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a b s t r a c t

Utilizing small molecules as markers for specific cells or organs within biosystems is a crucial approach

for studying and regulating physiological processes. However, current tagging strategies, due to the pres-

ence of exposed highly reactive groups, suffer from drawbacks such as low tagging efficiency or insuffi-

cient spatial specificity, thereby diminishing their expected effectiveness. Consequently, there is a press-

ing need to develop a strategy capable of in situ labeling of active groups in response to cellular or

in vivo stimuli, ensuring both high tagging efficiency and spatial specificity. In this work, we devised a

strategy for releasing aldehyde groups activated by hypochlorous acid (HOCl). Compounds synthesized

through this strategy can release the fluorophore methylene blue (MB) and aldehyde-based compounds

upon HOCl activation. Given high reactivity of the released aldehyde group, it can effectively interact with

macromolecules in biological systems, facilitating tagging and enabling prolonged imaging. To validate

this concept, we further incorporated a naphthalimide structure with stable light emission to create SW-

110. SW-110 can specifically respond to in vitro and endogenous HOCl, when release MB, it also releases

naphthalimide fluorophore with highly reactive aldehyde group for tagging within cells. This strategy

provides a simple but efficient strategy for proximity tagging in situ.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The utilization of small organic molecules for tagging cells and

living organisms, followed by subsequent analysis of the tagging

signals through techniques like fluorescence, mass spectrometry, is

a common approach to investigate vital processes. Various meth-

ods have been employed in small organic molecule tagging strate-

gies, including ligand-redirecting [1], covalent ligand directed re-

lease [2,3], lysine-reacting peptides [4], aptamer-based affinity la-

belling [5-8]. However, these methods come with their respec-

tive drawbacks and limitations. For instance, to achieve rapid re-

sponses, tagging molecules are often designed with highly active

functional groups like aldehyde group or sulfhydryl groups. Un-

fortunately, such designs can introduce issues such as instability,

low tagging efficiency, and poor specificity. Ideally, achieving the

precise release of the tagging molecule at the desired target loca-

tion would minimize these shortcomings and enhance the spatial

specificity. However, achieving directional release of highly reactive

functional groups under physiological conditions remains a chal-

∗ Corresponding authors.

E-mail addresses: weipeng@dhu.edu.cn (P. Wei), fengweifd@fudan.edu.cn (W.

Feng), yitao@dhu.edu.cn (T. Yi).

lenge due to the lack of effective release strategies. Therefore, it

is of high necessity to develop highly active functional group re-

leasing strategies under physiological conditions for the design of

proximity tagging probes.

Aldehyde group stands out as one of the prevalent and re-

active functional groups. As mild electrophilic reagents, aldehy-

des exhibit unique reactivity. They can participate in bioorthogo-

nal reactions for tagging [9-15], contribute to therapeutic hydro-

gel formation for wound healing [16-22], be coupled with amino

residues for regulating physiological activities [23-25], for the syn-

thesis of drugs [26-28], or for diseases treatment and antibacterial

applications [29-34]. Due to their high reactivity, aldehyde groups

serve as an ideal functional group for labelling. Nevertheless, the

strategy for in situ activation and release of aldehyde groups re-

mains unreported, primarily due to the high reactivity of aldehy-

des and the harsh reaction conditions required for their forma-

tion [35-38]. Given the widespread applications and importance of

those compounds containing aldehyde groups, it is imperative to

develop more effective methods for the in situ generation of alde-

hyde groups within organisms.

Reactive oxygen species (ROS) play a pivotal role in various bio-

logical processes, encompassing signal transduction, inflammation,
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Fig. 1. (a) Previously reported HOCl-activated carboxyl release probe FDOCl-12 and

the designed HOCl-activated aldehyde release probe SW-100 in this work. (b) The

proposed mechanism of HOCl-activated aldehyde release within cells for tagging

application.

and the pathological pathways of serious ailments such as can-

cer [39-42], kidney injury [43,44], liver damage [45-48], cardio-

vascular diseases [49-51] and neurodegenerative diseases [52-55].

Consequently, ROS have garnered significant attention in recent

years, with increasing research exploring their potential as activa-

tors for prodrugs [56-58]. We have also successfully developed var-

ious types of prodrugs utilizing ROS as the activator based on the

methylene blue (MB) structure, a widely used near-infrared (NIR)

fluorescent dye, and an FDA-approved photodynamic drug [59-64].

In our earlier research, we successfully synthesized a series of

leucomethylene blue (LMB) derivatives containing amide bonds.

These compounds could be activated by HOCl to release carboxyl

compounds (e.g., FDOCl-12 in Fig. 1a). This observation prompted

us to investigate whether a similar response would happen if the

carbonyl group was directly replaced with an alkyl group, realizing

the release of aldehyde in a mild condition. Actually, the oxidation

of methylene-amino structures to aldehyde groups generally needs

the help of metal catalysts [35] or enzymes [65], which is not ben-

efit for its application in physiological conditions. It was excited to

know that ROS could oxidize and break the carbon-nitrogen bonds

between tertiary amines attached to phenol [66-69] or benzyl [70].

Since LMB happens to have an easily functionalized active nitrogen

atom whose binding groups determine their ROS stimulation per-

formance and the released molecular type (Fig. 1a), an aldehyde

group release strategy activated by HOCl may be discovered via

an ingenious structural design. We therefore designed MB-benzyl

derivatives SW-100 based on LMB at first (Fig. 1a). It was excit-

ing that SW-100 could release benzaldehyde under physiological

conditions activated by HOCl. Multiple types of probes were thus

developed based on this strategy (Scheme 1). All these compounds

could release aldehyde groups in the presence of HOCl to some

extent. Our research confirmed the universality of the strategy

and elucidated the extent to which the strategy could be adapted.

Following the activation of the probe, the released benzaldehyde

group could be subsequently anchored within the cell. This further

illustrated that the new proximity tagging strategy could be suc-

cessfully used at the cellular level (Fig. 1b).

The synthesis details of SW-100 were shown in Scheme S1

(Supporting information). HOCl could effectively activate SW-100.

With the addition of HOCl from 0 to 10μmol/L, the fluores-

cent emission at 686nm and the absorption at 664nm of the

probe (5 μmol/L) increased significantly, showing good HOCl re-

sponses and linear dependence on the concentration of HOCl in

the range of 0–5μmol/L (Figs. 2a and b). Colour changes of SW-100

(5 μmol/L) after adding different concentrations of HOCl were no-

ticeable as well (Fig. S1 in Supporting information). The Maldi-TOF

analysis of the response substance right after adding HOCl in the

solution of SW-100 verified the generation of LMB which would be

quickly autoxidized to MB (Fig. S2 in Supporting information). The

emission of MB could thus be used to track the reaction process of

the probe.

SW-100 displayed remarkable reaction sensitivity toward HOCl

that could react with HOCl within 10min with a low detection

limit of 0.03 μmol/L (Figs. 2c and d). Other types of ROS, including

H2O2, TBHP, ROO
•, NO, KO2, ONOO

–, •OH and TBO• caused negli-

gible fluorescent intensity and colour changes compared to HOCl

(Fig. 2e and Fig. S3 in Supporting information). Meanwhile, some

commonly available anions, cations, and amino acids under physio-

logical conditions, including CH3COO
–, CO3

2–, SO4
2–, F–, Cl–, NO3

–,

S2O3
2–, ClO4

–, NH4
+, Na+, Mg2+, Al3+, K+, Ca2+, Fe3+, Cu2+, Ni2+,

Tyr, Gly, Phe, Met, Leu, Arg, Pro, Lys, Gln, Glu, Asn, Ile, Asp, Val,

His, Ser, Ala, Thr, Cys, Trp, could not cause markable fluorescence

changes of SW-100 (Fig. S4 in Supporting information). All these

data showed that SW-100 could react with HOCl with high effi-

ciency and selectivity.

Since our goal was to investigate an activatable probe that could

release aldehyde group for tagging biomolecules, it was the crit-

ical point to verify the generation of aldehyde and its coupling

ability with other molecules. HPLC analysis of the reaction sub-

stances between SW-100 and HOCl showed that one of the pro-

ductions shared the same retention time with the benzaldehyde

standard sample (5.16min), indicating the producing of benzalde-

hyde (Fig. 2f). In addition, we used DCM to extract and enrich

the production of the reaction between SW-100 and HOCl, follow-

ing by GC–MS analysis to identify the benzaldehyde generated af-

ter the reaction. (Fig. S5 in Supporting information). The proxim-

ity tagging performance of the generated benzaldehyde was thus

investigated by adding aniline to the reaction system 30min af-

ter their reaction. The existence of hydrazine compounds ((E)-N,1-

diphenylmethanimine) formed by the coupling of benzaldehyde

and aniline was successfully demonstrated (Fig. 2g). These data il-

lustrated that SW-100 could release benzaldehyde after activation

by HOCl and the generated benzaldehyde could further react with

amine group under physiological conditions in situ.

To verify that the activatable behavior of SW-100 towards HOCl

was not accidental, we further designed and synthesized the se-

ries of SW-00m (m=1, 2) and SW-10n (n=1–5) compounds with

different alkyl chains and counterpointed group-derived benzyls,

respectively, based on the LMB structure (Scheme 1, Schemes S1

and S2 in Supporting information). Their spectral properties acti-

vated by HOCl were investigated by fluorescence spectroscopy in

PB (pH 7.4). With the addition of HOCl, the fluorescent emission at

686nm of all these probes (5 μmol/L) increased significantly, show-

ing good HOCl responses and linear dependence on the concentra-

tion of HOCl (Figs. S6-S13 in Supporting information). To verify the

selectivity of SW-00m and SW-10n series probes towards ROS, the

effects of different ROS (HOCl, H2O2, TBHP, ROO
•, NO, KO2, ONOO

–,
•OH, TBO•) were measured through the fluorescence spectra of MB.
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Scheme 1. Chemical structures of the series of HOCl- activated probes.

Fig. 2. ROS responsive properties of SW-100. (a) Normalized fluorescence and (b) absorption spectra of SW-100 (5 μmol/L in PB, pH 7.4) in the presence of different con-

centrations of HOCl (0–10μmol/L). (c) Time-dependent changes in the fluorescence intensity of SW-100 (5 μmol/L) at 686nm after adding HOCl (15μmol/L). (d) The linear

relationship between the fluorescence intensity at 686nm of SW-100 and the concentration of HOCl (the detection limit is included). (e) Fluorescence intensity of SW-

100 (5 μmol/L in PB, pH 7.4) at 686nm after adding various ROS (from left to right: HOCl (10μmol/L), H2O2, TBHP, ROO
• , NO, KO2, ONOO

–, •OH, TBO• with concentration

of 100μmol/L. (f) HPLC analysis of the reaction of 5 μmol/L SW-100 with 15μmol/L HOCl (254nm). (g) The HRMS spectra of (E)-N,1-diphenylmethanimine produced by

benzaldehyde condensation with aniline.

The result showed that only HOCl induced a significant fluores-

cence enhancement of the probes. Other ROS had only minimal

effects, indicating that the probes all had good selectivity for HOCl

(Figs. S14-S21 in Supporting information).

Four probes, SW-002 with alkyl chain, SW-101, SW-103, and

SW-104 containing benzene ring with no obvious push-pull elec-

tron effector group, electrophilic group and nucleophilic group on

the para-position, respectively, were selected to study their kinet-

ics in response to HOCl (Fig. 3a). The time-dependent fluorescence

changes of these probes showed a positive relationship between

reaction rates and electrophilic properties of groups on benzene of

the probes (Figs. S22-S25 in Supporting information). It was worth

noting that although these derivatization structures could respond

to HOCl and produce aldehyde-based compounds, the reaction de-
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Fig. 3. (a) Pseudo-first-order kinetic plot of the reaction of 5 μmol/L probes (SW-

002, SW-100, SW-101, SW-103, SW-104) to 15μmol/L HOCl. (b) HPLC analysis of

the reaction of 5 μmol/L different probes (SW-100, SW-200, SW-300, SW-400) to

HOCl (15 μmol/L) and standard compound benzaldehyde (254nm).

Fig. 4. Proposed reaction mechanism of the probes (SW-100 as example) activated

by HOCl releasing aldehyde-based compound and MB.

gree was not the same (Fig. S26 in Supporting information). An in-

crease of the fluorescent intensity at 686nm of SW-103 (5 μmol/L)

reached a plateau within only 7min, which was the fastest one

among the four probes upon adding HOCl (15μmol/L). HPLC was

used to determine the releasing rates of MB of the probes respond-

ing to HOCl according to the MB standard curve (Fig. S27 and Table

S1 in Supporting information). The reaction of SW-103 was most

efficient with HOCl whose MB releasing efficiency came out to be

40.77%, consistent with the reaction kinetics.

To study the effect of the substituent of the aromatic struc-

ture of MB on the aldehyde group releasing process, we prepared

three different phenothiazine-derived structures (the series of SW-

p00 (p=2-4), Schemes S3-S5 in Supporting information) and in-

vestigated their response products after activated by HOCl through

HPLC. Considerable benzaldehyde product was found in the re-

action systems of SW-100 and SW-200, whereas the generation

of benzaldehyde in SW-300 and SW-400 was almost negligible

(Fig. 3b), indicating that the structure of phenothiazine deriva-

tives also played an important role on the release of aldehyde af-

ter stimulated with HOCl. The results showed that phenothiazine-

derivatives with electron-donating groups (SW-100) were easier

to react with HOCl than those containing electron-withdrawing

groups (SW-400). The benzaldehyde release efficiency of SW-100

was much higher than other benzyl derivatives of phenothiazine-

derived structure (Table S2 in Supporting information).

After confirmed the response behavior of this series of

molecules, we further studied the possible reaction mechanism.

Since these probes only responded specifically to HOCl among the

ROS and released aldehyde-group substances, the possible reaction

mechanism was proposed as shown in Fig. 4. Taking SW-100 as

an example, due to high electronegativity, the tertiary amine N

atom on LMB derivative has a relatively larger electron cloud den-

sity relative to the C atom on the methylene group of the benzyl.

The H proton in HOCl tend to bind to the N atom, while the oxy-

gen atom in [ClO]– structure may attack methylene on the ben-

zyl group. The transfer of electrons causes the C–N bond breaking

to form unstable LMB (a), which has been verified by Maldi-TOF

Fig. 5. (a) CLSM images of HL-60 cells incubated with SW-110 (10 μmol/L) and NE

(10 μmol/L) while one of each group of cells were washed by PBS every 6h for 24h.

λem =540±60nm, λex =405nm. Scale bar=20μm. (b) SW-110 reacted with HOCl

to exhibit two kinds of fluorescence.

analysis of the response substance right after adding HOCl into the

solution of SW-100 (Fig. S3), and benzyl hypochlorite structures

(c). LMB spontaneously oxidizes to produce MB (b) that could be

confirmed not only by its fluorescence but also by naked eye un-

der visual light. The unstable benzyl hypochlorite structure under-

goes intramolecular electron transfer, shedding Cl– and H+ to form

benzaldehyde (d). The proposed reaction mechanism is consistent

with the structure-activity relationship of the probes, in which the

electron-withdrawing group linked to the para position of benzyl

(SW-10n (n=0–5) series) and the electron-donating group on aro-

matic phenothiazine (SW-p00 (p=1–4) series) promote the reac-

tion process.

The above results demonstrated that probes of SW series could

release aldehydes in the presence of HOCl. The data also con-

firmed the universality of the strategy, which could be applied for

the development of multiple types of probes. Further, we explored

the feasibility of this aldehyde releasing strategy at the cellular

level. Considering that the released aldehyde without fluorescence

is difficult to be verified in cells, on the basis of SW-100, we in-

troduced 4-N,N-dimethylamino-1,8-naphthalimide group with con-

stant bright fluorescence at the para-position of the benzene ring

and synthesized the probe SW-110. The synthesis details of SW-

110 were shown in Scheme S6 (Supporting information). SW-110

was also verified to have good selectivity for HOCl, compared to

commonly available anions, cations, and amino acids under physi-

ological conditions (Fig. S28 in Supporting information). Compared

to MB, which is well soluble in water and easily metabolized

from intracellular, resulting in reduced fluorescence, naphthalim-

ide fluorophores with aldehyde groups could be subsequently an-

chored within the cell and maintain long-term fluorescence af-

ter multiple times of washing. We thus used the fluorescence of

MB and 4-((6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-

2(3H)-yl)methyl)benzaldehyde (NB) to indicate the reaction behav-

ior of SW-110 by confocal laser scanning microscopy (CLSM) (Fig.

5a). Fluorescence signal of MB in 633nm channel was found in HL-

60 cells after incubation of the probe, indicating that the probe

could be activated by endogenous HOCl under physiological condi-

tions, while the constantly bright fluorophore of NB indicated the

4



M. Zhang, L. Liu, P. Wei et al. Chinese Chemical Letters 36 (2025) 110127

path and positioning of the probe. This further illustrated that the

new proximity tagging strategy could be successfully used at the

cellular level (Fig. 1b).

To verify the released NB containing an aldehyde part after re-

action with HOCl had a better intracellular retention over the 4-

N,N-dimethylamino-1,8-naphthalimide without an aldehyde group

(NE), we compared the fluorescence decrease of different groups

of cells incubated with SW-110 (10 μmol/L) and NE (10 μmol/L) for

12h on green and red channels before and after the cells were

washed by PBS every 6h for 24h. CLSM images of HL-60 cells

loaded with SW-110 showed both green and red fluorescence, con-

firming the capability of SW-110 to be activated by endogenous

HOCl in living cells. After 24h of washing, the fluorescence of MB

could barely be observed while the fluorescence of NB remained

basically unchanged (Fig. 5b and Fig. S29 in Supporting informa-

tion). Comparing to the fluorescent signal of NB, the fluorescent

intensity of NE showed an obvious weakening (Fig. 5b) which

proved that NB with an aldehyde group retained better in cells

than NE, attributed to aldehyde group’s tagging ability. CLSM im-

ages of HL-60 cells loaded with both SW-110 and NAC (500μmol/L)

showed only green fluorescence, proving the vital role of ROS in

the progress of C–N bond cleavage and MB releasing (Fig. S30 in

Supporting information). Cytotoxicity of SW-110 were studied on

HL-60 using MTT method, which showed low cytotoxicity of SW-

110 on HL-60 at experimental concentration (Fig. S31 in Supporting

information).

In summary, we developed a novel HOCl-activated aldehyde

group-releasing proximity-tagging strategy. Based on this strategy,

a series of probes were designed, which performed good sensitiv-

ity and selectivity towards HOCl in aqueous solution and intracel-

lular physiological conditions. These probes could release tagging-

use benzaldehyde and its derivatives, while their proximity tag-

ging ability in aqueous solution was demonstrated through ani-

line conjugation. The mechanism of the benzaldehyde release was

proposed via the structure-activity relationship study. Furthermore,

the activation and tagging capability of those probes on the cellu-

lar level was verified by using probe SW-110 with double fluores-

cent signals. Our work provides a simple but efficient strategy for

proximity tagging in situ. Further studies for the release of alde-

hyde groups in specific cellular organ and the application of the

physiological-condition-aldehyde-releasing strategy in vivo are un-

der way in our laboratory.
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