, 80].

3.1.3	 �Shape
Shape is another factor impacting the NPs’ interaction with 
tumors and whose influence can be studied using 
MCTS. Some studies in MCTS have shown that rod-shaped 
NPs have a faster diffusion rate and extended accumulation 
than spherical NPs [81–83], which is in agreement with 
in  vitro and in  vivo observations [84, 85]. For example, 
Zhang et al. [86] have produced three types of polystyrene 
NPs with different shapes (spherical and elongated) and 
aspect ratio (AR) but with fixed volume, identical chemical 
composition, and similar surface charge (+50 mV) (Fig. 5). 
The produced NPs were incubated with HeLa cells in 2D 
monolayer and HeLa spheroids, and their uptake and pene-
tration was evaluated. In the 2D culture, the cellular uptake 
was directly related to the AR, as a decreased AR lead to 
higher cellular uptake, with spherical NPs being taken up 
more extensively than rod-shaped NPs. Contrariwise, short 
rod-shaped NPs had a higher uptake and penetration in 

spheroids than spherical NPs and long rod-shaped NPs. 
However, it is difficult to generate NPs with comparable 
parameters, for which there is still limited information in the 
literature and several contradictory reports [42, 83].

3.1.4	 �Surface Modifications
MCTS are also an important tool to comprehend and evalu-
ate how different surface modifications, for example, to 
avoid clearance and prolong lifetime of the NPs or to improve 
treatment by targeting specific cells, etc., affect the penetra-
tion in tumors. For example, PEGylation of NPs, commonly 
used to prolong their blood circulation time, was shown to 
reduce NP accumulation in spheroids [67, 79, 80] and 
increase NP penetration [42, 87].

The use of targeting moieties and cell-penetrating pep-
tides can increase the uptake of NPs by the spheroids. In 
order to assess the efficacy of using targeting moieties on 
NPs for enhanced tumor uptake and anticancer efficacy, 
Figueiredo et al. [88] performed an extensive study testing 
modified lignin NPs in three different cell lines, PC3-MM2 
(prostate cancer), MDA-MB-231 (breast cancer), and A549 
(lung cancer), both in 2D monolayers and 3D MCTS model 
(Fig. 6). Here, lignin NPs were modified with either the den-
tin phosphophoryn-derived (DSS) or with iRGD cell-
penetrating peptides, forming spherical NPs with size ca. 
300  nm and surface charge of −25  mV.  Unmodified and 
modified NPs were incubated with the cells both in 2D and 
3D, and their uptake was analyzed by confocal microscopy 
and flow cytometry. In both cellular models, NPs modified 
with DSS had an enhanced internalization in all the cells 
lines compared to the control, while iRGD-NPs had an 
enhanced internalization in PC3-MM2 and MDA-MB-231 
cells but not on A549. However, in general, the cellular 
uptake in 2D was superior to the cellular uptake in 3D. The 
NPs were then loaded with a chemotherapeutic and their 
anticancer efficacy assessed in the same models. Interestingly, 
in the 2D models, despite the difference in uptake of modi-
fied NPs, there were barely any differences in the IC50 of the 
different treatments. However, in the MCTS models, modi-
fied NPs were able to induce an enhanced antiproliferative 
effect on the PC3-MM2 MCTS model, while no differences 
were observed on the other models. Nonetheless, the IC50 
obtained in 2D were lower than the ones obtained in the 3D 
models, displaying a higher resistance to the treatment that 
might be encountered in vivo. In another study, Wang et al. 
[89] have modified NPs with a targeting peptide (tLyP-1), 
which promotes tumor homing and penetration, and studied 
its targeting ability in 2D monoculture, in spheroids, and in 
an in vivo tumor model of 4 T1 breast cancer cells. Modified 
NPs presented increased uptake in 2D and in the MCTS, 
being able to penetrate into the spheroid. Furthermore, in 
vivo, the targeting ligand also enhanced the penetration of 
NPs after intratumoral injection and enhanced the accumula-
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tion and penetration of NPs in the tumor tissue after intrave-
nous injection, validating the in vitro results. Antibodies can 
also be used as targeting moieties and tested in 3D cultures. 

Hortelão et  al. [90] have modified mesoporous silica NPs 
with PEG and antibody anti-fibroblast growth factor receptor 
3 (FGFR3), a protein overexpressed in bladder cancer, and 

Fig. 5  (a) Quantitative cellular uptake of Z1 (spherical, AR = 1), Z2 
(elongated, AR = 2.8), and Z3 (elongated, AR = 7.5) polystyrene NPs 
after incubation with HeLa cell monolayer. (b) And respective MFI. (c) 
Quantitative cellular uptake of Z1, Z2, and Z3 polystyrene NPs after 
incubation with HeLa cell spheroids. (d) And respective MFI. (e) 

Analysis of NP penetration in HeLa spheroids. Quantitative fluorescent 
intensity of different sections. (f) Representative fluorescence images of 
spheroids after 4  days incubation with the different NPs. Scale bars 
represent 150 μm. (Adapted with permission from Ref. [86])
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analyzed their penetration and anticancer efficacy in bladder 
cancer MCTS. The modification with the antibody enhanced 
the internalization fourfold compared to the control and 
induced also antiproliferative effect due to the interaction 
between the antibody and antigen.

Other studies have also shown the increment of NP uptake 
by spheroids and deeper penetration when decorated with tar-
geting moieties or coadministered with tumor-homing peptides 
[91–93]. However, it is necessary to take into consideration that 
several targeting strategies will only increase the uptake by the 
superficial layers, and an increment in the penetration will only 
be achieved if the uptake mechanisms are reversible and the 

NPs are released again from the cells [42, 94]. Moreover, there 
is also the possibility of coating the NPs’ surface with ECM-
degrading enzymes, such as collagenase, or loading the NPs 
with ECM-degrading drugs to increase their accumulation in 
the tumor tissue [95–97]. For example, Wang et al. [97] have 
shown that by functionalizing the surface of nanogels with col-
lagenase, there was an increment on the penetration of the NPs 
into HepG2 MCTS due to ECM degradation, leading also to 
higher drug accumulation and enhanced growth inhibition. 
Furthermore, these results were also confirmed in in vivo 
assays, where the presence of collagenase leads to an enhanced 
tumor permeation and antitumor effect.

Fig. 6  (a) Transmission electron microscopy images of lignin NPs 
(LNPs) and lignin NPs modified with i-RGD (LNPs-iRGD) and with 
DSS (LNPs-DSS). Scale bars represent 200  nm. (b) Cellular uptake 
after incubation of unmodified and modified LNPs with either 2D 

monolayers or spheroids of PC3-MM2, MDA-MB-231, and A549 cells, 
for 3 h. Results represent mean ± s.d. (n = 3). Statistical significance 
was set at probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001, and 
ns is nonsignificant. (Adapted with permission from Ref. [88])
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3.2	 �Cytocompatibility and Efficacy

MCTS, due to their morphological and biological differ-
ences when compared to 2D cultures, are an important tool 
to assess in vitro the biocompatibility and the anticancer effi-
cacy of the developed NPs, as they might produce different 
results from 2D cultures [27]. For example, Shi et al. [65] 
reported much higher IC50 values for HCT116 and HCT-8 
MCTS (16 and 17  μg/mL, respectively) compared to 
HCT116 and HCT-8 monolayers (1.4 and 1.1 μg/mL, respec-
tively) after treating the cells with NPs loaded with the che-
motherapeutic 5-fluorouracil. The same observation was 
made in several reports in the literature using various NPs 
and chemotherapeutics [98–101]. This shows an increased 
resistance of the cells when cultured in 3D compared to 2D 
which can be crucial when deciding dosages to test in vivo. 
Therefore, it must be taken into account when developing 
NPs for cancer therapy.

Also, since some NPs can promote toxic effect, for exam-
ple, by promoting inflammation, it is important to develop 
in  vitro models for risk assessment of NPs. In this regard, 
Leite et al. [102] have evaluated the neurotoxic effect of dif-
ferent types of NPs, gold NPs functionalized with sodium 
citrate or PEG and polylactic acid NPs, in two 3D neural 
models, of neurons (LUHMES) and of iPSC-derived brain 

spheroids. To do so, NPs were incubated with the spheroids, 
and their viability, morphology, secretion of cytokines, 
growth factors, and chemokines and gene expression were 
evaluated. In the monoculture model, NPs have demonstrated 
some degree of toxicity toward the neurons. However, when 
incubated with the more complex spheroid model, the NPs 
did not exert toxic effect probably due to the existent glial 
cells. Yet, gold NPs promoted some cell physiology alteration 
that might increase susceptibility to other harmful agents.

Other studies, as, for example, the one performed by Zhou 
et  al. [103], demonstrate the applicability of the MCTS to 
predict the results in vivo. In this study, the authors devel-
oped Ru-Pt bimetallic metallacage encapsulated NPs (5-NPs) 
as photosensitizers for photodynamic therapy for cancer and 
tested them in 2D, 3D, and in vivo (Fig. 7). The developed 
5-NPs were spherical and had size average of 260 nm. When 
tested in 2D monolayers of A549 lung cancer cells, these 
NPs were rapidly taken up, showed high cytocompatibility, 
and exerted increased toxicity when excited by light. 
Furthermore, 5-NPs have also shown high cytocompatibility 
in 3D A549 MCTS model and stimuli-dependent antiprolif-
erative effect. In fact, after light irradiation, spheroids treated 
with NPs shrank to a volume of 80.4% after 1 day, while the 
control groups volume growth to ca. 180%. These results 
were confirmed in  vivo, as there was a significant tumor 
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reduction (to 65% of original volume) in A549 tumor-bearing 
animals treated with the 5-NPs intratumorally and irradiated 
by laser, when compared to the controls which had a 12-fold 
increase.

4	 �Conclusions and Future Perspectives

Currently, numerous NPs with different physicochemical 
characteristics and loaded with different anticancer mole-
cules have been designed and tested for their efficacy in 
MCTS models and compared to their effect in vivo [42, 68]. 
Interestingly, the observed results in spheroids regarding NP 
penetration and accumulation, as well as their effect on 
tumor growth inhibition, are similar to the ones obtained 
in vivo [68]. Taking this into account, 3D cellular models, 
despite not being able to fully recreate every aspect of the 
tumor milieu, have shown to have a more physiological func-
tion than 2D cell cultures, with a consequent superior predic-
tive effect than the 2D monoculture cell models [104, 105].

Despite MCTS being revolutionizing preclinical testing, 
there are still numerous challenges to be addressed before 
they can be applied as standard methods for NP testing. 
Firstly, the focus should be directed to the development of 
standardized protocols for spheroid formation and evaluation 
(e.g., metabolic activity, size, development of necrotic core). 
Next, the protocols for the different assays to assess NP 
interaction with cancer cells/MCTS should also be standard-
ized (e.g., viability, cellular uptake, penetration, antiprolif-
erative effect) in order to facilitate the comparison of results 
between different studies. Also, there is the need to perform 
systematic studies changing only one variable at a time, to 
allow the proper evaluation of its effect on 2D, 3D, and 
in vivo models. Finally, fully characterized MCTS models 
with higher complexity must be developed in order to further 
mimic the TME and create better predictive tools to ease the 
translation of NPs to the clinic.

Nevertheless, after surpassing the current challenges, 
MCTS models have the potential to become the gold-
standard in vitro models to assess NPs, highly impacting the 
design of in vivo studies and accelerating the translation of 
the developed systems into the clinics.
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