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Abstract

Advantages suc strong signal strength, resistance to photobleaching, tunable fluorescence

emissions, fligisensitivity and biocompatibility are the driving forces for the application of fluorescent

SCI

nanoparticles (FNPs) in cancer diagnosis and therapy. In addition, the large surface area and easy

modification of FNBS provide a platform for the design of multifunctional nanoparticles (MFNPs) for

tumor targ lagnosis and treatment. In order to obtain better targeting and therapeutic effects, it

is necessarfito understand the properties and targeting mechanisms of FNPs, which are the foundation

ﬂ\

and play a the targeting design of nanoparticles. Widely accepted and applied targeting

mechanis enhanced permeability and retention (EPR) effect, active targeting and tumor

microenvir ME) targeting are summarized here. Additionally, a freshly discovered targeting

d

mecha uced termed cell membrane permeability targeting (CMPT), which improves the
tumor-targe from less than 5% of the EPR effect to more than 50%. A new design strategy is

also su , Which is promising for future clinical targeting NPs/nanomedicines design. The

targeting mechanism and design strategy will inspire new insights and thoughts on targeting design

and will speed up precision medicine and contribute to cancer therapy and early diagnosis.

1. Intro

[a]F

In 1948, it was discovered that cytotoxic folate antimetabolites could treat childhood leukemia and
the basic ap‘proach for cancer therapy has remained the same way: surgery followed by
chemotherEpy wit: various cytotoxic compounds or radiation.”” Conventional cytotoxic
chemotherapy usually kills dividing cells rapidly in the body by interfering with cell division.
However, chon‘ly used chemotherapy drugs have poor selectivity, which not only kill tumor cells
but also damage normal cells and tissues, causing serious toxicity and side effects such as
myelosupp@n, nausea, vomiting, hair loss and reduced fertility."®! The intrinsic limits of
conventiMnce_r therapies like insufficiency in water solubility of drugs, drug resistance after
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repeated administration, and off-targeting to cancer cells make it difficult to cure cancer.” The
advent of “targeted” cancer therapies changed the situation. The targeted nanomedicines prompt
the growing interests in the applying of nanotechnology in the cancer diagnosis and therapy.” The

N
major goal of targeted therapies is to fight cancer cells more accurately with fewer potential side

|

effects.” With the continuous development and progress of imaging technology in spatial and

|

temporal resolution, scientists can detect the activity of tumors and deep tissues of body through
I
live imaging. It is obvious that the targeting imaging of tumors has a great significance for cancer
W
diagnosis and treatment. Nowadays, various biomedical imaging technologies are blooming, and

- | N
they have become accurate and powerful tools in clinical diagnosis and therapy assessment for
|\

cancer. They provide a non-invasive, highly sensitive and specific observation way for identifying and
monitoring the ;;thological and physiological events associated with human cancer.”® For instance,
fluorescenc-e ir:agi:g (F1), computed tomography (CT), photoacoustic imaging (PAIl), ultrasound
imaging (USI), posi:ron emission tomography (PET), magnetic resonance imaging (MRI),

photothermal imaging (PTI) and Raman imaging (RI) have been well developed and play a great role

in preclinical and clinical practice.”® Compared with other technologies, FI technology has many
w

advantages such as the high sensitivity, non-invasive and real-time safe detection and readily

available instrumentation."® It is quite obvious that the targeting imaging of tumors has a great

significance for cancer diagnosis and treatment. Compared with radioisotope labeling, MRI,

:
I

electrochemical detection and other technologies, Fl technology has many advantages such as the
(10]

highly sensitivity, non-invasive and real-time safe detection and readily available instruments.

f

Using fluorescent dyes conjugated with specific targeting molecules that are able to bind with the
el
receptors over-expressed in malignancy can specifically target to malignant tumors and distinguish
tumor from normal tissues, which has obvious advantages for the early diagnosis and accurate
surgical resection of malignant tumors.™" Fluorescent dyes including fluorescein, rhodamine,
I
cyanine etc. are

cells." Ho @ orescent dyes have the disadvantages of high toxicity, poor photostability, low

yidely recognized as one of the simple and effective methods for labeling tumor

quantum yield®8d short fluorescent lifetime etc.!*? Along with the great progress in the field of
nanotechnoMany classes of nanomaterials (organic, inorganic and metallic) are currently
employed a‘s fluorescent emitters, called FNPs.™® Compared to conventional fluorescent dyes, FNPs
have stronéer fluor_escent brightness, better photostability, water dispersibility and biocompatibility,
which enable FNPs to meet the requirements for cancer therapy and diagnosis application fields.

A Y
FNPs offer a multifunctional platform for tumor targeting diagnosis, therapy and show special

I
superiority, shining on the battle against cancer which has aroused great concern in recent years.*
>

I Moreover, the complexity and heterogeneity of tumors require to choose the applicable FNPs and
-
effective targeting strategies.® Among this big family of FNPs, there are mainly five types of

3
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nanomaterials: fluorescent dye-doped nanoparticles (FL dye-doped NPs)[B' 71 semiconductors

[21, 22]

quantum dots (QDs)"™® ™, metal nanoclusters (MNCs)??, rare earth NPs®?*?? and fluorescent

carbon-based nanomaterials (FCNMs)™ 24,

-
As mentioere are some disadvantages of fluorescent dyes that can be overcome by
using nanocamsiesSaianocarriers can carry a large amount of fluorescent dyes inside by embedding,
covalenillinkagemamabsorption etc., protecting the fluorescent dyes from being destroyed to improve
the photosWnd emit stronger fluorescence.”? Silica NPs labeled with fluorescent dyes is one

of the moswsed nanocarriers for cancer bioimaging and theranostic applications.[13' 26]
0

However, rials without autofluorescence can only act as a carrier with disadvantages of
large cytot%cﬂom surfactant and leakage of fluorescent dyes, which limits their application.

Therefore, intrinsically luminous FNPs, such as QDs, MNCs, upconversion nanoparticles (UCNPs) and
-—wv

w
FCNMs are extensively studied. QDs are kind of ultra-small semiconductor NPs, only several
g
nanometers in size. Most of them composed of elements from groups Il to VI, Il to IV or IV to VI
———r
from the periodic table. Such a small size gives them excellent optical and biological properties in

]
molecular imaging and biomedical diagnostics.“g] Notably, QDs have a broad absorption spectrum
AN

and a narrow emission spectrum with strong anti-photobleaching, long fluorescence lifetime and
extensive tunable size.” % Extensive research during the past more than 30 years have been
| || n
developed to get the high-quality and water-soluble QDs probes for biology and nanomedicine
applications since it was first reported in 1983.%% %! However, the in vivo toxicity triggered by the
_—
particle and the subsequent release of toxic metals and ions greatly limits theirs biological
e
applications.?” Recent advances in nanotechnology have given rise to a new class of FNPs called
|
MNCs, e.g. AuNCs, AgNCs and CuNCs, whose diameters are below 2 nm, composed of several
hundreds of metal atoms in a transition state between a single metal atom and a larger metal
L\
nanoparticles (MNPs).?" Compared with larger MNPs, it has a lot of unique physicochemical
propertles such as adJustabIe fluorescent emission, large stokes shift, high fluorescent stability and
high quantum y|eId etc.®? In contrast to conventional fluorophores and QDs, the toxicity of MNCs is
reduced greatly and the biocompatibility of MNCs is significantly improved.®? Therefore, they are
w
widely used for bioimaging and cancer diagnosis and treatment as a new type of nano-fluorescent
I
probe.[33] Another one of the most active fields of research in the past decades is the development of
A4
rare-earth doped nanoparticles with unique optical properties.[zz' 34] Among the most widely used
|
are UCNPs usually synthesized with host lattices such as LaF;, YF;, Y,03, LaPO,4, NaYF, doped with
a
trivalent rare earth ions such as Yb*', Er**, Tm**, etc.”"! In addition to the above materials, FCNMs is
|

also a promising type of nanomaterials that are applied in biological fields, which includes carbon
| |

dots (CDs), graphene quantum dots (GQDs), polymer dots (PDs) and luminescent nanodiamonds
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(NDs).®* The low toxicity and good biocompatibility of FCNMs make it an excellent substitute for
semiconductor QDs. Along with enormous progress in the field of cancer nanomedicine, all these
FNPs have been applied in cancer targeting diagnosis and therapy. Some results have demonstrated

that MFNPs conjugating multiple components such as fluorescent molecules, tumor-targeting
& W

legends, anticancer drugs, or siRNA can achieve multiple functions for the application in targeting
_

cancer diagnosis and treatment.® Herein, we will focus on the main targeting strategies, including

I

the EPR effect, active targeting and TME to claim the application of FNPs in tumor targeting
L

application. Beyond that, we will also introduce the new targeting strategy called CMPT proposed by

- [N
Y. L. Wang’s group, which improves the tumor-targeting rate from less than 5% of the EPR effect to
more than Mhe CMPT mechanism will stimulate new insights for the targeting design, accelerate

the develomtumor precision medicine and contribute to cancer treatment and early diagnosis.

2. Tum@eting Strategies

The targetinggaueperty of traditional antineoplastic chemotherapy drugs is too poor hampering the

nanome anoparticles design and their targeting mechanisms is the way to improve the

targeting effiei and lower the side effects. Figure 1 briefly summarizes the current research status

of tum

L

2.1. Passi rgeting

The passiv g mainly refers to the EPR effect which was first proposed by Maeda in1986.5%
¥l Maeda fCt a polymer accumulated in tumor tissues when conjugated with the anticancer
protein. They also showed that many proteins progressively accumulated in the tumor tissues in
vivo, and agiatio ofgthe protein concentration in the tumor to that in the blood of 5 was obtained
within 1#%.8] The fundamental physiological feature of the EPR effect is the malformed

vasculature coupls with poor lymphatic drainage of solid tumors tissues allowing the large particles

to leak fro vessels and passively accumulate in the tumor sites.! "> * Traditional small

molecule ve low selectivity and most of such drugs are distributed in normal tissues,

resultin re systemic toxicity. It is obvious that systemic adverse effects were reduced and
5
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therapeutic effects were improved by tumor targeting anti-cancer drugs nanocarrier designing

(Figure 2).[42' I Meanwhile, the concentration of macromolecular drugs in tumor tissues is far more
than S—Wh is very difficult to reach for small molecular drugs."*”

The EPR emhe “gold standard” for nanoparticles anticancer drug design, including
NPs.[*! Th ainly depends on the size, surface properties of the nanocarriers and the
physiolagidalmpreperties of the tumors. So, to achieve optimal targeting and therapeutic efficacy, NPs
must be dw the size range of 20-200 nm which can easily extravasate through the

maIformedwessels, and the accumulation in tumors is further enhanced because of poor

lymphatic dkainagél™*® Nanocarriers have several advantages over conventional low-molecular drugs

including a larg ding capacity, protecting drugs from degradation, specific targeting, and
controlled felg@se & *® Furthermore, their physical and chemical properties can be optimized by
changing t size and surface properties.[“g] Thus, the fields of nanomedicine are developed

rapidly. Potential d@vantages of NPs include prolonged circulation time of drugs, decreased kidney or
liver clearance rate and distribution lead to minimal nonspecific accumulation and enhance
therapeuti@effect.”” > For example, large micelles (less than 100 nm) can easily escape from renal

excretion, ill small enough to enhance the leakage of tumor blood vessels.*?

Molecular finaj s an excellent method for visual monitoring of cellular processes. By monitoring

probes in vivo, molecular dynamics in cells are tracked. Therefore, visual diagnosis is great significant
in medic clinic.”® ¥ In recent years, an increasing number of FNPs are used to improve the
cancer dia nd therapic imaging, primarily for pre-operative and intra-operative Fl
observ e have been many reports about the FNPs designed based on EPR effect for

visual targeting imaging.

2.1.1. Flug Dye-doped NPs

NPs combinedWith fluorescent dyes for imaging is a common strategy. It is an excellent way to
produce erlhanced fluorescent signals by selecting suitable NPs and modifying the surface with
fluores *22 A variety of NPs have been used including silica NPs,lSS] chitosan NPs,[57] iron
oxide NIH[SS‘] and calcium phosphate NPs®®” etc. Primarily, organic based fluorescent dyes
are used, f le, indocyanine green (ICG),"**®Y Cy5 or Cy5.5, %2 fluorescein isothiocyanate
(FITC)!®! etmet al. synthesized a new type of metabolizable and efficient radiosensitizers for

cancer radiothg which combined ultrasmall AuNCs (<2 nm) with biocompatible coating ligands

(glutat H). They labeled the new Au,sNCs with Cy5 for Fl. As shown in the result of in vivo

experiment, th »sNCs displayed higher tumor accumulation via the improved EPR effect and had

6
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a better cancer therapeutic effect.””! Altinog” lu et al. studied the EPR effect in nude mice implanted
with subcutaneous human breast adenocarcinoma tumors by ICG doped calcium phosphate NPs
(CPNPs), |§|E ﬁi'ts showed that PEGylated CPNPs encapsulation prolonged circulation time in vivo
due to the ERRsgffect. The CPNPs was still visible even more than 96 h post-injection. Moreover, the
ICG-CPNP ¢ @ deeper penetration capacity than free fluorophore.[6°]

1

2.1.2. Qu ots

QDs are aI@ as semiconductor nanocrystals with an approximate spherical shape. Its

three-dime size ranges from 2 nm to 10 nm with obvious quantum effects resulting in unique

optical andfele | properties, especially strong photoluminescence, high sensitivity and good

S

stability. Fl s@@nt QDs have tunable fluorescent emission spectrum from visible to infrared
wavelengths; bsorption coefficient across wide spectrum range and very high optical
stability. >

U

ver, cytotoxicity related to heavy metals remains a hot topic and limit for future

bioimaging ions of QDs."™ The advent of graphene quantum dots (GQDs) seems likely to
solve the pfgblem. GQDs have been found to exhibit better biocompatibility, lower toxicity, and

better photo- [65]

q

ity against photobleaching and blinking.

QDs seem for the EPR effect, but researchers have come up with some strategies. NPs with

d

diamet

00 nm showed good EPR effect of tumor accumulation, but their large size

hinders pene into the dense collagen matrix. Wong et al.® presented a multistage system, in
which t

Vi

decreased from 100 nm to 10 nm after leakage from tumor vessels to tumor
microenvironment (TME). They used QDs as a model to test whether it was feasible. They utilized

collagen gebto simulate the interstitial matrix of a solid tumor. The two kinds of designed

I

experimen ilica QDs and QDs Gel NPs) before or after cleaving were placed in contact with

the gel an d for 12 h. The results indicated both silica QDs and QDs Gel NPs have negligible

O

permeabili cleaving and were excluded from collagen matrix. However, after cleavage of

QDs Gel NP, ed QDs were able to penetrate over a millimeter into the gel. The in vivo image
indicated tRat the QDs Gel NPs achieved more accumulation after cleaved.'®” Du et al. synthesized a
kind of GQRs with
(Ceb) conj

tumor. Effective t

Fl

n average diameter of 2-5 nm, which increased to about 10 nm after Chlorin e6

ation. The GQDs-SS-Ce6 had excellent therapeutic effect on nude mice bearing Hela

or suppression of GQDs-SS-Ce6 in tumor treatment is mainly due to the

improved effect of smaller GQDs nanosystem as manifested by the above in vivo and ex vivo

imaging e nts.® QDs has been verified to enhance the EPR effect due to the better ability of

A
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[66, 68-70]

small size penetration in tumor sites, and some small size GQDs can produce singlet oxygen,

killing cancer cells.!®® 7

T

2.1.3. Car otubes
Carbon nanotubes s), including single-walled carbon nanotubes (SWNTs) and multi-walled
H I

carbon nangtubes (MWNTSs), have attracted much attention since their discovery in 1990.7? The
unique op erties of CNTs, especially SWNTSs, give them great potential in the field of

biological isaging; WNTs exhibit intrinsic photoluminescence (PL) in the near-infrared (NIR)
spectrum, imthe “biological window” (700-1300 nm) where absorption, scattering, and auto

quorescenmues, blood, and water are minimized.”*

Countless ve reported the application of SWNTs. For example, functional SWNTs can avoid

[74] [75] [76]

rapid clearance byjthe immune system,"”™ and have been used for drug carrier’ and NIR imaging

Robinson et al. reported a novel synthetic polymer to solubilize SWNTSs, and a well-functioning
SWNTs with'a prolonged blood circulation (half-life ~¥30 h) in vivo was prepared. For the first time,

they perfo ite imaging of tumors based on the intrinsic fluorescence of SWNTs in the
second nem window (NIR-II). They indicated that the EPR effect is the main cause of high

[77]

passive tu e of the nanotubes.

Impuriti Ps contained in CNTs samples can be utilized for MRI to provide strong T2-weighted
imaging co 871 |n addition, radionuclides can be coupled to and even inserted into CNTs to
presen ng modalities, including PET®® and single-photon emission CT.®Y Choi et al.

demonstrated for the first time the use of the SWNTs/iron oxide NPs complexes as multimodal
biomedicamagents. By encapsulation with DNA, the SWNTs/iron oxide NPs complexes are

individually di ed in aqueous solution and are more easily introduced into a biological

environme pplication of the NIR mapping and MRI realized the multimodal biomedical

imaging.”g]

2.1.4. AMsters

The low tomght NIR fluorescence and ultra-small size give AuNCs a promising prospects in

biomedical icafion field.®>® protein- and peptide- stabilized AuNCs are especially suitable for

bio-imaging a rapy, owing to their unique functionality, easy conjugation, biocompatibility,
t, long lifetime, as well as photo and chemical stability.® Wu et al. showed the
possibility of Itrasmall NIR AuNCs for tumor Fl in vivo. They first investigated AuNCs in living

8
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mice and found that the uptake of BSA-AuNCs by the reticuloendothelial system (e.g. liver and
spleen) is relatively low in comparison with other nanomaterials, partly due to their ultrasmall
hydrodWFurthermore, by selecting MDA-MB-45 and Hela tumor xenograft models, the

EPR effect o asmall NIR AuNCs has been demonstrated in tumor-bearing mice.®” GSH-AuNCs

have been nted in bio-imaging to assess biodistribution, renal clearance, pharmacokinetics,

and tumor accumulatio
H

G-

2.1.5. The@ of EPR Effect
Some of th nd Drug Administration (FDA)-approved NPs such as liposomal doxorubicin

(Doin/Caem daunorubicincitrate liposomes (DaunoXome) " have reduced the side effects,

but only m vements have been seen in the patient survival rate!®®®. In fact, the tumor
targeting e of NPs/nanomedicines designed by the EPR mechanism is very low, less than
5943 32 81, al reviewed more than 100 nanomedicine papers from the past 10 years, and
found that ge of just 0.7% of any NPs dose, whether actively targeted or not, gets into
tumors ' ghere are some reasons for this, resulting in low targeting rates. For example, abnormal

tumor vasculature,high interstitial fluid pressure, growth-induced solid stress, solid stress from

umors vary greatly, especially in the central area of cancer, and do not exhibit the

EPR eff ome articles pointed out that most of the NPs are accumulated in the liver, spleen
and other or r a long time. The incomplete metabolism will induce long-term organ damage'®

abnormal s atrix, etc."> %Y Another problem is the pathophysiological heterogeneity of

tumors. Differe

%l Due e targeting effect based on the EPR effect being disappointing, the researchers

have thought and sought other ways to improve the specific targeting rate of tumors, such as active

targeting, & TME, and CMPT etc.

2.2. Active Ta;mg
For anti@e targeting, two types of cellular targeting are distinguished: active targeting to

cancerc e over-expression of transferrin, folate, epidermal growth factor or glycoproteins

ting to the tumor endothelium due to the overexpression of the vascular

ctors (VEGF), a3 integrins, the vascular cell adhesion molecule-1 (VCAM-1) or
matrix metalloproteinases (MMP) etc. For targeting approach, it can be divided into the following
tors-mediated targeting; peptide-mediated targeting; antibody-mediated targeting;
d targeting. (Figure 3)
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2.2.1. Receptors-mediated Targeting

Recepto targeting is a common strategy to design fluorescent nanocarriers for active
targeting t y binding the ligands matched to the overexpressed receptors on tumors. At
present, thmed receptors that act as active target vectors mainly include folate receptors
(FR), tramsfensimmeee ptors (TfR), hyaluronic acid receptors (HAR), epidermal growth factor receptors

(EGFR) etc.!’ 55l

FR overexp@many cancer types provides an effective strategy for targeting to tumors by folic
acid (FA) fu

multiblock ging and FA for tumor targeting.””® While Rosenholm et al.®”), Nakamura et al.”*®

zed FNPs. Ahmed’s group reported multifunctional polymer NPs with fluorescent

and Santia alf®! designed multifunctional silica NPs with fluorescent and targeting moieties for

specifically cancer cells with FA as a targeted ligand for active targeting. Liong et al. had also
designed t i

anticancer ancer cells. In addition, it has dual-imaging capability of MRI imaging by
superpara netic iron oxide nanocrystals and optical imaging by conjugating with FITC. Their result

show that the hi versatile MFNPs can be used for drug delivery, MRl and magnetic manipulation, Fl

nctional inorganic NPs conjugated with FA for increasing the uptake of hydrophobic

and cell targeti ultaneously, with the potential for simultaneous imaging and therapeutic

applications." et al. used black phosphorus nanosheet (BPNS) as a nanocarrier functionalized with

FA and tamer (Apt) for specific recognition."™™ Modified fluorescent QDs as a targeting and
delivery systemgisffso potentially effective tools for tumor optical imaging, diagnosis and treatment,
which h ied for many years.' Besides, Prasad et al."®® and Chatterjee et al."®" have

shown a new approach for in vitro and in vivo bioimaging utilizing UCNPs about 10 years ago. To
enhance th&tumor-selectivity, Hu et al."®, Xiong et al."* and Cao et al."°” have developed UCNPs

conjugated with.FA for in vitro and in vivo targeted imaging. In order to improve the local effective

treatment ition of drugs and minimize toxicity and side effects of patients, researchers have

pproaches to modify the UCNPs for multifunctional application, such as targeting

bioimagingfWi , drug delivery for chemotherapy and photodynamic therapy (PDT)."®! As mentioned
above, c targeted therapy based on FA is one of the most widely applied and important
method“he expression of FR in normal tissues will lead to unexpected results with poor
targeting e unsatisfactory therapeutic effects. Very recently, Yu et al. developed a

pre-protectj gy using a switchable UCNPs nanocomposite conjugated with two types of DNA of

different length rter DNA modified by FA and longer DNA modified by Ce6. In normal tissues, FA is

ger DNA, which can be triggered in tumor site to exposed FA for precise targeting and

PDT justass i Figure 4" A FCNMss are a kind of novel fluorescent nanomaterial exhibiting

10
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promising applications in the biological field, they have attracted plenty of interests to combine with FA

for active targeting. Such as carbon dots (CDs) **%, nanodiamonds (NDs)**" and GQps™?.

TfRisa Mmembrane glycoproteins receptor for transferrin, which import iron by
receptor-ocytosis of transferrin-iron complex. Studies have shown that TfR highly
expressed qiiltie e of many types of tumor cells."™® Thus, Tf-conjugated FNPs could selectively
target t@iT fREBWEEEXpressed tumor cells by match between Tf and TfR."* So far, a lot of FNPs
conjugatewave been studied deeply to improve the targeting efficacy. For instance, organically
modified siliga NRsincorporating rhodamine-B,"** FITC-modified mesoporous silica NPs (FMSNs), ¢!
magnetic n@pocargiér based on chitosan and rhodamine-B decorated superparamagnetic iron oxide NPs

(SPIO NPs) ™+, -infrared fluorescent dye (Cy7)-modified rattle structure NPs with Fe;0, core and

mesoporo ell,"*® fluorescent calcium phosphosilicate nanocomposite particles (CPNPs)

dropped of nd liquid crystal NPs (LCNPs) incorporated with fluorescent dye ™. In addition to
these, Muthu et al Jéleveloped advanced theranostic micelles conjugated with Tf and ultra-bright AuNCs
and carried docetaxel (DTX) for simultaneous cancer imaging and therapy.™ Xu et al. designed a

dual—targe@r of paclitaxel based on hyperbranched copolymer NPs conjugated with Tf and RGD
(arginine-gl artic acid ) peptide, which is also a targeting ligand that will be reviewed in the next

section of 262

Hyaluronic acid ) is a main component of the extracellular matrix and intercellular substance. HA

plays an nt role in maintaining the structure of the extracellular matrix and regulates
intracellula s with a MW (molecular weight) less than 80000."?® It has tumor targeting and
anti-tu ough binding to the overexpressed HAR on tumor cell surface, resulting in

enhancement of tumor cells internalization. It could regulate tumor angiogenesis, tumor metastasis and

]

invasion, a rease the drug concentration of lesion area to achieve the purpose of targeted
therapy.*” Thege are 4 kinds of specific HAR: CD44, RHAMM, IVd4 and LEC overexpressed on the cell
membrane @ D44 receptor, a transmembrane glycoprotein, is the most important HAR on the

cell surface andthe main site of binding to HA. Liu et al. prepared bilayered NPs decorated by a

lipophilic NIR fluorescent dye, stearic acid-grafted polyethyleneimine and HA (DiR-PgSHA NPs) for in vivo

tumor- al imaging.[lzs] Li et al. developed intrinsically redox-sensitive nanogels based on
quoreschk cross-linking with L-cystine dimethacrylamide (MA-Cys-MA) and CD44-targeting
hyaluronic NGs), showing highly efficient loading and breast tumor-targeted delivery of
cytochrom 2
Epiderm factor (EGF) can stimulate cell growth strongly by binding to its receptor (EGFR),
resulting I r proliferation, differentiation, and survival."™*” The higher expression of EGFR in

11
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tissues is associated with several cancers.?® Tseng et al. used gelatin NPs (GPs) modified with

FITC-biotinylated EGF as drug delivery strategy for lung cancer targeting, imaging and treatment via

inhalatth al. designed dendrimer-triglycine-EGF NPs for tumor imaging and targeted drug
delivery."®” Eaueon et al. demonstrated that fluorescent organic NPs (FONPs) covalent attached with
EGF at sub glar concentrations could serve as ultra-bright targeting probes for breast cancer cells

based on E [131]

-

2.2.2. Pep@diated Targeting
As tumors p ing, massive new vessels formation must occur to supply nutrition for the tumors.

As an adhem:ule of cells, integrin o, B3 is highly expressed in various tumor cells, and plays an
important n

-overexpression.

or angiogenesis and metastasis. Therefore, integrin a3 can be a target for

antitumor nanodrugs, showing the effect of inhibiting tumor growth, tumor targeting and drug
delivery. Stugi e confirmed that ligands containing arginine-glycine-aspartic acid (RGD) have a high
specificity imity for integrin o, 3.

Some scien r FL dye-doped NPs as nanocarriers for bioimaging. Drug delivery nanocarriers
conjugated as targeting moiety and fluorescent dyes as imaging moiety have been
demonstrateg. ! Lee and his co-workers developed “all-in-one” cancer cell-specific probes based on

ated with siRNAs, targeting moieties RGD and fluorescent dyes Cy5

(MNPs-Cy5-R simultaneous delivery and multimodal imaging."* Akhavan and Ghaderi designed
7-RGD containing graphene oxide nanoplatelets modified with RGD and Cy7 for in vivo
tumor targeting and Fl of human glioblastoma U87MG tumors.™*! Alvero et al. developed a
PLGA-PEG-ED nanoplatform modified with three different fluorescent dyes of deep infrared (DIR),

Coumarin- ICG for visualization of ovarian cancer micrometastasis, reducing inadvertent injury

in surgery.[Q
Fluorescent ave become the focus of many scientists due to their unique optical properties. Li et

al. used NIRYQDs as fluorescent probes modified with cyclic RGD to form tumor-specific bioconjugates
for tum aging. According to their results, the tumor visualization, identification, and
resectioiHromoted via Fl guidance.'®® Zhang and colleagues proved that Ag,S QDs conjugated

with specifi RGD is a promising NIR-Il probe with bright photoluminescence and high
biocompatikili argeted labelling and imaging of cancer cells. Lu et al. synthesized excellent

aqueous dispe

41@ The RGD-decorated agQDs exhibit highly bio-specific properties, being highly sensitive
[138]

near-infrared-emitting QDs (aqQDs) modified with RGD peptides for in vivo active
tumort
and specific fo Or sites.
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As luminescent AuNCs show bright fluorescence as well as unique plasmon properties, Su et al.
designed and synthesized fluorescent BSA-encapsulated AuNCs conjugated in a nanogel system,

folIoweWrgeting peptide iRGD which allowed for tumor targeting drug delivery.®® Chen et

al. establishedasovel nano-platform of AUNC-cRGD-Apt (aptamer) with dual targeting function by

@ lic RGD (cRGD) and Apt AS1411 for tumor targeting, diagnosis and therapy.*"

Liang et al. reported
H
(c(RGDy )-sNCs) as highly efficient tumor-targeted radiotherapy sensitizers with bright red/NIR

[141]

conjugatio
a green and one-step strategy to synthesize c(RGDyC)-modified AuNCs

fluorescen ive tumor targeting property.

Beyond tha,UCNRS is also combined with RGD for cancer targeting and imaging.[m] Cao et al. reported

ultrasmall suk- KGdF, rare earth NPs as nano fluorescent probes for in vitro and in vivo tumor
targeting i g by conjugating with the RGD peptide, which exhibited up/down-conversion

luminesce ed Yb*/Tm>" and Eu**."* SWNTs have been demonstrated as promising

candidates for bioiflaging and biosensing with unique fluorescence in the NIR region."** Polo et al.

anchored RGD onto SWNTs by confining peptide motifs via noncovalent adsorption of single-stranded

DNA (ssDNg which is a novel and straightforward approach to tune binding affinities of RGD

peptide.[145 e also many other FNPs used for RGD connected targeting, such as luminescent

NPs™e mi 1321 and fluorescent Iiposomes[l‘m.

In addition to RGD peptides, some other tumor targeting peptides have also been studied, such as

eptide TAT & tumor-specific vascular homing peptide CGKRK
150 and nucleolin specifically targeting F3 peptide.™™ TAT peptide is a type of
cell-pe ide, usually decorating to the surface of NPs to improve nuclear translocation.
Guan et al. developed fluorescent protein NPs based on TAT peptide and enhanced green fluorescent
protein (EGMne engineering method. This fluorescent protein NPs showed selective tumor

accumulatiopssuiggesting a potential application in tumor imaging and anticancer drug delivery.[“g] Liu et

al. designe dtile bioimaging probe using highly luminescent cadmium-free CulnSe,/ZnS core/shell

QDs conjugatedwith CGKRK tumor targeting peptides for tumor-targeted multimodal optical

imaging.[15

=

2.2.3. Ant ediated Targeting
An antibod o known as immunoglobulin (Ig), secreted by B cells which could bind to the

corresponding en (Ag) specifically and precisely.”sz] There are many advantages of Ab, such as high

of cancer targe pplication relied on the specific binding of Ag and Ab targeting to specific tumor
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tissues which could improve the therapeutic effect and reduce the side effects. Monoclonal antibody
(mAb) is a category of Abs produced by identical immune cells. In is interesting that mAb has
monovaw which means that it can bind to the same epitope of an Ag. Bispecific mAb can also

be designe iacrease the therapeutic targets of one single mAb to two epitopes. Therefore, mAb has

been conside g8 bullet of the targeted nanocarrier of chemotherapy drugs and as powerful tools

for manipulating anti-cancer immune responses.[153] With increasingly promising clinical results, the
discovery ag development of therapeutic Abs and their derivatives have become a hot topic in recent

years.

Human epi@owth factor receptor 2 (HER2) is the homologous gene of neu oncogene

(HER2/neu) in rais " This receptor signals play an important role in cancer cell proliferation,
differentia@sion, motility and apoptosis. Hun et al. designed a novel kind of polymer

fluorescen Ps) modified with anti-HER2 mAb for detecting ovarian cancer cells with

fluorescence microBcopy imaging technology. The mAb-coupled PFNPs can effectively identify the
ovarian cancer cells with good sensitivity and excellent photostability, providing a new approach for
diagnosis afid therapy of ovarian cancer.>™ Zdobnova et al."*® and Balalaeva et al.**” designed
fluorescen plexes based on QDs and tumor specific targeting Ab, such as anti-HER1 Ab and

anti-HERZ/mAb, that simply combining the targeting and visualization functions in one system.

Herceptin, name of Trastuzumab, is a humanized mAb worked by specific binding to HER2

down cell duplication to target breast cancer cells and treat breast cancer. Wang

et al. designe nanomaterial platform of fluorescent BSA-protected AuNCs conjugated with
Cs-Her) for specific targeting to breast cancer cells and tumor tissue as a novel
fluorescent agent for simultaneous imaging and cancer therapy. They found that AuNCs-Her could
escape frozthe endosome and carried the Herceptin to the nucleus of breast cancer cells to enhance

[158]

the therap acy

CetuximabGFR mADb as the EGFR inhibitor, is one of the first FDA-approved mAb for cancer
[

treatment. o0 et al. demonstrated the potential application of cetuximab-conjugated
magneto-flllorescent silica NPs for the detection of EGFR positive colon cancer using in vivo imaging
approa " pagan and co-workers prepared MFNPs based on QDs and drug inside the PLGA
matrix aMed cetuximab for targeting EGFR overexpressed cancer cells.* Yang et al. used a

single chaimR Ab (ScFVEGFR) as targeting molecule conjugated to the surface of QDs,

specifically bindi EGFR overexpressed on cancer cells with a fluorescent signal for optical
(162) g i

imaging. embryonic antigen (CEA) is a set of glycoproteins highly related to cell adhesion

which af&h lly produced during fetal development but stopped before birth. !¢ Consequently, the
CEA level is usuafmgery low in healthy adults’ blood but increased in some types of cancer, which
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means that it can be used as a tumor target in cancer targeting therapy. Tiernan et al.l*"

reported
fluorescent dye-doped silica NPs and rare earth doped UCNPs conjugated with targeted anti-CEA Ab for
cancer thing and therapy. Li et al.** reported a soft nanomaterial-based targeting
polymersomesawith NIR dyes and Abs (anti-CEA Ab and anti-EGFR Ab). Recently, Wang and colleagues
@' Ps conjugates based on core-shell NPs UCNPs@SiO, linked to rabbit anti-CEA8 Ab

specific attach to the surface of Hela cells.[*! Additionally, some other Abs are also used to

synthesizec

which could
. 1 , . L

combine wigh FNPs for targeting cancer and therapy. Wu et al. used poly lactic-co-glycolic acid NPs

(PLGA NPS)%

human par@ctal adenocarcinoma cells in vitro and in vivo and loaded with Fl agents for visual

[167

ed with MUC1 Ab as a nanocarrier for specific targeting delivery of paclitaxel into

imaging. t al. designed an ICG-containing nanostructure (ICG-PL-PEG) conjugated with
integrin avmading to selective internalization and retention in target tumor cells. ICG-PL-PEG
C

has both fl marker and imaging-guided photothermal therapy capabilities, showing great

potential gal applications. ¢
2.2.4. Apt@diated Targeting

Nucleic acid Apt is a.single-chain oligonucleotide with 20-60 bases screened by systematic evolution of

9

d out by Ellington

ial enrichment (SELEX) with functions of high affinity and specific binding, which
[169]

ligands by €kpad

were first screene in 1990. By virtue of its inherent nature of high specificity and

high aff t has been widely studied by researchers for diagnosis and treatment of many diseases,
especially for “targeted therapy. Compared to Ab, nucleic acid aptamers have many unique
advant small molecular weight, artificial synthesis, high stability and low immunogenicity,

suggesting that nucleic acid Apt is an ideal tool for cancer-targeted therapy. In recent years, researchers
have const!cted a variety of Apt-FNPs complexes for specific targeting imaging and recognition of
cancer cells. Foee g., chitosan NPs-Apt™%, PLGA-b-PEG NPs-Apt!"’", tryptophan-phenylalanine dipeptide
NPs (DNPs » Nanosheet-Apt™ rGO nanosheets-Apt”’*, AgNCs-Apt 7> % etc. Dhar et al. has
strategy using PLGA-b-PEG NPs functionalized with PSMA targeting Apt on the

reported a u
surfaceﬂor targeted delivery of platinum (IV) to prostate cancer cells.”” Using Apt
technol t al. synthesised fluorescent chitosan NPs which were specifically targeted to
human IHS.WO] According to many studies, DNA Apt can specifically bind Mucin 1 (MUC1)
which can to a cancer cell of interest.””” Fan et al. designed DNPs based on dipeptide to shift
the peptidmc fluorescence from the ultraviolet to the visible range as imaging probes. And then
the DNPs were fuglier functionalized with MUC1 Apt and doxorubicin for targeting cancer cells and

monitoni release by real time fluorescent image.[m]
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Active targeting is a very important consideration when designing an anti-tumor drug delivery
nanocarrier. It determines the actual drug delivery effect and the bioavailability of the drug. Active
targetinw strategies are expected to target tumor tissues more specifically than just EPR

effect. The i ed effectiveness of active targeting nanoparticles is due to the improved targeted cell

recognitio eted cell uptake rather than better tumor accumulation.”>*’® However, an

emerging field of nanotoxicology has concerns regarding whether NPs could pose a threat to both the

[179]

I I
environme! and human health with side effects which need more study.

2.3. Theun‘ Microenvironment

TME, i.e. the internal environment where tumor cells are generated and reside, including not only the
tumor cells themselves, but also the surrounding multiple cells, such as fibroblasts, adipocytes, immune
and inflammlls, glial cells and other cells, as well as the intercellular substance, microvessels and
the biologi

of seeking alternative targeting strategy, TME, for cancer treatment as it plays an important
role in dev )

ules infiltrated in the extracellular matrix (ECM)."® It has become evident the need
progression and metastasis of a tumor and in the development of drug

resistance.’; are many differences in physicochemical properties between TME and normal
internal envico

ts of the human body, such as low oxygen, low pH and high pressure.™® More than
100 yea

metastasis

en Paget firstly postulated the important role played by microenvironment in

jon and proposed the famous concept of "seed and soil" based on clinical observation

of organ- metastasis of breast cancer.™® However, this hypothesis did not receive enough

attention at that time, and the treatment idea was limited to the tumor cells themselves which lead to
an extremely difficult battle against cancer. Until recently, more and more scientists began to realize
that tumor is an integral whole (Figure 5). Therapeutic strategies of targeting to TME have
their own ag ges, such as tumor stromal cells having genetic stability with less mutation and
resistance. @ ogeneity of the TME is smaller than that of tumor cells, and the therapeutic effect
is more stable

effect, but

dies found that nanomedicines can accumulate in the tumor site through the EPR

yost of them are only retained in the perivascular areas with limited ability to penetrate into

tumor cells oi e dense interstitial matrix.!"®*” Dong et al. presented mesoporous silica
\) loaded with a chemotherapeutic agent, DOX, as well as a NO donor (S-nitrosothiol)

to create wahich could active MMP to degrade collagen in the tumor extracellular matrix.

According sults, DN@MSN enhanced the EPR effect of NPs and improved the tumor
penetration the nanovehicle and cargo (DOX), leading to significantly improved antitumor
efficacy?* efore, it is necessary to study the TME from both biological and philosophical
perspectives.
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2.3.1. Physiological Environment
As ment , the TME is quite different from normal human internal environments in terms of

physical an | properties, and its characteristics of low oxygen, low pH and high pressure are
quite rema ing in many growth factors, such as cytokines and various immune
inflammatauysieaetions produced by proteolytic enzymes, which are very conducive to tumor

invasion, adhesion, angiogenesis and promote the generation of malignant tumors.**!

proliferati

1

Hypoxia
Thomlinsolan@/ Gr8y became aware of the hypoxia in many malignant tumors in 1955.%! Necrosis

SC

often occurs in anoxic regions, which is more prone to tumor proliferation and metastasis. Many studies

around the world have found that hypoxia-inducible factor-1a (HIF-1a) can be highly expressed in
[188]
es,

LI

hypoxic tu which plays an important role in tumor development and metastasis, making

it became dff important anti-tumor target." Kiyose et al. developed hypoxia-responsive near-infrared

£

fluorescen onjugating a black hole quencher (BHQ-3) as a hypoxia-responsive moiety for Fl of

hypoxic ca and real-time monitoring of ischemia.”® Since a BHQ-3 with an azo-linkage

guenched issions, the probes were non-fluorescent under normoxic conditions, while under

d

hypoxic he azo-linkage was reduced and the fluorescence was mostly recovered. Similarly,

Piao et al. an al. developed fluorescent probes to detect different levels of hypoxia. *¥ Although

many fl t probes have shown promising results in vitro, the in vivo application has been limited
because of non-selectivity and instability of fluorescent probes under physiological conditions.
Therefore, it is necessary to develop novel nanocarriers, such as FNPs, for hypoxic cancer targeting.
Recently, VLJ Ps have been developed for targeted cancer imaging.!**” Bartholomeusz et al.

proach for delivering small interfering RNA (siRNA) into cancer cells by noncovalently

BWCNTSs targeted to hypoxia-HIF-1a which strong specific inhibit the cellular HIF-1a

SWCNT/siRNA complexes have the promising value as therapeutic agents.[m]

activity impli
Perche et alifirst reported the specific nanocarrier based on hypoxia-induced siRNA uptake and
silencing asgvell as @zobenzene imparts hypoxia for cancer targeting. They found that hypoxia-activated
green fltﬁotein (GFP) is silence in vitro and down-regulate in vivo in GFP-expressing tumors
after intravﬁministration which means that this designed nanocarrier represents a

[194]

tumor-envi -responsive modality for tumor targeting.
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Low pH

Hypoxia can induce intracellular glycolysis, leading to a drop in pH. However, experiments have shown
that even iggthe sitgation of low lactate or artificially increased tumor tissue oxygen pressure or blood
supply, IH(ists. Regardless of the cause, the extracellular microenvironment is acidic (pH
6.5-6.9), a @
synthesizedpH=triggered probes based on the encapsulation of the 19F contrast agent in AuNP-capped
quorescEmEalized mesoporous silica NPs (FMSNSs), called Au-FMSNSs, for the intracellular MRI
and 1.

pH-sensitivéddye, Wihich could render a fast and ultrasensitive response to changes in pH value.™® zhao

cer cells themselves remain neutral (pH 7.2-7.4). Chen et al. designed and

. have reported some tuneable, pH-activatable micellar (pHAM) NPs with

et al. desig igopeptide self-assembly fluorescent nanostructure which can be triggered from
seIf-assemtm to dissociated stage when encountering a subtle pH-changed TME."*”

2.3.2. TunEma Cells

At present, itdsa asingly recognized that tumor stroma contains different cell types, including
tumor-assogiated fibroblasts (TAFs), tumor-associated macrophages (TAMs) and neovascularization cells

etc. which play different and important roles in promoting the formation of tumor invasion and

as the soil for tumor growth. Each cell type plays different roles and has their own

Tumor i Fibroblasts (TAFs)

TAFs are the main member of tumor stroma cells with the function of secreting extracellular matrix
componens growth factors, cytokines and hormones, which can promote tumor initiation, progression

and metastasis. iao et al. argues that NPs might be exploited to target the expression of secreted

cytotoxic p pom TAF as a new anticancer strategy. In order to prove their idea, lipid-coated
protamine D plexes (LPD NPs) were loaded with TNF-related factor sTRAIL which triggered
apoptosis i ange of tumor cells and incorporated with Dil fluorescent probe. According to their
result, Tj used as sTRAIL producing cells that triggered apoptosis in tumor cell nests, which

b, [1991

offered trategy to treat desmoplastic cancers and further suppressed tumor growt

Myeloid-derive
MDSCs j

ppressor Cells (MDSCs) and Tumor-associated Macrophages (TAMs)

ogeneous group of cells derived from bone marrow. It can significantly inhibit immune

responses a |]ate wound repair and inflammation, which is rapidly amplified in cancer. 2001 TAMS
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are a central component in the close association between chronic inflammation and cancer since they

are recruited to tumor tissues as a response to cancer-associated inflammation and play an important

[201

roleint AMs are the major immunoregulatory cells to the immune response located in the

stroma of soliddiimor in the tumor progression (e.g. cancer cell proliferation, metastasis and invasion)

orinthea drocesses. In malignant tumors, TAMs are closely related to the progression and
metastatic invasion of tumors which can provide inflammatory cytokines and growth factors for tumor
cell survi-vamce, MDSCs and TAMs are expected to be a potential target for cancer treatments.
Kourtis et ohed the cell-level biodistribution kinetics after administering ultra-small

pluronic-stdbilize ly (propylene sulphide) NPs labelled with Dy649-maleimide (NPs-Dy649) in the

mouse. The that these NPs have especially strong targeting to myeloid cells when administered
intradermMn particular, MDSCs were efficiently and preferentially targeted in tumor-bearing
h

mice, mean he NPs can be potentially useful for reversing the highly suppressive activity of
these cells or stroma. Miller et al. designed the therapeutic NPs comprising a fluorescent
platinum (| g and a clinically tested polymer platform (PLGA-b-PEG) for the first time allow
simultaneousi img. They found that therapeutic NPs accumulated at high levels within TAMs served

as cellular reservoirs. TAMs release the Pt payload into neighboring tumor cells over time.?*

Cuccarese et g ed optical tissue clearing and a TAM-targeting injectable FNPs to examine

a

carcinoma, whicioffered a creative method for rapid tumor volume assessment and spatial information

on TAME& the cellular level in entire lungs.?!

2.3.3. Extracellular Matrix (ECM)
The ECM is!three-dimensional network of extracellular macromolecules, such as collagen, enzymes,

three-dimefsia Ms composition and nanoparticle-based drug delivery in murine pulmonary

and glycoprotgins, that provide structural and biochemical support to surrounding tumor cells and

stromal cel @ y fibroblasts are transformed into CAFs during carcinogenesis, ECM production

d*malformed ECM is produced. In addition, CAFs produce matrix metalloproteinases
(MMP)ﬂe proteins within the ECM, which may allow cancer cells to escape from their
in-situ | etastasize to the whole body. Furthermore, dense and stiff ECM in solid tumor
tissues Mep penetration of NPs drug carriers and decreases their therapeutic efficacy. So,
Leeetal. s ECM remodelling strategy for enhanced tumor-targeting of Cy5.5-labeled glycol

chitosan NPs,?%!

<
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2.4. Multiple Targeting Strategies

FNPs combined with passive or active tumor targeting or other targeting strategies are promising for
cancer d“ therapy. However, sub-optimal targeting effect of most targeting strategies, drug
leakage duriag d circulation, low tumor tissue accumulation/retention and cellular internalization
leads to unreatment outcome. To address these problems, the designed fluorescent
targetinﬁNW) are expected to have multi-targeting functions facing different environments.

Multiple ta!eting, a novel targeting strategy that consists of two or more targeting stages including

tumor tissue targeting based on EPR effect, tumor cell targeting based on targeting ligands and

and other strategies, shows great potential to enhance tumor therapeutic effect.

(Figure 6)

The multiwmg nanoplatforms are generally based on the EPR effect combined with other
strategies s igands-based active targeting, TME-based targeting, which are expected to show high

stability in blood agél enhance tumor retention, cellular internalization and even nuclear uptake.

2.4.1 EPR s;;ect ; Active Targeting

As shown im, for the EPR effect combined with active targeting, there are several parts as
reviewed. FI¥§tl was used to improve the targeting efficiency of the EPR effect. Cui et al. developed
a multif o-structure consisting of UCNPs and photosensitizer zinc (II) phthalocyanine (ZnPc)

for PDT. The fo

odified amphiphilic chitosan (FASOC) was coated on the surface of UCNPs for

active t ZnPc anchoring close to the UCNPs. The overall size of the ZnPc-loaded

FASOC-UCNPs was approximately 50 nm in diameter which led to accumulation in tumor tissues
through thﬁPR effect and enhanced targeting to tumor by FA based active ligand.® Li and his

co-workers igned octahedral core-shell nanostructures named UCNPs@Fe-MIL-101-NH,

modified w P-FA) resulting in tumor targeted dual-mode imaging of upconversion

luminescen imaging and MRI. According to their result, there is a weak accumulation of UCNPs

due to the t, while UMP-FA is successfully and efficiently delivered to tumors because of the

recepto 271 Additionally, Fan et al. used H-ferritin (HFn) nanocarrier for crossing the blood

brain baWnd specifically targeting and entering glioma cells to kill them through both passive

[208]

targeting ( and active targeting specific bound to HFn receptor overexpressed in glioma.

)
Secondly, modified with RGD peptide to improve the targeting efficiency based on the EPR

effect. Haedi I. used multi-functioned calcium phosphate NPs as carrier conjugating with (i)
photosensitizer, (ii) the RGDfK peptide for tumor targeting and (iii) the fluorescent dye

molecule DY682- for near-infrared fluorescence (NIRF) optical imaging in vivo.”® Here, NP-DY682
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showed just a short tumor accumulation and a fast elimination thereafter, suggesting an enrichment
due to the EPR effect, while the RGD-conjugated NPs showed an enhanced specific accumulation at 24 h

afterinj i et al. developed a polymeric micelles system that integrates multiple functions

including neagiafrared Fl, dual targeting to cancer by the RGD peptides and the TAT peptide for cancer

=

an appropriate size for tumor targeting by the EPR effect (around 100 nm), while the RGD

targeted ca of siRNA and doxorubicin.™*® Characterization studies provided evidence of the

micelles wi
I . .
allows for ahanced recognition and uptake of the nanocarrier by cancer cells. Zhang et al. have

successfull d RGD-QD-MoS, nanosheets (NSs) with excellent fluorescence, photothermal

conversionmer—targeting properties by functionalizing single-layer MoS, NSs with fluorescent

QDs and R des.” In addition, Mei et al. used two targeting ligands, angiopep-2 and activatable

cell penetr ide (ACP) to modify NPs for tumor targeting delivery. As a result, NPs could
significantl rilite into tumors through EPR while targeting ligands could improve the targeting
ability of NPS?

Thirdly, antibodies and aptamers are also used to modify NPs to improve the targeting efficiency based
on the EPRmu et al. modified near-infrared fluorescent QDs (InP QDs) with a vascular
endothelial actor receptor 2 (VEGFR2) mAb for targeted drug delivery. The VEGFR2 Abs
effectively InP QDs to target tumor angiogenesis. In this design, the InP QDs-VEGFR2 can be
delivered tmells by both passive and active targeting modes.”*? Kwon et al. conjugated

anti-M rantly overexpressed in breast cancer, and TCP1 peptides, a vasculature-targeting

peptide for co | cancer, to multifunctional silica-based nanocapsules (SNCs) that encapsulated two
distinct version chromophore pairs with functions of selectively targeting cancer cells and Fl for
early diagnosis of tumor malignancy. Both in vitro and in vivo experimental results showed greater

accumulatis of nanocapsules at tumor sites than the EPR effect, which still allowed accumulation at

the tumor absence of targeting moiety because of tumor vascular malformation.”** Wang et

al. designemmbled multifunctional dioleoyl clofarabine (DOC) NPs as tumor-targeted drug

delivery co ith Apt AS1411 and Cy5.5-labelled fluorescent DNA via molecular recognition
between th bine and the thymine on DNA for cancer targeting and Fl. From their result, the
fluorescenc@signal of DOC/Cy5.5 NPs at the tumor site increased, which could be attributed to the EPR
effect. In cantrast, BOC/AS1411/Cy5.5 NPs could accumulate at the tumor site more effectively when

loaded with'AS1411, indicating that the Apt indeed enhanced the targeting capability to tumor.1?*¥

5
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2.4.2 EPR Effect & TME
Using EPR combined with TME, mainly hypoxia

[215) 12162201

and low p

designed fi cance'therapy. In the study of the Cheng’s group, a supramolecular drug delivery system
was constrdcted based on fluorescent star polycation P1 and charge-reversal anionic copolymer P2,

, several strategies have been

ich was stable in blood and accumulated in tumor through the EPR effect and
responded t0 amor extracellular and intracellular microenvironment for programmed cellular
uptake a-nd‘Ereejase.[m] Wang et al. developed a pH/H,0, responsive Si QD-based nanocomplexes
which coul e tumor site by the EPR effect and TME response.”® The combined strategy of

EPR effect TM&improved the low targeting efficiency of EPR.

oG

2.4.3. Acti
Recently, s

eting & TME

sed different ligand-modified FNPs to design microenvironment responsive

[221]

nanocarrier, FA conjugated pH-sensitive hollow ZnO*“~, pH-triggered Au-fluorescent

[222]

3

s HA conjugated fluorescent carbon NPs**?, mesoporous silica NPs'***! and

[225]

mesoporou

RGD modifigd carbon dots®*, TAT modified polymeric micelle!?® etc. Wang et al. selected two

r'E

established TME signals, namely angiogenic tumor vasculature and low extracellular pH as targets as

design basis! T tablished a series of ultra pH-sensitive (UPS) nanoprobes comprised of ultra

cl

pH-sensitive €o r pH response, a series of fluorophores for multi-coloured imaging and a RGD

targeti combined active targeting and pH response.'***! An acid-responsive diblock

copolymer ¢ ed with an iIRGD-modified polymeric prodrug of doxorubicin (DOX)

Wi

termed hich could specifically accumulate at the tumor site through EPR effect,

followed by pH-triggered cellular uptake within the tumoral acidic microenvironment.**”

2.4.4. EPR kActive Targeting & TME

In order to f8 mprove the efficiency, FA functionalized amphiphilic alternating copolymer poly

or

(styrene-al nhydride) (FA-DABA-SMA) are designed for targeted drug delivery which has three

n

levels o imeluding the EPR effect, FA based active targeting, and pH responsiveness in the cancer

microenyi imultaneously, showing a promising new active tumor targeting drug delivery
[228]

{

system. particle modified with EGFP-EGF1 which can bind well to A549 tumor cells and

9

other stromal cells lincluding neo-vascular cells, TAFs and TAMs etc. and also accumulate at tumor site
because of the EPRgeffect.”” Based on the acidic, angiogenic TME, the combined design strategy are

tried. U nsitive fluorescent nanoprobe containing ultra pH-sensitive core, fluorophores and

A
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targeting unit are designed which is robust and universal used in 10 different tumor models’

detection.!?®

T

2.5. Cell @ ane Permeability Targeting Mechanism

At presqgt, theJiain three mechanisms for designing nanomaterials improved the tumor targeting of
the drugs, I@wer the side effects to normal tissues. However, the low targeting performance and the
failure in the clinically application push the scientists in the targeting nanomedicine design field eager to
find the ne‘ mech]’\ism and strategies to develop the specific tumor targeting. Just recently, Wang et
al. found a new graphene-based tumor cell nuclear targeting fluorescent nanoprobe (GTTN) shown in
Figure 7.’ iga graphene-based amphiphilic fluorescent probe modified by sulfonic acid and
hydroxyl groups. N has an excellent fluorescence stability (Figure 7b) and ultra-small size (3.35 +
0.15nm onﬁ with amphipathicity which is very stable in the blood circulation. It does not

combine w cells, hemoglobin, etc., and maintains its physical and chemical properties well in
vivo. This p he characteristic of specific tumor nuclear targeting of tumor tissue in vivo but
does not e al tissue cells (Figure 7c-e). GTTN recognizes tumor cells and normal cells through

the differe Il membrane’s permeability (Figure 7a). Wang et al named this new targeting
mechanisnmias g 2ll membrane permeability targeting (CMPT) mechanism. Small size, amphiphilic
structur, ativity of GTTN and their ability to keep their properties not altered by protein

corona are
CMPTm
GTTN can

nt determinants for targeting to tumor nuclei. Deeper researches are needed to use
to design different NPs/nanomedicines with great tumor targeting performance.
istinguish the interface between tumor tissue and normal tissue (Figure 7j) and recognize
tumor tissue in a very early stage and track the invasion and metastasis of tumor cells at the single cell
level. Mor tly, the tumor targeting rate through GTTN can be as high as 50% (Figure 7 f-i).

Wang et al. 0 methods to express the tumor targeting rate. One is using the fluorescent

or divided by the total fluorescent intensity of tumor. The other is the GTTN

concentration.i ms of the percentage of the injected dose (ID%). The results of both methods

surveying the literature from the past 10 years, only 0.7% (median) of the administered NPs dose is

found to be Eellﬁd to a solid tumor."”% At present, after some efforts, (mainly the modification of

nanomate selves), some nanomaterials have improved the tumor targeting rate. Yu et al.

designed a NPs nanocomposite to precisely target to tumor site through pre-protect the FA
hich could be triggered by the acidic TME. Through this strategy, the targeting effect

12 On tumors was 12.1+0.7% ID/g.[m] The targeting ratio of in vivo assembly
23
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NIR-Il downconversion NPs (DCNPs) modified with complementary DNA (L1 or L2) and targeting
peptides (follicle-stimulating hormone, FSHg) for distinguishing tumor tissue from normal tissues
were fo ~17.5% 1D/g.”*" The calculation methods of targeting ratio are different make
the targetinggaiio is more complex and difficult to compare.®” As we mentioned earlier (part 2.1.5),
)
o

tissue. Therefore,

even if the erials reach to the tumor tissue, it is difficult to actually enter into the tumor

e dose that actually enters into the tumor cell is much lower. GTTN targets to

the tumor fiisssue cell nuclei directly with high targeting ratio. In addition, GTTN has good
biocompati low toxicity. It is metabolized very fast in vivo and can be metabolized completely

after48 h out @ccumulating in normal organs and producing long-term toxicity. Following this

G

brand-new echanism design principle, the NPs/nanomedicines can accurately target to the

tumor cell | vivo with minimum uptake by normal tissues. With the development of material

8

science an c biology science, precisely engineering the NPs/nanomedicines according to the

design prin omplete reality. We are sharing a bright future for tumor therapy with CMPT.

Ny

3. Biodimtion, Clearance pathways and Biosafety of FNPs

Although targeted NPs have great potential in the diagnosis and therapy of cancer, their actual and

are still a concern and are the major obstacle of clinical application.’®? Successful
translatio Ps from laboratories to clinics requires exhaustive and elaborate studies
ribution, clearance pathways and biosafety for in vivo biomedical imaging
applications. The United States FDA requires that agents injected into human body, especially
diagnostic st be completely eliminated within a reasonable period of time."** While the

FTNPs desigg different modalities exhibit diversity in chemical structures, properties, and

substances from the body.[51]

Kumar et a ized organically modified silica (ORMOSIL) nanoparticles, conjugated with NIR
fluorophores and /¥ for Fl and PET imaging. Biodistribution studies showed that the ORMOSIL NPs

accumulated moregdn liver, spleen, and stomach than in kidney, heart, and lungs. The clearance

studies | hepatobiliary excretion of the nanoparticles. Histological analysis confirmed that
the ORM did not lead to any adverse effect or any other abnormalities in the tissues.’*"
24

This article is protected by copyright. All rights reserved.



Zhou et al. reported that the glutathione-coated luminescent gold NPs (GS-AuNPs) were cleared
through renal with more than 50% of the GS-AuNPs were found in urine within 24h after injection.
Only (3.z+.!ﬁ| °é “the GS-AuNPs were accumulated in the liver with minimized nanotoxicity. Lu
et al. found th uorescent mesoporous silica nanoparticles (FMSNs) preferentially accumulate in

tumors and

@ strongest accumulation was found in liver and kidney. For biocompatibility

experimen ere was very low toxicity observed in vivo.”*® Tao et al. found that C-dots mainly

S,
accumulats in the RES organs, such as liver and spleen, after intravenous injection. This in vivo
behaviour to many other nanomaterials for bio-application.”®” There are two main

excretory waVyB: the renal (urine) and hepatic (bile to feces) pathways of FTNPs. According to our

C

statistics, r retion is the main way of most of FTNPs cleared from the body, such as gold NPs
(238241 'y pgfs! I and FCNMs?*248122¢8] (Taple 1). Only a little FNPs are eliminated through

hepatic, su 7S QDs™* CdSey ,5Teg 75/CdS®Y, etc.

NUS

4. Appli€atiens in Cancer Management

FTNPs offeffa u platform for exploring the challenges in the field of nanomedicine, diagnosis and

d

cancer therapy. FNPs have been widely utilized in the development of high-performance bio-sensors to

take adva f their favorable bio-compatibility, surface tailoring-ability, fast response, and good

reproducibili hese advantages play a major role in tumor imaging and diagnosis,

nano-fl sensor, drug delivery and surgical treatment.

L

4.1 FIBa ncer Diagnosis

In Table 2, medical-imaging modalities used in clinical practice today were summarized.
The aforeE’ tomographic imaging modalities which rely on deep-penetrating radiation can
achieve inflaite penetration depth but have major limitations including adverse effects to hazardous
ionizing raiation WT and PET), intrinsically limited spatial resolutions (MRl and PET), poor temporal

resolution, Tack of exogenous and endogenous probes and non-real-time dynamic visualization due

to the long collectign time." 2% %521 |n contrast, in vivo FI doesn’t suffer from these drawbacks like

tomograp ng modalities, providing the benefits of real-time imaging acquisition and
diffractionli , spatial resolution in living organisms and non-hazardous optical radiation of
fluoresc es, which has emerged as a promising tool for improving tumor diagnosis,
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monitoring therapy response and detecting residual tumor lesions.'** Despite the many advantages,

in vivo Fl has poor photon penetration depth in most mammalian tissues which are usually opaque

to light \w spectrum (400-700 nm in wavelength) coupled with interference from the
tissue autofluaaescence. *Y Therefore, it is essential to seek the deep-tissue and real-time Fl probes

such as NIF @ R-Il fluorophores or FNPs and develop new imaging instrumentation. In this

section, we focus on
H I

e recent advances of FTNPs applied for biomedical imaging.

FIuorescenw optical imaging technology provides an effective and promising way for safe,
noninvasivwl-time detection with the key advantages of real-time synchronization, high
ds

resolution fic targeting performance based on passive targeting or active targeting or
both. Re FTNPs has been deeply studied because of their visual targeting imaging and
recognitiom tumor tissue and normal tissue for tumor early diagnosis and accurate surgical
excision. (Fi uch as shown in Figure 8a, Robinson and coworkers functionalized the SWNTs

with a novel polymier, prolonged the blood circulation and improved the EPR effect.”*® Liu et al
reported a kind of GS-coated AuNPs with diameters of ~2.5 nm. They compared in vivo passive
tumor targ@ting by GS-AuNPs and IRDye 800CW.**® (Figure 8b) They found that GS-AuNPs behaves
like the IR in the initial stage of tumor targeting, but the tumor retention time of the

GS-AuNPs Mnger than the dye molecules, indicating that the GS-AuNPs retains the EPR
C

effect whil g efficient renal clearance. As shown in Figure 8a, c and d, researchers modified

at improved the circulation time and enhanced the EPR effect because of the
unique physio ical property and excellent biocompatibility of PEG.12% 249 2¢] Figyre 8e-g showed
eting based on RGD and FA applied for precise tumor-targeted Fl. Especially, Wang et
al. modified the DCNPs with DNA and RGD that could be applied for metastatic ovarian cancer
resection thyough image-guided surgery.’® %271 qj et al. introduced smart NPs combined PAI, Fl and
PDT based ktumor-ta rgeting with YSA (YSAYPDSVPMMS) peptide as well as the passive

effect. *® (Figure 8h)

Fluorescence-tdrgeted imaging used FTNPs for the real-time and in-situ detection of the tumors by
monitoringithe fluorescence phenomenon.” FTNPs have shown good prospects in the field of

tumor M¥uch as FL dye-doped NPs[6* 260 261 qpg!157: 2621 \NCs!T7® 2631 yeNpsi2e426e]

FCN'V|-°»DHTliconductor polymer NPs (SPNPs)!2® 2691,

ICG is the only NIRJ@lye that is FDA approved for clinical use and pharmaceutical applications. So, FL
dye-doped NPs are,becoming more and more widely used in the diagnosis of cancer. Fl of colorectal

Improve tumor localization, allow intraoperative staging, facilitate surgical resection,

| [260] | [164]

and thus i the prognosis of patients. Both Tivony et a and Tiernan et a used
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fluorescent dye and anti-CEA Ab to modify NPs for medical targeting imaging of colorectal tumors in
vitro and in vivo. Tiernan et al. demonstrated live, specific, in vivo imaging of colorectal cancer cells

using Ak- NPs for the first time. In order to noninvasively observe the heterogen

distribution ofsthese abnormal indicators in vivo and further reveal their common behaviors, Ma et

biocompatible

al. constru ptease-triggered fluorescent probe composed by fluorescent dye Cy5.5 and

€30, NPs. This reasonable design allows NPs to map both the protease activity of

MMP-9 ansTME pH simultaneously, providing instant and quantifiable information on the local

protease a MMP-9 and pH in tumors. 1?64

FIuorescen@/e become advanced contrast agents for efficient whole-body tumor imaging.
Balalaeva mpared the biodistribution of QDs-PEG and QDs-4D5scFv (anti-HER2/neu scFv Abs)
o

and found two QDs probes can be successfully applied for in vivo tumor imaging, but the

G [157]

fluorescen of QDs-4D5scFv in the tumor is significantly stronger than that of QDs-PE

Huang et al. designed and synthesized NGR peptides modified QDs which could cross the blood brain

barrier and target to CD13-overexpressed glioma and tumor vasculature in vitro and in vivo,

contributirfg to Fl of this brain malignancy.*”

MNCs with exeglleat physical and chemical properties is also an ideal scaffold for new chemical

sensors an@ bi al imaging probes. Sun et al. artificially designed AgNCs-Apt hybrids as a specific

marker of the nucleus, the confocal image showed that the AgNCs-Apt hybrids were mainly
distribu e nucleus of living cells."’”) Wang et al. found that cancerous cell incubated with
micromola uric acid solutions could spontaneously biosynthesize AuNCs affording precise
cell ima oes not happen in normal cells, as demonstrated by human embryonic liver

cells. In addition, injecting subcutaneously chloroauric acid solution around xenograft tumors

allowed to ively synthesize fluorescent AuNCs with bright fluorescence without the same effect
in normal ti (263]

As UCNPs rged as a new class of fluorescent probes for biomedical imaging, different
strategies studied for nanodiagnostics, such as FA functionalized Gd203:Eu®" NPs??%%,
rabbit anti- s linked B-NaYF,: Yb, Er UNCPs??**) aptamer-templated NaGdF,:Ce** or Eu**

NPs[ZSG].Wescent CDs have attracted ever-increasing interest because of alluring properties

such as ex jocompatibility, water solubility, superior cell membrane permeability, high

photostability andjfunable surface functional groups. Zheng et al. synthesized a new type of CDs

which could penetrate the blood-brain barrier and precisely target glioma tissue with the glioma/

io of 1.42. ® Fan et al. reported pH-responsive fluorescent graphene quantum dots
E.[217]

normal

low toxicity and a fluorescence transition in response to the acid TM
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SPNPs is a new class of organic optical nanomaterials with advantages of excellent optical
properties, high photostability, facile surface functionalization, and good biocompatibility for
biomedeaging applications.”””” Distinct from inorganic NPs like QDs and MNCs, SPNPs
are mainly caompased of optically active semiconducting polymers (SPs) and amphiphilic polymer

matrixes (qjp Zhu et al. designed SPNPs with core SPs, middle silica layer and outer PEG

corona for enhancing
I . . . . . [268,271]
not only aI!ws the lymph nodes tracking but also allows for sensitive tumor imaging.”> “** Chao et

al. designe

e in vivo NIR fluorescence molecular imaging. Multilayered nanostructures

ia self-assembling from an amphiphilic semiconducting oligomer (ASO) for

photoacougtic andffluorescence dual-modal imaging. The fluorescent intensity of tumor area

increased g with time after tail vein injection of ASO, which suggests that ASO passively
targeted tcmor site by EPR effect.??*’!
The conce josensors was proposed in the 1960s, and comprehensively and deeply researched in

the 1980s.7”% The Mano-fluorescent biosensor is a new analytical system that uses fluorescent

nanomaterials as carriers with the fluorescent signal as the detection object. As we mentioned above, a
wide variet§f of FNPs shows the superior optical properties, such as bright fluorescence, high
photostabi cellent biocompatibility to be applied for the construction of fluorescent biosensor

platforms. mexample, Shi et al. designed a nanomedicine, called “sense-act-treat” system,

which comBige tiometric pH sensor with therapeutic gold nanocage. This design could “sense” the

tumor t tate switching of fluorescence and further provide chemotherapy and
hyperthermia or treatment, showing the future potential application in cancer diagnosis and
therapy; ranya et al. designed smart programmable nanoarchitectures based on AuNPs linking
with Raman-active fluorophores through a peptide linker, Phe-Lys-Cys (FKC). The FKC was engineered

with a cathssin B (cathB) enzyme cleavage site for homing to cancer cells resulting in an on-off

switching he fluorescence and Raman modalities which can be utilized for simultaneous

detection cer.””” Ding et al. developed a ratiometric fluorescence biosensor based on
AuNCs-FAmd imaging and monitoring pH changes of cancer cells.”’® Thioredoxin Reductase
(TrxR)isar lating enzyme of which high levels are associated with the progress of tumors.
Thereforei !hu et al. used CDs as analytical tools for sensing of TrxR and screening and detecting
cancer cellim] Th'efore, the design of FNPs for biosensors could integrate clinically relevant
diagnostic modalities for the multiplexed detection of cancer showing a bright future and prospects.

-
<C
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4.2. Cancer Drug Delivery and Therapy

Nanomaterials have obvious advantages in the targeted delivery of chemotherapy drugs and genes.

Throug r passive targeting of nanomaterials, drugs or genes carried by nanomaterials

can be enri imtumor tissues, thus increasing the concentration of the drug, prolonging the
action tim genes from being destroyed and reducing the toxic as well as side effects of
normal H’ssmControlled drug delivery systems have several advantages over traditional
pharmacet!cal formulations. These can urge drug transportation to the intended destination in the

{

body minimizing Its impact and harmful effects on healthy tissue. Such form of delivery is most
important fin case @f drugs with a very narrow therapeutic index or if the drug itself is a toxic
sent, FL dye-doped NPs, QDs, MNCs, UCNPs, FCNMs are the anti-tumor

o

compound.

nanomatedials/@pplied for optical cancer therapy. We have statistically analyzed the antitumor

5

efficiency (AEY of'different FTNPs based on diverse targeting strategy. These data are mentioned in

the reference arti@le or calculated by us as shown in Table 3.

U

Multifunctio /AS1411/Cy5.5 NPs is designed for cancer targeting therapy. According to their

result, thes& MFNPs containing drugs have an excellent ability for cancer targeting and drugs delivery in

A

a controlled fashion with powerful and effective anti-tumor efficacy of 79.55% in vivo.”** Wu et al.
reported a NIRp ug DCM-S-CPT loaded in PEG-PLA NPs that shows antitumor activity of 96.4%,

a

higher than fee ,and is also retained longer in the plasma.’”® Another group also applied a new
kind of
(MGFs-LyP-1) as delivery system. There is clear and convincing evidence that synthetic MGFs-LyP-1

e and tumor-targeting magneto-gold@fluorescent polymer nanoparticle

V]

canind phagy, thus providing a certain synergistic effect by enhancing autophagy flux and
enhancing DOX cancer treatment at non-toxic concentrations.”’ Wu et al. used InP nanocomposite

functionalig@d by VEGFR2 mAb for targeted drug delivery. As the in vivo experiment, only the mice

|

treated wi howed strong near-infrared fluorescence intensity and concentrated marker

area, whic @ tely focused on the tumor site because of the Ab active targeting.”*?! Zhang et al.

used GSH-c

ed fluorescent AuNCs for rapid tumor bioimaging and photothermal treatment.
According sult, the as-prepared AuNCs possessed strong fluorescence emission and

excelle

1

tibility for in vitro cell imaging and in vivo bioimaging of tumors and combined

with po atives for photothermal therapy can effectively inhibit tumor growth.”*” Chen

{

et al. have lly developed a nano-platform of AuNCs functionalized by cRGD and Apt for
dual-targeting tum@r image and therapy. The AuNCs was further modified by NIR fluorescence dye

(MPA) obtaining

L

IR fluorescent dual-targeting probe AUNC-MPA-cRGD-Apt, which displays low

favorable tumor-targeting capability for tumor imaging. Additionally, they designed
a pro-drug =DOX-cRGD-Apt by immobilizing DOX onto AUNC-cRGD-Apt to enhance tumor
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therapy efficacy.™” Idris et al. used photosensitizers loaded into mesoporous-silica—coated UCNPs as a

PDT agent for the first demonstration, conjugated with FA and PEG on the surface for in vivo targeted

PDT. Ind@eir studies, dual encapsulation of MC540 and ZnPc photosensitizers in UCNPs
enhanced thegherapeutic efficacy of PDT. Additionally, active targeting of the UCNPs complex to tumors

by FA mod @ an important role in improving the PDT therapeutic efficacy in tumor-bearing

al. presented a TME-sensitive strategy based on the enzyme-responsive cross-linking of
I L . . .
rare-earth SNS (CRUN) for tumor localization, upon the tumor-specific cathepsin protease reactions.
To obtain t

PEI/PAA@MGIV as Ce6-modified UCNs. As result of PDT therapeutic effect of CRUN in living
h the control of NCRUN (non-cross-linking Ac-FKC (StBu) AC sequence modified

ostic efficacy, Ce6 was chosen as an effective photosensitizer to couple to the

mice, comp

particles) agd s indicated that the CRUN with NIR light irradiation could enhance the tumor

S

therapy ou e Yang et al. first successfully used PEGylated nanographene sheets (NGS) for

efficient in othermal therapy by intravenous administration. Firstly, they studied the in vivo
behavior of; iffumor bearing mice by in vivo Fl and found highly efficient tumor accumulation due
to the EPR ditionally, NGS has been proven to be an excellent near-infrared photothermal

El

therapy agélit for tumor with no obvious toxicity to mice.”® Li et al. investigated a C6-8 Apt conjugated
with fluores that could inhibit the tumor cell growth in vitro and in vivo by targeting
heterogendbu ar ribonucleoprotein (hnRNP) A2/B1. C6-8-Apt-CDs significantly inhibited the

d

tumor cell proli ion both in vitro and in vivo, which indicated its potential for the application in
cancer is and therapy.?¥ Recently, Zhao et al. prepared a multistage responsive theranostic

nanoplatfor ing a cleavable PEGylated shell and a CDs-based core which exhibited effective

M

accumu or sites due to elevated the EPR effect and TME-trigger. The cascaded responsive
property endows multiple advantages of long circulation time, effective tumor accumulation, and

gene-contr@lled release ability, which finally enhanced biocompatibility and cancer therapeutic

r

efficiency.?

O

AuNCs wer onjugated with methionine (Met) and MPA, a NIR fluorescent dye, originating a
probe of A PA by Chen et al. Secondly, Doxorubicin, a widely used clinical anti-cancer drug,

was immobillized on the Met modified AuNCs to form a prodrug, Au-Met-DOX. The study confirmed

q

the much srongengtherapeutic efficacy and tumor suppressing effect of Au-Met-DOX when

compared With free DOX and Au-DOX. %8¢ Yang et al. designed Cy5.5-labelled WS,-IO@MS-PEG by

t

pre-adsorption with iron oxide (I0) NPs on WS, nanosheets and then coated with silica shell and PEG

ul

as nano dr ery of DOX triggered by NIR-induced photothermal heating for enhanced cancer
cell killin onstrated in in vivo experiments, the photothermal & chemotherapy synergistic

therape ct of WS,-I0@MS-PEG/DOX was obviously superior to mono-therapies. Wang et al.

a8
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developed a novel type of fluorescent core—shell hybrid nanocomposite incorporating rare-earth
Yb*" and Er** ion doped GdOF as the shell and gold nanorods (GNRs) as the core, creating
GNRS@MEP*. Based on the evidence of in vitro and in vivo studies, compared with the

pure GNRs, thesGNRs@GdOF:Yb**, Er** core—shell structure has better biocompatibility and cancer
killing abill @

—
4.3. Fluht-Guided Surgery

Surgery is @/e way to remove solid tumors, and 50 percent of cancer patients undergo
surgery each year worldwide. However, surgical procedures present different challenges, including

identifying@@mall IeSions, locating metastases, and integrating complete tumor resection. In order to
improve the accuracy of surgery, fluorescence guidance is a desirable method. Over the past decade,
we have witnesse§the rapid development of solid tumor fluorescence molecular imaging in tumor

diagnosis a e-guided surgery. With the rapid development of nanotechnology, intraoperative
tissue Fl te with fluorescence nanoprobes has become the mainstream of tumor surgery
therapy, w d greatly improve the accuracy of tumor resection and surgical success rate.

ent of FNPs formulations has made great advances, with strategies ranging from
passive targeting®0 active targeting of cell surface receptors and TME responsive targeting,

increasi e through cleavable proteins.? These joint efforts may lead to clinical trials
using FNPs in ar future. Different from traditional anatomical and molecular imaging
technol nology has the advantages of high safety, high spatial resolution and strong
real-time performance, and has become a highly applicable imaging method for clinical tumor

detection did image-guided surgery. In current fluorescence image-guided surgery practice, long

tumor retention period with photostable probes is essential for the following precision

imaging-g @

tissue (T/N)Y@8i@®and long tumor retention are the prerequisite to intraoperatively visualize the

contras'ﬂ.lmor nidus and normal tissue in real time.

In recent yErs, a iries of tunable ultra pH-sensitive (UPS) nanoprobes have been developed for a

ection. The effective image-guided surgery strategy with high tumor-to-normal

wide rang iomedical imaging applications, including quantitative endo-lysosomal imaging,
tumor detection, id image-guided surgery as pH imbalance is becoming another recognized

common f cancer due to tumor metabolic disorders.?'® 217 2>°! T visualize tumors in vivo, a

pH-activat ocyanine green-encoded nanosensor (PINS) was employed as a kind of chemical

transist sensitive switch of pH response. It is similar to electronic transistor gate control to
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distinguish the small pH difference with a transition pH at 6.9 in Figure 9a." A clinical SPY Elite
camera can observe the bright tumor illumination observed in a wide variety of tumor models after
24 h of E”N! 'm“i'nous injection that may be due to the EPR effect in solid tumors as shown in
Figure 9b. geting to dysregulated pH in tumor, PINS has shown broad tumor specificity in a

variety of da pes, which significantly improved accuracy in real-time image guided tumor

resection by accurate tumor margin delineation as demonstrated by higher overall survival rate

compared :Ith white light surgery. Surgical removal of the HN5 primary tumor is depicted in Figure

9¢, indicati e SPY Elite camera can successfully detect residual tumors.

C

So far, the $eat t of metastatic peritoneal carcinoma remains a major challenge and is directly
correlated wit plete resection of primary tumor. As residual microtumors can lead to fatal

recurrenc mellastasis, in order to improve operative successful rate, Colby et al. designed and

S

synthesize luorescent rhodamine-labelled expansile NPs (HFR-eNPs) as the visual aid during

resection surgery @f pancreatic carcinomatosis with high tumor specificity (99%) and high sensitivity

LE

(92%) as shown in Figure 10a.”*" Recently, to improve the image-guided surgery for metastatic

ovarian caficer and overcome the local recurrence, Wang et al. designed the NIR-Il emitting DCNPs

f

which is su ICG with good photostability and deep tissue penetration. To investigate the

potential a n for intraoperative imaging of DCNPs, the optical photo of human ovarian

adenocarci ritoneal metastases model with administrated DCNPs was observed, and found

d

that eit tumor boundary or invisible small metastatic lesion could be identified by NIR-II

fluorescence ging when optimal tumor surgery exhibited in the Figure 10b and c.!*"

\

5. Perspective and Outlook

Of

With the p f materials science, spectroscopy and microscopy, the state of the art of Fl is
impressive of the summary of many literatures, we found that the EPR effect is still the

mainstr;

n

ien nanocarriers. However, the conclusion has been drawn from the past decades

researc R effect works in rodents, but not in humans beings because of the pretty low

;

2

targeting e %%l Therefore, scientists began to intensify the active targeting and TME study to

make up for the defiiciency of the EPR effect. CMPT is a new targeting mechanism proposed by

]

Wang’s group. e designed nanoprobe can discern tumor cells from normal cells through the
differen | membrane permeability between the two cell types. These probes can recognize

tumor tiss ry early stage and track the invasion and metastasis of tumor cells at the single cell

A
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level. More importantly, the tumor targeting rate can be improved to as high as 50%. It can guide the
design of new nanocarriers and open new avenues for tumor diagnosis and treatment. At the same
time, wi pt of “precision medicine” introduced by Obama in 2015, researchers have
developed sg@menew ideas and methods for cancer treatment and have made some progress.?*

Immunoth @ 5 come to the forefront of cancer treatment. In immunotherapy, drugs enable the

body to naturally attack abnormal cancer cells by activating the immune system, which improves the
tumor—sge Targeting.[zgz’ 2931 Checkpoint inhibitors are common strategies. The two most
common ch& inhibition strategies are programmed cell death 1 (PD-1) / PD-1 ligand 1 (PD-L1)
blockade afid cytotoxic T lymphocyte antigen 4 (CTLA4) inhibition. For example, when T cells are
activated, t ress PD-1, which can recognize cancer cells. However, tumor cells express PD-L1
to avoid b nized and cleared by T cells. Binding of PD-1 to PD-L1 could inactivate T cells.
Thus, bloc hi®interaction with mAb targeting PD-1 or PD-L1 can trigger T-cells-mediated tumor
cell death.! LA4 is a molecule that regulates the activation of T cells. The interaction of
CTLA4 wit d CD86 inhibits T cell activity and promotes tumor progression. By blocking the
interaction: CTLA4 and these ligands, T cells maintain the ability of identifying and killing
tumor cellsh>* > A drug targeting CTLA4 was used to treat advanced melanoma in 2011.12%¢!
Recently, a i unological method called chimeric antigen receptor T (CAR-T) cell therapy has
attracted peéo ttention. CAR-T works by collecting T cells from a patient's blood and then
modifying them 0 express antigen-specific T-cells present on tumor cells. The modified T cells are
then re into the same patient. After injection, CAR T cells recognize target antigens on tumor
cells and ind or cell death.””) CAR-T has achieved some clinical successes, with many

patient rolonged survival.”*? One population of tumor-inducible, erythroblast-like cells
(Ter-cells) deriving from megakaryocyte-erythroid progenitor cells are studied providing a new
research ios for the development and invasion of tumors, as well as a potential drug research
target for the dy of complex tumor.”® Yan et al and her group first found the mechanism of the

role of CD

ulating human melanoma cell motility, namely that CD146 physically interacts

with ezrin rad moesin (ERM) proteins and recruits ERM proteins to cell protrusions, promoting

the formati®n and elongation of microvilli.?*# In recent years, nanomaterials combined with
immun e been shown to improve the efficacy of anti-cancer and immunomodulatory
drugs.mw got the endogenous vaccination by combining DOX with chlorine e6 in hollow

MnO, NPS.ES react with hydrogen peroxide in the TME and alleviating local

immunosu and improving the efficacy of tumor immunotherapy. After the degradation of
MnO, NPs, chlogi
TLR7/8

improved the

e6 mediated PDT.B? Liu et al combined PLGA nanoparticles with ICG and

miquimod, which is a potent immune co-stimulating agent. This compound system
eutic effect of CTLA4 under the irradiation of NIR.?°? Nam et al synthesized
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spiky Au nanoparticles coated with polydopamine to enable local PDT. It is worth mentioning that

PDT treatment can generate adoptive immunity. All the mice treated by PDT survived after second

injecte er cells, but the unexposed mice died within 35 days.®® These studies suggest
that the combimation of nanomaterials and immunotherapy is a promising approach to cancer
treatment!

As menfibriegiaiewe, TME is very complex, with abnormal vascular structure, interstitial fluid

pressure anactors hindering drug delivery. Furthermore, vascular abnormalities facilitate
immune evasion®ain et al has been working on improving drug delivery through the regulation of
tumor bIo@ and TME. They have achieved a series of successes. For example, in an ovarian

cancer mod
[304]

otherapy was improved by normalizing the tumor stroma and reducing
[305]

ascites. roved the drug efficacy by reengineering the tumor vasculature.

Normalizatj or blood vessels can increase tumor infiltration and transformation by immune

[306]

effector cells. erefore, combination with antiangiogenesis treatment and immunotherapy may

improve outcomes.

Biomolecu ition, nano biosensor, nano robot, computational biology methods, drug action

also contributed a lot to improve the cancer therapy and diagnosis.?®” Another

reen new targets for cancer treatment. Recently, many new tumor therapeutic

targets have been discovered through this method with remarkable results.2%®/%

Improving hpeutic effect on cancer, prolonging the life of patients and reducing the toxicity

and side ef| the goals that researchers have been pursuing. To this end, scientists have been

making cont
treatment the immunotherapy, proteomics, or our newly discovered CMPT mechanism. At
the sanﬁe countries have begun to pay attention to the early prevention of cancer. A
primarywcer prevention and early detection in the United States is the widespread

practice of

g efforts. The new design mechanism and strategies give new ideas for cancer

ing. The fighting against cancer has always existed. We believe that we will

eventually find thelway to conquer the cancer with the continuous efforts and the discovery of new

methods and mechanisms.
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Figure 6. Integration graph of multiple targeting strategies. EPR & Active targeting: FASOC-UCNP.
Reproduced with permission.[ms] Copyright 2013, American Chemical Society. UCNP@Fe-MIL-101_NH2.
Reproduced.with p ission.’2”! Copyright 2015, John Wiley and Sons. Multifunctional Micellar. Reproduced

prright 2011, American Chemical Society. RGD-QD-MoS, NSs. Reproduced with
permission.[ ESByright 2017, RSC Pub. InP QDs-VEGFR2 antibody. Reproduced with permission.[m]
Copyright u* ican Chemical Society. DOC/AS1411/Cy5.5. Reproduced with permission.[m] Copyright
2017, Araerican Chemical Society. EPR & TME: Ce6-PEG-Azo-PCL. Reproduced with permission.ms] Copyright
2018, Amers’ n Chemical Society. P1@P2. Reproduced with permission. [219) Copyright 2017, American

with per

Chemical S ive targeting & TME: iPAPD. Reproduced with perm|55|on Copyrlght 2017,

American mi ociety. EPR effect &Active targeting &TME: cRGD-UPSi. Reproduced with
Ic ight 2019, Springer Nature.
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Confocal images of frozen sections of tumor and normal tissues after the intravenous injection of GTTN for
0.5 h. Scale bar, 20 um. (d) Subcutaneous tumor cells and human hepatoma tumor. (e) Normal cells; (f, g)
Average signals of N from isolated organs of ex vivo images after GTTN injection (100 mg/kg) for 0, 0.5, 1,
2,8, andHrSEM; n=5 per group. (f) Subcutaneous tumor model. (g) Orthotopic tumor model; (h, i)
The tumor ta@fgetingyrate after the intravenous injection of GTTN for different times. (h) Subcutaneous tumor
model. (i) ORthotopi€ tumor model; (j) Confocal images of tumor interfacial resolution. T: Tumor tissue. P:
Pericarcinomatous tissue. N: Normal tissue. Scale bar, 30 um. Reproduced with permission.m] Copyright

2019, John !iley and Sons.

Figure 8. Fl applications of FNPs. a) C;s-PMH-mPFG SWNTs. Reproduced with permission.[256] Copyright
2012, Amegan Chemical Society. b) GS-AuNP. Reproduced with permission.[m] Copyright 2013, American

Chemical S . C) PEG-AuUNPs. Reproduced with permission.[m] Copyright 2018, John Wiley and Sons. d)
6PEG-Ag,S oduced with permission.[249] Copyright 2012, John Wiley and Sons. e)

DCNPs-L1/L} eproduced under the terms of the Creative Commons Attribution 4.0 International
License.*! ight 2018, The Authors, Published by Springer Nature. f) InAs/InP/ZnSe QDs. Reproduced
with permi on.®7 Copyright 2010, American Chemical Society. g) UCNPs@PAA-DNA. Reproduced with
. ight 2018, The Royal Society of Chemistry. h) RClosed-YSA NPs. Reproduced under
the term“tive Commons Attribution 4.0 International License.?® Copyright 2018, The Authors,

Published bj Nature.
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Figure 9. A transistor-like pH nanoprobe for tumor detection and image guided surgery. (a) schematic of
pH nanotransistor switch at a transition pH of 6.9; (b) SPY Elite clinical camera imaging of a variety of
tumor modmm h injection of PINS; (c) Surgical resection of primary HN5 tumors. Reproduced with

permission.@wight 2013, Springer Nature.
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Figure 10. a) Visual assessment of the biological distribution of HFR-eNPs and the feasibility of using
HFR-eNPs for cytoreductive surgery. Reproduced with permission.[zsgl Copyright 2017, American Chemical

Society. Nllw—guided ovarian metastasis surgery. b) schematic illustration of NIR-Il nanoprobes; c)
man ovarian adenocarcinoma peritoneal metastases model; d) H&E staining results of

d up above. Reproduced with permission.m” Copyright 2016, Springer Nature.

optical photog

Table 1 {ance pathways of FTNPs.
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Core structure Surface Size Targeting Clearance In vivo Ref
(nm) Strategy Pathway Toxicity

Ag:S QDSH DHLA/six-armed PEG 54 EPR hepatic minimal 2491
toxicity

CdSep25Teo75/CdS MUA 7 EPR hepatic nontoxicity (2501

H I

gold NPs L glutathione 25 EPR renal — 23]

gold NPs < > PEG 2.3 EPR renal — 1239

Gold NCs m glutathione 2 EPR&active renal glutathione (2401

Gold nanocag red blood cell 89.05 EPR renal nontoxicity 24

membranes

NaGdF,:Yb N: PEG2000 2.1 EPR&active renal — 242

ultra-small Pt!anosheets glutathione 4.4 EPR renal nontoxicity 311

UCNPs("**Sm PEG 8 EPR renal — 2431

Ba,GdF; NPs Targeted peptide 6.5 EPR&active renal minimal 2441
toxicity

Carbon Dots E NIR dye ZW800 3 EPR renal — (2481

Gd-graph — 5 EPR renal nontoxicity [246]

Gd-carbon dos — 12 EPR renal — i

C60-based NPs RGD 106 active renal minimal [248]
O toxicity

GTTN — 35 CMPT renal nontoxicity B
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ng modalities.

Table 2. Biqpedicab‘magi
Imagi dia

Advantage Disadvantage Probes Ref.
Q low cost
= high sensitivity
. . . . . fluorescent dyes
multi-colour imaging poor tissue permeability
o ] and FNPs 132, 312]
easy operation autofluorescence of tissue
O real-time monitoring
non-hazardous radiation
hazardous ionizing radiation lodinated
cT not restricted by tissue 9 compound [313]
penetration no quantitative analysis
9 y AuNPs
AuNPs
high tissue penetration
PAI asonic low microscopy imaging speed  Carbon NPs B4
high resolution
Polymer NPs
m low cost
non-ionizing radiation
not suitable for gas containing
fast imaging speed organs
usl ultraSeni Gas-NPs 3181
high resolution diagnostic accuracy has many
influencing factors
strong contrast
real-time imaging
L high sensitivity hazardous ionizing radiation
: . [80, 316]
PET Ay not restricted by tissue - . . radionuclide
. limited spatial resolutions
penetration
high cost
not restricted by tissue e
enetration lower sensitivity magnetic
MRI netic field P gne w17
long detection time materials
non-hazardous radiation
H no quantitative analysis
infrared temperature sensitivity hotothermal
PTI o limited spatial resolutions photot 318
r . - materials
real-time monitoring
high resolution . " AuNPs
RI poor tissue permeability [319]
fast scanning speed Carbon NPs

long data acquisition and
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avoiding autofluorescence of
tissue

processing time

qualitative, quantitative and
positioning analysis

uscript

Table 3. Antitumor efficiency of FTNPs based on diverse targeting strategy

)

Type Targeti tegy Core structure Surface Size AE (%) Ref.

4% ICG-EPI NPs Epirubicin 80—100 nm 100 G20

Chitosan-based NPs Cy5.5/ Paclitaxel 250 nm 87.5 321

WS, I0@MS-PEG Cy5.5/DOX 568.03 m*g" 92.3 (322

2 PEGylated Cy5.5/ PTX 69 nm g5 b
dendrimer

PEG-PLA ICG/DCM-S-CPT 79 nm 96.4 [e7e)

L DOC Cy5.5/AS1411 90 nm 79.6 2

FL-dye MnO; NPs HA/ICG 35+25nm 100

doped

NPs Q FesO4-Au NIR775/LyP-1/DOX 15-25 nm 63.2 279

i Black phosphorus FA/Cy7 15-40 nm 100 1324

! IR825 HA/Cy5.5/ PFOB 100£10.7 nm 98.9 [326]

H ICy5 RGD/ CPT 90 nm 775 321

E LHRH-HA Cy5.5/[DOX 100-150 nm 82.9 1525)

; ICG-PL-PEG ICG/mAb 21.5nm 70 res

HA-NGs Cys/Cytochrome ¢ 100 nm 80 (26

QDs { Si QDs-MnO, BSA Ce6 2nm 89.1 @
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TMPyP-Zn-QD R6G/NIR775/FA 42 nm 912 M

EPR&AT AgzSe QDs cetuximab 2.8+0.5nm 423 [330)
I ' InP QDs mAb/ miR-92a 7 nm 66.7 @2
AuNCs Cy5.5/U11 peptide 53 nm 100 1331
MNCs ﬁ AuNCs MPA 5.6 nm 64.1 o
p— AuNCs TSPP 2nm 72.7 (2801
EPR NaGdF, Au25 40 nm 100 3521
UCNPs FASOC/ ZnPc 50 nm 82.2 (206l
UCNPs =R Si-UCNPs FA/ZnPc 100 nm 72.4 ad
cﬂ UCNPs enzg’:;;;zjg‘;gs“’e 110 nm 709 2
FCNs siRNA 10-20 nm 90.9 (33
EPR SWCT Evans blue/Ce6 — 100 324
FCNMs Carbon Dots — 10 nm 100 339
Carbon Dots aptamer 25+5nm 65.7 CoN
HPAP-CDs pDNA 34.3nm 70.8 2
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