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Recent advances in developing active targeting and multi-
functional drug delivery systems via bioorthogonal chemistry

Wenzhe Yi', Ping Xiao', Xiaochen Liu', Zitong Zhao', Xiangshi Sun', Jue Wang', Lei Zhou', Guanru Wang', Haigiang Cao’,

Dangge Wang'?™ and Yaping Li@®'>™

Bioorthogonal chemistry reactions occur in physiological conditions without interfering with normal physiological processes.
Through metabolic engineering, bioorthogonal groups can be tagged onto cell membranes, which selectively attach to cargos with
paired groups via bioorthogonal reactions. Due to its simplicity, high efficiency, and specificity, bioorthogonal chemistry has
demonstrated great application potential in drug delivery. On the one hand, bioorthogonal reactions improve therapeutic agent
delivery to target sites, overcoming off-target distribution. On the other hand, nanoparticles and biomolecules can be linked to cell
membranes by bioorthogonal reactions, providing approaches to developing multi-functional drug delivery systems (DDSs). In this
review, we first describe the principle of labeling cells or pathogenic microorganisms with bioorthogonal groups. We then highlight
recent breakthroughs in developing active targeting DDSs to tumors, immune systems, or bacteria by bioorthogonal chemistry, as
well as applications of bioorthogonal chemistry in developing functional bio-inspired DDSs (biomimetic DDSs, cell-based DDSs,
bacteria-based and phage-based DDSs) and hydrogels. Finally, we discuss the difficulties and prospective direction of
bioorthogonal chemistry in drug delivery. We expect this review will help us understand the latest advances in the development of
active targeting and multi-functional DDSs using bioorthogonal chemistry and inspire innovative applications of bioorthogonal

chemistry in developing smart DDSs for disease treatment.
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INTRODUCTION

Many therapeutic candidates have had difficulty translating to
clinical applications due to high drug accumulation in non-target
organs and low enrichment in target organs.' Drug delivery
systems (DSSs) have enabled the development of many ther-
apeutic agents that promote patient compliance and improve
patient health by enhancing their delivery to the target sites and
minimizing off-target accumulation.*® Current DDSs primarily
consist of synthetic organic material systems (e.g., liposomes,
micelles, and polymeric nanoparticles*®), inorganic material
systems (e.g., mesoporous silica nanoparticles and metal-organic
frameworks’™®), and bio-inspired DDSs (e.g. viral-based, biomi-
metic and cell-based DDSs'%'%). As treatment methods evolve
from small molecule chemicals to nucleic acids, peptides,
antibodies, and living cells, DDSs are facing numerous obstacles.'®
For example, nanomedicines can transport therapeutic drugs to
the target site through enhanced permeability and retention (EPR)
effects,'””™° but they still accumulate in large quantities around
blood vessels, preventing drug penetration into diseased
tissue.2"2* Although several studies have shown that modifying
specific ligands on the surface of nanomedicines, such as folic
acid, peptides, and antibodies, can improve targeting ability,>*2¢
the targeting effectiveness is mostly dependent on the different
expression of receptors on target cells and other cells.?’° In
terms of microenvironmental response strategies, DDSs can
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respond to specific physicochemical properties or overexpressed
enzymes of the microenvironment, but the minor differences in
acidity or enzyme activity between normal and diseased tissues
make it difficult to develop nanomaterials sensitive to such
modest changes'* As for bio-inspired DDSs, the inherent
defects of the cell limits their development. For example, while
chimeric antigen receptor T cells (CAR-T) can destroy tumor cells,
they cannot penetrate deep into tumor tissue, limiting their
ability.3>3¢ Although genetic engineering technologies are devel-
oped to endow cells with new functions, they are time-
consuming, costly, and have a poor success rate, leading to a
long production cycle.>”~** Therefore, new strategies are needed
to overcome the challenges of DDSs. As an emerging chemical
modification technique, bioorthogonal chemistry has shown
enormous potential in developing DDSs.

Bioorthogonal reactions happen in living cells without interfer-
ing with the normal biochemical functions of the organism.**™*
The first bioorthogonal reaction is a Staudinger ligation that
occurs between N and a triarylphosphine group.*> However, due
to its poor reactivity, this reaction has not been widely exploited in
biological research.**™*® In 2002, Sharpless et al. proposed
Copper(l)-catalyzed  azide-alkyne 1,3-dipolar  cycloaddition
(CuAAQ) which exhibits a much higher reaction rate
(10-100M~" s7' with 1mol% Cu(l)) than Staudinger reaction
(0.008 M~ s~ ") and better selectivity.**>° However, CUAAC cannot
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be used in living cells because of copper(l)-induced cytotoxicity.
Although various methods have been employed to reduce
toxicity, they do not address the core cause of the problem.”'>3
To overcome the copper cytotoxicity of CUAAC, Bertozzi and co-
workers employed electron-deficient deformed alkynes to con-
struct a strain-promoted azide-alkyne cycloaddition (SPAAC),
which showed a great reactivity(1-60 M~ s~') with no copper
cytotoxicity.>*>® Following that, Fox and his team created the
inverse electron demand Diels-Alder (EDDA) process (1-10° M~ s71),
which is based on the cycloaddition reaction of tetrazine (Tz) and
trans-cyclooctene (TCO) derivatives and has a faster reaction rate
than SPAAC.>’°8 Considering that numerous chemical reactants
with high specificity to each other in a test tube will lose selectivity
due to the interference of various biologically active components,
these copper-free bioorthogonal reactions are more suitable for
biomedical research because of their nontoxicity, efficiency, and
high selectivity in biological systems. Even under adverse
physiological conditions such as the acidic and hypoxic environ-
ment, these reactions are rapid and effective, with minimal cell
damage.”?%3

In general, applying copper-free bioorthogonal chemistry in
living organisms involves two steps. First, bioorthogonal groups
(such as N3) must be inserted into target biomolecules on the cell
membrane. Metabolic engineering, an emerging cell engineering
strategy, has been used in recent years to conjugate functional
groups into biomolecules such as proteins, glycans, and phos-
pholipids on the cell membrane by utilizing the cells’ inherent
metabolic pathways.***?%*"%® Bioorthogonal groups can be
labeled on the cell membrane in vitro or in vivo by modifying
them with amino acids, monosaccharides, and choline because
cells must utilize these metabolic precursors during innate
biosynthetic pathways. Second, nanoparticles or antibodies with
pairing groups (such as dibenzyl cyclooctyne (DBCO)) conjugate to
bioorthogonal groups (such as Ns) labeled cells via bioorthogonal
reactions.%>’° Based on these processes, bioorthogonal chemistry
has been employed to improve the targeting delivery of
therapeutics and develop DDSs.”"”2 On the one hand, bioortho-
gonal groups can be presented on the cell membrane in great
density by metabolic engineering. Therapeutics with paired
groups can target cells or tissues with bioorthogonal groups for
the treatment of cancer, bacterial infections, and other diseases
through bioorthogonal reactions.”>’* On the other hand,
bioorthogonal reactions are low-cost with high efficiency, allowing
the label of cytokines, antibodies, or nanoparticles onto the cell
membrane.'*”® Cells, bacteria and phages will be endowed with
novel functionalities such as selective targeting and immune
regulating reactivities, which makes bioorthogonal chemistry a
powerful tool to create multi-functional bio-inspired DDSs with
higher therapeutic effects.”®

Given that other reviews have detailed the contribution of
bioorthogonal chemistry for cancer imaging, prodrug activation,
and cancer therapy but do not detail the application of
bioorthogonal chemistry from the developing strategies of
DDSs,”””® this review will focus on recent advances in bioortho-
gonal chemistry (especially SPAAC and iEDDA) in developing DDSs
from the perspective of active targeting and multi-functional
modifications. We introduced the principle of labeling cells or
pathogenic microorganisms with bioorthogonal reactions, includ-
ing bioorthogonal groups, labeling biomolecules, and labeling
strategies in vitro and in vivo. We then highlighted recent
breakthroughs in developing active targeting DDSs to tumors,
immune systems or bacteria via bioorthogonal chemistry, and its
applications in developing functional bio-inspired DDSs. Finally,
we discussed the challenges and prospective direction of
bioorthogonal chemistry from precision regulation, expansion of
toolkit and technology integration for designing novel DDSs. We
expect this review will help researchers to overview latest
advances in designing active targeting and multi-functional DDSs
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with bioorthogonal chemistry, and inspire innovative new drugs
for disease treatment.

THE PRINCIPLE OF BIOORTHOGONAL METABOLIC LABELING
Due to the large size of fluorescent labels, cell labeling
technologies like fluorescent protein gene coding and dye-
antibody conjugation might affect the function of proteins.”’”9®
Appling biosynthesis and metabolism systems to introduce
bioorthogonal groups into cells or pathogenic bacteria, known
as bioorthogonal metabolic labeling, enables living creature
labeling. This technology does not affect the structure and
function of biological macromolecules, as well as the exchange of
substances between cells and the extracellular environment.
Furthermore, the high density of bioorthogonal groups provides
more binding sites enables for cell membrane engineering and
targeted drug delivery. In this section, we will describe chemical
groups and target molecules on the cell membrane for
bioorthogonal metabolic labeling (Fig. 1). Then, we will go over
strategies for in vitro and in vivo cellular bioorthogonal metabolic
labeling, providing a reference for delivering metabolic precursors
to target cells by nanocarriers or chemical modifications. Finally,
we will discuss bioorthogonal metabolic labeling of bacteria and
viruses in the hope to generate new ideas for targeted therapy of
pathogenic microorganisms.

Chemical groups for bioorthogonal metabolic labeling

Among various bioorthogonal chemical groups, N3 is the most
wildly used in cell labeling. Metabolic derivatives like N3-modified
mannosamine, galactosamine, sialic acid, fucose, glucosamine,
and choline can be embedded into cell membrane glycans or
phospholipids through cellular metabolism.”>#27°" In addition to
Ns, many other bioorthogonal groups have also been inserted into
the cell membrane. For example, mannosamine with DBCO can be
used to label LS174T colon cancer cells with DBCO.%> Alkynyl-
modified monosaccharide derivatives can be coupled with Ns-
modified molecules.”®** Furthermore, N-acetylmannosamine
(ManNAc), N-acetylgalactosamine (GalNAc), and
N-acetylglucosamine (GIcNAc) derivatives with isonitrile groups
can be utilized for tumor cell labeling and undergo iEDDA
reactions.”>*® Given that different bioorthogonal groups have
different sizes and physicochemical properties, one of the
challenges in bioorthogonal metabolic labeling is identifying
and synthesizing the best bioorthogonal groups for cell labeling.
The ideal bioorthogonal group should have minimal steric
hindrance, good biocompatibility, and mild reaction conditions,
as well as a fast reaction rate and high conversion rate. N3 and
DBCO, TCO, and Tz are the most wildly used bioorthogonal pairing
groups in cell labeling which are biocompatible and active in
physiological conditions. Although both N3 and DBCO can trigger
efficient bioorthogonal reactions, N3 labeled cells can initiate
higher efficiency than DBCO labeled cells.”® This could be due to
the huge size and steric barrier of DBCO, which makes the ligation
reaction more difficult. Additionally, the biocompatibility of
bioorthogonal groups is crucial for cell labeling. If bioorthogonal
groups degrade quickly, antibodies or nanoparticles will no longer
be attached to the cell membrane, resulting in unanticipated
adverse side effects. According to research, N3 exists on cells
longer than other bioorthogonal groups, indicating that N3 may
now be the best bioorthogonal group.””

Furthermore, despite the development of numerous bioortho-
gonal group-modified metabolic derivatives, there is no clear
method for quantifying the absolute number of bioorthogonal
groups on the cell surface, making it difficult to compare the
labeling efficiency of different metabolic precursors with the same
bioorthogonal groups. Moreover, because of the big size of DBCO,
not every N3 can pair with one DBCO, implying that a large
number of N5 are not utilized.”®*° These challenges hamper our
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Fig. 1 Bioorthogonal metabolic labeling of living cells. First, metabolic precursors are endocytosed by cells. Second, precursors are involved in
cellular metabolism. Third, bioorthogonal groups are displayed on the cell surface. Finally, cargos are conjugated to the cell through a click
reaction. a Metabolic precursors with bioorthogonal groups. Unnatural sugars bind to cell surface glycans through the glucose metabolic
pathway. Lipid precursors are embedded in cell membranes through phospholipid synthesis pathways or lipid insertion. Functionalized amino
acids bind to membrane proteins through protein synthesis pathways. b SPAAC and iEDDA are used for targeted delivery and developing
DDSs. ¢ Conjugate cargos that bind to cell membranes via bioorthogonal chemistry
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understanding of the differences in bioorthogonal labeling via
different metabolic pathways and limit the usage efficiency of
bioorthogonal groups on the cell membrane. To more accurately
eliminate the number of bioorthogonal groups on the cell
membrane, detection reagents of appropriate molecular size or
new detection methods must be developed. Finally, the time
necessary for bioorthogonal metabolic labeling must be consid-
ered. It takes days for cells to be labeled even in vitro, which limits
the usage of bioorthogonal metabolic labeling in vivo.”® In the
future, researchers must create bioorthogonal groups with
minimal steric hindrance while preserving stability and biocom-
patibility. Simultaneously, other cell metabolic pathways could be
used to reduce labeling time, resulting in the most efficient and
stable bioorthogonal labeling.

Target sites of bioorthogonal metabolic labeling on the cell
membrane

Chemical synthesis links bioorthogonal groups to metabolic
precursors such as monosaccharides, amino acids, and choline,
which are then introduced into glycans, proteins, and phospho-
lipids via cellular metabolic pathways®''% (Fig. 1a). Bertozzi et al.
for example, employed N-azidoacetylmannosamine (Ac;ManNAz)
to metabolize it into N-azidoacetylneuraminic acid via the sialic
acid biosynthetic pathway, allowing N3 to be expressed in
cytoglycans.'®’  Njy-modified methionine, leucine, tryptophan,
and phenylalanine are incorporated into proteins in E. coli or
human cells via protein biosynthesis.'®>"'% Choline analogs such
as azidoethylcholine (AECho) and azidopropylcholine (APCho)
display N3 on phospholipids via the intracellular phosphatidylcho-
line synthesis pathway.'®'%” Although proteins, phospholipids,
and glycans can be utilized as targets for bioorthogonal metabolic
labeling, their physiological roles affect the labeling efficacy.
Proteins are essential components of living cells. Ns-modified
amino acid derivatives have a similar structure to amino acids and
do not affect the structure or function of proteins. However, when
paired with DBCO-modified drugs or nanoparticles, the massive
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steric hindrance may change the spatial structure of the protein,
disrupting its normal activity (such as signal transduction and
substance transportation). Phospholipids mainly participate in the
formation of the cell membrane, thus the addition of N5 has little
impact on phospholipid function. Furthermore, cell membrane
phospholipids have a larger contact surface than proteins,
resulting in a greater number of target sites for the bioorthogonal
reaction of DBCO and Ns. In addition to Ns-modified choline
analogs, several synthetic phospholipids have been produced,
such as DSPE-PEGs-Tre'® and DSPE-PEG-N;,'® which are
implanted in the cell membrane by lipid intercalation. However,
bioorthogonal metabolic labeling of phospholipids is mostly used
for in vitro cell labeling, because it is difficult to selectively label
target cells’ phospholipids in vivo as the component of membrane
phospholipids varies little from cell to cell. Glycan labeling is the
most wildly used bioorthogonal metabolic labeling technology,
which has achieved both in vivo and in vitro cell labeling,
including tumor cells,”*>#58%=°1 dendritic cells,”"®""" and so on.
Labeling glycans with bioorthogonal groups has little effect on cell
activity. Meanwhile, monosaccharides have more chemical mod-
ification sites than amino acids and choline, which can be coupled
with high molecular polymers or sensitive linkers. Researchers
have developed a variety of bioorthogonal functionalized mono-
saccharides (also known as unnatural sugars), such as N3-modified
sialic acid, ManNAc, GalNAc, GlcNAc, fucose, and monosaccharide
derivatives with enzyme-responsive groups.?”® Thus, unnatural
sugars have received more attention in biomedical research
compared to metabolic precursors of phospholipids and proteins.

Strategies for cell bioorthogonal metabolic labeling in vitro and
in vivo

In vitro labeling strategy. Metabolic labeling of cells in vitro is as
simple as adding metabolic precursors to the cell culture media,
such as Acu;ManNAz, AECho, and APCho (Fig. 2a). These metabolic
precursors can be taken up and used by cells instantly, resulting in
the labeling of bioorthogonal groups on the cell membrane.
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Fig.2 In vitro and in vivo strategies of bioorthogonal metabolic labeling. a In vitro bioorthogonal metabolic labeling strategies. Co-incubation
of metabolic precursors with cells enables in vitro labeling. b In vivo bioorthogonal metabolic labeling strategies. Subcutaneous injection of
unnatural sugar-encapsulated gels, intratumoral or intravenous injection of metabolic precursors, and the use of nanocarriers through
physical encapsulating or chemical conjugating of metabolic precursors enable bioorthogonal metabolic labeling in vivo
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Additionally, N3 groups can be introduced into the cell membrane
via lipid insertion by co-incubating cells with synthetic phospho-
lipids. This in vitro method for bioorthogonal metabolic labeling
simplifies the production of bioorthogonal bio-inspired DDSs.

In vivo labeling strategy. To realize bioorthogonal metabolic
labeling in vivo, metabolic precursors must be delivered to the
targeted tissues and absorbed by cells (Fig. 2b). Metabolic
precursors can be injected directly into the desired region via
local administration. Intratumoral injections, for example, can be
utilized for bioorthogonal metabolic labeling in tumors, followed
by targeted drug delivery, to create an efficient therapy against
cancer. Research has demonstrated that intratumoral injection of
AcysManNAz to A549 tumor-bearing mice could specifically label
tumor cells."'? Additionally, in the U87 tumor model pre-injected
with Acy;ManNAz, bicyclononyne (BCN)-modified nanoparticles
showed superior tumor targeting capacity than cRGD-modified
nanoparticles.®® However, because most cancers are difficult to
detect, it is difficult to inject metabolic precursors into the tumor
site. Another method is systemic delivery, which involves
intravenous injection and subcutaneous injection. After the
systematical injection of the unnatural sugar organic solution,
the unnatural sugar enters the bloodstream, travels to the tumor
tissue, and is absorbed by tumor cells. However, this method is
limited by low water solubility and pharmacokinetics of unnatural
sugars.®® To overcome these difficulties, different nanomaterials
have been created as delivery vehicles for metabolic precursors to
increase circulation stability and tumor targeting. Also, the tumor
selectivity of bioorthogonal labeling can be significantly strength-
ened by modifying metabolic precursors with triggers that can be
activated in the tumor microenvironment (TME).

Delivering metabolic precursors by nanocarriers: The use of
nanocarriers to transport metabolic precursors, notably unnatural
sugars, has risen in favor in recent years. On the one hand,
nanocarriers can stabilize the pharmacokinetics of unnatural
sugars and deliver a substantial number of them at one time.
On the other hand, nanocarriers enhance the tumor selectivity of
unnatural sugars, reducing the metabolic labeling of normal
tissues. Encapsulating unnatural sugars in chitosan nanoparticles,
liposomes, and micelles, allows them to accumulate in tumor
tissue via the EPR effect®5°°11'3 Cheng et al. created an
ultrasound-responsive liposome to improve the accumulation of
Ac,ManNAz in tumors.'' They combined Ac;ManNAz-loaded
liposomes with microbubbles (MBs), which stabilized the structure
of liposomes in the bloodstream. MBs increased the size of
liposomes, making them difficult to penetrate normal tissue blood
vessels but easy to enter tumor tissues thus lowering Ac;ManNAz
accumulation in normal organs. When tumor tissues were
subjected to high amplitude ultrasound pressure, the MBs
ruptured and released liposomes, allowing Acs;ManNAz to enter
cells. However, due to the poor water solubility of Ac;ManNAz,
these methods of encapsulating unnatural sugars may result in
early release in the bloodstream. To address the issue, Lee et al.
coupled AcsManNAz with poly(amidoamine) (PAMAM) dendrimer
to create nano-sized metabolic precursors (Nano-MPs).'”® Unna-
tural sugars attached stably to the nanoparticles due to covalent
binding, decreasing their release into blood circulation. In the
acidic TME, PAMAM can be digested, releasing AcsManNAz into
tumor tissues. Because of their smaller size (10-20 nm), Nano-MPs
are more easily endocytosed by tumor cells than AcsManNAz
encapsulated nanoparticles (larger than 100 nm). Wang et al. also
created azido-sugar conjugated glycopolyester NPs (GP-NPs) by
initiating ring-opening polymerization (ROP) of 5-(4-(prop-2-en-1-
yloxy) benzyl)-1,3-dioxolane-2,4-dione (allyl (all)-OCA).”> When
compared to encapsulating unnatural sugars into nanocarriers,
GP-NPs maintained the pharmacokinetic properties of metabolic
precursors, delayed their release rates, and reduced their loss.
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Together, nanocarriers can deliver metabolic precursors to tumor
tissues via EPR effects. With the advancement of nanotechnology,
more efficient and tumor-selective nanocarriers will be developed
to improve the tumor selectivity of metabolic precursors.

Chemical modification of metabolic precursors to target tumor:
Bioorthogonal metabolic labeling of tumor cells can be increased
by modifying unnatural sugars with chemical groups to target
tumor cells or respond to TME. One strategy is to conjugate
unnatural sugars with tumor-targeting ligands, such as folate."'®
However, metabolic precursors are still endocytosed by normal
cells. Therefore, researchers link tumor-specific response groups
with metabolic precursors, which can only be activated in tumor
tissues with specific agonists. For example, an AcsManNAz analog
containing prostate-specific antigen (PSA) can only be absorbed
by prostate cancer cells where PSA is presented.'” Kim et al. also
created a cathepsin B-responsive AcsManNAz analog for bioortho-
gonal metabolic labeling of cathepsin B-overexpressing tumor
cells®” Cheng et al. developed a dual-enzyme-responsive meta-
bolic precursor (DCL-AAM) that can only be used by tumor cells
expressing both histone deacetylase (HDAC) and cathepsin L
(CTSL).?8 Cells lacking one or more of the enzymes could not be
labeled, indicating increased tumor selectivity of metabolic
precursor. While chemical-modified metabolic precursors are only
activated and used by tumor cells, this technique has the potential
to change the pharmacokinetic feature of metabolic precursors,
hence affecting their clearance from circulation.”® As a result, their
pharmacokinetics and stability should be considered after
modification.

Bioorthogonal metabolic labeling of pathogenic microorganisms
Bacteria and viruses pose a major threat to human health.
Therefore, it is critical to developing DDSs that can accurately
target pathogenic microorganisms and improve drug efficacy.
Bioorthogonal metabolic labeling can be used to achieve
in vivo tracing and targeted drug delivery of pathogenic
microorganisms, which is of great significance for the develop-
ment of efficient therapeutic regimens. Due to differences in
architecture and components between pathogenic microorgan-
isms and mammalian cells, there are certain disparities in the
bioorthogonal metabolic labeling of bacteria and viruses.
Bacterial polysaccharides are structures peculiar to bacteria
that are engaged in pathogenesis. The imaging of bacterial
invasion behavior is made possible by bioorthogonal metabolic
labeling of bacterial polysaccharides.''® Swarts et al. produced
a series of N3-modified trehalose analogs to deliver N3 onto the
bacterial surface via the cell wall glycolipid synthesis path-
way.'" The alkynyl-modified fluorescent probes were then
coupled via a bioorthogonal reaction for subsequent glycolipid
distribution and metabolite analysis. Additionally, researchers
discovered that D-amino acids are essential components of
bacterial cell walls but are lacking in eukaryotic cells.'*°
Therefore, N3-modified D-amino acid can be used to selectively
label bacteria, allowing for the imaging of bacterially infected
areas as well as targeted drug delivery.

Aside from bacteria, researchers also achieved bioorthogonal
metabolic labeling of viruses. Viruses must be parasitized in living
cells to survival. The genetic material of many viruses (for example,
influenza virus and SARS-CoV-2) is amplified in living cells before
being ejected by envelope action to generate progeny viruses.'?'
The viral envelope is derived from the host cell membrane, which
allows bioorthogonal groups on the host cell membrane to be
coated around the virus. Recently, bioorthogonal viral modifica-
tion is accomplished via N3-labeled host cell membranes.'%%'2%123
This virus labeling approach is straightforward to implement and it
can best preserve the structure and biological activity of the virus.
It is hoped that this viral labeling technique may be used to
administer antiviral drugs or to improve immune cells’ ability to
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Fig. 3 Targeted delivery of anticancer therapeutics to tumor tissues via bioorthogonal chemistry. a Cancer-targeted delivery of therapeutics.
b Increased intratumorally penetration of nanoparticles in three ways: 1. Labeling tumor-associated fibroblasts; 2. Tumor cell exosomes; 3.
Migration of immune cells. ¢ Construction of drug reservoirs in tumor tissues via bioorthogonal chemistry

recognize the virus, providing humans with an efficient weapon
against virus infection.

APPLICATION OF BIOORTHOGONAL CHEMISTRY IN TARGETED
DELIVERY

With the development of nanomedicines, biological ligands such
as antibodies, polypeptides, and aptamers are typically bonded to
the surface of nanoparticles to boost their binding to specific cells,
resulting in targeted delivery.'**'?® However, these targeting
strategies complicate the preparation procedure and their
targeting is largely dependent on differences in endogenous
protein levels between target cells and normal cells.'?”'%®
Recently, bioorthogonal chemistry has been widely exploited in
the targeted delivery of therapeutic agents, providing a simple
and effective technique for improving their targeting properties
which increases their clinical application potential (Table 1).

Targeted delivery of antitumor nanomedicine to tumor tissue

Tumor-targeting can be improved by modifying targeting ligands
on the surface of nanoparticles. However, this approach is only
effective for certain types of cancers, and the response rate varies
between people. Bioorthogonal metabolic labeling introduces
plenty of target sites on the surface of tumor cells that are not
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restricted by cell phenotype. Once tumor cells have been labeled
with bioorthogonal groups (such as Ns), drug-loaded nanoparti-
cles with paired groups (such as DBCO) will target tumor cells
selectively via bioorthogonal reaction. This tumor-targeting
strategy is now being wildly studied for the targeted delivery of
anticancer nanomedicines (Fig. 3a). For example, Kim et al.
intravenously administered AcyManNAz-encapsulated chitosan
nanoparticles (CNP) into A549 tumor-bearing mice to introduce
N5 onto tumor cells.®® Following that, BCN-modified Ce6-loaded
CNPs were injected and accumulated in the tumor via in vivo
bioorthogonal reaction, which increases photothermal therapy
(PTT) efficacy. After that, Xing et al. created tumor-targeting
nanomicelles (DBCO-ZnPc-LPs) for the combination treatment of
PTT and photoacoustic therapy (PAT).'"® AcsManNAz-loaded
nanomicelles (Ac;ManNAz-LPs) were delivered intravenously to
cover tumor tissues with N3 groups. DBCO-ZnPc-LPs then
accumulated in Ns-labeled tumors due to a bioorthogonal
reaction. Compared to control groups (tumor cells without N3
labeling), DBCO-ZnPc-LPs showed higher tumor selectivity and
accumulation (~4.0-fold than the control group), inducing
enhanced PTT and PAT under local laser excitation and ultrasound
therapy, efficiently killing tumors and inhibiting tumor recurrence.
Likewise, Qiao et al. developed a nanocomposite system (DLQ/DZ)
based on DBCO-modified low-molecular-weight heparin-quercetin
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conjugate (DLQ) to deliver doxorubicin (DOX) and zinc phthalo-
cyanine (ZnPc) for chemo-photothermal therapy.'*

Although a great number of nanomedicines have been
produced for the treatment of solid tumors, the tumor penetration
depth of nanomedicines is limited due to the complex TME,
resulting in poor therapeutic effects (Fig. 3b). Therefore, nanoplat-
forms capable of delivering nano drugs deep into tumors are
required. Given that pH (low) insertion peptide (pHLIP) has a
superior ability to enter membrane bilayers in acidic environ-
ments,’*® Xie et al. developed a selective delivery strategy
targeting acidic solid tumors using iEDDA reaction.'®' Tz groups
were first conjugated to pHLIP before being injected into mice. Tz-
conjugated pHLIP (pTz) then entered the tumor, assisted by the
acidic TME, and attached Tz onto the cell surface via membrane
insertion. Because of the significant membrane-penetrating action
of pHLIP,"*? 44.0% of vascular endothelial cells (VECs) and 50.5%
of tumor-associated fibroblasts (TAFs) were labeled with Tz. This
resulted in more targeting sites for nanomedicines. Following that,
they constructed indocyanine green (ICG)-encapsulated TCO-
modified albumin nanoparticles (THI) and folic acid-modified
nanoparticles (FHI) as a control. The results revealed that pTz/THI
group exhibited more aggregation in tumor tissue than the FHI
group (~ 2.6-fold). As a result of labeling three types of cells in
tumor tissues, this DDS improves drug penetration depth and
accumulation in tumors, providing new strategies for cancer
therapy.

Being inspired by the idea that inflammatory immune cells
could be recruited to promote tumor growth, Hyeon et al.
developed a click reaction-assisted immune cell targeting (CRAIT)
strategy to deliver nanomedicines to the inside of tumors.'** TCO
was linked to CD11b antibody (anti-CD11b-TCO) and Tz was
conjugated to DOX-loaded mesoporous silica nanoparticles
(MSNs-Tz). Anti-CD11b-TCO bound to CD11b™ myeloid cells in
tumor tissue and improved the coupling of MSNs-Tz to CD11b*
myeloid cells via bioorthogonal reaction. As an active transporter,
CD11b* cells demonstrated significant motility in tumor tissue
and were capable of transporting DOX-loaded nanoparticles deep
into the tumor. The findings showed that CD11b™ cell-mediated
delivery had a more uniform distribution and deeper tumor
penetration than passive targeting approaches, with a 2-fold
increase of nanoparticles in avascular tumor regions.

Except for the employment of inflammatory cells and extra-
cellular matrix cells in tumor tissues, the direct use of tumor cells’
extracellular vesicles (EVs) can also improve tumor penetration of
nanomedicines.”®*'3> Wang et al. created a tumor EV-mediated
bioorthogonal labeling approach to deliver drug delivery plat-
forms into the deeper tumor.'*® Azide sugar nanoparticles (Az-
NPs) labeled perivascular tumor cells with a high number of N3
groups. N3 groups were then distributed throughout the tumor
tissue via Ns-labeled EVs, leaving the entire tumor area well-
labeled. The results revealed that DBCO-Ce6 selectively penetrated
tumor tissue by bioorthogonal reaction and induced photody-
namic therapy (PDT). This tumor EV-based bioorthogonal drug
targeting technology provides a novel alternative strategy for
improving the tumor selectivity and permeability of DDSs.

Studies have shown that even though NPs allow more drug
delivery to the tumor, only a small fraction of the drug can
ultimately be retained at the tumor site. Therefore, developing
methods to enhance the retention of nanomedicines in the tumor
region would enhance the antitumor potential of nanomedi-
cines.'?”138 Bioorthogonal chemistry has been explored to couple
nanoparticles to form a micron-level drug reservoir in tumor
tissues, thereby improving tumor targeting and intratumor
retention of antitumor drugs (Fig. 3c). In general, drug-free
nanoparticles enter the tumor tissue through the EPR effect and
expose pre-shielded bioorthogonal groups in TME. Then drug-
loaded nanoparticles are injected after a while to bind to drug-free
nanoparticles in the tumor via bioorthogonal reactions to form a
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large-size drug retention system. For example, Yuan and co-
workers created a DDS based on the tumor acidic environment
and bioorthogonal chemistry to improve DOX and NO donor
accumulation and penetration in tumor tissues.'>®> PAMAM was
used to link DOX and NO donors to produce polymeric
nanoparticles (PDNs). iCPDNs were produced by combining tumor
acid-responsive cross-linker maleic acid amide with PDNs. iCPDNs
were then modified with N3 and DBCO to generate iCPDNpgco and
iCPDNys, with DBCO active site masked by poly (2-azetidinyl
methacrylate) (PAEMA). Because of PAEMA’s fast acidic response
rate in tumors, DBCO was immediately exposed, and the
accumulation of iCPDNy3 in tumor tissue was attracted by an
effective bioorthogonal reaction, generating a large-sized drug
reservoir. In an acidic environment, maleic acid amide slowly
dissociated, releasing DOX and NO donors that allowed them to
penetrate deep into the tumor. NO reduced HIF-1a levels,
reversed tumor hypoxia tolerance, improved the chemotherapeu-
tic efficacy of DOX, and boosted the antitumor immune response.
Meanwhile, they created a size-variable nano-drug based on
bioorthogonal reaction for the combination of PDT and hypoxia-
activated prodrugs (HAP).'*® DBCO was modified with poly(2-
(hexamethylene)  ethyl  methacrylate)-b-poly(e-caprolactone)
(DBCO-PC7A-PCL) before being loaded with Ce6 to create NP
Ce6-DBCO with ultrafast pH-responsive reactivity via self-
assembling. They also constructed ROS-cleavable HAP nanoparti-
cles (TK-PAMAMPR104A-N;) that were N3-modified. NP.s-DBCO
can immediately respond to the acidic environment and expose
DBCO while slowly releasing Ce6, thereby attracting TK-
PAMAMpg104a-N3 to the tumor tissue via bioorthogonal chemistry.
Ce6 promoted the generation of high-level ROS which aggravated
tumor hypoxia, prompted the cleavage of TK-PAMAMpgr;04a-N3,
activated HAP, and destroyed the tumor when exposed to 660 nm
laser irradiation. These nanoparticles based on tumor acid
environment response and bioorthogonal reaction can not only
improve the targeted accumulation of drugs in tumor tissues but
also build drug reservoirs to realize the continuous release of
therapeutics.

In addition, Yu et al. used this in situ bioorthogonal tumor
targeting strategy to design a poly-PROTAC (POLY-PROTACQ)
nanoplatform for targeted degradation of BRD4, which improved
tumor selectivity and precise delivery of proteolysis targeting
chimeras (PROTACs).'*' DBCO-modified POLY-PROTAC achieved
selective tumor targeting and retention by bioorthogonal reaction
with N3-modified self-assembled micelles that enter the tumor
beforehand, resulting in an approximately 1.9-fold increase in
nanoparticle accumulation in the tumor compared to the group
without bioorthogonal reaction. Yang et al. also constructed an
in situ self-assembled drug reservoir using bioorthogonal reac-
tions between cyanide of cysteine (Cys) and 2-cyanobenzothiazole
(CBT) for the resident and sustained release of multiple drugs,
improving the performance of a cocktail of chemoimmunothera-
pies.'* These studies illustrate that bioorthogonal chemistry can
not only improve the tumor selectivity of drugs but also prolong
the residence time of drugs in the tumor and transport them to
the precise site of action. While combined with external stimuli
such as light, heat, and magnetic fields, controlled drug release
and deep tumor penetration are achieved, providing a solution to
overcome drug resistance and enhance anti-tumor immune
response.

In addition to demonstrating strong efficacy in chemotherapy,
PDT, and PTT, bioorthogonal chemistry has also been used in a
variety of novel oncology treatment strategies to improve tumor
selectivity and specific targeting.

Aptamer, a single-stranded DNA or RNA oligonucleotide, has
strict recognition and high affinity for the target molecule.'*
Compared with antibodies, it has better specificity and lower
immunogenicity. However, the affinity of current aptamers is not
as good as that of antibodies due to poor preparation conditions.
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Given this, Tan et al. combined the aptamer recognition ability
with N3/DBCO bioorthogonal chemistry to achieve logic-driven
immune checkpoint blockade (ICB) therapy.'** They chose the
anti-PDL1 (aPDL1) aptamer as a model and attached DBCO to the
5" end of the aptamer. N3 acted as a “chemo-receptor” binding to
cancer cell surface glycoprotein, allowing the ICB aptamer to
covalently bind on the cancer cell surface for a long time without
detachment and internalization, improving the efficiency and
accuracy of cancer therapy by blocking the PD1-PDL1 signaling
pathway. By manipulating the aptamer-based logical response to
achieve selective recognition and coupling of aPDL1 agents on
target cells, this strategy ameliorates the shortcoming of aPDL1
antibodies that do not work long-term and improves the
efficiency of ICB at the molecular level.

The 1064 nm activatable NIR-Il FI/PTT nanoplatform has the
potential for accurate cancer diagnosis and effective PTT
therapy.'*>'*® However, fluorescence emission competes with
photothermal inactivation.'” Therefore, developing a perfect
1064 nm activatable nanoplatform with both a strong NIR-Il FI
signal and high PTT efficiency is expected. Fan et al. created a
square amine-based semiconducting polymer dye (PSQPNs-
DBCO) for accurate NIR-lla fluorescence imaging and enhanced
PTT treatment.'*® Tumor cells were pretreated with Ac;ManNAz to
label them with N5 groups, which led to the selective accumula-
tion of PSQPNs-DBCO in tumor tissues. Under 1064 nm excitation
light, PSQPNs-DBCO induced strong PTT to kill tumor cells. As a
result, PSQPNs-DBCO provides a light excitable therapeutic
nanoplatform indicating substantial clinical translation potential.

Light-gated ion channels, as opposed to photosensitizers that
generate PDT and PTT, can alter cellular activity both spatially and
temporally by guiding ion transport across the cell membrane.'*
They are regarded as a tool for enhancing therapeutic efficacy and
personalizing treatment. However, most light-gated channels are
activated by ultraviolet (UV) or visible light, which can cause cell
damage and limited light penetration.’**'>" To solve the problem,
Xing et al. constructed a bioorthogonal-based NIF-triggered
approach for modulating Ca®" ion channel activity.'>* First, the
cell membrane was labeled with N3 groups. Then, DBCO-modified
neodymium (Nd>*)-doped upconversion nanocrystals (DBCO-
UCNs) were selectively linked to cells via a bioorthogonal reaction,
which could convert 808 nm NIR light to 480 nm light. The protein
channelrhodopsins-2 (ChR2) was triggered by 480nm light,
allowing for control of Ca®" inflow. DBCO-UCNs controlled Ca®*
ion channel activity and enhanced caspase-3 expression in
zebrafish, showing that this technique was likely to trigger
apoptosis. If this bioorthogonal-based light-controlled ion channel
regulation mechanism can be applied to tumors, it is predicted to
yield a new method for cancer treatment.

Radiodynamic therapy (RDT) is a novel cancer treatment
approach that uses ionizing radiation to generate local PDT,
overcoming the constraints of PDT penetration depth and
traditional radiotherapy (RT) energy concentration.'>®> Nanoscale
metal-organic frameworks (NMOFs) consisting of photosensitizers
may directly transport X-rays to photosensitizers and activate
them to realize RDT via inelastic scattering of photoelec-
trons.'>*'>> However, due to flaws such as quenching the ACQ
effect, NMOFs have not attained the anticipated therapeutic
impact."*®"*” Liu et al. used AIE PS and hafnium ions (Hf*") to
construct an NMOF (Hf-AIE) for synergistic RDT and RT."*® The
DBCO/N; bioorthogonal reaction was exploited to increase NMOF
tumor selectivity. Hf-AIE-PEG-DBCO nanoparticles were anchored
to Ngs-labeled tumor cells via bioorthogonal reactions. The
anticancer effect was satisfactory due to the profound tissue
penetration of X-rays, even with 3 mm of lean pork covering the
tumor. As a result, this bioorthogonal NMOF offers considerable
potential for cancer therapy.

Unlike RDT, radioimmunotherapy (RIT) is a one-step procedure
in which tumor-targeting monoclonal antibodies (mAbs) are
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radiolabeled.”® However, the poor pharmacokinetics of mAbs
have hampered RIT. Pre-targeted radioimmunotherapy (PRIT) is a
multi-step method that separates the administration of tumor-
targeting molecules from the delivery of radionuclides, allowing
for high doses of radiation with minimum exposure to normal
tissue.'® Quinn et al. tested the radiolabeling efficiency and
pharmacokinetic features of two Tz-PEG chelators based on 2'?Pb
(DOTA-PEG;o-Tz and TCMC-Bn-SCN-PEG;4-T2).'"®' They created
CC49-TCO and used the following three-step pre-targeting
strategy in the subsequent RIT: 1. Pre-targeting CC49-TCO; 2.
Scavenger injection; 3. 2'?Pb-DOTA-Tz injection. PRIT inhibited
tumor development and enhanced survival in the LS174T model,
demonstrating good therapeutic benefits and intriguing clinical
prospects.

Targeted delivery of immunomodulator to immune cells or
immune organs

Immunotherapy is one of the ways to treat cancer, by activating or
strengthening the anti-tumor immune response. Currently,
bioorthogonal chemistry is used for lymph node (LN) targeting
of cancer nanovaccine, targeted delivery of immunotherapeutics
to dendritic cells, and targeted delivery of lentivirus to T cells to
enhance the anticancer effect.

Nanovaccine employs nanoparticles as carriers to deliver
specific antigens and adjuvants.'®'®* Because of the size
advantage (10-100 nm), nanovaccine is simpler to accumulate in
LNs.'®>""%® Furthermore, because nanovaccine is comparable in
size to pathogens, it is easily taken up by antigen-presenting cells
(APCs), delivering antigens and immune stimulators to targeted
immune cells. Tumor-associated antigen (TAA)-specific T cells can
be triggered directly in this process to drive adaptive immune
response and destroy tumor cells. However, the lymphatic system
is a unidirectional circulatory network that finally drains into the
bloodstream.’®®'7° If nanoparticles are not taken up by APCs in
time, they will be expelled from LNs by lymph fluid and enter the
blood circulation for clearance or uptake by macrophages.
Therefore, Nie et al. created a nanovaccine that selectively
targeted LNs utilizing bioorthogonal chemistry to extend its
residence time in LNs (Fig. 4a).'® DSPE-PEG-N; was injected
subcutaneously and entered LNs via the intrinsic transport
mechanism of albumin and then embedded in the cell membrane
via lipid insertion. The findings revealed that little N3 was
displayed on the surface of APCs, whereas around 90% of
lymphatic endothelial cells (LECs) were labeled with N3 groups.
LECs are found in lymph node sinus, subcapsular sinus (SCS), and
medullary sinus (MS), which form the channel for nanovaccine to
enter and exit LNs. These Ns-labeled LECs provided plenty of
targets for LN targeting. DBCO-modified nanovaccine (DL-O/IC)
loaded with OVA257-264 peptide and TLR agonist poly(l:C)
targeted to Ns-labeled LECs and absorbed by them. This LN
targeting method based on bioorthogonal chemistry is classified
as an active lymph node accumulation system (ALAS). ALAS
increased the accumulation and residence time of nanovaccine in
LNs compared to the control group without DSPE-PEG-N3
injection (NLAS). Around 85% of APCs took up DL-O/IC (~50% of
APCs in NLAS). In vivo studies revealed that ALAS stimulated the
antitumor immune response and prevented lung metastases of
mice melanoma. This bioorthogonal chemistry-based LN targeting
strategy boosts selectivity and accumulation of nanovaccine in
LNs while increasing antigen and adjuvant uptake by APCs,
resulting in great anticancer effects. ALAS will provide a potent
platform for individualized immunotherapy by combining the
delivery of tumor antigens and immune adjuvants. Meanwhile, the
combination of immune checkpoint inhibiting antibodies is
predicted to boost the therapeutic effect of ALAS against cancer.

In addition to improving LN targeting, bioorthogonal chemistry
can be employed for dendritic cell (DC) targeting of immunolo-
gical stimuli (such as antigens and immune agonists) (Fig. 4b).
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Mooney et al. used bioorthogonal chemistry to construct an
immunotherapeutic strategy by directly altering DC activity
in vivo.""" They stored Ac,ManNAz-loaded NPs in porous alginate
gels and injected them subcutaneously into mice. At the injection
site, granulocyte-macrophage colony-stimulating factor (GM-CSF)
was released to recruit DCs in vivo. The Ac,ManNAz-loaded
nanoparticles were then taken up by DCs and N3 groups were
introduced onto the DC membrane. About 22% of DCs within the
scaffolds were Ns-labeled, which was much greater than other
controls. DBCO-IL-15/IL-15R was then injected into mice to
activate DCs via bioorthogonal reaction. The results revealed that
DBCO-IL-15/IL-15R infusion increased the proliferative activity of
CD8™ T cells. When paired with a vaccine containing neoantigens
M27 and M30, 25% of the mice showed total tumor regression
and a 57% improvement in median survival. The ability of Ns-
modified DCs to uptake DBCO-OVA and DBCO-CpG was also
tested. The proportion of DBCO-OVA and DBCO-CpG-targeted
DCs, as well as the number of OVA-specific CD8" T cells, were
higher in Nz-labeled DCs compared to unlabeled DCs. This
straightforward in vivo DC targeting method increases antigen,
adjuvant, and cytokine delivery to DCs, which provides a reference
for bioorthogonal metabolic labeling of macrophages and other
types of immune cells in vivo.

In addition, bioorthogonal chemistry can improve lentivirus
targeting to T cells. Adoptive T cell immunotherapy, such as CAR-T
and T cell receptor T cell (TCR-T) therapy, has emerged as an
effective therapeutic method.'”" However, genetic engineering of
naive T cells during production is still ineffective. Although viral
transduction is the most used route of gene delivery, it only
generates 4-30% positive T cells, thus reducing the efficacy of
adoptive T cell treatment.'”? So far, improving viral transduction
efficiency to T cells while minimizing adverse effects is a major
problem. In light of this, Cai et al. developed a method to improve
the selectivity of lentiviral transfection via bioorthogonal chem-
istry (Fig. 4c)."”® T cells were first modified with N;. Lentiviruses
were then encased by PEI-DBCO which induced an efficient and
selective bioorthogonal interaction with N3 on T cells, promoting
gene transduction. The results demonstrated that the
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transduction efficiency of lentivirus was boosted by 20-80%,
resulting in increased production of anti-CD19 CAR-T cells. This
bioorthogonal chemistry-based targeting technique is simple,
effective, and can be widely used in CAR-T generation.

Targeted delivery of antibiotics to bacteria

Different antibiotics can selectively kill different types of bacteria.
However, antibiotic overuse can result in bacterial resistance, making
treatment of drug-resistant bacterial illnesses challenging.'”*
Although nanoparticles have been applied to detect and kill bacteria,
identifying and targeting specific bacteria remains a difficult task.'”
Therefore, alternative ways for detecting, targeting, and killing
bacteria in a non-invasive manner are needed to avoid antibiotic
resistance. Metabolic labeling technology can display bioorthogonal
groups on the bacterial surface, which can be an effective way to
boost the antibacterial effect of nanomedicines (Fig. 5a). Liu et al.
devised an in vivo detection and therapy technique for bacteria.'”®
They created d-AzAla-loaded organic framework nanoparticles (d-
AzAla@MIL-100(Fe)NPs) that could selectively accumulate in the
infection site and release d-AzAla in an H,0O, inflammatory
environment. Bacteria utilized d-AzAla to introduce N3 onto bacterial
cell walls. Subsequent intravenous injections of DBCO-modified AIE
nanoparticles resulted in specific tracking and efficient clearance of
bacteria in infected tissues.

Meanwhile, Duan et al. applied bioorthogonal chemistry to label
MnFe,04/Au (MFO/Au) Janus magnetic nanoparticles on the
surface of G bacteria, allowing them to be detected and killed.'””
D-Lys-PEG-TCO was incorporated into peptidoglycan of G*
bacteria via the peptidoglycan production pathway by co-
cultivation with bacteria. A bioorthogonal reaction was used to
selectively bind the Tz-functionalized MFO/Au Janus magnetic
nanoparticles to the cell wall. Bacteria linked to nanoparticles can
be enriched by magnetic separation and killed in a high-frequency
alternating magnetic field.

In addition to the above strategies, probes based on
fluorophores with aggregation-induced emission (AlEgens) with
photosensitizer properties can not only identify and label bacteria,
but also irreversibly damage bacterial membranes by generating
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ROS.'”® Liu et al. designed a bioorthogonal fluorescence turn-on
probe TPEPA for identification and precise ablation of bacterial
pathogens.'”® TPEPA was expected to show weak fluorescence
upon solubilization but turned-on fluorescence upon bioorthogo-
nal click reaction between the alkyne fraction of TPEPA and azide
groups on the surface of bacteria pretreated with Ns;-modified
amino acid. Under fluorescence microscopy, TPEPA could clearly
distinguish between G and G~ bacteria. In addition, TPEPA could
produce ROS under white light irradiation, which implied its dual
role as a selective imaging agent and phototherapeutic agent for
light-guided ablation of bacteria with high selectivity and

specificity.

There is growing evidence that probiotics can influence and
modulate microbial fractions through oral delivery, which is

considered a promising approach for the prevention and
180

treatment of bacterial infections and intestinal diseases.

Unfortunately, biological challenges such as low availability and
inadequate retention in the gastrointestinal tract during oral
delivery have largely limited the clinical translation of probio-
tics.'®' In light of this, Zhang et al. reported a bioorthogonal-
mediated probiotic delivery strategy for enhanced probiotic
colonization in the intestinal tract (Fig. 5b).'®% First, azide-
modified D-alanine (N3-DAA) was metabolically bound to the
peptidoglycan of the intestinal bacteria for azide decoration.
Subsequently, DBCO-modified probiotics were orally administered
to mice, and bioorthogonal reactions between probiotics and
intestinal residents were performed to improve the adhesion and
the colonization efficiency of probiotics. In a mouse model of
dextran sodium sulfate (DSS)-induced colitis, bioorthogonal-
mediated Clostridium typhimurium (C. butyricum) showed efficient
colonization and effective therapeutic effects, which may be
achieved by modulating the intestinal flora (reducing the
abundance of harmful bacteria and increasing the abundance of
beneficial bacteria). This bioorthogonal-mediated bacterial deliv-
ery strategy for intestinal flora regulation offers a promising

strategy for the treatment of gastrointestinal diseases.

APPLICATION OF BIOORTHOGONAL CHEMISTRY IN
DEVELOPING BIO-INSPIRED DDSS

Cell surface modification means modifying cell membranes
through physical, chemical, or biological methods to get cells
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with stronger or new functionalities.'®>™'®> Currently, cell surface
modification consists of the following strategies: 1. Physical
adsorption by electrostatic or hydrophobic interaction; 2. Chemi-
cal coupling via covalent bonding; 3. Modification of cell
membrane via genetic or metabolic engineering; and 4. Deforma-
tion of cell membranes via electric fields. However, the above
techniques have shortcomings in terms of cellular compatibility,
target applicability, uniformity of distribution of modified mole-
cules on the membrane surface, and residence time of modified
molecules on the membrane surface.'®*'®” Recently, the applica-
tion of bioorthogonal chemistry has resulted in safer and more
precise cell surface modification. On the one hand, bioorthogonal
chemistry is more stable, efficient, and non-toxic.”> On the other
hand, this technique accurately regulates the functionalization of
cell membranes thus creating opportunities to develop bio-
inspired DDSs. The following section discusses the use of
bioorthogonal chemistry in developing DDSs (Table 2).

Constructing biomimetic DDSs by bioorthogonal chemistry
Biomimetic techniques to enable precise drug delivery has
become a research focus.'®*'°! The use of natural cell mem-
branes to cover nanoparticles avoids immune system clearance
while keeping innate targeting capabilities. The majority of the
targeting effects of cell membrane-based biomimetic DDSs are
mediated by cytokines or chemokines. These inducers bind to
receptors on cell membrane surfaces, allowing biomimetic
systems to target injured tissues. However, the cell membrane
has limited functionalities, and the full surface coating of
biomimetic nanoparticles is rare, which could reduce the delivery
effect.’®? Also, it is hard to precisely functionalize cell membranes
without interfering with fundamental functions. Bioorthogonal
chemistry provides an effective tool for arming biomimetic
systems with targeted molecules and immune functional groups,
providing biomimetic DDSs with increased targeting or immunor-
egulating capabilities (Fig. 6a).

Modification of targeting molecules. It is known that activated T
lymphocytes can detect and kill tumor cells.'®® However, tumor
receptor heterogeneity always leads to poor effectiveness. Cai
et al. created novel modified T cells (N5-T cells) to improve T cell
recognition of tumor cells.'®* BCN-tumor cells were coupled to N-
T cells in this targeting technique because of bioorthogonal
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reaction, which increased activate T cells to kill tumors. The
findings showed that a rapid and effective bioorthogonal reaction
on the cell surface boosted tumor targeting and enhanced T cell
tumor-killing ability. On this basis, his team created ICG
nanoparticles with Ns-labeled T cell membranes (Ns-TINPs) for
PTT.22 Tumor cells were pre-labeled with BCN via intratumoral
injection of Ac;ManN-BCN. Following that, N3-TINPs identified the
natural antigens and BCN groups on tumors via immunological
identification and bioorthogonal reactions, delivering ICG to
tumor cells. The accumulation of N3-TINPs in tumors improved
the efficacy of PTT. This dual tumor-targeting strategy based on
tumor immune recognition and bioorthogonal reaction combine
the strength of both single targeting strategies while overcoming
tumor heterogeneity for biomimetic systems. Recently, they have
applied N3/BCN bioorthogonal chemistry for CAR-T cell targeting,
which improved CAR-T selective recognition and anticancer
efficacy.'”

Bioorthogonal reactions can also improve the targeting capacity
of biomimetic systems by modifying specific ligands on the cell
membrane. Xie et al., for example, developed a new biomimetic
immunomagnet (IMS) to enrich circulating tumor cells (CTCs)
using Nj-modified leukocyte membranes.'®® According to
research, the lack of CTCs in blood makes it hard for efficient
CTC enrichment or targeting.'®” They used bioorthogonal reaction
to attach epithelial cell adhesion molecule (EpCAM) to the surface
of IMSs. EpCAM is a common cancer marker that is thought to be
an excellent antigen for detecting CTCs. IMSs targeted EpCAM-
positive CTCs, resulting in a huge number of IMSs covering the
surfaces of CTCs. Using a magnetic field and microfluidic
technology, almost 90% of CTCs could be extracted from whole
blood in 15 min. This biomimetic system handles the problem of
CTC enrichment, which is critical for cancer diagnosis and
treatment. In addition, they developed a siRNA DDS based on
Ns-labeled macrophage membranes.®® By linking DBCO-GRD on
macrophage membrane via bioorthogonal reaction, magnetic
nanoparticles loaded with siRNA could be transported to tumor
cells overexpressing RGD receptors under the action of a
magnetic field.

In addition to tumor targeting, bioorthogonal functionalized
biomimetic DDSs have been investigated for viral targeting and
prevention. In 2020, a “cellular nanosponge (NS)” was created
using cell membranes obtained from human lung epithelial cells
or macrophages to prevent SARS-CoV-2 infection.'®® Notably,
these NSs are home to a variety of protein receptors (including the
cellular angiotensin-converting enzyme 2 receptor, which binds to
the SARS-CoV-2 S protein). In terms of SARS-CoV-2, these
biomimetic nanoparticles are identical to normal cells, making it
difficult for the virus to distinguish them from common cells. As a
result, if a substantial dose of NSs is administered, the virus can be
“sucked away” by NSs, lowering the proportion of normal cells
infected by the virus. Further research revealed that S protein
interacts with cell surface glycosaminoglycans like heparin
preferentially.'®® This contact transformed S protein to an open
shape, which improves binding to angiotensin converting enzyme
2 (ACE2).>® In light of this, Zhang et al. utilized bioorthogonal
reaction to link DBCO-modified heparin on Ns-modified NS to
produce heparin-modified cellular nanosponges (HP-NS).°' Com-
pared to NS, the binding capacity of HP-NS to S protein was raised
by around 5.4 times. In the virus neutralization experiment, HP-NS
demonstrated a higher inhibitory effect on virus infection, with an
IC50 value of 0.0254 g/ml, compared to 170g/ml for NS. The
results indicated that heparin modification increased the inhibi-
tory effect on SARS-CoV-2, highlighting the broad application
potential of bioorthogonal functionalized biomimetic systems in
viral prevention.

Modification of immunoregulating molecules. Immune cells have
a crucial role in antitumor immunotherapy. Immune cells
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communicate with one another via ligands and receptors on the
cell membrane. T cells, for example, can only activate, proliferate,
differentiate, and kill tumor cells when stimulated by specific
ligands on DCs.2°2 However, tumor cells have evolved numerous
defense mechanisms to avoid T cell recognition. For example,
highly expressed PD-1 on tumor cells binds to PD-L1 on T cells,
limiting T cell cytotoxicity. Antibodies that boost immune cell
activity or decrease immune evasion can be modified on
biomimetic DDSs through bioorthogonal reactions, which co-
regulate antitumor immune response with drugs or immune
adjuvants in nanoparticles, resulting in improved antitumor
effects.

For example, Xie et al. created a magnetic resonance-guided
artificial antigen-presenting cell (@APC) for T cell activation.®
These aAPCs are based on SIINFEKL peptide-loaded magnetic
nanoparticles that major histocompatibility complex (pMHC-I) and
anti-CD28 were decorated to the Ns-engineered leucocyte
membrane through the bioorthogonal reaction between N3 and
DBCO. In vitro experiments revealed that aAPCs could bind to the
surface of T cells in the presence of pMHC-I and anti-CD28,
thereby activating CD8" T cells. After intravenous injection, many
aAPCs retained their significant T-cell binding capabilities. This
highly effective cell-cell interaction created the necessary condi-
tions for Cytotoxic T lymphocytes (CTL) infiltration into tumor
tissue via magnetic resonance imaging (MRI). However, such
aAPCs only activate single antigen-specific T cells, not T cells
targeting numerous tumor antigens. At the same time, the aAPCs
ignore phagocyte phagocytosis. If macrophage phagocytosis can
be exploited, it is expected that aAPCs will have increased
immune activation capacity. In light of this, Li et al. presented
better aAPCs for linking DBCO-modified CD3 antibody to Ns-
labeled DC membranes and coating PLGA nanoparticles with
imiquimod.''® These aAPCs not only retained almost all of the
CD28 and MHC I-Ag on the cell membrane but also improved the
interaction with T-cell CD3 receptors via CD3 antibody, facilitating
the accumulation and retention of aAPCs in LNs. Because DCs
were co-cultured with tumor cell lysate, MHC molecules displayed
a diversity of tumor antigens, effectively activating polyclonal T
lymphocytes. Furthermore, imiquimod polarized macrophages to
M1 macrophages after phagocytosing aAPCs, increasing tumor-
killing capacity. This improved approach is more versatile and has
demonstrated promising therapeutic effects in solid tumors.

Unlike aAPCs, biomimetic cancer vaccines stimulate adaptive
immune responses by activating APCs in LNs. However, due to the
presence of efferent lymphatic arteries, vaccines quickly move out
of LNs, reducing their uptake by APCs. Furthermore, APC-
presented antigens are always presented and processed alongside
MHC II, implying that CD8™ T cell-induced cellular immunity is not
activated.?*>?%* To overcome the problems, Xie et al. created a
tumor cell membrane-coated biomimetic cancer vaccine (A/M/C-
MNC).>°> CpG-ODN, a Toll-like receptor (TLR) agonist, was
adsorbed on the core of Fes0, MNCs (C-MNCs). N3-labeled cancer
cell membranes were then coated on C-MNCs and bound to
DBCO-modified anti-CD205 via bioorthogonal reaction. CD8* DCs
recognized and took up A/M/C-MNC preferentially in the presence
of CD205, enhancing MHC | cross-presentation and CD8" T cell
activation. Moreover, A/M/C-MNC increased CD8" T cell prolifera-
tion and IFN-y secretion. A/M/C-MNC demonstrated substantial
anticancer activity against five different tumor models, indicating
considerable promise for using this innovative platform for cancer
therapy.

In addition to stimulating T-cell immune responses, modulation
of TME can also enhance tumor immunotherapy. Researches show
that an increase of intratumoral H,O, promotes the Fenton
reaction, which leads to ferroptosis of tumor cells and releases
tumor antigens.’°*?%” Inspired by this, Xie et al. created a
biomimetic system (Pa-M/Ti-NC) that reduced T cell immunosup-
pression while triggering ferroptosis.>® TGF- inhibitor (Ti) was
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loaded onto the Ns-labeled leukocyte membranes. The mem-
branes were then modified with DBCO-PD-1 antibody (Pa) and
were used to encapsulate magnetic nanoparticles. The nanopar-
ticles infiltrated into tumor tissue due to the magnetic effect. Pa
linked to PD-L1 on T cells to alleviate T cell immunosuppression. Ti
is linked to TGF-B, reducing T4 levels while increasing antigen-
presenting of APCs. Simultaneously, the H,O, levels in TME
increased. The increasing H,0, facilitated the Fenton reaction
which generated ROS. ROS induced ferroptosis in tumor cells and
the release of tumor antigens, increasing the immunogenicity of
the tumor. The results demonstrated that Pa-M/Ti-NC suppressed
tumor growth with good anti-metastatic effects. This combination
of immunological regulation and ferroptosis increases immune
cell activity while enhancing tumor tissue immunogenicity,
making it available for tumor immunotherapy.

Exosomes are membrane-bound nanoscale vesicular particles
produced by cells. Because of their similarities, exosomes can
mimic the function of their originating cells in cancer ther-
apy.2°>21° However, the clinical therapeutic effectiveness of
exosomes is typically poor. Although genetic modification and
chemical cross-linking are used to modify exosomes with specific
antibodies or immunostimulatory/inhibitory molecules, these
methods are complicated and time-consuming. To overcome
these challenges, Xie et al. designed a bioorthogonal reaction-
based pH-responsive exosome (M1 Exo-Ab) to improve tumor
immunotherapy.?'’ DBCO-modified anti-CD47 antibody (aCD47)
and anti-signal regulatory protein alpha (SIRP) antibody (aSIRP)
were bonded to M1 macrophage exosomes (M1 Exos) and a pH-
sensitive benzoic imine bond. M1 Exo-Abs accumulated in tumor
cells overexpressing CD47 due to aCD47. Low pH at the tumor site
broke the benzoic imine bond of M1 Exo-Ab, releasing aCD47 and
aSIRP, which then inhibited the receptors SIRP on macrophages
and CD47 on tumor cells, eradicating the “don’t eat me” signal and
improving macrophage phagocytic activity. Meanwhile, M1 Exo
could reprogram M2 macrophages into M1 macrophages,
increasing the anti-cancer efficacy of M1 Exo-Ab. This bioortho-
gonal exosome modification strategy can be employed in
different exosome systems, making it a broad exosome engineer-
ing technique.

In a similar study, Jiang et al. developed a neutrophil-derived
exosome functionalized with sub-5nm ultra-small Prussian blue
nanoparticles (uPB-Exos) by bioorthogonal reaction for the
treatment of rheumatoid arthritis (RA).2'> Due to neutrophil
chemotaxis to inflammatory sites,'>™2'” uPB-Exos accumulated in
activated fibroblast-like synoviocytes, where they neutralized pro-
inflammatory chemicals and reduced inflammatory stress. In
addition, uPB-Exos targeted inflammatory synovitis and entered
deep into the cartilage. Using MRI, RA may be accurately
diagnosed in vivo with high sensitivity and specificity. When
compared to anti-inflammatory drugs and biological antibodies,
uPB-Exos have higher targeting capabilities, which can improve
therapeutic efficacy while reducing unnecessary side effects. Most
importantly, uPB-Exos respond to increasing inflammatory mole-
cules in advanced RA, breaking the barrier that no available
medicines have a detectable therapeutic effect on advanced
RAZ'® As a result, these bioorthogonal chemistry-based exosomes
have a high potential for clinical use in the diagnosis and
treatment of RA.

Constructing cell-based DDSs by bioorthogonal chemistry
Natural targeting, inflammatory chemotaxis, and immunologi-
cal control are actions performed by distinct types of cells. The
use of bioorthogonal reactions to combine drug-loaded
nanoparticles, antibodies, or therapeutic platelets with specific
cells exploits the innate targeting capacity of cells to deliver
drugs or increase the immunological regulatory function of
cells, which is regarded as a successful technique for develop-
ing cell-based DDSs (Fig. 6b).
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Conjugating nanopatrticles to the cell membrane. One concept is
to conjugate nanoparticles on the surface of living cells to
transport therapeutic agents and improve their efficacy, known as
the “backpack” strategy.?'®-*?2 This approach produced positive
results in preclinical studies. However, mechanisms for attaching
nanoparticles to cell surfaces such as electrostatic adsorption,
hydrophobic interactions, and antigen-antibody interactions are
limited to specific cell types. Furthermore, these methods have the
potential to interfere with cell function (such as cell signaling).
Bioorthogonal chemistry is a low-toxicity method for attaching
nanoparticles to cell surfaces without interfering with biomolecule
function. Several advances in bioorthogonal chemistry have been
made in the coupling of nanoparticles to cell membranes.

CAR-T therapy has remarkable success in blood cancer, but due
to the complex TME of solid tumors, it has not been efficiently
implemented in the treatment of solid tumors.?>*?* Cai et al.
developed a nanophotosensitizer-engineered CAR-T (CT-INPs) to
improve therapeutic efficacy.”® Indocyanine green nanoparticles
(INPs) attached to CAR-T cells through a bioorthogonal reaction.
When exposed to NIR laser irradiation, CT-INPs induced a minor
photothermal reaction. These photothermal interventions boosted
CT-INP infiltration and recruitment by disrupting the extracellular
matrix, dilating blood vessels, relaxing dense tissue, and increasing
chemokine release, all of which improved CAR-T immunotherapy
efficiency. In a similar work, Cai et al. created an intelligent IL-12
nano-engineered CAR-T cell (INS-CAR-T) using a bioorthogonal
reaction to deliver IL-12 nanoparticles to tumor tissues.”?® The
released IL-12 increased the secretion of anticancer cytokines and
tumor chemokines, activated CD8" CAR-T cells in tumors, and
resulted in efficient antitumor immunotherapy.

In addition to boosting CRA-T treatment against solid tumors by
regulating TME, interfering with the cholesterol metabolism of
T cells can also improve the tumor-killing capacity. Zhang et al.
used a bioorthogonal reaction to bind liposomes containing
cholesterol esterase inhibitor Avasimibe (Ava) to the surface of
T cells, enhancing the tumor-killing ability of T cells.'® High
cholesterol concentrations in T cell membranes have been shown
to trigger TCR aggregation and immunological synapse formation,
boosting T cell tumor-killing ability.??” The authors first exploited
the lipid insertion concept to introduce Tre-modified phospholi-
pids into the surface of T cells. Then, using bioorthogonal
reactions, BCN-modified Ava-loaded liposomes were bound to
the T cell membrane. Liposomes stably persisted on the cell
surface, blocking T cell cholesterol esterase activity by slowly
releasing Ava and increasing cholesterol levels in T cell
membranes. Elevated cholesterol levels induced TCR aggregation
and prolonged T cell activation, both of which contributed to
efficient tumor killing. Based on bioorthogonal chemistry, this
strategy combining adoptive cell therapy with metabolic therapy
can boost T cells’ tumor-killing capabilities against mouse
melanoma and glioblastoma. In addition to T cells, researchers
have also bound Cy5.5-loaded BCN CNPs (BCN-CNPs-Cy5.5) or
DBCO-modified paclitaxel PLGA nanoparticles to mesenchymal
stem cells (MSCs) via bioorthogonal reactions.>?%22° MSCs can
identify inflammatory signals generated by neutrophils and move
to the tumor inflammatory milieu, enabling tumor monitoring
imaging and chemotherapeutic targeting.

In addition to the direct use of bioorthogonal chemistry to
attach nanoparticles to cell membranes, it can also be used to
increase the targeting delivery of cell “backpacks”. Natural killer
(NK) cells can kill tumor cells without sensitizing them to antigens
and secreting cytokines.”** However, the poor tumor homing
ability and the downregulated tumor killing in the immunosup-
pressive TME prevent the use of NK cells in solid tumor therapy.?*'
Given this, Cai et al. constructed en%ineered NK cells (N3-NK-NPs)
for immunotherapy of solid tumors.”>> The bioorthogonal groups
(N3 and BCN) were utilized to label NK and tumor cells,
respectively. Redox-responsive IL-21 nanoparticles  (ILNPs)
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modified with anti-CD45 were then constructed, and they were
coupled to NK cells by antigen-specific reactions. As artificial
targeting receptors/ligands, N3 and BCN achieved efficient
recognition between NK and tumor cells which further promoted
NK cell infiltration into tumor tissue. Meanwhile, the sustained
release of IL-21 promoted the proliferation, activation, and
persistence of NK cells, which was somehow similar to “cellular
autocrine”. This bioorthogonal chemistry-based “backpack” sys-
tem provides a reliable strategy for NK cell therapy with high and
safe therapeutic efficacy.

As a result, bioorthogonal chemistry is an excellent tool for the
cellular “backpack” strategy, which can maintain the normal
physiological functioning of cells while also enhancing therapeutic
efficacy. In addition to T cells and MSCs, the bioorthogonal
reactions of drug-loaded nanoparticles on the membrane of other
types of cells such as macrophages, DC cells, and B cells may
broaden the application of the cell “backpack” strategy in disease
treatment.

Conjugating biomolecules to the cell membrane. Modification of
biomolecules such as antibodies on cell membranes is predicted
to enhance cell therapy efficacy. However, genetic engineering is
inapplicable to highly differentiated cells. NK cells, for example,
have difficulty digesting endogenous genetic material due to their
unique features, resulting in limited transgenic expression.?*?
Additionally, genetic engineering may affect the physiological
function of cells with costly and time-consuming procedures.
Bioorthogonal chemistry can rapidly conjugate biomolecules onto
cell membranes, effectively circumventing the constraints of
genetic engineering. For example, Huang et al. coupled CD22
ligands onto NK cells to generate modified NK cells with tumor-
targeting capabilities.>* These NK cells displayed high selectivity
and cytotoxicity to CD22" lymphoma cells in a CD22-dependent
manner, which had a considerable protective effect in tumor-
bearing mice. Also, Yuan et al. designed an engineered CAR-T cell
modified with hyaluronidase (HAase) and checkpoint blocking
antibody aPDL1 via bioorthogonal chemistry to improve ther-
apeutic efficacy against solid tumors.?*> HAase degraded hyalur-
onan and disrupted the tumor extracellular matrix, allowing CAR-T
cells to penetrate deeply into solid tumors. In addition, modifica-
tion of aPDL1 improved the anti-tumor ability of CAR-T. In this
work, CAR-T cells were modified to overcome the poor tumor
penetration, while the engineered modified aPDL1 played a
synergistic role with CAR-T to enhance the therapeutic effect on
solid tumors without affecting the normal function of CAR-T. This
engineering strategy of “overcoming weaknesses and enhancing
advantages” can be extended to other adoptive cell therapy and
has great potential for clinical application.

Additionally, Wang et al. created an immune checkpoint ligand-
engineered B cell to treat type 1 diabetes mellitus (TIDM) by
suppressing islet-specific T cell function.?®® It has been observed
that B cells are deficient in PD-L1 (a co-inhibitory ligand for PD-1),
CD86 (a co-inhibitory ligand for CTLA-4), and Gal-9 (a co-inhibitory
ligand for TIM3), all of which linked to the development of
TIDM.>*772%° Based on this, the researchers employed DBCO
dendrimers to attach PD-L1, CD86, and Gal-9 to Ns-labeled B cells,
creating PD-L1/CD86/Gal-9-modified (3 cells. They used pancreatic
extracellular matrix (PAN-ECM) scaffolds to implant {3 cells. Within
PAN-ECM, modified B cells restored the immunogenic islet milieu
and drove islet antigen-specific T cell depletion by binding to
autoreactive T cells, reversing premature hyperglycemia. When
compared to platelets with high PD-L1 expression, these modified
B cells can trigger islet-specific antigen T depletion without
damaging normal tissues, which can alleviate or prevent diabetes
progression.

Recent research has demonstrated that changes in the physical
features of antibodies, such as aggregation propensity, might
serve as the basis for initiating specific functions such as
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cytotoxicity.>*® Urano et al. exploited a bioorthogonal reaction
on the cell membrane to promote antibody aggregation and
thereby enhanced cell signaling pathways.?*' They first coupled
Tz, MTz, and BCN with PEG before binding them to the protein
labeling site (N-hydroxyhydroaminovinyl ester) to create a
collection of antibody clickers (ABC). By raising the effective
concentration of antibody that binds to the target antigen,
bioorthogonal interaction between cell surface antibodies can be
enhanced. When trastuzumab was given to HER2-expressing
SKBR3 cell lines, the trastuzumab aggregated due to a bioortho-
gonal reaction. However, instead of inhibiting cell growth, the
aggregation promoted it. Immunostaining revealed a significant
nuclear phosphorylated ERK signal, implying that antibody
aggregation triggered cross-phosphorylation. This study expands
the options for cell-based therapy. On the one hand, the unique
activities produced by antibody aggregation may improve illness
treatment outcomes; on the other hand, such bioorthogonal
reaction-based antibody aggregation can be used as a synthetic
biology tool to modify intracellular signaling pathways of interest.

Conjugating functionalized platelets to the cell membrane.
Although conjugating nanoparticles on the cell surface can allow
targeted delivery of nano-drugs, the nanomaterials currently used
in the cellular “backpacks” strategy are liposomes or polymers
with basic structures which have no sensitivity to low pH or
enzyme in tumor tissue, making accurate and regulated drug
release at tumor location problematic.

The adaptability of bioorthogonal reactions helps the develop-
ment of cell combination strategies in which one cell serves as a
delivery vehicle and the other as a drug carrier. Gu et al. created
an HSC-platelet combination preparation for the treatment of
acute myeloid leukemia (AML) by combining PD-1-modified
platelets with hematopoietic stem cells (HSCs).>** To establish
cell-cell conjugation, N3-modified HSCs were mixed with DBCO-
modified platelets in a 1:1 ratio. The cell-cell conjugation could
travel to the bone marrow after intravenous injection due to the
action of HSC. The platelets were then stimulated to form several
platelet-derived vesicles, boosting the local release of PD-1. This
cell-cell conjugation effectively suppressed AML by stimulating
T cells, resulting in an efficient immune response. This cell
combination technique provides superior biocompatibility and
bioreactivity because the cells are entirely derived from the host.
Among them, the bioorthogonal reaction is one of the most
significant components in the successful development of cell-cell
conjugation, because researchers can purposely change the ratio
of the two types of cells to achieve the best cell survival and
therapeutic effect. This bioorthogonal chemistry-based cell
combination technique will be applied to other types of cells in
the future, and it is envisaged that a range of cell-cell conjugations
with varied functionalities will be built for the treatment of various
diseases.

Constructing bacteria-based DDSs by bioorthogonal chemistry
Bacteria-based DDSs bring ingenious synergies to various
biomedical applications for interdisciplinary research.>*> Bacteria
autonomously sense and respond to dynamic physiological
signals and prevent or exacerbate disease progression by
preferentially migrating to disease regions through self-
propulsion. Coupling nanoparticles to bacterial surfaces via
bioorthogonal chemistry allows efficient delivery of drugs to
disease sites with higher specificity and lower systemic toxicity to
kill disease-causing microorganisms than conventional therapeu-
tic approaches, offering great potential on bacterial-based DDSs
for clinical applications.

Considering that E. coli has a strong resistance to lead and the
ability to detoxify from certain concentrations of lead, Zhang et al.
reported an integrated bio/non-biological hybrid bioreactor to
integrate lead detoxification and ROS elimination and further
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achieve lead damage mitigation.>** Briefly, a non-pathogenic
bacterium, Escherichia coli MG1655 (Bac), was bioorthological
modified with antioxidant cerium oxide nanoparticles (Ceria), a
versatile antioxidant reagent with good antioxidant activity at
physiological pH on its surface. Bac could actively carry Ceria and
accumulated in organs with high lead concentrations. Depending
on the resistance of bacteria to lead, excess toxic metals are
mainly bio-absorbed and the imbalance of oxidative stress at
pathological sites is simultaneously repaired by Ceria. In vitro and
in vivo results indicated that this hybrid bioreactor was safe for
biomedical applications and showed significant lesion targeting,
lead elimination and antioxidant efficacy.

In addition, Jiang et al. designed a novel intelligent and
biocompatible theranostic strategy based on bacteria-induced
gold nanoparticle (GNP) aggregation for bacterial surface-
enhanced Raman scattering (SERS) imaging and antimicrobial
PTT therapy.?*> TCO derivatives of vancomycin (Van-TCO) were
synthesized and bound to the bacterial surface by forming five
hydrogen bonds with the C-terminal d-Ala-d-Ala motif of
peptidoglycan on the cell wall of G* bacteria. Next, Tz-modified
gold nanoparticles (GNP-Tz) aggregated on the bacterial surface
through a bioorthogonal reaction. Plasmonic excitonic coupling
effects between adjacent GNPs triggered strong electromagnetic
fields and high NIR absorption, which enabled SERS imaging and
photothermal ablation of bacterial pathogens without causing
damage to healthy tissue. This method based on bacteria-induced
bioorthogonal GNP aggregation showed great potential for
application in bacterial SERS imaging and antimicrobial PTT
studies.

Constructing phage-based DDSs by bioorthogonal chemistry
Phages are viruses that infect bacteria and are common in the
gastrointestinal system. They target specific harmful bacteria
without disrupting normal microbiota. Therefore, phages can be
employed as perfect drug delivery vehicles to deliver drugs to
specific tissues or organs where the target bacteria are
present, 246248

In light of this, Zheng et al. created a bioorthogonal phage-
based gut microbiome manipulation method for the treatment
of chronic colon cancer (CRC).2*° First, the researchers found a
phage that particularly cleaved F. nucleatum in saliva since
there was a substantial enrichment of F. nucleatum in the feces
of CRC patients. To generate Ns-labeled phages, L-azidoalanine
was added to the phage culture medium with nuclear F.
nucleatum, and N3 was bound to the phage’s outer capsid via
the protein shell production mechanism. They next synthesized
DBCO-modified irinotecan (IRT)-loaded dextran nanoparticles
(D-IDNPs) and attached them to the phage surface using
bioorthogonal reactions. This system contained two functional
sections. One such agent was a phage, which could target and
eliminate nuclear F. nucleatum in tumors. The other was
nanoparticle enriched in CRC, increasing the efficacy of
chemotherapy drugs. Additionally, the glucan shells of
D-IDNPs were also shown to enhance the growth of endogen-
ous Clostridium butyricum which increased colonic short-chain
fatty acid (SCFA) levels. This strategy offers a novel approach to
the treatment of CRC, as well as a model for the treatment of
other cancers. If bacteria in tumors can be identified, phage-
based DDSs based on bioorthogonal reactions can be produced
for cancer therapy. This will be a strategy with low toxicity,
great efficiency, and low cost.

APPLICATION OF BIOORTHOGONAL CHEMISTRY IN
DEVELOPING MULTI-FUNCTIONAL HYDROGEL

Hydrogel is a hydrophilic three-dimensional network structure.
Due to their viscoelasticity and high-water content, hydrogels are
considered potential biological scaffolds that mimic the natural
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extracellular matrix (ECM) for local drug or therapeutic cell
delivery.*°"%>2 Currently, many cross-linking methods have been
used to prepare covalently cross-linked hydrogel networks. For
example, cross-linking peptide hydrogels via the horseradish/
hydrogen peroxidase (HRP/H,0,) system have been developed.?*?
However, these cross-linking systems with small molecule
chemical cross-linkers may be potentially toxic to the encapsu-
lated cells or the body tissues. Bioorthogonal reactions, due to
their rapidity, efficiency, high selectivity, and good biocompat-
ibility in vivo and in vitro have emerged as an emerging cross-
linking strategy for constructing hydrogels. Recent advances in
bioorthogonal chemistry in the construction of hydrogel systems
are described below.

Constructing hydrogel scaffolds

As an efficient and low-toxic cross-linking strategy, bioortho-
gonal reactions are gradually being applied to the construction
of hydrogel scaffolds. David et al. proposed a bioorthogonal
cross-linked hyaluronate-collagen hydrogel for in situ filling of
corneal defects without any sutures, initiators, or catalysts.?>*
They mixed dialyzed N3-modified hyaluronate (HA-azide) with
DBCO-modified collagen (Col-DBCO) to produce hyaluronic
acid-collagen hydrogels via the SPAAC reaction under biologi-
cal conditions. Compared to collagen hydrogels, this hydrogel is
stronger and more closely resembles the natural corneal matrix,
offering excellent potential as a biomaterial for corneal repair
and regeneration. Chen et al. prepared PLG hydrogels by
mixing Ns with DBCO-modified poly (L-glutamic acid) (PLG)
under physiological conditions by bioorthogonal reactions.?>>
Bone marrow mesenchymal stem cells (BMSCs) were able to
maintain a high survival rate when cultured inside the hydrogel
in vitro. Subsequent simultaneous bonding of cell adhesion
peptide c(RGDfK) and neurocalmodulin mimetic peptide (N-
cad) to the hydrogel network significantly promoted the
adhesion of BMSCs on the hydrogel surface and the prolifera-
tion of chondrocytes inside the hydrogel. On the other hand,
the introduction of N-cad significantly increased the production
of cartilage-specific  matrix and the expression of
chondrogenesis-related genes and proteins in the hydrogel.
This study proposes a new approach for the construction of
multiple biofunctionalized hydrogel platforms and is expected
to be applied to the in vitro preservation and local delivery of
immune cells with clinical translation prospects.

In addition, the combination of a bioorthogonal cross-linker
and a stimulus-responsive cross-linker for the construction of
smart responsive hydrogels can achieve sustained drug release
and synergistic effects of multiple therapeutic strategies. Kim
et al. designed a quadratically coupled hybrid gel (M-NO) for
nitric oxide scavenging and sequential drug release.>*® Solu-
tions of the individual components of M-NO were injected into
the joint via a dual injection system and rapidly gelated in situ
by bioorthogonal ligation reaction. The bis-alkyne-modified NO-
responsive cross-linker, DA-NOCCL, is incorporated into the Ns-
functionalized hyaluronic acid backbone. Under the stimulation
of NO, DA-NOCCL rapidly breaks, thereby disrupting the gel
structure and thus releasing the encapsulated drug, which
effectively relieves or even eliminates arthritic symptoms in a
rheumatoid arthritis model.

Coupling treatment components

In addition to the use of bioorthogonal chemistry to construct
hydrogel scaffolds, bioorthogonal chemistry can also be used to
attach therapeutic agents to the hydrogel backbone to achieve
long-term retention of therapeutic agents in the lesion. Ren et al.
achieved long-term in vivo EV retention by selectively immobiliz-
ing N3-modified EV (Az-EV) in DBCO-modified collagen hydrogels
via bioorthogonal chemistry.”>” MSC-derived Az-EV triggered
more robust host cell infiltration, angiogenesis, and

SPRINGER NATURE

17



Recent advances in developing active targeting and multi-functional drug...

18

NS

Y )
[ ()
v ) Q
‘ == @1 y
: [ r«
Volume-triggered, - (y
release 1 (J\’—J
.
')
o
s o ) o .
- — O
Thiol-based

. j)J\ *@[ﬂj\’r ﬁ click reaction

o ©) — \ “Photo-click”
M ’ (: ) ) )‘\// reaction
T R
R Bio-orthogonal
o .. Bond cl
@ ~s— .—A‘WB - 2 @A cleavage reaction

C Constructing logical gated channels !
1
_ Click2 — A . O*A i
Stimulus _AND YES © > %ooo i
Click1 — < i

Stimulus2 — P %

Stimulus1 — YES (ol (838 i%

= EA N
Click — : \

Combining genetic and metabolic engineering

¢ . i
N, ﬁ leggrapeutics i
(4] o’ !
1

1

€4

Targeting delivery of CRISPR-Cas9 system

Cas9 k
N

Bio-orthogonal
reaction

Fluorescent

I
i @ Metabolic
! molecule

precursor

{:j} Hydrogel WMicroneedle

o i ®
N3
"{:} Size A
{'::}N, S Chemic'al signals o Zeta potential
Quantifiable data Targeting capacity
N{:} 1 oo Pharmacokinetics
{ﬁ; {:‘i} S5 ool .

Stimulus-triggered
group conjugation

2 QZQZP
*—C — B_._A — _{} Bond ligation

*—B A"E} Bond cleavage —.—A Combination strategies

Bond ligation
.—A — F
._A D e Bond cleavage S

- Inflammation
Constructing metabolic precursor ()
DDSs for multiple organ labeling
= Eye disease

Gastrointestinal

o [+) ° disease
i 1
O oooo Sustained oo|
© release
00 i
Diabetes

Coupling bioorthogonal Autoimmunity

chemistry with novel DDSs disease
____________________________________________________ ;
Wireless O E Genetic @ CRISPR-Cas9 |
) xosome = ) ) i
device engineering 0 system i

Fig. 7 Outlook of bioorthogonal chemistry in developing DSSs. a Precise regulation of bioorthogonal metabolic labeling. 1. Sustained release
of metabolic precursors by constructing a volume-triggered release system, resulting in a stable bioorthogonal label in vivo. 2. Developing
fluorescent markers for accurate quantification of cell surface bioorthogonal groups while comprehensively assessing the physicochemical
and pharmacokinetic properties of paired group-modified nanocarriers. b Enriching the bioorthogonal toolkit. Many intelligent metabolic
precursors will be created by modifying stimuli-triggered groups. Developing various novel bioorthogonal reactions or combining multiple
bioorthogonal reactions will improve the selectivity and functionality of DDSs. ¢ Cross-integration with emerging technologies. 1.
Constructing logical gated channels for precise targeting and release of drugs. 2. Combining genetic and metabolic engineering to develop
multi-functional cell-based DDSs. 3. Targeting delivery of CRISPR-Cas9 system using bioorthogonal chemistry. 4. Constructing metabolic
precursor DDSs that can selectively label different organs or tissues for the treatment of various diseases. 5. Coupling bioorthogonal chemistry
with novel DDSs such as hydrogels, microneedles, wireless devices, and exosomes to achieve stimulus-triggered and sustained drug release

immunomodulatory responses when immobilized in collagen
hydrogels by bioorthogonal chemistry at one-tenth the dose
required for non-immobilized EV. This technique is expected to be
applied to CAR-T and others to improve their intratumoral
retention time and improve the efficacy of cell therapy.
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CONCLUSION AND OUTLOOK

In this review, we discussed recent advances in developing active
targeting and multi-functional DDSs via bioorthogonal chemistry.
Bioorthogonal chemistry is mild with great efficiency, selectivity,
and low toxicity, and does not affect normal biological
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processes.>*672%° Bioorthogonal groups (such as N;) can be
labeled onto tumor tissues via metabolic engineering. By
modifying paired groups (such as DBCO) on nanoparticles, the
nonspecific distribution, restricted tumor targeting, and low
penetration of nanomedicines can be overcome. Furthermore,
antibodies, cytokines, vaccinations, and viral vectors can selec-
tively target immune cells such as DCs and T cells via
bioorthogonal chemistry to stimulate powerful immune
responses. This method is also applicable to the targeted delivery
of antibacterial drugs to pathogenic microorganisms. In addition
to the targeted delivery, nanoparticles, antibodies, and platelets
can connect to the cell surface via bioorthogonal reactions,
creating multi-functional bio-inspired DDSs. On the one hand,
bioorthogonal chemistry can be used to construct biomimetic
DDSs with superior targeting or immunomodulatory capabilities.
On the other hand, bioorthogonal chemistry enables the
anchoring of diverse biomolecules or nanoparticles on the cell
surface, creating multi-functional cell-based, bacteria-based and
phage-based DDSs. In addition, the construction of hydrogels
using bioorthogonal chemistry has also been used for the
treatment of diseases. Despite significant advances in developing
DDSs, several challenges of bioorthogonal chemistry remain to be
overcome (Fig. 7).

Precise regulation of bioorthogonal metabolic labeling

Precise modulation of bioorthogonal metabolic labeling is the key
to its application in disease treatment. First, improving the tissue
selectivity of metabolic percursors and reducing off-target effects
are necessary. Selective targeting of tumors can be achieved using
stimuli-responsive unnatural sugars. However, due to the weak
difference between tumor microenvironment and normal tissue,
the uptake of non-natural sugars by normal cells cannot be
completely blocked. To obtain unnatural sugars with intrinsic
cancer marker selectivity, the design of excitation devices with
tumor-specific reactivation of cellular metabolic pathways is
particularly important. Currently, tumor overexpression enzymes,
including cathepsin B, HDAC, and CTSL, are mainly used to
develop non-natural glycans that can be converted from dormant
to activated state only in tumor tissues.®”°® Considering that many
of these enzymes are also present in normal cells, it may be
necessary to design co-excitation devices using multiple enzymes
simultaneously to improve tumor selectivity. Due to tumor
heterogeneity, a comprehensive evaluation and screening of
metabolic precursors with optimal tumor selectivity and labeling
efficiency are required. In addition, the use of stimuli-responsive
DDSs for the delivery of metabolic precursors can improve
labeling efficiency and prolong the circulation time of metabolic
precursors to a certain extent.”*>2%® Second, the density, stability,
and uniformity of bioorthogonal groups on cell membranes
should be evaluated. As glycans, proteins, and phosphatidylcho-
lines are predominantly found on the outer surface of cell
membranes, bioorthogonal groups are mostly found there.
However, due to the randomization of the orientation inside
and outside the membrane, it is impossible to verify that all
bioorthogonal groups on the surface of membrane-coated
nanoparticles are outside.”® Current fluorescent probes, such as
DBCO-Cy5, cannot react with N3 on the cell membrane in a 1:1
ratio due to spatial site resistance, making it difficult to accurately
quantify the metabolic label on the cell membrane. Furthermore,
because of the exchange of substances between cells and the
extracellular environment, as well as the rapid metabolism of
glycans, the density of these bioorthogonal groups is constantly
changing. This may result in the loss of modified nanoparticles or
biomolecules on cell membranes. For in vitro research, cultivating
cells in a medium containing bioorthogonal metabolic precursors
is an effective strategy for maintaining the density of bioortho-
gonal groups. However, for in vivo studies, large amounts of
metabolic precursors need to be injected to maintain stable
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metabolic labels on the surface of target cells, causing potential
damage to normal tissues. Therefore, future research will break
through from the following two demands: 1) developing bio-
activated fluorescent probes with small spatial site resistance to
achieve accurate quantification of bioorthogonal groups on the
cell surface; 2) developing in situ metabolic precursor reservoirs,
which can only release metabolic precursors when the system is
activated under specific conditions to achieve continuous and
stable metabolic labeling in vivo. Third, the alterations in
characteristics and effective concentrations of nanocarriers
generated by the bioorthogonal modification necessitate further
evaluation. DBCO may change the size, and potential of
nanoparticles, and the density of DBCO may affects the targeting
and pharmacokinetic properties of nanomedicines. In addition,
because of their small size, N5 will not be depleted by DBCO in a
single dose, so multiple dosing is required, and the frequency and
the dose, may vary depending on the density of DBCO on the
nanocarrier surface. Therefore, a comprehensive characterization
analysis of nanocarriers is needed to determine the optimal ratio
of bioorthogonal groups to nanocarriers for the best therapeutic
effect. Also, means to realize the spatio-temporal control of
bioorthogonal reactions by direct or indirect methods for their
biosafety assessment need to be developed.

Enriching the toolkit

Considering that bioorthogonal reactions have been increasingly
used in DDSs, the diverse bioorthogonal toolkit needs to be
expanded to develop smart DDSs. To create different bioortho-
gonal reactions to make the toolkit practically useful and valuable,
we should first pay attention to the bioorthogonality of the tool
and the by-products, which must both be stable and biocompa-
tible and must be non-biologically active. In addition, the reaction
pairs should also be abiotic and undergo rapid, potent interactions
in the cellular environment.”” This process can be simply achieved
in the future with the cross-fertilization of artificial intelligence (Al)
and organic chemistry. Furthermore, considering that the
selectivity of SPAAC is compromised by cyclooctyne and thiol
side reactions on the surface of biomolecules and iEDDA is limited
due to TCO's cis-trans isomerism,*® different forms of click
reactions have been developed. For example, the “photo-click”
reaction between an alkene and a nitrile imine provides a unique
bioorthogonal technique due to its well-controlled spatial and
temporal features.?*?%> In cell engineering, thiol and maleimide
click reactions are also extensively used.”®® In addition to the
bioorthogonal ligation reactions highlighted in this review,
bioorthogonal cleavage reactions (also termed bioorthogonal-
triggered release) have emerged as a new type of bioorthogonal
reaction for DDS development.?*’?%® Bioorthogonal cleavage
reactions are deprotection reactions triggered mainly by small
molecules or enzymes. The applications in recent years are mainly
focused on protein activation and prodrug activation. Considering
the high specificity of the reaction, the trigger can be delivered or
localized to the disease site, thus triggering the release of the
therapeutic drug from the DDS at the lesion. For example, Gu et al.
loaded a Pd catalyst in a microneedle patch and implanted the
triggering agent into a subcutaneous tumor via microneedle, thus
achieving local prodrug activation at the tumor site.*® In addition,
the use of bioorthogonal cleavage reactions to construct
biological scaffolds capable of depolymerization under specific
conditions would provide a novel strategy for targeted delivery
and sustained release of therapeutic cells or macromolecular
drugs. Finally, to further improve the selectivity of bioorthogonal
reactions, two or more bioorthogonal reactions can be combined
and cooperated. Such strategies include, but are not limited to,
two bioorthogonal linkage reactions, two bioorthogonal cleavage
reactions, and the combination of a bioorthogonal linkage
reaction and a bioorthogonal cleavage reaction. By mixing
multiple bioorthogonal reactions in one system and controlling
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two different sites simultaneously or sequentially, this combina-
tion strategy has been used for the precise modification of
peptides and proteins.?’® It is foreseen that if this “dual
bioorthogonal” system is applied to the construction of DDSs,
the targeting capacity of DDSs will be greatly improved.

Cross-integration with emerging technologies
Although bioorthogonal chemistry is gradually being applied to
the development of DDSs, most research has focused on
improving the tumor targeting of therapeutics and the construc-
tion of biomimetic DDSs. This is mainly limited by the develop-
ment of other technologies in drug delivery. With the rapid
development of nanotechnology, materials science, and biome-
dicine, bioorthogonal chemistry is expected to be applied to more
emerging fields, providing a constant potential for the construc-
tion of intelligent multi-functional DDSs. For example, the use of
bioorthogonal chemistry and stimulus-triggered motifs to con-
struct logically gated channels allows for precise targeting and
release of drugs. The combined use of bioorthogonal chemistry
and synthetic biology allows for the construction of engineered
cells?* or microalgae®”! with multi-functionalities. This engineer-
ing approach combines the advantages of genetic engineering
and metabolic engineering without interfering with each other,
greatly enriching and enhancing cellular functions and providing
new ideas for the development of efficient periplasmic cell
therapies. Also, combining bioorthogonal chemistry with novel
DDSs such as hydrogels, microneedles, wireless devices, and
exosomes is expected to achieve controlled release of drugs.
Moreover, we should not limit the treatment of tumors. As
described in the article, the use of unnatural sugars can effectively
label tumor tissues and achieve targeting of DDSs to tumor
tissues. If we can develop bioorthogonal metabolic precursors that
label different organs to enable the targeting of therapeutic
agents to different organs, this will greatly expand the use of
bioorthogonal-based DDSs in the treatment of autoimmune
diseases, bacterial infections, inflammation, and neurological
diseases.”’? Furthermore, the use of bioorthogonal cleavage
reactions is also expected to overcome the systemic toxicity
arising from off-target gene editing,>’®> while providing a proven
strategy for in vivo editing and modulation of immune cells.
Precise delivery and intelligent drug release are two essential
conditions for a DDS to be therapeutically effective. As we strive to
apply bioorthogonal chemistry to DDSs, more and more
selectively targeting and multi-functional DDSs will be developed.
Here, we highlight the latest developments and applications of
bioorthogonal linkage reactions in DDSs, while providing insights
into some of the emerging bioorthogonal cleavage reactions in
DDSs and summarizing the future challenges of this exciting tool.
It is believed that efficient, low-toxic, and promising bioorthogonal
chemistry has a broad application in the future research for
developing smart DDSs under the background of multidisciplinary
cross-fertilization.
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