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3D Cultures for Modeling Nanomaterial-based Photothermal 
Therapy  

Emilie Darrigues*a, Zeid A. Nima a, Robert J. Griffinb, James M. Andersonc, Alexandru S. Birisa, Analiz 
Rodriguezd* 

Photothermal therapy (PTT) is one of the most promising techniques for cancer tumor ablation. Nanoparticles are 
increasingly being investigated for use with PTT and can serve as theranostic biomaterials. Based on the ability of near-
infrared nano-photo-absorbers to generate heat under laser irradiation, PTT could prove advantageous in certain situations 
over more classical cancer therapies. To analyze the efficacy of nanoparticle-based PTT, preclinical in vitro studies typically 
use 2D cultures, but this method cannot completely mimic the complex tumor organization, bioactivity, and physiology that 
all control the complex penetration depth, biodistribution, and tissue diffusion parameters of nanomaterials in vivo. To fill 
this knowledge gap, 3D culture systems have been explored for PTT analysis. These models provide more realistic 
microenvironments that allow spatiotemporal oxygen gradients and cancer cell adaptations to be considered. This review 
highlights the work that has been done to advance 3D models for cancer microenvironment modeling, specifically in the 
context of advanced, functionalized nanoparticle-directed PTT. 

Introduction 
Cancer cell death is the central goal of all cancer therapies. 
Thermal therapy induces cancer cell death by exposing cells to 
high temperatures (generally above 40°C); photothermal 
therapy (PTT) is a highly useful form of this technique. PTT 
induces tumor death by converting light to heat when its photo-
absorbers are exposed to a near-infrared (NIR) laser. PTT can be 
used as a local therapy for cancer cells in primary tumors or for 
local metastases.1 In recent decades, multifunctional, tunable 
nano-based photo-absorbers have been explored to improve 
PTT’s selectivity, efficiency, and heat generation for site-specific 
cell death. Many types of photo-absorbing NPs exist, including 
noble metals, transition metals, sulfide/oxide NPs (semi-
conductor, rare earth ion-doped nanocrystals), carbonaceous 
NPs, and other NIR-organic-polymeric nanoagents.2,3 When 
used for PTT, these NPs convert light to heat by absorbing 
incident photons from laser excitation; the absorbed photons 
increase NPs’ corresponding energy levels, then this energy is 
released through heat production in order to maintain 
equilibrium. Light absorption is dependent on the size, 

shape/morphology, concentration, and nature of NPs, and 
researchers are working to optimize these parameters to 
improve PTT. Laser wavelength excitation, power energy, and 
time of exposure are also crucial parameters for cancer-
oriented PTT. Additionally, the light-to-heat conversion can 
involve different mechanisms and spectral ranges of excitation.4 
PTT-suitable NPs must be biocompatible, highly optically 
absorbent, potentially able to carry various bio-active agents 
(such as drugs (chemotherapy) or photosensitizers 
(photodynamic therapy (PDT)), and have tunable surface 
chemistry to allow strong conjugations with antibodies, 
peptides, and proteins for selective tumor targeting. 5, 6 
Additionally, NPs can aid tumor detection and therapy by 
enabling multimodal imaging 7, such as fluorescence 8, magnetic 
resonance imaging (MRI) 9, photoacoustics 10, computed 
tomography (CT), and Raman spectroscopy. 11, 12, 13  
For preclinical testing, PTT has traditionally been investigated in 
2D cell culture systems and animal models. 2D or monolayer cell 
culture models are widely used to predict in vivo behavior 
despite their many disadvantages, especially their inability to 
accurately mimic the complex tumor microenvironment. 
Patient-derived xenograft models can recapitulate tumor 
characteristics but are expensive and do not easily allow for 
high scalability. 14 Recently, cancer research has utilized 3D in 
vitro models to provide an environment closer to in vivo cancer 
conditions and overcome the limitations of 2D models. 3D 
models can also be used to improve the study of NP-based drug 
discovery, screening, and development. 15 3D cell cultures are 
more complex than 2D and can incorporate the extracellular 
matrix (ECM) 16 and multiple cell types. Thus, 3D models can 
more closely simulate the physiological complexities present in 
vivo. Furthermore, these 3D models are more cost effective and 
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have a greater potential for high scalability than animal models. 
17, 18, 19 
Despite these improvements in modeling, combining NPs and 
3D cultures is still in its infancy, as exemplified by a recent 
PubMed search (Fig. 1, A). Few studies have used 3D cultures to 
study NP-directed PTT (Fig. 1, B). While the relevance of 3D 
cultures to NP-based drug development, PDT, and theranostic 
applications has been reviewed, 20,21,22,23 a comprehensive 

review of the characteristics of NPs and 3D cell cultures for PTT 
has not been published. Herein, we present a review of the 
current literature that used 3D cultures to study NP-directed 
PTT and provide NPs/3D culture improvement considerations to 
constructively advance this research field.  
 

 

Fig. 1: A) Number of “photothermal,” “nanoparticle,” and “3D culture” -related publications by year, from 2008 to October 2018, 
based on a PubMed search for the keywords “photothermal and nanoparticles” (grey) and “3D culture and nanoparticles” (orange). 
B) Percentage of publications in PubMed database referencing the keywords “photothermal and nanoparticle” (grey), “3D culture 
and nanoparticles” (orange), and “Photothermal and nanoparticles and spheroids or organoids or 3D culture”, from 2008 through 
2018. All data are based on keywords and not on the relevance of the studies. Extracted from PubMed database in .cvs format in 
October 2018. 

Transition from 2D to 3D in vitro cancer models 
In a 2D cell culture model, which is not complex enough to 
mimic the elaborate tumor biology, adherent cells are grown in 
a monolayer depicting limited cell-to-cell interaction and 
predominantly cell-surface interactions. Cancerous tissues or 
tumors are heterogeneous and comprised of a complex 
microenvironment. 24 As a result, crucial interactions that occur 
in vivo between the cells and the ECM surrounding them cannot 
be modeled in 2D.25  
 
Concern of mono 2D cultures to study nanoparticles  

When evaluating cellular processes such as proliferation, 
migration, invasion, therapeutic resistance, toxicity, clear 
differential outcomes can be seen between 2D and 3D models 
25, 26, 27. When NP-based cancer therapies have been tested in 
2D models, the results have typically been encouraging.  
However, these results do not fully take into account biological 
barriers and NPs’ toxicity (polymeric, metal, or carbon-based) 
has been considerably overestimated. In 2015, Chia et al. 28 
analyzed ZnO NPs in 2D and 3D models of colorectal cancer and 
observed that the NPs had higher toxicity in the 2D model than 
the 3D model. The 3D model had a more realistic tissue-ECM 
construct, which likely played a role in determining toxicity: it 
possessed a mass transfer gradient hypothesized by an “onion 
like sacrificial model” that protected the inner cells from the 
ZnO-NPs.  
Therapeutics performance of drug-carriers NPs evaluated in a 
3D model also showed inaccurate or underestimated effects 

compared to a conventional 2D model, indicated by a higher 
IC50 and lower drug delivery efficiency. On a breast cancer 3D 
model, Privalova et al. 29 showed cell viability to be 1.4-fold 
higher than the monolayer culture, after treatment with dual-
drug carried NPs. In contrast, Du et al. 30 in 2015, shown that 2D 
model indicated a relative lack of NP effectiveness as a drug 
delivery vehicle compared to a free drug, while their 3D model 
indicated the opposite. The researchers concluded that the 
drugs’ chemical binding and slow cleavage from the NP in a 2D 
model caused higher IC50 values, which would have led to the 
inaccurate assumption that the NP system was not a suitable 
vehicle. However, the NPs once internalized into the tumors, 
along with their ability to carry and controllably release drugs 
could present a major advancement. These studies indicated 
that NPs interact with cells in dynamic, heterogenic and 
complex processes. The variability and sometimes opposite 
results recorded between a 2D vs 3Dmodel point to the 
necessity for further investigation of more complex and 
dynamic in-vitro models to mimic in-vivo characteristics.  
 
Evolution of ex vivo cancer models: 3D culture as a new addition 
for patient-derived xenograft (PDX) models  

The field of precision medicine is increasingly interested in 
clinically managing and monitoring patients’ specific therapies 
ex vivo. In vivo animal models are important tools for cancer 
drug screening and therapy development, molecular 
mechanism discovery, cell migration, and evolution of the 
tumor microenvironment. With the evolution of personalized 
therapy, patient-derived xenograft models have become a 
relevant preclinical platform to reflect human tumor biology.14 
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However, PDX growth and inoculation in animals has several 
disadvantages, including medical facilities to regulate ethical 
cancer patient tissue access, maintenance, and the long 
timeframe required for engraftment (2 to 12 months). 14 These 
factors limit the growth and applications of this model. At the 
same time, the development of microfabrication and 
biomaterials for tissue engineering and cell biology has 
promoted the growth of 3D cell culture technologies in many 
shapes and compositions, such as multicellular (homo or 
heterocellular) systems grown without or within polymeric 
scaffolds or hydrogels, which can even be bioprinted with or 
without the use of magnetic or mechanical accelerated 
sedimentation31 or used as an ex-vivo model or “ organ-on-a-
chip”32 ,33 through microfluidic devices 18. 3D cultures, although 
each distinct in their principles, protocols, advantages, and 
disadvantages, are all meant to mimic human tissue 
morphology, function, and microenvironment (normoxic, 
hypoxic, ECM rich and dense, co-culture) (Fig. 2).15, 34 

 

 
Fig. 2: Schematic of 3D culture spheroid engineering and its 
cancer therapeutic applications. Left: 3D spheroids can be 
grown to different sizes, generating variation in cell 
proliferation (senescence and hypoxic core diameter) due to 
gradients in nutrients, O2, growth factor, hypoxia, CO2, and 
waste; right: multicellular spheroids can be grown using a 
monoculture of cancer cells or co-cultures with cancer-related 
cells (such as cancer-associated fibroblasts, endothelial cells, 
immune cells). 
 
Complex ex-vivo 3D system are generally called ‘Organoid’ but 
this etymology does not have a clear definition , representing 
essentially, a self-organizing three-dimensional structure 
embedded in an artificial or natural ECM to closely mimic the 
organ of origin. As opposed to spheroids (made mainly from 
common or commercially available cell lines without the 
incorporation of ECM), organoids are made from a variety of 
primary cell sources, including primary tissue, pluripotent stem 
cells, and adult stem cells. 35 Compared to PDX, organoids allow 
stem cells and tissues to be studied in a variety of contexts and 
can be used and maintained for a long time without genomic 
alterations. They can also be derived from multiple cell sources, 
even being generated from a very small amount of starting 
material, and they can model cancers that are difficult to model 
in animals or in vitro, such as sarcoma. One of the best assets of 
the 3D culture model is its ability to reproduce or mimic real 

tumor function. The ECM, a major part of the cell 
microenvironment, can be produced by cells in co-culture or 
manually introduced with biomimetic functional materials. The 
ECM has many functions as a structural foundation/scaffold for 
cells, shaping their biochemical and biophysical traits that alter 
their behaviors and responses, as observed in vivo. Though 
artificial ECMs are still being investigated, 3D model ECMs are 
already showing extremely promising data not only for cancer 
therapy but also for many other applications, such as tissue 
regeneration and immune system modulation.36 
 
Despite their advantages, 3D cultures still face limitations 34, 
including the dependency of their properties on the techniques 
and parameters used to make them. These concerns will be 
addressed in the future directions section of this review. We do 
not think that the 3D system is a “perfect” model, nor that it is 
a complete substitute for preliminary 2D data or in vivo studies, 
but we do believe that it can be used as a highly beneficial 
intermediate step. This would allow pre-clinical and more 
fundamental research for complex multi-modal imaging or 
therapies (Fig. 3). We will develop this point in detail in the last 
part of this review to show how this more complex model can 
be used for nanoparticle applications.  
 

 
Fig. 3: Schematic of slices of a 3D multicellular spheroid, 
showing the various modeling systems and testing of different 
therapeutics. 

3D cultures for photothermal therapy  
Thermal therapy uses a lethal level of heat to irreparably disrupt 
cellular functions or destroy cell membranes to induce tumor 
death. Two types of heat techniques can be used. The first—low 
and moderate hyperthermia—is a slow, lethal heat that 
gradually increases tissue temperature (>40°C over a span of 
hours), resulting in tumor cell death by necrosis and/or 
apoptosis. The second—thermal ablation or high-temperature 
hyperthermia—is a more drastic approach that destroys or 
irreversibly damages tissues or cells by extreme hyperthermia 
(>50-60°C) in a short time (minutes), resulting in immediate 
necrosis of the cells. 37, 38 Increase in temperature depends on 
the type of laser power used, the duration of laser irradiation, 
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the type of tissue to be removed, and the surgical context, 
based on a mathematical approach derived from the Arrhenius 
equation. 39, 40, 41  
Conventional clinical practice is to use lasers, microwaves, 
radiofrequency, or high intensity-focused ultrasound to cause 
hyperthermia or ablative thermal therapy. However, in vivo 
heating is technically challenging because it is not tumor 
specific. Additionally, the methods used to image tumor edges 
in order to target only the tumor site and to maintain and 
monitor temperature are oftentimes inadequate and 
inaccurate.  
Clinical PTT generates heat upon laser excitation. NIR lasers 
exploit biological wavelength windows (NIR-I or first window: 
700-950 nm, NIR-II or second window: 1000–1350 nm, and NIR-
III or third window: 1550–1870 nm) favorable for optimal 
penetration in living tissues. 42 In the past few years, to optimize 
the heat generation and selectivity of PTT, a new kind of photo-
absorber has emerged: nanoscale intermediaries, which have 
an extensive range of classifications, including noble metallic 
and transition metal sulfide/oxide nanostructures, 
carbonaceous NPs, and other organic nanoagents.2 The 
fabrication and surface tunability of NPs makes it possible to 
modify how they interact with biological systems in the context 
of hyperthermia. Originally, these photo-nanoabsorbers were 
mainly designed to work in the first NIR windows. However, 
technological growth has led to the use of a variety of lasers in 
routine clinical usage with a range of wavelengths, from 800 to 
1060 nm; for example, laser ablation with MRI guidance is 
possible in neurosurgical applications. In parallel, the last 
decade of research has also shown that exploiting nanoprobes 
in the NIR-II and NIR-III windows for biological purposes is 
promising. 43, 42, 44 When NPs are used, PTT can be combined 
with other cancer therapies, such as drugs, and be monitored 
with multimodal imaging techniques, such as MRI, 
fluorescence, X-ray, photoacoustic, CT (computed tomography) 
scan, and, more recently, Raman spectroscopy to 1) diagnose 
cancer, 2) confirm the delivery and internalization of drugs 
within the tumor site, and 3) evaluate treatment efficiency. 12, 
45 
The ability of 3D models to mimic hypoxia with a necrotic core 
and contain different kinds of cells by co-culture makes them 
suitable to investigate in vitro thermo-ablation efficacy and NP 
optimization. An advantage of thermal therapy is the ability to 
improve the blood flow preferentially within tumors (vs. normal 
tissues), resulting in better oxygenation of the low vascularized 
hypoxic core of the tumor (generally resistant to ionizing 
radiation). 46, 47 Cells residing in the hypoxic core tend to be 
contain in a more acidotic environment, which makes them 
more sensitive to thermal damage but less sensitive to radiation 
therapy. 48, 49, 50 
Testing NP enhanced PTT in 3D models that simulate relevant, 
crucial in vivo biological features were done in a study by 
Crawford et al. 51 The research team developed a 3D model of 
inflammatory breast cancer (IBC), using cell lines SUM149 and 
SUM190, that could mimic tumor emboli structures. To enable 
NP-based imaging and PTT in this system, plasmonic gold 
nanostars (GNS) were synthesized; these NPs had a large, two-

photon luminescence cross-section and enhanced plasmonic 
behavior. A 2D culture demonstrated endocytosis of the GNS 
into multiple cancer cell lines. In 3D culture, penetration was 
also demonstrated by the GNS, as evaluated by two-photon 
luminescence microscopy (TPL). A 3D emboli model made of 
SUM149 cell lines indicated homogeneous distribution of the 
GNS, while a SUM190 model, which had a larger and more 
compact 3D structure, showed confinement of the GNS to only 
the outer layer of the emboli. PTT with a continuous 808-nm 
diode laser was performed at various power densities (9.375, 5, 
and 2.18 W.cm-2). 5 and 9.375 W.cm-2 laser power densities 
caused marked cell death, but the 2.18 W.cm-2 power density 
resulted in decreased cellular death, with tumor ablation 
confined to the periphery. In contrast, the higher power 
densities were able to cover the whole spheroid, even in the 
SUM190 3D system, where the GNS were found mainly in the 
periphery rather than central area of the spheroid. Thus, the 3D 
model provided insights into how to optimize laser power 
parameters for successful treatment.  
 
Metal-based and gold nanomaterials for PTT enhancement 

The interaction between metallic nanomaterials and light was 
initially recognized by Faraday and Mie, who presented the first 
theories on the electromagnetic properties of light in 
interaction with a metallic surface. The researchers suggested 
that during this interaction, light transmits a single or collective 
and coherent oscillating movement of surface free electrons, 
inducing polarization inside the metallic NP. This theory became 
known as surface plasmon resonance (SPR).52, 53, 54 Gold (Au)-
based NPs are the main metallic PTT enhancers investigated due 
to their biocompatibility, low cytotoxicity, NIR region or 
biological light absorption windows and excellent 
photostability, efficient light to heat conversion, and tunability 
in terms of shapes, sizes and surface functionalities. 55, 56 Other 
metals, such as iron, silver, or copper (Cu)- based NPs, despite 
their possibly higher toxicity, are valuable for their 
enhancement of surface plasmon or resonance-induced heat 
conversion. 57, 58 
Using a 3D glioma model, Iodice et al. 59 studied 6nm AuNPs 
agglutinated in larger polymeric nanoconstructs (SPNs) made 
from a PLGA (poly(lactic-co-glycolic acid)) core and stabilized by 
a superficial lipid-PEG monolayer, to enhance stability of the 
system under physiological conditions. The size, optical, and 
photothermal properties of the nanoconstructs (Au-SPNs) were 
controlled by modifying the initial Au mass loading which led to 
variable diameters of the inner core. Specific absorption rate 
(SAR) was determined ex vivo for each Au-SPN. 3D glioma 
spheroids were cultured with Au-SPNs and then photothermal 
ablation was done via an 800nm wavelength laser. A cell 
viability test indicated more cell death was induced in the Au-
SPN-treated spheroids than in the untreated control. 
Interestingly, for the same treatment, the toxicity was higher in 
3D culture than in 2D, but the authors didn’t provide 
explanations on why such difference was observed. The interest 
to study NP-PTT in 3D models are not only based on their ability 
to convert light-to-heat, but also on the maintenance of their 
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performance in the context of a multidirectional (3D) cancer 
model with potential different gradients, diffusion and maintain 
of temperatures than in 2D cell culture. 
In order to facilitate the testing of NPs as effective PTT 
enhancers, 3D cancer models should mimic certain cancer 
properties and features, such as cancer stem cells, which are 
responsible for tumor recurrence and metastasis. 60 NPs can be 
tuned to recognize and interact with such cells. In 2017, 
Gonçalves et al. 61 developed gold nanorods (AuNRs) 
functionalized with an engineered peptide that can recognize 
nestin expressed at the surface of glioma stem cells, which 
allows the peptide to act as a targeting agent. This system was 
tested in a scaffold-hydrogel 3D culture model. The hydrogel, 
designed to mimic the ECM and brain stiffness, was made with 
star-shaped PEG covalently connected to matrix 
metalloproteinase-susceptible peptide and maleimide-
functionalized heparin. The 3D culture was made in a mono and 
co-culture of nestin-positive (Nes+) and nestin-negative (Nes-) 
glioma stem cell lines isolated from patient glioblastoma 
multiform tumor (GMB), X01 GBM (stem cells, mainly all Nes+) 
and X01 GBM-BMP (differentiated cells), respectively (70% Nes-
/30% Nes+, as identified by flow cytometry). It is important to 
note that the 2D cells were seeded until attachment and 
proliferation, then incubated with the nanoparticles, while in 
3D, the gold nanoparticles (NesPEG-AuNRs or PEG-AuNRs (as a 
control)) were first mixed at different concentrations inside the 
hydrogel matrix prior to cell seeding to form 3D colonies. The 
fluorescent AuNRs were tracked in 2D and 3D models by 
confocal microscopy. Higher uptake (2D) and penetration (3D) 
were observed for the peptide-functionalized AuNRs, especially 
in the stem cell model. The non-functionalized PEG-AuNRs 
without the targeting peptide showed very low interactive 
effect in both 2D and 3D. The researchers also found that the 
active functionalization caused the AuNRs to be taken up into 
the cells by energy-dependent internalization and caveolae-
mediated endocytosis, suggesting primary localization within 
acidic endosomes. 3D cultures treated with functionalized 
AuNRs, containing a mixture of X01 GBM and X01 GBM-BM , 
underwent laser irradiation. Following treatment, 80% of the 
GBM cells and 30% of the GBM-BMP were dead, corresponding 
with the 30% Nes+ cell content in the GBM-BMP. Varying the 
hydrogel stiffness did not cause significant variation in PTT 
efficiency. Additionally, the overall higher survival rate in the 3D 
X01 GBM cultures in comparison to the 2D cultures, was likely 
due to the higher photothermal resistance in the 3D culture 
microenvironments. To further prove the advantage of using 3D 
models to mimic in vivo systems, a comparative study utilizing 
doxorubicin showed higher chemotherapy resistance for the 3D 
system (~59% cell viability) than the 2D model (~13% cell 
viability), even for X01 GBM. Active functionalization of NPs in 
this study highlights the ability of PTT to be more selective and, 
potentially, preserve normal or healthy cells.  
Due to the plasmonic properties of metal-based NPs, it is also 
possible to provide real-time targeted imaging of the tumor site 
for image-guided photothermal surgery. For this purpose, using 
a 3D gastric cancer model, Liang et al. 62 developed PEGylated 
gold nanostars (PEG-GNS) to image, detect, and treat cancer 

cells via PTT. They actively targeted these cells by conjugating 
CD44v6 on the PEG-GNS. CD44 is a cell surface glycoprotein 
involved in cell adhesion. Spheroids were developed from 
CD44+ or CD44- MKN-45Gc cells. Photothermal effect was 
evaluated on different ranges of laser power. At all treatment 
timepoints, better cellular uptake and penetration of CD44+ 
spheroids were observed for GNS-PEG-CD44v6 than GNS-PEG, 
with the targeted NPs being inside the cytoplasm and a small 
portion distributed in the cell membrane and nucleus cleft.  
With laser power superior at 1.5 W.cm-2, cell colonies were 
ablated and completely damaged in contrast with lower power 
density, at 0.3 W.cm-2, resulting in dissociation and loss  of 
spheroidal structure.. Also targeted NPs led to better 
penetration in this 3D cancer model. 3D model results were 
affirmed by in vivo mouse experiments. It was shown that when 
higher laser power density (1.5 W.cm-2) and one single 
irradiation exposure, induced an effective treatment resulting 
in full necrosis. However, this study led to the speculation that 
the higher the laser intensity the more the surrounding tumor 
normal tissue may be affected by the resulting thermal zone. 
Lower irradiation performed every two days for two weeks, also 
showed significant tumor volume diminution for a high survival 
rate. Consequently, usage of GNS-PEG-CD44v6 indicate the 
ability of PTT to be use as an ablative technique even for lower 
power density settings Photoacoustic imaging was conducted 
on two different in-vivo mice models: orthotopic and 
subcutaneous xenografts, confirming the higher accumulation 
of GNS-PEG-CD44v6 compared to unfunctionalized GNS. 62  
As an additional comment, in the last two studies reviewed61,62 
the stem cell behavior of cancer was a concern. It is important 
to note that 3D culture allows the study of PTT for local therapy 
but can also support the evaluation of this therapy to kill cancer 
stem cell and avoid treatment resistance, tumor progression, 
and metastasis development.  
PTT can also be improved by combining it with other 
therapeutic solutions, such as drugs, gene silencing delivery or 
PDT. These dual therapies can help overcome drug resistance, 
promote higher treatment success rates, and avoid cancer 
recurrence and metastasis by combining the strengths of 
multiple therapies. With this goal, in 2014, Mohamed et al.63 
complemented their first study64 by synthesizing conjugated 
AuNPs to combine the curcin toxin effect (a type 1 ribosome 
inactivating protein) with PTT. They functionalized AuNPs (~10–
15 nm) DSPE-PEGylated (1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-PEG or DSPE-PEG) to favor conjugation 
with multiple targeting agents: folate and transferrin by 
EDC/NHS reaction (N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride/N-Hydroxysuccinimide) 65. 
The release of the curcin from the NPs was controlled by pH 
variation. A 3D culture was made by seeding 25,000 glioma cells 
onto 100-μl Geltrex-coated wells then culturing them for 4 days 
until 3D colonies developed, to be used to evaluate the drug 
effect, independently of the PTT effect. The study 
demonstrated that the conjugated nanoparticles were able to 
shrink 1/3 of the 3D colony and prevent the formation of 
cellular protrusions responsible for migration and proliferation. 
In this case, the drug was able to flow in all the spheroids, which 
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showed ~100% cellular death. Next, PTT was tested on the 
glioma 3D cultures and temperature elevation was only seen in 
the presence of NP treated cultures and not in the control group 
indicating the potential for specificity. Laser stimulation for drug 
released was also evaluated in a 3D structure of osteosarcoma 
by Li Volsi et al. 66, who functionalized two sets of AuNRs, each 
with different coatings: 1) an amphiphilic polysaccharide-based 
graft-copolymer (INU-LA-PEG-FA) and 2) an amino derivative of 
the α,βpoly(N-2-hydroxyethyl)-D,L-aspartamide (PHEA-EDA-
FA), both functionalized with folic acid. The researchers also 
encapsulated the drug nutlin-3 on the NPs. The ability to release 
the drug from the NPs under pH stimulation was also evaluated 
by varying the pH from 7.4 to 5.5 to mimic the variation of pH 
inside the tumor microenvironment. The results indicated 
higher drug release by the AuNRs@PHEA-EDA-FA than by the 
AuNRs@INU-LA-FA. Drug release was also evaluated with the 
synergistic influence of pH and laser stimulation with different 
exposure times. After laser irradiation, the amount of nutlin-3 
released was two times higher for the AuNRs@INU-LA-FA (from 
3.8 to 10%), and four times higher (from 6 to 24%) for 
AuNRs@PHEA-EDA-FA compared to untreated NPs. Toxicity and 
efficiency of the NPs in a 3D model vs. a 2D model were studied, 
revealing higher IC50. The profile of drug release analysis also 
indicated a difference between the 2D and the 3D model: 
around 0.35 to 1.68 µM of drugs were released over 24 to 48 
hours of incubation in 2D vs. around 50 µM over 72 hours in 3D. 
AlexaFluor647-labeled AuNRs allowed NP penetration to be 
tracked inside the organoids. Laser therapy on cells containing 
targeted-drug NPs, achieved 100% therapy efficiency, as 
confirmed by toxicity assay carried out 48 hours after treatment 
(Fig. 4). Additionally, in comparing 2D and 3D resistance to 
therapy, the influence of the polymer used to functionalize the 
NPs for drug encapsulation/bonding on the drug release was 
highlighted. Indeed, for 10% variation in terms of drug 
encapsulation efficiency and 1% (w/w) in polymer mass, 
AuNRs@PHEA-EDA-FA showed 3 to 4 times more drug release 
and, as a result, higher organoid destruction ability than 
AuNRs@INU-LA-FA. Loading ability and release efficiency are 
two key parameters for NP-drug delivery: the last one, release 
efficiency, whether stimulated or not by PPT, should be 
investigated closely, especially in the case of 3D cultures, where 
the delivery of the drug can be hampered. 
Chen et al. 67 also investigated a triple negative breast cancer 
(TNBC) 3D culture to test PTT combined with drug delivery; this 
time, the metal core was made from copper instead of Au. They 
developed a CuS (copper (ii) sulfide) core embedded as a micelle 
in a bi-thermosensitive amphiphilic poly(acrylamide-
acrylonitrile)-PEG block copolymer, encapsulating the 
experimental drug “AF”. The CuS-micelles were characterized at 
a final size of 63 nm (hydrodynamic diameter) and 37 nm (dry 
micelle in TEM analysis), with a negative zeta potential and a 
strong absorption band in the NIR region at 989 nm. Drug 
release was again triggered by pH variation and heat from NIR 
laser exposure. However, in this case, the amphiphilic block 
polymer was designed to have an upper critical solution 
temperature (UCST), meaning the release is also managed by a 
transition from hydrophobic to hydrophilic when the 

temperature rises above the UCST, to avoid premature drug 
release by the human body temperature of 37.4°CTo increase 
uptake and penetration in 2D and 3D models, CuS-micelles were 
functionalized with the GE11 peptide, which targets an 
epidermal growth factor receptor overexpressed in TNBC. 
Untargeted NPs showed less penetration inside the 3D model 
than targeted ones after 2, 6, and 24 hours of incubation. 
Combination of chemotherapy and PTT for non-targeted and 
targeted micelles induced 54 and 75% cell death, respectively. 
Interestingly in this study, as for the study of Liang et al 62 with 
gold nanostructures, it is important to notice the lower power 
selected: 0.75 W.cm-2 showing the ability to combine the 
therapeutics effect to reduce potential negative thermal effects 
on the healthy surrounding cells. The nanoparticles showed 
interesting photoacoustic properties, as they were investigated 
in the 3D system to support imaging of penetration or diffusion.  
 

 
Fig. 4: A) Schematic of functionalized AuNR-folate in a 3D 
sarcoma model before and after NIR laser exposure. B) 
Brightfield images of U-2 OS organoids incubated with 
AuNRs@INU-LA-PEG-FA/Nut, AuNRs@PHEA-EDA-FA/Nut, and 
free nutlin-3 at equivalent concentrations of 10 µM of drug and 
of 52 μgmL−1 of Au0, taken before and after 30, 60, and 200 
seconds of NIR laser exposure. Figure and caption reproduced 
with permission.66 Copyright 2017, American Chemical Society  

In 3D models, NPs are primarily delivered into cancer cells via 
direct incubation inside the cell culture media or matrix for 
various lengths of time. Another method is to pre-incubate the 
NPs or develop NPs able to target tumor-associated 
macrophages (TAMs), which accumulate inside the tumor site 
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to allow efficient PTT. The other advantage of using TAMs in 
addition to their fast ingestion of NPs, is their ability to infiltrate 
brain tumor.68 The thermal therapy of both brain tumor and 
TAMs might be beneficial for TAMs depletion and/or 
reprogramming to overcome tumor growth.69 Thus far, studies 
indicate that the efficiency of macrophage use for PTT depends 
on two parameters: laser power intensity and the number of 
macrophages loaded (directly correlated with NP 
concentration) in the 3D model structures. In 2012, Madsen et 
al.70 investigated this type of targeting and delivery with 
macrophages and a 3D glioma culture. Two-photon 
fluorescence microscopy confirmed the migration potential of 
macrophages and macrophage-loaded NPs in 3D culture. The 
Au nanoshell’s light-to-heat conversion occurred with an 800-
nm wavelength laser; increasing laser power density decreased 
spheroid growth, with complete suppression of growth at 14 
W.cm-2 and complete explosive dissociation at 28 W.cm-2. 
Concerning the macrophage number, significant spheroid 
growth suppression was observed with 10% macrophages, and 
complete growth cessation was seen at a concentration of 20%. 
In 2017, Christie et al.71 used a glioma 3D model to compare 
how the penetration and maturation of macrophages change 
when the morphology and composition of the NPs are modified. 
They compared gold-silica nanoshells (AuNS) with AuNRs. PTT 
of spheroids was achieved by light exposure from an 810nm 
diode laser at irradiances ranging from 0 to 28 W.cm-2 for 10 
minutes. PTT efficacy was analyzed by tracking spheroid growth 
for 14 days after therapy. Macrophage uptake of PEGylated 
AuNR (3.9 ± 0.9%) was two times higher than its uptake of 
PEGylated AuNS (7.9 ± 0.7%). However, the growth inhibition 
was consequential for the AuNS, while no inhibition was seen 
with the AuNR. It is important to note that the authors chose 
laser irradiation of 810 nm for NPs possessing maximal 
absorptions of around 819 nm (AuNS) and 765 nm (AuNR). Thus, 
the laser emission and absorption for light conversion or cross-
section are closer for the AuNS than the AuNR, which could 
explain the low therapeutic efficiency of the AuNRs despite 
their high uptake.  
In the last two studies, a new delivery method of NPs for PTT 
was investigated using macrophages as the carrier rather than 
the conventional method of tumor targeting, which may be 
beneficial to reduce the number of macrophages in brain 
tumors and improve its therapy. However, the laser power used 
was higher compared to the other studies, and therefore 
performance of macrophages as NPs carrier for PTT still need to 
be evaluated under lower laser power. 
 
Carbon-based nanomaterials for PTT enhancement 
Though their cytotoxicity is complex and not fully understood, 
carbon-based nanomaterials should also be considered for PTT, 
given their high surface area and resonance properties. 
Investigating their use for PTT in 3D models can further our 
knowledge of their PTT behavior in more complex systems, 
including penetration, accumulation, activity, and more 
especially toxicity, considering the underestimation of IC50 
defined in 2D model, to potentially enable clinical applications. 
Carbon-based nanostructures, including single-walled carbon 

nanotubes (SWCNT), multi-walled carbon nanotubes (MWCNT), 
and, more recently, graphene, are investigated for PTT to 
support cancer treatment. Carbon nanostructures are semi-
conductors or metallic in function of the chirality of their carbon 
ring. Consequently, heat is either generated by the light-
induced collective mobility of free carriers—the π plasmon 
excitation and the relaxation of the surface—or by the de-
excitation processes between Van Hove states, which involves 
luminescence and/or non-radiative relaxation caused by the 
defective carbon-ring structures.72 Several projects have 
combined the properties of metal and carbon NPs for PTT, such 
as Au and SWCNTs 73 or Au and graphene to improve 
theranostic abilities.74,75  
In 3D glioma spheroids made from U-87 glioma cancer cells, 
Eldridge et al. 76 evaluated the diffusion, penetration, and light-
to-heat conversion of MWCNTs for PTT. They first analyzed and 
modified the NPs’ surface functionalization to improve their 
biocompatibility, comparing the diffusion and penetration of 
MWCNTs with a dense or low coating of phospholipid-PEG 
(DSPE-PEG) or with Pluronic® coating, through brain phantoms 
that mimicked the ECM in the brain. The researchers showed 
that for a 100µg.mL-1 concentration of MWCNTs, those with 2% 
DSPE-PEG penetrated 4−5 mm deep in all directions, while all 
the other MWCNT preparations diffused no more than 2 mm. 
All maintained ablative temperatures (above 40°C) after laser 
exposure (970 nm diode laser, 3 W.cm-2, 30 s). Then, the team 
evaluated the potential of carbon nanotube-mediated thermal 
therapy (CNMTT) to treat GBM multicellular spheroids 
compared to conventional heat delivery. They performed two 
experimentations: one with 24-hour incubation of the NP (5 to 
10µg/mL), to allow enough time for NPs to interact with the 
spheroids, followed by washing and exposure to NIR-irradiation 
(Fig. 5A), and another with immediate irradiation after 
incubation with a higher concentration of NPs (20 µg/mL) (Fig. 
5B). In the case of Fig. 5A, penetration inside the spheroids was 
estimated at 100 µm (by TEM imaging). Surprisingly, in the 3D 
study, with or without nanotubes, after 90−120 seconds of laser 
exposure, PTT was unable to stop the growth of GBM spheroids 
(followed for 12 days after treatment), even though 
considerable cell death was quantified in the 2D study. To 
provide data on the efficiency of the NPs, the researchers 
performed the experimentation described in Fig. 5B, with an 
increase in NP concentration, which inhibited spheroid growth. 
In this study, the 2D culture’s under-evaluation of IC50 is 
highlighted, with cell survival noted in the 3D systems, for the 
same drug concentration. However, they added a pertinent, 
complemental study (done in 2D culture) on the phenomena of 
“heat shock response” or HSR. Indeed, thermal therapies, in 
general, can be compromised due to reactive stress-induced 
chaperone molecules known as heat shock proteins (HSPs), 
appearing in areas of the tumor where the thermal dose did not 
exceed the thermo-ablation threshold (temperature elevation 
or heating duration was insufficient). Acting on protein 
reshaping and apoptotic signaling, activation of HSPs may 
induce tumor recurrence and resistance, especially HSP27, 
HSP70, and HSP90. 77, 78 Quantifying these three HSPs by 
Western-blot analysis, the researchers discovered that DSPE-
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PEG-MWCNTs did not induce HSR. Due to the nature and 
properties of the 3D culture, studying the activity of HSPs for 
targeting and/or delivering inhibitors might be an advanced 
study to consider in order to understand HSP functions better 
before in vivo work. 
 
 

 
 
 
 
 
 
 

Fig. 5: A) Images of 3D GBM spheroids incubated overnight with 2% DSPE-PEG MWCNTs and treated by laser. (A) Schematic of 
the experiment; (B) MWCNTs (indicated by white arrows) penetrating the spheroids visualized by TEM image at low and high 
magnification; (C) representative photomicrographs at different days post-laser treatment with different exposure times and with 
or without MWCNT; (D) Mean surface area per spheroid, quantified by ImageJ software. No major differences in spheroid growth 
were seen among the treatment groups. B) Treatment of GBM spheroids by CNMTT with extracellular 2% DSPE-PEG MWCNTs. (A) 
Schematic illustrating the experimental design; (B) representative photomicrographs of spheroid growth over time; (C) mean 
surface area per spheroid, quantified by ImageJ software. Images of spheroids in addition to those shown in B were used to 
calculate area measurements. Significant spheroid growth differences were seen between spheroids treated with MWCNTs and 
laser for 90 s and all other treatment groups. Figure and caption reproduced with permission.76 Copyright 2016, American Chemical 
Society. 
 
As with metal-based NPs, carbon nanostructures make possible 
the combination of PTT with other therapies  

Zhang et al. 79 created bimodal therapeutic NPs to support PTT-
TPPDT: PTT and two-photon PDT (TPPDT). In this therapy, 
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reactive oxygen species (ROS) are generated once by a two-
metal d-complex: Ru(II), Ru1, and Ru2, co-assembled with 
SWCNTs with non-covalent π−π stacking, are released by PTT 
irradiation and start to produce ROS (808nm diode laser with a 
power density of 0.25 W.cm-2). Doping the SWCNT with Ru also 
increases its photothermal properties: 50 μg.mL-1 of 
Ru@SWCNT in water exposed for 300 seconds presented a 
~∆T=20°C and 40°C compared to SWNCT and water only, 
respectively. Additionally, exposure to the laser induced a 
release of Ru: 52.5% for Ru1 and 55.4% for Ru2; switching off 
the laser stops the release immediately, making it tunable in 
function of exposure. PDT and TPPDT were evaluated in vitro in 
a 2D culture, and the ability of Ru@SWCNTs to induced death 
in HeLa cancer cells was analyzed. Dual PTT-TPPDT was verified 
in 3D culture and in vivo on tumor-bearing mice. The 3D model 
was generated with a liquid overlay technique on agarose gel, 
plated in a 96-well plate, 6,000 cells/well, and grown for 3 days 
to reach ~400 µm. A dose of 50 µg.mL-1 of SWCNTs or 
Ru@SWCNTs was incubated with the model for 48 hours, then 
treated with different laser exposure. Cell viability and diameter 
were extremely reduced: >70% in size compared to the control, 
and only 5% viability remained (at 5min of laser exposure time).  
In 2017, Liu et al.80 reported the first evaluation of the combined 
use of nano-based chemotherapy, PDT, and PTT in a 3D glioma 
model, with the NP supported by a reduced graphene oxide 
(rGO)-PEG coating to enhance biodistribution and loaded with 
Dox for chemotherapy and chlorin e6 (Ce6) for PDT. Evaluating 
each therapy—PTT (laser at 808 nm), chemotherapy (no laser), 
and PDT (laser at 661 nm)—in a 2D cell culture presented similar 
results. However, in the 3D model, only the PTT showed 
significant cell death, and even 10 µg.ml-1 of rGO-PEG-Dox and 
rGO-PEG/Ce6(L+) were unable to induce less than 40% cell 
viability. An additional TUNEL assay for apoptosis detection 
confirmed the results. To understand these variations in 
therapeutic efficiency, the researchers hypothesized that NP 
penetration was the root of the issue, theorizing that PTT does 
not necessarily need efficient deep penetration inside a tumor 
system to be useful. A computer modeling simulation based on 
a 500-µm multicellular spheroid with heat transmission, with 
and without rGO, confirmed the theory, showing a temperature 
increase of 58°C with rGO and just 3°C without rGO, even 
though the rGO penetrated the outer layer of the spheroids. 
This experiment revealed that tumor hypoxia and the tumor 
microenvironment can highly limit the efficacy of 
chemotherapy, PDT, and radiation therapy but not PTT. 
Comparable results were seen in another cancer model on an 
A549 cell line (lung cancer). An additional in vivo study was 
performed on female nude mice (6–8 weeks) with U-87 tumor 
xenografts. Microscopic fluorescent pictures of 4-µm tumor 
slices revealed that PTT had higher efficiency than Dox or PDT, 
even if the cancer cells were not in a closed blood vessel area. 
This last point emphasizes the extreme relevance of using 3D 
cultures to mimic avascular and vascular systems in 
nanomedicine. Indeed, functionalization, size, charge, and 
properties of the NPs, which improve their cellular interaction, 
penetration, and diffusion, will be directly correlated to cancer 
angiogenesis modulation, and as a result, predict their 

therapeutic abilities in a dynamic biological context. The most 
pressing concern is to define if these nanoparticles properties 
are relevant or not for PTT, and these results may be obtained 
only through in vivo studies or with the usage of complex 3D 
cancer model.  
 
New polymeric-based nanomaterials for PTT enhancement 

Inorganic materials, such as Au and carbon-based NPs, are 
commonly used for their ability to convert light to heat and 
enhance PTT. However, a variety of NIR-absorbing organic 
materials have also been synthesized in recent years, which may 
be more suitable due to their biodegradability. These organic 
materials can be loaded and delivered by polymeric NPs such as 
micelles, protein-based agents, conjugated polymers, and 
organic/inorganic nanocomposites.8, 81 
In 2018, Li et al. 82 designed micelles loaded with a loading 
efficiency of 87% (w/w) equivalent to 25% (w/w) of loading 
content of the photothermal agent, IR78083, and evaluated their 
photothermal performance on MCF-7 breast cancer cell lines. 
The team also analyzed the tunability of sphere, rod, and worm-
shaped micelles to determine the relationship between their 
shape and bio-behaviors in 2D, 3D, and in vivo models. In a 3D 
culture, confocal laser scanning microscopy revealed that the 
overall fluorescence intensity (quantified by IR-780 intensity) 
from the rod-like treated cells was highest. In mice, after 
irradiation with an 808nm wavelength laser, the tumor 
temperature was recorded to be about 55.6°C for those injected 
with rod-like micelles vs. 49°C for free IR-780. The same year, 
Rajendrakumar et al. 84, also using micelles and IR-780, 
evaluated the double stimuli response of controlled gene 
release by hyperthermia activation on a 4T1 breast cancer 
spheroid model. They combined disulfide-crosslinked 
polyethylenimine (ssPEI) conjugated with a tumor-specific cell-
penetrating peptide (DS4-3) (SPD) polyplex and bovine serum 
albumin (BSA)-loaded IR780 (BI) NPs, resulting in a dual-
stimulus-triggered, tumor-penetrating, and gene-carrying 
nano-assembly (BI-SPD) via electrostatic complexing (~460 nm 
NPs). BI-SPD-loaded IR-780 NPs were placed in solution and 
irradiated with an 808nm laser at 1W.cm-2; the nano-assembly 
induced a temperature of 46°C at 11.25 µg.ml-1 concentration. 
In 3D spheroids, the BI-SPD nano-assembly containing DS4-3 
peptide penetrated and spread uniformly throughout the tissue 
to a depth of 37.03 µm.  
 
Critical analysis, challenges and future expectations  

PTT-mediated NPs have been tested in 3D cancer models made 
from many different cancer cell lines. Various techniques and 
nanoparticles have been used, including metal-based, carbon-
based, and organic polymeric NPs. Different laser parameters 
have also been tested: wavelength, power density, and time of 
exposure. Overall, the literature has confirmed the ability of 
nanoparticles to facilitate light-to-heat conversion in 3D 
systems; investigated the influence of active targeting on the 
performance of PTT; showed the theragnostic use of NPs for 
imaging and therapy; indicated the possibility of combining PTT 
with other therapies, such as drugs or PDT; and even explored 
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and diversified PTT-NP delivery to cancer cells via macrophages. 
These preliminary studies have demonstrated the potential of 
PTT-mediated NP techniques in complex 3D systems and 
highlighted the multifactorial parameters that should be 
considered to prove their suitability for clinical applications. 
They are extremely important for a thorough understanding of 
this important area of cancer research; however, as in all new 
areas of science, more research is still needed in order to fully 
take advantage of the promise of this approach. To 
constructively advance this field, the following considerations 
should be investigated:  
 

1. The advantages of 3D systems over 2D cultures make 
it possible to evaluate a new parameter—NP 
penetration and diffusion over physical/chemical 
barriers. Some studies indicate that PTT does not 
necessarily need deep NP penetration inside a tumor 
system in order to be efficient, while others assert the 
opposite. It remains unclear if the efficacy of NP-
enhanced PTT is due to the increased NP diffusion, 
penetration, and homogenic/heterogenic 
accumulation or to the cumulative effect of 
recognition, cellular uptake, and “heat wave” release, 
propagation, and accumulation within the spheroids. 
Additional testing of NPs in 3D cultures can clarify 
these points, especially by comparing NPs’ nature, 
size, charge, surface functionalization (active or 
passive targeting), and protein corona.  

2. Most studies incorporate NPs after the 3D system is 
formed. Comparative studies of this technique vs. NPs 
embedded in the matrix prior to cell seeding would be 
beneficial because they may reveal different 
mechanisms of NP flow, diffusion, and interaction 
with cells.  

3. The laser wavelength used thus far has mainly been in 
the NIR-I window. 3D systems can also support 
research for NIR-II and NIR-III nanophotosensitizers to 
overcome technical, safety, and regulatory barriers 
and accelerate their clinical translation, without using 
expensive animal models. 

4. The advantage of 3D cultures over 2D is their ability to 
more closely mimic cancer cell-to-cell interactions, as 
well as NPs’ interactivity with other cells, such as 
endothelial, stromal, adipose, blood brain barrier, and 
immune cells. In vivo, PTT may act on these other 
cellular systems, and new mechanisms should be 
explored to quantify its impact on them, with the 
ultimate goal of taking advantage of its overall 
benefits. Also, studies have shown variations in the 
efficiency of PTT by itself or with drug therapies. This 
is primarily because the techniques used to generate 
3D systems vary drastically (size, density, stiffness, 
organization, nature of the cells studied). Too often, 
these parameters are neglected or unspecified. The 
performance of NPs should be evaluated and 
compared on 3D spheroids, colony cultures, and 3D 

systems with or without addition of ECM or with or 
without co-cultures.  

5. Over 2D cell cultures, 3D models could be maintained 
for longer periods of time (weeks) under observation 
and, thus, are suitable for exploring long-term factors, 
such as how heat shock proteins can impact cancer 
generation, recurrence, and recovery.  

6. Finally, using consistent 3D cultures could enable 
more precise evaluation of PTT temperature diffusion 
and the “thermal zone” through a multidirectional 
system. It could also enable NP design to be adjusted 
to make PTT a combination of ablative and moderate 
hyperthermia techniques, allowing the evaluation of 
the immediate impact of the treatment (ablative 
technique with high power laser density and low 
exposure time vs low to moderate hyperthermia with 
longer time of exposure for lower laser power density, 
or even the cumulation of both techniques through 
generation of temperature gradient ability of NPs) and 
the resultant action on the cancer cells (and potential 
“normal” cells in a co-culture model) with long term 
experimentation (weeks of potential observation 
after PTT). The longer evaluation periods made 
possible by 3D cultures may also be useful to 
characterize the mechanisms of cancer cell death, 
resistance, and recovery and, potentially, to evaluate 
the role played in cancer cell behavior by other 
components, such as stromal or immune cells, in the 
context of PTT. It might also highlight why some 
studies found PTT more beneficial than other 
therapies when combined with drugs or PDT. 

Optimization guidelines for NP performances and 
characteristics for PTT in 3D cancer models  
Evaluation of the performance of the size, charge and surface 
chemistry for NPs investigated in PTT 

Although the use of NPs of different compositions in 3D model 
systems is relatively new, an impressive number of studies on 
the subject have already been published on polymeric and/or 
protein-based NPs composed of lipids 85 polyethylene glycol 
(PEG) alone or mixed; 86, 87, 88, 89, 90, 91, 92, 93, 94, 95 polyamine;96 
chitosan;97, 98 poly(lactic-co-glycolic acid) (PLGA) alone or 
conjugated;99, 100, 101, 102 and poly-L-lysine (PLL) and derivates103 
Other NPs include metal-based NPs composed of Au 61, 66, 71, 104, 

105, 106 titanium,107 zinc,108, 109 iron,110,111,112 or even metalloids 
with silica;113, 114 quantum dots;115, 116 and carbon-based NPs 76, 

79, 117, 118 were also investigated. The properties of NPs can be 
tuned to meet specific needs, especially when they can 
interfere with PPT abilities. The effect of charge, size, surface 
chemistry, and protein corona on 2D models have been heavily 
investigated to understand how cells interact with and 
internalize NPs.119 However, these parameters should also be 
analyzed in 3D cancer models in order to more fully understand 
the constraints created by the tumor micro-environment, 
including the influence of the ECM, proteins, matrix, and 
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adhesion on NP penetration, diffusion, and penetrability 
throughout the system. (Fig. 6). 

 

 
 

Fig. 6: Schematic of the interaction between 3D culture and NPs. The nature, composition, properties, and function of NPs can 
be diverse and intentionally varied. Each variation of the parameters can be studied in 3D culture to simulate theirs in vivo 
abilities 

• Size influence  
To study the effect of NP size, Yu et al.113 developed an ultra-
small (~10 nm) hybrid silica/polymeric nanosystem and 
evaluated its dispersion and diffusion into 3D glioma spheroids 
and then compared with the results observed for ~100nm 
mesoporous (non-hybrid) silica NPs. The researchers tracked 
the NPs’ using fluorescence labeling and found that both kinds 
of NPs reached the core of the spheroids, but the heterogeneity 
of the distribution inside the spheroids was higher for the 
smaller NPs, especially on the outer edge of the spheroids, 
correlating that the size of the nanoparticle influence its 
penetration. The role of size in penetration/diffusion efficiency 
was also investigated by Mikhail et al. 120 in 2014. They showed 
that distribution variation can be caused by size/incubation 
time synergy and influenced by the cell lines studied (HeLa vs. 
HT29 cancer cell lines). The researchers designed different 
lengths of block copolymer micelles composed of PEG-b-PCL, 
varying the size by increasing the chain of PEG or PCL (from ~15 
to ~55 nm, with similar negative charges). They then studied 
these chains’ penetration on 500-µm spheroids for 1 and 24 
hours, comparatively. The NPs were tracked by fluorescence 
imaging and evaluated according to fluorescence intensity in 
three specific areas of the spheroids: periphery, intermediate, 
and core. Results showed higher distribution and accumulation 
in the spheroids after 24 hours than after 1 hour, especially for 
the biggest NPs. The researchers also observed higher 
fluorescence intensity in HeLa than in HT29 spheroids, 
correlating with the fact that penetration and diffusion can be 
influenced by spheroid density—HeLa spheroids are less dense 
and possess greater extracellular volume than HT29 spheroids 
and the incubation time. The team then demonstrated the 

predicted penetration trend for nanoparticle interstitial 
diffusion in tumor xenografts. 
In 2016, Arranja et al. 121 also sought to evaluate the effect of 
NP size on spheroid penetration in function of different cell lines 
(HeLa vs. U-87). They showed that Pluronic® (triblock 
copolymers of poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO-PPO-PEO)) nano-micelles with 
varying PEO block mass (F127 constituted of PEO96-PPO56-PEO96 

for aMW= 11,700 g mol−1 vs P94 made of PEO26-PPO48-PEO26 for 
a MW= 5000 g mol−1) and aggregation states (unimers vs. cross-
linked micelles called SPM-F127 and SPM-P94) can penetrate 
and accumulate differently, most likely because they may 
activate different internalization pathways. The researchers 
also presented a correlation between the size and penetrability 
of different NPs in function with the nature of the cells used to 
make the spheroids, related to their cellular interstitial space 
and intracellular mechanism. Results showed that SPM-F127 
micelles (with hydrodynamic radius RH~16.9 nm) were more 
efficiently delivered across the tumor spheroids than their 
unimer version F127 (RH~2.9 nm); deeper penetration was 
observed for SPM-127 (around 2 times deeper for 4 time points) 
in HeLa and U87 spheroids. The researchers also mentioned 
that compared to the 2D culture, the 3D model is dependent on 
the aggregation states (meaning micelle-sized NPs). However, it 
was already theorized that the penetration of NPs through the 
tumor interstitial space is related to the diffusion coefficient, 
which decreases as the molecular weight increases. 
Additionally, other cellular mechanisms, such as internalization 
and subsequent exocytosis from one layer of cells to another, 
cellular binding affinity, cell density, and spheroid compactness, 

Page 11 of 32 Nanoscale Horizons



ARTICLE Journal Name 

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

may also govern NP penetration depth in tumor systems, as 
might the model being an avascular system, in our opinion.  

• Charge and surface chemistry  
The effect of surface chemistry, and more specifically, cationic 
and anionic charge was investigated in 2010 by Kim et al.122 with 
human colon carcinoma cell cylindroids. Using mathematical 
models and 3D culture, they revealed that cationic AuNPs 
improved drug delivery to most cells (higher uptake and 
dissociation by viable cells), while the anionic AuNPs showed 
better drug deliver deep into tissues (faster diffusion). In 2013, 
England et al. 123 showed that varying the size, zeta potential, 
and morphology of PEG-coated Au NPs via functionalization or 
layering affects their penetration and diffusion differently in 
different 3D cancer models. They studied liver, lung, and 
pancreatic cancer cell lines with similar incubation times, using 
dark field microscopy to determine the intensity of NPs on the 
periphery and center region of the 3D models. In 2015, Agarwal 
et al. 124 tested an additional parameter to the size and charge 
considerations by quantifying the impact of the geometry 
(shape and aspect ratio) of polymeric NPs (PEG anionic 
nanohydrogels) in terms of penetration and distribution inside 
3D spheroids of kidney cancer cell line, showing that “disc-like” 
cylindrical NPs with a low aspect ratio had maximal, uniform 
intratissue penetration (>50% increase) compared to nanorods 
or smaller NPs (220 nm diameter) of the same shape. This 
additional parameter resulted in data that is in total contrast 
with previous findings, in which smaller spherical NPs 
(polymeric or metal based) resulted in deeper and more 
uniform penetration.  
In 2016, Bugno et al. 125 hypothesized that the size and surface 
chemistry of poly(amidoamine) dendrimers (PAMAM) with 
controlled size and charge were key parameters for their 
distribution, accumulation, and penetration inside KB and MCF-
7 spheroids and on an external ECM (collagen I gel) model, 
which was used to mimic an additional barrier within the tumor 
microenvironment. The researchers found that smaller 
dendrimers diffused faster in the model with ECM and inside 
the spheroid core than the larger dendrimers. Additionally, 
higher accumulation in MCF-7 spheroids was seen for the 
positively charged NPs with -NH3+ functionalization or cationic 
termination than for either the anionic or neutral NPs.  
The influence of NP size, charge, and surface chemistry on 
penetration was also investigated by Priwitaningrum et al. 126 in 
2017, who used silica and PLGA NPs with a 3D co-culture 
spheroidal array that mimicked breast tumors and pancreatic 
cancer with stromal cells. To characterize the impact of the ECM 
on the penetration and diffusion of different NPs, the 
researchers modified the ratio of cancer cells to fibroblasts (1:1 
and 5:1). Fabrication and analysis of the spheroids were done 
using a microwell array platform. Silica NPs were synthesized to 
have various sizes and charges (30 nm, 70 nm, or 100 nm; zeta 
potential: -40 mV and -20 mV. The spheroids were incubated 
with the silica NPs, then fluorescent microscopy of spheroid 
cryosections was performed, showing high penetration by the 
30nm NPs—about 75–80%—into the 4T1 homospheroids 
within 24 hours but almost no penetration into the fibroblast 

models. A similar experiment conducted with another 
composition of NPs, PEGylated PLGA (200 nm, -7 mV), had 
analogous results. Additionally, as the negative charge of the 
silica increased, so did its penetration inside the spheroids. 
Another study on human homospheroids (made of only cancer 
cells) and heterospheroids (cancer cells co-cultured with 
fibroblasts or stromal cells) confirmed the same trend. In 
addition to the differences between low/high charge and size-
varied NPs, this study highlighted the ability to modulate the 
extracellular stroma in 3D multicellular spheroids, which can act 
as a strong barrier to NP penetration.  
Some studiers could show better penetration of negatively 
charged NPs, and others for positively charged NPs. Both trends 
might be relevant, as penetration is multifactorial (function of 
the composition, size and shape of the NPs) and can be 
dependent on the cell line chose and cell incubation time. Given 
the differential tumor cell lines used and culturing conditions in 
these model systems, it is difficult to ascertain which 
functionalized surface portends better penetration or tumor 
interaction clinically. More investigation needs to be done in 
this area of research.  
 

• Protein corona consideration  
NPs’ incubation with cell media or biological fluids can affect 
their surface chemistry, charge, and size due to the proteins 
present in these environments. This well-established surface 
chemistry modification process, in which the NPs get covered 
by a protein corona, can impact their cytotoxicity, treatment 
efficiency, targeting recognition, and immune response.127 
Therefore, in addition to the parameters already described in 
the previous sub-sections, the impact of protein corona 
formation around NPs on tumor penetration should be 
considered, as this can modify their size, shape, bio/chemical 
activity, and biodistribution. To prove this point, in 2017, Huang 
et al. 128 designed a chip to study the effect of surface charge 
and protein corona on fixed-size NPs (100-nm polystyrene NPs), 
positively or negatively charged, without and with serum 
proteins to induce protein corona, in a constantly moving liquid 
flow. Accumulation and penetration were quantitatively 
tracked by confocal fluorescence laser microscopy. The results 
indicated that the negatively charged NPs had easier surface 
accumulation and penetration into the spheroids; the best 
results under flow were seen from negatively charged NPs 
without a protein corona. Indeed, the induced protein corona 
modified NP-cell affinity, affecting their interactions with cells 
and resulting in lower concentration of NPs on the outer 
shell/surface of the spheroid. However, the corona might be 
responsible for deeper penetration. (Fig. 7).  
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Fig. 7: A) (a) Structure of chip composed of 3 layers: PDMS 
(upper), glass (middle), and PVC (bottom); (b) picture and 
schematic of a four-chamber chip; (c) schematic and 
microscope photo of spheroid trapping. B) Confocal images of 
spheroids after 2 hours of incubation with (a) PSD NPs with no 
corona and in static conditions, (b) PSD NPs with a corona and 
in static conditions, (c) PSM NPs with no corona and in static 
conditions, (d) PSM NPs with a corona and in static conditions, 
(e) PSD NPs with no corona and in flow conditions, (f) PSD NPs 
with a corona in flow conditions, (g) PSM NPs with no corona in 
flow conditions, and (h) PSM NPs with a corona in flow 
conditions. NP cellular uptake was calculated as the relative 
geometric mean fluorescence intensity with PSD +St: PSD NPs 
with no corona in static conditions. Figure and caption 
reproduced with permission 128. Copyright 2017, American 
Chemical Society 
 

• Active functionalization of the nanoparticle surface  
Size, composition, surface chemistry and/or charge play a 
crucial role in NPs interaction and accumulation in tumors via 
passive targeting with enhanced permeability and retention 
(EPR) effect.129 Though much of the EPR effect is caused by the 
characteristics of the tumor vasculature, this mechanism has 
been heavily investigated in 2D, 3D, and in vivo models to 
predict the advantages of using NPs in therapeutic applications. 
However, the EPR effect has already started to show its 
limitations, even in vivo models with intact blood circulation. As 
mentioned earlier, unlike organs, cancer can make solid tumors 
with low vasculature and complex microenvironments—i.e., 

stroma, extracellular matrix, and immune environment—which 
can affect the transport and distribution of drugs.130 Another 
path investigated for the delivery of nanoparticles to a tumor 
site is active targeting, in which NPs are functionalized with 
biological objects that recognize and bind to specific markers on 
the cell surface.131,132,133. In active targeting, targeting ligands 
are added to the surface of NPs to guide their delivery into only 
cancer cells (or subcellular cancerous sites), which reduces 
undesirable systemic exposure and cytotoxicity to healthy 
tissues. Active targeting increases the specificity of the 
interactions between the receptors expressed within or on the 
surface of cancer cells and the ligands on the surface of 
nanocarriers by triggering receptor-mediated endocytosis. 
Receptor-based active targeting has led to the development of 
novel targeted NPs for therapeutic, diagnostic, and imaging 
applications. Various kinds of targeting ligands have been 
employed to functionalize NPs, including peptides and whole 
proteins (e.g., transferrin, integrin, matrix metalloproteinase), 
aptamers, antibodies or antibody fragments, and different 
receptor ligands (such as folic acid).134,132  

Beyond cellular recognition, 3D culture integrates the concept 
of penetration and diffusion; qualification of these two last 
parameters should be determined in the context where the NPs 
are modified to enhance cellular recognition and affinity. Ran et 
al. 135 developed a microfluidic system to make multifunctional 
plain, PEGylated (DSPE-PEG2000), and folic acid-functionalized 
(DSPE-PEG2000-Folate) liposomes, all conjugated with a 
fluorescent dye (DiI or (2Z)-2-[(E)-3-(3,3-dimethyl-1-
octadecylindol-1-ium-2-yl)prop-2-enylidene]-3,3-dimethyl-1-
octadecylindol)) encapsulated for imaging. The recorded Zeta 
potentials were -9.5mV ± 0.9, -0.8mV ± 0.4, and -0.9 mV ± 
0.1mV for, respectively, plain, DSPE-PEG2000, and DSPE-
PEG2000-Folate. The DSPE-PEG2000 was 50 nm, and the plain 
and DSPE-PEG2000-Folate were 100 nm. 3D cultures of SKOV3 
(FA+) and MCF7 (FA-), formed over 7 days, were exposed to the 
plain, DSPE-PEG2000, and DSPE-PEG2000-Folate for 4 hours for 
a quantitative cell uptake analysis and for 24 hours for a 3D 
culture penetration analysis. The quantitative analyses and 
fluorescence penetration in 3D showed logical and similar 
results: DSPE-PEG2000-Folate had higher uptake in and effect 
on SKOV3 (FA+) than on MCF7 (FA-). This study highlights the 
concept of differentiation and characterization between 
interactions at the cellular level (cellular uptake) and on the 
scale of a 3D tumor with penetration and flow of the 
nanoparticles through interstitial space. We believe that these 
are two important concepts to distinguish, and 3D culture is a 
key model to allow the synergistic optimization of both.  
This notion of interstitial flow was mentioned in a study by 
Wang et al.,136 who investigated the transport of carbon 
nanotubes (CNT) and their diffusion in Hep-G2 hepatocellular 
carcinoma (made with polyacrylamide hydrogel inverted 
colloidal scaffold (ICC)). CNTs were functionalized with 
transforming growth factor β1 (TGFβ1) and with the fluorescent 
dye FITC (fluorescein isothiocyanate), CNT-TGFβ1-FITC, added 
for the dual function of imaging and drug-model delivery 
system. Diffusion and transport through the spheroids were 
evaluated with CNT-FITC. Both nanoparticles possessed a 
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negative charge but different molecular weights—CNT-FITC was 
5.83 ± 0.74 x104 Dalton lighter than CNT-TGFβ1-FITC. 
Mathematical prediction via the Stokes-Einstein equation 
evaluated a similar diffusion coefficient between both NPs with 
a rate of 5.7 x 10-16 m2.s-1. However, based on a 3D culture assay, 
it was discovered that apparent diffusion coefficients of CNTs in 
3D were higher than similarly charged molecules with molecular 
weights, which were 10,000 times lower. CNT diffusion in 
tissues was enhanced when they were functionalized, which the 
researchers attributed to planar diffusion (gliding) of CNTs along 
cellular membranes. This gliding reduced the effective 
dimensionality of the diffusional space. In this study, TGFβ1 
improved the transport process and diffusion inside the 
spheroids, increasing the penetration but not the cellular 
interaction. Additionally, the implicit conclusion of this study 
was that the nature of cancer or the technique used to generate 
3D culture will influence the interstitial space, which can involve 
NP diffusion. This supports the idea that NPs can be 
functionalized to control transport processes at the cellular 
interface by affecting parameters such as adsorption/ 
desorption to the cellular membrane, surface diffusion, and 
cellular endocytosis/exocytosis. With the same strategic 
concept of balancing NP cellular internalization vs. tissue 
penetration, Sims et al.137 designed NPs made of 
poly(lactic‑co‑glycolic) acid with PEG, MPG, a mix MPG/PEG, 
and Vimentin (VIM). This time, 2D and 3D cultures were used to 
differentiate NP interaction from NP penetration and diffusion. 
In a HeLa 2D culture after 24 hours of incubation, the MPG, 
MPG/PEG, PEG, and VIM NPs showed 66×, 24×, 30×, and 15× 
more interaction, respectively, than the unmodified NPs. 
However, in HeLa 3D spheroids, for the same incubation time, 
all nanoparticles were severely hindered: MPG and MPG/PEG 
NPs were internalized only 2× and 3× times more than PEG and 
VIM NPs. Additionally, MPG NPs were mainly localized at the 
outer layer of the sphere, while PEG NPs penetrated 2× farther. 
This study emphasizes the balance between interaction and 
penetration, where active functionalization with MPG enhances 
cellular interaction and internalization and when PEG enhances 
3D penetration. We can easily understand how this balance is 
important when studying systems with high or low 
vascularization. To mimic this hyper/hypo-vascularization and 
evaluate the transport and longevity of NPs during local or 
systemic administration, with the same nanoparticle, they 
developed 3D spheroids made by two different methods: 
hanging drop (HD), producing smaller and regularly shaped 
avascular tissue, and liquid overlay (LO). Additionally, they 
chose three cell lines—HeLa, CaSki, and SiHa—to compare NP 
distribution within the same type of tissue as a function of 
different cancer types. In HD-made spheroids, enhanced 
distribution of unmodified NPs in HeLa was recorded, whereas 
SiHa spheroids showed positive penetration results for all 
modified NPs. Interestingly, in spheroids made by LO, opposite 
results were seen, with a higher distribution of MPG and 
MPG/PEG NPs in HeLa and of PEG and MPG/PEG NPs in SiHa 
spheroids. 100 Here, as we concluded previously, the researchers 
demonstrated the influence of penetration in function of the 
cancer cells selected, and also that the technique used to make 

a 3D culture can induce different NP penetration results, even 
when the NPs are functionalized for active targeting or 
enhanced peptide recognition.  
 
The goal of the review is not to provide a state of art of the 
active targeting in 3D culture but to illustrate potential insight 
for optimization of NPs with active targeting for PTT application. 
Consequently, we have focused the next papers on active 
targeting recognition that can be able to target cancer but also 
its ECM components or cancer resultant as stem cells, and 
present the different outputs.  
Integrins have been long investigated for active targeting. 
Typically, they are transmembrane proteins that work as 
mechanosensors, supporting multiple biological processes 
through adhesion molecules and signal transduction platforms. 
Several inhibitive integrin-targeted drugs have shown clinical 
efficiency to treat and prevent diseases, especially cancers. 138 
Short, artificial peptides that have the RGD sequence can 
replicate the integrin-binding activity of adhesion proteins. 
These peptides can bind at the integrin attachment site, either 
on cell surface proteins or the ECM. Because integrin-mediated 
cellular attachment impacts and controls cell proliferation, 
differentiation, dispersion, and death, RGD peptides can be 
employed to trigger integrin functions and support new cancer 
drugs discovery based on RGD recognition.139 In 2015, Ni et al. 
140 developed a peptide iRGD (specific integrating RGD: 9-amino 
acid cyclic peptide) -functionalized nanodots (iND ~10 nm) and 
nanospheres (iNP ~70 nm), loaded with PTX at a high drug 
loading capacity (>80%wt) by encapsulation in different 
polymers combinations (PPG, PEG and Pluronic F127). These 
systems were tested with a breast cancer cell line. In a 
monolayer model, the tumor-penetrating peptide facilitated 
better uptake of both kinds of nanosystems into the tumor cells 
than the non-targeted nanosystems or free PTX. Confocal laser 
scanning revealed no significant difference in relative 
internalization of iND and iNP or in cell viability after 48 hours 
of incubation in 2D cell culture. However, when tested in a 3D 
multicellular tumor spheroid model, the iND’s performance was 
markedly superior to the iNP’s in terms of inward penetration 
and spheroid elimination. Penetration tracking was done after 
24 hours of incubation and during the following 3, 5, and 7 days, 
and toxicity was evaluated in comparison with the relative 
volume of a control treated with PBS. These results suggest 
that, even when active targeting is involved, NP size is an 
influential, determinant parameter for cellular penetration and 
resulting cytotoxicity. In vivo experiments were performed in 
mouse models of orthotopic mammary adenocarcinoma, 
confirming that only the PTX-iND efficiently reached the tumor 
site, while the PTX-iNP, non-targeting NPs, and PTX alone did 
not (Fig. 8).  
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Fig. 8: A) Schematic and TEM images of the synthetized NPs 
showing the composition of iRGD-conjugated PTX-iNPs/iNDs, 
their distribution, and effects on different cells, and cancer stem 
cell elimination post-IV. B) In vitro spheroid images of tumor 
tissue penetration and antitumor activity. a) CLSM images 
indicate drug distribution in spheroids after 24 hours of 
incubation with 5 µg/mL of Cy5-doped PTX/NDs/NPs/ 
iNDs/iNPs; corresponding fluorescence signal intensities across 
the spheroids are shown along the dotted lines. b) 
Representative CLSM images of TUNEL analysis of spheroid 
cryosections post-treatment with different PTX formulations (5 
µg/mL) for 24 hours; red: dead cells; green: live cells. c) 
Spheroid growth inhibition caused by various PTX formulations 
(5 µg/mL). Abbreviations: iNPs: nanoparticles, iNDs: nanodots, 
PTX: paclitaxel, IV: intravenous injection, TEM: transmission 
electron microscopy, CLSM: confocal laser scanning 
microscopy. Figure and caption reproduced with permission 140. 
Copyright 2015, John Wiley and sons.  

Waite et al.141,142 delivered micro-RNA in a 3D brain cancer 
model via RGD targeting. They designed a new generation of 5 
PAMAM dendrimers functionalized with cyclic RGD-targeting 
peptides (~200 nm) and analyzed their ability to associate with 
siRNA and be delivered to cancer cells. The researchers 
demonstrated that siRNA delivery was a function of the number 

of RGD ligands per dendrimer. PAMAM-RGD NPs delivered 
inside 3D spheroids had higher penetration performance than 
non-targeted PAMAM dendrimers, most likely by interfering 
with the integrin-ECM contacts in the 3D tumor model. The 
number of ligands attached or present on the nanoparticles is, 
in general, not evaluated and, thus, unknown. Methods of 
analysis should be created to improve active targeting 
efficiency, especially in the context of 3D culture 
experimentation, to balance cellular interaction and 
penetration abilities of the NPs.  
Targeting with ligands such as RGD, folate or transferrin is 
considered active targeting because malignant cells or tumor 
tissue possessed overexpressed recognition for these 
molecules, while their expression is more limited in healthy 
organs.143, 144, 145 Antibodies and aptamer recognition generally 
promote better recognition/binding affinity (as showed by Kd 
value (around 10-9 for RGD 146 vs 10-12 for antibody 147)), and can 
be used in combination with different peptide, folate, and 
transferrin targeting agents for both intra and extracellular 
targeting.148 It is also interesting to compare these active 
markers, able of higher cellular recognition, in terms of 
penetration and diffusion through 3D cancer model. Based on 
the specificity of hyaluronic acid to recognize and fix on cancer 
cells, particularly cancer stem cells, that overexpress CD44 
markers, Rao et al. 149 developed a complex nanoparticle made 
of PEG-PPG-PEG functionalized 4-nitrophenyl chloroformate (4-
NPC), chitosan, and pluronic F-127, arranged in micelle shape by 
emulsion to allow the encapsulation of Dox. CD44, known to 
support transport between endosomes and the cell surface, is a 
single chain transmembrane glycoprotein that possesses a “link 
module” or “proteoglycan tandem repeat” made of ~100 amino 
acids, i.e., a hyaluronan-binding site for proteins such as 
hyaluronic acid or an analog such as chitosan. 150 It is important 
to note that HA-CD44 may not be the only recognition site, and 
sequences outside the link as well as cell-specific factors and 
multiple CD44/HA engagement by weak receptor-ligand 
interaction might achieve functional avidity. The advantages of 
such recognition are that the polymer coating on the 
nanoparticle hyaluronic derivates, preliminarily used to 
increase biocompatibility and stability, can target CD44+ cancer 
cells. CD44 binding to HA takes place at the cell surface, where 
many close CD44 receptor molecules can interact with HA’s 
repeating disaccharide chain. 151,152 The investigated 
nanosystem was designed to release encapsulated Dox when in 
acidic surroundings, such as those found within cellular 
endosomes/lysosomes, thus controlling the drug’s release until 
the system has been internalized. The researchers also 
developed MCF-7 3D breast cancer model or mammospheres 
that could modulate CD44 expression and the ratio of 
CD24/CD44 expression when cultured in 2D or 3D. Using this 
model, the researchers found that, due to the CD44 expression, 
the 3D mammary tumor was 6 times more sensitive to the Dox-
loaded chitosan-NPs than to free Dox, as indicated by 
cytotoxicity and growth inhibition analyses. Additionally, NPs 
efficiently inhibited the formation and growth of spheroids 
made from a single cell suspension, showing the relevance of 
HA or CD44+ to target stem cells and evaluate their impact on 
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3D culture formation. Investigations in an orthotopic xenograft 
tumor model confirmed the results (Fig. 9). 

Fig. 9: A) MCF-7 stem cell 3D mammospheres characterization 
after cellular uptake of 1 μg/mL nDox vs. fDox at 37°C for 
microscopic images with fluorescence staining of cell Nuclei 
(blue) and endo/lysosomes (green), fluorescence Dox tracking 
(red) and merging picture of nuclei (blue), endo/lysosomes 
(green), Dox (red) after 3h of incubation/exposure B) Cell 
viability and % of mammosphere cells remaining after 
treatment. (a) Micrographs indicate the variation in 
morphology of the cells/mammospheres after treatments for 
two types of 3D culture protocols/techniques (single cell 3D, 
mammosphere 3D culture); (b) Survival (IC50) of 
mammospheres (single cell 3D, mammosphere 3D culture, and 
2D cultured parent MCF-7 cancer cells) after treatments (10 
days exposure presented only). For the mammosphere 3D 
model, the percentage of (c) CD44+CD133+, (d) CD44+, and (e) 
CD133+ cell subpopulations after the treatments for three 
different times (3h, 3 days, and 10 days) Abbreviation: 
nDox=nanoparticle loaded with Dox, fDox=free Dox. Figure and 
caption reproduced with permission.149 Copyright 2015, 
American Chemical Society  

HA-CD44 affinity was also investigated by El-Dakdouki et al. 153, 

154 in an ovarian cancer cell line in a 3D culture. The researchers 
developed silica NPs covered by hyaluronan (HA) and with a 
highly fluorescent core. The authors showed that this 
nanosystem had an enhanced ability to be taken up into cells, 
exit the cells, and, therefore, transition from one cell to another, 
enabling penetration deep inside the spheroid. The therapeutic 

potential of this nanosystem was evaluated by loading it with 
Dox. The 3D ovarian cancer model was cultured until it reached 
a spheroid shape and a size of 250-350 µm, then it was exposed 
to the NPs. The penetration of SNP vs HA-SNP was evaluated by 
fluorescence confocal microscopy and the number of cells 
labeled by flow cytometry (FACS) after 6 hours of incubation. 
The HA-SNPs led to a 4.5-fold increase in the number of labeled 
cells and increased deep penetration into the spheroids; 
additionally, drug loading showed a significant therapeutic 
improvement. Interestingly, they also found that the CD44 
underwent recycling between the cell surface and the interior 
of the cells, allowing efficient drug delivery through receptor-
mediated transcytosis. 
 
These studies revealed the importance of active targeting to 
increase recognition and cellular accumulation. They also show 
that designing optimal NPs for targeting cells and for 
penetration/delivery inside a spheroid or 3D model might be 
two different concepts and require different approaches. The 
best NPs for cellular targeting and distribution/penetration in a 
3D culture might produce diametrically opposed results in 2D. 
Consequently, NPs with certain surface chemistry, charges, size, 
and composition that have already been heavily investigated in 
2D cultures and judged inefficient compared to active targeting 
might provide different data in 3D cultures or humans. 
Developing PTT nanoparticles can benefit this dual approach by 
allowing comparative studies of size, charge, and surface 
chemistry with different targeting agents. In conclusion, 
targeting recognition does not necessarily mean nanoparticle 
penetration in 3D: an efficient cellular recognition and 
internalization do not necessarily mean an optimal tumor 
penetration. It is difficult to fully understand if the penetration 
of NPs inside a 3D system indicates interaction with the cells. 
The boundary between uptake and penetration inside the 
spheroids and interaction with individual cells is not clearly 
identifiable. More research needs to be done to differentiate 
between these two states. Studying 3D cancer models and NP 
design together in relation to the desired application may fill the 
gap between fundamental research and clinical application 
development, leading to more efficient NP-enhanced cancer 
therapies. 
 
As mentioned in the introduction of this section, NPs suitable 
for PTT depend on their wavelength and absorption ability to 
produce optimized heat conversion. These parameters are 
extremely influenced by the size, shape/morphology, 
concentration, nature, and aggregation state of the NPs. The 
preceding studies highlight the fact that these criteria can be 
modified in the context of a biological system. More 
interestingly, compared to previous studies done in 2D, 3D 
systems revealed that penetration, diffusion, cellular affinity 
(with or without active targeting) and, consequently, final 
aggregation state, concentration, and overall shape of the NPs 
might be influenced not only by their coefficient of diffusion but 
also by the nature, cell density and compactness, cellular 
binding affinity, and cellular mechanism of the system studied. 
As this area of study progresses, PTT and NPs must be directly 
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optimized in function of the particular 3D spheroid at hand, and 
performance and therapeutic efficacy must be evaluated in the 
context of a particular 3D model, both short and long term. 

 
Therapeutic applications of NPs in 3D cultures for potential PTT 
combinations 

The goal of the following section is to highlight the 
achievements made in each therapy and develop their potential 
combination with PTT in 3D applications. Combining cancer 
therapies can provide three key benefits: 1) the dual effects of 
a short therapy (PTT) and a longer one (drug or gene delivery), 
2) attacking remaining cancer cells that were not removed by 
PTT, 3) limiting the adverse effects of treatment while still 
administering and delivering effective doses of anticancer 
agents for total cancer therapy (local and metastasis) and 4) 
evaluate if PTT need to be combined with other therapies to be 
beneficial, in function of a specificity of the cancer studied. The 
tunability of NPs’ physicochemical traits and functionalities 
make them suitable to carry chemotherapies or small molecule 
inhibitors (proteins, cytokines) or conduct gene delivery; this 
tunability also makes NPs uniquely suited for PDT and PTT. 
 

• Chemotherapeutic combination approach  
Chemotherapy generically refers to cancer treatments that 
utilize a synthetic or natural drug; they can be used alone 
and/or in a combination of drugs or other therapies. The action 
of a chemotherapeutic drug against cancer cells depends on its 
nature, mechanisms, and/or “functional groups”. These 
functionalities allow classification as following: alkylating 
agents, antimetabolites, mitotic inhibitors, topoisomerase 
inhibitors, anti-angiogenesis or plant alkaloids.155 However, 
chemotherapeutic drugs can harm healthy cells, affecting the 
patient’s whole body; possess low pharmacokinetics and low 
plasma concentration retention; and, sometimes, cannot be 
delivered to the cancer site due to low solubility, generally 
caused by their high hydrophobicity. Lee et al. 156discussed the 
importance of viability and efficiency to conventional 
chemotherapies and how these parameters can be increased 
with delivery method optimization, including by nano 
“packaging” for drugs. The drugs can be carried by the NPs by 
encapsulation or attached or trapped with non-covalent or 
covalent bonds directly onto the NP surface; the 
functionalization decision is made based on the chemical 
groups or the delivery process. 
Drug nanocarriers can be taken up at the tumor site by a variety 
of processes, including endocytosis.157 Additionally, the drug(s) 
can be released from the NPs inside cancer cells by different 
mechanisms, including heat (from an internal or external 
source), redox reaction, pH changes, and enzymatic or protein 
actions.158  
Compared to 2D models, 3D models have shown that they may 
be able to successfully model one of the major hurdles of 
chemotherapy: cancer drug-resistance. In 2014, Kang et al. 
developed concave microwells of different diameters (300, 500, 
and 700 µm) to generate uniformly shaped spheroids of breast 
cancer. Analysis of the 3D culture generated with the same 

initial cell seeding showed a lower cell number in the 300-µm-
made spheroids, while the 700-µm-made spheroids possessed 
a higher cell number but also a necrotic core, modeling a 
nutrient an oxygen diffusion to their center. They developed a 
thermosensitive polymeric nanoparticle made of poly(N-
isopropylacrylamide) (or PNIPAM) -co-acrylic (co-AA) loaded 
with doxorubicin, modifying their size and wettability as the 
temperature was increased (>34°C). After 2, 24, and 96 hours of 
incubation, the 300-µm-made spheres were losing cohesive 
structure and had a significant reduction in diameter. 
Interestingly, the 300-µm-made spheres treated with free 
doxorubicin showed the same percentage of toxicity as those 
treated with the drug-loaded NPs. In contrast, the size of the 
largest tumor spheroids did not change, even when treated 
with the drug-loaded NPs. Cell viability assays revealed that the 
largest spheroids cultured with doxorubicin-loaded PNIPAM-co-
AA NPs were very drug-resistant. Here, the researchers showed 
that variation in spheroid size causes drug diffusion to vary, 
inducing drug resistance due to the features of the 3D system 
studied. 159 It was also proven that in vivo, dose-limiting 
systemic toxicity might be responsible for the development of 
multidrug-resistant phenotypes. Thus, proving PTT superiority 
over drug therapy or optimizing combined PTT-drug therapies 
should be pursued in both non-resistant and resistant 3D 
models. In the aforementioned study, spheroid size was a 
determinant parameter, but as mentioned earlier, unlike 
normal organs, cancers can make solid tumors with low 
vasculature and complex tumor microenvironment—i.e., 
stroma, extracellular matrix, and immune environment—which 
can affect or hamper drug transport and distribution, inducing 
resistance.130 More 3D studies are needed to further investigate 
the mechanisms and parameters that lead to drug resistance.  
Shi et al. 160 modeled the ECM by using a 3D system with a matrix 
of collagen I. The main goal of the study was to improve NP-
based drug delivery and cytotoxic effects compared to the free 
drug. NP penetrability was based on their composition: the 
chitosan and ε-caprolactone (CS-g-PCL)- 5-fluorouracil (5-FU)-
loaded NPs triggered drug release under acid pH values. The 
researchers tested the nanosystem in 2D and 3D colorectal 
cancer models, both of which contained two different cell lines, 
HCT8 and HCT116, and their multi-drug variants, HCT8/VCR and 
HCT116/L-OHP. In contrast with the free 5-FU, the results 
indicated that 5-FU/NPs enhanced cytotoxicity toward 
HCT116/L-OHP or HCT8/VCR cells by decreasing the IC50. 
Interestingly, the IC50 of the drug-loaded NPs on the cell lines 
resistant to drug (HCT8/VCR and HCT116/L-OHP) in 2D and their 
3D model on HCT8 and HCT116, present almost the same 
resistance to the 5-FU/NPs, with a sensitive more resistance in 
3D HCT8 vs. 2D HCT8/VCR than 3D HCT116 vs 2D HCT116/L-
OHP, related to the ability of the HCT8 to form larger and highly 
densify spheroids compare to HCT116. Additionally, 
quantification of drug release by HPLC tracking indicated that 
peak saturation was reached after 8 hours of incubation for the 
2D model, while saturation was never reached in the 3D model, 
indicating two different drug release profiles.  
In a 3D pancreatic cancer model made by seeding cells in 
collagen I/agarose, Shen at al. 161 showed the versatility of RGD 
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targeting by designing polymeric NPs made of mPEG-PLGA-PLL, 
loaded with PTX, and surface-functionalized with a final size 
~130 nm. In this study, the focus was on the ability of Pluronic 
F-127 to make a thermoactivated gel to mimic PTX release and 
diffusion in tissue through a 3D model system. This kind of 
model developed with a thermoactive gel (>37°C) might be 
highly significant in PTT therapy, especially if the gel can be 
injected directly within the tumor site and the nanoparticles 
dispersed in a gel can enhance the PTT and locally deliver the 
drug. It could allow fast PTT activation and slow release of the 
drug over an extended time to eliminate photothermal-
resistant cancer cells and metastasis. Jiang et al. 162 designed an 
integrin-mediated, PEG-coated, poly(trimethylene carbonate) 
nanosystem (~70 nm) loaded with PTX and analyzed its 
internalization by human glioma cells through various endocytic 
pathways. The nanosystem’s tumor penetration, specificity, 
and anticancer efficacy were studied in an in vitro (3D glioma 
spheroids) and in vivo (intracranial glioma mouse). The 
fluorescent-labeled nanosystem was incubated for 12 hours on 
7-day-old spheroids and compared with the following controls: 
untreated spheroid, NP/PTX, and free PTX. The targeted, drug-
functionalized NP system showed the highest penetration and 
accumulation (throughout the whole spheroids; only in the 
peripheral region on the controls), resulting in the highest 
growth inhibition. Additionally, in vivo, this nanosystem had the 
lowest concentration in the liver and spleen and the highest 
fluorescence intensity in the brain 24 hours post injection (vs. 
non-targeted NPs). Here, integrin-mediated nanoparticles 
showed significant positive results for cellular interaction, 
stimulating various endocytic pathways, but also showed the 
ability to diffuse and penetrate inside the 3D structure, allowing 
higher homogeneity of drug delivery, which provides for better 
treatment, as shown by in vivo data.  
 
In general, optimization of nanoparticles for drug release and 
3D culture is done by varying the parameters we have 
discussed, including composition, size, shape, surface 
chemistry, and different triggers, such as pH or temperature. 
For additional information on the investigation of drug delivery 
by nanoparticles in 3D systems, readers can refer to already 
published reviews. 20, 163  
 
IC50 and drug resistance can be underestimated or 
misinterpreted between 2D and 3D models. Use of NPs for drug 
delivery, which could help overcome cancer resistance, can be 
simulated in a 3D cancer model. This combination of 
techniques, especially with PTT, might support higher drug dose 
delivery by causing a triggering effect (pH and heat), increasing 
cell sensitivity to drugs, or enabling blood diffusion/flow of the 
drug by heat effect. Because ablative PTT can induce negative 
side effects, a lower power density must be used to reduce the 
thermal zone, but this decreases PTT’s effect on cancer cells 
located far from the treatment site. Investigating combining PTT 
with drug release might answer the following question: could 
the drug reach cells outside of the thermal zone produced by 
the PTT? Can the drug be delivered to a higher number of cells, 

resulting in lower metastasis and/or CTC (circulating tumor 
cells) generation, or avoid tumor recurrence?  
More studies on the combination of PTT with drugs need to be 
done to fully understand the mechanism of drug-resistance 
regulation and or reversion in 3D models.  
 

• Gene silencing combination approach  
Another chemotherapy alternative that has been tested in 3D 
cell culture models is gene therapy, which involves RNA 
interference, cytokines, and apoptosis compound delivery. The 
success of gene therapy depends primarily on the 
transportation of genetic materials to targeted tissues or organs 
while avoiding healthy tissue. Zero premature release from any 
gene delivery nanocarrier, whether by enteral, parental, or 
topical administration, is permissible in order to avoid high 
cytotoxicity in healthy tissues. However, biological barriers and 
tumor hindrance can retain the nano-gene-carrier and cause 
negative side effects. A novel approach to nanocarrier 
functionalization for passive (EPR effect) or active targeting with 
various targeting ligands such as peptides, antibodies, and 
aptamers was investigated and showed good distribution and 
delivery to the cancerous site.164  
RNA interference (RNAi) therapy is a new class of cancer gene 
therapy in which siRNA (small interfering ribonucleic acid or 
silencing RNA) "interferes" with protein translation by binding 
to messenger RNAs (mRNA) via a complementary base and 
promoting their degradation and/or blocking protein synthesis. 
The goal of the therapy is to target, inhibit, and/or avoid gene 
overexpression in cancer.165, 166 It is very complex to predict and 
provide efficient delivery of siRNA to tumor sites because the 
siRNA can easily be destroyed during blood circulation before it 
reaches the tumor. Protective encapsulation and theranostic 
applications for siRNA must be improved to determine its 
biodistribution and cellular uptake. The loading, protection, and 
diffusion of siRNA by nanocarriers to ensure deep penetration 
and delivery within tumor regions despite biological barriers 
could be the key to the success of this therapy.167 Additionally, 
good protection will also allow the siRNA to be used during PPT, 
avoiding thermal degradation. Recently, nano-enhanced RNAi 
therapy was investigated in a 3D model to determine if a 
suitable model with biological constraints can help optimize 
penetration and diffusion. To promote efficient delivery and 
understand if an siRNA-loaded nanostructure can penetrate a 
complex 3D system, Jung et al.168 developed flexible 
nanocarriers (FNCs) made of siRNA/PLL and covered in a 
liposomal membrane. Then, they evaluated how functionalizing 
the FNCs (~170 nm, non-spherical) impacted penetrability in a 
3D culture of skin melanoma, as well as how it influences RNA 
interference effects. Lastly, they functionalized the system with 
PEG and the opener peptide AT1002. Significant RNA 
interference effects were seen in 2D, comparable to 
Lipofectamine 2000. Penetrability into 3D cancer spheroids was 
evaluated by laser scanning microscopy after 24 hours of 
incubation. The PEG and AT1002 improved the penetration, but 
the system did not reach deeper than the peripheral region of 
the spheroids. Penetration optimization was also investigated 
by Wei et al.,169 who actively functionalized core-shell-siRNA 
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through layer-by-layer assembly of protamine/chondroitin 
sulfate/siRNA/cationic liposomes. Using this nanosystem, the 
researchers were able to target the receptor T7 by peptide 
modification (T7-LPC/siRNA NPs, with LPC: liposome-
protamine-chondroitin) in 3D glioma spheroids. 2D in vitro 
cellular uptake experiments on brain microvascular endothelial 
cells and glioma cells indicated that the T7-LPC/siRNA NPs 
caused higher siRNA intracellular fluorescence intensity than 
the PEG-LPC/siRNA NPs. In the co-culture model, the major 
down-regulation of EGFR protein expression after treatment 
with the T7-LPC/siEGFR NPs and T7-LPC/siRNA NPs indicated 
better penetration into a deeper tumor spheroid region than 
the PEG-LPC/siRNA NPs. The next study highlights of the 
combination of gene delivery with photothermal therapy. Chen 
et al.170 load siRNA on a NIR-to-UV up-conversion 
spatiotemporally controlled, gene silencing, nanocarrier. They 
designed azobenzene (Azo) -tagged siRNAs, loaded onto 
NaYF4:Yb/Tm/Er (sodium yttrium fluoride/thulium/erbium or-
lanthanide-based up-conversion nanoparticles (UCNPs)) and 
functionalized with β-cyclodextrin (CD). The researchers also 
decorated the UCNP-siRNA complexes with PEG (UCNP-
(CD/Azo)-siRNA/PEG NPs), targeting ligands (EGFR-specific 
GE11 peptide), acid-activated cell-penetrating peptides (TH 
peptide), and imaging probes (Cy5 fluorophore). The use of 
UCNP-(CD/Azo)-siRNA/PEG NPs with both GE11 and TH 
peptides showed significant cellular uptake and 
endosomal/lysosomal escape abilities. In both 2D and 3D 
spheroids, NIR-controlled spatiotemporal knockdown of GFP 
expression occurred.  

As for drug-PTT combinatorial effect, associate PTT with gene 
therapy might be beneficial to enhanced cancer therapeutic 
effects and minimal side effects. Well investigated in 2D and in 
vivo171,172,173it is still missing state of art in 3D system and 
present an opportunity of investigation novelty.  
 

• Photodynamic therapy (PDT) combination approach  
PDT uses light irradiation to kill tumors by generating reactive 
oxygen molecules. Three parameters are required for PDT to 
result in cell death: an excitation light, a photosensitizer (or 
light-sensitive drug), and the generation of reactive oxygen 
species (ROS). Under the appropriate wavelength, the 
photosensitizer’s energy level increases and is transmitted to 
oxygen to generate ROS in the biological system (Type II 
photosensitizer) or in direct interaction with a specific 
biomolecule to generate ROS (Type I photosensitizer). The 
photosensitizer may need to be metabolized to become active 
(ex.: pro-drugs). This ROS generation and reactivity disturb the 
normal functions of tumor cells, resulting in DNA, lysosomal, 
and/or mitochondria membrane damage and death by necrosis, 
apoptosis, or both.174 Thus, PDT is a promising cancer treatment 
with low systemic toxicity (the pro-drugs are inactive without 
laser irradiation), limited side effects, and no considerable drug 
resistance.175 However, limitations still hamper its 
development, including light penetration and its highly localized 
action. NIR can be used to optimize tissue penetration, but long 
exposure to NIR light can harm normal tissue. Additionally, a 
higher photosensitizer concentration is needed at the cancer 

site, but because many photosensitizers are water insoluble and 
cannot travel within the bloodstream, this cannot always be 
achieved. 176 
To overcome some of these limitations, photosensitizer delivery 
by NPs has been investigated in 2D and in vivo,177 and 3D culture 
investigations have begun recently. In early 2018, Mohammad 
et al. 21 reviewed the use of 3D cancer models with PDT and 
nano-delivery systems. They mentioned the work of Lee et 
al.,178 who worked to overcome the issue of hydrophobic 
photosensitizer delivery by engineering lipophilic/hydrophilic 
NPs, specifically fusogenic liposomes (MFLs). MFLs or exosomes 
loaded with two fluorescent dyes were studied in terms of 
penetration efficiency in comparison with conventional cationic 
liposomes in two different cancer cell lines (Hela and CT26) on 
3D spheroids and in vivo tumor models. They showed that MFLs 
can be delivered to the outer layer of the spheroids but also to 
the core by successive rounds of cellular uptake inducing 
membrane vesicles production, rather than spheroid 
penetration. They also studied the toxicity induced by MFLs 
loaded with zinc phthalocyanine under 600nm laser excitation 
and demonstrated, comparatively, that only MFL-type NPs 
treated with a laser were able to reduce the spheroid integrity 
by more than 50%. Lipophilic NPs for photosensitizer delivery 
were also investigated by Hung et al.,179 who used EtNBS (5-
ethylamino-9-diethylaminobenzo[a]phenothiazinium chloride) 
encapsulated in poly(lactic-co-glycolic acid) to create the NPs 
(PLGA-EtNBS). The release of the photosensitizer before laser 
exposure can induce non-specific cell death through other 
mechanisms besides ROS generation and is an undesired side 
effect called “dark toxicity”. The PLGA encapsulation allowed 
for the photosensitizer to only be released in the presence of 
laser irradiation after deep penetration into the acidic/hypoxic 
core in a 3D spheroid model. Nano-Photosensitizer 
performance and characterization in 3D culture were also 
investigated by Hinger et al. 180 with two different sizes of 
lipodots (50 and 120 nm), carrying 
m‑tetrahydroxyphenylchlorin (mTHPC) in a 3D tongue 
carcinoma model. mTHPC encapsulated into 50-nm particles 
showed higher performance in cancer spheroids to induce 
disorganization of the volume, structure, and apoptotic 
markers, compared to free mTHPC. Concerning the 
functionalization/surface chemistry and composition, three 
other nanoemulsion formulations of mTHPC named Foscan® 
(standard), Foslip® (non-PEGylated liposome), Fospeg® 
(PEGylated liposome) were investigated on avascular 3D 
cervical cancer model by Gaio et al.181 TEM analysis showed 
evidence of photodamage in the spheroids, even inside the 
core. Interestingly, the three formulations have similar 
cytotoxicity after laser exposure but the liposomal forms 
possess a better photosensitizer delivery with better cellular 
uptake, a higher impact on the integrity of the spheroids 
(disorganization of the structure) and a significant reduced 
“dark toxicity” than the standard formulation Foscan®.  
PDT was also investigated in a 3D culture with a dynamic flow 
system by Yang et al. 182 They designed a microfluidic device for 
breast cancer with circulation-like dynamic medium flow, using 
human breast cancer cells and primary adipose-derived stromal 
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cells to control the 3D microenvironment for breast cancer 
tissue formation. Using this system, they delivered drug 
supplements via Au NPs and monitored tissue progression in 
real-time. Active targeting by nanoparticles NPs for PDT and 
therapeutic monitoring was tested by Jin et al. 183 in a 3D model 
of TNBC model with MDA-MB-231 cell line, which lacks estrogen 
receptors, progesterone receptors, and HER2. The researchers 
synthesized cRGD-MEH-PPV composed of cyclic RGD (cRGD) 
peptide conjugated on polymeric nanoparticles (DSPE-PEG-
Maleimide) encapsulating the photosensitizer, poly[2-methoxy-
5-(2-ethyl-hexyloxy)-1,4-phenylenevinylene]. This type of 
conjugation and functionalization was used to avoid 
aggregation, responsible for the decrease/reduction of ROS 
generation. 3D system was made on microwell arrays and 
cultured to reach a diameter of 600μm before to be incubated 
with cRGD-MEH-PPV nanoparticles then light irradiated (~100 
mW cm−2). Compared to the 2D model experimentation, 
showing 100% cell death after 2min irradiation, 3D TNBC 
showed 24% cancer death. Adjustment of the time of irritation, 
indicate consequent cells death, >70%, after 30min light 
exposure. Using the same targeting, same polymeric 
nanoparticle and the same 3D cancer model, they also tested 
the performance of another photosensitizer, called 2-(2,6-
bis((E)-4-(phenyl(40-(1,2,2-triphenylvinyl)-[1,10-biphenyl]-4-
yl)amino)styryl)-4H-pyran-4-ylidene) malononitrile or TTD, to 
by-pass aggregation ROS reduction. This time, aggregation was 
used to enhance the PDT performance using up-conversion 
nanoparticles (UCNPs) with aggregation-induced emission 
(AIEgen). UCNP@TTD-cRGD NPs incubated with the 3D model 
and irritated for 30min showed >60% cell viability. 
Apoptosis/necrosis followed 12, 24 and 48h after irradiation 
showed respective rates of 20.5%/12.5%, 54.5%/24.2%, and 
12.2%/78.9%. 184 This last study is very interesting because 
compared to the first one trying to avoid aggregation, using the 
same kind of nanoparticle but modifying the photosensitizer, 
researchers were able to obtain similar result in terms of 
toxicity. The second study develops here adaptation of the 
therapy to biological features that cannot be avoided especially 
in for 3D model culture, where penetration, accumulation and 
especially aggregation under normal physiological conditions 
might occur. 
 
As shown in 2D and in-vivo studies, 171,172,173 the surface area 
and optical properties of the NPs make them suitable for 
combining their therapeutic: drug delivery, gene therapy, PDT 
with PTT. However, state of art of these combinatorial effects 
are in 3D system still at theirs early beginning.  
NP penetration is an important parameter for enhanced drug 
release as their targeting effect is a dominant factor for gene 
delivery and the biological light absorption hamper optimal 
PDT. In another hand, hyperthermia and PTT can regulate the 
immune function by activating immune effector cells, increase 
secretion of cytokines and upregulate the expression of heat 
shock proteins. 185 Since all these parameters might depend of 
the tumor microenvironment, it is important to evaluate them 
under 3D culture systems. In our opinion, more thorough 
studies are needed to investigate how PTT can influence the 

limiting parameters of the other therapies, especially in 
function of the 3D model used (type of cells, matrix, thickness 
and stiffness of the general 3D structures, type of fabrication 
technique, etc.). Optimizing treatments through NPs allowing 
combination of therapies might avoid recurrence and 
metastasis of cancers. 

Evaluation of nanoparticle interaction in more 
complex, specific, and multi-interactive 3D cancer 
models: an opportunity for PTT advancement 
When NPs have been analyzed for cancer therapies using 2D 
models, the results have typically been encouraging. However, 
when NPs are incubated with monolayer cell cultures, their 
interactions are hampered by the model’s physical limitations. 
Likewise, in vivo, the biological barriers or ECM of the tumorous 
system drastically hamper NPs’ mobility, penetration, and 
diffusion. Additionally, 2D cultures are limited to studying 
tumor cells and the complex interactions with other cells 
(immune cells, stromal cells or cancer-associated cells, 
extracellular matrix, and protein over-expression). Today, we 
know that effective cancer therapies must overcome cancer 
cells’ adaptive systems that introduce hypoxia, pH 
environment, avasculature or exacerbated angiogenesis, 
and/or drug resistance. With our increasing knowledge about 
these considerations, cancer therapies need to be able to 
interact with the entire tumor system. Though still a new 
concept, 3D cancer models can be designed to mimic part of the 
tumor microenvironment, including certain mechanisms of 
action, or even to discover mechanisms that have not been 
observed yet. These points need to be considered in future 
nanoparticle designs for PPT. 
 

ECM interaction and reorganization  

In vivo, the ECM is a primary element of connective tissue; in 
solid tumors (breast, prostate, pancreas, liver), the cancer cells 
grow and multiply inside a structural ECM, which can be 
overproduced by the connective tissue around it (e.g. stroma). 
3D models that incorporate ECM materials—such as collagen, 
laminin, fibronectin, and other beta-actin—provide a structural 
cellular organization that mimics the tumor microenvironment, 
which can reduce and/or inhibit therapeutic capabilities and NP 
penetration, modify cell signaling, and generate hypoxia or 
gradient in nutritional supplementation. Lack of nutrition 
and/or hypoxia in cancer does not mean “death” but 
“adaptation,” allowing one system to have different phenotypic 
cells at different stages, including cancer progression, 
angiogenesis, metastasis, and resistance to therapy (Fig. 2A).186  

To mimic the ECM of a tumor system, researchers have created 
simplified models, generally using scaffolds, microbeads, or 
polymeric support. Charoen et al. 187 studied the influence of 
the size of spheroids embedded inside collagen I matrix, in 
association with the matrix stiffness, on two cancer models, 
breast (MDA-MB-231) and bone (U-2 OS). They showed that an 
ECM surrounding a multicellular spheroid can impact the size of 
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the final spheroids formed. Focusing on their developed 3D 
MDA-MB-231 model, the researchers compared PTX delivered 
as practiced in clinical settings with PTX delivered by an 
expandable nanoparticle, Pax-eNP, made of 
polymethylmethacrylate. After 24 hours of incubation, 
penetration in a 3D model was evaluated by fluorescence 
tracking of the rhodamine-labeled Pax-eNP. 3D and in vivo 
murine xenograft models showed beneficial results for the NP, 
while the 2D culture showed no significant difference between 
the conventional PTX nanoparticle and the expandable 
nanoparticle. In another study using collagen I, Le et al. 188 
studied the efficiency and cytotoxicity of NP-based drug 
delivery (5-FU) by tracking the penetration and diffusion of 
coumarin fluorescence-loaded NPs in HCT-116, 95-D, and U-87 
cell lines, introducing the collagen as a scaffold during the 
formation of the spheroids to closely mimic the dimensional 
obstacle found in vivo. The study showed that micelle NPs of 
>100 nm in this matrix system had lower penetration than 
smaller molecules, such as free drug, and presented lower 
cytotoxicity.  
Collagen is a dominant component of the ECM, but ECM’s total 
composition is a mix of multiple proteins and polysaccharides. 
One of them, hyaluronic acid (HA), is found in the enriched 
tumor-associated stroma, such as those seen in pancreatic or 
prostate cancer.189 Xu et al. 87 evaluated the potential of their 
engineered model—which included a hydrogel scaffold made of 
an HA derivative—for anti-cancer drug screening and delivery. 
They based the model on prostate cancer, with LNCaP prostate 
cancer cells embedded inside acrylate and thiolate-HA to form 
a cylindrical model with a height of 1.8 mm and diameter of 12 
mm. After 7 days of 3D formation, the cells started to present a 
drug-resistant phenotype with high expression of MRP1 
(multidrug resistance-associated protein 1 also called ABCC1) 
and lipoprotein receptor-related protein 1 markers, compared 
to these levels for the same cells in a 2D culture. Polymeric PEG-
b-P(CL-ran-TSU) NPs with an average size of ~50 nm were 
loaded with Dox, which acts as both a therapeutic agent and a 
fluorescent tracker. The Dox-NPs were able to penetrate entire 
spheroids, confirming penetration of the system. However, the 
drug was localized mainly inside the cytoplasm of cells within 
the 3D model, though it was found in the nucleus in 2D. 
Additionally, in the 3D model, a higher IC50 and a lower 
apoptotic level were observed for free drug treatment 
compared to the values seen in the 2D model, which can be 
explained by the drug resistance marker evaluated and by the 
fact that Dox is actively functional on proliferative and dividing 
cells (3D culture cells have, on average, decreased proliferative 
capacity compared to 2D); this property reduces the drug’s 
potency. More surprisingly, the IC50 value for Dox-NPs was 
similar to that of the free Dox in 3D. Hydrophobic drugs with a 
low molecular weight diffused easily, suggesting that the 
cellular uptake occurred via a different pathway. This kind of 
scaffold mimicking HA-stromal expression might interact well 
with CD44 or HA-functionalized nanoparticles. However, to our 
knowledge, no research was done to characterize in-depth the 
interaction and penetration of NPs in such a 3D system.  

Natural polymers can also mimic the thickness, porosity, and/or 
mechanical properties of the ECM. In 2013, Godugu et al.190 

investigated the ability of AlgiMatrixTM (alginate) scaffolds to 
form a size dispersion of 3D lung cancer tumoroids in order to 
study the efficiency, penetration, and diffusion of polymeric NPs 
loaded with different drugs, such as docetaxel, Dox, cisplatin, 
gemcitabine, 5-fluorouracil, and camptothecin. The researchers 
showed that, on average, the IC50 of these nanosystems was 
under-evaluated in 2D models compared to 3D (higher IC50 
were found in 3D AlgiMatrixTM model); the phenomenon of drug 
resistance was also observed inside the alginate-ECM matrix.  

Thus, studies indicate that adding an extracellular component 
to a 3D model to embed cells or create a scaffold is a fast, 
repeatable, and controlled way to analyze how the components 
and properties of the ECM can affect drug delivery, efficiency, 
and resistance. However, we also know that some cells 
overproduce the ECM in response to inflammation or injury, 
making this system constantly evolving and non-static. In 
addition, it is rather rare to find a tumor composed of only one 
type of cell, and the extracellular matrix for cell-cell interaction, 
especially when the cells are completely different in nature, can 
be difficult to synthetically engineer. This complexity makes cell 
co-culture inside a 3D model highly interesting. While tumors in 
their natural state cannot be absolutely controlled and 
investigated, a co-cultured 3D model’s complex micro-
environment can indicate the limitations of NPs, forcing us to 
optimize their internal and surface chemistry. Studies have 
demonstrated that tumor cells grown in co-culture with 
endothelial cells have more aggressive properties when 
implanted in vivo, including increased metastatic capability, 
which suggests that obtaining knowledge of treatment efficacy 
against co-cultured spheroids may be significantly more 
clinically relevant when a 3D co-cultured model is used rather 
than monolayer cell cultures.191 Specific to nanomaterials, in 
2015, Sethi et al. 192 designed a complex 3D TNBC model made 
of tumor cells, endothelial cells, and fibroblasts as color-coded 
murine tumor tissue analogs (TTA) to characterize the impact of 
the microenvironment/milieu on TNBC treated with nanosized 
chemotherapy and radiation. Implantation of these 3D systems 
in immuno-compromised mice led to enhanced growth and 
aggressive metastasis; the in vivo tumors were used to test 
preferential endothelial tumor cell targeting via radiation-
induced stromal enrichment of galectin-1.  
In response to the limitations of 2D cultures and resource-
intensive animal studies, Yang et al. 182 designed a microfluidic 
culture system to generate physiologically important 3D tissues. 
An in vitro 3D breast cancer and adipose-derived stromal cell 
tissue model was used to mimic in vivo 3D topology and cell 
organization, in addition to biological fluid and drug perfusion 
through tissues. This system was tested in combination with 
PDT and therapeutic agents (photosensitizer and Au NPs). The 
researchers found that the microfluidic 3D system allowed for a 
meaningful analysis of PDT, control of the microenvironment 
for cancer formation, real-time monitoring of tissue 
progression, dynamic medium and drug supplement flow, and 
simulated the relationship between light penetration and tissue 
depth. 
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The ECM should also be considered when designing NP-based 
active targeting  
Recently, it was shown that tumor ECMs can overexpress matrix 
metalloproteinase (MMP) markers. MMPs are enzymes that are 
responsible for protein degradation in the ECM. They can be 
categorized according to the class of proteins that they 
degrade—collagenases, gelatinases, stromelysins, matrilysins, 
etc.193 Because their upregulated expression plays an important 
role in cancer invasion and angiogenesis, and because of their 
enzymatic peptide activation/recognition, these markers can be 
used as active targeting agents for drug delivery. One of the 
major problems with excess ECM (around blood vessel or 
interstitial space) is its ability to shield the tumor site, resulting 
in blocked drug delivery or even trapped NPs within the ECM, 
never reaching the tumor cells. To counteract this shielding 
effect, 3D models are being explored that will help researchers 
answer the following questions: Can NPs be delivered by 
targeting MMPs to enhance enzymatic degradation of the 
extracellular matrix? Can we stimulate the production of MMPs 
by targeting specific cells with NPs to accelerate the 
degradation of the ECM? Can drug delivery be increased with 
degradable peptide structures and tested in a 3D cancer model 
in which the ECM shields the tumor cells?  
In 2013, Gu et al. 194,195 developed a low molecular weight 
protamine (ALMWP) loaded on PEG-co-PCL nanoparticles 
(poly(ethylene glycol)-poly(ε-caprolactone) block copolymer); 
this system was able to act as a drug carrier (here, PTX) and be 
recognized by the cells only in the presence of a matrix 
metalloproteinase (MMP) receptor (here, MMP2 and MMP9). 
This strategic synthesis of cell-penetrating peptides (CPP) is 
based on combining them with a sequence of polycationic CPP 
and an MMP-sensitive peptide linker. The MMP2/9 present in 
glioblastomas destroyed the linker, allowing the NPs to release 
the polycationic portion (ALMWP) and adhere to the cells. 
Testing in vitro C6 tumor glioma spheroids (with a highly similar 
expression of MMP 2 and 9 to real cancer tissue) showed that 
the ALMWP-NPs can penetrate the system, as evidenced by 
fluorescence tracking of their distribution and accumulation. 
MMP’s enzymatic degradation led to the development of a 
synergistic drug release/active targeting strategy, in which the 
drug can be released from the NPs only when they reach the 
active enzyme site of the MMP, where the linker is then cut and 
the drug released inside the cells. Based on this strategy, in 
2014, Kulkarni et al. 196 designed multilayer nanosized vesicles 
functionalized with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) and cholesteryl-hemisuccinate to encapsulate 
the drug (gemcitabine) and anchor/activate the MMP9 site, as 
well as the synthesized reduction sensitive, PEGylated 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine lipid 
(POPE-SS-PEG5000), to allow better blood circulating time and 
protection for the MMP9 linker (glutathione levels in cells will 
destroy the -SS- bonding to expose the MMP9 linker to the 
enzymatic site). The researchers utilized 3D pancreatic cancer 
spheroids to analyze the release of compounds from the 
targeted MMP9 carboxyfluorescein-encapsulated nanovesicles, 
showing that only lipid-functionalized NPs were internalized. 
Successful in vivo tests in mice followed (Fig. 10).  

 
Fig. 10: A) Schematic of the synthesis of nanovesicles with 
MMP9 substrate lipopeptides and reduction-sensitive POPE-SS-
PEG, as well as their degradation via GSH (glutathione) and 
MMP action. B) Pictures of the PANC-1 cell spheroids with 
fluorescent tracking of the released carboxyfluorescein, treated 
with (B) MMP9-responsive nanovesicles or nanovesicles 
without the MMP9-responsive lipopeptide (A). Figure and 
caption reproduced with permission.196 Copyright 2014, 
American Chemical Society 

In conclusion, ECM-rich 3D systems can benefit NP-based PTT 
by allowing characterization of the following parameters:  

1) Interaction of NPs with the ECM, specifically diffusion 
and penetration, as a function of NP size, shape, and 
surface functionalization and characterization. NPs’ 
interactive effects—concentration gradient and 
aggregation state—may influence their heat 
conversion performance. It will also be interesting to 
see future studies elucidating if ECM influences only 
the diffusion of the NPs by modulating the interstitial 
space or by modifying the cellular activity of uptake, 
such as endocytosis.   

2) Impact of NP-PTT treatment not only on cancer cells 
but also on the ECM, chiefly, the impact of heat 
therapy on the ECM by evaluating protein 
denaturation and mechanical and physical properties  

3) Long-term influence of PTT on ECM-rich 3D spheroids: 
evaluation of the role of the ECM on mechanisms of 
cancer resistance, heat resistance, and protein heat 
shock production, recovery, or laser/heat shielding. 

Metastasis, stem cells, and proliferation 

Metastasis and cancer reappearance can occur in patients 
several years after they have undergone primary tumor ablation 
or therapy. Early dissemination of cancer cells from a primary 
site followed by a period of dormancy suggests that metastatic 
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stem cells infiltrate the target organ in its functional state. The 
start of the dormant period and the later reactivation are 
controlled by intrinsic mechanisms and nursed by specialized 
extracellular matrix niches. 60, 197 Functional characterization of 
dormant tumor cells in a 3D model is key for overcoming the 
limitations of 2D models in order to better understand the 
clinical dormancy phenomenon. 198 While such investigations in 
tissue cultures have obvious limitations, 3D culture systems 
made from basement membranes have been able to more 
accurately reflect in vivo ECM components. To our knowledge, 
the first investigation of a 3D dormant/activated cancer model 
was reported in 2017 by Grandhi et al. 199 with a co-culture of 
bladder cancer cells and stromal cells (NIH3T3 murine 
fibroblasts). The design of the 3D model accounted for 
dormancy and reactivation by reconstituting the different 
stages (arrest in the G0/G1 phase of the cell cycle) inside a 
specific microenvironment that induces drug resistance, 
facilitated by an aminoglycoside-derived hydrogel, Amikagel. 
This hydrogel supported the proliferation, migration, and 
formation of metastasis-nodule sites, confirming that this 
model can be used to test novel drug discoveries. The 
researchers showed that NP (liposome)-mediated calcium 
delivery significantly sped up ER stress-mediated 3D spheroid 
cell death, but seeding treated spheroids inside weaker, 
adhesive Amikagels led to selective reactivation of a dormant 
sub-population of N-cadherin-deficient cells.  
New therapeutic systems are needed that can treat the primary 
site while also considering the metastatic site. Fitzgerald et al. 
studied metastatic prostate cancer cell lines derived from 
prostate metastasis in bone and compared its phenotype and 
genotype with another lymph node metastatic cell line, 
exposing these cells in a co-culture with human fetal osteoblast 
cell lines (hFOB 1.19 cells) on a collagen-nHA scaffold 
(representative of the in vivo bone microenvironment). 
Compared to a monoculture, the growth rate was slower in the 
co-culture model, which is most likely more similar to in vivo 
growth conditions. Additionally, the level of MMP9 in co-
culture, 2D or 3D, increased significantly. This simulated 3D in 
vitro co-culture model of prostate cancer bone metastasis was 
then used to analyze the following gene delivery therapy: NP-
mediated siRNA delivery and gene knockdown, cationic 
cyclodextrin, and commercially available Lipofectamine 2000. 
200 
The interaction of NPs with a 3D breast cancer metastasis 
phenotype201 or 3D stem cells targeted to prevent migration108 
has also been investigated. Interestingly, studies showed that 
the 3D culture can mimic the metastasis by itself, enabling it to 
treat cancer when it is implanted inside a host organ, where the 
tissue and function are different from the cancer organ of 
origin. Subia et al. 202 found this to be true when they tested a 
potential nanotherapy in a 3D model made of breast cancer and 
bone cells to reconstitute metastatic breast cancer tissue in 
bone. Similar results were also seen by Alonso-Nocelo et al. 203, 
who simulated the ability of breast cancer to invade the lymph 
nodes by co-culturing lung cancer cells with lymphocytes in 3D 
scaffolds. They studied this system under flow by placing it in a 
bioreactor coupled to an automatic syringe pump, and the NP-

PEGylated polyglutamic acid nanocapsules, fluorescence-
tagged by DiD or DiD-DCX (lipophilic carbocyanine fluorescent 
dyes conjugated NPs), perfused under dynamic conditions to 
mimic the lymphatic flow.  
In conclusion, studying NP-enhanced PTT in 3D systems allows 
metastasis and stem cell behavior to be analyzed, which aids the 
evaluation of therapeutic efficacy. The ability of 3D systems to 
be cultured for a long period of time and be more resistant to 
therapies might be an advantage for this type of study. 3D 
models may also help characterize PTT behavior in ECM-rich 
environments and evaluate the synergistic effects of PTT/NPs 
on metastasis. This can be done by identifying the impact of PTT 
on the potential of cancer cells to become metastatic/resistant, 
determining their influence on the dormancy-reactivation 
mechanism.  

Brain cancer and the blood-brain-barrier  

When designing 3D models with highly interactive micro-
environments and protective mechanisms, the challenges of 
treating brain tumors should be considered. 3D models could 
simulate the natural biological barrier that hampers the 
efficiency of brain tumor therapies. The BBB is an active physical 
cellular interface between circulating blood and the brain. It is 
composed of endothelial cells that form the cerebral vessels 
and capillaries in the brain and it is one of the most important 
obstacles to drug delivery and therapeutic efficacy, limiting the 
distribution and accumulation of substances in the tumor 
tissue. Because of the BBB’s complex selectivity, the study of 
chemotherapy distribution in brain tumors needs to be aided by 
a suitable biomimetic platform that can represent both the 
functions of the BBB—barrier, and carrier. The reproducibility 
and permeability of in vitro brain tumor models is a major 
challenge: triple co-culture (culture of brain endothelial cells in 
the presence of pericytes and astrocytes), transwell systems, 
and microfluidic models are available, but all possess different 
advantages and disadvantages.204 Because NP penetration can 
be highly variable from one system to another, a 3D in vitro 
system should mimic, as much as possible, the real effect of the 
BBB in order to help optimize NP surface chemistry 
modifications that improve cell discrimination, penetration, 
diffusion, and accumulation. Multicellular BBB spheroids with a 
core composed mainly of astrocytes, brain endothelial cells, and 
pericytes at the surface are a new kind of 3D model that takes 
into consideration in vivo concerns such as high protein 
expression, tight junction proteins, permeability with VEGF 
dependence, efflux pump activity, and receptor-mediated 
transcytosis.205  
Targeting is the key to overcoming the BBB and treating tumors 
while limiting the side effects of drugs as they penetrate, 
accumulate, and diffuse through the complex BBB-glioma 
system. Therefore, it is essential to develop 3D models that 
allow testing of targeted nanosystems in vitro. Zong et al. 86 
investigated the effect of multiple targeting by loading 
liposomal NPs with 1) transferrin T7 (HAIYPRH), a specific 
marker expressed on the surface of glioma and BBB cells, to 
enhance active targeting, and 2) a nonspecific marker, TAT 
peptide (AYGRKKRRQRRR), to enhance passive targeting 
through the BBB and increase accumulation inside tumor tissue. 
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The goal was to improve the efficacy of Dox by enabling it to 
cross the BBB. The study had 3 phases: 2D to evaluate the 
concentration and toxicity; 3D to quantify penetration, 
diffusion, and accumulation (NPs tracked by couramin-6 
fluorescence); and in vivo in mice to confirm the 2D and 3D 
results and assess general toxicity throughout the whole body.  
Dual targeting enhancement was also investigated by Xin et al. 
88, who used PTX, a drug with clinically relevant results to treat 
malignant glioma and metastasis that has highly limited access 
to the brain as a “free” drug but great potential when loaded on 
NPs.206,207,208 They studied the ability to increase the delivery of 
PEG-NPs by functionalizing the surface of the nanostructures 
with Agiopep-2, which can transport the NP in brain endothelial 
cells through low-density lipoprotein receptor-related protein-
1-mediated transcytosis, as the protein is highly expressed on 
the BBB and in human glioma cells. Avascular 3D glioma 
spheroids were used in the preliminary study of this treatment 
to evaluate the efficacy of the NPs. Results showed higher 
penetration by ANG-PEG-NP after 24 hours of incubation (noted 
by fluorescence tracking of RBITC-labeled NPs) as well as better 
diffusion and accumulation than plain PEG-PCL NPs (PEG-NP). 
Paclitaxel ANG-PEG-NP incubated in spheroids also had higher 
toxicity and growth inhibition by relative spheroid volume 
compared to a treated control (~60% diminution), Taxol (free 
drug), and PEG-NP (no targeted, no drug).  

Combination of targeting with aptamer and peptide was 
investigated by Gao et al. 91 for dual targeting of glioma both to 
treat the tumor and penetrate through the BBB. They 
functionalized methoxy PEG-poly(ε-caprolactone) NPs with a 
phage-displayed TGN peptide (TGNYKALHPHNG) and an AS1411 
aptamer, which are specific targeting ligands of the BBB and 
cancer cells (bEnd.3 and C6 cells), respectively. In 3D tumor 
spheroid penetration studies with a C6 monoculture, the uptake 
of the aptamer-NP was highest, and the non-functionalized NP 
had the lowest uptake. However, the spheroids cultured with 
additional bEnd.3 monolayers significantly decreased the 
uptake of the aptamer-NP, making it lower than that of the 
peptide-NP. The peptide-NPs improved the movement of NPs 
thought the bEnd.3 monolayer but did not improve uptake and 
penetration, leading only to a surface distribution. These results 
showed that dual targeting with AS1411 and TGN allowed 
successful transport of the NPs across the biological barriers as 
well as uptake by the cancer spheroids. In vivo tracking and 
fluorescence imaging of the brain indicated that the aptamer-
peptide-NPs had the best tumor spreading, as well as the 
highest and tumor-to-normal brain ratio discrimination. 
Loading docetaxel on the dual-targeting NP resulted in 
significantly improved survival for glioma-bearing mice. Here, 
the use of co-culture in 3D shows the ability of nanoparticles to 
be dual-targeting to overcome certain biological barriers. It 
highlights that it is important to actively target not only cancer 
cells but also some components of the microenvironment (here 
BBB) to achieve complete delivery and optimal therapy.  
In 2017, studying a different biological pathway for penetration, 
Kou et al. 102 loaded PTX on PLGA NPs to determine the benefit 
of the expression of the organic cation/carnitine transporter 2 
(OCTN2) for mediating the b-oxidation of fatty acids in the 

mitochondria, which is present on the surface of both brain 
capillary endothelial cells and glioma cells. The researchers 
actively functionalized and conjugated the NPs with the 
targeting agent L-carnitine (LC) (attachment antibody/ligand 
optimized with PEG anchor of different lengths). The BBB 
endothelial cell line hCMEC/D3 and a glioma cell line were used 
in a 2D culture to verify the accumulation of NPs (tracked by 
fluorescence image of couramin-6 loaded on the PLGA) and in 
3D spheroid models to confirm the efficacy of the paclitaxel-LC-
PLGA treatment by tracking the morphology modification 
(relative size modification) of the spheroids: -250 µm 
diminution size in 9 days of therapy. In vivo results with mice 
followed the predicted results. The L-Carnitine active targeting 
was also investigated for drug-nanodelivery by the same team 
in 3D colorectal cancer the same year. 101 
While penetration through the BBB is essential for optimal 
delivery, a malignant glioma can also develop its own barrier—
the brain tumor barrier (BTB). The BTB is a kind of defective 
version of the BBB that has been invaded by tumor cells to 
divert its function and allow the progression, nutrition, and 
invasion of cancer.209 Miao et al. 210 investigated how the 
coexistence of the BBB and BTB can hinder the accumulation of 
chemotherapeutic agents in a brain tumor. To improve diffusion 
through a potentially defective BBB, they investigated the 
efficacy of dual-targeting the BBB/BTB and glioma with two 
biomarkers: Lactoferrin (Lf), whose receptor is overexpressed 
on brain endothelial cells and glioma cells, and the tumor-
homing peptide tLyP-1, which can facilitate penetration in brain 
tissue through the NRP-1 internalization pathway. These 
biomarkers were co-functionalized on the surface of PEG-
poly(lactic acid) NPs. In both BCEC and C6 cells (2D model), 
interaction was facilitated and a considerable increase in 
cytotoxicity was seen when the dual-targeting NPs were loaded 
with PTX. Deeper penetration was achieved by the Lf NPs in 
avascular 3D glioma spheroids after 4 hours of incubation. An in 
vivo comparative study in rats also showed a better 
concentration of the drug in blood circulation and better 
accumulation in the brain just 2 hours after injection of the dual-
targeting NPs.  
A 3D culture model that can mimic the BBB’s function will be 
extremely advantageous for PPT and cancer therapies; in fact, it 
was shown that the permeability of the BBB can be disrupted 
under thermotherapy.211 Consequently, a model that mimics 
patient tumor configuration without extensive use of animal 
models might be essential for optimizing bimodal NPs for 
enhanced local treatment (PPT), drug delivery, and deeper 
tumor tissue treatment.  

Conclusion, limitations, and future directions 
Throughout this review, we highlight examples that 
demonstrate the superiority of 3D cell culture models over 2D 
cell cultures, particularly for analyzing nanoparticle 
functionalization and conjugation strategies, as well as drug 
delivery and cellular interaction and penetration/diffusion in 
tissues. The tunability of NPs makes them suitable to aid many 
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cancer therapies, including drug, protein, and gene delivery; 
PTT enhancement; and even a combination of therapies. 
Studies have shown the relevance of nanomedicine in cancer 
applications using complex 3D models, allowing validation 
before pre-clinical (animals) or clinical (human) trials. These 3D 
culture models quantify and visualize the complex interactions 
of NPs and cancer, guiding biological and/or chemical adaptions 
to optimize them for the application at hand.  
Advanced experimentations are starting to use 3D models 
because they can simulate micro-environment constraints, 
enabling more effective design of novel nanoparticles and 
potential configurations for drug delivery, targeting, and tumor 
monitoring and imaging. For example, in the context of hypoxia, 
Nichols et al. highlighted the barrier to deep drug penetration 
and imaging caused by a lack of oxygen and our inability to 
evaluate this amount of hypoxia. Based on studying a 
multicellular 3D system, they designed a 3D ovarian cancer 
model and tested a novel dendrimer NP based on click-
assembled oxygen sensing nanoconjugate, composed of a 
sequential click-based ligation of poly(amidoamine)-like 
subunits. Using NIR confocal phosphorescence microscopy, the 
researchers were able to penetrate ~100 µm into the spheroids, 
correlating NP sensitivity to oxygen changes throughout the 
nodule to support more direct calibration and quantitative 
oxygen mapping in the cellular environment.212 3D cultures also 
enable us to explore how NPs can help discover new cancer 
mechanisms and treat and prevent the disease. In early 2018, 
Westmeier et al.32 investigated a very complex gastric 3D model 
by treating H. pylori with different NPs then exposing them to a 
3D gastric cancer cell, aiming to determine if NP attachment on 
bacteria can disturb their pathobiological effect and, 
consequently, their ability to interact with cancer cells. Results 
showed that the interaction of NPs with bacteria did not modify 
their attachment and interaction with cancer cells—without the 
need for a large number of animal experiments.  
PTT has shown impressive clinical results for cancer therapy, 
and NPs enhance its targeting, toxicity, and efficiency. Based on 
the current research and clinical applications, the basic criteria 
for the NPs selection for PTT in 3D culture will be 1) absorption 
capacity in the NIR regions (700–1,350 nm); 2) less than 100 nm 
in size, which allows for maximum absorption by tissue; 3) 
enhanced absorption cross-section, and 4) good 
biocompatibility as well as low toxicity. 56As discussed in this 
review, evaluating NPs in 2D cultures can lead to 
misunderstandings and false results, such as underestimated 
nanoparticle concentration, time of laser exposure, or even an 
NP’s light-to-heat conversion ability. The study of NPs for PTT in 
3D models is becoming important because it allows researchers 
to do the following: 

1) Determine the corresponding IC50 or NP 
concentration inside a multidirectional system 
that can be modulated in size, density, and 
composition  

2) Analyze NP retention and penetration inside a 
system to determine NP surface chemistry, size, 
or shape modifications that might be needed in a 
real microenvironment to improve tumor-NP 

compatibility without hampering their plasmonic 
properties 

3) Evaluate the potential of therapies in a system 
that mimics the microenvironment, including an 
external ECM (collagen, chitosan, alginate, other 
potential cells (stromal, immune)) 

4) Combine PTT with drug delivery or PDT and 
evaluate the real contribution of each  

5) Possibly reduce the amount of expensive in vivo 
experimentation needed to determine key 
parameters of PTT, such as the time of laser 
exposure, power density, and wavelength 
conversion and nanoparticle specifications such 
as efficient concentration and “dark-toxicity” 

6) Allow faster discrimination of NPs suitable for PTT 
by providing more complex evaluations than just 
the study of the elevation of temperature in a 
solution in an in vitro model that is very close to 
the final in vivo application  

7) Determine the impact of PTT on cancer cells and 
normal cells with a co-culture of cancer 
cells/normal cells and design targeting NPs that 
can discriminate and reduce therapy’s impact on 
the normal cells 

8) Evaluate the impact of PTT and immunotherapy, 
as indicated by the evolution of nanoparticle 
targeting the TAMs by delivery to macrophages 
for PTT ablation. It can also help investigate the 
reaction of NPs combined with PTT and other 
therapeutic techniques to mimic long-term 
curative effects with induced anti-tumor immune 
response.  

 
It is obvious, then, those 3D cultures are an advantageous 
model for in vitro cancer studies, though it must be 
acknowledged that the lack of vasculature in 3D models remains 
a major need. However, in solid tumor growth, there are many 
regions that are nearly devoid of vasculature, and these partial 
volumes are where therapy such as nanomedicine needs to be 
designed to penetrate. The current, non-vascularized 3D 
spheroid model is highly relevant for this therapeutic hurdle. 
Even with the current lack of vascularization, the micro-
engineering field is evolving to mimic and image vasculature 
genesis in 3D213 (as in heart bioprinting), which may indicate the 
possibility of mimicking angiogenesis in cancer and the BBB in 
brain cancer.   
There are major potential benefits to widespread 3D model use. 
To improve the incorporation of NPs in cancer therapy, we need 
to study their penetration, diffusion, and retention in systems 
that more closely simulate in vivo architectures. Additionally, 
the ability of 3D models to reconstitute different phases of 
cancer, progression, hypoxia, resistance, metastasis, and stem 
cell metastasis, such as breast/bone and prostate/bone, makes 
them suitable to test adaptive therapies for primary and 
metastatic sites. Consequently, 3D cultures can help 
researchers design and functionalize NPs to be more adaptive 
to the real cancer environment and metastases.  
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3D cultures not only enable the study of more complex systems, 
but they also support the design of more complex 
nanoparticles. In the future, NPs should be more interactive 
with the tumor microenvironment to up/down regulate the 
ECM and/or the immune system. In addition, if nanoparticles 
could modulate some of their properties, such as size or surface 
charge, in function with their environment, this would enable 
them to flow in avascular systems in different cellular systems 
or ECM, allowing higher penetration/diffusion in 3D structures 
for optimal PTT. More and more studies are designing NPs 
(especially polymeric ones) that shrink or adapt their shape in 
function with their environment to increase cellular delivery. 
For example, Takechi-Haraya et al.85 used atomic force 
microscopy to investigate if NP surface or bending membrane 
rigidity (such as liposomes) can impact its interaction with a 3D 
culture of cervix cells. Results indicated that optimal 
penetration occurred with the NP whose membrane bending 
modulus (Kc) reached ≥3.3 × 10−19 J, followed by saturation or 
plateau of the penetration at higher Kcs. This data contradicted 
the study’s theoretical prediction that they would see more 
efficient endocytic cellular uptake if the liposomal bending 
modulus to cellular membrane bending modulus ratio 
increased. The actual results indicated that spheroid 
penetration by the liposomes is influenced not just by 
endocytosis but by other cell parameters as well.  
 3D models can also help us develop and analyze NP-enhanced 
multi-imaging and multi-therapeutics methods, lead to a better 
understanding of the holistic impact of each of them. Because 
3D models are denser and more compact than 2D cultures, they 
can aid in the discovery of new analytical techniques and 
imaging methods, with or without the use of NPs. Finally, 3D 
cultures could both reduce the cost of research and expand the 
research capabilities of laboratories that do not have easy 
access to in vivo units. This type of cell culture may be incredibly 
valuable to improve the design of personalized, patient-specific 
therapeutic approaches, as well as to test the efficacy of 
targeted therapy and, in the near future, of custom-made 
therapeutic NPs ex vivo.  
However, the use of 3D cultures with NPs is still a relatively 
immature field. 3D multicellular spheroid tumor models made 
of multicellular entities with different metabolic and 
proliferative states need to be further understood in order to 
increase their impact and relevance. The newness of this field 
makes it extremely difficult to compare between studies, 
especially considering the variations in spheroid preparation 
techniques, size, shape (index of sphericity), cell nature, time of 
formation, and exposure times with NPs of various sizes and 
compositions. For example, it has been reported that the size 
and shape of spheroids may be the cause of the variability 
observed in studies and can make them respond differently to 
the same treatment.214 Homogeneous spheroids may provide 
more accurate results with commercially available cytotoxicity 
tests. However, this is not always true—for example, liquid 
overlay in a 96-well plate can form one single spheroid or multi-
spheres. This possibility might not be mentioned in the protocol 
and method descriptions of publications, and only a picture 
allows the reader to note the difference. In that case, can we 

consider these two approaches similar, and can we still consider 
“spheroids” individual if multiple spheres are created the same 
way? Furthermore, which model is the most suitable to 
represent a real tumorous system? Finally, what is the impact 
on the data (penetration, drug efficiency, functionalization of 
NPs) when in a well of the same size, NPs may have been 
incubated with a single spheroid or with multi-spheres?  
Additionally, the terminology of the 3D model field is not yet 
consistent. For example, the terms “organoid,” “spheroid,” and 
“tumoroid” are difficult to use correctly because no clear 
definitions have been established—organoids can be defined as 
a more complex and accurate structure than spheroids due to 
the natural matrix components and/or complexity of its ECM or 
as the combination of two or more cells, such as cancer cells 
cultured with mesenchymal cells and/or stem cells.18 
Consequently, some papers use the term organoids to define 
spheroids or the term spheroids for a 3D cluster formed in a 
scaffold. Some research uses organoids because they are using 
one type of cancer cells from an isolated biopsied primary 
tumor, while other research calls a 3D sphere composed of 2 to 
3 different cell lines a spheroid. To provide crucial clarity on 
these terms, publishers and reviewers must begin asking for 
better terminology and definitions of the 3D culture model.  
Another consistency issue relates to the procedures used to 
make spheroids—they need to be presented in detail. For 
example, stating that an ultra-low attachment well plate was 
used can be misleading: for some spheroids, a round-bottom 
Corning 4515 well plate is considered an ultra-low attachment 
plate when it includes a hydrogel with ultra-low properties. 
However, publications do not always mention if they used the 
ultra-low attachment plate from Corning without the hydrogel 
(category liquid overlay on low attachment plate) or with it 
(liquid overlay on a gel). Can we assume that NP interaction—
influenced by charge, size, functionalization—will be the same 
with a spheroid generated on a liquid overlay on an ultra-low 
attachment as it is with one generated on a liquid overlay with 
gel? Also, the inability to routinely image/detect NPs in 3D other 
than by fluorescence makes it difficult to confirm the accuracy 
of penetration and diffusion data, as these results are based on 
unreliable variables, like the indirect fluorescent signal. Better 
evidence and protocols for characterization of 3D culture 
studies, such as MRI, x-ray, CT scan, and photoacoustic and 
Raman spectroscopy, are critically needed. It is imperative to 
cross-link these techniques to confirm and identify the 
limitations of each (ability of signal penetration in bio-tissue), 
especially when spheroids with diameters over 400 µm are 
used. It is also important to mention that when fluorescence is 
the only way to track the NPs, data might lack accuracy. Nothing 
can confirm or contradict whether the fluorescence is released 
solely from the nanoparticles, especially in the case of drug-
release models. Thus, combining NP imaging with the 
techniques mentioned above is critically needed. 
Finally, due to the complexity of the organ-on-a-chip 
development, the number of publications using microfluidics 
and bioprinting to screen nanoparticles in 3D cultures is very 
low.215 However, in the future, microfluidic chip-mimicking 3D 
systems might allow researchers to overcome some 3D 
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limitations by mimicking vasculature, microtissue 
functionalities, and cell reactions and functionalities to 
biophysical stimuli.216 Flow, accumulation, and retention of NPs 
in such systems might indirectly impact the efficiency of PTT 
therapy, and the evolution of 3D cultures for these dynamic 
systems could help improve their design and development, as 
well as define and support adaptive photothermal parameters 
such as exposure time, laser wavelength, and power.  
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