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ABSTRACT: Currently, nanomaterials are of widespread use in daily commercial products. However, the most
promising and potentially impacting application is in the medical field. In particular, nano-sized noble metals hold
the promise to shift the current medical paradigms for the detection and therapy of neoplasms thanks to the: i)
localized surface plasmon resonances (LSPRs), ii) high electron density, and iii) suitability for straightforward
development of all-in-one nano-platforms. Nonetheless, there is still no clinically approved noble metal
nanomaterial for cancer therapy/diagnostic. The clinical translation of noble metal nanoparticles (NPs) is mainly
prevented by the issue of persistence in organism after the medical action. Such persistence increases the likelihood
of toxicity and the interference with common medical diagnoses. Size-reduction to ultrasmall nanoparticles (USNPs)
is a suitable approach to promote metal excretion by the renal pathway. However, most of the functionalities of NPs
are lost or severely altered in USNPs, jeopardizing clinical applications. A groundbreaking advance to jointly
combine the appealing behaviors of NPs with metal excretion relies on the ultrasmall-in-nano approach for the
design of all-in-one degradable nano-platforms comprising USNPs. Such nano-architectures might lead to the
delivery of a novel paradigm for nanotechnology, enabling the translation of noble metal nanomaterials to clinics in
order to treat carcinomas in a less invasive and more efficient manner. This review covers the recent progresses
related to this exciting approach. The most significant nano-architectures designed with the ultrasmall-in-nano
approach are discussed, and their perspectives provided.

INTRODUCTION nanomaterials promising candidates for cancer
applications with enhanced potential efficacy with

The first medical nanosystems for the treatment of
respect to small molecules®>* For example, the

solid neoplasms were introduced to the market in the S T e
late 20" century.! The main aims of these early pharmacokinetic profile of nanoparticle-incorporated
nanomaterials were to improve diagnosis accuracy drugs often includes a dramatic increase in

and to increase the efficacy of known but poorly circulation half-life (t,;,) compared to the drug alone,
together with a significant increase in accumulation

within the target.> On this hand, Doxil®, a PEGylated
liposome loaded with doxorubicin, exhibits a 100-
times increased circulation half-life and a seven-fold

bioavailable  drugs.® Nowadays, research on
nanomaterials is aimed at improving early diagnosis
of neoplasms, as well as at decreasing the side-effects

of therapies while increasing their action. The - € ¢ e
overarching goal of research in this field is to unlock lower cardiotoxicity with respect to free doxorubicin.

novel combined treatments, due to the unique Furthermore, nanomaterials are appealing for

physical, chemical and physiological features of the combining diagnostics and therapeuticsé moieties on
matter at the nanoscale.3 the same platform (i.e., theranostics).>” Theranostic

agents can simultaneously deliver imaging and
therapeutic agents to specific sites or organs, enabling
detection and treatment of diseases in a single

A number of key features, among which size,
payload density, combination of different moieties,
surface decoration, and intrinsic behaviors make
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procedure and, thus, improving the patient
outcome.”® For instance, one of the most promising
multifunctional agent is known as porphysome.’
Porphysomes are porphyrins/phospholipids
assemblies, which have been recently investigated in
animal models as photothermal (PT), photodynamic

(PD), ultrasound (US), positron emission tomography
(PET) and photoacoustic (PA) agents, as well as drug
carriers.”" These tools will be able to help physicians
to make informed decisions about timing, dosage,
drug choice, and treatment strategies.
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Figure 1. Panel A: in vivo biodistribution of nanoparticles (NPs) in healthy models is size, shape and surface charge
dependent. Left) The size of both hard or soft spherical nanoparticles strongly influences the excretion of nanomaterials
from organisms. When the diameter is up to hundreds of nm, NPs accumulate within lung, spleen and liver. In the size
range of 20-150 nm, NPs can also accumulate in neoplasms (if present) by enhanced permeability and retention (EPR)
effect. Under the threshold of 5 nm, injected nanoparticles are rapidly filtered and excreted by the kidneys.” Center) Due to
intrinsic flow characteristics, biodistribution and pharmacokinetics of anisotropic nanomaterials are severely altered
compared to spherical particles of the same size.® Right) Surface charge also influences biodistribution and
pharmacokinetics of nanomaterials, due to different protein corona formation.""” Panel B: schematic representation of a
kidney and highlight of its fine microstructure. Glomerular filtration is similar to a size exclusive/gel filtration
chromatography.'*” Panel A adapted from ref. 15 by permission from MacMillan Publishers Ltd. Panel B adapted from ref.

16 with permission from Elsevier.

Nanomaterials can be grouped accordingly to their
mechanical properties, with polymers, lipid vesicles,
dendrimers, and polymer-protein conjugates being at
the ‘soft end of the spectrum, and inorganic
materials, in particular metals, at the ‘hard’ one.*'®
Within the large portfolio of nanomaterials, noble
metal nanoparticles (NPs) show intrinsic multi-
functionalities due to both the high electron density
and the peculiar interaction with electromagnetic
waves, the latter known as localized plasmon surface
resonance (LSPR).”*® For example, gold NPs interact
with ionizing radiation increasing the photoelectric
emission rate, acting as both local radiation dose

enhancers (enhanced radiation therapy, eRT) and
contrast agents for X-ray computed tomography (CT),
providing tumor boundaries demarcation.
Furthermore, photon-phonon coupling afford the
possibility to exploit NPs for photothermal therapy
(PTT).”™** A number of potential applications of metal
nanomaterials in medicine are comprehensively
discussed elsewhere.>® These behaviors make NPs
ideal candidates for the design of theranostic tools
which hold the great promise to shift the current
medical paradigms in cancer treatment.””**

To date, more than 40 nanosystems for healthcare
applications are on the market.* The large majority of
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these platforms are soft nanomaterials.>**® Just four
inorganic nanomaterials (iron oxide) are already on
the market, following the 1996 FDA-approval of
Endorem® (Guerbet) for magnetic resonance imaging
(MRI) diagnostics.”® Remarkably, there is still no
approved noble metal nanomaterial for cancer
therapy.**® The only approved platform using gold
nanospheres is a tool for bench diagnostics called
Verigene®.” This lack of translation is mainly related
to the concern of NPs persistence in organisms after
the designed action, confining all their intriguing
features to the bench-side (Fig. 1-A).>*** Indeed, NPs
are not biodegradable, and their conventional size as
theranostic agents is over 20 nm.” Excretion is an
essential biological process that prevents damage and
toxicity by eliminating materials from organisms.*
There are two major excretion routes: renal (urine)
and hepatic (bile to feces) pathways. The renal
pathway is a passive excretion route that relies on
glomerular filtration in kidneys, whose efficiency is
affected by the material size, charge, and shape (Fig.
1-B).** The size-threshold of glomerular walls is
typically less than 8 nm, indicating that renal
excretion is exclusive only for materials with
ultrasmall hydrodynamic diameters (HDs).® It is
important to notice here that endogenous proteins
can interact with nanomaterials (protein corona
formation), resulting in an increase of the HD of NPs
respect to their original size.* Excretion of objects
above 10 nm occurs through liver and spleen into bile
and feces.*” The excretion of intact NPs from these
pathways is an extremely slow and inefficient process,
leading to unwanted accumulation which, in turn,
can cause long-term toxicity and interference with
common medical diagnoses.>*® Exogenous agents
inserted in the human body for healthcare treatments
have to be completely cleared in a reasonable amount
of time, avoiding persistence in the organism.*® This
requisite is currently not fulfilled by any metal based
nanoparticle, preventing their translation to the
market."

Reducing the size of NPs to ultrasmall range (< 8
nm, ultrasmall nanoparticles, USNPs) is the first
principle to enhance their renal clearance efficiency.”
Many efforts have been done in this direction
resulting in a number of interesting findings. This
subject is beyond the scope of this review, as other
authors have comprehensively reviewed the
field***** Despite the interesting excretion kinetics
of USNPs, their clearance from the blood-stream is
usually excessively fast, reducing their ability to
accumulate in targets, and their size is too small to
observe the required features for cancer theranostics,
hindering a number of applications.””*** QOverall, the
dilemma concerning the optimal particle size for
clinical applications is still unresolved.*

A recent and innovative advance to overcome the
issue of unwanted metal accumulation is the
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ultrasmall-in-nano approach. Within this approach,
degradable nanoplatforms comprising USNPs are
developed in order to combine the unique properties
of noble metal nanoparticles with their excretion by
the renal pathway. In this review, the most significant
platforms composed by employing the ultrasmall-in-
nano approach are reported and discussed. Not
surprisingly, all nanoplatforms comprise gold USNPs,
mainly due to gold high chemical inertness, broad
variety  of  surface functionalization and
straightforward synthesis. It is worth to suggest that
an excellent overview on PT application of some
degradable nanoplatforms comprising USNPs was
recently provided by He et al.?®

ULTRASMALL-IN-NANO APROACH

In Table 1 is reported a comprehensive overview on
the nanoplatforms produced by the ultrasmall-in-
nano approach that can be potentially excreted from
organisms after the designed action. It is worth to
notice that in only three works the amount of metal
excreted from murine models have been
investigated > This demonstrates the
groundbreaking  nature of  ultrasmall-in-nano
approach together with the requirement of more
investigations in this promising direction.

Polymer-based

Within ultrasmall-in-nano approach, USNPs can be
assembled in degradable nano-architectures by
employing polymers as assembling agents.*3*3%+°

One of the first examples in this direction was
reported by Tam et al.** They described a procedure
to assemble gold USNPs (4.1 nm) in aggregates with
HD of ~ 83 nm. This was achieved by using a
biodegradable triblock copolymer of polylactic acid
and polyethylene glycol (PLA(2K)-b-PEG(10K)-b-
PLA(2K)) which acted as stabilizer and aggregation
agent (Fig. 2-A). These polymer-aggregated USNPs
possess a strong NIR extinction, and their
biodegradation in cultured cells was investigated by
dark-field reflectance and hyperspectral imaging.*
Furthermore, their feasibility as PA imaging contrast
agent was tested in a subsequent work in tissue-
mimicking  phantoms.*  These  nanoplatforms
disassemble in potentially renal clearable USNPs.
However, the long synthesis protocol (more than 12h)
and the stability concerns related to polymer
degradation could represent a severe issue for their
widespread employment in clinics. Concurrently,
Wang et al. proposed a supramolecular approach to
composite size-tunable aggregates of USNPs with
enhanced PT efficiency.”® The system was produced
by self-assembly of three building blocks: (i)
adamantane (Ad) coated 2 nm gold USNPs, (ii) B-
cyclodextrin-grafted polyethylenimine (CD-PEI) and
(iii) Ad-functionalized PEG (Ad-PEG). The assemblies
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showed good stability in the pH range 4-10 and, at
physiological pH, in a temperature-range of 7-40 °C.
In addition, their size was easily tunable in the range
40-18 nm by varying the ratio of the three building
blocks. The aggregates were decorated by a specific
targeting peptide able to recognize cells membrane
o,B; receptors. Targeted PTT was evaluated on co-
cultured cells containing both oB;-positive U87
glioblastoma cells and o,;-negative MCF7 breast
cancer cells. Decorated aggregates have demonstrated
an enhanced PT efficiency with respect to the control
(2 nm Au USNPs) after irradiation with pulsed laser
(6 ns, 120 mJ-cm™). Nevertheless, the optical response
of the aggregates is in the range 500-530 nm, far from
the first NIR-window, and do not differ significantly
from 2 nm Au USNPs. Moreover, the aggregates
disassembled at temperatures above 40 °C, raising
doubts about their stability and feasibility to perform
repeated PT cycles. In the same direction, Yahia-
Ammar and co-workers® have prepared assemblies
(Au-GSH-PAH) of glutathione (GSH) coated gold
nanoclusters (GSH-AuNCs) and cationic polymer
poly(allylamine hydrochloride) (PAH). The size of the
GSH-AuNCs is less than 2 nm, while the size of the
aggregates at pH 7 is around 120 nm (Fig. 2-B). The
size of the assemblies is pH-responsive, showing
reversible shifts from 8o nm at pH 6 to 350 nm at pH
1. These assemblies have demonstrated efficient
fluorescence imaging performances triggered by
aggregation induced emission (AIE) with a maximum
emission around 600 nm. The Authors have also
demonstrated the employment of the assemblies as
drug delivery vehicles towards TPH1 cells. While
these assemblies are not cytotoxic up to 50 pg Au-mL”
for 24h, low cytotoxicity was observed for 250 pg
Au-mL” (below 90% of viability) and 500 pg Au-mL”
(below 80% of viability) for 24h. The pH-dependent
resizing of the assemblies could represent an
important concern in perspective of clinical use.
Indeed, their pharmacokinetics and biodistribution
would be significantly altered depending on body
localization.” Al Zaki and co-workers**® proposed an
interesting approach for synthesizing polymeric
nanomicelles comprising 1.9 nm gold USNPs (GPMs)

with appealing CT and RT features. Briefly,
poly(ethylene  glycol) and  polycaprolactone
amphiphilic diblock copolymers were dissolved in
toluene together with gold USNPs, undergoing
micellar self-assembly when added to water. The final
HD of GPMs is in the broad range 25-150 nm, even
though efficient size-sorting in monodisperse sub-
populations was achieved through differential
centrifugation. 75 nm GPMs were employed as CT
contrast and RT radiosensitizer agents both in vitro
(human fibrosarcoma cells) and in vivo (HT1080 flank
tumor bearing mice). In particular, a noticeable
increase in the amount of DNA double strand breaks
ensuing X-ray irradiation was found on cells treated
with GPMs. Furthermore, GPMs provided good CT
contrast at tumor site, even 48h after intravenous
injection, allowing for combined CT/eRT. Notably, RT
on mice treated with GPMs afforded a significant
increase in median survival, together with a marked
decrease of tumor growth. The Authors claim for the
possibility ~ of  clearance of GPMs  after
accomplishment of the theranostic action, through
biodistribution analyses. They reported that the
highest amount of gold was found in the liver one
week after the treatment, with a 30-50% of reduction
in three months. This result is not surprising, because
of the intrinsic hydrophobicity of the USNPs
employed, that prevents their complete excretion by
the renal pathway. Recently, Cheheltani et al*
reported the synthesis of a nanomaterial (Au-PCPP)
composed by gold USNPs assembled with polymers
(Fig. 2-C). The synthesis is performed by using a
microfluidic system that provides a good control over
the size of Au-PCPP and the loading of gold USNPs.
This biocompatible and biodegradable nanoplatform
is composed by gold USNPs coated by reduced L-
glutathione (GSH, 2.2 nm) or n-mercaptoundecanoic
acid (1-MUA, 5.1 nm), and encapsulated by poly
di(carboxylatophenoxy)phosphazene (PCPP). The
size of the complete nanoplatform (500-40 nm) is
controlled by the amount of methoxy-poly(ethylene
glycol)-block-poly(L-lysine hydrochloride) (PEG-PLL)
introduced during the reaction.
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Figure 2. Examples of USNPs assembled in nano-architectures by employing polymers. Panel A: top) Scheme for the
degradation of pH-responsive aggregates composite by 4 nm gold USNPs and biodegradable polymers. Bottom) TEM
images of 4 nm lysine/citrate-capped gold USNPs before (left) and after (center) aggregation by PLA(2K)-PEG(10K)-
PLA(2K). Absorbance spectra (right) of 4 nm lysine/citrate-capped gold USNPs (red line), gold USNPs aggregates at pH 7.4
(blue line) and disassembled platforms upon exposure to pH 5 (green line).** Panel B: top) scheme of the assembly of
glutathione-coated Au USNPs (Au-GSH) by crosslinking with PAH polymer (Au-GSH-PAH) (left) and excitation and
emission spectra of Au-GSH (dashed lines) and Au-GSH-PAH (solid lines) (right). Bottom) TEM images of Au-GSH (left),
Au-GSH-PAH (center) and sample photo of enhanced fluoresce upon aggregation.’® Panel C: top) scheme for the
production  of  biodegradable  assemblies (Au-PCPP) composed by gold USNPs and  poly
di(carboxylatophenoxy)phosphazene (PCPP). Bottom) Absorbance spectra (left) of Au-PCPP (black line), AuNP (red line)
and PCPP nanoparticles (blue line), and typical TEM image (right) of Au-PCCP.” Panel D: top) Schematic representation of
the synthesis of DOX@Gold nanomicelles (NMs) (left) and absorbance spectra (right) of 6 nm AuNPs (black line), gold
chain composed of AuNPs (red line) and gold NMs (blue line). Bottom) TEM images of the formation of DOX@Gold NMs
during 1 h dialysis.*® Panels A and B were adapted from refs. 37 and 50 with permission of American Chemical Society.
Panel C was adapted from ref. 51 with permission from Elsevier. Panel D was adapted from ref. 39 with permission from
John Wiley & Sons.
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Table 1. Summary of nanoplatforms composed by ultrasmall-in-nano approach with potential theranostic applications.

| Nanoplatform® Materials SIZG' (mbetal Tested on Toxicity Investigated application Refs.
2 size)
3 .
4 Gold Citrate capped USNPs aggregated with 83.0° (4.1) Cell line: J477A1 nr h Deizk efz:ijlrierfllzcitzncs;r?tcrlast Tam et
nanoclusters PLA(2K)-b-PEG(10K)-b-PLA(2K) 3.0 {4 HJ4T7A Ypersp . 8N, ¢ al *®
5 agents in PA imaging
6 In vitro: Non-toxic for 24h up to
7 . Cell line: U87MG 2, nM ofAuI\{R@I?EG/PLGA' PET (for ®*Cu-labeled vesicles)
8 A . AuNRs coated with PEG and PLGA self- c In vivo: No obvious inflammation dPAi . oo dls 149
uNR vesicles bled by usi Tein- =60 (8x2) Model: U87MG tumor- . and PA imaging; PT (in vitro and |Song et al.
9 assembled by using an oil-in-water method bearing nude mice or damage of major organs (heart, in vivo)
10 & liver, spleen, lung, and kidneys)
11 after 10 days treatment
12 PTT
3 - - Wang et
13 RGD-Au-SNP Sel;aasfizglgg (;iﬁiz(_)xiifsjilgsegi; CC; b 40-18 (2) Cell lines: U87 and MCF7; nr (potential: controlled release, 2?5% ¢
1 4I assemble other inorganic NPS) '
15 Cell line: HT1080 o P .
16 GPMs’ PEG-PCL micelles containing gold USNPs |25-150° (1.9) | Model: HT1080 flank tumor- Non-toxic up to 650 ms AuKg In vivo and in vitro CT and RT Al Zi}’(SIGEt
bearing mice on healthy mice al.
171 un
19 & Hydrophobic gold NPs with PLGA Todice et
19 E Au-SPNs assembled with EGG-PG and DSPE-PEG- | 100-180 (6) | Cell lines: SUM189 and U87 nr PTT al®
OCH .
20 3
21 E In vitro: No cytotoxicity up to 50 Cellular drug delivery and Yahia-
2 O | Au-GSH-PAH | Self-assemblies of GSH-AuNCs and PAH | 120° (<2) Cell line: TPH1 K8 A_u'-mL for 24 h; low fluorescence imaging in confocal | Ammar et
cytotoxicity for 250 and 500 pg . : 50
23] al AwmL” for 24h laser scanning microscopy al.
2
25 i 40-500 ines:
Gold USNPs coated b.y GSH or 1-MUA (2.2 for Cell lines: HEPG2, Renca and In vitro: No cytotoxicity up to 1.0 Invitro and in vivo CT and PA | Cheheltani
26 Au-PCPP  |encapsulated by PCPP; size controlled by the GSH /5.1 f SVEC4-10EHR1 e AwmL” for 8h dual imain ot al®
27 amount of PEG-PLL 11—M%1A)0r Model: C57BL/6] mice g ging .
28
Cell lines: U87, GBM43 and Lo o lees
29 DOX-EGF-SA- |Gold USNPs coated by TOAB self-assembled U251 In vitro: No inhibitive effects on In vitro and in vivo pH-responsive 52
30 86.8 (6.5) U87 cells at 25 nM Au for 72h Feng et al.
AuNPs with a mix of HS-PEG-SH and mPEG-SH Model: Male nude mice with (without DOX) drug release
;; U87 brain tumor model
33 . Ct'ell :}ne:)HEI&a]_&EEEC In vitro: Contrast agent to
34I Gold USNPs assembled with PLA in tnvestigations) an s . . simultaneously enhance real-time
Au@PLA- . . 1500 (cytotoxicity) In vitro: No evident from 0.01 to 1 US i . doh CT . 54
35 (PAH/GO) camphor microcapsules embedded in layer- (2.6/2.8) | M . . 4 imaging and phantom Jin et al.
n .6/2. odel: New Zealand white mg-mL . N .
34 by-layer absorbed PAH and GO - - . In vivo (rabbit): US imaging
rabbit and mice bearing . .
37 HT1080 tumor In vivo (mice): CT and PTT
38
39
40 6
41
42
ji ACS Paragon Plus Environment
45
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Assemblies of DOX@gold NMs and comb- Cell lines: MCF7, Lg2g and | In vitro: More than 80% of cell
g
DOX@Gold like amphipathic polymer composed of HUVEC viability (for all the 3 cell lines) up|In vivo: combined chemothera
y phip poly p 300 (6.1) Y 3 p Py Deng et al.*®
1 NMs biodegradable hydrophobic PCL/PHEMA ’ Model: Mice bearing MCF to 2 mg-mL™ for 24h (gold NMs and PT therapy; PA and CT ’
7 g 8 py
d hydrophil ¢ h )
2 and hydrophilic PMEO,MA tumors without DOX
3 PLGA NPs containing AuNCs capped with Mi )
4 PLGA-AuNCs | 1-MUA and MUD; this NPs were coated | 66-117° (8) Cell line: J774A1 nr In vivo CT contrast agent feszay/sia
8 et al.”’
5 with a mixture of PEG: soybean lecithin. '
6 150 (< 2 for
7 Au USNPs, Cell lines: HeLa In vitro: NIR fluorescence
8 ORs Hollow MSN containing AuNPs in the cavity| 7.3 average | Model: CD1 nu/nu mice | In vitro: No significant up to 40 | imaging, drug delivery and PDT |Hembury et
9 and gold USNPs in the channels crystallite | bearing LS174T-luc tumor pg-mL™ after 3 days In vivo: NIR fluorescence, 3D-PA al®
10 size for model and MRI; drug delivery and PDT
11 < AuNPs)
12 H GEM/DOX or Cell lin;i;]-lce_lza, A549, In vitro: Nuclear staining
13] — HOE loaded MSN and BSA-coated Au USNPs as c c . . In vitro: Biocompatible up to 100| In vivo: Fluorescence imaging |Croissant et
14 —i P 257° (3.7)° | Model: Nude mice bearing a - 59
. W " g/[CSgI—ZSA nanogates for MSN pores MIA Paca-2 subcutaneous pg-mL and dual d;lrll%l (li)e(l)n;(ery of GEM al.
16 tumor
171 . . . e In vitro: Biocompatible up to 50
18 Pa'sswn fruit Bl(')d'egradable silica nanocapsules Cell line: MIA pg-mL™ for 24h; more than 80% of] Drug delivery and PA Cassano et
like Nano- comprising PSS-coated USNPs aggregated | 97.6 (2.8) Ly 2 . 60,61
. PaCa-2 cell viability up to 10 pg-mL™ for | (potential: PET, CT, eRT, US) al.
19 Architectures by PLL P
> 48h and 72h
21 Cell lines: MDA-MB-23;3,
22 Lg29, NIT-3T3, MCF7-flucz-
23 turboFP and HT1080-flucz- Lo . .
24I DSPC:CHOL liposomes comprising gold turboFP In vitro: non-toxic in Lg29 and ixavziroi\aiﬁch};hZeg’ g?tlngj Rengan et
25 LiposAu NPs* ’ UgNPs as shell P £8 100° (< 5) Model: Swiss albino mice |NIT-3T3 cells even at 1 mg-mL”™ of| &g CT yerEh eal%gﬁz
26 N (biodistribution), BALB/c Lipos Au (lipid concentration) . )
a4 . . In vivo: PT therapy
2 @ NUDE mice (PT efficacy using
2 T HT1080-fluc2-turboFP tumor
2 = xenograft)
30 O Cell line: Hepatoma-derived
31 AuNPs/LDHs LDHs containing gold USNPs 150 (=3.5) | HepGz.2.2.15 cells for viral Non-toxic up to 125 pg-mL™ Antiviral action against HVB  |Carja et al.®?
32 replication
11 lines: H LO2, A a, . L
33 LGAuNPs BSA/GSH-coated gold USNPs assembled 12.2-7.5 Ce H:ueji Telpcilzlylirizsy 549, Non-toxic up to 10.0 mg-mL™ in | In vivo and in vitro fluorescence Lai et al.
3 LGAuNPs-Co with Co™"ions (3.6)° 4 . 6-24 h range imagin a )
Model: female Balb/c mice 4 8 ging
35
“As described in the reference; bexpressed in nm; ‘hydrodinamic diameter; dexcretion test; not reported (nr); X-ray computed tomography (CT); photodynamic therapy (PDT); magnetic
36 p y py 8
37 resonance imaging (MRI); photoacoustic (PA); ultrasound (US); positron emission tomography (PET); enhanced radiation therapy (eRT); mesoporous silica nanoparticles (MSN); gold

38
39
40
41
42
43
44
45
46

nanoclusters (AuNCs); gold nanorods (AuNRs); gold nanoparticles (AuNPs); graphene oxide (GO); layered double hydroxides (LDHs); hepatitis B virus (HVB); bovine serum albumin (BSA);
doxorubicin (DOX); nanomicelles (NMs); gemcitabine (GEM); reduced L-glutathione (GSH); n-mercaptoundecanoic acid (1-MUA); n-mercapto-1-undecanol (MUD); tetraoctylammonium

7
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bromide (TOAB); triblock copolymer of polylactic acid and polyethylene glycol (PLA(2K)-b-PEG(10K)-b-PLA(2K)); poly(ethylene glycol) (PEG); poly (lactic acid-co-glycolic acid) (PLGA); L-a-
phosphatidyl-DL-glycerol (EGG-PG); 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG-OCH,); adamantane (Ad); B-cyclodextrin (CD);
polyethyleneimine (PEI); poly(lactic-co-glycolic acid) (PLGA); poly(allylamine hydrochloride) (PAH); poly di(carboxylatophenoxy)phosphazene (PCPP); methoxy-poly(ethylene glycol)-block-
poly(L-lysine hydrochloride) (PEG-PLL); dithiol-polyethylene glycol (HS-PEG-SH); methoxy polyethylene glycol thiol (mPEG-SH); poly(e-caprolactone) (PCL); poly(2-hydroxyethyl
methacrylate) (PHEMA); poly[2-(2-methoxyethoxy) ethyl methacrylate] (PMEO,MA); poly-lactic acid (PLA); poly(sodium 4-styrenesulfonate) (PSS); poly(L-lysine) (PLL); 1,2-distearoyl-sn-
glycero-3-phosphocholine:cholesterol (DSPC:CHOL).
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The optical response of the assemblies is tunable in
the range 600-9oo nm by modifying the gold USNPs
loading. These nanoplatforms were successfully
employed as in vitro (HEPG2, Renca and SVEC4-
10EHR cell lines) and in vivo (C57BL/6] mice) CT and
PA dual imaging contrast agents. However, the CT
attenuation rate (52.3 HU-mg") does not lead to a
significant  improvement compared to gold
nanoparticles loaded lipoproteins reported in
previous works from the same group.” Despite the
interesting control over the behavior of the final
product, no investigations on biodistribution and
excretion were reported. A similar strategy was
explored also by Deng and co-workers (Fig. 2-D).*
They have produced gold USNPs (6.1 nm) assembled
in doxorubicin (DOX) loaded nanomicelles (300 nm,
DOX@Gold NMs) by using a comb-like amphipathic
polymer composed of biodegradable hydrophobic
poly(e-caprolactone) (PCL)/poly(2-hydroxyethyl
methacrylate) (PHEMA) and hydrophilic poly[2-(2-

Bioconjugate Chemistry

DOX) show low-toxicity on three different cell lines
(MCF-7, Lg29g and HUVEC) up to a concentration of 2
mg-mL™. Indeed, cell viability was more than 80%
after incubation for 24h. DOX@Gold NMs have the
LSPR in the NIR region (600-10oo nm). This
nanoplatform was suggested for both diagnostics and
therapy of neoplasms. It was successfully employed in
murine models as multimodal contrast agents for PA
imaging and CT. DOX@Gold NMs were also tested as
drug carriers in vitro (MCF-7 cells) and for combined
PTT and chemo-therapy in murine models bearing
MCF-7 tumors. The Authors claim for the potential
renal clearance of their nanoplatform, but no
evidences are reported. The major concern is related
to the potential protein corona formation on gold
USNPs after the degradation of the nanoplatform,
that can greatly increase the HD, hampering the
possibility of excretion. Moreover, metal melting and
re-shaping is commonly observed after laser
irradiation on the LSPR, resulting in the formation of

22 methoxyethoxy) ethyl methacrylate] (PMEO,MA). metal nanoparticles with increased size and different
23 The DOX@Gold NMs assembly was strictly shape.®® This phenomenon can significantly reduce
24 dependent to the post-processing procedures. The the potential excretion of DOX@Gold NMs building
;2 Authors have demonstrated that Gold NMs (without blocks.
27
28 B
29 A Y
30 J‘K..(Nf" :
3 il — =
32 adsorption adsorption
33 - of PAH of GO
34 P2 '
22 .’ further C o ,t

" LBL assembly s O
37 ’ ) BT T
38 5 = B
39 % 48
40 g 44
41 § 404/
42 )
43 e 0 100 200 300 400 500 600 700 800 900
44 Time(s)
45 Figure 3. A) Synthesis of Au@PLA-(PAH/GO), microcapsules by layer-by layer (LbL) technique. B) TEM image of
46 Au@PLA-(PAH/GO),. C) Temperature curves during photothermal treatment (808 nm laser, 2.23 W-cm™) of mice bearing
47 HT1080 tumor with intratumoral injection of saline solution or Au@PLA-(PAH/GO), microcapsules.”* Adapted from ref. 54
48 with permission from Elsevier.
49 Another interesting example was developed by Jin CT contrast agents and for PT treatment of mice
50 et al** The Authors (Fig. 3) have prepared bearing HT1080 tumor. However, the Authors have
51 microcapsules containing gold USNPs, in which not reported biodistribution nor excretion
52 graphene oxide (GO) and poly(allylamine investigations.  Moreover, the size of the
53 hydrochloride) (PAH) were adsorbed via layer-by- nanoplatform is in the micron range, reducing the
54 layer (LbL) technique (Au@PLA-(PAH/GO),, where possible theranostics applications. An interesting
55 n=number of PAH/GO layers). These assemblies have approach using anisotropic NPs was adopted in 2015
56 demonstrated no significant cytotoxicity against by Song and co-workers, who described the
57 HUVECs cells in the range of 0.01 to 1 mg-mL™ preparation of biocompatible and biodegradable
58 Moreover, promising in vitro and in vivo results are nanoplatform (Fig. 4A) composed by gold nanorods
59 reported for their employment as real-time US and (AuNRs, ~8x2 nm) coated by poly(ethylene glycol)
60
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(PEG) and poly(lactic-co-glycolic acid) (PLGA) (~60
nm).* AuNRs assemblies have the LSPRs in the NIR
region (Fig. 4B), and their employment as PA and PET
contrast agent (the latter after labeling by **Cu) and
PT agent demonstrated in U87MG tumor-bearing
nude mice (Fig. 4C).

A

Water

®o

Water
Emulsification

1

Ultrasmall
AuNR@PEGIPLGA Vesicle

1 ’
3D PA imaging of tumor e AuNR@PEG

Figure 4. A) Scheme for the preparation of
AuNR@PEG/PLGA and the formation of the self-
assembled vesicles using oil-in-water method. B) TEM
images of AuNR@PEG/PLGA (left) and the self-
assembled vesicles (center) and relative absorbance
spectra (right). C) Cartoon relative to in vivo
employment of self-assembled vesicles for PET, 3D PA
imaging, and PTT of tumor bearing mouse.* Adapted
from ref. 49 with permission from John Wiley & Sons,
Inc.

The Authors have also reported a high passive
accumulation in  tumor  after intravenous
administration, due to the nanoplatform size and
charge. It is worth to notice that a considerable
amount of AuNRs (more than 10% ID-g") was found
in reticulo-endothelial system (RES) after 10 days
from the intravenous injection, together with not
negligible amount of gold in lungs, kidneys and blood
(2.5% ID-g" each). It would be interesting to perform
more investigations in order to better shed light on
the pharmacokinetics and excretion of this kind of
nanoplatforms. It is useful to notice that living cell
investigations with these nanoplatforms have
revealed that also AuNRs suffers from re-shaping
during 6 minutes irradiation at 808 nm (power: 0.8
W-cm™). Also in this case, irradiation on the LSPR can

10

induce growing of USNPs, preventing excretion of
metals from organisms.

Silica-based

The main  hurdles with  polymer-based
nanoplatforms are related to stability concerns and
surface decoration with moieties of interest. An
appealing approach to overcome these issues is the
formation of a silica shell around the metal
aggregates. Indeed, silica can be employed both as
shielding agent and as straightforward modifiable
surface. Moreover, silica is biodegradable and non-
toxic.””® Silica has been generally recognized as safe
by the FDA, it is currently used as a food additive in
various products, and it is part of the diet of people
through vegetables.” Some types of silica
nanomaterials, e.g. those produced via sol-gel
methods, are hydrolytically unstable and dissolve
over time into water-soluble silicic acid (Si(OH),, pKa
9.6).% Silicic acid is then excreted in the urine or used
from organisms to maintain bone health.”

Fluorescent

AuNC@BSA"" DON:+ MSN-Ni,

MSN-DOX

MSN-GEM
-AuNC@BSA-DOX

DOX + Fluorescent  MSN-NH,*-GEM
AuNC@BSA" -

D

Nuclear
Staining

Figure 5. Scheme of the production of A) DOX-loaded
MSN-AuNC@BSA, and B) GEM-DOX-loaded MSN-
AuNC@BSA. C) Disassembly of GEM-DOX-loaded MSN-
AuNC@BSA triggered by acidic environment. D)
Possible applications of dual drug-loaded MSN-
AuNC@BSA.>* Reprinted from ref. 59 with permission
from Elsevier.

Silica nanocapsules offer a surface that is
modifiable/functionalizable by standard and fast
techniques with moieties of interest, such as targeting

ACS Paragon Plus Environment
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agents, increasing their possible accumulation in
cancer targets.”” One of the first examples in this
direction are the quantum rattles (QRs). These
versatile nanosystems were recently developed by
Hembury et al®® They have produced hollow
mesoporous silica spheres (d=i50 nm) with shell
thickness of ~25 nm comprising a mixture of
fluorescent gold quantum dots (AuQDs, < 2nm) and
gold NPs bigger than 8 nm embedded in the
mesoporous  silica.  This nanoplatform  was
biocompatible (no significant cell deaths up to 40
pg-mL™ after 3 days) and has demonstrated an
enhanced drug encapsulation capability. For example,
doxorubicin (DOX) encapsulation was nearly twice
(151% wt/wt) with respect to optimized liposomal-
DOX systems (7.8%). Furthermore, AuQDs are
paramagnetic and emit light in the NIR region
resulting in promising agents for multimodal real-
time imaging (NIR fluorescence, PA and MRI). The
Authors have demonstrated these features both in
Hela cells and in CD1 nu/nu mice bearing LS174T-luc
tumor model. This system has also provided an
interesting platform for PTT. Despite the appealing
behaviors of this nanoplatform, the presence of
AuNPs bigger than 10 nm strongly reduced their
potential applications, due to accumulation and
excretion concerns. Another recent example involving

11
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silica and USNPs was provided by Croissant and co-
workers.”” In this approach, mesoporous silica
nanoparticles (MSN) were loaded with gemcitabine
(GEM) and/or DOX, and then coated with gold
nanoclusters in BSA (AuNC@BSA). AuNC@BSA were
employed as pH-sensitive nanogates (pH 7 closed, pH
5 opened) for drug controlled release (Fig. 5). This
nanoplatform has demonstrated a massive dual drug
loading (72% wt/wt), higher than the ones reported
for liposomes and polymers, respectively 10% and 12%
wt/wt.®*7° Moreover, the system was stable in blood
serum, since it was observed less than 3% of drug
leakage after one week. It would be noticeable to
perform these investigations in vivo, to better
understand the drug leakage in a complex matrix.
Drugs are loaded both inside MSN and in the
AuNC@BSA layer. Hence, the spatial segregation of
drugs in two different compartments allows this
system to well-suite for controlled dual-cargo release.
The system has demonstrated good biocompatibility
in As49, PANC-1 and HelLa cells (up to 100 pg-mL™)
after 24h incubation. The tumor accumulation after
intravenous injection was significant, but no
biodistribution at longer times neither
biodegradation of MSN was shown, lacking a better
understanding of the pharmacokinetic behavior for
these nanomaterials.
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Figure 6. Typical TEM image of passion fruit like nano-architectures (NAs) (center) and their main features. Clockwise
from top-left: scheme of the production for all-in-one nanoplatforms, biodegradation of NAs in cellular environment, PA

imaging during degradation in phantoms, and in vitro drug delivery of endogenous GSH-triggered cisplatin prodrug.”™

Adapted from refs. 60 and 61.

A recent intriguing example of silica degradable
nanomaterials is the nature-inspired passion fruit-like
nano-architectures (NAs). NAs strengths are: i)
versatility, ii) low cost, iii) possible scale-up, and iv)
easy synthesis protocol (just 3.5h) and storage (Fig.
6).°%%77 NAs are composed of 100 nm hollow silica
nanospheres embedding plasmonic USNPs in a
polymeric functional matrix, resembling this exotic
fruit.”*”" In NAs, the silica shell gives to the system
the best size to enhance their accumulation in tumor
targets, and provides a straightforward
modifiable/functionalizable surface.® Strictly packed
USNPs confer the physical behavior needed for
theranostic applications,” while the polymer can be
covalently functionalized with active molecules
without affecting its rolling properties.”® NAs
biodegrade in both physiological fluids and cellular
environment in less than 48h to low-toxic and renal

12

60,61

clearable building blocks: biodegradable polymers,
endogenous-GSH coated USNPs and silicic acid.®**”
Moreover, NAs offer a multifunctional platform for
both therapy and diagnostic of neoplasms.**® For
example, NAs are designed to contain 5-18% w/w of
metals (among which gold, platinum, silver or their
mix).”” Thus, NAs could be employed as agents for
CT-guided RT treatment, enhancing the RT efficacy
and minimizing the energy deposition in surrounding
healthy tissues.”*7® Furthermore, NAs can comprise
molecules required for chemotherapy or PA imaging
or PET, such as, respectively, drugs, dyes and
chelating agents. The inclusion in NAs of cisplatin in
its oxidized form as an endogenously-triggered
prodrug has demonstrated an increased efficacy on
Mia PACA-2 cell-line.” Accordingly, NAs may be
employed for both localized chemo(radio)-therapy
and multiple imaging diagnosis (CT and PET) to
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allow in-depth analysis of clinically relevant biological
phenomena before or during the therapeutic action.
So far, NAs have been employed ex vivo as PA
contrast agents, establishing a novel paradigm for the
composition of exogenous PA probes based on the
interaction between commercial IR-dyes and
USNPs.®7 Qverall, NAs result as one of the most
appealing candidate for the translation of metal nano-
theranostics to clinics.

Others

Another promising strategy to develop excretable
nanoplatform by the ultrasmall-in-nano approach is
by employing liposomes.*?**®7*® A liposome is a
spherical vesicle having at least one lipid bilayer. The
liposomes can be used as vehicles for administration
of nutrients and drugs.” Recently, Rengan et al.*>®
reported a protocol (Fig. 7) to obtain biodegradable
and biocompatible 1,2-distearoyl-sn-glycero-3-
phosphocholine: cholesterol (DSPC:CHOL) liposomes
coated with USNPs (LiposAu NPs). The nanoplatform
also comprises indocyanine green (ICG, an FDA
approved NIR dye) and showed an extinction band in
the NIR due to the LSPR coupling of gold USNPs,
providing appealing optical features to the assembly.
In vitro tests on Lg29 and NIT-3T3 cells reported no
toxicity even at a concentration of 1 mg-ml” for 48h
incubation. LiposAu NPs performance in PT
treatment were investigated both in vitro on living
MCF-7 (breast) and HT1080 (fibrosarcoma) cells and
in vivo on BALB/c NUDE mice HT1080-fluc2-turboFP
tumor xenograft model. Moreover, LiposAu NPs were
successfully employed as drug carriers and CT
contrast agents in cultured cells and phantoms,
respectively. LiposAu NPs biodistribution and
clearance were investigated in health Swiss albino
mice. In agreement to their size (~200 nm), the very
first accumulation after the injection of these
assemblies was in the RES. After 14 days, the amount

13
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of gold found in mice liver and kidneys was,
respectively, 3% and 0.22% ID. Likely, USNPs released
by LiposAu NPs underwent protein corona formation,
increasing the HD and modifying the superficial
charge. This phenomenon may contribute to the
failure in the complete metal excretion during that
timeframe. Assemblies of USNPs were also achieved
by employing layered double hydroxides (LDHs)® or
cations.** LDHs comprising various metals (Mg, Zn,
MgFe) and gold USNPs were successfully produced
and investigated for the treatment of hepatitis B virus
(HBV).% This work fits with the subject of this review
because HBV is strongly correlated to liver cancer.
The Authors have developed a synthetic protocol to
directly achieve gold USNPs (=3.5 nm) on the surface
of LDH particles (=150 nm, AuNPs/LDHs). The
antiviral effect of this nanoplatform was successfully
investigated against HBV and hepatoma-derived
HepG2.2.215 cells. AuNPs/LDHs are able to reduce the
amount of viral and subviral particles up to 80%. The
highest efficacy (around 9o%) was achieved by
AuNPs/LDHs comprising manganese and iron
cations. Moreover, the nanoplatforms are non-toxic
for concentrations up to 125 pg-mL”. However, also in
this case, biodistribution and excretion investigations
are not provided.

GENERAL CONSIDERATIONS

In this section, some general considerations on
clinical translation of nanomaterials are provided.
The key-question for FDA, EMA or PDMA/MHLW
approbation of a novel nanomaterial is whether all its
components are completely cleared and in which
time frame.*” Leaving residues in patients is not
acceptable, unless the novel material is reported as a
device.”* In this review, we have comprehensively
discussed this key-question and the approach to

ACS Paragon Plus Environment



oNOYTULT D WN =

Bioconjugate Chemistry

.\ 4. Phospholipid
N Molecules

Lipid Bilayer

Thin Film
Hydration . ‘ _— %
Method » Bk
. ' (Ascorbic @ @
Acid) < 3

Liposomes

LiposAu NPs

Treatment
Pre Post

o

Luminescence

Vehicle Control

C —

04

" -+ LiposAu NPs
"\, .. Uipase Treated
S ; \ UiposAu NPs
< Upase
82 ¢ X 5
g 2 Ragance
; e N soc/cm/sr
§‘° N 4 - )
4 \ -
Bos s 3 S
< <
]
06 =3
5
500

%0 1000
Wavelength (nm)

4

Figure 7. A) Scheme of the production and B) TEM image of gold USNPs-coated liposomes (LiposAu NPs); C)
Absorbance spectra of lipase, liposome, and LiposAu NPs treated with lipase enzyme in comparison with LiposAu NPs

(untreated). D) In vivo bioluminescence images before and after P

T treatment of mice bearing HT1080-fluc2-turboFP tumor

xenografts.*’ Adapted from ref. 40 with permission of American Chemical Society.

unlock the features of metal nanomaterials for
healthcare. On the other hand, other concepts should
be considered. Besides size, also shape, surface
properties and mechanical stiffness (“4S parameters”)
of nanomaterials are critical parameters for vascular
residence, tumor accumulation and phagocytic
sequestration >*®

In the last years, lacks of sufficient knowledge of
the regulatory and industrial requirements for
development of healthcare products has led to the
failure of most of the proposed nanoplatforms.*” The
usual pipeline of a nanomaterial - from the idea to the
market - passes through its on-bench development,
pre-clinical and manufacturing validation, and to
clinical pilot and phase II/IIl validation. Only the
most promising materials go into costly pre-clinical
and following assessments. On this hand, the story of
Doxil development is very inspirational for the design
of next generation nano-theranostics.*

To attract industrial interests a nanomaterial must
work and work safely. It has to meet good
manufacturing practice (GMP) standards, be ready to
be scalable (it is likely that the eventual GMP batch
will be up to 1 kg in the pre-clinical phase), works
better compared to the standard of care, adhere to
regulatory analytical requirements, be stable and
reproducible (with all impurities, surfactants, and
other involved molecules known and quantified), be
simple (the more complex the material, the higher
the risks of pre-clinical failure), and be flexible and
transferable.®*® Furthermore, a complete set of
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absorption/distribution/metabolism/excretion

(ADME) investigations has to be fully provided in
both a rodent species and larger animal models.***
Although a significant number of nanomaterials for
healthcare has been approved in the last decades,
there is still a lack of specific general protocols for
their preclinical assessment.*”® Global regulatory
trends are yet to be defined, and, as alternative, the
first  approaches  employed on  preclinical
safety/toxicology for small molecules have been
frequently adapted to evaluate the behaviors of
nanomaterials.’”® However, to date it is generally
acknowledged that the standard development
program applied to demonstrate therapeutic
equivalence for small, well-characterized molecules,
cannot be straightly applied to complex drugs.”

Indeed, nanomaterials are complex 3D-constructs
comprising multiple components with preferred
spatial arrangements.*”*> Owing to the complexity of
nanomaterials compared to small homo-molecular
substances, the existing regulatory framework allows
specific considerations of each new candidate on a
product-by-product basis.*”®* This is consistent with
the recently published protocol of regulatory
agencies.” Such an evaluation strategy is necessary
due to the diversity in characterization,
physicochemical  properties, and biological
interactions of different types of nanomaterials
involved.” Furthermore, profound knowledge and
characterization of these complex products is needed
in order to avoid unpredicted effects on patients, such

nvironment
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as potential immune reactivity.” It is worth to
remember here that in the nano-range, small
size/shape-changes result in giant behavioral
changes.87 On this hand, standardized and robust
quality control protocols and assays have to be
produced and validated in order to effectively
monitor and  characterize not only the
physicochemical features of nanomaterials, among
which size, dispersion, morphology and charge, but
also to assess their performance, metabolism
assessment, pharmacokinetics, specific cellular
uptake, interaction with immune cells and
organisrns.87’88’90 Furthermore, interactions between
experimental and computational scientists could
greatly enhance the predictive accuracy of the
investigations and speed-up the development process.
Complete discussions on the parameters for quality
and safety evaluation of nanotechnology-based
medicinal products for biomedical use, together with
many reasoning cues, are provided in some recent
workS-8z,83,88,90

Overall, in order to produce standard guidelines,
international cooperation and harmonized strategies
between regulatory agencies are desirable to boost
this promising and fast-growing field.

PERSPECTIVES

Accumulation in organism after the medical action
still remains the major concern for the clinical
translation of metal nanoparticles. Renal clearance
has been demonstrated to be the most practical
pathway to avoid undesirable toxic effects.
Ultrasmall-in-nano is a groundbreaking approach for
the design of all-in-one nanoplatforms. These novel
disassembling nanomaterials would be the key-
technology to overcome the concern of safe medical-
employment of noble metal nanoparticles while
maintaining most of their desirable theranostic
moieties. Personalized and effective treatments of
neoplasms driven by noble metal nanoparticles may
be no longer a dream, but a real possibility in the very
next future. Even though the nanoplatforms so far
carry on an enormous potential, they are still far from
optimization. In particular, the best equilibrium
between the optimum efficacy and the desired
excretion is generally not reached.

Moreover, it is significant that within the few
manuscripts present in literature, only three have
reported quantitative investigations on metal
excretion. On one hand, this is related to the
youngness of the approach. On the other, to the fact
that the general main aim of Researchers is often to
focus only on the theranostics efficacy, ignoring the
fate of metal NPs. In order to boost the generation of
efficient low-invasive treatments of neoplasms, a
change in the attitude is desirable. Shifting the focus
to “what happens after the action” and collaborating
closely with clinicians and core-discipline experts

15
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shall be fundamental for the optimum design of
translatable metal nanomaterials.

Other important questions remain off-target
degradation, protein corona formation, tumor
retention, penetration, and cellular internalization.
Also, possible scaling-up of nanomaterials, good
laboratory practice (GLP) certification, and not last,
the cost effectiveness of the scalable approach, should
be thoroughly addressed. About the latter, a usual
misconception is about the possible final price of
noble-metal based treatments. However, the cost of
noble metals usually has a little impact on the cost of
the final nanomaterial.>® For example, gold affects the
final price of 5% w/w gold-loaded passion fruit-like
nano-architectures for 0.2 eurocent/mg of NAs.

These multidisciplinary challenges open up new
exciting opportunities and possible networking
between Researchers. Furthermore, despite the high
“publication pressure” to which Researchers are
subjected, ethic and integrity are strictly mandatory.
Too often there are retracted manuscripts or
manuscripts reporting too little information for the
reproduction and extension of data. In particular for
the nanomedicine field, Researchers should perform
their research by considering they are working on the
humanity hopes.

Overall, metal nanomaterials are an extremely
promising platform for novel treatments of
neoplasms. By employing the ultrasmall-in-nano
approach, metal nanomaterials have a real potential
to open new horizons in medicine, and to pave the
way for new paradigms in the next generation of
theranostics.

Conclusion

In this review, the literature on ultrasmall-in-nano
approach for the development of clearable metal
theranostics is analyzed and discussed. Remarkably,
the works on this subject are few and recent,
demonstrating its groundbreaking nature. The field is
novel, and the resulting gains have the potential to
widely revolutionize cancer treatments in the next
future.
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