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Design Strategies of Tumor-Targeted Delivery Systems

Based on 2D Nanomaterials
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Fu-Rong Li,* Shuo Gu,* and Yanli Wang*

Conventional chemotherapy and radiotherapy are nonselective and nonspe-
cific for cell killing, causing serious side effects and threatening the lives of
patients. It is of great significance to develop more accurate tumor-targeting
therapeutic strategies. Nanotechnology is in a leading position to provide
new treatment options for cancer, and it has great potential for selective
targeted therapy and controlled drug release. 2D nanomaterials (2D NMs)
have broad application prospects in the field of tumor-targeted delivery
systems due to their special structure-based functions and excellent optical,
electrical, and thermal properties. This review emphasizes the design
strategies of tumor-targeted delivery systems based on 2D NMs from three

surrounding normal tissues.?? The develop-
ment of friendly tumor-targeted therapies
enables the specific killing of cancer cells
while reducing damage to normal cells.
Tumor-targeted therapy aims to improve
the tumor-specific targeting of therapeutic
reagents, accurately attacking tumors and
minimizing damage to normal cells. Such
therapies are expected to improve the sur-
vival rate of cancer patients.

In recent years, the vigorous develop-
ment of nanotechnology has revealed the

aspects: passive targeting, active targeting, and tumor-microenvironment
targeting, in order to promote the rational application of 2D NMs in clinical

practice.

1. Introduction

Globally, cancer remains one of the most serious diseases
threatening human health. Common anticancer drugs are dis-
tributed throughout the human body when orally administered
or injected, causing nonspecific damage to normal cells and
tissues.l' Radiotherapy uses large doses of high-energy par-
ticle beams to kill cancer cells and cause serious damage to

advantages and potential of nanomate-
rial-based platforms in the fields of drug
delivery, diagnostics, and cancer treat-
ment. Various types of nanomaterials such
as 0D nanoparticles and nanodots, 1D
nanowires and nanotubes, 2D nanosheets,
and 3D nanostents play key roles in energy storage, biomedi-
cine, electronic technology, and other fields. Among them,
2D nanomaterials (2D NMs) have attracted attention due to
their excellent physical and chemical properties, and they have
unique advantages and application prospects in the field of pre-
cision targeted-delivery systems for tumors.

2D NMs refer to materials in which electrons can move
freely on the nanoscale in only two dimensions (plane motion).
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2D NMs are typically nanosheets with a layer thickness of
<100 nm formed by single atoms or polyatoms.l’! Since gra-
phene was first reported in 2004, this single-layer sheet-like
2D NM has aroused great interest. In recent years, a number
of new types of 2D NMs have been reported, including 2D
metal-organic frameworks (MOFs),’l layered double hydrox-
ides (LDHs),l""" nitrides and carbonitrides (MXenes),[Zl
transition metal oxides (TMOs),!¥l transition-metal dichalco-
genides (TMDs), single-element 2D NMs (e.g., black phos-
phorus (BP)),[! silicon (Si) nanosheets,'®l antimonene (AM)
nanosheets,[’l and nonmetallic 2D NMs (e.g., hexagonal boron
nitride (h-BN)).®l The unique structure of 2D NMs imparts
excellent physical, thermal, electrical, and optical properties.
This unique structure, which gives the 2D NMs obvious advan-
tages as tumor-targeted delivery therapeutics, includes:"! i) a
large specific surface area, which imparts high loading capacity
and can increase the delivery dose of anticancer drugs; ii) a
single-layer structure that simplifies forming covalent and
noncovalent bonds with other substances, allowing flexibility
in targeted surface modification; iii) an excellent photothermal
conversion ability, allowing 2D NMs to be used directly as
local photothermal treatment (PTT) reagents; and iv) good

%
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biocompatibility and low toxicity, which can accelerate clinical
application (Figure 1).

Currently, based on tumor-related features, various nano-
material targeted-therapy strategies have been developed. In
general, there are three main strategies: passive targeting,
active targeting, and related targeting strategies for the tumor
microenvironment (TME). The functional advantages of 2D
NMs are expected to assist the development of targeted tumor
therapies. Therefore, this review provides a detailed summary
of tumor-targeted therapy strategies designed using 2D NMs in
recent years, with the goal of promoting the rational application
of 2D NMs in clinical tumor-targeted therapies.

2. Passive Targeting

In 1986, Matsumura and Maeda serendipitously found
that anticancer proteins and polymer-binding compounds
accumulated in tumor sites. The reason for this finding
was shown to be hyperplasia of blood vessels at the tumor
site, with large spaces between blood vessels and no lym-
phatic reflux, leading to leakage of macromolecules into the

Single-element 2D NMs
(eg. BP,B,Si,AM)

ey
. )!

Transition-metal dichalcogenides
(TMDs e.g MoS,, WS, )

Transition metal oxides
(TMOs e.g MnO,, MoO5)
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Figure 1. Classification of 2D NMs and their advantages in tumor targeted delivery systems. a) Graphene based. Reproduced with permission.!
Copyright 2021, Elsevier. b) 2D MOFs. Reproduced with permission.l Copyright 2016, American Chemical Society. c) LDHs. Reproduced with permis-
sion.l®! Copyright 2022, Wiley-VCH. d) MXenes. Reproduced with permission.l Copyright 2018, American Chemical Society. ) TMOs. Reproduced
with permission.[®l Copyright 2018, Springer. f) TMDs. Reproduced with permission." Copyright 2014, Wiley-VCH. g) Single-element 2D NMs. Repro-
duced with permission.™ Copyright 2018, Wiley-VCH. h) Nonmetallic 2D NMs. Reproduced with permission.["l Copyright 2011, The Royal Society of
Chemistry.

Small Methods 2022, 6, 2200853 2200853 (2 of 25) © 2022 Wiley-VCH GmbH

35USD 17 SUOWIWIOD dANERID 3|qedt|dde au AQ pauBA0H d1e DI VO B8N 0 S3IN 0} A%Iq1IT 3UIIUQ AB]IA UO (SUONIPUOD-PUE-SWLBILID AS | IM ARG 11BU1|UO//SANY) SUOTIPUOD PUe SW L U1 39S *[7202/60/02] uo Ariqiauliuo A8|1M ‘oyulIN 0 3pepsRAILN Ad £58002202 PIWS/Z00T OT/10p/W0d" A8 1M Afeiq 1BUIIUO//SANY WO POPEOIUMOQ ‘TT ‘2202 ‘B09699EZ



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

www.small-methods.com

Increases circulation time

Optimized physical and
chemical properties

R 2

w

- Surface Size- Electrically neutral
PEG-coated Cell membrane-coated modieaton sunabile or amphiphilic
Enhance Avoid immune Increased

biocompatibility
prolong half-life

system clearance

Avoid forming
protein corona

Increased cell

penetration of uptake

solid tumors

|

Figure 2. Strategies to improve passive targeting efficiency.

tumor site through the blood vessels.?% This is known as
the enhanced permeability and retention effect (EPR effect)
or passive targeting. Leaking vessels allow macromolecules
larger than 40 kDa and nanosystems to selectively accumulate
at the tumor site, while small molecule drugs are not suitable
for this. Thus, the EPR effect opens the door for nanomate-
rials to target tumors.[2!

After several decades, the EPR effect has become the “gold
standard” for the targeted design of nanomaterials. A variety
of nanomedicines based on the EPR effect have been applied
in clinical practice, such as Doxil, Abraxane, Marqibo, Dau-
noXome, and Onivyde in the US; Myocet and Mepact in
Europe; Genexol-PM in Korea; and SMANCS in Japan.?2
Although the median injected dose (ID) of nanocarriers
reaching tumors has been reported to be only 0.7% (including
both passive and active targeting), this delivery efficiency is
still higher than that of conventional anticancer drugs.l?*?4
For example, one study showed that nanocarriers loaded with
paclitaxel had a delivery efficiency of 0.6% ID, while free pacli-
taxel had a delivery efficiency of only 0.2% ID.I*’! Moreover,
clinical data suggest that EPR effect-based nanomedicines
improve patient survival compared to free drugs.?! This clin-
ical evidence suggests that the EPR effect is real and effective
in improving oncology treatment, but there is still consider-
able room for improvement.
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The effectiveness of the EPR effect is related to several key
factors. First, the circulation time of the nanomedicine directly
determines the tumor-targeting ratio.?!l Increasing the circu-
lation time of the nanosystem could effectively improve the
passive targeting efficiency of the nanomedicine at the tumor
site. Second, the EPR effect is closely related to the size of
the nanosystem. The pore size of tumor vessels ranges from
200 nm to 1.2 um. Nanoparticles with a diameter of less than
6 nm are cleared by the kidneys, while particles larger than
500 nm are captured by the reticuloendothelial system. Conse-
quently, the nanosystem should be designed with full consider-
ation of the impact of particle size.”’] Third, the surface proper-
ties of nanomaterials, such as surface charge and modification,
also play an important role in tumor targeting.?®! Therefore,
the design of passive targeting based on the EPR effect should
be considered from all aspects. This section further describes
methods to increase passive targeting efficiency (Figure 2).

2.1. Increasing Circulation Time
2.1.1. Polyethylene Glycol (PEG)-Coated 2D NMs

Traditional small-molecule anticancer drugs possess disad-
vantages such as poor water solubility, a short half-life, lack of

© 2022 Wiley-VCH GmbH
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selectivity, and high toxicity.” Nanomaterial-based drug delivery
systems have the ability to increase the circulation time of drugs,
improve drug metabolism, and reduce side effects to improve the
targeted therapeutic effect. Researchers have developed a variety
of strategies to increase the circulation time of nanosystems.
PEG has been approved by the Food and Drug Administra-
tion for use as a carrier of food and medicine. PEG modifica-
tion is the most common method to increase carrier circula-
tion time. For example, Pan et al. reported on indocyanine
green (ICG)-loaded PEG-modified BP nanosheets for imaging-
guided cancer therapy (Figure 3a). After coincubation of ICG
and ICP@BPNS-PEG with 4T1 cells for 1 h, it was found that
the intracellular fluorescence intensity in the ICP@BPNS-
PEG group was twice as high as that in the ICG group, indi-
cating that ICP@BPNS-PEG had a high EPR effect that could
improve binding to tumor cells and uptake of ICG (Figure 3b).
In vivo imaging results showed that ICP@BPNS-PEG had a
longer circulation time and an increase in the effective accu-
mulation of vector in the tumor site (Figure 3c). Combined
with laser treatment, ICP@BPNS-PEG could significantly
inhibit growth of the tumor (Figure 3d).13% Ji et al. constructed a
sandwich-structure vermiculite 2D nanosheet (FCLs) for cancer
theranostics. As shown in Figure 3e, PEG modification greatly
increased the dispersity of the carrier, making it more favorable
for biological applications. Biological distribution of FCL-PEG-
Cy7 NSs in major organs and tumors 24 h after injection was
observed. Fluorescence imaging (Figure 3f) and photoacoustic

ICG@BPNS-PEG

i —ICGREPNS PEG + NIR
—BPNS-PEG + NIR

—NI
——ICG@BPNS-PEG
—PBS
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Time(day)
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imaging (Figure 3g) showed that FCL-PEG-Cy7 NSs had a
longer cycle time than free Cy7, and FCL-PEG-Cy7 NSs had a
high accumulation in tumor sites. The injection of FCL-PEG
NSs and 658 nm laser irradiation significantly and specifically
induced the production of reactive oxygen species (ROS) levels
in tumors, resulting in high tumor cytotoxicity (Figure 3h).B3U
Some other examples of surface modification of 2D NMs using
PEG are shown in Table 1.165-173]

PEG modification can effectively improve the halflife of
drug delivery vectors, increase biocompatibility, and improve
the effective accumulation of drug delivery vectors at tumor
sites, thus enhancing treatment efficacy.

2.1.2. Cell Membrane-Coated 2D NMs

The clearance of nanoparticles by the immune system is a huge
barrier for drug delivery, and in recent years, a biomimetic
strategy has been developed that uses “camouflage modifica-
tion” to evade immune clearance. As an integral part of the
body, cell membranes can retain cell surface antigens, have
excellent biocompatibility, and are not easily recognized by the
immune system.[?

The common sources of cell membranes are immune cells,
red blood cells (RBCs), tumor cells, stem cells, and bacteria
(Figure 4a). A transmembrane protein CD47 expressed on the
surface of RBCs helps prevent macrophage uptake by selectively
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Figure 3. PEG-coated 2D NMs enhances passive targeted therapy efficiency. a—d) ICP@BPNS-PEG promotes uptake of tumor cells, increases in vivo
circulation time, tumor site aggregation, and tumor ablation. Reproduced with permission.% Copyright 2021, American Chemical Society. e-h) FCL-
PEG-Cy7 NSs enhances biocompatibility, induces tumor ROS production, and induces tumor apoptosis. Reproduced with permission.?! Copyright 2021,
Springer Nature.
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Table 1. PEG-coated 2D NMs to increase passive targeting efficiency.
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PEG modification

Treatment strategies Results

2D PEG-CuFe,S;

2D PEG-Ti,C PTT

2D PEG-Pd@Au nanoplate loading platinum(IV)
prodrug c,c,t-[Pt(NH;),Cl,(0,CCH,CH,CO,H);]

2D PEG-antimonene quantum dots (AMQDs) PTT

2D PEG-GO loading acetaminophen (AMP), Chemotherapy
diclofenac (DIC), and methotrexate (MTX)

2D PEG-PLA—-graphene loading anticancer Chemotherapy

drug paclitaxel

2D mesoporous organosilicas
(PMOs)-PEG-MoS,-DOX

2D PEG—iron oxide nanoparticles
(IONPs)-MoS,

2D PEG-conjugated Fe?*-containing
hydroxide nanosheet

PTT and chemotherapy

PTT and chemotherapy

PTT and chemotherapy

tomography imaging, magnetic resonance imaging, and PTT

Catalytic production of highly toxic ROS

Improve biocompatibility, long circulation time, excellent
photothermal conversion efficiency (-55.86%), efficient

synergistic antitumor activity'®’]

Good biocompatibility, minimal impact on nonmalignant
cells, PEG-Ti,C doses are 24 times lower than other
MXene-based PTT agents!'66]

Excellent stability and efficient Pt(IV) prodrug loading,
high tumor accumulation (29% ID g™), no recurrence
in the synergistic treatment!®’]

Improve biocompatibility, higher photothermal conversion
efficacy of 45.5%, rapid degradability['®®l

The MTX with the highest number of aromatic rings
had the highest drug delivery efficiency, which
was 95.6%, while the drugs with fewer aromatic
rings were DIC (70.5%), AMP (65.5%).016%

Decreases cytotoxicity, sustains prolonged PTX release for
at least 19 days, significantly reduce the dose of drug"””

High DOX loading, enhancement of tumor accumulation,

enhanced the effect of combination therapy"”!l

positron emission tomography imaging, photoacoustic ~ Three modality imaging guidance, and in vivo PTT, in animal

tumor models to achieve effective tumor ablationl’2

Good degradability, safety, and high selectivity
of tumor cellsl"”3l

binding SIRP o expressed by macrophages as a “don’t eat me”
marker.?3l Platelets also express CD47 and thus avoid uptake
by macrophages. Platelet membranes have additional proteins,
such as CD55 and CD59 that suppress the immunological com-
plement system. Therefore, nanoparticles coated with RBC/
platelet membranes can prolong blood circulation and avoid
macrophage clearance.? He et al. used RBC membrane cam-
ouflage 2D MoSe, nanosheets to effectively inhibit macrophage
uptake by CD47 binding to SIRP« receptor (Figure 4b,c) and
enhancing blood compatibility (Figure 4d). PTT results showed
that the tumor growth inhibitory effect in the RBC-MoSe,
group was the most significant, indicating that more RBC-
MoSe, material gathered at the tumor site and stayed longer
(Figure 4e,f). They also found that RBC-MoSe, triggered the
release of tumor-associated antigens to activate cytotoxic T lym-
phocytes, and interestingly, tumor-associated macrophages were
effectively reprogrammed into a tumor-killing M1 phenotype
(Figure 4g—i). The volume of the primary tumor was measured
within 21 days. After treatment with RBC-MoSe, nanosheets
and irradiation with an 808 nm laser, the primary tumor almost
disappeared, and the effect was equivalent to that of injection
of an anti-PD-1 checkpoint inhibitor (Figure 4j).3% Lu et al.
reported on an RBC membrane-coated Nb,C nanosheet treat-
ment platform that demonstrated prolonged blood circulation
and when combined with PTT, cleared all primary tumors.[3%l
The overexpression of CD47 by cancer cells protects nano-
particles from immune scavenging, while the expression of
Thomsen-Friedenreich antigen and E-cadherin by cancer cells
allows nanoparticles to target conspecific tumors and increase
adhesion and penetration of tumor tissues.’”l Zhang et al.
developed cancer-cell-membrane-coated 2D LDH nanoparticles
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(CMPEG/MnLDH) for tumor-enhanced magnetic resonance
imaging (MRI) to achieve cell-specific targeting and deep tissue
penetration (Figure 4k). To study the targeting and penetration
ability of the same membrane-coated nanomaterials, 4T1 mem-
brane-coated Dio-labeled PEG/MnLDH was incubated with 4T1
or MCF-7 cells. The 4T1 CM-PEG/MnLDH produced obvious
fluorescence signals in the 4T1 cells, while the corresponding
fluorescence signals in the MCF-7 cells were weak, indi-
cating that the 4T1-coated material had high targeting ability
to matched cells (Figure 41,m). Next, the investigators studied
tissue penetration; 4T1 CM-PEG/MnLDH was cocultured with
4T1and MCF-7 3D tumor spheroids, and fluorescence signals in
the tumor spheres at different depths were scanned by confocal
microscopy. The results showed that the 4T1 CM-PEG/MnLDH
penetrated deeply into the 4T1 tumor spheres. Strong fluores-
cence was still detected at a depth of 50 um, but penetration
of the MCE-7 cells was poor (Figure 4n). These results clearly
showed that 4T1 CM-PEG/MnLDH had enhanced cell-specific
targeting ability and excellent penetration performance. Mice
were injected with PEG/MnLDH or 4T1 CM-PEG/MnLDH,
and MRI results showed that tumor signals in the membrane-
coated material group reached a higher level within 6 h than
those in the group without membrane coating and remained
high until 24 h. Moreover, the signal in the central tumor region
of the 4T1 CM-PEG/MnLDH group was significantly higher
than that of the PEG/MnLDH group (Figure 4o0), which further
confirmed the enhanced tissue penetration ability of the cancer
cell membrane coating.1’¥! Zhang et al. reported on a composite
cancer-cell-membrane-coated MnO, nanosheet that was also
coated with gold nanorod-loaded doxorubicin (DOX). The cell
membrane modification greatly improved the colloid stability of

© 2022 Wiley-VCH GmbH
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Figure 4. Cell membrane-coated 2D NMs strategies. a) Common types of membrane sources. b—j) RBC-coated 2D MoSe;, avoids immune clearance
and enhances the synergistic effect of PTT and immunotherapy. Reproduced with permission.B33 Copyright 2019, Wiley-VCH. ko) Cancer cell mem-
brane coated 2D LDH enhanced tumor targeting and tumor tissue penetration. Reproduced with permission.38 Copyright 2022, Wiley-VCH.

the nanoparticles, which allowed targeting of homotype cancer
cells and improved the efficacy of combination therapy.*”!
Immune cells such as macrophages/monocytes reduce the
self-recognition by macrophages, while T cells and NK cells
effectively increase circulation time and regulate the immune
microenvironment against tumors.[*" Stem cells depend on the
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adhesion of lymphocyte function associated antigen 1 to inter-
cellular cell adhesion molecule-1, making them suitable for cell-
based drug delivery.*!) Bacterial membranes with a variety of
immunogenic antigens and intrinsic adjuvant properties stimu-
late innate immunity and promote adaptive immune responses,
increasing the immune response.*2l
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In conclusion, the membrane coating of nanomaterials not
only enhances their circulation time, increasing their pen-
etration ability into tumor tissues, but also activates immune
responses and further enhances the antitumor effect.

2.2. Optimizing Physical and Chemical Properties
of Nanosystems

The physical and chemical properties of nanocarriers, such as
their size, shape, and surface affect the fate of the nanocarriers
in the body. Passive targeting efficiency can be improved by
adjusting the physical and chemical properties of nanosystems.

2.2.1. Surface Modification to Avoid Protein Corona

A number of articles have indicated that proteins in the blood
are easily coated on the surface of nanomaterials to form a pro-
tein corona, which affects targeting.*’l Mallineni et al. studied
the interaction of graphene/graphene oxide (GO) with proteins,
and their results showed that both bare GO and graphene could
strongly interact with tryptophan, tyrosine, and phenylala-
nine. The surface modification of nanocarriers can effectively
reduce interactions with protein and enhance biocompatibility
and passive-targeting efficiency. Common surface modifications
use polymers such as PEG, polyacrylamide (PAM), polyacrylic
acid (PAA), and polysaccharides such as chitosan (CS) and
dextran to modify the carrier (Figure 5a). Xu et al. compared
the effect of polymer-modified GO on reducing protein adsorp-
tion. They prepared a series of derivatives including GO-NH,,
GO-PAM, GO-PAA, and GO-PEG. The results showed that
the protein composition and content adsorbed by each mate-
rial differed (Figure 5b), but after normalization, surface modi-
fication reduced the total adsorbed protein, which was 90.2%
for GO-PAM, 54.3% for GO-NH,, 39.3% for GO-PAA, and
43.9% for GO-PEG relative to that of GO (Figure 5c). IgG is
the most important antibody in the immune system and plays
a crucial role in clearing invading pathogens. IgG content in
the protein corona of the surface-modified material was lower
than that of GO, which means that the surface modification of
the polymer can reduce its phagocytosis (Figure 5d).1*’! Table 2
displays other examples of surface modifications of 2D NMs to
increase biocompatibility and avoid the influence of the protein
corona 7+ 178]

2.2.2. Adjusting Size, Shape, and Charge to Achieve
Optimal Passive Targeting

Tunable Size: The EPR effect is size-dependent. The vascular
fenestration of subcutaneous tumors is generally 200 nm-1.2 um,
while the size of gliomas and other tumors is further reduced;
thus, the size of the nanosystem should not be too large.l*’]
The size of renal filtration truncation is reportedly 5.5 nm, !
and the size of hepatic vascular fenestration is reportedly
50-100 nm.*l Thus, particles smaller than 5.5 nm are more
likely to be excreted in the urine, and particles smaller than
50 nm are more likely to penetrate the endothelium of the
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liver. As a result, the optimal size of the nanodelivery system
is between 50 and 200 nm. Researchers have developed a
variety of 2D NMs that can be adjusted in size. For example,
Pandeeswar and Govindaraju designed 2D sheets of promising
n-type organic semiconductor naphthalene diimide with a tun-
able size by controlling their self-assembly propensity. Subtle
changes in the form of structural mutations in glycine deriva-
tives resulted in 2D nanosheets with well-defined shapes of
distinct length, width, and thickness.*! Klein et al. reported a
method for growing 2D nanosheets of hybrid lead halide perov-
skites (I, Br, and Cl), with tunable lateral sizes ranging from
0.05 to 8 um and a maximum quantum yield of 49%, which
is conducive to drug delivery and PTT-targeted therapy.*’! Yang
et al. first reported the synthesis of independent monolayer
and multilayer phenylethyl ammonium lead halide perovskite
nanosheets (PEA),Pbl, NSs (Figure 5e). Their lateral dimen-
sions could be adjusted by changing the solvent. Yang et al.
used three solvents, chlorobenzene (C¢H;Cl), chloroform
(CHCL,), and dichloromethane (CH,Cl,). High polar solvents
provided higher saturation of the perovskite precursor, which
facilitated the formation of smaller-size perovskite NSs. When
CHCl; (0.259) and CH,Cl, (0.309), which have higher rela-
tive polarity compared to that of C¢H;Cl (0.188) and toluene
(0.09), were used, the average transverse size of the obtained
(PEA),Pbl, NSs further decreased to 190 £ 31 and 103 + 21 nm,
respectively (Figure 5f). In addition, these ultrathin 2D perov-
skite nanosheets exhibited tunable photoluminescence for dif-
ferent imaging applications (Figure 5g).°% Not only can the size
of adjustable 2D NMs be altered according to target require-
ments, but they also have a more stable and optimized perfor-
mance after adjustment.

It is worth noting that large-size particles exhibit better
tumor site aggregation but their penetration is poor, while
small particles show better tumor tissue penetration and low
aggregation. Balancing enrichment and penetration is a critical
success factor for targeted therapy, and design of variable-size
nanosystems is a promising solution. For example, large par-
ticle sizes can be maintained in the blood circulation to maxi-
mize EPR-effect enrichment. After reaching the tumor site, the
nanoparticles can be cleaved into small-size particles or trig-
gered to release drugs to achieve high tumor-tissue penetration.
The pH of tumor tissues is usually 6.5-72, being slightly acidic,
while endosomes (pH 5.0-6.5) and lysosomes (pH 4.5-5.0) are
strongly acidic.’Y A large number of acid-responsive 2D nano-
platforms have been established that show decomposition, size
reduction, increased tumor penetration, and drug release under
acidic conditions. For example, Chen et al. reported highly dis-
persed 2D MnO, nanosheets for concurrent tumor acidic pH-
responsive MRI visualization and drug release. The lamellar
material realizes efficient loading and delivery of drugs. Under
acidic conditions at the tumor site, rapid cracking of the 2D
MnO, nanosheets enhances the T1-MRI signal, solid tumor
penetration, and drug release, achieving accurate treatment.?

Optimal Shape: The shape of the nanoparticles also has an
effect on the targeting efficiency. Studies have shown that, com-
pared with spherical nanoparticles, nonspherical particles with
layered structures roll easier in the vasculature, which greatly
increases the tendency of NM-blood vessel wall contact and
increases the probability of NMs leaking into tumor sites through

© 2022 Wiley-VCH GmbH
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Figure 5. Optimization of physicochemical properties of 2D NMs enhances passive targeting efficiency. a-d) Surface modification such as PEG/PAA/
PAM reduces the adsorption of protein and improves the stability of the material. Reproduced with permission.l**! Copyright 2016, American Chemical
Society. e-g) Tunable size 2D NMs achieve the optimal balance of tumor aggregation and penetration, and display different wavelengths of photolu-
minescence. Reproduced with permission.l% Copyright 2017, Wiley-VCH. h—l) Sheet structure is a more efficient delivery system. h) Reproduced with
permission.l Copyright 2015, Springer Nature. i-l) Reproduced with permission.¥l Copyright 2019, The Royal Society of Chemistry. m—p) Neutral
or amphiphilic particles have good biological stability and low cytotoxicity, and can effectively penetrate tumor cell membranes while maintaining the
stability of particle properties. Reproduced with permission.l*®! Copyright 2018, American Chemical Society.
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Table 2. Examples of surface modifications of 2D NMs that avoid the effects of protein corona.

2D NM types Modified nanomaterials

Results

Graphene based  CS self-assembly forming CS-GO

Graphene based Dextran functionalization of the GO

TMDs MoS,-PEG-CpG
(cytosine—phosphate—guanine)
TMOs 2D MnO,-SPs NSs

Decreased the adsorption capacity of bovine serum albumin and lysozyme, enhanced EPR targeting effect

Prevent hemolysis, reduce toxicity, and increase circulation timel

[174]

175)

MoS,-PEG—CpG can significantly promote the accumulation of CpG in tumor cells, and PTT can further enhance the

immunotherapy!'7¢l

Can effectively reduce the influence of protein and increase biocompatibility. No obvious damage to the main organs

of mice was observed by MnO,-SP NSS 30 days after injection'”’]

Single-element
2D NMs

PEGylated flake-shaped BP-AuNP
nanohybrid

PEGylated-BP-AuNP nanohybrid showed good biostability and tumor-enhancing targeting ability. No significant
organ damage or inflammation was found in the biopsies of major organs after 16 days treatment, while the

tumors were significantly smaller in the combination of chemotherapy and photothermal therapy than in the other

controls(78]

vascular fenestrations (Figure 5h).1’3l He et al. synthesized spher-
ical magnetic nanocomposites (COOH-IO, I0-polyethylene imine
(PEI)) and Fe;04modified GO nanosheets (I0-rGO). COOH-
IO and IO-PEI are negatively and positively charged spherical
particles, respectively. I0-rGO and IO-PEI have similar surface
charges and magnetization, but different shapes (Figure 5i).
The results showed that the positively charged particles had sig-
nificantly higher cell uptake than the negatively charged parti-
cles, but the 2D I0-rGO particles had the highest degree of cell
internalization, Similar results were obtained using confocal
imaging, further confirming that sheet-like particles were more
easily absorbed by cells than spherical particles (Figure 5j,k). The
results of scanning electron microscopy showed that 10-rGO
forms a monolayer that covers part of the cell membrane and
prefers a small bump on the cell surface, while the spherical
nanoparticles are more unevenly distributed, suggesting that the
sheet structure is a more efficient delivery system (Figure 51).>%

Surface Charge: In addition, the surface charge of
nanoparticles influences the targeting effect. Positively charged
particles have higher cell uptake efficiency but are more toxic
and are more likely to nonspecifically attract proteins in the
blood circulation, reducing targeted delivery efficiency.*]
Negatively charged particles are absorbed by cancer cells less
effectively due to electrostatic repulsion between the particles
and cell membranes.?!! Neutral or amphiphilic particles have
better biological stability and lower cytotoxicity, and can effec-
tively penetrate tumor cell membranes while maintaining
particle stability. Karunakaran et al. studied the interac-
tion of MoS, with two protein models (chymotrypsin (CHT)
and [-galactosidase (f-gal)) with different surface charges
(Figure 5m). The results showed that negatively charged MoS,
inhibited CHT activity (Figure 5n), while positively charged
MoS,; inhibited S-gal activity (Figure 50). Neutral MoS, func-
tionalized with PEG did not affect the activity of either protein,
but amphoteric-ion-ligand-functionalized MoS, inhibited CHT
and induced J-gal hyperactivity (Figure 5p). Unfunctional-
ized MoS, was not suitable for biological applications.*®! The
study showed that different surface charges could affect protein
activity, and the possible effect of charge on the protein should
be fully considered when designing the carrier.

In conclusion, passive targeting mediated by the EPR effect
has been considered the guiding standard for targeted therapy
of nanomaterials for many years. From the above discussion,
it can be seen that EPR-effect-targeted drug delivery has been
shown to be superior to traditional drug delivery in clinical
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practice, but the overall efficiency is still relatively low and
there is much room for improvement. The size, shape, sur-
face charge, and surface modification of the nanosystem have
a comprehensive impact on the efficiency of passive targeting.
In designing the nanocarrier, all these factors should be fully
considered when choosing the optimal design.

3. Active Targeting

Paul Ehrlich envisioned the concept of a “magic bullet,” where
nanoparticles are targeted to a desired location, often referred
to as “active targeting.”®”) Typically, ligands are attached to the
surface of nanoparticles for identification of specific tumor
receptors/antigens and achieving specific and precise tumor
recognition of the target. The particle surface is modified with
types of targeting ligands, such as antibodies, aptamers, pep-
tides, proteins, and small molecules with specific recognition,
and the ligands bind to receptors/antigens, resulting in pre-
cise targeting of the NMs to tumors.”®! Moreover, research on
targeting different parts of eukaryotic cells, such as the cell
membrane, cytoplasm, nucleus, mitochondria, endoplasmic
reticulum, and Golgi apparatus, has become a hot topic.
This section will discuss the strategies for active targeting of
organelles in different locations by 2D NMs.

3.1. Cell-Membrane Targeting

The cell membrane is a lipid bilayer structure that encloses a
variety of proteins. It acts as a barrier to the free entry of extra-
cellular substances into cells and provides an independent envi-
ronment for cell function during the phagocytosis/endocytosis/
exocytosis process.”” A variety of receptors are expressed on
the cell membrane, which recognize and bind specific bioactive
substances, such as peptides, aptamers, and antibodies, to acti-
vate and initiate a series of physical and chemical changes.["!
Protein overexpression on tumor cell membranes or specific
expression of a protein receptor is exploited in active targeting.

3.1.1. Receptor-Mediated Membrane Targeting

Overexpression of a variety of receptors on tumor cell mem-
branes is an important target for active targeting. Folic acid

© 2022 Wiley-VCH GmbH
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receptor (FAR), hyaluronic acid receptor (HAR), transferrin
receptor (TfR), and epidermal growth factor receptor (EGFR)
are membrane receptors overexpressed on various cancer cells,
such as lung, breast, ovarian, and prostate cancer cells, which
are common target sites.[°!

FAR is overexpressed on the surface of many cancer cells.
Shim et al. coloaded camptothecin (CPT) and DOX onto folic
acid (FA)-modified GO nanosheets; the CPT and DOX anti-
cancer agents were firmly attached to the FA-conjugated GO via
hydrophobic interactions and 77 stacking. DOX/CPT-FA-GO

d

www.small-methods.com

demonstrated precise and specific targeting to cancer cells and
was more lethal to these cells than GO, improving the efficacy
of treatment.[®Z Gao et al. synthesized one type of BP nanosheet
coated with polydopamine and modified with targeting HS-
PEG-FA. The nanosheet showed excellent tumor targeting fea-
tures and antitumor efficacy (Figure 6a).[’]

The transport of iron needed by mammals is mainly real-
ized by transferrin and TfR-mediated endocytosis. Studies have
revealed that TfR is overexpressed on tumor cell membranes.
Some researchers designed TfR-2D NM carriers that achieve

[

AF (au)

S

FL Intensity (a.u.)

L N mmmmmaﬂ:m'n
MoS, Concentration (ugimi)

Figure 6. Cell membrane active targeting strategies. a—d) Receptor mediated membrane targeting. a) BP nanosheet targeted FAR. Reproduced with
permission.® Copyright 2018, American Scientific Publishers. b) TENGO@HPIP targeted TfR. Reproduced with permission.® Copyright 2016, Wiley-
VCH. c¢) HA-GO-DOX targeted HAR. Reproduced with permission.%* Copyright 2014, American Chemical Society. d) rGO@CPSS-Au targeted EGFR.
Reproduced with permission.l®°l Copyright 2016, Wiley-VCH. e,f) Peptide-mediated membrane targeting. €) RGD-QD-MoS, targeted RGD. Repro-
duced with permission.”¥l Copyright 2017, The Royal Society of Chemistry. f) MnO,-PEG-cRGD/Ce6 targeted RGD. Reproduced with permission./s)
Copyright 2019, Informa UK Limited. g,h) Antibody-mediated membrane targeting. g) Antibody-EpCAM-rGO binds specifically to EpCAM-positive
cells. Reproduced with permission.”’} Copyright 2015, Wiley-VCH. h) BP-Au-antibody CEA binds specifically to CEA. Reproduced with permission./)
Copyright 2017, Wiley-VCH. i,j) Aptamer-mediated membrane targeting. i) ZnO/graphene-Apt-AuNP targeted S6 Apt. Reproduced with permission.[#2
Copyright 2013, Elsevier. j) Apt-MoS, nanosheets targeted CEA antigen. Reproduced with permission.®¥l Copyright 2018, Elsevier.
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better targeted therapy in the acidic conditions of the tumor.
Zhou et al. constructed a cancer-targeted nano-GO using trans-
ferrin as a surface decorator and delivering 2-(4-hydroxyphenyl)
imidazo[4,5-f] [1,10]phenanthroline (p-HPIP). The nanosystem
was taken up by TfR-mediated cell endocytosis and trig-
gered release of the anticancer agent in acidic environments
(Figure 6b).%4

Hyaluronic acid (HA) is a natural polysaccharide that fea-
tures in degradable, biocompatible, and nontoxic agents used
for various biomedical applications. CD44 receptors are overex-
pressed on tumor cells. As a ligand of CD44, HA has a high
affinity for this receptor. Therefore HA-modified NMs can be
targeted to CD44. HA-GO-DOX 2D nanosheets displayed great
biostability in culture medium in vitro; these nanosheets could
be loaded with large amounts of drug and displayed high tar-
geting efficiency to HepG2 (Figure 6c¢),%! A549,[°°] and KBI®]
cells. In in vivo experiments, HA-GO-DOX displayed higher
inhibition of tumor growth rate than free DOX and GO-DOX
did.l

EGFR is the receptor for epidermal growth factor and
has become a new target for tumor therapy. EGFR is also an
important cancer biomarker, which can be used to accurately
detect cancer through specific binding with ligands.[%®! Chen et al.
reported a composite NM platform, modified with EGFR,
named anti-EGFR-PEG-rGO@CPSS-Au-R6G. This nanocarrier
had the ability to amplify Raman signals 5 x 10° times and thus
could be used for precise noninvasive cell tracking. Moreover,
it displayed high specific targeting of A549 lung cancer cells
(Figure 6d).°1 Kim et al. designed a fluorescent probe DNA-GO
nanosheet for accurately detecting EGFR exon 19 deletion in
nonsmall cell lung cancer.”"

3.1.2. Peptide-Mediated Membrane Targeting

In the process of tumor proliferation, massive new vessels are
formed. The integrin ¢, f; is a cell adhesion molecule, which
is highly expressed in a variety of tumor cells.”!! Arginine—
glycine—aspartic acid (RGD) peptide has high affinity for o f3;;
therefore, a 2D nanoplatform modified with RGD was designed
to target o, f; at tumor sites.l? rGO-PEG-Cy7-RGDV3! was uti-
lized for fluorescence imaging localization and precise tumor
targeting of human glioblastoma U87MG tumors. The in vivo
imaging results revealed that RGD-modified NMs had higher
tumor uptake than GO. Meanwhile, the two nanosheets exhib-
ited highly efficient near-infrared (NIR) PTT performance,
resulting in excellent tumor ablation. Some other 2D NMs,
such as RGD-QD-MoS, (Figure 6e)” and MnO,-PEG-cRGD/
Ce6 (Figure 6f)7) nanosheets, also demonstrated high tumor
targeting and therapeutic effects.

3.1.3. Antibody-Mediated Membrane Targeting

Antibodies are proteins that can bind precisely to their corre-
sponding antigens. Antibodies can be conveniently prepared
and have high specificity. Tumor cells express specific antigens;
therefore, the interaction between antigen and antibody can be
exploited for specific tumor targeting and accurate detection of

Small Methods 2022, 6, 2200853 2200853
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tumor biomarkers. Epithelial cell adhesion molecule (EpCAM)
is overexpressed in a variety of tumor types, circulating tumor
cells, and tumor stem cells.”®! Li et al. designed GO nanosheets
modified with anti-EpCAM antibody to capture circulating
tumor cells. They tested EpCAM-positive human breast cancer
(MCF-7) and human prostate cancer (PC3) cell lines, as well
as EpCAM-negative human T (Jurkat), Burkitt's lymphoma
(Daudi), and cervical cancer (HeLa) cell lines. After a 45 min
incubation period, the capture yields of MCF-7 and PC3-3 cells
increased significantly, reaching 92% and 83%, respectively.
By contrast, less than 5% of the EpCAM-negative cells Jurkat,
Daudi, and HeLa were captured (Figure 6g).””! Carcinoembry-
onic antigen (CEA) is a widely accepted tumor biomarker both
distributed in the cancer cell membrane and organelles for
protein synthesis and transport in the cytoplasm.’®l Peng et
al., using few-layer BPs (FL-BPs) mixed with AuNPs to form
FL-BP/AuNPs, found that the activity of the catalyst was inhib-
ited when anti-CEA antibody was adsorbed on the Au surface.
When CEA was combined with the anti-CEA antibody, the com-
plex was formed in solution, the antibody-CEA was desorbed
from the BP-Au surface, and the catalytic reaction was initiated,
thus improving the detection sensitivity of cancer biomarkers
(Figure 6h)."”!

3.1.4. Aptamer-Mediated Membrane Targeting

Aptamers (Apts) are oligonucleotides filtered by a screening
system of high-affinity exponential enrichment and specific
binding to phylogenetic ligands. Apts are widely used because
of their advantages of simple synthesis, small molecular
weight, high chemical stability, and ease of biochemical
modification, especially when used in diagnosis and targeted
therapy.®! Zhang et al. constructed the GO nanosheet-loading
core—shell-structure Au nanoparticles, Apt-EGFR, and DOX.
These materials showed good biostability and binding speci-
ficity to lung cancer cells. Specific binding promoted efficient
targeted delivery to EGFR-mutated cancer sites in vivo and
high anticancer efficacy compared to that of untargeted con-
trols.®U Liu et al. described a ZnO/graphene-Apt-AuNP com-
posite for targeting SK-BR-3 cells. In that assay, the S6 Apt
allowed measuring from 58 cells mL™ to a wide linear range
of 1 x 10%-1 x 10° cells mL™. The good resolution for the target
cells verified the high selectivity of the proposed cell sensor
(Figure 6i).82 Other articles reported on Apt-MoS, nanosheets
for targeting CEA antigen (Figure 6j),®3] prostate-specific
antigen,’® and renal cell carcinoma.l®’!

3.2. Cytoplasm and Organelle Targeting
3.2.1. Targeted Cytoplasm Delivery of Small Interfering (siRNA)

RNA interference (RNAi) refers to the specific degradation of
homologous mRNA by siRNA, thereby inhibiting or shutting
down the expression of specific genes for therapeutic pur-
poses.[8% RNAi relies on the effective delivery of siRNA into the
cytoplasm to react with mRNA. However, naked siRNA itself
has strong electronegativity, a large molecular weight, strong
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polarity, a short half-life, and is easily removed by endogenous
catabolic enzymes and glomerular filtration, severely limiting
delivery efficiency. 2D NMs are considered to be excellent cyto-
plasm-targeted gene-delivery carriers due to their low toxicity,
high loading rate, and good biocompatibility.

Yin et al. used FA/MoS, as nanovectors to deliver HDAC1
and KRAS siRNA to Panc-1 cancer cells. Fluorescence signals
indicated that the two types of siRNA were successfully trans-
fected into the Panc-1 cells by the nanocycle vector. Moreover,
after NIR laser irradiation, the FA-MoS,-siRNA (HDACI +
KRAS) achieved 78% tumor growth inhibition efficiency.l®’]
Human telomerase reverse transcriptase (hTERT) is closely
related to the occurrence and development of tumors. Chen
et al. delivered hTERT siRNA using BP nanosheets (PPBP-
siRNA). The PPBP-siRNA significantly increased the uptake of
siRNA Dby cells. Within 4 h, the siRNA had entered lysosomes
but then escaped under the action of PEI and entered the
cytoplasm. Western blot analysis also showed concentration-
dependent downregulation of hTERT, further confirming that
PPBP-hTERT siRNA successfully caused gene silencing. The
targeting of PPBP-siRNA in vivo was higher than that of free
siRNA, indicating that the vector improved siRNA targeting.
Examination of pathological sections showed that ppBP-siRNA
treatment inhibited tumor growth and metastasis.®¥ Glucose
and glutamine are two nutrients required for tumor metabo-

www.small-methods.com

lism. Recently, Xu et al. used LDH to deliver siRNA-Kras and
siRNA-GLS1 to simultaneously inhibit glucose and glutamine
metabolism. After incubation with PANC-1 cells for 1 h, most of
the siRNAs were found in the endosome/lysosome, but after 3
h, the siRNAs escaped the endosome/lysosome, and treatment
with LDH-siRNAs could effectively reduce the expressions of
Kras, GLS1, and GLUT1 (Figure 7a).]

3.2.2. Nucleus Targeting

As the largest and most important structure in eukaryotic
cells, the nucleus is the center of cell genetics and metabolism,
and also the source of various diseases such as cancer. Many
anticancer drugs, such as DOX, CPT, and cisplatin, act on the
nucleus and kill cancer cells by directly damaging or inhibiting
topoisomerases involved in DNA replication by inserting
nuclear DNA.® The use of chemotherapy drugs alone lacks
tumor-specific targeting and causes serious damage to normal
cells. Using nanomaterials as delivery carriers can improve the
loading efficiency and precise targeting of drugs to improve
the therapeutic effect while reducing side effects, which is a
promising therapeutic strategy. Generally, the nuclear pore
complexes (NPCs) are =9 nm in diameter, so that only suffi-
ciently small molecules (such as small ions and molecules) can

Lysosome targeting

Figure 7. Active targeting subcellular organelle strategies. a) 2D LDH deliver siRNA-Kras and siRNA-GLST into the cytoplasm and inhibits glucose
and glutamine metabolism. Reproduced with permission.8% Copyright 2022, American Chemical Society. b) TAT-GO-DOX targeted nucleus delivery of
anticancer drugs. bi,bii) Reproduced with permission.l* Copyright 2019, MDPI. biii,biv) Reproduced with permission.®l Copyright 2020, Wiley-VCH.
¢) 2D nanoliposome capsule complex targets the lysosome, causing the lysosome membrane to rupture and producing ROS to kill tumor cells. Repro-
duced with permission.l'l Copyright 2017, Elsevier. d) 2D Fe''-doped C3N4 nanofusiform targeting mitochondria induced ROS generation. Reproduced
with permission.'5] Copyright 2016, Wiley-VCH. e) 2D MoS, nanosheets targeted the ER. Reproduced with permission.['%’l Copyright 2021, American
Chemical Society. f) Chondroitin-modified nanomicelles targeted GA. Reproduced with permission."2 Copyright 2019, American Chemical Society.
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passively diffuse into the nucleus.® Nuclear localization sig-

nals (NLSs) found in polypeptides such as HIV-1 TAT, SV40 T
antigen, and various adenoviral proteins have high affinity for
NPCs, and nanoplatforms modified with NLSs can effectively
deliver the nanocarriers to the nucleus.

Zheng et al. report an anti-HER2 antibody-conjugated poly-
-lysine functionalized reduced GO (antibody-HER2-rGO-
PLL) nanocarrier to effectively target DOX to the nucleus of
HER2-overexpressing cancer cells. Uptake of this nanocar-
rier by MCF7/HER2 cells was significantly higher than that
of rGO-PLL, due to the specific targeting effect of anti-HER2
on HER2-overexpressing breast cancer cells. In addition, this
vector enabled rapid accumulation of DOX in the nucleus, and
in vitro cytotoxicity results clearly showed a sevenfold improve-
ment in antibody-HER2-RGO-PLL/DOX efficacy compared to
that of RGO-PLL/DOX.®2 TAT-peptide is a commonly used
cell-penetrating peptide (CPP), which has high affinity for the
nucleus; thus, it has been used to modify peptides targeting the
nucleus.” Shan et al. constructed a highly efficient nuclear-
targeted delivery system of TAT-functionalized GO loaded
with the anticancer drug mitomycin C (MMC). Transmission
electron microscopy showed that the apoptosis of OCM-1 cells
began with the lysis of nuclear material, followed by disappear-
ance of the nuclear membrane and cytoplasm. This indicates
that the synthesized MMC-TG is a nuclear-targeted nanodrug
that can solve the problem of tumor metastasis from the source
(Figure 7bi,ii).*¥ Tu et al. developed a circular TAT peptide
(CR10) conjugated to polyglycerol-covered GO to engineer a
nanoplatform for nucleus-targeted drug delivery. CR10 pep-
tides improved nuclear internalization, while laser irradiation
induced the intranuclear release of DOX. In vitro and in vivo
experimental results showed that the loaded DOX successfully
improved the antitumor effect (Figure 7biii,iv).l%")

3.2.3. Lysosome Targeting

Lysosomes, as an important target organelle, have attracted
extensive attention in recent years. External substances enter
the cell through phagocytosis, receptor-mediated endocytosis,
and other pathways. Lysosomes are dynamically formed in this
process and are the link between the internal space of the cell
and the extracellular environment.®! Nanoparticles of different
sizes and morphologies enter cells through receptor-mediated
endocytosis or pinocytosis, and eventually all accumulate in
the lysosome and are exocytosed from the cell by the lyso-
some.[¥¥ The lysosome contains a variety of hydrolytic enzymes
and exhibits strong acidity (pH 4.5-5.0) and increasing evi-
dence shows that lysosomal membrane permeation (LMP) can
trigger the cell death pathway.l””! Taking advantage of the acidic
conditions to design a pH-responsive carrier to trigger drug
release is an effective strategy.

Under acidic conditions, the 77 stacking between DOX and
NMs will be weakened, realizing pH-responsive drug release.
A pH-responsive charge reversal polyelectrolyte and integrin
0433 mono-antibody functionalized GO complex was reported.
The carrier targets the lysosomes of cancer cells, and the charge
reverse stimulation of the polyelectrolyte under acidic condi-
tions effectively releases DOX, which achieves high-dose thera-
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peutic effects.®®! Cai et al. reported a composite carrier DOX@
Apt—-PEG-PDA-MoS, nanosheet loaded with DOX, coated with
a polydopamine (PDA) layer on MoS,, and modified with thi-
opolymer AS1411 and PEG on MoS,. The AS1411 modification
enabled the nanoplatform to target breast cancer MCF-7 cells.
The MoS, and PDA converted 808 nm NIR laser light into
thermal energy, which allowed PTT. DOX release was acceler-
ated by the acidic tumor lysosomal environment and NIR laser
irradiation. The nanocarrier DOX@ Apt-PEG-PDA-MoS2
showed good biocompatibility, a synergistic chemotherapy@
PTT effect, and significantly enhanced antitumor efficacy.*”!

Enhanced site-specific release of drugs through photochem-
ical disruption of endosomal/lysosomal membranes has been
identified as a key tool for amplifying the outcome of antitumor
therapy while minimizing side effects. Zeng et al. designed a
targeted drug delivery system modified with branched PEI to
load the photosensitizer molecule Ce6 onto a PEI-GO carrier
through 77 stacking and hydrophobic interactions. Compared
with free Ce6, NGO-PEG-BPEI-Ce6 significantly enhanced the
intracellular uptake of Ce6 and targeted lysosomes, resulting
in the production of ROS under the excitation of light and
achieving highly specific killing of cancer cells.%! Huang et al.
designed a 2D NM-liposome capsule complex that specifically
targets tumor lysosomes without irradiation and monitors cell
death in real time. Cell colocalization showed that the complex
colocalized with lysosomes. LMP-associated cell death was trig-
gered by ROS produced via the artemisinin reaction with fer-
rous ions (Figure 7c).l101

3.2.4. Mitochondria Targeting

Mitochondria are the sites where cells produce energy and the
main site where cells carry out aerobic respiration.' Damage
to mitochondria not only affects energy supply, but also pro-
duces more ROS and shows a greater tendency to trigger cell
apoptosis. Mitochondria are the central organelles of apoptosis;
realizing mitochondrial localization in tumor-specific drug
delivery systems may be a more effective treatment method.
Mitochondria are particularly susceptible to oxidative stress
and play an important role in cell death. Photodynamic therapy
(PDT) is a method that uses photosensitizers under appropriate
irradiation to mediate the death of cancer cells by generating
ROS.%I Mitochondrial-targeted drugs are therefore greatly pre-
ferred in PDT.

A mitochondrial-targeted drug constructed with GO was
modified with integrin o483 monoclonal antibody (mAb), and
PEG-conjugated pyropheophorbide-a (PPa) was used to cover
the surface of the GO to allow phototoxicity. After the drug
enters the cells, it can escape from the lysosome and transfer
to the mitochondria. In the mitochondria, the PPa~NGO-mAb
showed effective phototoxicity to kill cells. This toxicity involved
two steps: 1) cell targeting by the interaction of biological
ligands and receptors, and 2) subcellular organelle positioning
caused by a physical mechanism that involves the electrochem-
ical reaction between the mitochondrial membrane potential
and polarized GO.' The PDT process involves the adminis-
tration of tumor-targeted photosensitizers, which convert local-
ized oxygen (O,) molecules into highly cytotoxic ROS, especially
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singlet oxygen (10,), which triggers apoptosis and necrosis
under light. However, tumor hypoxia severely limits the efficacy
and clinical application of oxygen-depleting PDT. Ma et al. con-
structed a 2D nano-PDT platform possessing mitochondrial-
targeting, H,O,-activatable, and O,-evolving functions based
on a 2D Fe'.doped C;N, nanofusiform. Because the surface
of the mitochondria is negatively charged, cationic compounds
such as triphenylphosphorus (TPP*) have been extensively uti-
lized to achieve targeting to mitochondria. The nanofusiform
was transported to mitochondria due to TPP* modification.
Fe'l could catalyze the decomposition of H,0,, generate O, in
situ, and then further convert to '0,. This led to increased PDT
potency and ROS concentration in mitochondria, which further
enhanced cell death (Figure 7d).11%%]

3.2.5. Endoplasmic Reticulum (ER) Targeting

Interfering with the normal function of the ER will cause ER
stress. Excessive ER stress will cause cell death, making the
ER a potential target for direct cancer suppression.% Gly-
cosylation inhibitors, proteasome inhibitors, ER chaperone
inhibitors, and ER Ca’"-depleting agents (such as various
ionophores and thapsigargin) has been reported to induce cell
death through ER stress, some of which have been confirmed
to have cytotoxic effects on various cancer cells.'"”l Guo et al.
used curved 2D NM corannulene (Cor) to achieve dual tar-
geting of the mitochondria and ER for the first time.['"®! Cor
has unevenly distributed electrons, resulting in a large dipole
moment, which is conducive to electrostatic interactions. Cor
dipole-induced electrostatic interactions with mitochondria
allow initial targeting to mitochondria, followed by transport to
the ER through the interconnected structure of the mitochon-
dria and ER. Under light irradiation, electron delocalization of
Cor induces the generation of ROS. These two characteristics
make Cor the first dual organelle (mitochondria/ER)-targeted
substance, showing the potential of subcellular ROS delivery
to enhance cancer treatment. Recently, using an ultrathin film
substrate, the internalization of MoS, nanosheets was achieved
through mechanotransduction for the first time. Interestingly,
volumetric Raman diagrams showed that the material localizes
to the ER. In this work, substrates stimulate cell membrane
proteins to perceive and recognize them, triggering uptake
pathways. This work confirmed a new technology of targeted
receptor-mediated uptake that has practical potential in the field
of ER-targeted therapy, and its connection with the ER was veri-
fied (Figure 7¢).1%)

3.2.6. Golgi Apparatus (GA) Targeting

The GA plays a central role in the secretory pathway, processing
proteins and then sorting them to specific parts of the cell or
secreting them outside the cell™ GA not only plays a key
role in the reception, modification, packaging, and transporta-
tion of proteins and lipids, but also participates in a series of
cellular processes. Recent studies have determined that the
GA is the hub of signaling molecules in the process of metas-
tasis, especially those related to migration, invasion, and angi-
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ogenesis.'!!l Therefore, the GA may be closely related to the
metastasis and spread of tumors, and destroying the structure
of the GA in tumor cells may be a potential method to sup-
press tumor metastasis. There are two main strategies for GA
targeting: 1) modify compounds with high affinity for the GA
such as benzenesulfonamide, cysteine, and chondroitin sulfate
on the surface of the materials (Figure 7f),"? and 2) use modi-
fications to avoid the lysosomal pathway and directly transfer
to the GA, such as using Shiga toxin, Shiga-like toxins, ricin,
cholera toxin, Escherichia coli heat-labile toxin, and Pseudomonas
exotoxin that can enter cells through clathrin-dependent or
clathrin-independent endocytosis and directly target the GA.I'13!
However, research on 2D NMs targeting the GA is still lacking.
Researchers should pay more attention to GA targeting.

In conclusion, all parts of the cell play unique and important
functions. To achieve the purpose of accurately killing tumor
cells, the design of delivery systems that actively target different
subcellular parts is an effective method to accurately induce cell
apoptosis. Active-targeting therapeutic strategies are more spe-
cific at targeting tumor tissue than the EPR effect, improving
targeted cell recognition and targeted cell uptake.

4. TME-Related Targeting

The TME is a complex system that refers to the unique ecolog-
ical environment formed in the process of tumor growth. The
TME is very different from the environment of normal tissues,
including not only the structure, function, and metabolism of
tumor tissues, but also the internal environment of tumor cells.
Through clinical observations of organ-specific metastasis of
breast cancer, in 1889, Paget put forward the new concept of
“seed and soil” and indicated for the first time that TME played
an key role in the process of tumor metastasis, which should
not be ignored."™ The TME has a unique biochemical environ-
ment, such as low pH, hypoxia, and elevated hydrogen peroxide
(H,0,) and glutathione (GSH) levels, which is quite different
than the normal tissue environment.'®l Meanwhile, the com-
plex immunosuppressive network formed by stromal cells,
inflammatory cells, the vascular system, extracellular matrix
(ECM), immune-related cells, and their secreted cytokines in
the TME plays a key role in tumor immune escape (Figure 8).
To take advantage of the special TME of tumors to design
tumor-targeted therapy vectors, remolding the TME has become
a research hotspot."! Targeting strategies involving the TME
are mainly aimed at four aspects: 1) utilizing or improving the
specific physiological environment of the TME to achieve the
purpose of tumor-targeted therapy, 2) relieving the immuno-
suppressive environment of the tumor, 3) destroying or normal-
izing the tumor’s abnormal vascular system, and 4) remodeling
the ECM system.

4.1. Targeting Physiological Conditions in the TME
4.1.1. High GSH Levels

GSH is thiol-containing peptide, which regulates cellular redox
levels and is found mainly in the mammalian cytoplasm at high
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Figure 8. Physiological characteristics of TME.

concentrations. The level of GSH can effectively regulate oxida-
tive stress; therefore, it is considered an effective new target.
The quantity of GSH is at least fourfold higher in tumor cells
than in normal tissues. Therefore, GSH is being investigated
as a novel trigger for tumor-targeted drug delivery and detec-
tion."”! For example, Guo et al. synthesized GO-MnO, fluores-
cein (GO-MnO, FL) nanocomposites for the detection of GSH.
The working principle was that GSH can reduce MnO, to
Mn?* and block the energy transfer between FL and GO-MnO,,
resulting in significantly enhanced FL fluorescence. When it
detected GSH levels in the TME, the nanocomposite fluoresced
to selectively image cancer cells. This nanocomposite has great
potential in GSH-mediated cancer diagnosis (Figure 9a(i))."®!
In addition to detecting cancer cells via consuming GSH, the
tumor can be treated. For example, Chen et al. prepared a PEI-
SS-DOX-AgNPs—GO nanosheet, where high intracellular GSH
levels break the disulfide bonds and release DOX, while DOX
fluorescence and surface-enhanced Raman scattering imaging
of the AgNPs can allow monitoring of intracellular drug release
and vector localization.""” Gao et al. proposed a 2D platinum
delivery platform based on MnO, nanosheets. On the one hand,
it can inhibit Pt-based drug efflux caused by drug-resistant pro-
teins; on the other hand, MnO, consumes GSH and reduces
the formation of GSH-Pt complexes to achieve synergistic
treatment to improve the therapeutic effect.’?) Dong et al.
designed ultrathin 2D PEG-Bi,MoOg nanosheets, which had an
anoxic structure by consumption of GSH and could promote
the separation of electron hole pairs. Ultrasound introduced
mechanical strain into the nanoribbons, leading to piezoelectric
polarization and band bias, thus accelerating the generation of
toxic ROS (Figure 9a(ii)). 2!

4.1.2. Hypoxia

The environment of solid tumors is hypoxic. Studies have con-
firmed that this hypoxic environment promotes the invasion
and metastasis of tumors, and inhibits the tumor therapeutic
effect.1?2l Excessive secretion of H,0, in the tumor seriously
influences the generation of toxic ROS; reduces the therapeutic
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effect of chemotherapy, radiotherapy, and PTT; and further pro-
motes the proliferation and transformation of cancer cells.!'3!
In recent years, researchers have developed a variety of strat-
egies for dealing with hypoxia. There are three main strate-
gies: 1) reduce hypoxia by generating oxygen at the tumor site,
2) deliver hypoxia-sensitive drugs, and 3) explore other effective
therapeutic agents or free radical promoters capable of main-
taining high levels of cytotoxic free radicals, independent of
oxygen levels in the TME. Therefore, a series of 2D NMs were
designed for precise targeting and treatment of tumor hypoxic
conditions.

The catalytic decomposition of H,0, at the tumor site
to produce oxygen is a common strategy. MnO, and CaO,
nanoparticles can be used to break down H,0, into O, Lim
et al. synthesized MnO,-FA-GO composite nanosheets,
where MnO, decomposes H,0, to produce oxygen to achieve
good PTT combined with an enhancement effect of reduced
hypoxia.l'?¥ Tao et al. designed an rGO-MnO,~PEG nanosheet,
where the dissolution of MnO, under acidic conditions and the
catalytic pathway of H,0, decomposition directly produce a
large amount of Mn?*, which is used as an MRI contrast agent.
The B!-labeled rGO-MnO,-PEG nanocomposite achieved
good tumor killing during in vivo tumor radioisotope therapy
(Figure 9bi-1).1%°1 Gao et al. constructed 2D Nb,C-10-CaO,
nanoreactors using CaO, as a strong electron donor for H,0,
to maintain the catalytic Fenton reaction mediated by the 10
nanoparticles and release highly toxic hydroxyl radical to induce
tumor cell apoptosis. Meanwhile, the photothermal effect fur-
ther promoted the generation of hydroxyl radical in the tumor,
and the nanoreactor significantly increased the production of
ROS, which synergistically improved the therapeutic effect
(Figure 9bi-2).[126]

Hypoxia makes producing ROS difficult but may be ben-
eficial for some hypoxic-sensitive drug delivery systems. The
potential for conversion of nitroimidazoles to hydrophilic imi-
dazoles under hypoxic conditions makes them extremely attrac-
tive for cancer hypoxia imaging and hypoxic-responsive drug
preparation.'?”] Yang et al. developed a layered multifunctional
GO drug-delivery system for codelivery of metronidazole (MI),
5-fluorouracil (5-FU), and FePt magnetic nanoparticles. MI
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has the ability to assist the action of radical anions to cause
DNA damage during irradiation, and 5-FU obstructs the
repair of sublethal DNA damage and significantly improves
the efficiency of radiotherapy at the biological level. There-
fore, the codelivery of MI and 5-FU can have an additive effect
on cytotoxicity and radiotherapy, thereby coenhancing radio-
chemotherapy. Recently, using a 2D MOF as the main body, a
modified catalase-mimicking Pt nanozyme and photosensitizer
was designed. The nanoenzyme could catalyze H,0, to gen-
erate oxygen, and under the action of the photosensitizer, the
oxygen produced was converted into '0,, which was used to
generate ROS, thus enhancing the apoptosis of tumor cells.['28]
Luan et al. reported a trimodal tumor vascular-targeted therapy
method that exploited hypoxic conditions. They chose GO as
the nanovector to efficiently load the photosensitizer verte-
porfin (VP), banoxantrone dihydrochloride (AQ4N), HIF-lo
siRNA (siHIF-1¢), and GO modified with ¢(RGDfK) peptides.
The trimodal process was as follows. First, active targeting
was adopted to target the tumor site through modification of
the ¢(RGDfK) peptides. Second, the VP photosensitizer could
aggravate the hypoxic environment of the tumor under 605
nm laser irradiation. Third, conversion of the AQ4N prodrug
into the active AQ4 drug enhanced chemotherapy. Simultane-
ously, siHIF-1lo inhibited HIF-lar expression under hypoxic
conditions, further increasing the CYP1A1 and CYP2B6 levels
required for AQ4N activation, achieving great therapeutic
effects (Figure 9b(ii)).'?"!

More recently, researchers have proposed a new strategy to
explore other free radical promoters, regardless of the hypoxic
environment. As promising molecules, thermal decomposition
free radical initiators provide an effective alternative strategy
for cancer therapy under normoxic and hypoxic conditions.
Xiang et al. reported oxygen-independent free radical-induced
cancer cell death using a heat-resistant promoter. 2D Nb,C
MXene nanosheets were modified by a mesopore silica layer
for loading the initiator 2,2"-azobis[2-(2-imidazolin-2-yl)pro-
pane] dihydrochloride (AIPH). Under an NIR-II laser, AIPH
was rapidly released and decomposed, generating free radicals
and promoting the apoptosis of cancer cells in both normoxic
and hypoxic microenvironments. Systematic in vitro and in
vivo evaluations have demonstrated the synergistic therapeutic
results of this nanoplatform supporting thermodynamic cancer
therapy (Figure 9b(iii)).[37

4.1.3. Low pH

The pH range of tumor tissue is usually 6.5-72, being
slightly acidic, while endosomes (pH 5.0-6.5) and lysosomes
(pH 4.5-5.0) display strong acidity.'*!] Taking advantage of
the acidic conditions, numerous pH-responsive 2D nanoplat-
forms have been established to target tumor sites and release
anticancer drugs to achieve the goal of precise targeting and
treatment. Under acidic conditions, 7—7 stacking between
DOX and NMs is weakened, allowing pH-responsive drug
release.l32 Zhang et al. reported on the nanocarrier GO-PAC/
HEC that was modified with a mixture of surfactants. DOX
was loaded onto the surface of the GO-PAC/HEC with a
high loading capacity using the huge specific surface area
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and 77 stacking of GO. The in vitro release spectrum of
the vector showed significant pH-responsive characteristics
and good control of drug release performance. In addition,
in vitro studies have shown that DOX-loaded nanoparticles
can effectively enter and treat cancer cells and enhance the
accumulation of DOX in SKOV3/DDP cells, showing higher
cytotoxicity than free DOX.33 Other 2D NMs also showed
the same pH responsiveness. Han et al. studied a new 2D
functional material nanosystem (Ti3;C, MXenes), which had
high drug-loading capacity and pH-responsive controlled
release (Figure 9¢).34 In addition to drug release, many 2D
nanodoped materials have pH-sensitive imaging functions,
which can be used for diagnostic imaging of tumors. Li et
al. developed pH-ultrasensitive Mn-LDH nanoparticles with
superb longitudinal relaxivity (9.48 mm~! s at pH 5.0 and
6.82 mm~!s7!at pH 7.0 versus 1.16 mm~' s at pH 74).13%] The
vector produces a clear image of the tumor site by responding
to pH after injection. A defect-rich multifunctional Cu-doped
layered dihydroxide (Cu-LDH) nanosheet was reported. Small
Cu-LDH nanoparticles have a large number of defects around
the Cu cations and are capable of high photothermal conver-
sion. The Cu-OH octahedron exposed to the LDH surface
significantly enhances photothermal conversion (53.1% at pH
70% and 81.9% at pH 5.0). This particular Cu microstructure
also renders T1-MRI very sensitive to pH, making the mate-
rial a platform for noninvasive imaging and photothermal
therapy.[13¢!

4.2. Targeted Regulation of the Immunosuppressive
Environment in the TME

At the early stage of tumor growth, immune cells recruited and
activated by tumor cells and related matrix components can
form an inflammatory microenvironment that inhibits tumor
development. However, with the continuous proliferation of
tumor cells and continuous immune activation response, the
TME changes dynamically. Immune effector cells are exhausted
or remodeled and unable to perform their normal functions,
and the tumor cells utilize the negative regulatory mechanism
of the immune system to create an immunosuppressive state.
In addition, cancer-associated fibroblast activation, immune cell
migration, inhibitory cytokine release, tumor vascular forma-
tion, and other factors, forming a wide-ranging immune-inhib-
itory TME.[¥”) Regulating the immunosuppressive environment
is expected to prevent immune escape and metastatic tolerance
of tumors, which has become a hot research direction.

The recruitment of immunosuppressive cells such as
regulatory T cells (Tregs), tumor-associated macrophages
(TAMs), and bone myeloid-derived suppressor cells (MDSCs)
in the TME is one of the main mechanisms for inducing an
immunosuppressive TME. The infiltration of Tregs in tumor
tissues can directly inhibit the proliferation of effector T cells
and produce inhibitory cytokines such as interleukin (IL)-10
and transforming growth factor B (TGF-f), TGF thereby lim-
iting the antitumor immune response and supporting immune
escape to promote tumor progression.!3® Usually M1 type
macrophages secrete Th1 cytokines and exert proinflammatory
and antitumor effects, but the TAM in the TME is M2 type,
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which promotes angiogenesis and tumors by secreting Th2
cytokines.®] TAMs can also induce and maintain immune
suppression in the TME by expressing immune checkpoint
molecules such as PD-L1, producing immunosuppressive
factors such as TGF-f and IL-10, secreting chemokines such
as CCL17 and CCL22, and inducing abnormal amino acid
metabolism. In addition, TAMs can compete with anti-PD-1
antibody by recruiting Fc receptors on their surface, leading to
immune resistance. MDSCs strongly inhibit effector T cells
by restricting cysteine necessary for T cell activation, catabo-
lizing arginine necessary for T cell protein synthesis, secreting
immunosuppressive factors (e.g., TGF-f), and expressing vas-
cular endothelial growth factor (VEGF) to promote angiogen-
esis. These effects strongly inhibit effector T cells, natural killer
cells, and other activities, and stimulate Tregs, thereby medi-
ating immune escape, which leads to tumor progression.'*!
Metabolic remodeling of tumor cells also consumes exces-
sive sugars and amino acids, which competitively deprives T
cells of necessary nutrients and promotes T cell dysfunction
and immunosuppression.?l Therefore, there are several
strategies for targeted regulation of immune cells: 1) remove
immunosuppression and reactivate the immune activity of
T cells, and 2) regulate the secretion of immune cytokines
(Figure 9d—f).16-164 [n Table 3, we summarize the strategies
for targeting tumor therapy by modulating the immune envi-
ronment with 2D NMs.[32161-164 179-181]

4.3. Targeted Regulation of Abnormal Tumor Vascular System

The large-scale growth of tumor cells requires blood supply. To
obtain this blood supply, tumor cells secrete high levels of angi-
ogenic factors to drive vascular growth.['3] This leads to the for-
mation of abnormal vascular networks, which are characterized

www.small-methods.com

by disordered, immature, and permeable vessels, resulting in
poor tumor perfusion. An abnormal tumor vascular system
leads to hypoxia at the tumor site, hinders the killing effect of
immune cells, and leads to further tumor invasion. In addition,
abnormal tumor perfusion reduces the diffusion of chemo-
therapeutic drugs and the efficiency of radiotherapy.* There-
fore, tumor blood vessels have become an important target for
tumor therapy. Destroying or normalizing the abnormal vas-
cular system of tumors is a common strategy for tumor vas-
cular therapy (Figure 10a).

Tumor cells can stimulate the secretion of angiogenic fac-
tors, such as VEGF, basic fibroblast growth factor (bFGF), and
platelet-derived growth factor, and downregulate the produc-
tion of antiangiogenic factors.! Therefore, the antiangiogen-
esis strategy of tumor targeting aims to promote the activity of
antiangiogenic factors and/or reduce the activity of angiogenic
factors to inhibit tumor growth and prevent tumor metastasis.
The VEGF family of growth factors activates the most impor-
tant signal pathway regulating angiogenesis. Therefore, a series
of studies targeting VEGF have been performed. For example,
bovine serum albumin-encapsulated GO has strong binding
affinity for VEGF-A165, effectively reduces the content of VEGF
in tumor blood vessels, and inhibits the proliferation, migration
and tube forming ability of endothelial cells.* Li et al. prepared
GO-loaded VEGF siRNA. The results showed that it effectively
inhibited the growth of tumor tissue and had antiangiogenic
activity, which was the result of the downregulation of VEGF
protein.’] Chacko et al. prepared MoS,~ZnO nanosheets; they
found that MoS,~ZnO specifically activated caspase-3 to induce
apoptosis to suppress tumor growth. In addition, the material
could downregulate the expression of VEGF, VEGF receptor 2,
and other major angiogenesis cytokines to inhibit the forma-
tion of blood vessels into the tumor intima.["® In a recent study,
an NIR-IT responsive hydrogel was constructed with a nitric

Table 3. 2D NMs target the immunosuppressive environment to reactivate the immune response.

2D NMs Target

Result

GO Natural killer cell  They used nanoscale GO to activate natural killer cells. They successfully induced cell activation by stimulating the CD16 NK

RBC-coated MoSe, PD-1/PD-L1

grammed into a tumor-killing M1 phenotype.|

cell receptor (Figure 9e(i)).°"

He et al. utilized RBC-MoSe,, which could activate the generation of tumor-related antigens, trigger cytotoxic T lymphocytes,
silence the PD-1/PD-L1 pathway, and avoid immune escape, and tumor-associated macrophages were effectively repro-

32]

Hanh et al. developed a BP complex including mutated B-raf inhibitors, immune checkpoint (PD-L1) inhibitors, and

cancer-targeting antibodies (CXCR4). This complex effectively targeted tumor sites through an active targeting strategy and

released PD-L1 inhibitor peptides, leading to a powerful immune response to cure tumors.["7?l

PD-1in human ex vivo tumor-infiltrating lymphocytes (Figure 9e(ii))

and enhance their cytokine secretion to achieve the purpose of immunotherapy.!

LHD delivering functional PD-1 siRNA to suspended T lymphocytes, successfully reduced the expression of

[62]

Xu et al. designed a GO-PEG-PEI nanosheet carrying urease B as an antigen to promote the maturation of dendritic cells

180]

The facile coating of BPs with phenylalanine-lysine-phenylalanine (FKF) tripeptide-modified antigen epitopes (FKF-OVAp@

BP) enabled the generation of a minimalized nanovaccine by integrating high-loading capacity, efficient drug delivery, and

comprehensive dendritic cell activation. Systemic immunization elicited potent antitumor cellular immunity and significantly

augmented checkpoint blockade against melanoma in a mouse model.!

nanosheets pathway; TAMs
BP complex PD-1/PD-L1 pathway
LDH PD-1/PD-L1 pathway
GO-PEG-PEI Dendritic cell
FKF-OVAp@BP) Dendritic cell
Dextran-functionalized Dendritic cell

rGO loading ovalbumin

181]

Results showed that rGO—dextran could deliver ovalbumin to dendritic cells efficiently, inducing the release of inflammatory
cytokines, and generated T cells in vivo, which had a significant therapeutic effect on the tumor (Figure 9e(iii)).%%

Zn-TCPP/CpG 2D coor-  Regulatory T cells ~ Zn-TCPP 2D nanosheets exhibiting greatly enhanced ultrasound-triggered ROS generation, significantly improved tumor T

dination nanosheets

cell and regulatory T cell infiltration to enhance antitumor immune responses (Figure 9f).[%4l
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d. Disrupting ECM enhances tumor therapy
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Figure 10. a—c) Targeted regulation of abnormal tumor vascular system. a) Schematic diagram of targeting tumor vascular system. b) Inhibit tumor
angiogenesis. Reproduced with permission.[*] Copyright 2021, Wiley-VCH. c) Destroy the abnormal blood vessels. ci) Radio frequency stimulation.
cii) Material deformation. ci) Reproduced with permission.*% Copyright 2015, Springer. cii) Reproduced with permission.>! Copyright 2019, American
Chemical Society. d,e) Targeted regulation of ECM. d) Disrupting ECM enhances drug penetration. Reproduced with permission.> Copyright 2021,
Wiley-VCH. e) Repair ECM to prevent cancer metastasis. Reproduced with permission.””] Copyright 2020, Elsevier.

oxide (NO) precursor (BNN6) and 2D WO2.9 nanosheets were
introduced into the hydrogels. The release of NO was activated
by laser irradiation. The continuous supply of NO could acti-
vate the expression of wild-type p53 protein. p53 protein could
inhibit angiogenesis by reducing the transcriptional levels of
proangiogenic factors (such as VEGF and bFGF), upregulate
antiangiogenic factors (such as thrombospondin 1), and effec-
tively inhibit tumor growth (Figure 10b).l4!

In addition to normalizing blood vessels, destruction of
tumor blood vessels is another targeted-therapy strategy.
For example, the use of ultrasound, PTT, and other physical
methods, could cause the destruction of tumor blood vessels
and cut off the nutritional supply of the tumor. Using magnetic
metal fullerenes can increase internal energy by absorbing
radiofrequency irradiation. After a few minutes to dozens
of minutes, due to the increase in internal energy, phase

Small Methods 2022, 6, 2200853
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transformation occurs, accompanied by a dramatic volume
expansion of =50%, which can destroy the existing tumor
blood vessels, disrupt nutritional supply, and kill the tumor
(Figure 10c(i)).>% Yang et al. constructed a nanochelating agent
(IMI-OSI, < 6 nm), which chelated copper ions to promote their
consumption, thus inhibiting tumor angiogenesis. At the same
time, within the TME, the agent aggregated, forming secondary
particles and blocking blood vessels (Figure 10c(ii)).'>! There
are few studies on the destruction of tumor blood vessels by 2D
NMs, which is a promising research direction.

4.4. Targeted Regulation of ECM

The ECM is an important part of the TME. The ECM is mainly
composed of collagen, hyaluronic acid, elastin, fibronectin,
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laminin, glycoproteins, and proteoglycans; many components
combine to form a complete 3D macromolecular network
with the cells in tumors.’>? In addition, the ECM stores a
large number of cytokines. The lack of tissue oxygenation or
the increase in inflammation in the TME induces changes in
ECM protein components, resulting in increased ECM density
and stiffness. With tumor progression, the ECM becomes more
disordered and prevents drugs from entering the tumor tissue.
In addition, excessive secretion of matrix metalloproteinases
(MMPs) leads to protein hydrolysis and separation of tumor
cells from the ECM, leading to the expansion and metastasis
of cancer cells.'>¥l ECM components play an important role in
the process of tumor progression, providing continuous pro-
liferation signals for tumor cells, avoiding growth inhibitory
factors, resisting cell death, realizing replication immortality,
inducing angiogenesis, and promoting invasion and metas-
tasis. Therefore, the ECM has become an important target of
tumor therapy. The following paragraphs describe the targeting
strategies for the ECM.

When drug therapy is performed at the tumor site, there are
often dense ECM limitations. When this occurs, the therapeutic
effect can be enhanced by disruption of the ECM, a strategy that
has been adopted by some study designs. Lee et al. constructed
a PEG-functional graphene nanosheet loaded with Ce6, which
destroys the adhesion of ECM proteins to cells, making it easier
for tumor cells to adsorb on the nanosheet. The cancer cells
that adhered to the nanosheet were then killed with ultrasound.
Destruction of the ECM makes it easier for chemotherapy
drugs to enter the tumor tissue. Therefore, this material has
achieved good tumor-treatment effects (Figure 10d).>4 Su et al.
constructed an intelligent 2D BPN-Arg-GOx@MnO, treatment
platform, where a BP nanosheet was modified with 1-arginine
(z-Arg) and glucose oxidase (GOx), and MnO, was deposited on
the surface. The MnO, can decompose H,0, at the tumor site
to produce O,, while GOx uses the generated O, to catalyze the
consumption of glucose in cells to produce H,0,. This not only
starves the tumor cells, but also promotes the oxidation of 1-Arg
to NO. NO further increases MMP production and degrades
the ECM. The loosened ECM can enhance accumulation of the
BAGM nanozyme, thus enhancing the synergistic effect of the
photothermal/starvation/NO gas therapy.[>’]

By contrast, ECM destruction can promote the migration
and invasion of tumor cells. Therefore, some studies have
blocked the metastasis of cancer cells by repairing the ECM or
depositing a simulated ECM skeleton. Sosnowska et al. added
a functional protein cocktail, chicken embryo liver extract pro-
tein cocktail, and GOx substrate to a GO plane to increase the
expression of adhesion-related genes and decrease the expres-
sion of the protooncogene f-catenin to decrease the invasive-
ness of HepG2 liver cancer cells.® On the one hand, the
simulated ECM skeleton prepared using the BP photothermal
effect showed good photothermal ablation of tumors. On the
other hand, released bioactive substances promoted fibroblast
proliferation, promoted the expression of genes related to angi-
ogenesis and ECM components of skin tissue regeneration,
and accelerated wound healing (Figure 10e).%)

Mounting evidence shows that tumor occurrence is part of
a complex adaptive system involving inflammation, immu-
nity, metabolism, and other factors, and the TME provides
“soil” for the occurrence, development, and metastasis of
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tumors. The complex TME presents challenges and oppor-
tunities for efficient drug delivery. For example, the unique
physiological environment, which includes acidity and
hypoxia, provides favorable conditions for the design of acid-
responsive and hypoxia-sensitive delivery systems, while the
immunosuppressive environment is not conducive to acti-
vation of the immune system. Reasonably designing more
efficient and comprehensive 2D NM delivery systems and
remodeling the TME are expected to achieve efficient cancer
treatment.

5. Conclusions and Perspectives

In 2011, the concept of “precision medicine” was formally pro-
posed by the United States National Research Council. In 2015,
US President Barack Obama announced the implementation
of the precision medicine plan, which indicated the arrival of
a new era of precision medicine. Nonspecific and undifferenti-
ated therapies are now outdated. Precision medicine has new
requirements for the precise treatment of diseases, which
means that prevention, diagnosis, treatment, and other aspects
should be accordingly more targeted and specific to attain the
goal of precision treatment. 2D NMs provide a powerful plat-
form for the early realization of precision medicine. Advan-
tages, such as a large specific surface area, make them efficient
transfer carriers, and excellent photoelectric and photothermal
conversion properties allow them to be used as biological
imaging and PTT reagents. In addition, their good biocompat-
ibility and low toxicity enable 2D NMs to have wide applications
in tumor diagnosis and treatment.

Research of 2D NMs in precision tumor-targeted therapy
involves passive, active, and TME targeting. We have reviewed
the design strategies of 2D NMs for precise targeted therapy
of tumors, including optimization of physical and chemical
properties, surface modification, and regulation of the TEM.
Recently, multimode and multifunctional 2D targeted-therapy
platforms have also gradually become a trend. For example,
theranostic platforms integrating collaborative chemotherapy,
PTT, radiotherapy, and imaging diagnosis have been designed
and verified to be useful for imaging diagnosis and enhanced
tumor treatment.[>81>%

However, the future clinical applications of 2D NMs still
face great challenges. The major barrier is their long-term
safety, especially for substances that are not biodegradable in
vivo. Although many studies have confirmed the short-term
safety of 2D NMs, their long-term chronic toxicity remains
to be systematically studied.®) Therefore, it is necessary
to strengthen research on the in vivo biological effects of 2D
NMs, such as the metabolic pathways, long-term toxicity, and
immune responses involved. Optimizing the structure and
properties of 2D NMs, improving the biocompatibility of mate-
rials, and developing degradable 2D nanoplatforms are prom-
ising development directions.

Another major problem limiting clinical application is the
low tumor-targeting efficiency of nanoparticles. According to a
research paper published in Nature Reviews Materials in 2016,
a median of 0.7% of the injected nanoparticle dose actually
reached the tumor.?3] The reason for this finding is that once
nanoparticles are injected into the body, they face physical and
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biological obstacles (such as agglomeration, protein adsorp-
tion, phagocyte isolation, and kidney clearance), which affect
the efficiency of the delivery system to reach the target diseased
tissues and cells. Strategies that are expected to address these
obstacles are mentioned in this review. For example, the biomi-
metic technology of cell membrane-coated 2D NMs can effec-
tively avoid immune clearance, improve internal circulation
time, and increase the percentage of nanoparticles reaching the
tumor site. In addition, optimizing the physical and chemical
properties of nanosystems, such as their surface modifications,
size, and morphology can reduce the adsorption of 2D NMs on
proteins and increase their ability to penetrate solid tumors.

In addition to the optimization of delivery system, the dosage
threshold of nanoparticles is a new direction worth exploring. A
study in 2020 showed that when one trillion nanoparticles were
used in mice, a dose exceeding this threshold would reduce the
uptake rate of Kupffer cells, nonlinearly decrease liver clear-
ance, prolong the circulation time, and improve the delivery
efficiency of nanoparticles to tumor sites up to 12%.24 These
findings form a basic dose-threshold concept for the trans-
port of nanoparticles larger than 10 nm nanoparticles. Future
research should study how different nanoparticle designs can
improve this threshold and regulate transmission beyond the
threshold. Which biological tumor mechanisms dominate to
increase the entry of nanoparticles into tumors at high doses
should also be studied.

In conclusion, the unique physical and chemical proper-
ties of 2D NMs enable them to possess powerful functions
of drug delivery, tumor imaging, and tumor therapy, making
them promising nanomedicine systems. Strengthening safety
research and developing biodegradable materials are key points
to accelerate the clinical applications of 2D NMs.
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