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The individual motifs that respond to specific stimuli for the self-assembly of nanomaterials play
important roles. In situ constructed nanomaterials are formed spontaneously without human
intervention and have promising applications in bioscience. However, due to the complex physiological
environment of the human body, designing stimulus-responsive self-assembled nanomaterials in vivo is
a challenging problem for researchers. In this article, we discuss the self-assembly principles of various
nanomaterials in response to the tissue microenvironment, cell membrane, and intracellular stimuli. We
propose the applications and advantages of in situ self-assembly in drug delivery and disease diagnosis
and treatment, with a focus on in situ self-assembly at the lesion site, especially in cancer. Additionally,
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we introduce the significance of introducing exogenous stimulation to construct self-assembly in vivo.
Based on this foundation, we put forward the prospects and possible challenges in the field of in situ
self-assembly. This review uncovers the relationship between the structure and properties of in situ self-
assembled nanomaterials and provides new ideas for innovative drug molecular design and development

DOI: 10.1039/d3mh00592e

rsc.li/materials-horizons to solve the problems in the targeted delivery and precision medicine.

Wider impact

In this review article, we discuss the relationship between the structure and properties of in situ self-assembled nanomaterials, with a focus on their potential
for drug delivery, diagnosis and treatment of diseases. The driving forces behind the assembly of different chemical molecules are explored, enabling a deeper
understanding of the in vivo microenvironment, cell surface, intracellular environment, and exogenous stimuli that promote self-assembly. As click chemistry
and bioorthogonal chemistry continue to advance, chemical reactions that interfere with natural biochemical processes in vivo will become less of a concern,
making in situ self-assembly an increasingly attractive approach for drug delivery and therapy. This review serves as a guideline for the design and development
of future drug molecules, addressing targeted drug delivery and precision medicine from a new perspective.

1. Introduction

Nanomaterials, with a size ranging from 1-100 nm,' offer
pharmacokinetic advantages such as longer blood circulation
time,” membrane permeability,® and higher metabolic stability
in the field of in vivo drug delivery.* They usually play a better
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role in adjuvant therapy. Although extensive research into nano-
medicine in recent decades has led to many nanomaterial-based
drug delivery strategies,” there is still a need to improve the
morphology and residence time of drug-loaded nanoparticles
(NPs) to enhance the delivery efficiency.® However, complex
chemical reactions and physical interactions occur in organisms
at any time, with an extraordinary ability to respond to external
stimuli of different scales. In particular, the disease site is
different from the microenvironment of normal tissues, such as
the slightly acidic environment of tumor tissue, specific enzymes
and receptors, the redox of tumor cells, and more.” Due to the
complex physiological environment in vivo, nanodrug monomer
molecules spontaneously assemble into larger aggregates
due to changes in morphology and properties.® Generalized self-
assembly is the process of basic structural units forming an
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ordered structure in random disorder.” The concept of “in vivo
self-assembly” was introduced in 2017.'° In vivo self-assembled
nanomedicines undergo blood circulation, tissue penetration,
targeted accumulation, and elimination in vitro."' In contrast to
in vitro self-assembled nanodrugs, in situ constructed self-assembled
nanodrugs circulate in a molecular state, “self-assembly-assisted
target” to the lesion site,"”” and accumulate in the pathological site
through the aggregation/assembly-induced retention (AIR) effect,
which reduces the problems of rapid excretion and extensive
metabolism, resulting in lower systemic toxicity."* Therefore, the
in situ construction of stimuli-responsive self-assembled nanomater-
ials provides new ideas and strategies for diagnosing and treating
major diseases such as cancer.

Self-assembly driving forces mainly include electrostatic
interactions, hydrophobic interactions, hydrogen bonds," and
partial covalent bonding, such as the condensation reaction and
cross-linking reaction in click chemical reactions, which may be a
guide for optimizing the design of self-assembly."®™® Two electro-
lytes with opposite charges can form nanoscale assemblies on the
surface of charged substrates by layer-by-layer adsorption due to
electrostatic interactions.’® Hydrogen bonds can be considered
van der Waals forces between inherent dipoles. Hydrophobic
interaction is a driving force that causes nonpolar substances to
aggregate in aqueous solutions and repel water molecules. Hydro-
gen bonding and hydrophobic interaction complement each other
and often co-exist in self-assembly.>’ In nonpolar solvents, hydro-
gen bonding is an important driving force for the association.*'
In particular, hydrogen bonding occurs not only in water but also
in the interior of biological macromolecules, including the com-
plementary pairing of the secondary structure of peptides and the
double helix structure of deoxyribonucleic acid (DNA). In the
a-helix of proteins, it is N-H- - -O-type hydrogen bonds, while in
DNA molecules it is N-H---O and N-H---N-type hydrogen
bonds.*” In order not to be restricted by the natural synthesis
in vivo and to covalently integrate biological signals into drugs and
carriers, click chemical reactions are effective and cell-compatible
and have been used to functionalize many self-assembly systems.
This reaction makes new cellular microenvironment models have
higher spatiotemporal complexity and flexibility than previously
feasible.”

In the last two decades, a plethora of studies on molecular
self-assembly have led to a deeper understanding of the basic
principles and established the relationship between the struc-
ture and function of self-assembled systems. In situ self-
assembly based on peptides has been widely discussed,**’
but this method is not limited to peptides, as other nanoma-
terials such as polymers,*® small molecule prodrugs,*® inor-
ganic metals,* and nucleic acids**? can also self-assemble. In
this review, we discuss the principles of self-assembly of various
nanomaterials in different microenvironments in the body,
their applications, and the advantages of in situ self-assembly
in drug delivery and disease diagnosis and treatment. We
particularly focus on in situ self-assembly at lesion sites,
especially in cancer. Additionally, we introduce the significance
of introducing exogenous stimuli to construct self-assembly
in vivo. Finally, we present perspectives and potential challenges
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in the field of in situ self-assembly. We hope that the in situ self-
assembly strategy can provide novel ideas for drug molecular
design and development to address targeted delivery and preci-
sion medicine challenges.

2. Self-assembly
2.1 Tissue microenvironment

Once absorbed by the body, drugs or drug delivery systems (DDS)
are distributed through the blood circulation to various tissues
and organs. The tissue microenvironment can be classified into
two categories: normal and diseased tissue microenvironments.
Among them, the tumor microenvironment plays a crucial role
in tumor formation and development. Unlike normal tissues, the
tumor tissue microenvironment contains various tumor-specific
enzymes in the extracellular matrix and exhibits a slightly acidic
PpH that provides endogenous stimuli for i situ self-assembly.** >
Other tissues and organs also have self-assembly stimuli-
responsive factors, such as gene promoter driving in the liver
and high flow shear force driving in blood vessels.**”

2.1.1 The slightly acidic pH of the tumor microenviron-
ment. The normal physiological environment has a pH of 7.4,
whereas the extracellular matrix of the tumor microenvironment
ranges from 6.5-7.4 due to the continuous transport of H' ions
from inside to outside of the cell by ion-exchange proteins on the
tumor cell membrane, which helps to prevent auto-acidosis. This
leads to a slightly acidic environment in the tumor microenviron-
ment, which various biomaterials take advantage of by self-
assembling or reassembling into different morphologies that
exert different physiological functions. For example, peptide
nanomedicines can self-assemble into supercoiled structures
under simulated neutral pH conditions in vitro, disassemble into
NPs under weakly acidic pH conditions similar to the tumor
environment, and re-form supercoils after endo/lysosome
escape.***° To achieve in situ pH-reversible self-assembly, Cheng
et al.” designed the nanomedicine ACI, a peptide derivative that
forms a supercoiled structure in an a-sheet conformation at pH
7.4. When ACI enters the tumor microenvironment (where the pH
drops to 6.5), it transforms into an NP form, thanks to the pH-
responsive morphological transition attributed to the amide bond
of 4-aminoproline (Amp) in ACI, which undergoes cis-to-trans
isomerization (Fig. 1A).** This reversible morphologically variable
nanodrug system has a higher delivery efficiency than single
morphology nanodrug systems, as the NPs can easily penetrate
the cell membrane and the superhelix can prolong the circulation
and increase the residence time in the blood circulation and
cytoplasm, respectively.*>** Monitoring tumor growth through
fluorescence imaging in animals can demonstrate a higher accu-
mulation of superhelix structures in tumor tissue. Similarly,
reversible conversion of nanofibers (NFs) and NPs is achieved in
drug delivery processes, resulting in efficient delivery of IDO-1
inhibitors (a small molecule immune checkpoint blocker).*>** By
functionalizing peptides with antigenic epitopes, two different
forms of peptide vaccines can be prepared. Peptide vaccines with
Amp can self-assemble into peptide NFs, which have a fibrillar

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) Molecular structure and pH-induced morphological transition of nanomedicine ACI.40 Copyright 2020, Elsevier. (B) Polymer PDMAEMA-
PHB-PDMAEMA with charge-reversal behavior.*” Copyright 2020, WILEY-VCH. (C) The molecular structure of multifunctional bicomponent NPs and the

formation process and size transformation driven by electrostatic interaction.*°

Pami, and Alen.>®> Copyright 2021, The Royal Society of Chemistry.

structure that plays a crucial role in regulating cell-matrix inter-
actions affecting cell adhesion, migration, proliferation, and
in vivo drug response.>* Compared to the peptide NP vaccine,
the retention time of the peptide NF vaccine in dendritic cells is
prolonged, leading to cell maturation, accumulation in lymph
nodes, T cells infiltrating into tumor tissue, thus realizing the
immune response of the peptide vaccine.*’

NPs are typically neutral or negatively charged under a
normal physiological environment, and thus remain stable in
the bloodstream and are not taken up by macrophages. However,
upon reaching the tumor site, a charge reversal occurs, making
the NPs positively charged and allowing them to be attracted and
taken up by negatively charged tumor cells.*® For instance,
chemotherapeutic drug doxorubicin (DOX) and photosensitizer
ZnPc were attached to the polymer PDMAEMA-PHB-PDMAEMA
to form chargereversal-based pH-sensitive NPs, which self-
assembled through m-m interaction and hydrophobic force. The
tertiary amine group of the hydrophilic part of the polymer was
protonated in the slightly acidic environment of the tumor (pH =
6.5), leading to a change in the NPs’ charge potential from
negative to positive (Fig. 1B). This change greatly enhanced the
NPs’ affinity with tumor cells and facilitated cellular uptake.*”
Similarly, a negatively charged pH-responsive polymer was mod-
ified at the outer shell through electrostatic interaction using a
positively charged complex core composed of polyethyleneimine

This journal is © The Royal Society of Chemistry 2023

Copyright 2021, Wiley-VCH. (D) Chemical structures of Pami-D, Alen-D,

(PEI25K) and pDNA. The outer shell is removed under the slightly
acidic pH conditions of the tumor, exposing the positively charged
inner core to bind to the cell membrane.*® Additionally, some self-
assembly processes can be induced by electrostatic interaction.
For example, Ma et al.*® self-assembled negatively and positively
charged peptides into NPs with a particle size of approximately
170 nm that had good stability through electrostatic interaction.
Cell uptake experiments show that near-infrared (NIR) laser
irradiation and acid environment triggered their disassembly
and reassembly into smaller NPs (<30 nm), which were more
likely to penetrate tumor cells and improve cellular internalization
(Fig. 1C).>°

The tumor microenvironment is characterized by high levels
of extracellular H" and K'. To deliver the anticancer aptamer
AS1411, Peng et al.>* designed a dimeric frame nucleic acid (FNA)
based on pH-responsive self-assembly in living cells, using H'-
and/or K'-responsive logic sensors. The branching apex of the
FNA blocks AS1411, while a bimolecular i-motif serves as a control
unit, enabling the FNA to respond to changes in extracellular H'.
K" facilitates the folding of AS1411 into a G-quadruplex for release
from the dimeric FNA, resulting in fluorescence resonance energy
transfer (FRET). Compared to the traditional delivery route, using
FNA as a delivery system shows the strong transport ability of
AS1411 and high targeting of the environment recognition
response, with significantly increased delivery efficiency. This
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approach has great potential for targeted drug delivery and
accurate cancer therapy in the tumor microenvironment.>*>*

In vitro simulation of acidic microenvironments in bone
resorption voids showed that pamidronate (Pami)-derivative and
alendronate (Alen)-derivative hydrogels self-assemble into NFs
and subsequently form supramolecular hydrogels under acidic
conditions (Fig. 1D). This self-assembly mechanism is similar to
that in the slightly acidic environment of the tumor, where the
salt is protonated and self-assembly occurs through electrostatic
interactions. The self-assembled hydrogels exhibit a significantly
enhanced inhibitory effect on osteoclasts, thereby improving
bone resorption inhibition in a substantial manner.>>™®

2.1.2 Specific enzymes of the tumor microenvironment.
On the one hand, overexpression of certain genes in the disease
site can greatly alter enzyme activity and expression, which have
the advantage of high selectivity. On the other hand, many
diseases begin with molecular failures too small to be detected
by current diagnostic techniques. Designing self-assembly sys-
tems can be a solution that benefits disease detection and
treatment. Using over-expressed enzymes in the tissue micro-
environment as triggers for self-assembly and designing mole-
cular structures for in situ self-assembly at the focal site can
achieve drug delivery or better disease treatment.>

Matrix metalloproteinases (MMPs) are a ubiquitous family
of extracellular matrix enzymes that are locally expressed at
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high levels in many types of solid tumors. The cancer-related
enzyme MMP-7 cleaves the 16C alkyl group outside the cell,
removing part of the peptide sequence and leaving a tetrapep-
tide fragment in the middle that can be used as both a
hydrogen-bonded receptor and a donor to self-assemble with
the adjacent 16C alkyl group (Fig. 2A).°° The lysate of dead
HeLa cells was collected, and the morphology of NFs was
observed under a transmission electron microscope (TEM).
The self-assembled NFs can kill cancer cells, amplify intracel-
lular molecular-level events, and make drug resistance nearly
impossible compared to traditional chemotherapeutics. Many
studies are designing enzyme-sensitive drug delivery carrier
systems in response to the tumor microenvironment MMP-
2.50%2 AUNPs are common drug delivery vehicles that can be
coupled with various functional groups (such as peptides, DNA,
and antibodies) to give them physiological responses, such as
anti-tumor, anti-viral, and targeting abilities. Enzymatic self-
assembly is achieved by coupling AuNPs with enzyme-sensitive
peptides in the tumor microenvironment.®*"*> The DDS is
injected into the body by intravenous injection and can accu-
mulate in the tumor microenvironment due to the simulta-
neous enhanced permeability and retention (EPR) effect and
the targeting function of RGD ligands. The peptides are
then selectively cleaved by MMP-2 and self-assembled with
adjacent NPs through intermolecular hydrogen bonds, and
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Fig. 2 (A) Molecular structure of the peptide sequence cleaved by MMP-

7.8% Copyright 2015, the American Chemical Society. (B) The modular

molecular design includes (i) recognition motif, (ii) enzyme-responsive peptide linker, (iii) self-assembly motif, and (iv) signaling molecule and the self-
assembly process cut by MMP-2.%” Copyright 2020, the American Chemical Society. (C) Diagram depicting the legumain-triggered aggregation and
composition of AUNPs-DOX-A&C.®° Copyright 2016, the American Chemical Society. (D) TG catalyzes the cross-linking of Gln and Lys.”* Copyright 2016,
the American Chemical Society.
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the aggregates exhibit enhanced retention effects that increase
to approximately three-fold at 12 or 48 hours post-injection.®®
The peptide PLGYLG or KLVFF, which can be explicitly cleaved
by MMP-2/9, serves as an enzyme-responsive motif. The residual
molecules include self-assembly motifs and fluorescent func-
tional motifs, which self-assemble through the intramolecular
hydrogen bonds of the peptide to form B-sheet NFs, facilitating
cancer cell retention imaging (Fig. 2B).°***® Hou et al®®
reported an activated excretory-retarded tumor imaging (AERTI)
strategy that can be activated by MMP-2 in situ. The strategy self-
assembles in 786-O cells with positive MMP-2/9 expression, as
confirmed by the gelatin zymography assay. After cutting the
linker motif, the self-assembly peptide KLVFFGC is exposed, and
hydrogen bonding-driven self-assembly occurs. However, since
the system contains motifs targeting the cell surface receptor
integrin oy f3, self-assembly occurs at the tumor cell surface. The
assembly principle of targeting ayf; is discussed in 2.2.2.

Legumain is an enzyme that can cleave the surface-modified
AuNPs-AK, exposing a 1,2-mercaptoamino group, which under-
goes a click cycloaddition reaction with adjacent cyano groups
to form aggregates. This leads to enhanced retention of the
aggregates in glioma cells, as demonstrated by in vivo photo-
acoustic imaging revealing the formation of in situ aggregates.
To further improve the therapeutic efficacy, DOX is connected
to AuNPs-A&C through pH-sensitive connectors, and the result-
ing drug-loaded NPs are self-assembled using the same princi-
ple to form AuNPs-DOX-A&C. This enhanced retention effect
increases the utilization of DOX and exhibits a better therapeu-
tic effect on gliomas. In comparison to the control group, the
median survival time of DOX-coupled AuNPs-A&C increased by
288% in the experiments (Fig. 2C).%%7°

In addition, the carrier made from hyaluronic acid (HA),
coated with polymer, is degraded by hyaluronidase (HAase), an
enzyme found in the tumor microenvironment that acts as a
catalyst for the release of transglutaminase (TG). Subsequently,
the amine and acyl groups on human serum albumin (HSA)
undergo a click chemical reaction and cross-link to form a
larger DDS, which can be degraded and released under acidic
conditions (Fig. 2D). The increased size can effectively inhibit
the internalization of the drug carrier and promote the inter-
action between the drug and the plasma membrane, thereby
enhancing the synergistic anticancer efficacy.”"

2.1.3 Other tissue microenvironments. Promoters can reg-
ulate various functions, including chromosome recruitment
and promoter-specific co-assembly.’” Currently, studies on
the transcription of recombinant genes driven by cytomegalo-
virus (CMV) promoters have been used to produce recombinant
proteins and viral vectors.”* Using liver cells as the chassis, the
host liver is reprogrammed to guide the synthesis and self-
assembly of small-interfering RNA (siRNA) into secretory exo-
somes, thereby promoting siRNA delivery in vivo. Zhang’s group
utilized this in vivo siRNA delivery platform to target key
pathogenic genes for lung cancer (EGFR/KRAS), glioblastoma
(EGFR/TNC), obesity (PTP1B),”> and Huntington’s disease
(mHTT),”* with significant therapeutic effects observed. The
genetic circuit reaches the liver through intravenous injection,

This journal is © The Royal Society of Chemistry 2023
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and the CMV promoter drives specific siRNA transcription, self-
assembling into an exosome with the siRNA loaded internally.
At the same time, neuron-targeted RVG is assembled on the
surface of the exosome. Compared to culturing cells and
extracting exosomes or other extracellular vesicles, this in vivo
self-assembly strategy uses human cells as a cell factory to
produce secretory and medicinal small RNAs more efficiently
and with better biocompatibility.

Under high shear stress conditions in blood vessels, the von
Willebrand factor protein exerts hemostasis. At a certain shear
rate, this protein undergoes a change from a contracted to a
stretched state, exposing sufficient binding sites to adhere to the
surface of the collagen matrix, forming a dense network that
mediates platelet adhesion and further blood coagulation.”
Wang’s group®® proposed a novel shear-driven in situ polymer
self-assembly method that utilizes the shear force of the fluid to
effectively and rapidly stretch the macromolecular chain, promot-
ing adhesion. The method has the advantage of promoting the
orderly arrangement of the adsorbed macromolecular species,
optimizing the surface morphology and structural compactness of
the assembled film. Furthermore, the in situ self-assembly method
simplifies the operation, and a layer-by-layer assembly cycle can
be completed in just two minutes.

2.2 Cell surface self-assembly

The actions on cell surfaces have attracted significant attention
as they drive many cellular events, including cell adhesion,
proliferation, and hormone uptake.”® Enzymes and receptors
are present in abundance on the cell surface, and actively
targeting the cell surface by combining it with surface markers
can enhance the efficiency of nano-carriers for delivering a
variety of drugs into the cells, while also significantly reducing
toxicity in the life system.”” This can be achieved by combining
molecular motifs targeting the cell surface with self-assembly
motifs, leading to the self-assembly of the cell surface. Several
studies have investigated this approach.”®”®

2.2.1 Enzymes on the cell surface. It is well-known that
cancer cell membranes overexpress alkaline phosphatase (ALP),
carbonic anhydrase IX, and furin, compared to normal cell
membranes. However, the cell membrane acts as a barrier
preventing the free entry of extracellular substances, which
makes it difficult for drugs or DDS to penetrate the cell
membrane and enter the cell after reaching a certain molecular
weight. To overcome this issue, designing nanomaterials that
target the cell surface and self-assemble in situ can induce phase
separation of the membrane, thereby improving the permeabil-
ity of the cell membrane and increasing the uptake of macro-
molecular drugs.®>®" Guo et al.®® proposed a peptide, KYp, that
can be stimulated by ALP on the surface of tumor cells. Subse-
quently, KYp removes the phosphate group, exposing the
strongly hydrophobic benzene ring (Fig. 3A). Hydrophobic inter-
actions provide the driving force for self-assembly to form NPs.
ALP and NPs form a larger assembly, resulting in protein-lipid
phase separation of the cell membrane and increased perme-
ability. The result is that the peptide KYp directly enters the cell,
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Fig. 3 (A) ALP responsive peptide and its self-assembly on the cell membrane. (a) KYp is stimulated by ALP to release phosphate groups and form
aggregates with ALP. (b) (i) Phase separation of the protein and lipid phases; (ii) leakage of cell membrane; (iii) enhanced the internalization of peptides.®2
Copyright 2021, WILEY-VCH. (B) Schematic illustration of the molecular structure and the RRA cascade process. (a) P1-DBCO and P2—-N3 generate P3 in
PBS and self-assemble to form aggregates. (b) The process of in situ recognition, reaction and aggregation on the cancer cell membrane.8* Copyright
2019, WILEY-VCH. (C) Schematic illustration of the self-assembly and drug release process of nanofiber 1-Dex.8¢ Copyright 2018, the American Chemical
Society. (D) Schematic illustration of ALP-instructed coassembly of 1p and Dp to form Nanofiber 2.8” Copyright 2017, The Royal Society of Chemistry.

reaches the mitochondria, and induces mitochondrial apopto- sequences (KLVFFAE), which further form B-sheet structures
sis, resulting in a better tumor treatment effect. at neutral pH.*> The simulated cell membrane structure of
The use of enzymes overexpressed by tumor cells to trigger giant plasma membrane vesicles (GPMVs) is disrupted, result-
self-assembly and induce phase separation for increased uptake ing in increased permeability and more DOX entry into renal
of small molecule anticancer drugs has also been studied.®* In  cancer cells, improving drug utilization and sensitivity (Fig. 3B).
one such study, Wang et al.®* designed the peptide P1-DBCO, In short, increasing cell membrane permeability can solve the
which can recognize CA IX on the membrane of renal cancer cells, problem of both macromolecular drugs and small molecules
and the peptide P2-N3, which can self-assemble by increasing having difficulty passing through the cell membrane and can
hydrophobicity. The two peptides were combined through a also address the drug resistance of small molecules, offering
chemical reaction, forming the peptide P3 superstructure that good prospects for drug therapy.
can adhere to the cell surface. P2-N3 has an azide group, a Self-assemblies anchored to the cell surface have shown
hydrophilic N-terminal sequence, and a hydrophobic signal- potential as drug delivery vehicles for conventional chemo-
blocking aggregation sequence (KLVFFAE), showing a hydrophi- therapeutic drugs or anti-inflammatory agents. Platinum(iv)
lic-hydrophobic balance. The newly formed nitrogen heterocyclic ~ prodrugs with phosphate groups can respond to phosphatase
structure of P3 extends the hydrophobic motif, thereby breaking and undergo self-assembly, transforming hydrophilic molecules
the hydrophilic-hydrophobic balance. Moreover, intermolecular into supramolecular structures with NF morphology on the
hydrogen bonds trigger the aggregation of assembled surface of cancer cells. This approach enhances the cellular
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uptake of cisplatin, resulting in high cancer cell selectivity and low
cytotoxicity.”® Tang and coworkers®® designed an ALP stimuli-
responsive hydrogel precursor, 1-Dex-P, which self-assembles into
NFs 1-Dex after dephosphorylation (Fig. 3C). The anti-inflammatory
drug dexamethasone (Dex) is released into cells by enzymatic
hydrolysis and used to treat liver fibrosis in the development of
chronic liver disease. In vitro and in vivo experiments demonstrated
that 1-Dex-P has a more significant anti-fibrotic effect than the free
drug. This enzyme-induced self-assembly of NFs for drug delivery
can serve as a reference for designing more complex DDS. The
hydrogel precursor (1p) and dexamethasone sodium phosphate
(Dp) were dephosphorylated (p) under the stimulation of ALP on
the cell surface. The two did not self-assemble immediately, but
only until 1 and Dex entered the cell, respectively, and then self-
assembled into NFs (Fig. 3D). The self-assembled DDS not only
delivers Dex into cells but also prolongs the retention time and
achieves slow release, thereby binding to the glucocorticoid recep-
tor in the cytosol of macrophages, resulting in the attenuation of
inflammatory molecule expression and improving the anti-
inflammatory effect.”” The self-assemblies themselves can also
induce apoptosis by combining the self-assembly motif with a toxic
effect due to their excellent retention effect. The self-assembled
peptide sequence HAILLITKGIFK, derived from African snail
mucus, has been shown to bind to and display cytotoxicity against
MCF-7 breast cancer cells.®®

Another study has shown that phosphopeptides can be
dephosphorylated by ALP on the cell surface to produce peptide
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NFs for in vivo escape, resulting in decreased metabolic activity
and cell death in the osteosarcoma cell line Sa0s2.5%°° Addi-
tionally, nanoscale assemblies formed by oligomers on cancer
cell surfaces can enhance endocytosis and promote uptake by
cancer cells.”® Furthermore, ALP can dephosphorylate fluores-
cent molecular probes containing phosphate groups, which can
self-assemble on the cell surface to form fluorescent aggregates
that are decomposed by glutathione (GSH) upon reaching the
cell, causing fluorescence to turn off.”>°® The combination of
self-assembly and fluorescence has been widely used in mole-
cular imaging and tissue engineering to display biological
processes more intuitively.’*®® Cancer cells with high furin
expression can induce peptide molecules containing the RVRR
motif to self-assemble into B-sheet nanostructures in just five
minutes in aqueous solution.”” These nanostructures, linked
with a furin protease-targeting peptide motif to the gelatinizable
motif Nap-FF, selectively inhibit aggressive tumor growth and
can be detected by fluorescence imaging (Fig. 4A).°*°° Small
molecule chemotherapeutics often require self-assembly to
reduce toxicity.’® The anticancer drug paclitaxel derivatives
can be directly self-assembled to form NPs, which do not require
an additional DDS for loading. Modified paclitaxel can be
condensed under the stimulation of furin on the cell surface,
self-assembled to form paclitaxel NPs, and then slowly released
in the cell, significantly improving drug resistance without
inducing cytotoxicity, since there is no introduction of exogen-
ous substances as drug delivery carriers.'*!

Lauric Acid-FFVLK- HSDVHK(LAFH) LAFH nanoparticles
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Fig. 4 (A) Molecular structure of the peptidyl furin inhibitor derivative and tumor enzyme affinity mediated molecular crowding for the selective
disruption of glucose uptake.*® Copyright 2018, The Royal Society of Chemistry. (B) The molecule structure of peptide conjugate drug SAP-CPT (CPT-
C5-GNNNQNY-RGD).}%? Copyright 2021, Elsevier. (C) Molecular structure of LAFH and a cartoon of LAFH nanoparticles.'®* Copyright 2021, the
American Chemical Society. (D) The structure of self-assembly peptide and TDS transformation.®” Copyright 2020, WILEY-VCH. (E) The molecular
structure includes a (i) targeting motif, (i) MMP-2-responsive peptide linker, (iii) self-assembly motif and (iv) hydrophilic motif and a schematic illustration
of the self-assembly process induced by MMP-21° Copyright 2022, Elsevier.
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2.2.2 Receptors on the cell surface. In addition to enzymes,
cancer cells also overexpress a large number of receptors on
their surface, and targeting these receptors can improve the
precision of drug delivery or therapy. One example is the self-
assembling peptide-drug conjugate SAP-CPT, in which the SAP
molecule targets the integrin ayf; receptor overexpressed on
the tumor cells’ surface (Fig. 4B).'%> The hydrophobic dodecyl
chain at the end of the peptide chain allows the monomers to
self-assemble into peptide-drug nanoclusters in situ.'® The
advantages of nanoclusters include an increased maximum
tolerated dose of drugs and improved drug bioavailability in
cells. Interestingly, while single molecules have difficulty pene-
trating the nucleus, self-assembled nanoclusters can enter the
nucleus more effectively through an endocytosis-like mecha-
nism. The integrin oyf; receptor is also overexpressed on
neovascular endothelial cells (ECs), which are associated with
various diseases such as tumors, eye diseases, and Alzheimer’s
disease. By first self-assembling into NPs, single-targeting
peptide-conjugated antibodies can then specifically bind to
integrin oy f; and form a NF network. This network persistently
captures integrins and covers other angiogenesis-related recep-
tors, showing great anti-angiogenic potential (Fig. 4C and
5A).'°* NF networks on tumor cells can significantly block
tumor cell-induced platelet agglutination in vitro and prevent
platelet adhesion around circulating tumor cells (CTCs) in vivo,
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limiting the pro-metastatic effect of platelets and preventing
early metastasis."*®

Based on the verification of the peptide sequence targeting
the integrin oy receptor, the targeted receptor can be replaced
by a cluster of differentiation (CD), such as the CD3 protein,
to obtain an enhanced self-assembly effect that promotes
receptor oligomerization and T cell activation to exert immune
effects.’®® Another potential target, CD105, can simultaneously
inhibit tumor neovascular endothelial cells and tumor stem cells.
After targeting the surface of the cell membrane, the self-assembly
motif plays a major role in assembly. Peptide derivatives rely on
hydrogen bonds to form network-like NFs through amide bonds,
and when they cover the cell membrane, they act as a barrier and
ultimately inhibit angiogenesis and cancer metastasis (Fig. 4D and
5B)."” Chu et al.”® used polymer conjugates with anti-CD20 anti-
bodies to mimic immune effector cells to cross-link target cell
surface receptors. Through a pair of single-stranded morpholino
oligonucleotides (MORF1-MORF2) with complementary base
sequences, the conjugates bind to CD20 receptors on the surface
of malignant B cells and then hybridize and self-assemble to induce
apoptosis (Fig. 5D). Moreover, conjugating anti-CD20 aptamers to
macromers can efficiently and stably target self-aggregation/assem-
bly on the surface of Raji cells due to the ligand-receptor inter-
action under the stimulation of ammonium peroxysulfate (APS). As
a result, CD20 receptors are induced to aggregate, thereby
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Fig. 5 (A) A schematic illustration of contact of LAFH NPs and integrin oyfs to form LAFH NFs.2°% Copyright 2021, the American Chemical Society.
(B) Nanofibrous barriers formed by TDS suppress metastasis of renal cancer by dual inhibition of vascular endothelium and CSCs.*%” Copyright 2020,
WILEY-VCH. (C) Cell-surface polymerization induced CD20 receptor clustering, thus causing the apoptosis of Raji cells.’°® Copyright 2020, The Royal
Society of Chemistry. (D) CD20-mediated self-assembly of cell membrane (hybridization of MORF1-MORF2).”® Copyright 2014, the American Chemical
Society. (E) Assembly/disassembly of DNA nanostructures anchored on MVs.}2 Copyright 2017, the American Chemical Society.
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triggering apoptosis (Fig. 5C)."% In this approach, monomers
work independently and bind to cells before being triggered to
self-assemble into multimers, which are further endowed with
greater viability and additional functionalities.'® Such cell-
surface receptor cross-linking can be applied to modulate the fate
and function of other cells, especially those mediated by the
spatial distribution of cell-surface receptors. For example, self-
assembly targeting CD47 receptors leads to T cell activation.
When the molecules are anchored to the CD receptors on the
cell membrane, the conditions for the self-assembly effect also
require the participation of enzymes in the microenvironment.
The molecular structure is designed with four motifs, including (i)
AWSATWSNYWRH as a CD47 targeting motif, (ii) PLGVRG as an
MMP-2 reactive peptide ligand, (iii) KLVFFC as a self-assembly
motif, and (iv) SSGG as a hydrophilic motif. After being cut by
MMP-2, the molecule (LMY1) becomes a residual molecule (R-
LMY1). The hydrogen bond of the peptide sequence drives the
molecule to self-assemble into NFs (Fig. 4E). Finally, the “Eat Me”
signal of macrophages is activated by MMP-2 cutting and targeted
blocking of CD47."*° The designed treatment is free of small
molecule cytotoxic compounds and is designed to improve che-
motherapy, radiotherapy, and immunotherapy. Based on rolling
ring amplification (RCA) and three single-stranded DNA, the
“Willow Branch” DNA (WB DNA) assembly was constructed. With
the binding of CD44 antibody and S2.2 aptamer to the receptor on
the cell membrane, the RCA scaffold successfully assembled WB
DNA, achieving dual targeting and value-added inhibition of
cancer.'™ Therefore, CD receptor-mediated self-assembly has
research value in cancer therapy or combined immunotherapy.

Dynamic DNA nanotechnology involves the study and applica-
tion of toehold-mediated nucleic acid chain replacement reactions.”®
Peng et al.'** used micron-sized giant membrane vesicles (MVs) to
mimic living cell membranes and investigate the self-assembly and
self-disassembly mechanisms of DNA prisms on the cell membrane.
They efficiently localized three-dimensional DNA nanoprisms with
DNA arms and cholesterol targets on the membrane surface. The
dynamic manipulation of the assembly and disassembly of three-
dimensional nanoprism was achieved through toehold-mediated
DNA strand hybridization and DNA strand displacement reactions
(Fig. 5E). A toehold is a single-stranded segment of DNA to which the
invader strand can bind to initiate branch migration. The use of
toeholds enables the construction of enzyme-free DNA reaction
networks that exhibit complex dynamic behavior.

Grid proteins self-assemble on biofilms, promoting the
fundamental process of endocytosis. Liposomes are artificial
membranes that can fuse with cell membranes and are com-
monly used as drug delivery carriers."™® Inspired by the structure
of protein building blocks and grid protein self-assembly,
researchers have designed a method to create DNA-coated lipo-
somes by hydrophobically anchoring them and then linking
them to the triskelion structure based on DNA on the liposome
surface, resulting in advanced hybrid nano-carriers.**

2.3 Intracellular self-assembly

In situ self-assembly can be initiated by triggering intracellular
conditions or by interacting with intracellular biomolecules.

This journal is © The Royal Society of Chemistry 2023
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When combined with therapeutic drugs or luminescent func-
tional molecules, nano-assemblies can enable intracellular
drug delivery or image-assisted therapy. Simultaneous cancer
monitoring and treatment can prevent overtreatment or
undertreatment.

2.3.1 Intracellular enzymes. The tumor cells contain var-
ious heterogeneous enzymes, including carboxylesterase (CES),
X-linked inhibitor of apoptosis protein (XIAP), caspases, and
others. Although the monomer itself can penetrate cells well
and diffuse, its low stability and vulnerability to enzymatic
degradation in vivo under physiological conditions impede its
further development as a drug or delivery vehicle. Therefore,
researchers have proposed a solution to intracellularly assem-
ble monomeric molecules into supramolecular materials that
exhibit significantly improved accumulation and retention in
tumor cells, thereby enhancing their therapeutic potential.'*®

The peptide fragments containing ester bonds are hydrolyzed
by intracellular esterases. The hydrophilic hydroxyl groups and
hydrophobic naphthyl groups exposed on the fragments provide
hydrogen bonding and hydrophobic interactions, respectively,
resulting in self-assembly in aqueous solution and hydrogela-
tion, which can regulate cell death."'® If the ester bond is
replaced by an amide bond with a similar structure, it cannot
be hydrolyzed and self-assembled. The precursors of small
molecular peptides enter tumor cells, where CES cleaves the
ester bond. The exposed hydroxyl groups provide the driving
force for hydrogen bonding, and NFs self-assemble directly in
aqueous solution.”””''® Co-incubation with cisplatin signifi-
cantly increases the activity of cisplatin against drug-resistant
ovarian cancer. Under the catalysis of ALP and hydrolysis of CES,
the functional molecules undergo a transformation to form
nano-brush-NPs-NFs, and the conjugation of 2-(naphthalene-2-
ylacetic acid at the N-terminal of the nanogroup further
enhances self-assembly through aromatic-aromatic interactions
(Fig. 6A). Loaded with camptothecin, a chemotherapeutic drug,
and hydroxychloroquine, used to inhibit autophagy, the nano-
assemblies are released at specific sites. The intracellular NF
morphology effectively inhibits the metastasis and invasive
behavior of cancer cells."*’

An et al.™® built a system that loaded four fragments of
tumor-specific recognition motifs, enzymatic cleavage linkers,
self-assembly motifs, and functional drug molecules. When the
system reaches the tumor cells, it is stimulated by XIAP, which
is specifically expressed in the tumor cells. The enzyme cleaves
the peptide bond between the linker and the self-assembly
motif, and the newly formed peptide chain with the drug
undergoes B-folding under the action of hydrogen bonds, and
self-assembles to form a superfibrous structure (Fig. 6B). This
system has been applied to the detection and treatment of
bladder cancer.

Caspase 3/7 is a critical biomarker for tumor cell apoptosis.
Once the Fe;0,@1 NP small molecule enters caspase 3/7-
activated cells (e.g., apoptotic HepG2 cells), the intracellular
GSH reduces the disulfide bond in its cysteine motif, exposing
reactive 1,2-aminothiol groups on the cleaved peptide substrate
by caspase 3/7. Then, the free 1,2-aminothiol group undergoes
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Fig. 6 (A) Chemical structures of Nap-CPT-HCQ-Yp and its enzymatic transformations.**® Copyright 2022, the American Chemical Society. (B) The
peptide molecular motif (i) recognition motif; (i) enzymatically degradable linker; (iii) self-assembly motif; and (iv) functional molecule.*?° (C) Casp 3/7-
instructed aggregation of Fe;O4@1 NPs.*2* Copyright 2016, the American Chemical Society. (D) Composition and chemical structure of Mannose-Tyr-
Val-His-Asp-Cys-Lys-(Ala-P18).222 Copyright 2018, the American Chemical Society. (E) GSH-controlled condensation reactions to yield cyclic
amphiphilic oligomers which self-assemble into nanofibrous networks to form oligomeric hydrogels.*?” Copyright 2015, WILEY-VCH.

a condensation reaction with the cyano group of the cyanoben-
zothiazole (CBT) motif, leading to the formation of cross-linked
Fe;0, NP aggregates (Fig. 6C). Large magnetic NPs or aggregates
have better magnetic resonance properties than ultra-small super-
paramagnetic iron oxide NPs, as they significantly reduce the
transverse relaxation time (T2) of surrounding water protons, thus
resulting in a T2-enhanced magnetic resonance signal.**! Peptide
YVHDC acts as a response motif to activate caspase-1 cleavage,
with the clipping site located at the peptide bond between two
amino acids. The retained P18-AL derivative exposes the hydro-
phobic amino group, which provides the driving force for self-
assembly, and the formed nano-assembly is two times stronger
than the original photoacoustic signal (Fig. 6D).'*

2.3.2 Redox. The intracellular environment of tumor cells
is characterized by high levels of GSH and reactive oxygen
species (ROS)."** Peptide precursors containing disulfide bonds
can be reduced by GSH, exposing active 1,2-aminothiol groups
that can undergo a click condensation reaction with the adjacent
CBT molecule to form a cyclic dimer. Due to their amphiphilicity,
these dimers can further self-assemble into NFs, resulting in
higher mechanical strength and significant advantages in drug
release compared to NFs directly self-assembled from
monomers.'**'*® Small molecular peptides containing CBT and
benzyl nitrocarbamate undergo GSH reduction and nitroreductase
(NTR) cleavage, followed by click condensation to self-assemble
into NPs. Intracellular NP formation can be directly observed by
nano-computed tomography (nano-CT), providing deeper insight
into the formation mechanism of small intracellular molecule

3206 | Mater. Horiz., 2023, 10, 3197-3217

nanodrug self-assembly.’*® Liu et al'® designed two hydrogel
precursors containing disulfide bonds and CBT, which upon
GSH stimulation undergo a click chemistry reaction, reducing
disulfide bonds and self-condensing to produce cyclic dimers that
immediately self-assemble into oligomeric hydrogel NFs (Fig. 6E).
Oligomeric hydrogels offer the advantages of high mechanical
strength of polymer hydrogels and the good biocompatibility and
easy degradation of small molecular hydrogels, making them
promising for drug delivery and long-term drug release.'**"*°
Using the high GSH content in cancer cells for stimulation can
achieve the self-assembly of lesions in the body and enable precise
treatment."*® However, since normal cells in cancer patients also
contain GSH, chemotherapeutic drugs can reach normal cells and
cause inevitable damage to the human body."*" Therefore, GSH
stimulation usually requires combination therapy or the design of
nanodrugs that respond to multiple stimuli.

Tumor cell mitochondria are known to have higher levels of
endogenous reactive oxygen species (ROS)."*? In the conjugate
of the polymer and the cytotoxic peptide KLAK, the cleavage of
the thioketal occurs under the trigger of ROS. This results in the
destruction of the hydrophilic PEG and the breaking of
the hydrophilic/hydrophobic balance. The hydrophobic force
then becomes greater than the hydrophilic force, leading to
the transformation of the NPs into NF structures with prominent
KLAK. This delivery of cytotoxic peptides only targets cancer
cells, resulting in better therapeutic effects.’*® ROS induces the
formation of polymeric disulfides in the mitochondria of cancer
cells, and due to the reductive intracellular environment, this

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00592e

Published on 14 June 2023. Downloaded by Y unnan University on 8/15/2025 7:14:35 AM.

Materials Horizons

polymerization rarely occurs elsewhere in the cell. The polymer-
ization of mercaptan monomers further increases the level of
ROS in mitochondria, which automatically catalyzes the poly-
merization process and produces a fibrous polymer structure.
This process can lead to mitochondrial dysfunction, which in
turn activates necrotic apoptosis. Therefore, this in situ autopo-
lymerization system shows great potential for cancer treatment,
including drug-resistant cancers."*" Considering the hypoxia-
specific redox state and oxygen concentration, the hypoxia-
sensitive chemical group nitroimidazole is designed to be a
hypoxia-sensitive probe where the nitro group changes to hydro-
xylamine and binds to the mercaptan of cysteine. The self-
assembly and aggregation effects of iron oxide NPs can be realized
by modifying nitroimidazole on the surface of ultra-small iron
oxide. This modification can achieve hypoxic tumor imaging by
coupling fluorescent molecules. Experiments show that the self-
assembly effect can amplify the imaging signal.'*>'*°

The overexpression of hydrogen peroxide (H,O,) in the
microenvironment of infected wounds (100-250 uM) makes it
a useful marker for diagnosing wound infection."®” In a recent
study, Wang et al.'*® successfully activated in situ conjugate
polymerization of aniline dimer derivatives in calcium alginate
(CA) hydrogels for the first time using endogenous H,0, in the
wound infection microenvironment. The hydroxyl radicals
(*OH) generated by H,0, can trigger polymerization, enabling
real-time detection of wound infection and bacterial inhibition.

In addition, it is known that polyamines are highly
expressed in cancer cells, whereas non-tumor cells in the tumor
microenvironment express them less. In the peptide derivative-
drug conjugate, the first step involves self-assembly into NPs,
which after internalization into polyamine-overexpressing cancer
cells, undergo competitive dissociation of the outer hydrophilic
end structure. The released peptide-camptothecin then readily
forms a B-sheet structure, followed by the formation of micro-
fibrillar structures. The morphological transformation from NPs
to microfibrillar structures is beneficial for improving selective
drug accumulation and retention within cancer cells."**

2.3.3 Low pH in lysosomes. As mentioned earlier, the
tumor microenvironment has a weakly acidic pH range of
6.5-7.4, while lysosomes within tumor cells are acidic organelles
with a pH range of 4.0-5.5."*° i-DNA, also known as i-motif DNA,
is an atypical quadruplex nucleic acid structure formed by
cytosine-rich sequences, discovered in 1993. The multi-segment
cytosines in i-motif DNA are partially protonated under acidic
conditions (pH 5.0). Due to the Watson-Crick base pairing
mechanism, C:C+ base pairing is generated to drive single-
stranded DNA (ssDNA) to form a quadruplex. This pH-triggered
conformational change of i-motif DNA has been utilized to
modulate the assembly of AuNPs through pH changes."*' When
i-motif DNA is loaded onto AuNPs, the complementary recogni-
tion of ssDNAs and the pH sensitivity of i-motif DNA fold into a
closed quadruplex. At the endosomal acidic pH, i-motif DNA-
linked AuNP clusters can be used to deliver siRNA. Endosomal
escape occurs, resulting in high gene silencing efficiency by
releasing siRNA into the cytosol."*> The DNA tetrahedra formed
by the self-assembly of i-motif DNA can reversibly open/close DNA
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cages according to the pH value and are widely used as delivery
vehicles. The encapsulated functional molecules can realize intel-
ligent responses through encapsulation or release.'*?

Amino acid-functionalized amphiphilic perylene diimide
(PDI) derivatives can also utilize the low pH of cancer cell
lysosomes to stimulate self-assembly. Under physiological con-
ditions, PDI derivatives exist as monomers or oligomers that
can penetrate the cytoplasmic and lysosomal membranes. Once
exposed to an acidic environment close to the lysosomal cavity,
carboxylates undergo protonation. This protonation shields the
electrorepulsion between carboxylates and leads to the aro-
matic accumulation of PDI, as well as self-assembly via hydro-
gen bonds between carboxyl groups, forming a strong fibrous
structure. The structure of self-assembled fibers contributes to
the rupture of lysosomes, which leads to cell death.'**

In summary, the ultimate goal of drug delivery systems is to
be used in animals or even humans. In situ self-assembly
usually has the advantage of prolonging the residence time of
drugs in the lesion. Therefore, we have summarized the drug
delivery types and delivery methods of different self-assembled
materials to enable researchers to evaluate drug delivery efficiency.
The delivery efficiency can be considered maximized if the com-
ponent performing the therapeutic action is itself. However, due
to the complexity of the tissue microenvironment, cell surface,
and intracellular environment, detecting self-assembly is difficult.
Verification experiments are usually carried out in vitro to simulate
conditions similar to the in vivo environment, as achieving real
self-assembly in animals is challenging. In situ self-assembly tests
in vivo are usually visualized using fluorescence detection
(Table 1).

2.4 Exogenous stimuli

Designing controllable in situ self-assembly is challenging due
to the complexity of endogenous stimuli in the in vivo physio-
logical environment, which makes manual intervention and
direct monitoring difficult. Therefore, exogenous stimuli inter-
vention or combining endogenous stimuli are often considered
as strategies to achieve control over the self-assembly process.

2.4.1 Light. Macromonomers have been shown to undergo
free radical polymerization and self-assembly to form polymers.
To fully exploit the advantages of monomers and aggregates,
exogenous stimuli or combinations of endogenous stimuli can
be applied to design controllable in situ self-assembly in vivo.
For instance, photoinduced free radical polymerization was used
to induce the aggregation of biocompatible methyl ferrocene
methyl acrylate (FMMA), hydroxyethyl methacrylate (HEMA), and
N-(2-hydroxypropyl)methacrylamide (HPMA) monomers into
NPs in situ (Fig. 7A). The monomer HPMA and the initiator were
added to the cell culture, with photopolymerization initiated by
illumination at 365 nm. The self-assembled aggregates promote
actin polymerization and regulate cell fluidity."*> The interven-
tion of exogenous light is a necessary condition for intracellular
free radical polymerization. By adding fluorescent groups to
generate functional polymers inside cells to manipulate and
monitor cell behavior, the tedious synthesis and solution
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Table 1 Drug delivery types, drug delivery methods and sites for in situ self-assembly testing of self-assembled materials

Self-assembling

Test self-assembly

materials Drugs in DDS Delivery method in vitro Test self-assembly in vivo Ref.
Peptide Camptothecin (CPT) and photo- Chemical conjugation Solution, cell culture Fluorescent imaging to demonstrate 40
sensitizer new indocyanine green accumulation at tumor sites
IR820
Peptide Human papillomavirus E7 protein Epitopes derivation Solution, cell culture Fluorescent imaging to demonstrate 45
antigen lymph node accumulation
Peptide NIR dye, DOX Chemical conjugation Solution, cell culture Self-assembly not demonstrated in vivo 49
Polymer Functional proteins and Core-shell loading Solution, cell culture  Fluorescent imaging to demonstrate 71
functional peptides accumulation at tumor sites
Peptide Therapeutic peptide Chemical conjugation Solution, GPMVs, liv-  Fluorescent imaging to demonstrate 82
ing cells accumulation at tumor sites
Peptide Cyanine, DOX Nucleophilic substitu- GPMVs Fluorescent imaging to demonstrate 84
tion reaction, cellular accumulation at tumor sites
uptake
Peptide Dexamethasone Chemical conjugation Enzyme and cell Self-assembly not demonstrated in vivo 86
experiments
Peptide Dexamethasone Chemical conjugation Solution, cell culture — 87

Small molecules Cisplatin

Small molecules Taxol

Chemical conjugation Solution, cell culture

Chemical conjugation  Solution, cell culture

Drug accumulation experiments to 29
demonstrate long-term retention
Self-assembly not demonstrated in vivo 101

Peptide CPT Chemical conjugation Solution, cell culture Self-assembly not demonstrated in vivo 102
DNA — Strand hybridization =~ GPMVs — 112
and strand
displacement
Peptide Fluorophore Chemical conjugation Solution, cell culture — 117

Small molecules CPT, hydroxychloroquine

processing procedures of block copolymers in traditional self-
assembly strategies can be avoided."**'*’

Ocyanine-based photoacids are often used as light-responsive
media. When exposed to visible light, the medium decreases its
pH value and induces DNA triplex formation, leading to the
spatial reconstruction of chiral plasma molecules.**® In vivo,
dynamic plasma nanostructures with adequate responses to
different stimuli are prepared simultaneously using light radia-
tion and multiple endogenous stimuli. Nanosystems based on
DNA origami-linked gold nanorods (GNRs) with geometric shapes
and chiral signals respond to multiple stimuli, including GSH
reduction, restriction enzyme action, pH changes, or light irradia-
tion. The control strand (green) contains the telomeric DNA
sequence and forms a G-quadruplex with the light-regulating
azobenzene moiety (blue). Upon UV irradiation, the cis-azo com-
pound dissociates from the telomeric DNA control strand, and the
folded G-quadruplex is stretched, leading to a larger inter-
nanorod separation. Under visible light irradiation, the controller
DNA refolds into a G-quadruplex with the help of the ¢rans form of
the azo, leading to smaller inter-nanorod separation (Fig. 7B)."*°
Such light-driven DNA nanodevices can be used to manipulate
materials or gather information, with a wide range of applications
in biomedicine and micro/nano fields."*>'*! Currently, photosen-
sitizers used in clinics are derivatives of porphyrin, dihydropor-
phine, and phthalocyanine (Pc),"**'>* which have edge or axial
modifications. Only conditions triggered by light make it impos-
sible for DDS to accurately target the lesion, therefore, it is
necessary to introduce endogenous stimuli. Once assembled,
DDS can typically extend the residence time and enhance the
therapeutic effect of the drug.">* Linking photosensitizers to self-
assembling monomers (e.g., peptides, aptamers, etc.) can trigger
in situ self-assembly and apply photodynamic therapy to tumor
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therapy.’> Self-assembled pentalysine-Pc assembly nanodots
(PPAN) are formed by aggregating part of the hydrophobic Pc as
a core and exposing part of penta-lysine to the physiologically
hydrophobic conditions on the surface (Fig. 7C). The significantly
increased molecular size prolongs the circulation period of
photosensitizers in vivo.'*® Additionally, aggregation-induced emis-
sion luminogens (AIEgens) have been extensively studied in self-
assembly imaging.'>”"*® By binding AlEgens to self-assembled
peptides, fluorescence is turned on after assembly due to hydrogen
bonding driving the formation of secondary structures. Targeting
the bacterial surface to exert anti-infective effects and enhance ROS
production represents a potential strategy for disease diagnosis and
treatment."® Self-assembled NPs have smaller polydispersity index
(PDI) values, better inter-batch consistency, and long-term colloidal
stability, which implies better potential for bioimaging.">” The
NIR-II fluorescence imaging properties of AIE NPs enable high-
resolution imaging of superficial blood vessels through scalp
and skull imaging of cerebral vessels and centimeter-level depth
imaging of arteries."®

NIR laser-guided in situ self-assembly is a promising
approach to overcome the challenges of poor permeability
and low accumulation efficiency in tumor tissues.'®" To achieve
this, functional peptides coupled with NIR molecules possessing
photothermal properties are combined with a thermal response
skeleton poly (B-thioester), which has a smaller size (<10 nm) at
body temperature and can penetrate deeply into the tumor.®>
However, when irradiated with NIR, the temperature increases,
leading to the self-assembly of whole thermal responsive mole-
cules in the tumor. The resulting spherical NPs can accumulate
in the tumor, effectively enter cells, and induce apoptosis by
destroying the mitochondrial membrane (Fig. 7D)."** By utiliz-
ing exogenous stimuli to control self-assembly, the instability

This journal is © The Royal Society of Chemistry 2023
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which results in smaller internanorod separation.’*® Copyright 2017, the American Chemical Society. (C) Self-assembly of PPAN under physiological
hydrophilic conditions and disassembly in tumor cells.**® Copyright 2018, the American Chemical Society. (D) Deep tissue penetration of polymer-
peptide conjugates (PPCs) and the NIR laser induced in situ self-assembly.'®®> Copyright 2018, the American Chemical Society. (E) Temperature-
controlled aggregates on the cell surface for manipulating and monitoring HER2 receptor clustering.*®” Copyright 2016, the American Chemical Society.

and uncontrollability of the endogenous microenvironment can
be circumvented, allowing the reaction to be activated or deac-
tivated at any given time. When combined with endogenous
stimuli to induce in situ self-assembly, the size of NPs can be
precisely controlled at a specific location, providing the advan-
tages of deep tumor infiltration, enhanced accumulation, and
internalization of cells in vivo, thereby demonstrating extensive
potential for tumor therapy.'®*'%

2.4.2 Temperature. The temperature-sensitive block mole-
cules undergo a phase transition when the temperature is
either higher or lower than the critical temperature, resulting
in the provision of either an aqueous environment or hydro-
phobic fragments that are required for self-assembly.'®

Bispyrene (BP) molecules, which are non-fluorescent in their
monomeric state, can exhibit fluorescent effects when they self-
aggregate into NPs in aqueous solutions due to their hydrophobi-
city and n—r interactions."® This fluorescence effect is commonly
utilized to monitor the self-assembly/disassembly processes both
in vitro and in vivo. Qiao et al'®” employed thermoresponsive
polymers to modulate the self-assembly of BP. Specifically, they
used a temperature-sensitive polymer, poly(N-isopropylacrylamide)
(PNIPAAm), as a thermoresponsive backbone that was covalently
linked to HER2-targeting peptide-conjugated BP. The PNIPAAm

This journal is © The Royal Society of Chemistry 2023

polymer demonstrated a sharp water phase transition when
heated above the critical temperature.’®® At 40 °C, the polymer
collapsed, acting as a “shield” to prevent the aggregation of BP,
whereas at 35 °C, the polymer stretched and exposed BP to the
aqueous solution, leading to aggregation with a six-fold enhance-
ment in fluorescence. When the polymer containing BP was
incubated with living cells and the temperature was reduced from
40 °C to 35 °C, BP was able to target the surface aggregation of
HER2 overexpression in cells (Fig. 7E).

The hydrophilic thermal response block oligomeric ethylene
glycol monomethyl ether (OEG) chains to undergo dehydration
at high temperatures, causing them to transition from a water-
soluble crimped state to an insoluble spherical state.*>'”° OEG
is linked with the hydrophobic core to form an amphiphilic
structure, and the thermal response leads to a phase transition
from microscopic self-assembly to macroscopic aggregation,
thus enabling the visualization of the dynamic stimulus-
response behavior of self-assembly."”*

3. Conclusions

In a diseased state, the secretion and metabolism of cells differ
from those of normal cells. Therefore, identifying the signal
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factors in the lesion area and inducing in situ self-assembly of
building blocks could be a feasible strategy to improve the
cellular uptake of prodrugs. In situ self-assembled nanomater-
ials have been widely utilized in drug delivery, therapy, and
imaging.”®'”>"'”® This review focuses on the self-assembly
principles and biomedical applications related to tissue micro-
environments, cell surfaces, intracellular stimulation, and exo-
genous stimulus-response. In particular, the review examines
how the specific microenvironment of tumor tissue and cells
and specific targets on the surface of tumor cells can induce the
self-assembly of cancer lesions, enabling tumor-specific drug
delivery and treatment. In general, self-assembly produces larger
systems, which can be divided into nanoparticles, nanofibers,
aggregates, networks, and more. Self-assembled molecules tend
to change in size and shape, which offers several advantages,
such as longer residence time, better endocytosis or penetration,
signal amplification, higher drug delivery efficiency, visible
fluorescence tracers, and more, all of which contribute to
improved drug delivery and treatment in vivo (Table 2).

4. Challenges and prospectives

There are still many challenges that need to be overcome in the
in situ construction of self-assembled nanosystems. This review
proposes possible solutions to these challenges and discusses
the expected development direction.

First, one of the major challenges is the complexity of the
self-assembly process in vivo. The physiological environment is
variable and unstable, leading to individual differences in
organisms.'”® As such, designing molecular units that can accu-
rately regulate the assembly process in vivo to improve the
efficiency of drug delivery and the effectiveness of disease treat-
ment remains a great challenge for researchers."””*”® To address
this, designing self-assembly molecules with multiple stimulus
responses can improve the efficiency and effectiveness of self-
assembly.'®® In addition, the coupling or driving forces between
supramolecular self-assembly are mostly inferred from in vitro to
in vivo experiments, and the real intermolecular interactions
in vivo still need to be dynamically detected by developing
more accurate characterization techniques or instruments to
better understand in vivo assembly.'®" With the emergence of
new materials and the increasing complexity of self-assembly
structures, studying the effects of pathophysiological conditions
on each interaction is crucial when designing a stimulus-response
drug delivery system. Further basic research is needed to under-
stand the interactions between selected materials and biological
systems in terms of cell uptake, cytotoxicity, immunogenicity,
etc.'® In the research and development of new drugs, it is
important to thoroughly study the mechanism and side effects
of drugs before entering clinical research. Many drugs may
quickly enter clinical research due to their excellent therapeutic
effects in the experimental process. However, the failure of clinical
trials or ineffective and counterproductive results in the
human body may occur if the mechanism and side effects of
drugs are not fully understood. Therefore, exploring methods
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such as intermolecular interaction forces and molecular dynamics
simulations, starting with theory and experimentally verifying it,
can not only help lay the foundation but also save costs and
reduce waste,'8>'84

Secondly, another challenge for assembled molecules is
safety. Reversible self-assembly can degrade the assembled
macromolecules into small molecules that can be more easily
excreted or cleared by the organism. Consequently, it is impera-
tive to develop biocompatible assembly monomers. Although
materials capable of self-assembly mostly consist of exogenous
substances, they are still less biocompatible than substances
secreted by the body itself. Furthermore, small molecular pro-
drugs without carrier delivery lack multi-layer coated carriers,
which can simplify the structure of nanoparticles. Nonetheless,
their safety and stability require further investigation.

Thirdly, there are only a few reports on the controllable
regulation of molecular size and reaction processes after in situ
self-assembly in vivo. Due to the invisibility and uncontrollability
of the in situ self-assembly process, researchers may encounter
challenges in determining how far self-assembly has progressed
and when to stop it. On one hand, previous studies have shown
that the self-assembly formation time and growth rate can be
controlled by adjusting the surface density of enzymes or modify-
ing the local motifs of self-assembly precursors.'®> Additionally,
adjusting the morphology and density of nanostructures can alter
the mechanical properties of materials.'*® On the other hand, the
introduction of luminescent motifs into self-assembly molecules
can help visualize the process of in situ self-assembly, facilitating
real-time monitoring.

Finally, it is crucial to investigate the critical aggregation
concentration (CAC) required for self-assembly. The chemical
complexity of the in vivo environment can interfere with the
interactions between assembly motifs. Therefore, achieving
in situ self-assembly at lesion sites in vivo necessitates higher
concentrations of molecules, and the molecules themselves
may have distinct roles compared to the practical application
of self-assembled aggregates.'®” Combining exogenous stimuli
with endogenous stimuli is a potent strategy to enhance the
propensity for self-assembly. However, stimuli such as light and
temperature can cause damage to cells or the human body.

As previously mentioned, the use of in situ stimulus-response
self-assembly in drug delivery, fluorescence imaging, and preci-
sion therapy has seen significant progress. In addition to the
challenges and possible solutions outlined above, understanding
the self-assembly principles of biocompatible materials such as
peptides, polymers, small molecules, nucleic acids, and other
biocompatible materials is vital for further optimizing their
propetties, including interactions with living organisms and their
long-term chemical and physical stability. The 2022 Nobel Prize
in Chemistry was awarded to scientists in “click chemistry and
biological orthogonal chemistry.” Bioorthogonal reactions
allow click chemistry to be performed within living cells without
disrupting natural biochemical processes, and the in situ
assembly and transformation of nanomaterials can be artificially
controlled in space and time through bioorthogonal linkage and
cleavage reactions.'®®'®® The self-assembly process involves
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several click chemistry reactions, such as click-condensation
reactions between cysteine (Cys) and CBT, and photoclick reac-
tion coupling of maleimide and tetrazolium.'®**** The number
of investigations in this area is likely to increase significantly in
the coming years.

The previous review showed that numerous enzymes are
present in the tissue microenvironment, on the cell surface, or
within cells. Accordingly, identifying the location of endogen-
ous enzymes within living systems and achieving self-assembly
of different parts is a potential way to treat cancer, which
undoubtedly holds great promise for future development.
In addition, the in situ self-assembly of therapeutic small
molecular prodrugs within cellular environments has emerged
as another practical strategy for developing multi-component
targeted nano-drugs without drug resistance.'®* This approach
can eliminate adverse reactions caused by carriers and achieve
ultra-high drug loading, ensuring significant advantages in
tumor drug resistance and increased drug payload. In the
future, it may be possible to reduce systemic toxicity while
maintaining anti-cancer efficacy, leading to clinical transforma-
tions in anti-tumor therapy.'®®
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