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Abstract: Cancer is a leading cause of death worldwide and, despite medical advances in the development
of new anticancer therapies, drug resistance, complicated side effects and poor efficacy remain a major
public health problem. To breakdown the antisuppressive tumour strategies and to improve drug effi-
ciency, nanomedicine is increasingly being used in anticancer therapy studies. Different in vitro experi-
mental models and innovative approaches have been used in cancer research. In this aspect, 3D spheroids
have become an attractive tool, overcoming many of the issues associated with using 2D models. Thus,
in this review, an overview on 3D spheroids is provided, focusing on their use in the cancer field as a
promising platform for nanomedicine studies. Thereafter, we highlight the main drug delivery systems
currently developed and their applicability in 3D cell cultures.
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Introduction

Cancer is the second cause of death worldwide, being a major burden and challenge for public health
[1,2]. Moreover, according to a recent report from the World Health Organization, it is predicted that one
in six deaths worldwide will be the outcome of cancer and that there will be 29.4 million cases of cancer
by 2040 [3,4]. Standard treatment relies on tumour surgical removal, radiotherapy and chemotherapy.
The effectiveness of the treatment depends, among other factors, on cancer stage at the time of diagnosis.
Early-stage cancer diagnosis has been associated with a good prognosis. However, the majority of lung
cancer patients are diagnosed with advanced-stage disease, limiting the chances of therapeutic success.
Moreover, many treatment options are highly toxic and ineffective in advanced-stage cancer, since patient
recurrence and death rates are still exorbitant [5-7]. In this context, the development of novel anticancer
therapeutic strategies or the improvement of those currently available is urgently needed.

The application of nanotechnology in medicine, the so-called nanomedicine, is a potentially good alter-
native or complementary strategy to improve cancer treatment, extending patient survival and/or enhanc-
ing their quality of life [8]. Currently, the most promising systems carrying therapeutic agents include
nanoparticles (NPs), such as solid lipid nanoparticles (SLN), liposomes, polymeric micelles, metal
nanostructures, or dendrimers.
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In comparison to conventional therapy, where free anticancer drugs are frequently administered by intra-
venous route, drug encapsulation in drug delivery systems (DDSs) solves problems related with their
solubility, stability, short time of circulation in the bloodstream, and off-target accumulation [9,10]. By
addressing these issues, DDSs reduce drug cytotoxicity and increase their therapeutic index, particularly
when drugs are biomacromolecules, such as RNA or DNA [11,12]. For some drugs, the encapsulation in
DDSs even allows the switch from intravenous to other, less invasive, administration routes, improving
patient compliance [12].

Importantly, DDSs can target drugs to specific tissues or cells, including tumours, which typically present
a leaky vasculature and a defective lymphatic drainage, which leads to DDS spontaneous accumulation
in these tissues, the so-called enhanced penetration and retention (EPR) effect [13]. To do so, the DDS
surface is often covalently linked to molecules, such as peptides, small chemical drugs, sugars or nucleic
acids, that have high affinity to structures on the surface of target cells [14]. Opportunely, this ligand-
target interaction increases drug uptake into the target cells [15].

Nanosystem functionalization has also been explored to overcome biological barriers [16,17]. For in-
stance, multiple studies report nanosystem conjugation with targeting ligands with high affinity to recep-
tors on blood-brain barrier endothelial cells [18-20]. These functional nanosystems explore vesicle
transport mechanisms in order to reach the central nervous system, which is highly protected from xeno-
biotic entry.

Some systems even rely on endogenous or exogenous stimuli, such as pH, oxygen tension or ultrasounds,
to release the encapsulated drugs [21]. Furthermore, they can be loaded with more than one drug simul-
taneously, hindering the development of therapeutic resistance [9]. In association with surface function-
alization, the DDS types, shapes, size and surface charges have to be taken into consideration to improve
the NPs efficiency. Despite their apparent benefits and potential to improve cancer treatment, to date, the
approval of DDS-based therapies for patient treatment is relatively low [22]. This can be explained by
multiple reasons, including the need for patient stratification before inclusion in clinical trials, the need
to combine synergistic therapies, or difficulties in assessing DDS efficacy in pre-clinical studies, due to
the differences between human tumour physiology and the physiology of traditionally used in vitro mod-
els [8,23,24].

To assess therapeutic efficacy in pre-clinical research, two-dimensional (2D) cell cultures are commonly
used, since they present several advantages. First of all, in vitro assays using 2D cell cultures are easily
performed and quickly replicated [25]. Secondly, their low cost makes them accessible to most research
laboratories [26]. However, 2D cell cultures do not truly simulate the human tumour biological structure,
hindering anticancer drug testing and delaying the translation into clinics [27]. In addition to 2D models,
animal models are the gold standard to evaluate therapeutic success. The use of animals allows the as-
sessment of the impact of additional factors, such as tumour microenvironment (TME), angiogenesis and,
in some cases, the immune system, on treatment response [28-30]. However, animal models are complex,
expensive and associated with ethical problems [31]. Furthermore, they do not always represent optimal
tumour models. For instance, patient-derived xenografts are established using immunodeficient animals
and there are significant genetic differences between them and the primary tumours [32,33].

A new approach to cell culture is currently in evidence: three-dimensional (3D) spheroid systems. These
3D cell cultures recapitulate the tumour structure, in addition to mimicking in vivo tumour environment
[34]. 3D spheroids were found to express extracellular matrix (ECM) components, recapitulating the bar-
riers and the arrangement of an in vivo solid tumour [35]. Therefore, 3D spheroids might be a valuable in
vitro model to test penetration, distribution, uptake, and efficacy of nanomedicines during the tumour
development process, without raising ethical issues and being as complex and expensive as animal models
[36,37].

Tumour architecture and microenvironment in disease progression, invasion, me-

tastasis and therapy resistance

Tumours are aberrant, 3D and heterogeneous cell masses harbouring a repertoire of highly proliferative
malignant cells and local/infiltrated stromal cells, such as fibroblasts, pericytes, immune cells and endo-
thelial cells. Together, stromal cells and local ECM components create the TME, a biological niche fa-
vourable to disease establishment and progression [38].

Over the last decades, experimental studies suggested that malignant transformation and metastization
depend on genomic alterations, as well as on the cell environmental context. Indeed, in vitro tumour cells
prevented from communication with their microenvironment reversed their malignant phenotype [39].
The interactions between tumour cells and the TME are becoming increasingly well understood. It is
currently accepted that stromal elements establish cell-cell, cell-ECM, and paracrine signalling with tu-
mour cells, controlling their stemness, epithelial-to-mesenchymal transition (EMT), and ensuring sup-
pression of the tumour’s metabolic needs. In addition, these multicomponent-tumour ecosystem interac-
tions also promote tumour dysfunctional vascularization, immune suppression and therapy resistance.
Cancer associated fibroblasts (CAFs), unlike normal fibroblasts, are tumour-recruited and activated fi-
broblasts, belonging to the TME. In addition to providing mechanical support to tumour cells, CAFs
secrete multiple cytokines, chemokines, growth factors, ECM components or degrading enzymes, con-
tributing to the development of a tumour-supporting microenvironment. For instance, via stromal cell-
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derived factor-1 (SDF-1) and platelet-derived growth factor (PDGF) release, CAFs create stemness and
chemotherapy resistance, promoting niches [40,41]. They also produce and secrete interleukin 6 (IL-6),
vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs). While IL-6 activates
tumour cell migration, MMPs and VEGF induce ECM remodelling and angiogenesis, respectively, cre-
ating tracks for cell invasion and providing access of cancer cells to the bloodstream to promote distant
metastasis [42—44]. Moreover, CAFs seem to live in a metabolic symbiosis with tumour cells. Their gly-
colytic metabolism produces lactate, fatty acids and glutamine, captured as energy supplies by anaerobic
tumour cells, thus contributing to tumour survival and invasion [45]. On the other hand, CAFs protect
tumour cells from immune attacks through their immunomodulatory functions. CAF IL-4, IL-6, IL-8 and
ECM remodelling activate immunosuppressive myeloid cells and restrict immune cell access to the tu-
mour, preventing tumour cell recognition and killing by activated immune cells [46,47].

Immune cells, including macrophages, dendritic cells, neutrophils and CD8* T cells, are another major
component of the TME. Tumour-associated macrophages represent up to 50% of the tumour mass and
encompass the pro-inflammatory M1 macrophages and the immunosuppressive M2 macrophages. The
M1 and M2 polarization phenotype is associated with cancer malignancy and patient prognosis; the M1
profile can correlate with an anti-tumourigenic response, while M2 can promote tumour cell proliferation
and survival [48-50]. Following detection of malignant cells, immune cell activation should be expected
in order to promote an inflammatory response where tumour antigens are processed and presented by
antigen-presenting cells, attracting and activating cytotoxic cells that, consequently, would eliminate tu-
mour cells [51]. However, TME cues regulate intratumoural immune cell polarization to promote immu-
nosuppression and tumour evasion from immune surveillance. Tumour cells themselves favour monocyte
differentiation towards immunosuppressive macrophages, through retinoic acid production [52]. Further-
more, as we mentioned above, CAF cytokines assist immunosuppressive cell activation. In gliomas, IL-
6, colony stimulating factor 1 (CSF-1) and glial cell-derived neurotrophic factor (GDNF) released from
endothelial cells instigate the macrophage immunosuppressive phenotype, thereby allowing tumour cells
to prevail [42,53,54]. Along with their protective role, tumour-associated immunosuppressive cells are
great sources of VEGF, MMPs, epidermal growth factor (EGF), transforming growth factor g (TGF-B),
IL-10 and IL-6, directly contributing to malignant transformation, tumour angiogenesis, invasion, intrav-
asation, extravasation and metastasis [55-60].

Endothelial cells and other vascular compartment cells, such as pericytes, are fundamental structures and
play a significant role in the TME. In fact, the ability to grow a circulatory system, via angiogenesis or
other process, is a well-recognized hallmark of cancer [61]. These tumour blood vessels carry oxygen and
nutrients through the neoplastic tissue, suppressing the tumour’s metabolic needs and eliminating its met-
abolic waste [62]. However, in addition to the recognized transport/delivery function, tumour blood ves-
sels are also involved in other processes favouring tumour progression. Endothelial cells from tumour
blood vessels produce and secrete ECM elements, such as laminin, contributing to its remodelling [63].
Also, they promote cancer stem cell self-renewal and maintenance, namely via Notch and IL-8 pathways
[64,65]. Together, these processes are deeply involved in cancer progression and therapy resistance. Re-
modelled ECM hampers radiotherapy and chemotherapy tumour penetration, and cancer stem cells are
considerably resistant to both [66,67]. Tumour blood vessel cells also contribute to tumour immune eva-
sion. Endothelial cells activate macrophage pro-tumoural phenotype, via IL-6, and limit cytotoxic T cell
accumulation in the tumour tissue [68,69]. Moreover, their basement membrane acts as a route for cancer
cell invasion and metastasis formation [70].

The ECM is a structural, non-cellular tissue component that includes collagen, proteoglycans and glyco-
proteins [71]. During tumour development, the ECM undergoes quantitative and qualitative remodelling,
acquiring a unique composition, rich in pro-invasive and pro-migration signals that foster disease pro-
gression [72].

Two of the most frequently reported tumour-associated ECM maodifications are the enhancement of col-
lagen deposition and collagen cross-linking. CAFs and other TME cells produce and secrete aligned col-
lagen fibrils, while primary tumour cells upregulate cross-linking enzymes, such as lysyl oxidase, increas-
ing ECM stiffness [73,74]. Logically, as mentioned above, a denser matrix is an obstacle for radiotherapy
and chemotherapy penetration into the tumour tissue, leading to therapy resistance [75]. Such induced
biophysical modification correlates with malignant transformation, invasion and migration, to the point
that reducing the pressure of breast cancer cells, in vitro, reversed their malignant phenotype [76]. More-
over, tumour cell upregulated integrins recognize aligned collagen fibrils, migrating along them [77,78].
In addition to collagen, laminin and fibronectin deposition, as well as tenascin C expression, are also
frequently upregulated in tumour tissue, participating in malignant transformation, progression and me-
tastasis [79-81].

Itis also important to mention that, besides directly communicating with tumour cells, the ECM promotes
disease progression by interacting with stromal cells. ECM components control macrophage infiltration
and spatial distribution in the TME, as well as assist macrophage polarization into a pro-tumoural and
pro-angiogenic phenotype [82,83]. However, its immunomodulatory role is not fully described yet, and
it seems to depend on tumour biology [84].
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Overall, it seems like all TME elements modulate multiple tumour development processes, such as ma-

lignant transformation, immune surveillance and angiogenesis, highlighting their potential as a target for
cancer-directed therapies (Fig. 1).
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Figure 1. Overview of tumour development and metastization, and tumour microenvironment components.
(A) Tumour development and metastization. Multi-step process of carcinogenesis; the transformation of a normal
cell into a cancer cell involves initiation (induced by chemicals, viruses, radiation), promotion, progression and finally
metastization. (B) Tumour architecture and microenvironment. (1) Fibroblast recruitment and activation: transform-
ing growth factor B (TGF-B) promotes adjacent fibroblast differentiation into cancer associated fibroblasts; (2) Epi-
thelial to mesenchymal transition (EMT): a polarized epithelial cell that, under several stimuli, such as IL-1p, IL-6
and tumour necrosis factor o, (TNF-a) production, assumes a mesenchymal cell phenotype, which includes enhanced
migratory capacity and invasiveness; (3) Angiogenesis: neovascularization promoted by vascular endothelial growth
factor (VEGF); (4) Immune evasion: monocyte polarization into pro-tumour M2 macrophages and recruitment of
pro-tumourigenic regulatory T cells (Treg), promoted by I1L-10, TGF-B, macrophage colony-stimulating factor (M-
CSF) and 1L-35, promoting cancer cell apoptosis by CD8* T cells. Created by the authors with BioRender.com.
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2D cell cultures: failure in predicting the clinical outcome of anticancer drug can-

didates

2D cell cultures have been widely used in scientific research since the beginning of the 20™ century [85].
Conventionally, in the cancer research field, they are useful to study tumour cell biology, test drug cyto-
toxicity and establish adequate disease biomarkers [86]. They are easy to manipulate, quickly reproduced,
with high replication power, present low cost, and are associated with simple and long-term maintenance
[25]. However, conventional 2D cell cultures do not mimic the complex physiology of the human tumour,
providing unreliable results [86,87].

Most solid tumours, due to sustained cell proliferation and vascular system disorganization, present an
irregular distribution of oxygen, with hypoxia and necrotic areas. Cells from hypoxic zones switch to
glycolytic metabolism, releasing lactate and protons, and reducing the pH in these TME regions [88]. 2D
cell cultures cannot represent this heterogeneous oxygen and pH distribution [89]. Moreover, these simple
models lack TME elements, as well as their influence on tumourigenesis. For these reasons, cell behaviour
— and, consequently, therapy response — is different in 2D and 3D systems (or spheroids) [90-92]. Cell
morphology and behaviour in 3D systems is more similar to cells from in vivo tumours than to those from
2D systems. For instance, colorectal cancer cells in spheroids are significantly more resistant to 5-fluor-
ouracil (5-FU) treatment than the same cells in 2D cultures, while 2D and 3D colorectal cancer cell cul-
tures respond similarly to doxorubicin [93]. Moreover, the ease with which drugs induce apoptosis, as
well as poor cell differentiation, are factors contributing to the inefficiency of the 2D cellular model
[85,94]. Also, cell proliferation in 2D monolayer cultures is faster than in most in vivo tumours [25].
Probably, due to all these differences from the in vivo tumours, less than 5% of anticancer drugs tested in
2D monolayer assays are approved for therapeutic use, considerably increasing the costs of anticancer
drug discovery [87,94].

3D spheroids: a promising preclinical approach to anticancer drug evaluation

The need to establish more reliable pre-clinical models led to the development of 3D cell culture models,
namely spheroids [94]. Spheroids have been gaining popularity as one of the most appropriate in vitro
models, particularly in the cancer research area, owing to their ability to mimic the human tumour struc-
ture, which fills the gap between 2D cultures and animal models (Fig. 2) [34,49,89]. They have been
established to study the proliferation, migration, invasion and function of tumour cells, immune interac-
tion, and to test new therapeutic strategies [25,95]. 3D cultures might include multiple malignant/stromal
cell populations, and present an internal necrotic area surrounded by quiescent cells and an external layer
of proliferation cells [95]. This conformational structure forms a heterogeneous gradient of oxygen, pH
and nutrients, showing similarities with in vivo solid tumours [95]. Importantly, spheroids exhibit much
more cell-cell and cell-matrix interactions than 2D cultures, which rely predominantly on cell-substrate
interactions [96]. Once more, as in in vivo tumour tissues, in spheroids, due to their 3D conformational
structure, the oxygen gradient is higher in the outer layer, while the inner layer exhibits hypoxia and lower
pH levels, which results in the formation of three cell differentiation zones: proliferative, quiescent and
necrotic layers, as mentioned above. Indeed, many drugs used in therapy require oxygen to induce an
effective anticancer effect. Moreover, this acidic environment, mainly in the spheroid core, also affects
drug cellular uptake, impacting on drug efficiency [97-99]. Consequently, and similarly to the in vivo
scenario, tumour spheroids usually show higher resistance to anticancer therapies, when compared with
2D models [85].
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Easy to produce

Existing optimized assays

Uniform exposure to drug molecules

Low cell-cell interactions

3D spheroid culture

Different exposure to drug molecules

@ N
: oL High correlation with tumor characteristics
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Different cell types . .
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Figure 2. 2D monolayer and 3D spheroid culture systems as preclinical models of cancer. The real tumour eco-
system is formed mainly by immune cells, tumour-associated fibroblasts, myeloid-derived suppressor cells, blood
vessels and extracellular matrix (see text for more details). Created by the authors with BioRender.com.
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Nanomedicine in cancer treatment

Since the description of the EPR effect, 35 years ago, researchers have been designing nanosystem-based
strategies for cancer treatment [100]. Advances in this field enabled the development of multiple technol-
ogies to assist both cancer diagnosis and therapy. Basically, nanosystems have been loaded with imaging
and/or therapeutic molecules to improve their penetration and retention in the tumour tissue [101-103].
By encapsulating drugs, nanosystems offer the possibility to modify their solubility and release profile,
extend blood circulation and increase their half-life, thus improving drug bioavailability. They can also
target drugs to specific tissues, reducing potential toxicity in non-tumour tissues. The encapsulation of
imaging probes and, in some cases, the nanosystem intrinsic properties, allow their use as imaging tools
[104]. In addition to their application for diagnostic purposes, these nanosystems can also be suitable for
real-time therapy monitoring [105].

Nanomedicine includes several types of nanosystems, such as polymeric NPs, micelles, dendrimers or
lipid-structured NPs [106-108] (Fig. 3). Here, we briefly describe the main nanosystems under develop-
ment for anticancer therapy (Table 2). We also analyse the application of spheroids in the pre-clinical
evaluation of these nanomedicines. The advantages and disadvantages associated with each DDS are
summarized in Table 1.

Table 1. Advantages and disadvantages of each drug delivery system.

Advantages Disadvantages

Biocompatible, biodegradable, non-toxic; Low drug-loading efficency:

SLN Controlled drug release; Higher physical instability during storage

Enhance tissue/cell-specific targeting; (premature drug release during storage)

Prepared on a large scale.

Non-toxic, non-immunogenic, non-carcinogenic, . o . .
] ) Higher physical instability during storage (may
. non-thrombogenic and biodegradable; . .
Liposomes crystallize after prolonged storage conditions);
Encapsulate large amounts of drug; : .
. . High production cost.
Prevent drug rapid degradation.
Can easily cross cell membranes;
Polymeric High structural stability; Do not encapsulate hydrophilic drugs;
micelles Easy modification; Low drug-loading capacity.

Avoid phagocytic recognition.

Biocompatible;
Gold NPs  Easy fabrication;

Easily controllable surface functionality. High tendency to form aggregations;
Metal NPs .
Higher stability and selectivity; Toxicity of metal compounds;
Bimetallic Metal synergistic effects enhance the properties of ~ Potential accumulation in the bodly.
NPs

each metal.

Can encapsulate hydrophilic and hydrophobic
substances;
. Non-toxic, non-immunogenic and can be easily L .
Polymeric NPs . Difficulty in scale-up.
personalized;

Control drug release and do not cause

inflammation.
. Can easily cross physiological barriers, including Cellular toxicity;
Dendrimers . . . .
the blood-brain barrier. High production cost.
Can package different types of genes for cancer;
Adeno-associated Express genes for a longer period of time; Do not display cellular specificity;
virus vectors Infect dividing and nondividing cells; Small packaging limit (up to 5 Kbp).

Low immunogenicity and pathogenicity.

NPs: nanoparticles; SLN: solid lipid nanoparticles.
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Figure 3. Schematic illustration of different types of nanocarriers and adjustable characteristics. Different fac-
tors, including nanoparticle type, size, shape, surface charge and functionalization, can determine nanoparticle effi-
ciency, optimizing the ability to avoid phagocytic recognition, transpose biological barriers, target therapeutic sites
and penetrate into tumour tissue. SLN: solid lipid nanoparticles. Created by the authors with BioRender.com.

SLN. SLN are nanosystems built from room temperature-solid lipids, emulsifiers and water [109]. Due
to their physiologic lipidic matrix, these nanostructures are biocompatible, biodegradable and non-toxic
[110,111]. Moreover, like other nanosystems, SLN might encapsulate hydrophilic or hydrophobic drugs,
provide their controlled release, target tissues or cells and can be prepared on a large scale [109,112].
Thus, SLN have been widely formulated and proposed for cancer treatment [113-115].

Regarding SLN pre-clinical evaluation, some recent works already report the use of spheroid models. In
most cases, tumour spheroids are used to assess SLN toxicity, penetration and internalization [116,117].
For instance, Granja et al. formulated a mitoxantrone-loaded SLN for breast cancer treatment [116]. In
this study, breast cancer spheroids, incorporating fibroblasts and breast cancer cell lines, are used to assess
system anticancer efficacy and tumour penetration. Undoubtedly, their SLN penetrate the spheroids. In
comparison with 2D models, spheroids were less sensitive to SLN treatment, which probably better rep-
resents the in vivo situation. Using glioblastoma spheroids, Arduino et al. reported similar results [117].
Their PEGylated SLN penetrate spheroids and are internalized by tumour cells.

Scientific Letters 2022, 1, 3. https://doi.org/10.48797/s1.2022.12
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Some authors describe spheroid use to evaluate differences between targeted and non-targeted SLN pen-
etration and internalization [118,119]. In general, functionalization enhances SLN penetration and inter-
nalization.

Liposomes. Liposomes are the first generation of drug nanocarriers, with Doxil being the first nanomed-
icine ever approved in cancer treatment. They consist of non-toxic, biodegradable and versatile spherical
phospholipid vesicles [120,121]. Due to the amphiphilic nature of phospholipids, these nanostructures
can also incorporate either hydrophobic or hydrophilic drugs, preventing them from rapid degradation
and/or clearance [122,123].

As we mentioned for other DDSs under development for cancer treatment, spheroids have been used as
a tool to evaluate liposome tumour penetration, internalization and toxicity [124,125]. For instance,
d’Avanzo et al. prepared doxorubicin- and sorafenib-loaded liposomes targeted at breast cancer cells p32
protein. During the evaluation of this nanosystem in 2D cell cultures and spheroids, researchers found
that functionalization influences liposome toxicity in 3D systems only [125]. Probably, in 2D models,
liposomes are easily internalized, whereas, in 3D models, functional ligands are required for liposome
penetration and internalization. Therefore, such observations underline the importance of using 3D mod-
els in nanosystem pre-clinical evaluation.

Interestingly, there are reports of liposomes unable to penetrate spheroids and largely accumulating on
their surface, highlighting the potential of spheroids as tools that can indicate the need to improve a for-
mulation [124].

Polymeric micelles. Polymeric micelles are spherical vesicles formed by block copolymers in aqueous
solution [126]. Usually, polymeric micelles encapsulate small hydrophobic drugs in their inner core
[127,128]. Their hydrophilic outer shell prevents opsonization, avoiding phagocytic recognition and, con-
sequently, prolonging the circulation time and delaying drug elimination. These nanovesicles present a
diameter that often ranges from 10 to 100 nanometres and have been used to carry various substances,
including proteins, chemotherapy drugs, small interfering RNA (siRNA), and DNA into tumour cells
[129-131]. Due to their small size, polymeric micelles can easily cross cell membranes. Other advantages
of these nanostructures are their high structural stability and easy modification [132,133].

Studies report polymeric micelle ability to deeply penetrate tumour spheroids, which is affected by ligand
functionalization [128,134,135]. In comparison with non-targeted polymeric micelles, functionalized
nanosystem penetration is higher [128]. Furthermore, cytotoxic effects of micelles in spheroids follow
their ability to penetrate them. The greater the nanosystem penetration, the greater its cytotoxic power
[135]. Therefore, it seems that spheroid usage in the pre-clinical evaluation of these systems is indisput-
able.

Metal NPs. Metal NPs include iron, zinc, silver and gold NPs. In general, they are biocompatible and
easily excreted by the human body, and their magnetic features have been explored for therapeutic and
diagnostic applications [136].

Regarding therapeutic applications, most metallic NPs exhibit intrinsic anticancer activity, due to oxida-
tive stress promotion. Basically, metal NPs mediate reactive oxygen species (ROS) generation and accu-
mulation [137]. Through Fenton-type reactions, ROS cause cellular damage, with activation of necrosis
or apoptosis and inflammatory responses [138]. In addition, other properties, such as photoluminescence
and hyperthermia, contribute to their therapeutic potential.

For diagnostic purposes, metal NPs can be used as imaging agents because of their electromagnetic prop-
erties. For instance, iron NPs are approved as contrast agents for magnetic resonance imaging (MRI)
[139].

Several published studies used both monolayers and spheroid cells to study, in particular, metal NP inter-
nalization and penetration. In most cases, spheroids are employed to compare the penetration level of
metal NPs with only small variations in their physicochemical properties. For instance, using HeLa sphe-
roids, Sujai et al. evaluated the penetration and uptake of positive, negative and neutral gold NPs [140].
In similar studies, other authors also evaluated size or functionalization influence on metal NP penetration
and internalization [140-143]. Overall, findings suggest that either size, surface charge and targeting lig-
ands influence metal NP diffusivity in the spheroids and cell internalization, i.e., negative, smaller and
targeted NPs penetrate deeper [140,141,143]. However, these results are not consensual, and the charac-
teristics associated with greater penetration are not necessarily the ones that guarantee cell uptake and
cytotoxic activity [140,141]. In fact, Sujai et al. found that positive surface charge facilitates cell uptake,
while negative surface charge facilitates penetration [140]. Therefore, these results underline the signifi-
cance of using spheroid models in the development and validation of nanosystems. In vivo studies, with
tumour animal models, confirmed the results obtained with HeLa spheroids, validating their use [140].

Polymeric NPs. Polymeric NPs are colloidal systems prepared with either biodegradable or non-biode-
gradable polymers [12]. Non-biodegradable polymers are associated with inflammatory reactions and
chronic toxicity, while biodegradable polymers, such as poly(lactic-co-glycolic) acid (PLGA), are con-
sidered safer. PLGA is even approved for clinical use [144]. The polymers used in NP assembly are
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adjustable through manipulation of their physical, chemical and biological features to produce chemo-
therapeutic-loaded nanosystems with the ideal characteristics [145]. As with other nanosystems, anti-
cancer polymeric NP efficacy has been tested with spheroid models.

A large number of published studies report that chemotherapeutics encapsulated in polymeric NPs pene-
trate the tumour deeper than the free drugs [146-148]. For instance, Elbatanony et al. recently designed
afatinib-loaded PLGA NPs that improved afatinib penetration into A549 spheroids [146]. However, only
few studies tried to establish the polymeric NP characteristics responsible for higher penetration.
Similarly to metal NPs, it has been reported that polymeric NP size and surface charge influence their
tumour penetration. In fact, it seems like smaller polymeric NPs penetrate and accumulate more in tu-
mours [35]. But, unlike metal NPs, neutral polymeric NPs penetrate the tumour more easily than posi-
tively or negatively charged ones [35].

In addition, surface functionalization also appears to be determinant for tumour penetration. For instance,
the diffusion in melanoma spheroids was reported to be higher for functionalized PLGA NPs compared
to the same non-functionalized NPs [149].

Considering the valuable information provided by spheroid-based assays, once again, the use of spheroids
seems crucial to assess the efficacy of these systems.

Dendrimers. Dendrimers are highly branched polymeric nanosystems, with a symmetrical and radial
architecture [150]. Their branched structure creates empty spaces where drugs or imaging agents can be
encapsulated by electrostatic or hydrophobic interactions, being developed for treatment or diagnostic
applications [151]. Furthermore, the polymer end groups are ideal for surface functionalization [152].
Despite their potential for biological applications, most dendrimers are toxic. Due to their strong positive
charge, they destabilize plasma membranes and induce cell lysis [153]. One of dendrimer biggest ad-
vantages is related with their small size, which allows them to easily overcome biological barriers, such
as the blood-brain barrier [154].

Both size and surface charge are essential for dendrimer penetration into spheroids [155]. Indeed, small
poly(amidoamine) (PAMAM) dendrimers with 2 nm penetrate the core of spheroids more efficiently than
5 and 8 nm NPs. Also, dendrimers with positive charge (amine terminated PAMAM dendrimers) showed
greater accumulation in spheroids compared to neutral charge surface (acetylated PAMAM counterparts)
dendrimers [155].

Furthermore, recently, Rompicharla et al. studied the potential impact of surface functionalization in den-
drimer toxicity and penetration into spheroids [156]. Functionalization with biotin on paclitaxel-loaded
PEGylated PAMAM dendrimer surface improved the penetration and toxicity of the system into lung
cancer spheroids, when compared with the non-functionalized nanosystem with free paclitaxel. Besides,
there were differences between 3D and 2D cell cultures, regarding therapy resistance [156].

Overall, these reports confirm the need to use tumour models that closely resemble biological reality
during nanosystem validation, particularly the use of tumour spheroids.

Adeno-associated virus vectors in 3D spheroids. Adeno-associated virus vectors (AAVS) are non-en-
veloped single-stranded DNA viruses of the Parvoviridae family that have been used as vectors in several
therapeutic applications [157,158]. These structures can package different types of genes for cancer cells,
including anti-angiogenic and immune-related genes [159]. AAVs present many benefits, such as being
able to express the gene for a longer period of time; they can infect dividing and nondividing cells, in
addition to being associated with low immunogenicity and pathogenicity [160]. Previous studies, carried
out on spheroidal models of glioma (SNB19), demonstrated that recombinant AAVs containing full length
cDNA of tissue factor pathway inhibitor 2 (TFPI-2) prevented the invasive and migratory tumour capacity
in a dose-dependent manner [161]. Another work showed that AAV serotypes 2, 4, and 5 containing the
nuclear-targeted -galactosidase (AAVRnLacZ) gene or the green fluorescent protein (GFP) gene were
able to transduce cells present on the periphery and cells located more internally in 3D glioblastoma
cultures [162]. Despite the satisfactory results observed with the AAVSs, these structures are non-cell spe-
cific, thereby increasing cytotoxicity and impairing therapy safety [163]. Due to the scarcity of literature,
we believe that new studies should be performed in order to prove or disprove the real effectiveness of
AAVs in delivering medicines to 3D spheroid culture systems.
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AAVs: adeno-associated viruses; DOX: doxorubicin; mTHPC: temoporfin (m-tetrahydroxyphenylchlorin); NPs: na-
noparticles; PAMAM: poly(amidoamine); PEG: polyethylene glycol; PLGA: poly(lactic-co-glycolic) acid; PTX:

paclitaxel; SLN: solid lipid nanoparticles; TFPI-2: tissue factor pathway inhibitor 2; -: data not reported.
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Conclusions and Perspectives

Currently, nanotechnological advances allow the incorporation of multiple drugs, imaging agents or tar-
geting ligands into nanosystems. Due to their physicochemical properties, nanosystems can improve the
solubility and stability of molecules, maintain their sustained release, improve the blood circulation time
and promote the accumulation in particular tissues, such as the tumour tissue. Therefore, they present
high potential to improve cancer treatment, which is frequently associated with high off-target toxicity
and low efficacy.

The screening of nanosystem efficacy is usually performed using 2D cell cultures, to evaluate cytotoxicity
and cellular uptake. However, 2D cell cultures fail to reliably represent in vivo tumour organization, for
which their response to therapy might also fail to mimic in vivo tumour response. To address this issue,
more and more 3D tumour models, namely spheroids, have been established and used for nanosystem
validation. Spheroids present nutrient, gas and pH gradients, ECM deposition and cellular organizations
similar to those of in vivo tumours, representing better tools to assess nanosystem therapeutic efficacy.
By using spheroids, it is becoming increasingly clear that size, surface charge and surface functionaliza-
tion influence nanosystem behaviour, namely tumour penetration and cytotoxic activity. Furthermore, the
results from spheroid-based assays have been correlated with results from in vivo assays, using tumour
animal models. This reinforces spheroid predictive value and the importance of their use in nanomedicine
development.

Despite the growing use of spheroids, most of them are still incomplete, lacking stromal elements from
the TME and patient-derived cells. One of the main limitations of spheroid models is the lack of blood
and lymphatic vessels. Researchers have been suggesting the combination of spheroids with microfluidic
platforms, where microchannel walls are seeded with endothelial cells and perfused with cell culture me-
dium, to mimic vessels. These have been used to study tumour, endothelial and immune cell communi-
cation and, in the future, they might be a valuable tool for in vitro drug distribution studies [183,184].
Moreover, information obtained from spheroid-based assays is not yet systematized and there are even
contradictory results. Another challenge for 3D spheroids is the heterogeneous phenotypic profile induced
by different culture media in the same cell line [185]. In this aspect, culture medium-induced changes in
spheroid metrics may lead to different antitumour therapy responses, impairing the validation of
nanostructures in 3D models. The establishment of a phenotyping cross-link between spheroids and in
vivo tumour tissues could be an alternative to overcome this barrier, ensuring greater similarity to the real
tumour, regardless of the type of cell culture used.

Therefore, future work is needed to establish correlations between each nanosystem feature and its impact
on tumour penetration ability. This would help improving nanosystem formulation. It would also be ad-
vantageous to establish guidelines for spheroid-based assays, to standardize them and facilitate the sys-
tematization of information.
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