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The use of nanomedicines for cancer treatment holds a great potential due to their improved efficacy and
safety. During nanomedicines’ preclinical in vitro evaluation stage, these are mainly tested on cell culture
monolayers. However, these 2D models are an unrealistic representation of the in vivo tumors, leading to
an inaccurate screening of the candidate formulations. To address this problem, spheroids are emerging
as an additional tool to validate the efficacy of new therapeutics due to the ability of these 3D in vitro
cancer models to mimic the key-features displayed by in vivo solid tumors. In this review, the application
of spheroids for the evaluation of nanomedicines’ physicochemical properties and therapeutic efficacy is
discussed.
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Conventional cancer treatments (e.g., radiotherapy and chemotherapy) are generally associated with off-target
toxicity and low efficacy, leading to a poor therapeutic outcome [1,2]. To mitigate these limitations, researchers have
been developing nanomedicines for application in cancer therapy [1,3,4]. Due to their physicochemical properties
(size, surface charge, shape and corona composition), these nanomaterials can achieve a high tumor uptake and
become internalized by cancer cells (reviewed in detail in [5-8]). In this way, nanomaterials can potentially mediate
an anticancer effect with a higher efficacy and specificity toward cancer cells [9-13].

During nanomedicines’ development, their efficacy is initially screened in 2D in vitro cancer models (monolayers
of cells). Usually, these models are used to study nanomedicines’ internalization in cancer cells and to determine
their therapeutic efficacy [10,14-20. Furthermore, the 2D cultures have also been used to select the candidate
formulations to be assayed in the 7z vivo studies [21-23]. However, these 2D models are unable to mimic the 3D
organization/architecture of the 7z vivo tumors nor its main drug resistance mechanisms [24-27). In this way, the sole
use of cell monolayers in the preclinical iz vitro testing stage leads to the selection of candidates that may display a
low therapeutic efficacy in vivo [28,29].

To address this bottleneck of the drug discovery process, 3D #n vitro cancer models emerged as an additional
platform to validate the efficacy of new therapeutics (30-34]. These models include the scaffold-based 3D cultures
which are assembled by culturing cells in hydrogel-like structures, in inserts or in sponges (acellular 3D artificial
matrices) [27,35]. On the other hand, the nonscaffold-based 3D cultures are attained through the formation of
cellular aggregates using different methodologies such as the liquid overlay or hanging drop techniques [27,36,37].
Among the different 3D 77 vitro cancer models, spheroids (3D tightly-bond cellular aggregates) have been receiving
an increasing attention from researchers [25,27,38]. Spheroids can mimic several features of the 77 vivo solid tumors,
namely their: layered organization (composed by proliferative, quiescent and necrotic zones); gradients of nutrients,
pH (due to spheroids’ acidic core, the pH in spheroids can range from 7.2 in the periphery to 6.5 in the interior)
and gases (the oxygen content, depending on the measured zone, can range from 50 up to 130 mmHg [39));
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extracellular matrix (ECM) deposition; and cellular heterogenicity (spheroids can be assembled using cancer and
stromal cells) [27,40,41]. Such features confer spheroids resistance to nanotherapeutics activity and penetration [10,42-
47). In this way, spheroids are now being used as a tool to bridge the gap between 2D i vitro and in vivo cancer
models (38,48,49].

In this review, the application of spheroids for assessing the efficacy of nanomedicines is analyzed. Initially,
the properties of the spheroids are briefly overviewed. Then, the applicability of spheroids in the optimization of
nanomedicines’ physicochemical properties, as well as in the evaluation of nanomedicines” therapeutic efficacy are
reviewed. At last, an outlook about the state of the art and the future directions are presented.

Properties of spheroids

Large spheroids (>500 pm) are cellular aggregates that can mimic the solid tumors’ 3D structure, cell-cell and
cell-ECM interactions, as well as the gradients of oxygen, pH and nutrients — Figure 1. Due to these features,
spheroids display a resistance to therapeutics quite similar to that occurring in solid tumors — extensively reviewed
elsewhere [27,36,49,50]. The techniques used to produce spheroids are also reviewed in detail in [25,27,36,40].

Spheroids display a three-layered organization, containing proliferative, quiescent and necrotic cells [51,52].
Spheroids’ outer layer is composed of highly proliferative cells with unrestricted access to oxygen and nutrients [51].
On the other hand, quiescent cells are found in the spheroids’ middle layer, while necrotic cells are present in
spheroids’ inner layer (core), being deprived of oxygen and nutrients [51-53]. In this way, cells in spheroids’ interior
are weakly affected by pharmaceuticals that act by suppressing cells’ proliferation (e.g., paclitaxel) [24,54]. In turn,
spheroids” hypoxic environment leads to: an upregulation of the expression of HIF-1a (which has been linked to
an upregulation of antiapoptotic proteins and P-glycoprotein — a major drug efflux transporter that contributes
to drug resistance); resistance to therapeutics whose action relies on the production of reactive oxygen species
(e.g., doxorubicin [DOX]); acidification of the spheroids’ core (as a result of the conversion of pyruvate to lactate
to obtain energy — Warburg effect) (55-571.

The acidic environment found within spheroids affects the penetration and uptake of therapeutics [57-59]. This
penetration barrier is also supported by the ECM components (e.g., collagen and elastin) secreted by the spheroids’
cells as well as by the cell-cell and cel-ECM physical interactions occurring in spheroids [60,61]. These interactions
are responsible for the establishment of a high interstitial fluid pressure that hinders therapeutics’ penetration (60,621
As importantly, the cell—cell interactions established between the cancer cells, cancer stem cells and stromal cells
occurring within spheroids can enable signaling pathways enrolled in therapeutics’ resistance, namely the HIF-
1 and NOTCH pathways [36,63-65]. The PI3K-AKT-mTOR, ERK and MEK pathways are also established in
spheroids [24,66].

Owing to these reasons, spheroids are now starting to be used for the screening of nanomedicines (reviewed
in the subsequent sections).

Application of spheroids in the optimization of nanomedicines’ physicochemical properties

During nanomedicines” development, their physicochemical properties, namely size, surface charge, shape and
corona composition, must be optimized. These attributes play a crucial role in nanomedicines’ biodistribution
(reviewed in detail in [5-8]). After intravenous administration, nanomedicines must avoid rapid blood clearance
(mediated by the kidneys, liver and spleen) and then must extravasate to the tumor tissue, penetrate the tumor mass
and be internalized by cancer cells. The uptake of nanomedicines by cancer cells generally occurs by pinocytosis [67].
Depending on the nanomedicines’ physicochemical properties, they can become internalized in cancer cells through
clathrin-dependent endocytosis and/or clathrin-independent endocytosis, being the latter subdivided in: caveolae
mediated endocytosis; clathrin- and caveolae-independent endocytosis; and micropinocytosis (reviewed in detail
in [67,68). Due to spheroids’ structural similarities with the 7z vivo solid tumors, they can be used to predict
nanomedicines’ tcumoral penetration capacity and therefore their optimal physicochemical properties (Figure 2) [33].

Nanomedicines’ size

Spheroids have been extensively used for the optimization of nanomedicines’ size [42,60,69-75]. In this regard, Huang
et al. investigated the penetration of tiopronin-coated gold nanoparticles of size averaging 2, 6 and 15 nm into
MCE-7 spheroids [42]. Due to their smaller size, the 2 and 6 nm sized-gold nanoparticles were able to diffuse
throughout the spheroids (Figure 3). In contrast, the 15 nm-sized gold nanoparticles remained in the spheroids’
outer layer, suggesting that their bigger size hinders their penetration into the spheroids’ core. Interestingly, the
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Figure 1. Schematic representation of spheroids’ properties. (A) Spheroids display a three-layered organization with
gradients of oxygen, nutrients and pH. (B) Representation of the cellular heterogeneity and (C) cell-cell and cell-ECM
interactions occurring in the spheroids.

ECM: Extracellular matrix.

2 nm-sized gold nanoparticles also achieved the highest accumulation in the spheroids. These results were further
confirmed in vivo, being observed that the smaller nanoparticles have a higher tumor uptake.

Goodman ez al. used SiHa spheroids for investigating the optimal size of carboxylated polystyrene nanoparti-
cles (60). Their results revealed that the 20 nm sized nanoparticles achieve the highest accumulation in the spheroids’
core, being followed by their equivalents with a size of 40 nm. In turn, the nanoparticles with 100 and 200 nm of
size only became accumulated at spheroids’ periphery, and thus were not able to penetrate to the spheroids’ core.
A similar trend was observed for thioether-bridged mesoporous organosilica nanoparticles (70]. In this study, the
20 nm-sized particles achieved the highest penetration into the U87MG spheroids, followed by their equivalents
with 40 nm. In contrast, the 60 and 100 nm-sized mesoporous organosilica nanoparticles were found to accumulate
mostly on the spheroids’ outer layer. This trend was also confirmed 77 vivo, in which the 20 nm-sized nanoparticles
achieved a deep and uniform distribution throughout the tumor tissue.
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Figure 2. Schematic representation of the different nanomedicines’ physicochemical properties influencing their
penetration into spheroids.
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Figure 3. Influence of tiopronin-coated gold nanoparticles’ size in their penetration into spheroids. (A) Images of
hematoxylin and eosin stained spheroids and (B) dark field images of spheroids after incubation with the AuNPs. (C)
Number of AuNPs per spheroid.

AuNP: Tiopronin-coated gold nanoparticle.

Reproduced with permission from [42], © American Chemical Society (2012).

Nanomedicines’ charge

The impact of the nanomaterials’ surface charge on their ability to penetrate spheroids has also been a studied
subject [43,76-81]. In this regard, Jiang group demonstrated that negatively charged polystyrene-based nanoparticles
(¢ potential of -34.9 mV) have a better ability to penetrate HepG2 spheroids when compared with their positively
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Figure 4. Influence of the mesoporous silica-based nanostructures’ shape in their uptake by cancer cells and
penetration into spheroids. Internalization of (A) sphere and (B) rod-shaped mesoporous silica-based nanostructures
in monolayers of Hela cells. The white arrows indicate the internalized nanostructures. Scale bar corresponds to

50 um. Penetration of (C) sphere and (D) rod-shaped mesoporous silica-based nanostructures into spheroids. Blue
channel: Hoechst 33342® stained cell nucleus; red channel: WGA-Alexa Fluor® 594 conjugate for cell cytoplasm
staining; green channel: Dox fluorescence.

Reproduced with permission from [83], © The Royal Society of Chemistry (2016).

charged equivalents (+9.2 mV) 43]. In another work, Wang ¢ a/. analyzed the accumulation of lipid/poly(ethylene
glycol) (PEG)-poly(lactic acid) (PLA) hybrid nanoparticles with different surface charges in the interior of MDA-
MB-231 spheroids [76]. In this case, the cationic hybrids (4-21.5 to 423.5 mV) were located at the periphery and
interior of the spheroids. In contrast, the neutral (-9 and -8 mV) and anionic hybrids (-22.2 mV) had a weak
penetration into the spheroids’ core.

Nanomedicines’ shape

Spheroids are also a valuable tool in the process of fine-tuning the shape of nanomaterials [82-86). Zhao ez al. verified
that sphere-shaped fructose-coated nanoparticles achieve a higher uptake by MCEF-7 spheroids [s2], followed by
those with a rod-shape and then by the vesicle-shaped ones. Dias ez al. reported that rod-shaped mesoporous silica-
based structures mediate a higher DOX delivery to Hel a cells when compared with their spherical equivalents (s3]
(Figure 4A & B). In contrast, when tested in HeLa spheroids, the sphere-shaped nanostructures were able to deliver
a higher DOX payload with a uniform distribution throughout the spheroids (Figure 4C & D).

Nanomedicines’ corona composition

Spheroids can also be used for the examination of the optimal surface coating of nanomedicines [44,73,87-97].
Steinbach-Rankins group analyzed the penetration of poly(lactic-co-glycolic acid) (PLGA) nanoparticles modified
with PEG (a stealth agent), VIM (a tumor targeting cell penetrating peptide), MPG (a cell penetrating peptide) and
MPG/PEG in HeLa spheroids [44]. In general, the coating of the PLGA nanoparticles enhanced their accumulation
in spheroids. However, the PLGA nanoparticles coated with VIM, MPG and MPG/PEG were mostly accumulated
at spheroids’ outer layer. In stark contrast, PEG-coated PLGA nanoparticles were the best performing formulation
since these were able to penetrate deep into HelLa spheroids. Sarisozen er /. demonstrated that the capacity of
PEGylated micelles to penetrate NCI-ADR-RES spheroids is increased by functionalizing the micelles’ surface with
transferrin [98].

future science group 10.2217/nnm-2020-0054



Special Report

M4, Sabino, de Melo-Diogo, Lima-Sousa, Alves & Correia

In another work, Jiang group demonstrated that the delivery of DOX mediated by chitosan nanoparticles and
by phenylboronic acid-functionalized chitosan nanoparticles to 2D cultures of SH-SY5Y cells was very similar [87].
On the other hand, the screening performed in SH-SY5Y spheroids suggested that the phenylboronic acid-
functionalized chitosan nanoparticles may have better DOX deliver capabilities to all the three layers of the
spheroids. Folate and PEG dual-functionalized chitosan-based nanoparticles were able to induce GFP expression in
deeper cells of HeLa spheroids when compared with their equivalents only functionalized with PEG (Figure 5) [ss].

Application of spheroids in the screening of nanomedicines’ therapeutic efficacy

The end point of spheroids’ application in the screening of nanomedicines’ potential is to determine their therapeutic
efficacy. In general, spheroids have been used to evaluate nanomedicines’ mediated chemotherapy [46,99-102],
radiotherapy [103-105], photothermal therapy [106-108], photodynamic therapy [109-112] and gene delivery (88,113,114

Due to spheroids” similarities with the 77 vivo solid tumors, the therapeutic efficacy of nanomedicines toward
this 3D in vitro cancer model is commonly inferior to that attained in 2D cell cultures. In this context, Oliveira
et al. screened the therapeutic capacity of D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS)-coated solid
lipid nanoparticles loaded with DOX and a-Tocopherol succinate in spheroids [115]. When tested on 2D cultures
of resistant human ovarian carcinoma cells (NCI/ADR), the dual drug-loaded solid lipid nanoparticles could
reduce their viability to about 15% at a DOX dose of 8 uM. In stark contrast, this nanoformulation required a
DOX dose of 100 uM to reduce NCI/ADR spheroids’ viability to 34%. In another work, the ICsq of glyceryl
monooleate coated Fe3O4 nanoparticles incorporating curcumin and temozolomide toward T-98G spheroids was
approximately 75-times higher than that obtained in T-98G monolayers (5.22 vs 0.07 pg/ml) (45]. Interestingly,
the synergism of the dual-drug loaded Fe;O4 nanoparticles was also inferior on spheroids (combination index of
0.47) when compared with that obtained in the 2D cultures (combination index of 0.24). Sarisozen et al. also
reported that DOX-loaded micelles are able to reduce U87MG cells’ viability to approximately 21% but that only
decrease U87MG spheroids’ viability to approximately 77% (46].

Spheroids may also be useful to determine the type of therapeutic approach with the most promising outcome.
For instance, U87 cells suffered a similar reduction on their viability (to ~7-16%) upon treatment with PEGylated
reduced graphene oxide mediated chemotherapy, photodynamic therapy and photothermal therapy 47). In stark
contrast, PEGylated reduced graphene oxide mediated chemotherapy and photodynamic therapy only reduced
U87 spheroids’ viability to approximately 40 and 56%, respectively. On the other hand, the photothermal therapy
mediated by PEGylated reduced graphene oxide decreased spheroids’ viability to approximately 18%, highlighting
the enhanced potential of this therapeutic modality. In a recent work by Alves et 4/., the photothermal effect
mediated by IR780 loaded hyaluronic acid-based nanoparticles, at an IR780 dose of 3.5 pg/ml, could reduce
MCE-7 cells’ viability to 59% (Figure 6A) [10]. However, this therapeutic modality was unable to affect MCE-7
spheroids (viability ~100%) even at a 5 pg/ml dose of IR780. In stark contrast, the chemophotothermal therapy
mediated by DOX- and IR780-loaded hyaluronic acid-based nanoparticles (IR780 dose: 5 pg/ml; DOX dose:
2.76 pg/ml) were effective on MCEF-7 spheroids, by decreasing their viability to 34% (Figure 6B).

Conclusion & future perspective

In this review, the application of spheroids for the optimization of the nanomedicines’ physicochemical properties
was highlighted. In this regard, nanomedicines’ size, surface charge, shape and corona composition could be fine-
tuned by analyzing nanostructures’ penetration into spheroids. In many cases, the leading nanoformulation behaved
differently in spheroids and in cell monolayers. As importantly, the trends observed using the spheroids revealed
a good correlation with the nanomedicines’ 7z vivo behavior. Additionally, the use of spheroids for determining
the therapeutic capacity of nanomedicines was also discussed. In general, nanomedicines were less effective toward
spheroids comparatively to the effects observed in cell culture monolayers. In fact, in some cases, nanomedicines did
not induce any therapeutic effect when tested on spheroids, clearly highlighting the importance of using spheroids
in nanomedicines’ drug discovery.

Despite of the advantages of using spheroids in the screening of nanomedicines, these are not yet routinely used
in most laboratories. Such can be explained by the fact that spheroids” assembly is not as straightforward as seeding
cell monolayers. Furthermore, the characterization equipment (e.g., fluorescence microscopes) and techniques
(e.g., viability assays) available in most labs are not well-fitted or standardized for the analysis of spheroids. Due to
these constraints, most of the developed spheroids also display a size that is lower than that of solid tumors in order
to ensure spheroids’ compatibility with the currently available high-throughput screening methods [37,116]. In the
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Figure 5.
into 3D Hela cells spheroids. (A) Optical microscopy images of spheroids incubated with folate and P
dual-functionalized chitosan-based nanoparticles, (B) nontargeted PEGylated nanoparticles and (C) PEI 25kDa. (D1-D6;
G, G1, G2) Confocal images of the GFP expression in 3D spheroids mediated by the folate and PEG dual-functionalized
chitosan-based nanoparticles, (D7-D12; F, F1, F2) nontargeted PEGylated nanoparticles and (D13-D18;
25kDa. (H) GFP fluorescence intensity in 3D spheroids incubated with the different nanoparticles. Green channel: GFP
expression; grey-white channel: differential interference contrast (DIC) images. Scale bar represents 700 pum.

Data is presented as mean + SD, n = 10, ***p < 0.001.

CM-PFAgp/MC-PFAgy: Folate and PEG dual-functionalized chitosan-based nanoparticle; CM-Pso/MC-Ps
PEGylated nanoparticle; PEl: Poly(ethyleneimine).

Reproduced with permission from [88], © Springer Nature (2014).
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Figure 6. Comparison of the effect of chemo-photothermal therapy in 2D monolayers and 3D spheroids.
Determination of the chemo-photothermal effect mediated by IR/DOX-HPN toward (A) monolayers of MCF-7 cells
and (B) MCF-7 spheroids. w/ NIR: Laser irradiation (808 nm, 1.7 W/cm?, 5 min). w/o NIR: Non-irradiated.

Data represents mean+SD, *p < 0.0001; ns=non-significant.

IR/DOX-HPN: DOX and IR780-loaded hyaluronic acid-based nanoparticle; IR-HPN: IR780 loaded hyaluronic acid-based
nanoparticle; NIR: near infrared.

Reproduced with permission from [10], © Elsevier B.V. (2019).

next years, addressing these bottlenecks will surely increase the use of spheroids in the screening of nanomedicines.
When compared with solid tumors, spheroids also lack vasculature and may not promptly present abundant cell-
ECM interactions [27,37]. In this context, recently the microfluidic culture of spheroids (spheroids-on-a-chip) has
been receiving an increased interest due to its capacity to mimic the vascular function [117-119]. On the other hand,
hybrid 3D cultures comprised by spheroids incorporated in scaffolds/hydrogels have been engineered to readily
establish cell-ECM cues and/or penetration/resistance barriers [120,121].

Opverall, spheroids are a valuable 3D 77 vitro cancer model that can be used as a tool to bridge the gap between
2D in vitro and in vivo cancer models.

Executive summary

2D in vitro cell cultures

e 2D in vitro cancer models are usually used to screen the efficacy of anticancer agents.

e 2D in vitro models are unable to mimic the key features of solid tumors.

e 2D in vitro models cannot accurately predict the in vivo efficacy of nanomedicines.

3D in vitro spheroids as cancer models

e Large spheroids can mimic the solid tumors’ 3D architecture, cellular heterogeneity and cell-cell and
cell-extracellular matrix interactions.

e Spheroids can mimic the main therapeutics’ resistance patterns of solid tumors.

e Spheroids are valuable 3D in vitro cancer models that can be used as a tool to bridge the gap between 2D in vitro
and in vivo cancer models.

3D spheroids for the screening of nanomedicines’ physicochemical properties

e Spheroids are a valuable model for optimizing the nanomedicines’ physicochemical properties.

e Nanomedicines’ size, charge, shape and corona composition can affect their penetration into spheroids.

e The smaller nanomedicines tend to have a higher accumulation in the spheroids’ core, while the larger
nanomaterials accumulate mostly in the spheroids’ outer layer.

3D spheroids for evaluating the therapeutic efficacy of nanomedicines

e Spheroids have been used to evaluate nanomedicine-mediated chemo-, radio-, photothermal and photodynamic
therapies and gene delivery.

e The efficacy of nanomedicines toward spheroids is generally inferior to that attained using 2D in vitro models.
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