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a b s t r a c t

Inspired by the natural synthesis of biomolecules, the artificial production of therapeutic agents within

cells has emerged as a powerful and versatile approach for disease treatment. Performing artificial chem-

ical reactions within living cells to achieve various physiological goals remains both an intriguing and

highly challenging endeavor. This review summarizes recent advancements and future trends in the field

of chemical reactions inside living cells, organized by different reaction mechanisms. We also provide an

in-depth discussion of their chemical designs, reaction mechanisms, and functional applications. Further-

more, we explore the underlying chemical principles of these reactions and discuss strategies for these

materials to enhance their therapeutic efficacy. As researchers continue to expand the repertoire of in-

tracellular synthesis techniques, it is anticipated that these advancements will provide valuable tools for

probing biological systems and developing innovative therapeutic strategies.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Chemical reactions underpin the fundamental processes of na-

ture, governing both the synthesis and utilization of substances in

the biological world [1–5]. Living cells, with their highly complex

chemical environments, have inspired chemists to extend synthetic

reactions into the cellular microenvironment [6–10]. Recently,

chemists have successfully transformed small molecules into func-

tional biomaterials through a series of intricate and precise re-

actions within the complex intracellular environment [11,12]. The

creation of entirely new molecules or structures within cells en-

dow them with novel functions. For example, the synthesis of non-

natural macromolecules can extend their retention time within

cells, thereby enabling the regulation of a wide range of physiolog-

ical processes [13,14]. These innovative strategies not only enhance

our understanding of the complex reactions occurring within living

cells but also enable the prediction of potential reaction pathways.

More importantly, they have the potential to emulate natural cel-

lular processes and facilitate the artificial manipulation of cellular

functions, thereby opening promising avenues for the development

of cellular-based therapies and biotechnological applications.
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Depending on the underlying chemical mechanisms, intracellu-

lar chemical reactions can generally be categorized into five ma-

jor types: Reduction reaction, oxidation reaction, catalytic reaction,

acid-base reaction and click reaction. Generally, these reactions can

be triggered by either endogenous or exogenous stimuli. On the

basis of the endogenous stimuli, they typically include acidic pH,

reductive environments, reactive oxygen species (ROS), and over-

expressed enzymes originating from diseased or infected cells [15].

Exogenous stimuli, on the other hand, often involves electromag-

netic radiation-such as ultraviolet (UV) light, near-infrared (NIR)

light, and γ -ray radiation-as well as external triggers like ultra-

sound and magnetic fields [16]. These stimuli have demonstrated

remarkable effectiveness and hold great potential for therapeutic

applications in a wide range of diseases. For instance, emerging in-

tracellular chemical reactions have been extensively applied to en-

able circumvent drug resistance, organelles destruction, bioimaging

and intracellular drug synthesis (Fig. 1).

The rapid advancement of chemical reactions in living cells has

sparked significant interest among researchers in both chemistry

and biology. In recent reviews on intracellular chemical reactions,

Chen’s group reported in situ catalysis for therapeutic substance

synthesis, focusing on the regulation of related chemical reactions

through fundamental thermodynamics and kinetics [17]. Zhang and

colleagues summarized recent progress in intra-tumoral stimuli-

responsive in situ assembly of supramolecular self-assemblies us-

ing artificial small molecule nanomaterials, elucidating how and

why these tumor microenvironment triggers can induce the self-
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Fig. 1. Schematic illustration of the relationship between intracellular chemical re-

actions and biological applications.

assembly of artificial small molecules [18]. To provide a powerful

approach for bridging the gap between synthetic materials and bi-

ological systems, a comprehensive review and comparison of in-

tracellular chemical reactions based on different reaction mecha-

nisms is essential. This review provides a comprehensive summary

of the latest advancements and future trends in intracellular chem-

ical reactions, organized by reaction types. It specifically addresses

the design and synthesis of monomers, reaction mechanisms, re-

sponsive characteristics, and functional applications. Furthermore,

we explore the relationship between various chemical designs and

their corresponding reaction mechanisms, emphasizing their po-

tential for biological applications. We hope this review can offer a

comprehensive overview of current achievements and challenges,

inspiring future directions in the field of intracellular chemical re-

actions.

2. Intracellular chemical reactions

The cellular environment is full of reactive species, generat-

ing enormous possibilities for intracellular chemical reactions of

molecules [19]. Thus, moving chemical reactions from chemical

laboratory into an intracellular microenvironment can be regarded

as a powerful and versatile way to modulate cell activities, which

provide a variety of possibilities for chemists and biologists to un-

derstand the cellular world as for the diversity and tunability of

chemical reactions [20]. In this section, we discussed design strate-

gies that have enabled small molecule chemistry to be conducted

within cells and to establish monomer design principles and func-

tional features.

2.1. Reduction reaction

The overproduced glutathione (GSH) in cancer cells has abun-

dant thiol with the necessary functions in regulating biological

functions [21]. Compared with normal cells and tissues, tumor tis-

sue has been found to be much higher GSH concentration than

that in the normal cells, leading to reducing and hypoxic intra-

cellular milieu [22]. For example, reduction-responsive materials

with characteristic disulfide (S–S) bonds in the backbone, side

chain or cross-linker have been developed to endow stimulus re-

sponsiveness to the intracellular reducing microenvironment [23].

The disulfide bonds can maintain stability in extracellular envi-

ronments with low concentration of GSH and tends to be quickly

degraded under reducing environments via the thiol-disulfide ex-

change reaction, leading to the disassembly of materials [24,25].

Fig. 2. Chemical structures of PEG-PUSeSe-PEG. Copied with permission [29]. Copy-

right 2010, American Chemical Society.

Yang’s group synthesized nanodevice ssPPELap@Fe-TA for potenti-

ating ferroptosis. The S–S bonds in ssPPE could deplete GSH via

the thiol/disulfide exchange reaction to inactivate GPX4 [24]. More

reactive diselenide (Se–Se) bonds have been modified into mate-

rials to acquire redox responsiveness [26–28]. The interesting ex-

ample was reported by Zhang’s group. They described a diselenide

block copolymers (PEG-PUSeSe-PEG) that was self-assembled into

micelles because of the amphiphilic property (Fig. 2) [29]. Se–Se

bonds in PEG-PUSeSe-PEG could be oxidized into seleninic acid un-

der oxidation conditions and reduced into selenol in the presence

of reducing agent.

Reducing intracellular microenvironment can be also utilized

to release active agents through reducing prodrugs inside cells.

Gasser’s group presented RuII-PtIV conjugate with function of

chemotherapy and photodynamic therapy (PDT) to circumvent can-

cer drug resistance [30]. Upon entering cancer cells, the PtIV-RuII

conjugate could be degraded to produce CDDP and RuII compound

to realize the aim of synergetic therapeutic effects of chemother-

apy and PDT. Our group synthesized chlorambucil-oxoplatin and

water-soluble pillar[6]arene to obtain supramolecular complexes

on the basis of host-guest interaction [31]. The supramolecular

complexes could self-assemble into nano self-assemblies (SDSAs).

Upon reaching tumor cells, SDSAs could be reduced by cellu-

lar GSH to obtain the high toxicity chlorambucil and cisplatin,

with the amplification of oxidative stress in cancer cells. Mean-

well, we also formed amphiphilic host-guest complex based on pil-

lar[6]arene and chlorambucil-arylboronic acid through host-guest

interaction between chlorambucil and pillar[6]arene [32]. The aryl-

boronic acid moiety of chlorambucil-arylboronic acid could not

only consume GSH but also bind curcumin. Curcumin could in-

hibit the expression of thioredoxin reductase (TrxR) to disrupt GSH

biosynthesis pathway, enhancing anticancer effect.

2.2. Oxidation reaction

Compared to healthy cells, the relatively high concentration of

ROS is an important biomarker for the complicated cancer mi-

croenvironment [33]. Cancer cells continuously generate ROS de-

rived from by-products of aerobic metabolism as for oncogenic

transformation, resulting in cellular macroenvironment with a

highly oxidative state [34]. The ROS-responsive functional mate-

rials have been extensively exploited for site-specific stimulus re-

sponse, mainly encompassing characteristic groups such as boronic

ester, thioketal, selenium and ferrocene groups [35–38]. A novel

strategy has been pioneered by Almutairi and coworkers. They

presented a biocompatible polymeric capsule consisting of H2O2-

sensitive polymers with a boronic ester to achieve the controlled

release of cargo [36]. Xia’s group established cationic polymer by
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polymerization of oligoamines with ROS-cleavable thioketal link-

ages [37]. The overexpressed ROS in cancer cells was used as

cancer-related stimulus to achieve intracellular gene delivery. Yan

and Huang et al. developed an ROS-sensitive hyperbranched poly-

mer with selenide groups and phosphate segments in the dendritic

backbone, mediating drug release in cells for combined chemother-

apy under intracellular conditions of oxidation [38]. Besides, Se–Se

bonds have been proposed in biomedical applications as for their

unique properties [39,40,42]. For example, Xu’s group constructed

diselenide-pemetrexed complex, simultaneously combining cancer

immunotherapy with radiotherapy and chemotherapy [41]. Se–Se

bonds could be reacted into seleninic acid, inhibiting the expres-

sion of intracellular human leukocyte antigen E and inducing the

immune response for NK cells.

The overproduced ROS in cancer cells can oxidize original

hydrophobic ferrocene moiety into hydrophilic ferrocene, which

leads to disaggregate host-guest interactions, leading to the con-

trolled release of active agents inside cells [43]. Our group re-

ported supramolecular complex formed by the supramolecular

interactions between curcumin-bridged bis(β-cyclodextrin) and

ferrocene-linked camptothecin (CPT) [44]. The overproduced in-

tracellular ROS can easily destroy host-guest interactions, trig-

gering the burst release of therapeutic reagents to circumvent

multidrug resistance. Recently, we also synthesized supramolec-

ular organometallic drug complex (SOMDC) with H2O2 self-

provision constructed by GEM-(Fc)3 and β-CD-DOX [45]. Because

of hydrophobic interaction, the amphiphilicity of SOMDC could

self-assemble into supramolecular organometallic drug micelles

(SOMDMs). Similarly, SOMDMs could be rapidly destroyed as for

the endogenous ROS to release β-CD-DOX. The biological assess-

ment showed that β-CD-DOX could substantially elevate the en-

dogenous H2O2 level in cells and accelerate the Fenton-like intra-

cellular autocatalysis to create hypertoxic •OH [45].

2.3. Catalytic reaction

2.3.1. Enzyme-triggered catalytic reaction

Intracellular enzymes can affect cellular behavior in the course

of metabolism, proliferation, and invasion [46]. Alkaline phos-

phatase (ALP) is usually overproduced in cancer cells, which

has been widely applied into construction of functional mate-

rials for modulating cell activities. For example, Xu’s group de-

signed intranuclear nanoribbons constructed upon dephosphory-

lation of leucine-rich l- or d-phosphopeptide catalyzed via ALP

to inhibit the proliferation of osteosarcoma cells [47]. Upon de-

phosphorylation catalyzed by ALP, the peptides could be converted

into micelles and then changed into nanoribbons. Yang’s group

showed a novel way to selectively modify cancer cell membranes

through using an enzyme-induced peptide self-assembly strategy

(Fig. 3a) [48]. They formed some self-assembling peptides (pY1,

pY2, and pY3) constructed through NBD fluorophore, –GFF– core

self-assembly motif and GE11. After treatment with ALP for a pe-

riod of time, the light-scattering intensities of pY1, pY2, and pY3

were increased compared with their phosphorylated precursors.

Other enzymes overexpressed in cancer cells also play an

important impact on the regulation and metabolism of cellu-

lar activities. For example, Wang and coworkers exploited the

gelatinase-responsive small molecule precursor (P18-PLGVRGRGD),

which could self-assembled into nanofibers in cells and prolong

retention time in tumors [49]. After accumulation around the tu-

mor microenvironment, the overproduced gelatinase could cleave

PLGVRG linker into small molecule precursors, which increased

the hydrophobicity of the molecules in precursors and decrease

steric hindrance, leading to the formation of the ordered fibrous

nanotube structure [49]. Caspases as proteolytic enzymes could

regulate the growth, differentiation, and apoptosis of eukaryotic

cells. Wang’s group synthesized peptide-cyanine conjugates (P-1Cy

and P-2Cy) which could self-assemble into 1D columnar super-

structures with orderly arrangement of cyanine inside living cells,

showing distinct imaging or photothermal properties (Fig. 3b) [50].

After entering the cancer cells, the backbone of peptide-cyanine

conjugates could be cleaved by caspase-3/7, inducing the intra-

cellular self-assembly of Pr-1Cy and Pr-2Cy. Yu’s group also de-

signed the self-amplifying assembly of peptides precisely inside

macrophages with expression of enzyme NQO1 for enhancing the

anti-inflammatory effects of therapeutic reagents [51].

2.3.2. Organometallic complexes-triggered catalytic reaction

Cells, coined as micro laboratories, can perform various chem-

ical reactions via enzymes [52]. Many enzymes feature metals at

the active sites, and thus are viewed as metalloenzymes. Recently,

there has been an impressive progress in the development of met-

alloenzymes [53]. For example, Mascarenas’s group verified the

intracellular metal carbene transfer reactions (Fig. 4A) [54]. They

demonstrated that copper(II) catalysts can cause the annulation

of alpha-keto diazocarbenes with ortho-amino arylamines inside

living cells, triggering through the N–H carbene insertion. Li and

coworkers presented a Fe–N doped graphene (FeNGR) nanomate-

rial with the function of simulating NOX via catalyzing the con-

version of NADPH into NADP+ and producing oxygen radicals [55].

Recently, performing abiotic metal catalysis inside cells has also

been investigated. The intriguing example was reported by Bai’s

group, who presented the cell substrate selectivity of an enzyme-

mimicking macromolecular catalyst on the basis of cationic dense-

shell nanoparticle (DSNP) scaffold [56]. The generation of DSNP

could use its densely packed lipo-cationic arms to protect the

metal centers. Moreover, it also showed superior affinity for cell

membranes to supply additional guarantee towards the binding

sites and catalytic enters. In addition, some other transition-metal

reagents that propargylic deprotections [57], cyclizations [58] and

formal cycloadditions [59] have been studied in detail.

To alleviate hypoxic tumors, we designed and synthesized

the novel RuSMDC with efficient O2 self-supply through host-

guest interactions between P5-CPT and Ru-Cur-CN (Fig. 4B) [60].

The ruthenium of RuSMDC could catalyze the decomposition of

H2O2 to generate O2 and achieve synergetic therapeutic effects of

chemotherapy and PDT in hypoxic tumor environment. In recent

years, we also synthesized ferrocene-cinnamaldehyde conjugates,

in which the Fenton of conjugates threaded into the porous cav-

ity of nano-sized porphyrin-based MOF [61]. Hyaluronic acid (HA)

was coated on its surface to generate Fc-CA-PCN-HA. In cancer

cells, cinnamaldehyde of Fc-CA-PCN-HA activated NADPH oxidase

to generate more H2O2, supplying sufficient “fuel” for CDT. On the

other hand, Fenton could catalyze intracellular H2O2 to produce

�OH for the improvement of CDT and generate more O2 produc-

tion to relieve inherent tumor hypoxia for PDT.

2.3.3. Single-atom catalysts

Because of the limited catalytic activity and selectivity, tradi-

tional nano-catalysts are difficult to achieve efficient and excellent

catalytic effects in a broad scope of biological applications [62].

Single-atom catalysts (SACs) represent emerging frontier of hetero-

geneous catalysts with high atom utilization efficiency, tunable re-

action pathway and excellent performance [63]. Thus, SACs may

perform well catalytic activity and selectivity in the field of natu-

ral biocatalytic systems, providing new prospects to modulate cell

behavior. For example, Na and colleagues designed and synthesized

C3N4-Mn SACs for O2-independent PDT (Fig. 5a) [64].

With irradiation at 660nm, C3N4-Mn SACs caused water-

splitting process to produce highly toxic ·OH for efficient cancer

treatment [64]. Ruthenium based single-atom catalysts are also

widely applied in the field of intracellular chemical reactions. Hu’s
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Fig. 3. (a) Chemical structural of pY1, pY2 and pY3 and their biological properties in the presence of ALP. Copied with permission [48]. Copyright 2023, American Chemical

Society. (b) Demonstration of the peptide-cyanine conjugates self-assemble into 1D columnar superstructures in cells. Copied with permission [50]. Copyright 2021, Wiley-

VCH GmbH.

group prepared Ru-Ala-C3N4 as biomimetic enzyme, which was

formed through dispersing Ru atoms on the carbon nitride (C3N4)

[65]. As for abundant and efficient active sites, the resultant Ru-

Ala-C3N4 could effectively detect dopamine and uric acid with de-

tection limits of 20 and 170nmol/L, respectively. Xu et al. suc-

cessfully synthesized carbon dots supported Fe-SAzyme, imitating

the non-heme iron center of HppE [66]. The biological evaluation

showed that Fe-CDs-based therapeutic agent exhibited an excel-

lent peroxidase activity. In addition, some other noble metals, such

as cobalt (Co), copper (Cu), and zinc (Zn) based single-atom cat-

alysts have also been successfully explored for various biological

functions [67]. Wang and coworkers reported Co/TiO2 SAzymes for

multimodal image-guided synergistic therapy (Fig. 5b) [68]. Shi’s

group developed hollow N-doped carbon spheres doped with the

single-atom copper species (Cu-HNCS) with high surface area for

tumor parallel catalytic treatment [69].

2.4. Acid-base reaction

In comparison with blood and healthy tissues (pH 7.4), in-

tracellular pH of subcellular organelles decreases to 5.0–6.0 in

the endosomes and 4.0–5.0 in the lysosomes [70,71]. Thus, pH-

responsive functional materials were designed and synthesized de-

veloped through incorporating pH labile chemical bonds into the

system, such as hydrazone and ester groups [70]. These bonds tend

to maintain stability in neutral or alkaline conditions, but they may

be hydrolyzed inevitably under acidic microenvironment. For ex-

ample, El-Sayed and coworkers presented the novel drug deliv-

ery systems by conjugation of doxorubicin with pH-sensitive hy-

drazone linkage [72]. Anticancer drugs could be controlled release

inside cells because of the degradation of hydrazone bond un-

der the lysosomes’ acidic pH. Our group constructed supramolec-

ular drug-drug complex via supramolecular interaction between

bis(pillar[5]arene)-amine-cisplatin and cyano-methylpropionyl-CPT,

which could further aggregate into supramolecular vesicles

[73]. The pH-responsive ester bond was modified into cyano-

methylpropionyl-CPT for smart drug release upon the acidic lyso-

somal condition. In addition, DNA with i-motif sequences can also

respond to the acidic lysosomal environment, causing transforma-

tion of nanoparticles inside living cells. For example, Yang’ group

synthesized the DNA-ceria nanocomplex (DCNC) to realize intracel-

lular dynamic assembly [74]. Under the acidic microenvironments,

i-motif sequences of DNA can drive DCNC to aggregate into stable

microscale architecture to prolong retention time inside cells.
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Fig. 4. (A) Schematic illustration of the metal carbene transfer reactions inside living cells. Reproduced with permission [54]. Copyright 2021, Wiley-VCH GmbH. (B) Con-

struction of RuSMDC and its working mechanism for realization of O2 self-supply in cancer cells. Reproduced with permission [60]. Copyright 2021, Wiley-VCH GmbH.

Some protonatable groups such as amino and carboxyl groups

can be modified into synthetic materials, effectively modulating

drug release through the variation of pH in the tumor microen-

vironment [75]. Once these groups become protonated below the

acid dissociation constant, the system may be destabilized be-

cause of the charge repulsion. For example, Shen’s group cre-

ated γ -glutamyl transpeptidase-responsive CPT-polymer for deep

intratumoral penetration and treatment [76]. The overexpressed

γ -glutamyl transpeptidase on cell membrane could induce γ -

glutamyl moieties of CPT-polymer into positively charged primary

amines, actively infiltrating throughout the tumor to reach the in-

ner cells. We also reported a new trimetallic supramolecular drug

complex based on the cation-π interaction (Cπ-TMSDC), simulta-

neously combining the unique virtues of passive transport and ac-

tive penetration [77]. Because of the acidic tumor microenviron-

ment, cation-π interactions in Cπ-TMSDC could be smartly disso-

ciated as for the acid-base reaction to increase tumor penetration

and treatment effect.

2.5. Click reaction

In 2001, Sharpless and coworkers defined the concept of “click

chemistry”, which are highly specific and selective for rapid syn-

thesis of functional molecules [78]. Click chemistry refers to the set

of highly efficient, reliable, and stereoselective reactions that can

be used to develop promising functional materials through using

facile reaction conditions [79]. Because of the rapid and efficient

formation of covalent bonds between two molecules, click reaction

is regarded as an important and promising strategy for intracel-

lular chemistry reaction, which can be widely performed in living

cells, organisms, and animals [80]. In this section, we explored the

strategies for Azide-alkyne cycloaddition, Diels-alder cycloaddition,

and Thiol-Michael click reactions based on the different mecha-

nisms.

2.5.1. Azide-alkyne cycloaddition

Azide-alkyne cycloaddition is one of the most classic and com-

mon click reactions in organic synthetic chemistry, which can be

triggered by Cu(I) catalysts or Ru(II) catalysts [81]. Over the past

few decades, Azide-alkyne cycloaddition has aroused great interest

among chemists and biologists, who have been dedicated to elu-

cidating the underlying mechanisms and synthesis methods with

the aim of efficiency and simplicity [82]. For example, Chen’s

group presented Cu(I)-stabilizing ligands catalysts with biosafety

and high efficiency to perform intracellular modification of pro-

teins through azide-alkyne cycloaddition (Fig. 6a) [83].

The formed Cu(I)-stabilizing ligands catalysts could realize

in situ labelling of azide-incorporated proteins in the cytoplasm of

Escherichia coli. Wang et al. achieved intracellular click reaction be-

tween OPV-C≡CH with four terminal alkynyl groups and PTX-N3

consisting of one paclitaxel molecule (Fig. 6b) [84]. After cellular

uptake of OPV-C≡CH, PTX-N3 and Cu(II)-His, the Cu(II)-His could

be changed into an active Cu(I) catalyst to achieve in situ Azide-

alkyne click reaction on the surface of E. coli. Biological evaluation

confirmed that bacteria-mediated intracellular Azide-alkyne click

reaction realized enrichment of the PTX for inducing the apopto-

sis of drug-resistant cancer cells. The supramolecular organometal-

lic drug complex (SOMDC) with H2O2 self-provision constructed by

5
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Fig. 5. (a) Schematic illustration of construction of C3N4-Mn SACs to achieve O2-

independent PDT. Reproduced with permission [64]. Copyright 2024, Springer Na-

ture. (b) Construction of Co/TiO2 SAzymes for boosted tumor therapy. Reproduced

with permission [68]. Copyright 2022, Wiley-VCH GmbH.

GEM-(Fc)3 and β-CD-DOX has been synthesized [45]. The GEM-

(Fc)3 as guest molecule was prepared through Azide-alkyne click

reaction between Fc-≡ and GEM-N3. The β-CD-DOX monomer was

prepared through a Schiff base reaction between DOX and β-CD-

hydrazone. In tumor cells, the obtained SOMDC dissociated effi-

ciently because endogenous H2O2 rapidly disrupted the host-guest

interactions. The released DOX prodrug significantly increased the

endogenous H2O2 level and improved the Fenton-like intracellu-

lar autocatalysis, generating abundant •OH and thereby enhancing

chemodynamic therapy efficacy.

2.5.2. Diels-alder cycloaddition

Diels-alder click reaction is the powerful and widely used

methods in synthetic chemistry for stereospecific construction of

carbon-carbon bonds [85–87]. Taking advantages of the unmatch-

able kinetics, excellent orthogonality and biocompatibility, Diels-

alder click reaction has emerged as a promising strategy in the

field of chemistry and biology [88]. Rao and coworkers presented

a novel pre-targeting method through utilizing two bioorthog-

onal reactions-condensation reaction of aromatic nitriles and

aminothiols, and the Diels-Alder reaction between tetrazine and

trans-cyclooctene [89]. Ye et al. developed an innovative strategy

of pre-targeted multimodality imaging through combing enzyme-

mediated fluorogenic reaction and Diels-alder cyclization [90]. In

this study, FMNPs-TCO with active groups of TCO could rapidly re-

Fig. 6. (a) The structure of various Cu(I)-stabilizing ligands catalysts. Reproduced

with permission [83]. Copyright 2014, Springer Nature. (b) The Azide-alkyne click

reaction between OPV-C≡CH and PTX-N3. Reproduced with permission [84]. Copy-

right 2022, American Chemical Society.

act with radiolabeled tetrazines (Tz-68Ga) through Diels-alder click

reaction, generating FMNPs-DHP-68Ga nanoparticles with excellent

functions of radiation, fluorescence imaging, and magnetism [90].

Ng’s group reported a novel dual receptor-mediated bio-orthogonal

activation approach based on the Diels-alder click reaction

between biotinylated tetrazine-substituted BODIPY and EGFR-

targeting peptide linked with a BCN dienophile for precise antitu-

moral PDT (Fig. 7) [91]. To control such ultrafast bioorthogonal re-

actions, Liu and coworkers presented a novel molecular-recognition

strategy to control the reactivity of tetrazine through host-guest

interaction between macrocyclic naphthotubes and phenyltetrazine

[92]. Because of the low-micromolar and sub-micromolar binding

affinities, the reactivity of phenyltetrazine group can be rapidly

recovered in the presence of other competitive guests.

2.5.3. Thiol-Michael click reactions

Due to the modular “click” nature, Thiol-Michael click reactions

are considered as a prized tool in materials science, which allows

for performing small molecule synthesis and polymer modifica-

tions with highly efficient and green features [93]. Thiol-Michael

click reactions, including Thiol-ene and thiol–yne reactions have

been widely used for synthesizing various functional materials

in biological systems [94]. For example, Kloxin’s group presented

functionalized cyclic peptides through thiol-ene and Azide-alkyne

click reactions for biomaterial applications [95]. Visible-light has

emerged as powerful synthetic tools for Thiol-Michael click reac-
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Fig. 7. The dual receptor-mediated bio-orthogonal activation approach based on the

Diels-alder click reaction. Reproduced with permission [91]. Copyright 2023, Wiley-

VCH GmbH.

tions under mild reaction conditions. Ning’s group reported novel

LG-M(N-DOX)-PEG NPs with pH-responsiveness for anticancer drug

delivery [96]. During the preparation of LG-M(N-DOX)-PEG NPs,

thiol-ene click reaction was performed between LG-M and PEG-

thiol to generate reactive intermediates (LG-M-PEG) under UV illu-

mination. To overcome the limitation of successful protein biocon-

jugation, Hong and coworkers utilized fluorescent photosensitizer

QPEG to activate the S–H bond of cysteine, performing Thiol-ene

click reaction [97].

Although small molecules can be quickly absorbed by cells and

effectively distributed within tissue, they can be easily recognized

and removed outside the cells, which limited accumulation around

the tumor cells and reduced the intracellular molecules levels,

leading to the lower effect [1,4]. Thus, increasing monomer doses

or prolonging circulation time may inevitably cause unwanted side

effects. Changing small molecules into macromolecules or poly-

meric materials inside living cells can integrate the merits of both

effective distribution and clearance of monomers and the retention

of macromolecules. Developing intracellular polymerization may

provide a unique opportunity to design new functional materials

for regulation of cell activities.

3. Biological application of intracellular chemical reaction

The intriguing intracellular chemical reactions not only expands

the realm of artificial synthetic chemistry but also brings new op-

portunities and possibilities for the efficacy of biomedical appli-

Fig. 8. (a) Schematic illustration of dynamic intracellular assembly of TDNs-G-TPP.

(b) Study of the mitochondrial interference of TDNs-G-TPP through Bio-TEM. (c)

Measurement of mitochondrial membrane potential. Reproduced with permission

[100]. Copyright 2022, American Chemical Society.

cations. Intracellular chemical reaction, as a sparkling frontier has

been extensively applied in a wide range of biological applica-

tions, such as regulating cell activities, interference of organelles,

circumventing drug resistance, bioimaging, drug synthesis and im-

munomodulation. The recent and important developments of intra-

cellular chemical reactions and their features utilized as biomedical

materials are briefly summarized (Table 1).

3.1. Organelles destruction

Organelles could grow, divide and fuse within cells [98]. These

dynamic processes of organelles in cytoplasm could control the

distribution and function of these cells, which is closely asso-

ciated with the outer membrane of the organelles [99]. Based

on these properties, Yang’s group presented triphenylphosphine

(TPP)-modified DNA tetrahedron (TDNs-G-TPP), containing TPP for

mitochondrial targeting (Fig. 8a) [100]. After cell internalization,

TDNs-G-TPP self-assembles could specially target mitochondria

and served as a polyanionic barrier for substance and energy com-

munication between mitochondria and the cytoplasm (Fig. 8b).

Mitochondrial destruction could lead to the superior inhibitory

effect for aerobic respiration function and glycolysis process,

decreasing the production of adenosine triphosphate in cells

(Fig. 8c). In vitro and in vivo investigation verified that TDNs-G-TPP

treatment group exhibited a significant inhibitory effect on cell

migration due to the lack of ATP. In continuation of their work,

they also reported the proton-driven dynamic assembly of DNA

Table 1

The formulation, type of stimuli and biological application of intracellular chemical reaction.

Formulations Chemical bonds Type of stimuli Application Ref.

Endogenous stimuli ssPPELap@Fe-TA Disulfide bond GSH Antitumor immune [24]

PEG-PUSeSe-PEG Diselenide bond ROS/GSH Actinotherapy [29]

DDSC Host-guest interaction ROS Drug release [44]

SOMDC Host-guest interaction H2O2 Cancer chemotherapy [45]

Exogenous stimuli OPV-PTX Cu(II)-His Sodium ascorbate Anticancer [84]

Cyclic RGD peptide Thiol-ene/azide-alkyne bond Visible light Cell culture [95]

DEVD-DLPA@C3 Cyanine-derivative photosensitizer Laser irradiation Antitumor therapy [102]

PSeR/DOX Diselenide bond Radiation Immunomodulatory [121]
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nano-framework inside lysosome, performing lysosome interfer-

ence. After internalization into lysosome, DNA nano-framework

could aggregate in an acidic environment, increasing the retention

time of nano-framework in lysosomes [101]. Recently, Zhu’s group

reported a tumor targeting and caspase-3 responsive nanoparticles,

containing DEVD-DLPA and cyanine-derivative photosensitizer with

function of mitochondria-targeting [102]. Upon laser irradiation,

the produced ROS could lead to mitochondrial dysfunction and

induce cell apoptotic process.

3.2. Circumventing drug resistance

The in situ "small-to-large" intracellular polymerization can

combine the rapid uptake of monomeric molecules with the strong

retention capability of polymers, overcoming the problem of drug

resistance [11]. For example, Xu’s group successfully realized in-

tracellular hyperbranched polymerization based on the organic tel-

luride monomer B3-Te, consisting of three Te atoms as polymer-

ization active sites [103]. After entering tumor cells, B3-Te could

realize intracellular hyperbranched polymers under ROS oxidation.

The generated Te-O based hyperbranched polymer could aggre-

gate into branched nanostructures in cells, evading drug pumps

well and ensuring persistent anticancer activity. Biological exper-

iments exhibited that the designs of intracellular hyperbranched

polymerization could realize selective anticancer efficacy and well

biosafety. Xu and coworkers presented hydrolytic condensation in

living cells to form long-term retentive nano-drug depots, which

could ensure the sustained and effective drug release for inhibiting

bladder cancer (Fig. 9a) [104]. In vivo imaging study showed that

Dox-PS group exhibited the long duration from 4h to 72h (Fig. 9b).

The formation of silicon particles was obviously found in the cyto-

plasm of cancer cells via Bio-TEM images (Fig. 9c). To overcome

resistance issues, Hedrick and coworkers have synthesized novel

macromolecular chemotherapeutic agents, combining the cationic

block with positive charge to bind with negatively charged lipid

Fig. 9. (a) Schematic illustration of intracellular hydrolytic condensation inside liv-

ing cells. (b) In vivo biodistribution studies of the Dox-PS. (c) Bio-TEM images of the

silicon particles in cells. Reproduced with permission [104]. Copyright 2022, Wiley-

VCH GmbH.

membranes [105]. The amphiphilic macromolecular chemothera-

peutic agents could self-assemble into micellar structures owing

to hydrophobic interaction. In vitro study confirmed that cationic

polymers demonstrated significant potency against drug-resistant

cancer cells and could effectively prevent cancer cell migration.

3.3. Bioimaging

Thanks to the intrinsic advantages of fluorescence imaging such

as high sensitivity, noninvasiveness, direct and simple operation,

bioimaging can be a powerful and versatile tool for detection

and tracing of therapeutic effects [106–110]. Intracellular reac-

tions can amplify imaging efficacy inside living biosystems through

increasing imaging signals. For example, Tang’s group reported

the intracellular crystallization-assisted self-assembly to produce

large-size nanoaggregates and realize stronger fluorescence out-

put [111]. In this research, they designed and synthesized Au(I)-

disulfide nanosheets (NSs@TTVP), consisting of an aggregation-

induced emission photosensitizer. The generated NSs@TTVP could

achieve pH-responsive crystallization-driven self-assembly in acidic

conditions, endowing NSs@TTVP with high fluorescence emission

efficiency and efficient ROS production output. Biological experi-

ments verified that microscale NPs obtained in cells could pro-

long retention inside tumors and achieve persistent treatment for

cancer ablation, which may present new insights on fluorescence

imaging guided tumor tracking and cancer theranostics.

Photoacoustic imaging (PAI), as for its unique features, such as

deep tissue-penetrating depth, noninvasive and high spatial res-

olution, has emerged as a promising imaging modality to probe

specific biomarkers, which was widely used to diagnose some

small-sized diseases at early stage [112,113]. Different from small

molecules, large-scale nanoaggregates can greatly accumulate in-

side cells and extend their retention time, significantly enhanc-

ing imaging signals of nanoaggregates-based probes [114]. Based

on the above consideration, Liang and coworkers designed CTSB-

activatable PA probe (Cypate-CBT) (Fig. 10a) [115]. After Cypate-

CBT were internalized into tumor cells, redox-responsive disulfide

bonds were reduced by rich GSH and Val-Cit was cleaved via CTSB.

Then, Cypate-CBT-Dimer could be formed through intermolecular

CBT-Cys click reaction, which was further aggregated into nanopar-

ticles driven by π-π stacking. Both cell and animal experiments

displayed that the concentration and retention time of probe

Cypate-CBT was increased effectively, enhancing the PA signal dur-

ing the process of tumor imaging (Fig. 10b) [115]. Continuous re-

search in this field, Liang’s group presented near-infrared fluores-

cence probe (TK-CBT-NPs) for imaging staphylococcus aureus in-

fection [116]. In vitro study verified that TK-CBT-NPs demonstrated

about 6.1-fold fluorescence intensity for the macrophages infected

by S. aureus. Meanwhile, 2.8-fold fluorescence imaging signal in-

crease was acquired for mice experiment infected by S. aureus.

3.4. Intracellular drug synthesis

The development of methods for active drug synthesis in liv-

ing systems is highly valuable for exploring and manipulating bio-

logical processes [117–119]. This innovative approach represents a

fundamental extension of the biorthogonal chemistry concept and

holds transformative potential for pioneering advances in thera-

peutic applications. Due to the rapid and efficient formation of co-

valent bonds between drug fragments, click reactions are consid-

ered an important approach for intracellular drug synthesis. For

example, Taran et al. reported a pioneering approach that com-

bines bioorthogonal and confined chemistry for intracellular drug

synthesis [120]. They engineered nanoparticles specifically for syn-

thesizing drugs inside cells, utilizing bioorthogonal reactions with

cyclooctynes to produce the FDA-approved drug Sorafenib within

8
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Fig. 10. (a) Schematic illustration of CTSB-triggered self-assembly of Cypate-CBT-

NPs for photoacoustic imaging. (b) Time-course PA images of nude mice bearing a

MDA-MB-231 tumor. Reproduced with permission [115]. Copyright 2022, Wiley-VCH

GmbH.

cancer cells. In vitro experiments have shown that they synthesized

and monitored Sorafenib in aqueous solution using HPLC. This in-

novative strategy not only offers significant prospects for advancing

therapeutic approaches but also opens new avenues for exploring

non-natural reactions in living systems.

3.5. Immunomodulation

Intracellular chemical reactions can regulate cytokine secre-

tion and activate immune cells to control cell fate [121–123].

For example, Xu’s group presented combination therapy to real-

ize combination therapy of immunotherapy, chemotherapy, and

radiotherapy to improve anticancer activity [121]. The obtained

PSeR/DOX self-assemblies could transport the active reagent DOX

into tumor sites. Radiation stimuli could facilitate release of ac-

tive reagent DOX from self-assemblies because of the cleavage of

the diselenide bonds. In addition, radiation could oxidize dise-

lenide bonds into seleninic acid, realizing immunomodulatory ac-

tivity via enhancing the NK cell function. Recently, they also pro-

posed selenium-containing nanoparticles, which co-assembled by

cetuximab, C5SeSeC5, and inhibitor LY345899 [42]. Upon enter-

ing the cancer cell, selenium-containing nanoparticles of LY345899

can suppress activity of methylene tetrahydrofolate dehydrogenase

2 and generate excessive ROS in cells, resulting in the genera-

tion of seleninic acid to reverse NK cell exhaustion. The chemo-

immunotherapy holds great promise for treating advanced can-

cers [124]. However, therapeutic effects are often unsatisfactory be-

cause anticancer drugs have poor tumor accumulation and cause

severe off-target side effects. Recently, Xie’s group developed PSMT

nanoparticles that co-deliver a paclitaxel prodrug and the IDO1 in-

hibitor 1-methyl-tryptophan (1MT) for tumor-specific combination

of chemotherapy and immunotherapy [125]. After internalization

of PSMT NPs into cancer cells, PSMT NPs could respond to endoge-

nous redox conditions and release PTX and 1MT. The released PTX

not only induced apoptosis by disrupting mitosis but also triggered

immunogenic cell death. In addition, the 1MT can inhibit the IDO

activity to achieve the purpose of regulating T cells. Biological as-

sessment displayed that PSMT NPs displayed potentiated antitumor

activity toward triple-negative breast cancer and good safety with

respect to normal organs. The study showed that the unique ad-

vantage of PSMT NPs may have significant potential for application

in the field of synergistic chemo-immunotherapy.

4. Challenges and outlook

In summary, intracellular chemical reactions represent a trans-

formative advancement in the evolving fields of chemistry. The

precise design of chemical reactions within living biological sys-

tems enables efficient disease treatment. Particularly, innovative

chemical transformations promise applications such as the intra-

cellular synthesis of functionally active drugs. This review system-

atically summarizes the chemical reactions in living cells to pro-

vide guidance for the future design of intracellular chemical pro-

cesses. Additionally, we highlight the current progress in disease

treatment, covering areas such as regulation of cell activities, in-

terference with organelles, overcoming drug resistance, and intra-

cellular drug synthesis. We anticipate that intracellular chemical

strategies will be effectively applied to regulate cellular behav-

ior and achieve therapeutic efficacy in the near future, marking a

significant milestone in the development of new therapeutic ap-

proaches.

Although various methodologies and monomers have been used

to realize intracellular chemical reactions, it is still necessary to de-

velop new controlled approaches to expand the kind of strategy.

Particularly, intracellular drug synthesis is attracting increasing re-

search interest owing to its enhanced biosafety and superior drug

utilization efficiency. Importantly, developing new chemical strate-

gies may play fundamental roles in designing the novel structures

and conferring unique functionality to biological systems. Although

chemical reactions in living cells demonstrate tremendous poten-

tial for biomedical applications, this field remains in its nascent

stages, with several key challenges currently limiting the success-

ful clinical translation of intracellular chemical reactions.

The field of intracellular chemical reactions has witnessed re-

markable expansion, marking a significant shift in disease treat-

ment strategies while establishing itself as a distinct discipline

within biomedical science. However, for the development of intra-

cellular chemical reactions in therapeutic applications, a meticu-

lous design approach is required to navigate the complex microen-

vironment of diseases. While in vitro chemical reactions are well-

characterized by defined mechanisms and processes, the transla-

tion of these reactions to in vivo settings introduces significant

complexities due to the physiological environment. These diverse

and dynamic biological environments act as a black box, obscur-

ing the long-term toxicity of the accumulated reactants within the

cells. This involves tailoring reactions to function under complex

microenvironment to both enhance efficacy and minimize potential

side effects. In addition, the toxic effect of these reactants has not

been sufficiently studied, slowing the progress toward clinical tri-

als. Based on the above considerations, there is still a long way to

go to achieve the ideal biological applications of chemical reactions

in living cells, requiring substantial investment from researchers to

develop more advanced chemical and biological methods. Despite

these challenges, we still believe that the advances of knowledge

from different disciplines will gradually solve these issues, which
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may become a milestone in efficient disease treatment and would

be challenging frontiers in biomedical science in the future.
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