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Nanoparticles with transformable physicochemical
properties for overcoming biological barriers

Qiangian Lu,® Hongyue Yu,? Tiancong Zhao,*® Guanjia Zhu £ ** and Xiaomin Li (2 *@
In recent years, tremendous progress has been made in the development of nanomedicines for advanced
therapeutics, yet their unsatisfactory targeting ability hinders the further application of nanomedicines.
Nanomaterials undergo a series of processes, from intravenous injection to precise delivery at target sites.
Each process faces different or even contradictory requirements for nanoparticles to pass through bio-
logical barriers. To overcome biological barriers, researchers have been developing nanomedicines with
transformable physicochemical properties in recent years. Physicochemical transformability enables
nanomedicines to responsively switch their physicochemical properties, including size, shape, surface
charge, etc., thus enabling them to cross a series of biological barriers and achieve maximum delivery
efficiency. In this review, we summarize recent developments in nanomedicines with transformable
physicochemical properties. First, the biological dilemmas faced by nanomedicines are analyzed.
Furthermore, the design and synthesis of nanomaterials with transformable physicochemical properties in
terms of size, charge, and shape are summarized. Other switchable physicochemical parameters such as
mobility, roughness and mechanical properties, which have been sought after most recently, are also dis-
cussed. Finally, the prospects and challenges for nanomedicines with transformable physicochemical pro-
perties are highlighted.

1 Introduction

Nanomedicines provide a new approach for the diagnosis and
treatment of diseases." With the rapid development of nano-
biotechnology, nanomedicines are expected to provide new
treatment strategies and enhance therapeutic efficacy.> Several
chemotherapeutic nanomedicines, with the advantages of
long circulation time in the blood, efficient site-specific
accumulation and relatively few side effects, have been
approved for clinical therapy.® In recent years, nanomedicines
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have shown excellent application and development prospects
for drug delivery and improving treatment efficacy.”

However, current nanomedicines have failed to improve
overall treatment efficiencies due to a series of problems.
Among them, the unsatisfactory delivery efficiency of nano-
particles to lesions is a major scientific problem that needs to
be solved urgently due to multiple biological barriers.’
Generally, an intravenously administered nanomedicine must
go through a cascade of five steps before reaching the target
tumor cells: intravenous injection into the blood circulation,
accumulation at the tumor site through infiltration and
retention effects, penetration into the tumor tissue, endo-
cytosis and intracellular drug release.® In each process,
different biological barriers are faced, such as the vascular
barrier, matrix barrier, and cell membrane-specific selection,
which more or less hinder the in vivo delivery of nanomedi-
cines and thus lead to low drug efficacy.” Nanoparticles’
physicochemical properties, including shape, charge, size
and so on, significantly affect their interactions with biologi-
cal barriers.® ' However, scientists find that the required
physicochemical properties are different and even opposing
in different steps.'’ Therefore, to overcome the abovemen-
tioned dilemmas, scientists have proposed physicochemical
transformable nanomaterials for enhanced biological
applications.”>™**

Physicochemical transformable nanomaterials are a rela-
tively new research field. Although there are many reviews
on the design of nanomaterials to overcome biological
barriers to drug delivery, they only focus on how one of
the physicochemical properties affects nano-biological
interactions.’>” Herein, we present a review of the
design, synthesis, and application of nanomaterials with
transformable physicochemical properties. Along this
line, this review analyzes a range of smart nanoparticles
with transformable physicochemical properties (size,
shape, charge, stiffness, etc.). It summarizes specifically
how each material is designed and how it “responds” to
internal/external stimuli. Finally, future research to
develop high performances and the clinical translation of
nanomedicines is also discussed.
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2 Demands during nanoparticle
delivery

2.1 Long circulation time

Following intravenous injection, nanoparticles are carried
through the body by blood vessels. The longer nanoparticles
circulate in the bloodstream, the more they are accumulated in
tumor tissue.'® During the journey in the blood, the main
factors affecting the nanoparticles’ circulation time include
protein corona adsorption, phagocytosis, and physical fil-
tration, which may lead to the clearance of nanoparticles and
reduced delivery efficiency."®?® The physicochemical pro-
perties can influence the interaction of these biological bar-
riers with nanomaterials.*! For example, clearance of the
mononuclear phagocyte system (MPS) exhibits size-dependent
behavior, and nanomaterials with sizes smaller than 20 nm
are rapidly cleared.”” Macrophage phagocytosis also quickly
clears exceptionally large particles (more than a few microns).
So, the range from a hundred nanometers to the micron level
is the most appropriate size.>> In terms of surface charge,
most proteins in the blood are negatively charged, and so are
the cell membranes. Therefore, nanomaterials with a negative
surface charge are more likely to evade phagocytosis by macro-
phages, while positively charged nanoparticles have a higher
tendency to be cleared by macrophages due to electrostatic
attraction.”»*®> Also, when it comes to the shape of nano-
particles, researchers have been reporting diverse results.
Nanospheres, nanorods, nanosheets, and fibers all have their
unique nano-bio interactions and significantly different
in vivo behaviors.”®

2.2 Lesion accumulation

After being carried to the target lesion, nanomedicines need to
accumulate at the site so as to perform their therapeutic
effects. In the case of solid tumors, nanomedicines accumulate
passively in tumor tissue through enhanced permeability and
retention (EPR) effects by exploiting the permeable vascular
systems and defective lymphatic vessels.”” Depending on the
rationale of the EPR effect, since nanomedicines have to cross
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the breakage of blood vessels to enter the tumor, the size of
nanomedicines is most critical in this process, and the area of
blood vessel breakage is usually several hundred nanometers.”®
Considering the circulation requirement (that nanomedicines
smaller than 20 nm will be quickly cleared out), 100-200 nm is
generally considered the optimal particle size for the EPR effect.
Therefore, previous works have mainly used nanomedicines in
this size range. In addition, some research teams have recently
proposed a new mechanism for the active penetration of nano-
medicines in tissues, mainly utilizing the principle of the
mutual attraction of positive and negative charges. For instance,
Shen’s team developed an active transport liposome that could
actively cross the biological barrier with responsive cationiza-
tion-triggered cytosolic transport for targeted enrichment and
deep penetration drug delivery in hepatocellular and pancreatic
cancers, with promising therapeutic effects in a variety of solid
tumor models of hepatocellular and pancreatic cancers. Hence,
the surface charge of nanomedicines is also significant for their
enrichment in tumors.”**°

2.3 Deep penetration

Usually, lesions are of a specific range and depth. For example,
tumors are solid entities that limit the nanomedicines’ intratu-
moral penetration and distribution. A dense extracellular
matrix, tightly packed tumor cells, and high interstitial fluid
pressure accumulate to form solid stresses.*’* Poorly struc-
tured and unevenly distributed blood vessels lead to the nano-
medicines’ uneven spatial distribution in tumors. These
together form an abnormal tumor microenvironment (TME)
and act as pathological barriers that prevent nanomedicines
from entering cancer cells."®** To make matters worse, the
size of nanomedicines at the nanoscale severely limits their
extravasation and penetration from the vasculature into the
tumor tissue. Therefore, successful nanomedicines need to
extravasate and deeply penetrate efficiently. Numerous studies
have shown that nanoparticles with particles smaller than
20 nm are more suitable for penetration into deep tumor
layers.'® This diameter then contradicts the previously
described size to facilitate cyclic enrichment.
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2.4 Cellular internalization

In the process of targeted drug delivery, it is malignant cells
that ultimately need to be eliminated. Therefore, after a long
process of blood circulation, tumor accumulation, and extra-
cellular matrix penetration, nanomedicines need to be effec-
tively internalized by cancer cells.”” The cell membrane is a
phospholipid bilayer inlaid with many proteins that separate
the inside and outside of the cell and dominate the exchange
of substances between the cell and the outside environment.
Hence, the cell membrane is a natural barrier to the nanome-
dicine’s cellular internalization, which makes the interaction
between nanomaterials and cell membranes crucial.*?
Research has shown that the size, shape, and charge of nano-
particles all affect the interaction between nanoparticles and
cell membranes. Particles with different diameters have
different mechanisms through which they are taken up by
cells.*® Different shapes also perturb cell membranes in
various forms, altering the take up rate. For example, it is gen-
erally believed that cells take up rod-shaped particles faster
than spherical particles because a larger aspect ratio can
perturb more cell membrane bending.’*”*® Surface roughness
also contributes to enhanced cellular take up.** However, if
nanoparticles are easily taken up by the tumor cell, they would
inevitably also have a strong tendency to enhanced take up by
a macrophage, leading to quick elimination from the blood
and a low targeting efficiency. Therefore, new approaches are
required to solve the problem.

From the requirements above, the conditions at different
stages are completely different, complex and variable, even
contradictory. However, conventionally used nanoparticles
have inflexible properties and are unable to meet all the
requirements at the same time. Therefore, in order to over-
come the multiple physiological barriers faced in the treat-
ment process, nanoparticles need to achieve specific trans-
formations in physicochemical properties. In recent years,
many researchers have taken full advantage of existing para-
doxes to design a range of intelligent nanoparticles with
tunable physicochemical properties, including switching
ability in terms of particle size, particle shape, surface charge,
roughness, mechanical properties, and so on, as shown in
Fig. 1. In the following sections, we summarize and discuss
recent advances in the development of transformable nano-
particles based on various physicochemical properties.

3 Stimulus-responsive nanoparticles
with transformable physicochemical
properties

3.1 Size transformation

As one of the most important characteristics of nanoparticles,
size greatly influences the efficiency of the targeted delivery of
nanoparticles in many ways.’” Nanoparticles with a particle
size of 100-200 nm have a good long circulation and accumu-
lation effect, but they do not favour diffusion into solid

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 A brief illustration of intelligent transformable nanomaterials based on various physicochemical properties.

tumors, and most nanoparticles spill out of the tumor vascula-
ture.*! Nanoparticles with particle sizes smaller than 20 nm
are more likely to penetrate deeper into the tumor, but they
are rapidly cleared out from the blood and cannot achieve
high tumor accumulation.® Therefore, nanoparticles should
first have a relatively large diameter for long blood circulation
and EPR (100-200 nm) to accumulate and penetrate tumors
with high efficiency. Upon accumulating at the tumor, the size
should shift to small sizes (<20 nm) for efficient tumor pene-
tration. There are also other applications, such as imaging,
where we need nanoparticles to remain in the appropriate
location for a long time. In this case, we want the nano-
particles to penetrate the organ with a small size and trans-
form into a larger size after penetration to avoid metabolism.*>
For optimal performance, size-switchable nanoparticles have
an extraordinary talent. Compared to uniquely sized nano-
particles, size-switchable nanoparticles can achieve better
penetration and retention by simply switching their size at a
suitable time.** This section summarizes some of the devel-
oped methods for preparing size-switchable nanoparticles.
3.1.1 Dissociation of nanoassemblies. The size reduction
strategy is essentially a process of responsive disassembly
of “linked” large-size materials at a specific target lesion.
The size-reducible nanoparticles not only retain a small
size for enhanced permeability, but also contribute to
many other properties, such as secondary distribution,**
drug release,”
been investigated based on the endogenous acidic pH,
overexpressed enzymes,*®>° redox conditions and exogenous

etc. By now, plenty of nanoparticles have
46-48
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51753 these are discussed in the

physicochemical stimuli;
following.

As it is known to all, many lesions, such as the tumor
microenvironment and lysosomes, are more acidic compared
to other tissues. Many efforts focus on nanoscale drug delivery
systems that utilize the pH gradient of the disease microenvi-
ronment as a trigger for initiating conformational changes,
leading to drug release. In recent years, polymeric materials
doped with maleic acid amides (MAA) have been found to have
pH-responsive characteristics.>® MAA-based materials are
usually synthesized by reacting the segment’s amino groups
with maleic acid (MA) or its derivatives.>>>® Under acidic con-
ditions, the carboxyl group attacks the neighboring carbonyl
group to form a succinic anhydride intermediate, contributing
to the amide bond’s breakage. Based on this principle, MAA-
based nanomedicines can be easily degraded into small par-
ticles at the tumor site.*®*” For instance, Li et al. fixed cispla-
tin-loaded polyamidoamine dendrimers (PAMAM/Pt) to the
end of a block-copolymer through amino-carboxyl coupling.
The block-copolymer is made up of polycaprolactone (PCL)
and 2-propionic acid-3-methylmaleic anhydride (MA derivative,
CDM). Through the assembly of polymers, the small-sized den-
drimers (~5 nm) are assembled into a large nanoparticle with
a diameter of ~100 nm. Upon reaching the tumor site, the
acidity triggers breakages between the amino group of PAMAM
and the carboxyl residues of CDM and releases the small-sized
PAMAM/Pt dendrimers. The size shrinks from 100 nm to 5 nm
under the acidic tumor extracellular microenvironment (~pH
6.5) to enable better penetration into deep tumor tissue

Nanoscale, 2023,15,13202-13223 | 13205
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(Fig. 2a).*° Similar works have also been done in other systems
using maleic acid amide nanomaterials.*®

The Schiff base is another widely used pH-sensitive chemi-
cal group characterized by forming a double bond between
carbon and nitrogen atoms (-CN-); this bond is unstable at
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acidic pH and easily broken through hydrolysis.”® Guo et al.
designed a nanomaterial that could be induced to change size
by an acid and had a good tumor penetration ability. Small
dendritic poly-i-lysine (DGL) nanoparticles with a diameter
of ~10 nm were first synthesized. Then an aldehyde group
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Fig. 2 (a) Chemical structure of PCL-CMD-PAMAM/Pt, self-assembly and structural change to iCluster/Pt in response to tumor acidity and intra-
cellular reducing environment.*® Reproduced from ref. 46 with permission from the National Academy of Sciences, copyright 2016. (b) Schematic
illustration showing the disintegration of large NPs into small particles at tumor acidic pH.*” Reproduced from ref. 47 with permission from Wiley-
VCH GmbH, copyright 2019. (c) Mechanism of pH-induced assembly and disassembly of the nanoparticles mediated through protonation/deproto-
nation of grafted segments.*® Reproduced from ref. 48 with permission from the American Chemical Society, copyright 2019. (d) Formation and

mechanism of light-activated reducible TK-PPE@NPce6/DOX nanoparticle.>

Society, copyright 2017.
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containing a linker (1,6-bis(4-formylbenzoyloxy)hexane) is used
to crosslink the DGLs to form large-sized spherical nano-
materials (~123 nm). The linker forms Schiff base bonds with
DGLs in a neutral environment. In contrast, in an acidic tumor
environment, the bonds are hydrolyzed and broken, leading to
the disassembly of large particles and the release of small
DGLs, resulting in a switch in size from 123 nm to 10 nm.
With this switch, both enhanced penetration into in vitro 3D
triple-negative breast cancer spheroids and in vivo tumor
tissues (Fig. 2b) are shown.*’

Polymers functionalized with amino groups are usually
unprotonated at neutral pH and exhibit hydrophobicity.
Hydrophobic polymers tend to aggregate into large-sized par-
ticles.>® However, the amino groups become hydrophilic when
protonated under acidic pH conditions, which disintegrates
the large particles and leads to size switching.®® Ray et al.
designed small poly(carbonate) nanoparticles with a diameter
of ~5 nm, and the surface of the nanoparticles was modified
with amino groups containing polymer grafts. In a neutral
environment, the unprotonated hydrophobic grafts direct the
nanoparticles to assemble into a large-sized aggregate
(~150 nm). Upon reaching the tumor acidic microenvi-
ronment, the amine groups undergo protonation, making the
polymers hydrophilic and resulting in the disassembly of the
nanoparticles and size switching from 150-190 nm to 3-5 nm
(Fig. 2¢).*® Collectively, a reduction in size takes effect near
localized disease targets in response to microenvironmental
triggers. Wang and colleagues have also similarly synthesized
amino polymer nanoparticles with acid response switches; this
increases the cellular take up of the drug.®*

Zhao et al. also reported the fabrication of ~200 nm nano-
capsules assembled from ~20 nm upconversion nano-
particles (UCNPs) with polymers containing azo groups. The
suitable size enables the nanocapsules to achieve high tumor
accumulation. Upon NIR irradiation, UCNPs transfer NIR
light to UV/vis light, which activates the trans/cis switching of
azo groups in the polymer. This conformation switch leads to
breakage of the nanocapsule, achieving a size switch from
~200 nm to ~20 nm, and thus, rapid elimination from the
tumor within one hour and release of the loaded drugs for
chemotherapy.>®

Since the GSH level is critical in the tumor tissue and cyto-
plasm, its responsiveness is also evident from size reduction
strategies. The specific process is to introduce disulfide bonds
susceptible to GSH cleavage for responsive redox biomaterials.
For instance, Ma et al. utilized cystamine, a small molecule
with disulfide bonds and amino ends, to assemble tannic acid
into large-size nano-assemblies (~170 nm). When triggered by
GSH, the disulfide bonds break and lead to the degradation of
the nano-assemblies into small-sized nanoparticles with a dia-
meter of ~20 nm. This size transformation promises to over-
come rapid renal clearance and hampered deep tumor pene-
tration.®” Guo and coworkers have done similar work to design
a GSH response system to achieve nanoparticle size switching
from 150 nm to 7.2 nm, enabling efficient therapy and
imaging of tumors for enhanced tumor theranostics.®

This journal is © The Royal Society of Chemistry 2023
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Abnormal intracellular reactive oxygen species (ROS) levels
could also be used to develop stimuli-responsive nanocarriers.
It is well known that ROS levels in cancer cells (~10 pM) are
higher compared to normal tissues (~10 nM).’** Nano-
assemblies of photosensitizer-drug complex nanomaterials
developed based on ROS-responsive interactions provide a ver-
satile nano-platform for deep tumor penetration and synergis-
tic photochemotherapy.®> Cao and colleagues synthesized
ROS-sensitive polymeric nanocarrier-based TK-PPE@NPces/pox
for nanocarrier drug delivery. Chlorin e6 (Ce6) and Adriamycin
(DOX) are encapsulated in ROS-sensitive poly(thioketal phos-
phoester) (TK-PPE) polymer nanoparticles with a diameter of
154 nm. Under 660 nm red light excitation, the ROS generated
by encapsulated Ce6 was able to in situ cleave the condensed
thioketal chemical bond in the TK junction, leading to rapid
degradation of the nano-assembly core and a size reduction
from 154 + 4 nm to 72 + 3 nm (Fig. 2d), and such size trans-
formation affected further triggered rapid DOX release.’
Other work has used similar designs for functional groups
other than the thioketal phosphoester that respond to ROS
switches, including polypropylene sulfide,*® phenylboronic
ester,®” thioketal and so on.®®

Several inorganic nanomaterials have been developed to
show a pH-responsive reduction, such as manganese (Mn)-con-
taining nanomaterials, calcium (Ca)-containing nanocarriers,
and metal-organic frameworks.®””" When small-sized nano-
particles are loaded within large-sized inorganic materials, the
reduction of carriers releases the small “cargos”, achieving a
size switch. Wang et al. prepared amorphous calcium carbon-
ate nanoparticles (ACC) pre-loaded with DOX. When approach-
ing the tumor area, due to the acid instability of the ACC, it
will dissolve and release DOX in the form of small-sized nano-
assemblies. The reduction of nanocarrier size enables better
drug permeability into the solid tumor.”* In a similar fashion,
Sun et al. prepared ZIF-8 based nanomedicine. The size-shift-
ing behavior is the same as that of ACC (Fig. 3a).”* In addition
to the above inorganic carriers, silica nanomaterials are often
used in similar designs. For example, Kim et al. developed a
mesoporous silica nanoparticle (MSN) as a carrier in which
the large pore size enabled the loading of many gold nano-
particles (AuNPs). The AuNPs were programmed by DNA
hybridization to reduce the leakage of AuNPs in the blood cir-
culation; when reaching the tumor’s acidic environment, the
DNA dissociates in response to pH and releases small gold par-
ticles for deep-penetrating 3D cancer therapy.”*

Many tumor-specific enzymes were found to be overpro-
duced, such as matrix metalloproteinase-2 (MMP-2), hyaluroni-
dase (HAase) and fibroblast activation protein-a (FAP-or).”>7¢
The enzyme has a high catalytic activity for some substances
while being highly selective and does not affect others. In this
way, the small-sized nanoparticles can be encapsulated or
loaded in a carrier that the enzyme can degrade. After reaching
the tumor site, the large-sized nanocarrier degrades and
releases small-sized nanoparticles.”” Recently, specific
enzyme-sensitive tailor-made peptides were utilized to con-
struct enzyme-degradable nanocarriers. For instance, size-

Nanoscale, 2023, 15, 13202-13223 | 13207
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Fig. 3 (a) Schematic illustration of the formation of the HA/x-TOS@ZIF-8 nano-platform.”® Reproduced from ref. 73 with permission from Elsevier
B.V., copyright 2019. (b) Schematic illustration of the transformation of hICP NPs triggered by HAase and acidic pH.>° Reproduced from ref. 50 with
permission from the American Chemical Society, copyright 2020. (c) Schematic illustration showing the size change in response to MMP-2 in the
TME and drug release in response to intracellular acidic pH.*® Reproduced from ref. 49 with permission from the Royal Society of Chemistry, copy-

right 2018.

reducible nanocarriers based on the self-assembly of acetyl
hyaluronate (HA) were reported by Zhao and colleagues. They
encapsulated small amphiphilic hexadecapeptide derivative
nanoparticles (130 nm) into dopamine-modified hyaluronate
nanocarriers. When overexpressed hyaluronidase in the TEM
dissociated the hyaluronate carriers, the small hexadecapep-
tide nanoparticles were released, achieving a size switching
from 130 nm to 30 nm (Fig. 3b). This process is also
accompanied by a shift in surface charge, from the dopamine-
modified negative surface to positively charged peptides,
further enhancing tumor penetration.>® Similarly, Cun et al.
constructed an MMP-sensitive responsive nano-platform.
Small nanoparticles (~30 nm) can be released when the
MMPase-sensitive peptide fragments in larger nanoparticles
(~100 nm) are cleaved. This size-adjustable nano-platform pro-
vides a multifunctional strategy for TEM modulation and
tumor penetration (Fig. 3¢).*

13208 | Nanoscale, 2023, 15, 13202-13223

3.1.2 In situ assembly of nanoparticles. As contradictory
behavior to the varied sizes described above, small-sized nano-
particles tend to have good penetration. They are cleared
rapidly, while nanoparticles with large sizes have enhanced
retention time but cannot penetrate deeply into tumors.
Researchers proposed a self-assembly strategy to enhance the
accumulation and penetration of nanoparticles in the mean-
time, which could be used for enhanced cellular take up, anti-
metastasis, and tumor diagnosis.”®>”® In some instances,
small-sized nanoparticles are first used for deep penetration
and responsively assembled into large aggregates in the tumor
to enhance the retention capability. The stimulations can be
classified into several types due to tumor heterogeneity,
such as host-guest interactions,”® a slightly acidic
microenvironment,®>®"  and  specific up-regulation of
enzymes.®*>®* In addition, most current research hotspots
focus on applying some external stimulus, such as light, which

This journal is © The Royal Society of Chemistry 2023
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is often used to
nanoparticles.®*#°

Recently, tremendous efforts were devoted to improving the
tumor accumulation of nanoprobes by host-guest interactions.
For example, Professor Fan Zhang’s team designed a probe
based on the host-guest interactions between azobenzene-
modified rare-Earth upconversion nanoparticles (UCNP@Azo)
and p-cyclodextrin-modified NIR-II rare-Earth downconversion
nanoprobes (DCNP@B-CD) (Fig. 4a). Small-sized UCNP@Azo
and DCNP@-CD are injected separately to attain deep tumor
penetration, and locking between Azo and (-CD enables the
assembly of the two to achieve a long retention time in the
tumor. This method enables contrast agent enrichment in
tumors by approximately 4-fold, significantly enhancing the
imaging performance (Fig. 4b).*> For instance, Wang et al. syn-
thesized NIR-II down-conversion rare Earth nanoparticles
(DCNPs) with a diameter of ~7.7 nm. By modifying paired
DNA (L1/L2) and targeting protein (FSH f) on their surfaces,
respectively, DCNPs self-assemble and aggregate at tumor
tissues by exploiting the paired nature of DNA, achieving long-
term stable labelling of the probes within the tumor and sig-
nificantly improving the signal-to-noise ratio of optical
imaging (Fig. 4c).%®

There are many specific upregulated enzymes in tumor
tissues, such as matrix metalloproteinase (MMP), legumain,
hyaluronidase (HAase), gelatinase,®” furin,®® proteases,® etc.
Bellat et al. reported functional peptide nanofibers to achieve
in situ assembly triggered by tumor-associated proteases for
the treatment of breast cancer. They reported a peptide-based
nanofiber precursor (NFP) composed of multiple p-sheet pep-
tides (MPEG2000-KLDLKLDLKLDL-CONH,). Each peptide
comprises alternating hydrophobic and hydrophilic residues
conjugated to a methoxypolyethylene glycol (mPEG) chain.
mPEG prevents interfibril aggregation. Immediately after the
cleavage of hydrophilic mPEG by proteases (via the N-terminal
lysine of the peptide construct), NFP became extremely hydro-
phobic. To improve solubility, multiple nanofibers are
assembled into 10x larger inter-fibril networks, thus showing
lower tumoral take up and a prolonged retention time
(Fig. 4d).*®

Different from enzyme-induced in situ assembly, pH-trig-
gered reactions possess the advantages of a quick response
and ultrasensitivity. pH-responsive molecules are usually
zwitterionic compounds, such as hydrolysis-susceptible citra-
conic amide,**° 11-mercaptoundecanoic acid, and (10-mer-
captodecyl)trimethylammonium bromide.”® For example, Hu
et al. recently designed a nanomaterial that achieved a size
shift from small to large in response to a slightly acidic micro-
environment for the treatment of bacterial infection.
Originally, AuNPs were readily prepared by surface modifi-
cation with pH-responsive mixed charge zwitterionic self-
assembled monolayers consisting of weak electrolytic 11-mer-
captoundecanoic acid and strong electrolytic (10-mercaptode-
cyl)trimethylammonium bromide. The mixed charge zwitter-
ion-modified AuNPs showed a fast pH-responsive transition
from negative charge to positive charge, which enabled the

trigger the in situ assembly of
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AuNPs to disperse well in healthy tissues (pH ~7.4) while
quickly presenting strong adherence to negatively charged bac-
teria surfaces in MRSA biofilm (pH ~5.5). Simultaneous AuNP
self-assembly within the MRSA biofilm enhanced the photo-
thermal ablation of MRSA biofilm under NIR light irradiation
(Fig. 4e).”

Light-induced strategies show great advantages for non-
invasiveness, remote manipulation, and ease of operation. In
the self-assembly strategies, light-responsive polymers are sup-
plied with photoactive groups such as spiro-benzopyran, tri-
phenylmethane, azobenzene, or cinnamenyl, which can
undergo reversible structural switches under UV-vis light.”>*
However, the application of this strategy is limited to experi-
ments at the cellular level due to the weak penetration ability
and autofluorescence interference of UV-vis and blue light.
Upconversion nanoparticles (UCNPs), usually containing
lanthanide ions, are able to convert long-wavelength near-
infrared (NIR) light with greatly improved tissue penetration
into short-wavelength light through a multiphoton absorption/
single-photon emission process.”® Due to their unique optical
properties, UCNPs have been developed for more applications,
such as biomedical sensing, imaging and therapies. Recently,
Xu et al. designed a multi-tasking UCNP for NIR-triggered
photodynamic therapy combined with checkpoint blockade
for immunotherapy of colorectal cancer.’® Therefore, the
further application of light-induced assembly in vivo can be
achieved with excellent prospects by utilizing UCNPs as the
carrier.

3.2 Shape transformation

In addition to the impacts of particle size on the delivery
efficacy of nanomedicines, the shape of the nanostructures
has also been found to impose significant effects on circula-
tion, enrichment and metabolism of nanoparticles. Some
typical shapes of nanomedicines include nanospheres, nano-
rods/fibers, nanosheets, and so on. As it is rather difficult to
prepare a series of nanomaterials only varying in shape (not
interfering with other physicochemical properties), studies on
the impact of shape on nano-bio interactions are not as
unequivocal as those on size. For example, some have observed
that long fibers circulate longer in the blood compared to
nanospheres and nanorods.>® Yet others have reported that
spherical nanoparticles have prolonged blood circulation; at
the same time, nanorods/nanofibers are more likely to pene-
trate into the tumor further and kill tumor cells via physically
wrapping around the cell.'

Regardless of these studies, one thing is for sure. Suppose
a nanomaterial with one shape can avoid being phagocytosed
by macrophages for longer blood circulation, there will be
difficulties in internalizing it in tumor cells for better drug
delivery. Therefore, selecting a specific shape that meets all
requirements is impossible. Hence, nanoparticles with trans-
formable shapes need to be designed to maximize the
benefits of different shapes. This section summarizes some
of the strategies used to prepare shape-transformable
nanoparticles.
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Fig. 4 (a) Preparation of azobenzene (Azo) modified NaGdF4;:10%Y,25%Yb,0.5%Tm@NaGdF, (UCNP@Azo) and B-CD modified NaGdF4:5%
Nd@NaGdF, (DCNP@p-CD).*? Reproduced from ref. 42 with permission from Wiley-VCH GmbH, copyright 2018. (b) In vivo assembly of UCNP@Azo
and DCNP@pB-CD with improved tumor targeting.*? Reproduced from ref. 42 with permission from Wiley-VCH GmbH, copyright 2018. (c) Schematic
illustration of the stepwise preparation of DNA and FSHpB modified DCNPs (DCNPs-L1-FSHp) and in vivo assembly of DCNPs-L1-FSH (first injection)
and DCNPs-L2-FSHp (second injection) with improved tumor targeting and rapid hepatic and renal clearance after two-stage in sequence injec-
tions.®® Reproduced from ref. 86 with permission from Springer Nature, copyright 2018. (d) NFP has a high aspect ratio that promotes its take up by
solid tumors. Multiple NFPs can penetrate tumor tissue and subsequently transform into larger interfibril networks via in situ activation by tumor-
associated proteases, thus minimizing lymphatic clearance.®® Reproduced from ref. 89 with permission from Wiley-VCH GmbH, copyright 2018. (e)
AuNP-N-S, with negatively charged surfaces, dispersed stably in MRSA biofilm and healthy tissues but with no bactericidal effect under NIR light
irradiation; AuNP-N-C, with positively charged surfaces in acidic MRSA biofilm (pH ~5.5), effectively adhered to bacteria and rapidly aggregated in
MRSA biofilm, exhibiting great bactericidal effect under NIR light irradiation without damage to surrounding healthy tissues (pH ~7.4).%2 Reproduced
from ref. 92 with permission from the American Chemical Society, copyright 2017.
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3.2.1 Rod-sphere transformation. Rod shaped nano-
materials have a high aspect ratio, and some researchers have
reported that this hinders cellular take up and tumor pene-
tration.”” Therefore, researchers have been working on the
stimuli-responsive rod-sphere transformation of nano-
materials. Nanomaterials containing groups such as amino
acids, dimethyl maleic amide, and ketals respond well to an
acidic environment.’®% For example, in the case of amino
acids, the presence of various positive and negative charges
and hydrophobic/hydrophilic groups enables the self-assembly
of amino acid molecules into nanostructures. In an acidic
environment, specific functional groups become protonated,
thereby altering the properties and assembly performance of
amino acids. As a result, these nanomaterials may become
unstable or undergo swelling, leading to a shape transform-
ation. For instance, Li et al. constructed pH-sensitive peptide
assemblies that changed shape from rod-like nanofibers to
spherical morphology for enhanced drug delivery and photo-
dynamic therapy. The team first constructed a pentapeptide
assembly with a rod-like fiber shape, in which the 4-amino-
proline amide bond in the material could effectively change
the peptide interaction interface and thus modulate the
peptide nanostructure’s characteristics. When the working pH
in the environment changes from neutral to weakly acidic, the
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proline amide bonds will undergo cis-trans isomerization,
which induces the reversible assembly of nanorod-like fibers
into nanosphere particles to promote tumor penetration and
cellular take up (Fig. 5a)."%°

Light radiation is also a typical stimulus often used in
nanomedicine. Wang et al. recently prepared a nanomaterial
with a transformable shape via near-infrared light modulation
for long blood circulation and deep tumor penetration in vivo.
They synthesized a class of nanopolymers based on BF2-azabis
(aza-BODIPY) dyes. At a low temperature, dyes are assembled
into worm-like nanofibers. With the increase of temperature
during light irradiation, the filamentous aggregates in the
thermodynamically stable state can transform into spherical-
shaped nanoparticles in a metastable aggregation state. With
the help of this transformation, more efficient blood circula-
tion and tumor penetration are achieved.'®*

3.2.2 Sphere-rod transformation. Nanoparticles with
spherical shapes are most used in nanomedicines, as nano-
spheres are most easily formed. A series of articles have
reported shape conversion from spherical to rod-shaped
nanoparticles.'®'°>'% Based on pH-responsive shape-trans-
formable nano-platforms, Han et al. prepared a dual-respon-
sive peptide molecule to achieve a shape transformation in
response to acidic tumor stimulation. The peptides self-assem-

wé’w%: J{ﬂfvﬁ“ *

l Acidity

stimulus

T

A E =
B-sheet structure

Self-assembly %
—_— -

Tumor Amyloid
CAFs FAP-a cells Probe fibers

Fig. 5 (a) Creation of nanomedicines capable of prolonging body circulation, facilitating tumor penetration and accumulation, and eventually

increasing intracellular retention due to the reversible morphological transition adaptable to the pH gradient present in the cellular take up
pathway.'°° Reproduced from ref. 100 with permission from the American Chemical Society, copyright 2019. (b) Mechanism of detachment of DMA
under acidity stimulus.'® Reproduced from ref. 10 with permission from the American Chemical Society, copyright 2017. (c) Formation of the
cation—n bridged trimetallic supramolecular drug complex (Cr-TMSDC) and cation—n-based trimetallic supramolecular drug micelles (Cx-TMSDMs)
in aqueous solution.'® Reproduced from ref. 102 with permission from Wiley-VCH GmbH, copyright 2022. (d) Schematic illustration of CAF-
instructed self-assembly of nanofibers in situ for enhanced tumor imaging.®* Reproduced from ref. 104 with permission from Wiley-VCH GmbH,
copyright 2019.
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ble into nanoparticles with spherical structures, facilitating
blood circulation and enrichment in the tumor region through
EPR effects. Subsequently, tumor tissue micro-acidity induces
the shedding of peptide side chain protecting groups. The
rapid transformation of spherical nanoparticles into rod-
shaped nanoparticles was driven by hydrogen bonding
between peptide molecules and the restoration of hydrophobic
forces (Fig. 5b)."° In this article, rod-shaped nanoparticles sig-
nificantly enhanced the enrichment of the nanomaterial in
tumor tissues. Another example was reported by Liu and col-
leagues, who also prepared a nanomaterial that achieved acid-
realized morphological transformations in the tumor micro-
environment for tumor therapy. The drug complex
(Cn-TMSDC) reported in the paper is composed of a cisplatin
molecule (Pt-COOK) linked via K and another drug with a Ru
metal complex containing curcumin (Ru-Cur). Then
Cn-TMSDC further self-assembles into spherical-shaped drug
micelles (Cr-TMSDMs). Due to the strong cation-n inter-
actions, the drug micelles can be stably transported in the
blood. However, in the acidic tumor microenvironment, the
strong cation-n bond dissociates and promotes the rapid
release of rod-shaped Pt-COOK. This transformation enhanced
drug permeability while improving therapeutic efficacy
(Fig. 5¢).'°> Similarly, Kalafatovic et al. designed a spherical
peptide micelle that was reconfigured to form fibrillar nano-
structures after MMP-9-catalyzed hydrolysis."®*

3.2.3 Other shape transformations. Besides the typical
rods and spheres, transformations involving other shapes
have also been reported. Peptides and proteins, such as
amyloid, self-assembling into fibers and then sheets, can be
utilized for designing shape-transforming nanomaterials.
Zhao et al. designed a shape transition diagnostic system trig-
gered by fibroblast activating protein (FAP-a) for tumor
imaging. The probe consists of a short peptide chain, and in
the presence of FAP-a, the Gly-Pro-Ala section in the probe
molecule is cleaved. The shape transformation is achieved by
this cleaving process, which induces proline shedding and
the formation of many nanofibers with a p-folded sheet con-
formation (Fig. 5d).'** This shape transformation increased
the drug retention time and improved the imaging sensitivity.
A similar strategy has also been validated for other kinds of
enzymes, such as MMPs, PKA and so on, to improve cancer
therapy.ws’l%

In another example, Yang et al. reported a bispecific supra-
molecular nanomedicine that achieved a transformable shape
in response to GSH for tumor drug delivery. They first syn-
thesized a cyclic peptide in which two flanking cysteine resi-
dues formed a cleavable disulfide bond as a reduction trigger.
This nanomedicine responds to stimulation by high concen-
trations of GSH in the tumor. It transforms into a linear
peptide when the disulfide bonds in the cyclic peptide struc-
ture are broken, which helps to form several hydrogen bonds
that can be autonomously assembled into nanofibers.’®” With
the help of this transformation, it can suppress tumors well
and without serious side effects. Nanomaterials have a variety
of morphologies, and through shape-transforming systems
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and taking advantage of different morphologies simul-
taneously, nanomaterials have more possible applications.

3.3 Charge transformation

The surface charge of nanoparticles represents another design
feature that can be tailored to extend the cycle life and selec-
tively enhance accumulation at specific target sites.
Nanoparticles with neutral and negative surface charges have
been shown to reduce the adsorption of serum proteins and
inhibit charge interactions with macrophage membranes,
thereby extending the circulating half-life.’®® On the other
hand, positively charged nanoparticles have better internaliz-
ation capabilities and higher non-specific take up efficiency in
most cells, and positively charged particles promote endo-
somal release through mechanisms such as the ‘proton
sponge effect’.'® Therefore, to effectively deliver nanoparticles
to tumors, it is desirable that the surface charge of nano-
particles be neutral or slightly negative when administered
intravenously but shift to a positive charge when they reach
the tumor site. The charge conversion transformation process
largely depends on shifts in the chemical structure of the
nanocarrier, such as protonation/deprotonation, bond break-
age, molecular structure mutations, etc.,'*°*'? which are trig-
gered by specific internal or external stimuli. This section of
the review presents the main types of charge reversal nano-
particles triggered by several stimulation modalities such as
pH, tumor redox environment, tumor proteases, light, and
heat.

3.3.1 pH-triggered charge transformation. In general, the
tumor environment is more acidic (pH 6.5-6.8) than normal
tissues (pH 7.15-7.45), while the pH conditions of endo/lyso-
somes are even lower (pH 4.5-5.0).""* The design is based on
pH-triggered charge reversal in two ways: (i) cleavage of acid-
unstable bonds; and (ii) non-covalent electrostatic
interactions.

The breakage of surface chemical bonds usually leads to
switches in the physicochemical properties of the nano-
particles. Covalent bonds are generally sensitive to acidic
environments including hydrazine, imine, amide, oxime
bonds, etc.'**'"® One typical example is B-carboxylic amide
bonds.’*® Liu et al. prepared a nanomaterial that achieved a
charge shift from negative to positive in response to the tumor
micro-acidic environment for the treatment of glioma. They
developed a nanoparticle with a three-layer core-shell struc-
ture: from inside to outside, an inner polyethyleneimine (PEI)
siRNA complex, a negatively charged citric anhydride grafted
poly(lysine) (PLL-CA) layer in the middle, and an outer angio-
pep-2 modified hemoglobin membrane. In the acidic environ-
ment of tumor cells, the amide bond in the intermediate
PLL-CA layer breaks, exposing the amino side chain (Fig. 6a),
which in turn can induce the rupture of the outermost hemo-
globin membrane and shift the charge to positive.'’” With the
help of this shift, more efficient blood-brain barrier (BBB)
penetration and tumor accumulation are achieved.

Recently, Wang et al. reported the tumor acidic microenvi-
ronment-responsive cleavage and cascade activation of
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Fig. 6 (a) Mechanism of transformation of charge under acidity stimulus.'*” Reproduced from ref. 117 with permission from the American Chemical
Society, copyright 2020. (b) Schematic illustration of the construction, polymer coating and detachment from charge-reversible LDH-based nano-
particles driven by weak acidity.*® Reproduced from ref. 120 with permission from Wiley-VCH GmbH, copyright 2020. (c) Schematic illustration of
the self-assembly process of the cascade-targeting enzyme-sensitive hierarchical nano-platform.*2> Reproduced from ref. 125 with permission from

the American Association for the Advancement of Science, copyright 2021.

pendant DMC prodrugs induced by surface charge conversion
of nanodrugs from negative to positive for promoting tumor
penetration and cellular internalization."*® Cheng et al. have
done similar research on the shift of charge from negative to
positive. The obtained nanoparticles could maintain a negative
charge and have long blood circulation, while undergoing
charge reversal at lysosomal pH after endocytosis by cancer
cells and boost lysosomal escape.'"’

Compared with acid-labile bond containing systems, non-
covalent electrostatic interactions of polymers display a faster
response to pH shifts since no breakage of chemical bonds is
involved in protonation. Non-covalent electrostatic interactions
have been widely utilized to develop core-shell nanostructures
by coating cores with negatively charged shells. For example,
Liu et al. designed acidity-sensitive charge-reversible polymer-
coated layered double hydroxide (LDH) nanohybrids. They first
synthesized a positively charged LDH and used electrostatic
interactions to coat the LDH surface with a negatively charged
polymer layer. The nanomaterial has a long circulation time in

This journal is © The Royal Society of Chemistry 2023

the blood. In a weakly acidic tumor microenvironment, the
negatively charged polymer is hydrolyzed to re-expose the posi-
tively charged LDH nanoparticles, achieving a charge shift
(Fig. 6b)."*° With the help of this transformation, tumor
accumulation and cellular take up functions are performed
more efficiently.

3.3.2 Enzyme triggered charge transformation. A number
of studies have shown that extracellular proteases regulate
switches in many bioactive factors in the tumor microenvi-
ronment. Several enzymes are overexpressed in various tumor
tissues, such as hyaluronidase (HAase),"”" p-glucuronidase,"*?
y-glutamyl transpeptidase,'** and esterase.'** By incorporating
specific enzyme substrates into the nanomedicine, these car-
riers can be recognized and cleaved by the target enzyme.
Thus, enzyme-triggered nanomedicines can be designed to
achieve on-demand charge transfer by responding to intra-
cellular and extracellular overexpression enzymes. For
instance, He et al. prepared a nanoparticle that responded to
HAase to achieve charge transformation for drug delivery. The
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team synthesized nanoparticles with a core-shell structure,
consisting mainly of a positively charged triphenylphospho-
nium derivative particle and a negatively charged hyaluronate
shell layer. Due to the overexpression of HAase in the tumor
microenvironment, the hyaluronic acid shell is degraded by
this enzyme upon arrival of the material, thus exposing the
positively charged core (Fig. 6¢).">> With the help of this
charge transformation, the function of deep penetration into
the tumor tissue and effective take up by tumor cells is
achieved. In addition, Shen’s team recently reported an
adhesin that responded to aminopeptidase N and thus
achieved tunable charge reversal properties for efficient tumor
accumulation and penetration."*®

In various human tumors, membrane y-glutamyl transpep-
tidase (GGT) is overexpressed. GGT cleaves y-glutamine and
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has been used for tumor-specific activation of fluorescent
probes and drug precursors. For instance, Shen et al. devel-
oped a GGT-responsive coupling to achieve a shift in charge
and thus deliver camptothecin into pancreatic tumor cells.
They primarily synthesized a zwitterionic polymer-drug coup-
ling with a long blood circulation time. Once the adjuvant
entered the vasculature or tumor mesenchyme, overexpressed
GGT hydrolyzed the y-glutamyl fraction to regenerate the posi-
tively charged orthobarbitamine. Subsequently, the positively
charged adduct underwent caveolae-mediated endocytosis and
transmigration, enabling transendothelial and transcellular
transport of the cationic adduct to enhance tumor penetration
and anticancer efficacy (Fig. 7a)."*” The team has done similar
work using this mechanism, digging deep into nanoparticles’
transendothelial route of entering a tumor (Fig. 7b)."**
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Fig. 7 (a) Illustration of cationization-initiated transcytosis-mediated active tumor penetration for the transendothelial and transcellular transport of
the nanomedicine.'?” Reproduced from ref. 127 with permission from Springer Nature, copyright 2019. (b) Illustration of the cationization-initiated

transcytosis of GSHPTCPT that bypasses the tPDA tumor ECM, penetrates deep into the tumor, and releases the drug throughout the tumor.

128

Reproduced from ref. 128 with permission from the American Chemical Society, copyright 2020.

13214 | Nanoscale, 2023, 15, 13202-13223

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr01332d

Published on 14 July 2023. Downloaded on 6/27/2024 8:52:28 AM.

Nanoscale

3.3.3 Other stimuli-responsive charge transformations. In
addition to the above-mentioned typical ways to change the
nanoparticles’ surface charge, other strategies and stimuli
have also been reported, such as hypoxia-triggered, ROS-trig-
gered, H,S-responsive, light-triggered and thermo-responsive,
etc.”>"*> For example, Shen et al. constructed hypoxia-trig-
gered in situ auto-loaded fluorescent probes for tumor
imaging. They integrated a charge-switchable azobenzene frac-
tion and long-wavelength aggregation-induced emission fluo-
rescence (AIEgens) into a water-soluble polymer. Under tumor
hypoxia, the enzymatic reduction of azobenzene triggers the
conversion of cationic quaternary ammonium salts into
anionic carboxylates, which form nanoparticles after the chain
segment polymer undergoes autonomous loading, relying on
intermolecular electrostatic interactions.'*® This shift enables
the more efficient application of tumor fluorescence imaging.
The charge is one of the most critical features of nanoparticles,
and research on this issue is ongoing.

3.4 Other physicochemical property transformations

In addition to manipulating the particle size, shape, and
surface charge of nanomaterials that can enhance drug deliv-
ery efficiency to some extent, many studies have now reported
other properties that can also significantly affect the nano-bio
interaction, such as the surface roughness, mobility, and
mechanical properties of nanomaterials."*****> Unfortunately,
few articles are related to the preparation of nanomaterials
with switching abilities for these properties or such prep-
arations are not yet used for biomedical applications.

3.4.1 Mobility. In recent years, many researchers have
invested a lot of effort in the design and construction of self-
propelled nanomotors. Due to the excellent ability of nanomo-
tors to have a wide diffusion range, adequate cargo transpor-
tation, and deep tissue penetration, nanomotors have good
prospects for applications in various fields, such as environ-
mental remediation, cargo transportation, sensing, biomedi-
cine, etc.'****° Furthermore, in the biomedical field, a large
amount of literature reveals that the motility of nanoparticles
affects the penetration process of nanoparticles into solid
organs and cells."**"*? Thus tuning of nanomaterials’ motion
can be of great use. One of the keys to the primary motion of
nanoparticles is the ability to apply a continuous asymmetric
force on the nanoparticles. In the currently prepared nanomo-
tors, there are two primary sources of this force: mass and
energy exchange between the nanoparticle and its surround-
ings, and that applied directly to the nanoparticle
externally.'***** Our group introduced a near-infrared “optical
brake” into a glucose-driven enzyme-based mesoporous nano-
motor to achieve remote speed regulation for the first time.
The nanomotor is mainly composed of SiO,@Au core-shell
nanospheres and enzyme-modified periodic mesoporous orga-
nosilica (PMO), forming nanoparticles with a Janus meso-
porous structure (Fig. 8a)."** The nanomotor is driven by
glucose as a biofuel catalyzed by enzymes (glucose oxidase/
hydrogen peroxidase) on the PMO structural domain of this
Janus structure, while the Au nanoshell layer in the SiO,@Au
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region is capable of generating local thermal gradients under
NIR light irradiation to drive the nanomotor by thermoelectro-
phoresis. Using the unique Janus nanostructure, the driving
force generated by enzyme catalysis is in the opposite direction
to the thermal conductivity generated by the NIR photother-
mal effect, thus achieving motion-tunable nanomaterials. Yet
still, researchers are no longer satisfied with just making nano-
particles move actively, but are looking forward to achieving
the precise control of the motion behaviour of nanomotors. So
further studies are needed to determine how such nanomotors
can be suitably applied to living organisms and spontaneously
respond to various biological barriers.'**

3.4.2 Surface roughness. As one of the essential para-
meters of nanocarriers, surface roughness plays a vital role in
determining biomolecule binding, phagocytosis, cellular inter-
actions, and biodistribution of nanocarriers."*>*” By investi-
gating the relevant literature, it was found that a rough surface
could enhance the take up of nanocarriers by tumor-associated
cells and improve drug delivery efficiency. It may also induce
enhanced adhesion of nanocarriers to proteins during the
blood circulation phase and promote the take up of nano-
carriers by non-target tissues, which is not favorable for tar-
geted drug delivery."*®'*® However, these works only syn-
thesize nanoparticles with different roughness, and more
reports are needed on the in situ controlled transformation of
the roughness of individual particles. Encouragingly, our
group recently made some breakthroughs in roughness-trans-
formable nanoparticles. U/DCNP@vSiO, (vSiO, = viral meso-
porous SiO,) nanoparticles with a rough surface are coated
with pH-responsive polymers to “shed” the surface roughness
(Fig. 8b)."** Under normal physiological conditions, this nano-
carrier has a smooth polymer surface, weak interactions with
proteins/non-target tissues, and prolonged blood circulation
time. While in the tumor micro-acidic environment, the
polymer shell is detached from the surface, exposing the
surface spine-like structure, enhancing its penetration and
retention ability in tumor tissues and promoting the take up
of the nanocarrier by tumor cells. In addition, molecular
dynamics simulations were introduced to simulate the experi-
mental results computationally (Fig. 8c)."*?

3.4.3 Mechanical properties. In recent years, with the
improvement of means of characterization, it has been gradu-
ally found that the mechanical properties of nanoparticles also
play an important role in modulating biological
properties.'>*'* Previously in this field, most articles reported
on the preparation of nanomaterials with different stiffness,
and investigating the need for material softness for different
biological barriers. It was found that stiff nanoparticles per-
formed better during blood circulation and tumor accumu-
lation, and deformable nanoparticles were better for pene-
tration, cellular internalization and drug release.'®® Recently,
Teng’s group reported for the first time a nanoparticle that
achieved stiffness deformability in response to GSH and used
it to enhance tumor therapeutic effects. They first synthesized
manganese oxide-doped mesoporous organosilica nano-
particles with spherical morphology. When they reach high
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133 with permission from Wiley-VCH GmbH, copyright 2023. (d) Schematic illustration of the formation of stiffness-transformable MMONSs.

135

Reproduced from ref. 135 with permission from Wiley-VCH GmbH, copyright 2023.

concentrations of GSH in tumor tissues, the Mn-O bonds
within the material break, and the rigid nanoparticles are
transformed into bowl-shaped nanocapsules (Fig. 8d)."*> The
Young’s modulus will be reduced from 165.7 MPa to 84.5 MPa.
With the unique rigid transformation property of the material,
it can better improve the take up of tumor cells and enhance
their penetration in the multicellular spheres.

For some physicochemical properties,
materials have been synthesized, and the nano-bio inter-
actions studied, such as transformation of the mechanical pro-
perties of materials, but the synthesized materials are usually
macroscale, not nanomaterials."”® For example, many hydro-
gels have been prepared with changeable stiffness, and arrays

“transformable”

13216 | Nanoscale, 2023, 15,13202-13223

with transformable roughness have also been reported. It
would be very desirable if similar approaches could be used
for the preparation of nanomaterials with transformable
physicochemical properties.

3.5 Dual/multiple physicochemical property transformations

While the transformation of one of a nanomaterial’s physico-
chemical properties may not be enough to tackle all biological
barriers, several of these rational design strategies have been
combined into single nanoparticle entities in the hope of over-
coming as many biological barriers as possible. Our group has
recently worked toward developing a platform incorporating
several rational design components to overcome biological bar-

This journal is © The Royal Society of Chemistry 2023
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riers sequentially. For example, we have designed nano-
materials with dual variable size/charge. Through unstable
acid bonding, we immobilized up/downconversion nano-
particles (U/DCNPs) onto large mesoporous silica nano-
particles (MSNs) to form MSN@U/DCNP nano-assemblies with
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core@satellite structures. Subsequently, the nano-assemblies
are encapsulated using charge-reversible polymers (Fig. 9a).">*
At physiological pH, integrated nano-assemblies with a larger
size (180 nm) and negative charge can effectively prolong
blood circulation and enhance tumor enrichment. In contrast,
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(PDT).*>* Reproduced from ref. 154 with permission from the Royal Society

of Chemistry, copyright 2020. (b) CLSM images of 4T1 cells treated with MSN@U/DCNPs at pH 6.5 and 7.4.>* Reproduced from ref. 154 with per-

mission from the Royal Society of Chemistry, copyright 2020. (c and d) 2.5D fluorescence analysis of the CLSM images at a depth of 90 pm.

154

Reproduced from ref. 154 with permission from the Royal Society of Chemistry, copyright 2020. (e) Image illustration of the functionalities of the
building blocks and construction of the Trojan horse nanoparticles, and their capability to overcome a series of biological barriers through TME
responsiveness, de-PEGylation/crosslinkage, transformability for multimodal imaging and trimodality therapies.'>> Reproduced from ref. 155 with
permission from Springer Nature, copyright 2018. (f) Schematic illustration of the formulation of stimuli-responsive polyprodrug nanoparticles

(SPNs) with cascade degradation properties, including acid-triggered shell detachment and reduction-responsive parent drug release.

156

Reproduced from ref. 156 with permission from the American Chemical Society, copyright 2020. (g) In vivo performance of SPNs for tumor deep-
penetration drug delivery monitored by stepwise-enhanced magnetic resonance (MR) signals.*>® Reproduced from ref. 156 with permission from the

American Chemical Society, copyright 2020.
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in an acidic tumor microenvironment, the charge-reversible
outer polymer and the connections between MSNs and
U/DCNPs break, which induces the splitting of the nano-
assemblies into isolated MSNs and smaller U/DCNPs (20 nm)
with positively charged surfaces, thus enhancing their take up
and permeation effects in tumors and cells (Fig. 9b-d).*>*

Xue et al. reported pH-responsive size/charge convertible
Trojan horse nanoparticles for delivering ultrasmall, fully
active drug adjuvants. They first synthesized an amphiphilic
molecule, which linked two adjuvant molecules through hydra-
zone bonds, and further assembled tiny micelles into relatively
large nanocarriers with a size of 79 nm. The reaction with the
amino group on the surface of large nanocarriers resulted in
the formation of surface Schiff base cross-linked nano-
particles, significantly reducing the positive surface charge.
When the ion reaches the acidic environment outside the
tumor cells, the surface Schiff base undergoes cleavage, expos-
ing the amino surface with a positive charge and releasing the
ultra-small size monomeric particle.">® The hydrazone bond in
adjuvant molecules can be broken in the lysosome, further
accelerating drug release. With the help of the dual response
transformations, drug penetration and cellular take up in the
tumor are greatly facilitated (Fig. 9e). Similarly, Hao et al. syn-
thesized stimuli-responsive multidrug nanoparticles (Fig. 9f),
which were composed of negatively charged corona and posi-
tively charged drug cores (Fig. 9g)."*° In the physiological
environment, the nanoparticles can be efficiently accumulated
and retained in acidic tumor sites, thus effectively dissociating
into positively charged polypeptide nanoparticles with smaller
sizes, thus enhancing the intra-tumor penetration and cellular
take up effects."® Finally, the intracellular CPT parent drug is
released in the reducing cytoplasmic environment, thereby
activating chemotherapy.

4  Future perspectives

Over the past years, the rational design of nanomedicines was
expected to improve anti-tumor efficiency and reduce side
effects. As previously discussed, multiple stages are involved in
anticancer drug delivery, including circulation in the blood,
accumulation in tumor tissues, deep tumor penetration, cellu-
lar take wup, and drug release within tumor -cells.
Unfortunately, most conventional nanocarriers could not over-
come these barriers, slowing down their clinical translation
progress. Therefore, it is widely accepted that more innovation
and more efficient nanocarriers represent the future direction
of nano-formulation development. In recent years, intelligent
transformable nanomedicines, which can transform physico-
chemical properties in response to endo/exogenous stimuli,
have been developed; these are expected to overcome multiple
barriers and improve the treatment effect. In this review, we
summarized the latest developments in nanomedicines with
transformable physicochemical properties, including disas-
sembly and in situ assembly of nanomaterials, shape-trans-
formation nanomaterials, charge-reversal nanomaterials, etc.

13218 | Nanoscale, 2023, 15,13202-13223
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Despite rapid progress and the many advantages of intelligent
transformable nanomaterials, there are numerous fundamen-
tal challenges and opportunities for further application and
development.

First, there is still room for improvement in innovation in
the design of transformable nanomaterials. Primarily, a series
of designs are still based on the physicochemical properties of
materials with relatively well-defined mechanisms such as
size, charge and shape. For a more systematic and comprehen-
sive understanding of the interaction between the transform-
able physicochemical properties of nanomaterials and cells,
two more aspects can be considered: (i) new methods for con-
trolling the physicochemical properties and new analytical and
imaging techniques for a deeper understanding of the micro-
structure and interactions between nanomaterials and the
intra-organismal environment; and (ii) new physicochemical
properties of a nanomedicine that can influence the nano-bio
interactions, such as surface roughness, mechanical pro-
perties, mobility of nanoparticles and so on. There is an
urgent need to develop new responsive nanomaterials in this
field by exploiting new mechanisms for the construction of
nanoparticles. Among the new physicochemical properties
mentioned in (ii), the current propulsion mechanism of nano-
motors, for example, is relatively simple. Usually, a simple one-
step reaction (e.g., catalyzing hydrogen peroxide to produce
oxygen, absorbing light to produce heat, etc.) generates propul-
sive forces to drive particle displacement. Unlike synthetic
nanomotors, many microorganisms move in a more complex
manner. For example, bacteria undergo chemical reactions
internally and externally that alter the local internal environ-
ment, drive structural changes in specific proteins, and drive
flagellar/ciliary oscillatory motions."*”**®* This mechanism
enables microbes to perform relatively complex movements.
Inspired by the above, the preparation of nanomaterials with
advanced nanostructures (e.g., bio-nanostructures) is expected
to lead to more efficient and exciting transformation
mechanisms.

Second, the response rate of nanomaterials needs to be pre-
cisely regulated. Although many current systems are designed
for nanomaterials with switchable physicochemical properties,
the time span required to change their physicochemical pro-
perties is large, ranging from minutes to days, which seriously
affects the precise regulation of the interaction between nano-
materials and biological barriers. Therefore, when designing
future nanomaterials with switchable physicochemical pro-
perties, the relevant response components should be more pre-
cisely adjusted so that the response rate can be precisely con-
trolled, enabling further investigation of the effect of physico-
chemical property switching on the interaction between nano-
materials and biological barriers.

Third, due to the complexity of the environment in living
organisms, experimental data and phenomena alone cannot
explain the excellent performances of ‘smart’ materials from a
mechanical point of view. With the development of computer
technology, and computational simulations of experimental
results through molecular dynamics (MD), coarse-grained

This journal is © The Royal Society of Chemistry 2023
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molecular dynamics (CGMD), and numerical simulation, it is
possible to investigate the process of physicochemical property
transformation and to understand the impact of relevant trans-
formations on nano-biological interactions from a microscopic
perspective. In general, MD is a microscopic simulation suit-
able for calculating the reaction and interaction energies
between molecules, as well as the hydrophobicity of mole-
cules.”® In comparison, CGMDs are more suitable for meso-
scopic simulations and are often used to model cell mem-
branes, contact angles, and surfactant assembly processes."®
It is worth mentioning that numerical simulations are more
macroscopic analytical techniques and can be used to simulate
nanoparticle flow and forces in fluids (e.g., vascular models),
diffusion of chemical reactions (e.g., catalysis by Janus nano-
particles), etc. Many modules have been developed in COMSOL
and MATLAB for numerical simulation calculations."**

Fourth, the relationship between nanomaterials with
different physicochemical properties and nano-biological
interaction interfaces has yet to be studied sufficiently, and
thus, advanced imaging and analytical technologies need to be
developed. Nano-bio interactions mainly occur in complex bio-
fluids containing large amounts of proteins, nucleic acids, and
ions, which can form dynamic corona on the surface of nano-
materials, further changing the overall physicochemical pro-
perties of the composite nanomaterials. Due to technical limit-
ations, few types of research have been conducted to directly
characterize the changes in elastic modulus/roughness during
dynamic interactions. In addition, biological barriers are
dynamic systems often disrupted during imaging and charac-
terization, leading to inaccuracies. Therefore, more non-
destructive tools and novel in vivo facilities are needed to
analyze the microstructure and interactions between nano-
particles and the biological environment in vivo.

Finally, the biological toxicity of nanomaterials is directly
related to their size, surface properties, etc. Toxicity studies on
nanomaterials with variable physicochemical properties are
very complex and require more in-depth studies. The toxicity
of nanomaterials before and after switching of the physico-
chemical properties both need to be taken into account.
Factors that stimulate the material to undergo switches, such
as light and ultrasound, also require careful study of their
effects.
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