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Abstract: Cancer is among the leading causes of death worldwide. Therefore, timely diagnosis and appropriate
treatment are very important. There are many disadvantages that come with traditional cancer treatments,
such as chemotherapy and radiotherapy. In these treatments, the specific drug concentration affects not only
the tumor site but also healthy tissues or organs. One of the foremost promising uses of nanotechnology is in
the field of medical technology and specific site targeting can be achieved due to manipulation of materials at
a nanometric scale. Nanotechnology offers specific benefits in terms of cancer therapy by enhancing it and
reducing its adverse effects by guiding drugs to selectively target cancer cells. In addition, the use of minute
amounts of medicine can lead to cost savings. Furthermore, nanoparticles can also be used as imaging agents
to improve cancer diagnostics, therapeutics, and treatment management. Thus, this review has focused on the
different types of nanoparticles used in cancer therapy, their action mechanisms, and their benefits and
applications in diagnosis, imaging, and treatment. This review sums up the parameters that need to be
considered when designing systems for cancer therapy while considering the desired characteristics of the
nanoparticles from the biological point of view.

Keywords: cancer treatments; nanotechnology; nanoparticles; drug delivery.

1. Introduction

Cancer is one of the leading causes of death in the world, as shown by the 2022 cancer statistics,
predicting 1,918,030 new cases of cancer and 609,360 related deaths per year [1].

The classic therapeutic options when approaching a cancer patient are chemotherapy,
radiotherapy and surgery. The choice of approach depends on several characteristics, such as the
cancer stage and location or patient’s fitness, which is compromised by the disease itself, worsening
with each treatment intervention, that frequently persist in the long term [2]. These treatments can
reduce cancer recurrence and mortality, but have important side effects, that can lead to severe
complications and to the risk of death from other diseases [3].

Radiotherapy has been for a long time an extremely important tool against cancer, offering a
possible cure, symptoms relief and extended survival. Nonetheless, it is linked to important side
effects. When a patient is exposed to radiotherapy, not only the tumoral cells are targeted, but also
the normal tissue around the tumor is also damaged [4].

As for chemotherapy, many pharmacological classes can be used in the treatment of cancer, all
with potential side effects such as autoimmune-like disorders and fatal adverse events caused by the
reactivation of cellular immunity [5].

There have been great efforts in diverse scientific fields to limit the above mentioned problems,
by exploring alternatives which prevent the toxicity and side effects associated with the conventional
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therapies when approaching a patient with cancer. Overall, most of these new approaches are still
object of intense research, such as the exploitation of surface modified inorganic nanoparticles to fight
cancer [6-8].

However, they have proved to have substantial limitations. The main disadvantages of
chemotherapy and radiotherapy have been the lack of specificity, which causes the drug delivery in
the targeted site at inadequate concentrations, and also high toxicity to the healthy and surrounding
cells, tissues, and organs, leading to the development of drug resistance during the treatment [9]. The
scientific community leans on the use of nanotechnology, as a strategy with great potential to
overcome these challenges [10], specifically by enhancing the drug delivery into target sites,
increasing efficacy and reducing side effects [11]. In this regard, the huge specific surface areas
conferred by nanoparticles give them useful properties, such as the ability for biofunctionalization
and a huge interface to mediate processes involving the nanoparticles and the surrounding tissues
[12]. Nowadays, a variety of products involving the synthesis of nanoparticles or its use are in
development and nanomedicine is becoming an attractive field for research thanks to its potential
efficacy and requirement of small amounts with better utility for drugs that are rare or expensive [13].
Therefore, the use of nanoparticles in this context might also contribute to enhance, stimulate or
improve the effectiveness of drug treatment at more affordable costs [14,15].

Herein, we briefly review the application of fine divided systems termed nanoparticles, which
are characterized by dimensions typically between 1-100 nm and show properties strongly
dependent on size and surface [16,17]. As such, non-conventional particulate systems that have been
explored for cancer therapies are mostly surface functionalized inorganic nanomaterials typically
obtained as stable colloidal nanoparticles [6,18,19]. However, other types of nanoparticles have been
investigated for a longer time in the context of cancer therapies, such as diverse polymeric
nanoparticles and liposomes; the latter are well-known drug carriers [20,21].

Considering the diverse types of colloidal nanoparticles available, their systematic classification
is challenging, and several attempts have been implemented. Hence, nanoparticles can be classified
according to their shape, average size, chemical nature, and preparation method, among other criteria
[22,23]. The classification of nanomaterials proposed by Miernicki et al. goes further in the parametric
assessment by considering also their applicability and safety, besides the morphological
characteristics [24]. A number of applications mediated by surface phenomena take advantage of the
high ratios of surface area per volume that characterize nanoparticles. For example, specific surface
area and surface functionalization are important aspects to take into consideration in the application
of nanoparticles for drug delivery. An increased surface area available implies an increased amount
of anti-cancer agents that can be attached, making them more efficient candidates for drug-delivery
vectors [9]. Due to their nanometric size, nanoparticles are able to cross pores which contributes to
more effective treatments for neurological conditions and brain cancer due to their ability to go
through the blood-brain barrier [25,26].

According to Fraga et al. [27], there are many statements in favor of nanosized therapeutic
development and one of them is the nanoparticle's ability to overcome solubility and stability
problems of anticancer drugs. Since the bioavailability is restricted by water solubility and it hampers
the development of early agents of drugs, the delivery and consumption of a poorly soluble drug can
be increased by an encapsulation of the compound within a hydrophilic nanocarrier [13]. Another
way of protecting anticancer compounds from excretion or decomposition requires the encapsulation
of antineoplastic agents in nanocarriers or pairing perishable compounds with synthetic ones [13].
Also, nanotechnology can improve drug penetration and redirection, or selectively redirect
compounds to cancer cells through its physicochemical properties. For redirection of antitumor
drugs, active and passive targeting schemes are used.

Additionally, nanocarriers are made to expel their cargo at the beginning, so it results in a
stimuli-sensitive nanomedicine treatment. For example, a medicine that is pH-independent, like
doxorubicin, can be catenated to pH-sensitive nanoparticles to increase the cellular uptake and
intracellular release of the medicine [28]. Eventually, the endurance of tumors is attenuated against
antitumor medicines through guided nanomedicine treatments. Generally, non-specificity is
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decreased by targeted input and multidrug resistance/adenosine triphosphate (MDR/ATP) outflow
pump-driven excretion. Therefore, the circulation time of a drug can be held by nanomedicine,
helping the release of stimuli-responsive medicines to intervene endocytic input of the drug[13].

2. Methodology

This article was written based on a bibliographic survey that was performed by consulting
relevant online scientific communication platforms. A search was made on those platforms to find
the major contents related to the theme of this review: the advantages and disadvantages of using
nanotechnology in cancer treatments, the nanoparticle’s toxicity, the innovations in the treatment of
cancer, and the concerns about unknown potential long-term effects.

The main keywords used to make the bibliographic research were: “nanotechnology”, “cancer
treatment”, “drug delivery”, “nanoparticles”, and “nanomedicine”. Figure 1 represents a cloud
obtained from the keywords that appeared in all the sources that were used in this research, and
which occurred at least five times in different articles. It can be observed that the most frequent
keywords used were nanoparticles, cancer, cancer treatment, and drug delivery, which is in
accordance with the main subject of this review.

The analysis with the VOSviewer software selected 15 keywords, grouped in three clusters with
66 links and a total link strength of 160. In Table 1 the clusters are shown and the score for each one
is calculated as the average publication year of the documents in which a keyword or a term occurs.

The literature review focused on the critical analysis and presentation of information related to
the application of nanotechnology in cancer treatments, from diagnosis and imaging to the
mechanisms of drug delivery. Furthermore, selected bibliography was also considered for
supporting aspects that have been reviewed in the above context.
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Figure 1. Map of the keywords found in the literature sources used in this review.

Table 1. Clusters of the keywords in the sources used for this review article.

Weight Weight (Total =~ Weight Score (Avg.
(Links)  link strength) (Occurrences) pub. year)
Cancer 12 31 19 2013

Drug delivery 12 37 17 2012

Cluster Keywords
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4
Liposomes 5 5 6 2014
Nanoparticles 13 69 34 2013
PLGA 4 7 5 2010
Targeted drug delivery 6 14 8 2011
Imaging 9 20 8 2015
Nanomaterials 6 9 6 2019
2 Nanomedicine 9 12 6 2019
Theragnostic 12 25 11 2018
Therapeutics 8 10 5 2015
Cancer treatment 12 36 19 2015
3 Gold nanoparticle 5 8 5 2018
Nanotechnology 10 21 8 2017
Tumor 9 16 7 2017

3. Tumor microenvironment and vasculature

It is known that the tumor microenvironment acts as a barrier to avoid drug delivery due to its
poor vasculature, high interstitial fluid pressure, and dense extracellular matrix. Therefore, it is
important to understand the tumor's structure and specific aspects to reach an efficient drug delivery
capable to fight it [29].

The vasculature of a tumor is characterized by extra production of angiogenic factors which
means that new blood vessels originate from already-existing blood vessel structures, resulting in
convoluted and leaky vessels (Figure 2) [30]. This process can come as an advantage but also shows
limitations for nanoparticle drug delivery. The growth of new vascular vessels increases the
enhanced permeability and retention (EPR) effect which allows nanoparticles to be discharged from
vessels and accumulate inside the tumor [31]. Nevertheless, it can also happen with blood
components, blocking the overflow of nanoparticles. Furthermore, some areas inside the tumor have
a lack of perfusion which creates an acidic and hypoxic environment leading to the advancement of
the tumor, increasing its resistance, and making the drug delivery more difficult [29,32].
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Figure 2. Schematic differences between healthy and tumor vasculature. Adapted from [33].

The high interstitial fluid pressure, which is caused by abnormal blood flow and impaired
venous and lymphatic drainage [34], is the reason why the extracellular matrix of a tumor is so dense.
Like vasculature, it can increase the EPR effect of nanoparticles, but it can also result in the limitation
of fluid transfer, blocking its penetration through the tumor. Solid stress, which means the disorderly
proliferation of tumor cells, is another reason that difficult the drug delivery: it weakens the immune
response as it expands the cancer cells' invasion [29].

4. General requirements for nanoparticles in drug delivery

Nanoparticles must have some properties to attain an effective system for cancer treatment such
as being biocompatible, of high bioavailability, and stable under physiological conditions.
Furthermore, they must be able to target only the tumor cells without deteriorating surrounding
healthy cells and need to release the load as soon as they reach the target site. All these features can
be affected by the physicochemical properties of the nanoparticles employed as drug delivery vectors
(Figure 3) [35,36].
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Figure 3. Physicochemical properties of nanoparticles, their various interactions inside the body and
their behavior inside the cell. Adapted from [37].

The nanoparticle’s size distribution has a major effect on their performance in cancer therapies.
Due to the tumor's leaky vasculature, the size of nanoparticles can be adapted to be small enough to
penetrate the tumor and big enough to prevent extravasation from normal blood vessels, preventing
agglomeration in unwished parts of the body [36]. Nevertheless, different organs have different size
uptake specifications. Therefore, many types of research have been made to define the adequate size
of nanoparticles used in cancer therapy, showing that smaller-sized particles (< 50 nm) present better
anti-tumoral efficiency rates than larger-sized particles [38].

Another important feature when it comes to nanoparticle design for cancer treatment is its
shape, since it influences fluid dynamics, among other effects [31]. The shape of a nanocarrier can
control the interaction between cell membrane and nanoparticles. It is also noted that the particle’s
shape influences whether the nanoparticles are taken up by the reticuloendothelial system [31].

Surface chemistry comprises a rather complex set of processes that includes namely surface
charge, porosity, defects and chemical groups alterations, among other aspects. Numerous system
features, for example, surface interactions, degradation and agglomeration rates, and cellular uptake
are influenced by surface chemistry. Some studies imply for instance that a positively charged surface
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raises the chances of cellular uptake [35,39]. However, different types of cancer or different stages of
the same cancer type can require different surface properties [31], as shown in Figure 4.
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Figure 4. Different strategies for tumor uptake of nanoparticles. Adapted from [33].

In biological environments, the surface of a nanoparticle is rapidly coated with a layer of
biomolecules, which due to its high protein content is commonly known as “protein corona” (PC),
[40-43]. The characteristics of PC (as molecular properties and composition) play a key role in
governing the cellular uptake, biocompatibility, distribution, and circulation lifetime of nanoparticles
[40,44]. Two of the major factors influencing protein adsorption are the structural stability of proteins
(namely their conformational changes) and the hydrophilic/hydrophobic properties of the surface of
nanoparticles. With the dynamic behavior of proteins in physiological media, the layers of PC could
be divided into hard corona (inner layer, with tightly bound proteins) and soft corona (weakly bound
proteins, rapidly exchanged with free proteins from the media), as illustrated in Figure 5 [45]. Several
techniques have been employed to separate, identify and quantify the composition of PC’s layers,
such as dialysis, centrifugation, gel filtration, size-exclusion chromatography and high-pressure
liquid chromatography (HPLC), coupled to spectroscopic methods and bioinformatics predictions
[46,47]. An in-depth understanding of the corona-mediated functionalities can be explored for the
development of anticancer strategies. For instance, five distinct types of human cancers (lung,
glioblastoma, meningioma, myeloma and pancreatic cancers) have already been identified and
discriminated by Caracciolo et al. by using liposome-based nanoparticles with three distinct surface
properties, the authors developed a successful detection platform based on a PC sensor array [48].
Still, it is worth mention that PC might also negatively affect the delivery fate of nanoparticles for
tumor targeting, particularly if their main component are dysopsonins [49] or if the components of
PC promote unfavorable steric effect that hamper the interactions with cell membranes (and
consequently, decrease cellular uptake) [49-52]. As so, due to the high complexity and heterogeneity
of PC, future research is required in this field to allow the development of safe and effective
nanoparticle-based applications.
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Figure 5. Formation of protein corona layers: hard corona and soft corona.

5. Nanoparticles in cancer therapies and clinical diagnosis

Recently, many accomplishments have been achieved in the field of nanomedicine regarding
drug delivery systems. Among them, an abundant number of nanoparticle types have been
developed to be used in cancer therapy due to their unique properties [53].

A nanovector is generally defined as a functionalized nanoparticle that can carry and deliver
anticancer drugs or detection agents. Nanovectors have been classified into three different classes:
first-, second- and third-generation systems (Figure 6) [10].

Figure 6. Schematic representation of three generation of nanovectors (a) first generation, (b) second
generation and (c) third generation. Adapted from [10].

As an example of a first-generation nanovector, there is albumin-bound paclitaxel [54]. Paclitaxel
can be used in breast cancer treatments and its solubility problem is solved by using Cremophor EL.
However, first-generation nanovectors are not able to target any specific biomolecule in a tumor cell
[10].

The second-generation is an evolution of first-generation nanovectors and these are able to target
a specific biomolecule in a tumor cell, which means it has the active targeting capability. Examples of
nanovectors from this generation are the antibody-targeted nanoparticles [54], such as mAb-
conjugated liposomes [10]. The nanovectors of the second-generation have an improved
biodistribution and present a reduced toxicity level when compared to the first-generation [10].

The third-generation nanovectors, such as the nanoshuttle, are multistage agents and can
handle more complex functions [54]. According to Chatterjeee and Kumar, this generation represents
the next generation of the first wave nanotherapeutics that are specially equipped to introduce
biological barriers to improve the drug delivery to the tumor site [10].

The sections below provide a summary of important nanoparticles that have been used in drug
delivery and other clinical applications for fighting cancer. There are no attempts to provide a
detailed description of the selected nanoparticles but rather an indication of their potential in the
context approached in this review.

5.1. Liposomes


https://doi.org/10.20944/preprints202310.0609.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2023 doi:10.20944/preprints202310.0609.v1

Liposomes, which are made up of nontoxic and biocompatible lipid bilayers, can act as
pharmaceutical carriers [20]. Their core is aqueous, its head is hydrophilic, and the tails are
hydrophobic which means they are being oriented away from the intercellular fluid. The
conventional nanoparticle size is up to 100 nm and liposomes fluctuate between 90 and 150 nm.
Liposomes are used to deliver the drug to the outer membrane of targeting tumor cells and
meanwhile the fatty layer protects the enclosed drug [55]. This mechanism can decrease the effect of
drug toxicity on healthy cells and increase the efficacy [10].

Liposomes can be synthesized from cholesterol and phospholipids and they have one particular
property, which is the amphipathic nature, that enables them to bind to both hydrophilic and
hydrophobic compounds [31]. In other words, they can encapsulate water-soluble drugs in their core
and nonpolar compounds in their bilayer membrane simultaneously [31]. Liposomes have other
advantageous properties, like biocompatibility and biodegradability, and they do not present toxicity
or immunogenicity [56,57]. Moreover, Food and Drug Administration (FDA) has already approved
drug delivery systems based on liposomes like MyocetTM [58].

Zhang et al. developed a lyophilized system based on liposomes and paclitaxel applicable for
cancer therapy [14]. It has an encapsulation efficiency of over 90% and physical and chemical stability
for 12 months while the particles have about 150 nm average size. When the system was diluted, the
size remained the same, and the drug was encapsulated.

Zhao et al. focused on a pH-responsive liposome-containing system for glioma tumor cells [59].
As the system is made up of a tumor-specific pH-sensitive peptide and liposomes, it responds to the
acidic pH of gliomas and releases the drug. The same occurs when doxorubicin is used.

Theragnostic systems based on liposomes have been studied to be used in imaging and drug
delivery, as shown in Figure 7 [10]. Ren et al. designed a system in which a pharmaceutically active
component was encapsulated and its biodistribution was imaged in real-time by magnetic resonance
imaging (MRI) [60]. The system was compared to a commercially available MRI contrast agent called
Omniscan® and the first showed not only better results but a longer circulation time in vivo.
Furthermore, liposomes enable both polar and nonpolar chemotherapeutic drugs entrapment
providing synergetic therapy with sustained release and substantially lower toxicity.
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Figure 7. Liposomal drug delivery system. Adapted from [10].

5.2. Polymeric nanoparticles

Polymeric nanoparticles have been considered efficient carriers for prolonged drug delivery
systems. In the 1990s, the synthesis of polymeric nanoparticles using polylactic acid (PLA) and poly
lactic-co-glycolic acid (PLGA) was explored and reported as “long-circulating” [61]. Since then, the
interest in polymeric nanoparticles and their use in cancer therapy has increased. These nanoparticles
are considered very versatile because they can be manipulated to be either biodegradable or non-
biodegradable, either synthetic or derived from natural sources [62,63]. Biodegradable polymers have
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the advantage that they can break down into monomers that can be simply eliminated by the body's
natural metabolic pathways [31].

Natural polymers such as polyhydroxyalkanoates (PHAs), as well as synthetic polymers like
PLGA have been studied for targeted drug delivery applications paired with anti-cancer agents like
paclitaxel [64,65], doxorubicin [66,67], and cisplatin [68,69]. These studies were tested in vivo and
there are some that have been used in preclinical trials on mice [70].

A conjugation between folic acid and PLGA nanoparticles with chitosan as the vehicle was tested
for the treatment of prostate cancer [71]. The compound was loaded with bicalutamide and tested in
vitro. In comparative studies, unfunctionalized PLGA nanoparticles were also synthetized and
exposed to the same circumstances. It was observed that the functionalized nanoparticles showed
improved efficiency than the unfunctionalized nanoparticles, because of their altered surface and
specific targeted delivery [71]. Folic acid coupled with poly(3-hydroxybutyrate-co-3-
hydroxyoctanoate) and loaded with doxorubicin presented a drug encapsulation performance of
above 80% [67].

Furthermore, in vitro assays exhibited a release profile of the anti-cancer drug of approximately
50% in the first five days, and in vivo assays showed that the system displayed enhanced therapeutic
efficiency in limiting the tumor growth when compared to controls [67]. Additionally, PLGA
nanoparticles loaded with methotrexate-transferrin conjugates and coated with Polysorbate 80, a
water-soluble surfactant, were investigated as vehicles for brain cancer treatment. Polysorbate 80 is
known to enhance the nanoparticles loaded blood-brain barrier (BBB) cross. According to Jain and
al., the continuous delivery of methotrexate-transferrin conjugates was attained by virtue of the over-
expressed transferrin receptors on the surface of tumor cells, and the results of both in vivo and in
vitro assays highlighted the efficiency of the conjugated system when compared to controls [72].

Among the polymeric nanoparticles, dendrimers stand as a unique class of macromolecules with
narrow molecular weight distribution, comprising an almost monodispersed nanosystem for target
drug delivery. They are composed of a hyperbranched polymeric mantle, a central core, and corona
and it has numerous branches that can carry a variety of drugs [73]. The molecular size of dendrimers
of a certain family is very often identified by its generation, which increases as the molecular weight
of the dendrimer increases. The particle size and shape of dendrimers can be adjusted via chemical
synthesis, thus providing branched macromolecules with diverse chemical groups that can be
explored for target applications. This is of uttermost relevance for drug delivery because the loading
of guest species (e.g. drug molecules) depends on the nature and number of chemical groups in the
branched architecture. Due to its single surface, dendrimers have made a great contribution to the
design of nanosystems but cytotoxicity has been a critical issue in these systems; the toxicity of these
nanocarriers has been related namely to surface terminal groups [74]. The most valuable ability of
these nanoparticles is the active and passive tumor targeting.

5.3. Quantum dots

Quantum dots are semiconducting nanocrystals whose charge carriers are confined in the three
dimensions, thus showing quantum size effects in their optical properties [16,17]. These inorganic
nanoparticles have been prepared by a variety of chemical methods, however those relying on
colloidal synthesis offer several advantages for nanomedicines such as their easy biofunctionalization
namely for bioimaging diagnosis. Among the biomarkers used for these purposes, quantum dots
stand for their size-dependent photoluminescence, narrow and tunable emission bands,
photostability and pronounced Stokes shift. Furthermore, the observation of size-tuned
photoluminescence in quantum dots under irradiation using a single light source, makes these
particles suitable for multiplexing methods of analysis. Seminal research on colloidal quantum dots
involved mainly the synthesis of Cd containing materials using hot injection methods, whose surfaces
could be subsequently modified with biomolecules. Currently, alternatives to toxic Cd containing
quantum dots are available and have been the subject of interest for bioimaging, such as ZnS coated
InP quantum dots or other types of fluorescent nanoparticles, including silica nanocomposites [75,76].
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The present imaging techniques available such as X-ray scan, MRI, and computer tomography
have serious limitations when it comes to cancer diagnosis and the main limitation is that those
techniques cannot recognize small numbers of malignant cells in primary or in metastatic sites [77].
Because quantum dots have improved signal brightness, synchronous excitation of multiple
fluorescence colors, and size-tunable light emission, they have been explored as biofunctionalized
labels for cancer imaging [10]. However, besides the requirements for cytotoxicity assessment,
quantum dots still pose challenges concerning their use in bioimaging, such as the observation of
tissue autofluorescence and photon scattering.

5.4. Gold nanoparticles

Throughout history, gold has consistently held its place as one of the most prized metals on
Earth. Gold nanoparticles have been widely investigated for cancer therapies, due to their high
chemical stability, well-established synthetic and surface modification methods, shape and size
tunability and biocompatibility [78-81]. In addition, gold nanoparticles show strong absorption in
the visible (VIS), due to localized surface plasmon resonances (LSPR): this means that in the presence
of light (an oscillating electromagnetic field), the free electrons from these plasmonic nanoparticles
will oscillate and resonate at a particular frequency of light [82]. In fact, gold nanospheres(Figure 8A)
absorb light up to 105 times stronger than most efficient light-absorbing dye molecules [83], which is
a clear advantage in comparison to the conventional drugs. The LSPR oscillation can decay by non-
radiative processes and convert energy to heat, which turns gold nanoparticles particularly important
for plasmonic photothermal therapy (PPTT) applications [84]. Furthermore, anisotropic gold
nanostructures (e.g. gold nanorods or gold nanostars, Figure 8B) can be synthesized to show
resonances in the near-infrared windows (650-950 nm; 1000-1700 nm), a spectral range that allows
maximum depth of penetration of incident light in a tissue. Hence, a gold nanorod show two LSPR
bands, associated to two dipole oscillations along its axis, the transverse and longitudinal modes. The
latter originates strong absorption in the NIR, whose exact location can be adjusted by controlling the
particle’s aspect ratio during the synthesis. The ability for controlling the plasmonic behavior of gold
nanoparticles via chemical and surface modification methods, turns these nanosystems of great
relevance in a number of cancer therapies, including PPTT and surface enhanced Raman scattering
(SERS) bioimaging [18,19,85-88].

Considering the capability to thermally destroy the cancerous cells, the photothermal heating
capacity, and ease in surface functionalization, gold nanoparticles stand out for their application in
multiple cancer therapies. According to Lungu et al., hyperthermia, a common approach in terms of
cancer treatment, consists in heating up to 40 °C the tumor site using microwaves and radio waves
as heat generators [31]. Nonetheless, gold nanoparticles can be used as heat sources showing many
advantages over conventional hyperthermia, such as the ability to affect only the adjacent sites,
without damaging healthy cells, leading to efficient targeted action [89,90]. The gold nanoparticles
start heating up the adjacent locations when an external radiofrequency electric field acts upon them.
However, radiofrequency hyperthermia has some serious inconveniences, such as high levels of pain
for the patient [89].

It has been reported that gold nanoparticles generate local dose augmentation at the cancerous
location by virtue of their properties, such as strong optical absorption in the LSPR region.
Furthermore, a system consisting of gold nanoparticles and organic molecules, such as bovine serum
albumin (BSA), results in a higher agglomeration of nanoparticles in the tumor site [31]. Also, this
system exhibits better features, such as uniform dimensions, ease in synthesis, and stability under
physiological conditions [31]. According to Chen et al., both in vitro and in vivo assays using BSA-
modified gold nanoparticles showed auspicious results, such as inhibition of cloning formation,
cancerous cell death, and did not present destructive consequences on healthy tissues and cells [74].

The basis of using gold nanoparticles in cancer radiotherapy is to inject them into the tumor
location, then the external X-ray source will act upon them, and it will produce radicals that will
damage the cancerous cells and promote their death [31]. When it comes to radiotherapy, assays were
made by injecting gold nanoparticles in mice with the EMT-6 cancerous cell line. The mice were
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exposed to X-ray therapy and the survival rate considerably increased compared to mice that were
subjected to conventional treatment, such as irradiation [31].

As mentioned above, colloidal Au nanoparticles can be synthesized with distinct particle size
distributions and specific particle’s shape, such as nanospheres and anisotropic particles (Figure 8).
As such, the optical behavior of such colloids can be judiciously tuned by controlling their
morphological characteristics. Besides, the surfaces of such nanoparticles can be functionalized
envisaging specific bioapplications. Hence, Au nanoparticles coated with cysteamine and thioglucose
were synthesized by Kong et al. and applied to healthy and cancerous breast cell lines [91] It was
reported that the gold nanoparticles coated with glucose were internalized by the tumor cells, while
the ones coated with cysteamine were essentially disposed on the surface. The assays showed that
the number of internalized functionalized nanoparticles was substantially higher than the
unfunctionalized ones. Nonetheless, when the irradiation acted upon the nanoparticles, it was
noticed that the cytotoxic effect of the functionalized nanoparticles was considerably higher than the
one arising from the unfunctionalized ones.

Figure 8. TEM images of Au nanospheres (A) and Au nanostars (B), both obtained by colloid
synthesis. Courtesy of Dr. Sara Fateixa (U. Aveiro).

5.5. Iron oxide nanoparticles

Iron oxide nanoparticles, namely of magnetite (FesOs) and maghemite (y-Fe20s), have garnered
significant attention in cancer therapies (Figure 9), due to their unique properties, such as small size,
high surface-to-volume ratio and magnetic properties (which differ from their bulk counterparts)
[92,93]. Often, the surface of these magnetic nanoparticles is coated with a material that increases the
biocompatibility and stability in physiological media, such as a polysaccharide or smaller
carbohydrates, endowing the final material with a hard-core/soft-shell structure [94].
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One of the primary applications of these nanoparticles is their use as contrast agents for MRI
scans (such as Ferumoxsil, Lumirem® or Gastro MARK®), enabling accurate tumor localization,
staging and monitoring of treatment response [95]. For example, Han et al. developed multifunctional
iron oxide nanoparticles with a carbon-based shell, whose magnetic and fluorescence properties
allowed the detection and imaging of cancer cells [96]. To provide an optimal balance of sensitivity
and selectivity, MRI-based approaches can be combined with other imaging techniques, such as
computerized tomography (CT), which relies on the application of X-rays to generate two-
dimensional images of the body. Within this context, Deng et al. [97] reported the synthesis of
radiolabeled superparamagnetic iron oxide nanoparticles functionalized with a small peptide, as
selective dual-modality agents for imaging of breast cancer.

Another well-documented application is the use of magnetic iron oxide nanoparticles in
hyperthermia therapy, where these systems are exposed to alternating magnetic fields (typically
ranging between ~100-300 kHz) and generate heat, mostly via magnetic hysteresis loss [94,98]. Due
to hyperthermia, the temperature of cancer tissues might be raised up to 41-46 °C, triggering various
paths as necrosis, apoptosis, protein denaturation and immune system reactions [99]. Still, a major
challenge of this strategy is to assure true tumoral tissue specificity, without damaging surrounding
healthy tissues. Currently, several iron oxide nanoparticles have been approved for use in
hyperthermia-based cancer therapy, such as NanoTherm® and ThermoDox [94]®.

It has been described that that this class of nanoparticles can stimulate pro-inflammatory
immune cell phenotypes, facilitating the recognition of tumors to enhance cancer therapies [94,100].
For example, Korangath et al. [101] recently reported the coupling of amine-functionalized starch-
coated ferrite nanoparticles with a monoclonal antibody (HER2/neu), which has been clinically
approved in therapies for breast cancer. After exposing cancer cells to these nanoparticles, the authors
observed an infiltration of T cell populations (part of the immune system) into tumors, followed by
tumor growth suppression. Similarly, the exposure of cancer cells to ferumoxytol [102], an example
of a FDA-approved iron oxide nanoparticle, triggers an inflammatory response that leads to the
prevention of metastases.

The functionalization of iron oxide nanoparticles with targeting ligands, antibodies or peptides
might enhance their selectivity towards cancer cell receptors or markers, facilitating targeted delivery
of drug molecules (as doxorubicin and paclitaxel) [103,104] and short ribonucleotides (e.g. miRNAs,
siRNAs) [105,106].
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Figure 9. Examples of applications of iron oxide nanoparticles in cancer therapies.

5.6. Carbon nanomaterials

Carbon nanostructures are an important class of materials in the field of cancer therapies,
including, for example, graphene-based structures, carbon nanotubes (CNTs), fullerenes and carbon
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dots (CDs) [107], as illustrated in Figure 10. These carbonaceous structures have found applications
as drug carriers, photoactive and diagnostic agents in several cancer theragnostics [107,108]. A
significant advantage of these systems lies in their large surface area-to-volume ratios, which allows
for enhanced loading and delivery of anticancer drugs towards the target cells, thus minimizing off-
target effects. Moreover, because of their easy functionalization possibilities, the surface of these
nanomaterials can be tailored to achieve different types of interactions (covalent and/or non-covalent)
with drug molecules and assure their controlled release to tumor sites [107].
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Figure 10. Examples of carbon nanomaterials. The structure and crystal lattice of graphene are shown.

The two-dimensional nature of graphene-based nanomaterials and their sp? hybridization
endows them with a unique honeycomb lattice structure to act as nanovehicles of anticancer drugs
[109,110]. Within this context, oxidized derivatives of graphene, such as graphene oxide (GO) play a
key role due to its higher dispersibility in physiological media and ability for chemical
functionalization [111,112]. For example, Zhang et al [113] loaded doxorubicin and camptothecin
(CPT) onto GO, to simultaneously explore the cytotoxic effect arising from DNA intercalation and
topoisomerase inhibition in MCF-7 breast cancer cells. Moreover, due to their strong absorbance in
the NIR region, it has been reported [114] that graphene derivatives can be stimulated by light to
produce hyperthermia [115]. Additionally, these nanomaterials can aid typical photodynamic
therapy due to their ability to carry multiple PS that generate reactive oxygen species (ROS) under
light irradiation.

CNTs assume special relevance in cancer treatment and diagnosis, namely when chemically-
functionalized with biocompatible molecules that increase their inner stability in physiological
media. For example, Oh et al. [116] developed a delivery systems that carried doxorubicin with
PEGylated single-wall CNTs (SWNTs), which showed interest in chemotherapy and in combined
NIR-irradiated PTT against human breast cancer cells [117]. Wen et al. [118] followed a similar
rationale to load another anticancer drug (Sor) and EGFR onto multi-wall CNTs (MWNTs): the results
showed that such nanocomposite could decrease tumor growth in liver cancer cells, mostly by
apoptosis. While attempting to target mitochondria, Yoong et al. [119] functionalized multi-wall
CNTs (MWNTs) with fluorescent rhodamine molecules to encapsulate a chemo-potentiator 3-
bromopyruvate (BP) and platinum prodrug; the as-developed system led to mitochondrial
malfunction, causing apoptosis of cancer cells.

The unique geometry and molecular topology of fullerene Ceo consists of a round cage-type
structure bearing 60 carbon atoms arranged in 12 pentagons and 20 hexagons [120]. Other fullerenes
exist with other number of C atoms arranged in fused rings of five to seven atoms or with the surfaces
functionalized with a variety of chemical groups. The abundant m-m conjugation of these
nanomaterials endow them with important optical and thermodynamic properties, suitable for its
use as a photosensitizing agent in PDT, hyperthermia, imaging and photoacoustic-assisted
theragnostics [121].
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As a more recent member of this carbonaceous nanomaterial family, fluorescent CDs have been
acquiring increasing importance in cancer therapies, namely in bioimaging [122,123]. Targeted
staining of specific cancer cells using CDs typically relies on the attachment of special ligands, such
as transferrin, folic acid and hyaluronic acid [124-126]. These materials can also be used as delivery
systems [127,128].

Despite these encouraging breakthroughs, the biocompatibility of carbon nanomaterials remains
challenging: surface functionalization, modification, and encapsulation strategies have been
employed to enhance biocompatibility, biodegradability, and control immune responses [129]. For
example, CNTs have raised nanotoxicological concerns which prompt the necessity of more studies,
namely associated to surface functionalization and biological impact. Hence, rigorous preclinical and
clinical studies are still required to evaluate the safety and efficacy of carbon nanomaterial-based
cancer therapies.

6. Passive and active targeting

6.1. Passive targeting

Nanocarrier-based cancer therapies are mostly passively targeted first-generation
nanomedicines. This generation relies on manipulating pharmacokinetics and biodistribution by
regulating physicochemical properties [130]. The pathophysiological properties of cancer and its
environment have been used for inactive targeting, especially where the accumulation of
nanomedicine in tumor cells is promoted by the EPR effect. Thus, nanomedicine treatments from
passive targeting into neoplasms can occur by diffusion and convection without the attachment of a
special substance to the nanocarrier surface. In spite of that, it is known that EPR effect-based passive
targeting is inefficient to control cytotoxic drug side effects. The drug delivery can be negatively
affected through passive targeting due to the cancer heterogeneity and its stroma, and the
consequence is a reduced or a nulled transport of the components into neoplasms [131]. This is the
reason why researchers preferably focus on the standardization of neoplasm vasculature before
starting cancer treatment Also, the extracellular matrix restricts drug penetration [132], and the
accumulation of nanocarriers in former organs is not avoided by passive targeting [133]. Therefore, a
next generation based on drug delivery with active directing transmitters nanocarriers having
stimuli-reactive properties was developed, resulting in improved directing and enhanced efficiency
potential [134] (Figure 11).
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Figure 11. Types of targeting for nanoparticle delivery to tumor tissue. A. Passive targeting relies on
the leaky vasculature that is exhibited by tumors, allowing nanoparticles to travel through the
fenestrations and reach tumors. B. Active targeting can be used when nanoparticles have ligands on
their surface that can recognize and bind receptors that are overexpressed on tumor cells. C. Triggered
release allows nanoparticles to congregate if exposed to an external stimulus such as a magnetic field
or light. Adapted from [136].

6.2. Active targeting
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According to Bazak et al., a high-affinity material annexes to the carrier surface area so the ligand
can selectively bind to the target cell receptor [135]. Many ligand ranges (like carbohydrates and folic
acid, or macromolecules, like proteins, oligonucleotides, and aptamers) have been used with this
intention. The preferred ligand binds to a targeted cell while it minimizes binding to healthy cells
[13] (Figure 11).

7. Cancer theragnostics

Theragnostics is a term used to describe systems that can diagnose, provide target drug delivery,
and track the effects of the treatment. The main objective of bringing all these aspects together is to
improve the chances of cure while minimizing the risks and the costs [31]. Thus, the intention behind
designing this kind of agent is to develop a nano-sized system with a two-fold function. It is necessary
to consider all the steps of this process, such as the method chosen or the materials that will be used
in the preparation of the particles, and their removal from the body [137].

Different challenges have been acknowledged for the purpose of reaching an effective
theragnostic system. Zhao et al. and Bae et al. highlighted that two main characteristics must be
considered in the biomarker that is used for imaging and treatment: it must be exceedingly expressed
in the cancerous cells and absent in healthy cells [32,138]. Furthermore, it is required that the ligand
must be highly reproducible for in vivo testing purposes, and it is crucial that the nanoparticles used
in the theragnostics agents are biocompatible, biodegradable, show a high loading capacity, and
when it reaches the cancerous site, presents a controlled release profile of the therapeutic elements
[31].

The mentioned specifications are critical for the therapeutic part of a theragnostic system, but
the diagnosis part mainly represents imaging requirements. The nanoparticles should be capable of
producing a constant and clear imaging signal in view to effectively monitor the targeted drug
delivery as well as the response [139,140].

8. Conclusions

Nanomedicines brought a new perspective to cancer therapy mainly because of unique
properties explored at the nanometric scale and the high bioavailability at the site of action.
Additionally, they can reduce the toxic effect of the drug once incorporated into targeted drug
delivery systems. Furthermore, nanomedicines are considered economical, since they save costs by
reducing the amounts of necessary drugs, in comparison to standard treatments.

Liposomes, polymeric and inorganic nanoparticles, among others, have been tested as potential
candidates for cancer treatments and, in certain scenarios, they have been already implemented in
clinical context. These structures present relevant features for application in cancer therapies, like size
and surface dependent properties, versatility in their synthesis and surface modification, diverse
functionalities, and can be modified to improve the required biocompatibility. The use of
nanotechnology in cancer therapy has produced great improvements so far but there are still many
challenges ahead. While colloidal nanoparticles hold great potential in various fields such as drug
delivery, imaging, and diagnostics, research on the nanotoxicology aspects must be carefully
considered. Size, surface characteristics, composition, and concentration are critical factors that can
influence the toxicity of such colloids. Further studies focusing on their potential long-term effects in
different biological systems are necessary to ensure their safe use as nanomedicines.

Although there are still current challenges when it comes to using nanoparticles as therapeutics,
it is expected that much progress will be achieved in the near-future not only in cancer treatments,
but also in other fields of medicine.
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