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Nanomaterials have emerged as promising candidates for cancer therapy and diagnosis as they can solve long-
term issues such as drug solubility, systemic distribution, tumor acquired resistance, and improve the perfor-
mance of diagnostic methods. Among inorganic nanomaterials, AgNPs have been extensively studied in the
context of cancer treatment and the reported results have raised exciting expectations. In this review, we provide
an overview of the recent research on AgNPs antitumoral properties, their application in different cancer

treatment modalities, their potential in biosensors development, and also highlight the main challenges and
possible strategies to enable its translation to clinical use.

1. Background

The World Health Organization estimates that in 2020 there were
19.3 million new cases of cancer in the world and almost 10 million
deaths [1]. Despite the huge efforts and advances in cancer research, the
standard treatment options remain chemotherapy, along with surgery
and radiotherapy [2]. Treatment failure rates are high, mainly due to
drug resistance, dose-limiting toxicity, and severe side effects [3,4].
Thus, effective strategies in cancer treatment that do not compromise
patient’s life quality are urgently needed. Also, to offer a good chance of
recovery, early diagnosis is very important. In this regard, nanotech-
nology may open up new avenues for cancer therapy and diagnosis.

Nanotechnology emerges from the unique properties of materials in
the nanoscale range and has a transformative potential for application in
different fields of science and technology. Different types of nano-
materials have been explored to improve cancer therapy (e.g., drug
nanocarriers, photodynamic therapy, gene-, and immunotherapy) and
diagnostics (nanobiosensors and bioimaging agents) [5-9]. One of the
main characteristics that make nanomaterials so interesting for cancer
treatment is their tunable surface, which not only allows the nano-
particles to be synthesized with unique physico-chemical properties but
also supports the attachment of a variety of molecules and drugs. As a
consequence, these nanocarriers (NCs) may improve long-time issues
such as poor drug solubility, drug metabolism, and systemic half-life
[10]. In addition, NCs may enhance drug deposition in tumors by pas-
sive targeting, a phenomenon known as the Enhanced Permeability and
Retention (EPR) effect [11]. The basis for the EPR effect relies on the
leaky blood vessels and impaired lymphatic function of tumors, which
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facilitates the penetration and accumulation of NP into the tumor,
compared to normal tissues [12].

Among the metallic nanomaterials, silver nanoparticles (AgNPs)
stand out due to their broad range of applications. Given their unique
physico-chemical properties (including optical, thermal, and electrical
conductivity), as well as their activity against bacteria, fungus, and even
viruses [13-16], AgNPs have been incorporated into textiles, health-care
products, consumer goods, medical devices, biosensing, among others
[17-22]. Most recently, AgNPs have gained a special interest in nano-
medicine because several research groups reported that these NPs can
induce antitumoral effects in in vitro and in vivo tumor models, which
could benefit a number of oncotherapy modalities and diagnostic tools.

In this paper, we provide an overview of how the intrinsic properties
of AgNPs and their potential as nanocarriers can improve current cancer
therapies and diagnostics. We also present a discussion on the obstacles
and possible solutions to enable the implementation of AgNPs into
clinical use.

2. Antitumoral activity of AgNPs

AgNPs show great promise for cancer therapy due to their antitu-
moral effects demonstrated by several in vitro and in vivo studies
(Table 1). Although the exact mechanisms through which AgNPs act
against cancer cells are not yet fully elucidated, it is well known that
their toxicity relies on the generation of reactive oxygen species (ROS)
[23-27], both directly (by electron donation to molecular oxygen,
generating Og) and indirectly (by interfering with mitochondrial
structure and functions, leading to Oy leakage from the electron
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Table 1

Recent studies evaluating the potential of spherical AgNP as an anticancer agent.

AgNPs features Exp. Duration Tumor model “Cell Viability Antitumoral effect Comments Ref.
Size “ZP Surface coating (%)/1Cs0
(nm) (mV)
10 -39 Citrate 24h Hepatocarcinoma cells 3.5 ug/mL: 75% Reduction of glutathione metabolism and glycolysis- Protein levels in healthy THLE2 cells were not ~ [31]
(HepG2) related proteins after exposure to 3.5 ug/mL disturbed.
2.6 bnr *n.r 24 h Pancreatic cancer cells ICsp 2.6 nm: 1.6 pg/ Both AgNPs sizes led to ROS increase, decreased Levels of SOD1, SOD2, SOD3, GPX-4, and CAT [32]
and (Panc-1) mL; IC5018 nm: 26.8 antioxidants levels, mitochondrial damage and arrested were reduced for both NP sizes; ROS increase
18 ug/mL cell cycle. was lower in normal cells.
10 -30 Citrate 24h Hepatocarcinoma cells 3.5 pg/mL: 75% Reduction of key proteins related to antioxidant NRF-2 is a key transcription factor for the [38]
(HepG2) defense and glucose metabolism, inactivation of NRF-2 expression of antioxidant genes. Its
and reduced ATP levels. inactivation is related to increased oxidative
stress
28 -44 Citrate 24 h Adenocarcinoma cells (Colo ICs0Colo 205: 49.6 pM; Reduced expression and activity of PgP after 24 h at 60 [40]
205 and Colo 320) ICs Colo 320: 58.4 uM uM in drug-resistant Colo 320 cells; Inhibition of
proliferation after 72 and 96 h at 5 pM.
5 and bnr Citrate 24h Breast adenocarcinoma cells 1Cs05 nm: 244 pM; Mitochondrial damage, cytochrome C release, 5 nm AgNPs induced higher cell damages. [46]
75 (MCF-7/KCR) 1C575 nm: 414 uM decreased expression of PgP, ROS increase, ER stress. Only 75 nm AgNP reduced PgP activity.
2 -23 Citrate 24h Hepatocarcinoma cells 3.5 ug/mL: 80% Cytosolic and mitochondrial ROS increase;Decreased [43]
(HepG2) PgP functioning.
20 bnr bnr Liver and Lung ICs0 72 h HepG2: 15.8 Decreased expression of several ABC transporter genes [54]
adenocarcinoma cells pg/em?; ICso 72 h in both cell lines after 12 h.
(HepG2 and A549) A549: 202.7 pg/cm3
40 -34.5 Biogenic (G. biloba Cervical adenocarcinoma 4 ug/mL: 30% Inhibition of proliferation after 36 h, at 6 ug/mL; Oxidative stress was marked by increased ROS, [45]
leaves extract) cells (HeLa) Apoptosis, oxidative stress and cytochrome C release reduced SOD and GSH levels.
after 24 h, at 6 pg/mL.
30 - -24.5 Biogenic (R 24h Breast adenocarcinoma cells Upregulation of apoptotic regulators (caspase 3 and 7),  Fibroblast cell line WS1 was more resistant to [39]1
150 fairholmianus) (MCF-7) cytochrome C release, mitochondrial damage, the AgNP.
reduction of cell proliferation and ROS increase (from 5
to 10 pg/mL).
74 -35.3 Curcumin derivate 30 days 15 L.P EAC tumor-induced in 5 mg/kg (bw) led to inhibition of tumor growth and No histopathological alterations in major [50]
injections mouse models activation of apoptosis. organs (liver, spleen, and kidney) after
treatment.
9-25 -31.8 Biogenic (N. linckia 10 days daily L.P EAC tumor-induced mouse 5 mg/kg (bw) let to inhibition of tumor growth (tumor [51]
pigment extract) injections model volume, cells count, and weight).
50 bnr Biogenic 15 days L.P DLA tumor - induced mouse 500 nM led to a reduction in DLA cell count. Increase of the survival time by 50%. [52]
(B. licheniformis) injection model
25 -15 PVP 10 weeks L.V TNBC tumor-induced mice 6 mg/kg (bw) led to significant tumor growth. 100% survival rate in AgNP-treated mice and [53]
injection 3 model only 30% in control groups.
times/week
brr bnr Biogenic (F. 3 weeks I.Ve Bladder cancer-induced 0.05 mg/mL led to 57% tumor regression. [55]
oxysporum) doses mice
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L.P: intraperitoneal injection; I.V: intravenous injection; I.Ve: intravesical injection; bw: body weight; DLA: Dalton’s lymphoma ascites; EAC: Ehrlich Ascites carcinoma; TNBC: Triple negative breast cancer; PVP:
Polyvinylpolypyrrolidone.

@ Zeta potential;

b n.r: Data not reported by the authors;

¢ Approximated values.
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transport chain) [28]. ROS are by-products of the biological oxygen
metabolism and include superoxide anion (Oz’), hydrogen peroxide
(H203), and hydroxyl radical (HOe) [29]. Under physiological condi-
tions, these molecules are kept at low levels by the cell’s antioxidants
pool, being important in signaling pathways [29]. However, over-
production of ROS is associated with oxidative stress. The increase in the
ROS levels caused by AgNPs exposure induces cytotoxicity, decreasing
cell proliferation rates, inducing macromolecules and organelles dam-
age, and ultimately leading to cell death (Fig. 1).

ROS inducers are particularly interesting for controlling cancer
progression, as tumor cells generate higher ROS levels compared to
healthy cells, making them more susceptible to oxidative stress-induced
damage [30]. AgNPs may not only contribute to cell death by triggering
ROS generation but also by interfering with the levels and activity of
antioxidant molecules in the cells. It was recently reported that the
treatment with 10 nm citrate-coated AgNPs resulted in downregulation
of proteins related to glutathione metabolism in human hep-
atocarcinoma cells (HepG2), while no changes in the antioxidant pool
were observed in healthy hepatocytes exposed to the same nanoparticles
[31]. Consequently, higher ROS levels and cell death rates occurred for
tumoral cells while the healthy ones were more resistant to the treat-
ment. Similarly, Barciniska et al. also found that 2.6 and 18 nm AgNPs
induced higher ROS levels in tumoral pancreatic cells than in normal
cells from the same tissues [32]. The oxidative stress resulted from ROS
increase and downregulation of antioxidants (superoxide dismutase
(SOD), glutathione peroxidase, and catalase (CAT)), occurring both at
protein and mRNA levels. The authors also showed that 2.6 nm AgNPs
are more toxic than the 18 nm AgNPs, as the estimated ICsy was
1.67 ug/mL and 26.8 ug/mL for the smaller and the larger nano-
particles, respectively (Table 1). These results correlates with the fact
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that 2.6 nm AgNPs induced oxidative stress at lower concentrations
compared to the 18 nm AgNPs. The influence of size in the ROS-induced
cytotoxicity was also demonstrated by other authors [33-35].
Miethling-Graff et al., for example, showed that 20 nm AgNPs induced
higher ROS levels than 100 nm ones in human LoVo colon carcinoma
cell lines, which ultimately led to increased mitochondrial dysfunction
and cell death [23]. In a recent study, Liu et al. reported that 20 nm
AgNPs may interfere directly with CAT and SOD [36]. The authors
demonstrated that AgNPs form complexes with these proteins and the
interaction between CAT and the nanoparticles is strong enough to
induce conformational changes in the protein structure and the loss of
biological function.

AgNPs may also impair other cancer hallmarks such as energy
metabolism and multidrug resistance, as demonstrated in recent studies
[37-40]. Energy metabolism has gained increased attention for cancer
treatment and drug design since the metabolism of tumoral cells differs
significantly from that of the healthy ones; while oxidative phosphory-
lation is the main energy-generating pathway in normal cells, cancers
are adapted for fast growth in hypoxic and acidic environments, thus
glycolysis is the preferred pathway to synthesize ATP [41,42]. Lee et al.
reported that exposure to 5 nm AgNPs affected negatively both glucose
consumption and lactate production in HepG2 cells [37], while Miranda
et al. observed, for the same cell line exposed to 10 nm AgNPs, a
downregulation of key enzymes of the glycolysis pathway in hepatoma
cell lines [36]. Moreover, AgNPs are also known for their deleterious
action over mitochondria and the mitochondrial respiratory chain,
which not only cause electron leakage and Oy generation but also
triggers apoptosis pathways (via cytochrome c release and caspase
activation), hindering another crucial ATP generating pathway [27,39,
43-45]. These features might be useful for AgNPs to impair cancer cells
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Fig. 1. The interaction of AgNPs with cellular membranes, macromolecules, and organelles results in structural and functional disruption. AgNPs also lead to
excessive ROS production, which interacts with cellular components leading to lipid peroxidation, genomic damages, and protein oxidation. Consequently, several
signaling pathways and cell functions are disturbed, resulting in reduced cell viability and proliferation, as well as increased apoptosis rates. Figure created with

BioRender.com.
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bioenergetics and trigger cell death.

AgNPs also interfere with the expression and activity of multidrug
resistance (MDR) transporters in breast and colon MDR-cancer cells [40,
43,46,47]. MDR transporters are membrane efflux pumps that belong to
the ATP-binding cassette (ABC) transporter family (including PgP,
MDR1, ABCB1) [48]. Cancer cells in which these proteins are overex-
pressed may develop chemoresistance, which is a major hurdle in
chemotherapy, since the internalized drugs are pumped back to the
extracellular environment [48]. The mechanisms by which AgNPs
interfere with MDR are not fully elucidated; it is not clear whether
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AgNPs hinder the activity of the transporters by their direct contact with
the proteins, or indirectly, as a consequence of oxidative stress or
reduced ATP production. Thus, more studies are needed to confirm how
these nanoparticles effectively contribute to overcome drug resistance,
one of the main reasons for chemotherapy failure [49].

As displayed in Table 1, antitumoral effects of AgNPs in solid tumors
of animal models have also been reported [50,51]. Sriram et al. showed
that biologically synthesized AgNPs (intraperitoneally injected) signifi-
cantly increased the survival rates and reduced the number of malignant
cells in Dalton’s lymphoma ascites tumor-bearing mice. The dose used

Table 2
Studies evaluating the potential of spherical AgNP as a combinatorial partner or NC system to traditional chemotherapy drugs.
AgNPs features Drug “Type of Exp. In vitro tumor model  “Cell Viability Comments Ref.
Size agp Surface exposure Duration (%)/1Cso
(nm) (mV) coating
28 -44 Citrate Methotrexat, Combination 24h Adenocarcinoma MTX (500 uM): AgNPs and all tested drugs [40]
Cisplatin, cells (Colo320) 75% decreased cell viability of Colo 320
Carmustine, NP (20 uM): cells in a synergic manner, even
Bleomycin, 75% with lower AgNPs concentration
Vinblastine, MTX+NP: 15% (20 uM), possibly due to PgP
Verapamil CAR (100 pM): expression and activity.
95%
NP (20 uM):
75%
CAR-+NP: 10%
VER (10 pM):
80%
NP (20 uM):
75%
VER+NP: 15%
10 -39 Citrate Cisplatin Combination 24h Hepatocarcinoma CIS (10 uM):75%  The combination of AgNPs and CIS ~ [31]
cells (HepG2) NP (3.5 pg/mL): led to reduced levels of glycolytic
75% proteins and antioxidants in
CIS+NP: 50% HepG2; Healthy THLE2 cells were
more resistant to therapy.
20 bnr Biogenic Salinomycin Combination 24h Ovarian cancer cells SAL (3 uM): 75%  Strong synergic effect of AgNPsand  [60]
Bacillus (MDA-MB-231) NP (4 pug/mL): SAL; cytotoxicity, expression of
clausii 75% pro-apoptotic genes, and
SAL+NP: 20% mitochondrial dysfunction.
6 -21 bnr Gemcitabine Combination 24h Ovarian cancer cells GEM (50 nM): Synergic effects on viability, [59]
(A2780) 75% proliferation and ROS, expression
NP (50 nM): of pro-apoptotic genes, DNA
75% fragmentation.
GEM-+NP: 30%
2 23 PEI Paclitaxel Conjugation 24h Hepatocarcinoma NP (2.5 pg/mL): Synergic effects on cell viability, [62]
cells (HepG2) 70% apoptosis, proliferation, and ROS
NP@PTX: 60% on HepGz2 cells; NC was less
cytotoxic to LO2 cells.
14.5 -12 Bare Doxorubicin Conjugation 48 h Breast NP-PVP@DOX NC was the most [63]
18.6 -0.3 PVA adenocarcinoma IC5o DOX: effective system and led to a strong
cells (MCF-7) 3.7 pug/mL synergic cytotoxicity in MCF-7
20 -2.3 PEG 1Cs¢ NP-PVP: cells; Healthy fibrobaststs were
30 pg/mL more resistant.
21 12 PVP ICso NP-
PVP@DOX: 0.1
(DOX) and 3.5
(NP)
130 -10 Biogenic Imatinib Conjugation 24h Breast ICso IMAB: 3 ug/  Synergic effects on cell viability, [67]
E. procera adenocarcinoma mL expression of pro-apoptotic genes
leaves cells (MCF-7) ICs50 NP: 9.6 ug/ and apoptosis.
extract mL
1Cs0 IMAB-+NP:
1.7 pg/mL
35 -44.4 Citrate Trichostatin A Combination 72h Cervical cancer cells ~ TSA (60 nM): Synergic effects on cell viability, [65]
(HeLa) 60% oxidative stress, DNA damage, and
NP (8 uM): 60% apoptosis.

TSA+NP: 10%

MTX: Methotrexat; CAR: Carmustine; VER: Verapamil; CIS: Cisplatin; SAL: Salinomycin; GEM: Gemcitabine; PTX: Paclitaxel; DOX: Doxorubicin; IMAB: Imatinib; TSA:
Trichostatin A; PVP: Polyvinylpyrrolidone; PVA: Poly(vinyl alcohol); PEG: Polyethylene glycol.

@ Zeta potential;
b n.r: Data not reported by the authors;

¢ The exposure is either a combination of AgNPs and the drug, or the drug is conjugated to AgNPs, forming a NC system;

4 Approximated cell viability values.
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for the experiments was safe for control mice [52]. Swanner et al. re-
ported that intravenous delivered AgNPs were effective in reducing
tumor growth in triple-negative breast cancer xenografts in mice, at
non-toxic doses [53]. The authors also reported a 100% survival rate of
the AgNPs-treated mice group, whereas only 30% of animals in the
control group survived.

3. The synergic combination of AgNPs and chemotherapy drugs

Combination chemotherapy refers to the administration of two or
more drugs that target different cancer hallmarks to generate a synergic
toxicity. This strategy can potentially enhance therapeutic efficacy,
minimize drug resistance and side effects [56]. However, complicated
dosage regimes, spatiotemporal delivery limitations, and differences in
the pharmacokinetic and physicochemical properties of the drugs may
affect the treatment’s success rates in many cases [3,4]. Nanotechnology
may offer a possibility to overcome these obstacles. Nanocarrier systems
(NCs) are designed to transport clinically approved anticancer drugs to
address drug solubility issues, increase circulation times and allow
controlled drug release. In addition, NCs can also promote drug accu-
mulation at the tumor site through passive (EPR effect) or active tar-
geting [57,58].

Several research groups have investigated the potential of AgNPs as a
combinatorial agent to act synergically with clinically approved
chemotherapeutic drugs (Table 2). It has been shown that AgNPs may
exert synergic toxicity upon combination with several antineoplastic
drugs. Kovacs et al. analyzed the potential of 28 nm, citrate-coated,
AgNPs to increase the toxicity induced by anticancer agents (such as
verapamil, cisplatin, carmustine, and methotrexate) and described a
synergic toxicity for all tested combinations against MDR colon adeno-
carcinoma cancer cells [40]. The authors argue that the synergic in-
teractions are related to the inhibitory action of the AgNPs to the efflux
transporters activity and PgP proteins expression, leading to the intra-
cellular accumulation of the cytotoxic drugs. AgNPs (citrate-coated,
75 nm) may also sensitize doxorubicin-resistant breast cancer cells: in
the presence of AgNPs, lower concentrations of doxorubicin (DOX) are
required to reach the IC50, compared to treatments with DOX alone
[46]. The authors showed that the decreased function of PgP trans-
porters possibly resulted from the endoplasmic reticulum stress induced
by AgNPs (150 uM), which led to a reduced number of properly folded
PgP proteins in the plasma membrane. AgNPs were also effective to
enhance the responsiveness of human ovarian cancer cells to gemcita-
bine and salinomycin, [59,60]. Co-exposure of AgNPs and cisplatin
induced a synergic toxic effect against HepG2 cells. The underlying
molecular mechanisms induced by this combination, investigated by
mass spectrometry-based proteomics, involved energy metabolism
disruption, inhibition of cell proliferation pathways, oxidative stress,
and increased cisplatin intracellular accumulation; although healthy
hepatocytes were also affected, these cells were more resistant to
treatment, possibly due to the increased level of antioxidant proteins
found after co-exposure [31].

The potential of AgNPs as NCs for antineoplastic drugs has been
demonstrated in vitro (Table 2). Benyettou et al. reported that AgNPs
can be functionalized with alendronate (Ald) and DOX [61]. The system
was efficiently endocytosed by HelLa cells and proliferation assays
indicated that the treatment with the NCs for 48 h was more effective to
reduce cell proliferation compared to Ald, AgNP-Ald, and DOX alone. Li
et al. developed polyethylene imine (PEI)-based NCs combining AgNPs
and paclitaxel, a potent anticancer drug that has limited usage due to its
high hydrophobicity. The authors found that the nanosystems were
more cytotoxic to HepG2 cells than to the healthy hepatocyte cell line
LO2, and that the underlying molecular mechanisms involved the acti-
vation of caspase-3-mediated cell apoptosis via ROS generation [62].
Tumor specificity has also been reported for AgNP-DOX NCs, as devel-
oped by Elbaz et al. [63]. The drug was attached to AgNPs with different
coatings (PEG, PVA, and PVP), and cell viability analysis revealed that
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the treatment using NCs at low concentrations resulted in high cyto-
toxicity against breast cancer MCF7 cells, while normal fibroblasts 1BR
hTERT cells were more resistant to AgNP-DOX combinations [63].

Silver NCs may also be used to deliver and act synergically with
cancer small molecule inhibitors (Table 2). For example, the histones
deacetylases inhibitors (HDACis), which represent a promising class of
molecules for cancer therapy. The HDACis activity can induce different
biological outcomes in cancer cells such as apoptosis and suppression of
cell proliferation. Moreover, the use of HDACis causes hyperacetylation
of the chromatin, resulting in opened chromatin structure, turning the
DNA more vulnerable to damaging agents [64]. Igaz et al. studied the
biological outcomes of the combination of AgNPs and the HDACis -
Trichostatin A, which resulted in a synergistic inhibitory effect in HeLa
cells, affecting cell viability, proliferation, and migration [65]. The
possible molecular mechanisms associated with these outcomes are
increased ROS levels and double DNA strand breaks. Gurunathan et al.
showed that the combination of AgNPs and HDACis-MS-275 is also
effective. The authors found that the combined treatment leads to high
cytotoxicity due to cell membrane disruption, oxidative stress, mito-
chondrial damage, and apoptosis [66]. Shandiz et al. demonstrated
another successful example of silver nanocarriers for anticancer mole-
cules [67] upon developing green synthetized AgNCs systems for ima-
tinib, a kinase inhibitor currently used for chemotherapy against
different cancer types. The authors reported that the use of NCs signif-
icantly reduced the viability of MCF-7 cells, compared to the cytotoxic
effects caused by isolated AgNPs or imatinib. AgNPs are promising
agents capable of improving combination chemotherapy, since they may
act as active vehicles for anticancer drug delivery; however, in vivo
studies are necessary for a deeper understanding of the systemic out-
comes, metabolism, bioaccumulation, and long-term effects of AgNPs
combined with anti-cancer drugs in the body.

4. AgNPs and radiotherapy

Recent in vivo and in vitro studies have highlighted the ability of
AgNPs to enhance cell/tissue sensitivity to radiotherapy (RT). This
oncotherapy modality is based on the interaction of ionizing energy
(such as y-ray, X-ray photons, or charged particles) with biomolecules to
eliminate tumor cells. RT is a standard adjuvant treatment for many
cancers and is currently administered in approximately 50% of all
cancer patients [68]. However, its main drawbacks rely on
tumor-acquired resistance, lack of selectivity, and dose escalation,
which is limited due to severe side effects associated with ionizing ra-
diation [69-71].

One of the main properties that renders AgNPs an increasing interest
as radio sensitizers is their high atomic number (Z). High-Z elements
possess high electron density around the central atom, therefore ionizing
radiation can result in increased ionization and cross-section with bio-
molecules [72,73]. Similar to other high Z-number atoms [69], the
interaction of AgNPs with X-ray photons results in the release of sec-
ondary electrons. These electrons either interact directly with the DNA,
causing DNA double-strand breaks [74,75], or ionize water molecules to
produce ROS, which can cause further damage (such as to the DNA, lipid
peroxidation, ER stress, and mitochondrial dysfunction), leading to cell
death [76,77] (Fig. 2A).

One of the pioneer’s studies investigating AgNPs as potential radio-
sensitizers showed a size-dependent enhancement of the irradiation
doses cytotoxicity in different glioma cell lines; the radiosensitizing ef-
fect of AgNPs decreases as particle size increases, 20 nm AgNPs per-
formed better than 50 and 100 nm nanoparticles. The authors attributed
this outcome to the release of silver ions from the particles, since smaller
AgNPs tend to release more Ag™ ions [78]. Liu et al. investigated the in
vivo radiosensitizer effect of AgNPs (PVP-coated, 21 nm, —15 mV) in C6
rat glioma models. Data showed that the combination of intratumorally
injected AgNPs and radiotherapy (10 Gy) resulted in a better antitumor
effect in terms of survival and cure rates compared to irradiation alone;
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Fig. 2. (A) Schematic illustration of the proposed mechanism for radiotherapy
in cells using AgNPs. Under ionizing radiation, high Z-elements such as AgNPs,
releases secondary electrons that interact with cellular components, leading to
biomolecules damages and cell death. (B) Schematic illustration of the proposed
mechanism of PDT reaction in cells. Upon light irradiation, the PS undergoes
physical changes, generating ROS in the presence of oxygen. According to
recent studies, AgNPs may also act as a PS itself or as a NC. Figures created with
BioRender.com.

the mean survival rate of irradiated controls was 24.5 days, while for
animals treated with 10 ug of AgNP, followed by 10 Gy, was 100.5 days.
It was also shown that the combination of AgNPs and ionizing radiation
reduces tumor proliferation and increases apoptotic rates [79]. A com-
parison of PVP-coated AgNPs (27 nm) in normoxia and hypoxia in gli-
oma cell lines revealed that the radiosensitizing performance of AgNPs
in the hypoxic glioma cells was greater than cells kept in normoxia [80].
This result was attributed to higher apoptotic levels and destructive
autophagy exhibited by the cells.

Stimulation of cancer cells with AgNPs in conjunction with ionizing
radiation was also investigated for other cancer types. Habiba et al.
investigated the effect of PEGylated silver nanoprisms as radio-
sensitizers on colorectal cancer, both in vitro and in vivo [81]. The au-
thors demonstrated that the enhanced radiosensitization of silver
nanoprisms in vitro was associated with increased ROS levels and DNA
damage. For the in vivo experiment, tail-vein injection of 56 ug of AgNP
followed by a single dose of 10 Gy, was ca. 175% more effective in
inhibiting tumor growth compared to radiation therapy alone in nude
mice bearing HCT116 tumors. Spherical AgNPs (130 nm, PVP-coated,
1 ug/mL) combined with ionizing radiation (1 — 6 Gy) were also effec-
tive against triple-negative breast cancer cell lines (TNBC), while non-
tumorigenic breast cells were more resistant; the strategy
(intratumorally injected AgNPs 0.2 pg/mm? tumor volume, combined
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with 4 Gy) also improved radiotherapy in mice TNBC xenografts [82].

Taken together, the studies cited above provide important evidence
that AgNPs are promising agents to improve radiotherapy, not only
because the nanoparticles act as radiosensitizers, releasing secondary
electrons (increasing the damage of intracellular radiation), but also
because they reduce cell proliferation and increase apoptosis and
autophagy. Novel studies elucidating the detailed mechanisms through
which AgNPs lead to radiotherapy enhancement and their effect in
different types of cancer are necessary to allow their clinical application.

5. AgNPs and phototherapies

Photodynamic therapy (PTD), a type of phototherapy, is a medical
non-invasive strategy for therapeutic purposes that has been successfully
applied in cancer therapy due to its low toxicity, minimal invasiveness,
and improved patient life quality [83-86].

Fig. 2B shows a schematic illustration of a typical PDT reaction.
Briefly, this strategy is based on the accumulation of a photosensitizer
(PS) in the tumor tissue. Upon local exposure to light at an appropriate
wavelength, the PS achieves an excited singlet state (PSl), which decays
to the ground state or undergoes system intercrossing, forming a triplet
state (PS®). This molecule can induce irreversible cell damages either
indirectly (by transferring a proton or electron to biomolecules forming
a radical, which reacts with O, to produce ROS) or directly (PS> energy
is transferred to Oy, leading to the formation of singlet oxygen), resulting
in cell death [84,87]. However, many factors limit a wider application
and efficacy of PTD such as the poor PS solubility, its concentration and
localization in the tumor site at the time of irradiation, the time between
PS administration and light irradiation, light fluence rate, tumor type,
and its oxygenation level [84,86].

The application of nanoparticles in PDT has been a major evolution
in overcoming some of the challenges associated with conventional
photosensitizers [73]. Metal nanoparticles, for instance, can be designed
as a PS delivery system, improving their biodistribution in physiological
media or even acting as a PS [87]. To date, a few studies highlighted the
potential applications of AgNPs in PTD.

Erdogan et al. investigated the potential of the green synthetized
AgNPs (ca. 100 nm, +32 mV) as a PS system in the breast cancer cell line
MCF-7. The authors reported a significant cell viability reduction of
irradiated cells (0.5 mJ/cmz) pre-treated with a non-cytotoxic concen-
tration of AgNPs (10 pg/mL), while the viability of cells only irradiated
or only treated with AgNPs was kept at control levels. Moreover, the
AgNPs treated cells also exhibited a decreased activity of antioxidant
enzymes, increased ROS, and apoptosis levels [88]. A multifunctional
nanosystem based on AgNPs has been developed by Srinivasan et al.
aiming at delivering DOX and PDT. The results highlighted the potential
of AgNPs (70 nm, PEG-coated) to act as PS upon irradiation with NIR
laser exposure of 808 nm at a fluence rate of 6.7 W/cm? [89]. Habiba
et al. demonstrated that treatment with quantum dots-decorated AgNPs
(33 nm) led to a drastic concentration-dependent (75 — 200 pg/mL) cell
viability reduction of cervical (Hela) and prostate (DU145) cancer cells,
upon irradiation with 425 nm LED (3 mW/cmZ) for 15 min [90]. It was
also demonstrated that the AgNPs may enhance the photosensitization
effects of riboflavin, 5-aminolevulinic acid, and hypocrellin B, resulting
in increased cell death [91-93].

AgNPs exhibit surface plasmon resonance (SPR), an important opti-
cal property that consists of the collective oscillation of electrons in the
conduction band after the incidence of a photon at a resonance fre-
quency. This feature is very interesting for photothermal therapy (PTT),
because plasmonic nanomaterials can be delivered to tumors and
exposed to light at the resonant frequency so that the collective oscil-
lation results in heat production. Consequently, the increased tumor
temperature leads to cell death, a process known as photo-hyperthermia
[94]. Unlike PDT, PTT does not require oxygen to kill cancer cells, which
may be particularly interesting for cancers with poor oxygenation.
Moreover, the radiation used for exciting the photothermic materials is
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in the near-infrared region (NIR), therefore, is less harmful to healthy
cells than that used in PDT [95-98]. Although gold-based nanoparticles
are the most explored materials for PTT [99], recent studies have shown
that this strategy may also benefit from the use of AgNPs. In a pioneer
study, Boca et al. designed chitosan-coated silver nanotriangles (AgNT)
that exhibited high specificity to human non-small lung cancer cells
(NCI-H460). After pre-incubation with 0.39 pg/mL AgNT, the viability
of cells irradiated at 800 nm laser (50 W/cm?) reduced about 80%,
while the viability of cells pre-incubated with gold nanorods and sub-
jected to NIR stimulation, reduced only 20% [100]. AgNPs with trian-
gular shape are also effective agents for photothermal therapy against
both breast cancer cells (MCF7), and treatment-resistant triple-negative
(MDA-MB-231) breast cancer cells, as treatments with concentrations
above 50 pg/mL AgNT, followed by irradiation at 800 nm laser
(2.94 W/ecm?) [101]. Hexagonal-shaped AgNPs stimulated with NIR
light were also efficient to generate heat [102], and could be further
explored in cancer therapy. In the latter studies, AgNPs were designed
with unique morphologies, which caused a shift of the optical absorption
from 400 nm (for spherical AgNPs) to the infrared region, making the
nanomaterial ideal for PTT. Although they show the potential of AgNPs
as an efficient light-to-heat converter, this field remains largely unex-
plored as more studies are needed to support these findings and to
investigate whether other types of cells and in vivo cancer models can
benefit from this strategy.

6. The use of AgNPs in biosensing

AgNPs are very attractive materials for application in diagnosis due
to their high conductivity, catalytic activity, and plasmonic properties
that can be exploited to improve the performance of biosensors. The
sensitivity of the biosensors is a crucial factor for the detection of low
concentrations of an analyte. AgNPs have been employed to increase the
electroactive area of the electrodes and consequently the electron
transfer rate, thus enhancing the biosensor’s sensitivity. For this pur-
pose, Douaki et al. modified silver screen-printed electrodes with AgNPs
and showed that the electroactive area increased from 0.47 to 1.01 cm?
These electrodes were functionalized with aptamers and used for the
detection of furaneol, a widely used flavoring agent, obtaining a good
analytical performance in the range from 2 pM to 200 nM [103]. Aiming
to develop a highly sensitive electrochemical biosensor for the detection
of exosomal miRNAs, Cheng et al. used functionalized-AgNPs for double
signal amplification. First, a hairpin immobilized onto electrode is
opened by the target miRNA which is displaced when a biotinylated
hairpin is added. The second step consisted of the binding of AgNPs
modified with streptavidin to the biotin on the electrode surface. This
biosensor exhibited a lower limit of detection of 0.4 fM for miRNA-21 in
human biological samples [22]. Based on a similar strategy, Li et al.
developed a biosensor for alpha-fetoprotein-L3 detection by using
functionalized AgNPs to label the target captured by the electrode,
amplifying the signal to increase the sensitivity of the system [104].

For electrochemical biosensors, AgNPs are especially interesting to
be used as redox mediators, since they exhibit a well-defined oxidation
peak in buffer solution [105]. Feng et al. developed a biosensor for the
detection of a leukemia-related gene using a structure generated in the
presence of the DNA target as a template for the in-situ synthesis of
AgNPs. As consequence, an electrochemical signal is generated. By using
the differential pulse voltammetry technique, the authors demonstrated
a linear relationship between the oxidation current produced by the
AgNPs and the logarithm of the target concentration [106]. Although
the oxidation peak of AgNPs is promising to monitor the biorecognition
reactions on the electrode surface, the current produced by them alone is
low, making it difficult to detect low concentrations of the analyte
[107]. To overcome this limitation, many studies have proposed the
association of AgNPs with other materials to obtain a synergic effect,
increasing the oxidation current [108]. Recently, Zhao et al. reported a
nanocomposite formed by Fe-based metal-organic frameworks
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(Fe-MOFs) decorated with AgNPs as an efficient redox mediator. Due to
their porosity, MOFs can be coated with a large amount of AgNPs,
resulting in an amplified oxidation current. The functionalized nano-
composite was applied for the detection of carbohydrates indicated as
tumor biomarkers [107]. In another study, Xu et al. developed a hybrid
nanostructure containing AgNPs deposited onto multi-wall carbon
nanotubes (MWCNTs) as a non-enzymatic electrochemical sensor to
determine H,0; concentration. Also benefiting from the excellent con-
ductivity of the MWCNTs, this nanocomposite exhibited a great elec-
trocatalytic activity toward HyO5 [109].

The SPR property exhibited by AgNPs is also widely explored in
biosensors [110,111]. Since the SPR band is influenced by the nano-
particle’s size and the dielectric constant of the surrounding medium,
the position and intensity of the band can be monitored to determine the
analyte biorecognition. Upon exploring the SPR features of AgNPs,
Mohammadi et al. proposed the use of AgNPs coated with thiomalic acid
(TMA-AgNPs) to detect cystamine, a neuroprotective molecule. The
authors demonstrated that as the cystamine concentration is increased,
the intensity of the SPR band at 395 nm decreases and a new absorption
band is observed around 560 nm. This phenomenon occurred due to the
cystamine binding to two TMA-AgNPs, causing aggregation [112].
Varghese et al. reported the use of green synthesized AgNPs for appli-
cation in SPR-based biosensors. To prove the sensing potential, the ab-
sorption spectrum of the AgNPs was evaluated after the addition of
different concentrations of mancozeb, a widely used pesticide. A blue
shift in the SPR band was observed and a linear relationship between the
band position and the mancozeb concentration was achieved [111].

AgNPs are also attractive to be applied in colorimetric biosensors
since these nanoparticles may undergo a shift in the SPR band resulting
in color changes of the suspensions. Dewangan et al. have used AgNPs
modified with cholesterol oxidase (ChOx) as colorimetric probes for
cholesterol detection. The system was based on the oxidation of free
cholesterol by ChOx which resulted in the production of hydrogen
peroxide (H205). The generated H,0, oxidizes the AgNPs (Ag®) to Ag*,
causing a color change in the solution from yellow to colorless [113].
Chen et al. reported the development of modified AgNPs for the detec-
tion of human telomerase activity. AgNPs were conjugated to telomerase
binding substrates partially hybridized with the complementary DNA
strand. When the active telomerase binds to its domain, the conjugate
stability is increased, reducing salt-induced aggregation, so that the
color of the solution remains yellow. However, if telomerase is inactive,
the conjugates aggregate, which results in the color change from yellow
to gray [114]. These studies show how the physical-chemical properties
of AgNPs have been explored in the development of different types of
biosensors, especially for biomedical applications, contributing to the
point-of-care diagnosis of several diseases. These methodologies can be
used to detect cancer biomarkers, aiding early diagnosis, which is
important to define the best treatment and to increase the chances of
recovery for cancer patients. Fig. 3 summarizes the applications of
AgNPs in biosensors.

7. The safe use of AgNPs in oncotherapy

Despite the efforts of many research groups to investigate and
develop silver nanomaterials to improve oncotherapy modalities, its
translation into clinical applications has not yet occurred. One of the
main reasons for this drawback is related to the biosafety aspects of
using AgNPs in humans and how to avoid harmful and unwanted side
effects.

It is important to understand the molecular mechanisms underlying
the possible AgNPs interactions with biomolecules and cells, as well as
the pharmacokinetic parameters, such as absorption routes, tissue bio-
distribution, bioaccumulation, long-term effects, metabolism, and
nanoparticles excretion. The challenges, however, are more complex
than that of small molecules [115], because all these factors are highly
dependent on the particles physico-chemical properties, which are
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Fig. 3. The main applications of AgNPs in biosensors. For electrochemical detection, AgNPs are exploited as redox mediators, signal amplifiers, and also to increase
the electroactive area of the electrodes, improving analytical performance. In optical biosensors, they are mainly used as colorimetric probes or for SPR-based

detection. Figure created with BioRender.com.

synthesized in a variety of sizes, shapes, and surface functionalizations.

Several research groups have investigated the AgNPs toxicity and
pharmacokinetic parameters in animal models (Table 3). The studies
revealed that after systemic, oral, or nasal administration, AgNPs could
accumulate in several organs, such as liver, kidney, spleen, lungs, heart,
and testis [116-118]. Histopathological alterations, biochemical dis-
turbances, geno- and immunotoxicity were detected in many soft tissues
after AgNPs administration during short or prolonged exposure periods
[119-122]. In contrast, some research groups found no detectable his-
topathological or biochemical alterations after AgNPs administration
[123-125]. These conflicting results highlight the importance of the
complete characterization of AgNPs and the appropriate control of the
experimental designs according to the safe-by-design concept; these
parameters are essential to perform interlaboratory comparison studies
and also to share data across laboratories to reach a complete compre-
hension of the AgNPs systemic toxicity [126].

Regardless the AgNPs toxicity, minimizing nonspecific interactions
and systemic biodistribution, as well as increasing particle tumor uptake
are essential for reaching optimized treatments and successful trans-
lation into clinics. Although AgNPs may benefit from the EPR effect,
their tumor targetability can be further enhanced. One of the main ad-
vantages of nanomedicines is the possibility to decorate the nano-
particles’ surface for active target delivery. For this purpose, the NP’s
surface is functionalized with ligands, which interact with specific re-
ceptors and biomarkers typically overexpressed in tumor cells, resulting
in higher specificity and delivery efficacy [127]. Several targeting li-
gands, such as proteins, peptides, vitamins, and nucleic acid are being
exploited for the development of cancer-targeted nanocarriers [10,
128-132]. Some of these strategies have been applied to AgNPs.
Cell-penetrating peptides (CPP) have been successfully anchored to
AgNPs surface and the results showed that this strategy enhanced
cellular uptake and cytotoxicity in glioblastoma and breast cancer in
vitro models [133,134]. Liu et al. have investigated the in vitro and in
vivo uptake and activity of CPP-functionalized AgNPs [47]. The
CPP-AgNPs were more efficiently internalized by Caco-2 cells, compared
to bare AgNPs, consequently, CPP-AgNPs induced higher toxicity to

several cell lines. For in vivo studies, the nanoparticles were adminis-
tered peritumorally in melanoma-bearing mice, and it was observed that
not only CPP-AgNPs were more therapeutically efficient against the
tumor, but also induced fewer side effects compared to DOX-treated
mice. Wang et al. designed a silver nanocarrier functionalized with
folic acid (FA); in vitro tests indicated that AgNPs-FA exhibit excellent
targeting specificity and ability to kill cancer cells overexpressing
FA-receptors [135].

An alternative method that has been recently explored to increase NP
biocompatibility and specificity is the development of biomimetic
nanoparticles. Briefly, this strategy comprises the coating of the nano-
particles with cell membrane (CM) vesicles, isolated from cell culture or
tissue. As a result, the coated nanoparticles exhibits increased biocom-
patibility, prolonged circulation, and tumor specificity depending on the
cell membrane nature [139]. CMs from different cell types, such as
erythrocytes, white blood cells, platelets, stem cells, and cancer cells
have been used to develop cell membrane-coated nanoparticles
[8140-143]. For oncotherapy, membranes derived from cancer cells
(CCM) are particularly interesting because they retain the membrane
proteins from the source cancer cells, therefore the nanoparticles coated
with CCM may benefit from the homologous binding and natural
immune-evading properties [57]. Fig. 4 summarizes the main features
that CCM-coated nanoparticles may exhibit.

AuNPs and magnetic nanoparticles have been successfully coated
with cell membranes and exhibited improved therapeutic properties
compared with the non-coated counterparts [8144-146]. For example,
Xie et al. coated AuNPs with HeLa cell-derived membrane to build a
plasmonic imaging probe [147]. They observed a 7- fold increase of
plasmonic signal spots in HeLa cells treated with AuNPs-CCM, compared
to cells treated only with AuNPs, which confirms the homotypic biding
capability of the AuNP biomimetic probe. In another study, Marangoni
et al. coated gold nanorods (AuNRs) with lung adenocarcinoma cells
(A549) membranes [8]. The system also acted as a carrier for f-lapa-
chone, which was loaded in the isolated membranes prior to AuNRs
coating. Due to the plasmonic properties of AuNRs, irradiation with
near-infrared laser led to disruption of the vesicles, releasing the
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Table 3
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Studies evaluating the toxic potential of different spherical AgNPs in animal models. While toxicity is observed by several research groups, there are also data revealing

that AgNP may not induce toxic effects at given experimental conditions.

AgNPs features Dose Animal Exposure Exposure Tissue distribution Results Ref.
- N model route duration
Size (nm) ZP (mV) Surface
coating
27.3 —106.2 -40 bn.r 5 mg/kg (bw) Sprague 1.V, single 24h Lung, spleen, liver, Organ damage (liver, kidney, [121]
Dawley injection kidney, thymus, and spleen and thymus);
rats heart (ICP-MS). Chromosome and chromatid
(female) breakage in bone marrow
cells; Alteration of
biochemical biomarkers
(ALT, BUN, TBil, and Cre).
7.9+ 09 -17.5 £ 4.1 Citrate 0.5 and 5 mg/kg Rabbit 1.V, single 7 and 28 bnr Liver toxicity (tissue injury, [122]
(bw) (male) injection days cell death, oxidative stress,
and DNA damage); Dose-
dependent toxicity; Pathway
analysis of microarray data
indicate a correlation with
inflammation,
hepatotoxicity, and cancer.
21 + 2.6 and -40.8 and bn.r 0.0082 - 6 mg/kg ~ Winstar LV, daily 28 days Spleen, liver, venous Dose-dependent toxicity; [120]
107 +7.6 -38.7 (bw) rats (male  injections cells, and lymph nodes  Alteration of biochemical
and (histopathological biomarkers (ALP, ALT, and
female) analysis). AST); Histopathological
lesions not observed;
Immunotoxicity
(suppression of NK cells
activity and altered
immunological biomarkers);
Similar effects induced by 20
and 100 nm AgNPs.
10 £ 2.6 bnr Citrate 0.25and 1 mg/kg  CD-1 Oral 28 days and  Brain, testis, liver and Higher Ag concentration in [136]
(bw) mice (daily, 5 28 days spleen (ICP-MS); after the brain; Histopathological
(male) days/ + 28 days rec. limited decreasein  lesions not observed; Dose-
week) recovery brain and testis. dependent decrease of WBCs
(rec) and lymphocytes after rec.
period; immunoreactivity in
hippocampus and cortex,
which were reduced after
rec.
20 +66 Chitosan 50, 25, and Winstar LP (daily) 14 days bnr Dose-dependent toxicity; [137]
10 mg/kg (bw) rats 50 mg/kg: severe toxicity;
(male) 25 mg/kg: mild toxicity;
10 mg/kg: no toxicity;
Decreased immunoglobulin
levels; Histopathological
alterations in spleen and
lymphocytes; Oxidative
stress.
252 +3 nr* PVP 50, 100 or Sprague Oral 90 days Ileum, liver, kidneys, No hematological toxicity; [138]
200 mg/kg (bw) Dawley (daily) brain, thymus, and No histopathological
rats spleen (ICP-MS). changes in the brain,
(male) thymus, spleen, ileum, and
kidney; altered Cu and Zn
levels in thymus and brain.
11-75 bnr Biogenic LV: 124-132 ug/ Winstar LVandLP 14 and 28 nr No hematological toxicity; [123]
E. faecalis kg (bw); LP: rats days No histopathological
97.6-105.4 ug/ (male) changes; No liver, spleen,
kg (bw) and kidney toxicity; I.P

injection-induced mild
toxicity.

L.P: Intraperitoneal injection; I.V: intravenous injection; bw: body weight; PVP: Polyvinylpolypyrrolidone; ICP-MS: Inductively coupled plasma mass spectrometry.

@ Zeta potential;
b n.r: Data not reported by the author.

nanoparticles and drugs. The combination of PTT and the drug resulted
in increased cytotoxicity to A549 cells and could be further explored for
future clinical therapies.

The use of cell-derived membranes and extracellular vesicles (EVs) as
smart and biocompatible coatings for nanoparticles remains largely
unexplored for AgNPs. However, as exemplified by Zhao et al. this
technique holds an enormous potential to overcome AgNPs limitations
for clinical use [148]. In their study, the authors coated AgNPs with
FA-functionalized red blood cells membranes and for both in vitro and in

vivo models the system presented good biocompatibility, tumor tar-
getability, and anti-lymphoma properties. The authors found no side
effects induced by the system in vivo [148]. Given the enormous
promise that CM-NP holds in oncotherapy, more studies are urgently
needed, since they could improve AgNPs tumor specificity and the
ability to overcome biological barriers.
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8. Conclusions and perspectives

AgNPs are highly attractive materials for the development of new
diagnostics and therapeutic systems for cancer. In diagnosis, AgNPs can
improve the performance of biosensors, increasing the electroactive area
and the electron transfer rate in electrochemical electrodes, or acting as
redox mediators. AgNPs can also be explored as colorimetric probes or in
SPR-based biosensors. For therapeutic purposes, AgNPs possess antitu-
moral properties that can tackle different cancer hallmarks, such as
oxidative stress, energy metabolism, and drug resistance. Moreover,
AgNPs may induce toxicity in cancer cells upon their combined use with
different conventional chemotherapeutic drugs. These features may be
useful to overcome limitations of the typical combination chemotherapy
including drug solubility, differences in drugs pharmacokinetics, and
spatiotemporal delivery, especially because AgNPs-based nanocarrier
systems can be modified for smart drug delivery. In addition to
chemotherapy, AgNPs have also shown promising results to enhance
radiotherapy and photodynamic therapy against different cancer types.

Despite the optimistic results of AgNPs as a new therapeutic strategy,
they have not yet been implemented into clinical use, mainly due to the
limited knowledge regarding their behavior and toxicity to humans. Full
nanoparticle characterization and standardized experimental design are
essential to compare results from different laboratories and to reach a
consensus regarding their toxicity and pharmacokinetics. In addition,
novel targeting and biomimetic strategies, such as AgNPs coated with
cancer cell membranes, should be explored for AgNPs to advance to-
wards their clinical implementation.
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Fig. 4. Schematic overview of the ad-
vantages and applications of cancer cell
membrane-coated nanocarriers (CCM
CNCs) for the targeted delivery of
nanotheranostics in cancer therapy. The
figure details the proteins present in the
membrane of tumor cells involved in
the interaction of CCMCNCs with cancer
cells. Homotypic binding (i.e., the af-
finity that tumor cells, especially meta-
static cells, have to bind to each other)
and adhesion proteins, such as cadher-
ins and selections, confer greater speci-
ficity to CCMCNCs; the presence of
antigens, such as CD47, provide
CCMCNC:s the ability to escape from the
immune system; particles up to 200 nm
benefit from the EPR effect (enhanced
permeability and retention) and are
more likely to accumulate in solid tu-
mors due to fenestrations in blood ves-
sels. Figure extracted from [57],
copyright 2018, with permission from
Elsevier.
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