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The overuse of surfactants has made them well-known environmental pollutants. So far, it is still a

challenge to simultaneously distinguish cationic, anionic, zwitterionic, nonionic surfactants and surfac-

tants with similar structures based on traditional analytical techniques. We developed a high-throughput

method for distinguishing various surfactants based on the adaptive emission profile as fingerprints

(AEPF). The fluorescence response of the sensor was based on the interaction between surfactants and

1,3-diacetylpyrene (o-DAP) probe. The interaction affected the reversible conversion of free molecules

and two aggregates in the solution, thereby changing the relative abundance and the fluorescence in-

tensity ratio of two aggregates emitting different fluorescence. The o-DAP sensor can distinguish four

types of surfactants (16 surfactants), especially surfactants of the same type with similar structures. The

o-DAP sensor sensitively determined the critical micelle concentration (CMC) of 16 surfactants based on

the interaction between o-DAP and surfactants. Additionally, the o-DAP sensor can detect and distinguish

artificial vesicles made from different surfactants.

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

Medica, Chinese Academy of Medical Sciences.

Surfactants, amphiphilic organic molecules composed of one or

more hydrophobic tails linked to a hydrophilic head, can signifi-

cantly reduce the surface tension of solutions, making them widely

used as household detergents, personal cleansers, disinfectants [1].

They are classified according to the charge of hydrophilic group

into cationic, anionic, zwitterionic, and nonionic surfactants [2].

This differentiation enables them to serve unique functions tailored

to specific applications and conditions. For example, surfactant-

based products for contraception have been used for decades [3].

Approximately 230,000 tons of surfactants were used in agrochem-

icals every year, serving as plasticizers to enhance the mobility of

agrochemicals on crops [4]. However, the excessive use of surfac-

tants results in the generation of significant amounts of surfactant-

containing wastewater and waste residues. These byproducts are

frequently discharged into water bodies, soil, and other environ-

ments, exacerbating environmental pollution and posing health

risks [5,6]. Prolonged exposure to relatively high concentrations of

∗ Corresponding authors.

E-mail addresses: qqlqiao@dicp.ac.cn (Q. Qiao), zcxu@dicp.ac.cn (Z. Xu).

surfactants may cause skin abrasion, as surfactants disrupt the lipid

layer of the cells [7]. Anionic surfactants in surface waters signif-

icantly inhibited the growth of invertebrates and fish due to elec-

trostatic interactions between surfactants and proteins [8-10]. Non-

ionic surfactants inhibited antioxidant enzymes and caused oxida-

tive stress in zebrafish embryos [11]. In addition to these biological

hazards, some surfactants were illegally used as masking agents by

a few athletes to interfere with the identification of illegal drugs

in doping tests [12]. Therefore, identifying the four types of surfac-

tants, as well as surfactants with similar structures, appears great

urgent.

Fluorescent sensors play a pivotal role in the field of analyt-

ical sensors due to their high sensitivity, simple operation, and

rapid response time. Traditional fluorescence sensors consist of

three parts: A fluorophore, a linker, and a receptor. The fluores-

cence response occurs through specific binding of the target an-

alyte (Scheme 1a) [13-16]. The sensors can only identify a target

analyte, which hinders its application in distinguishing multiple

analytes such as surfactants [17-20]. To circumvent the limitations

of specific recognition probes, chemists have developed diversity-

oriented fluorescence library approaches (Scheme 1b). Diversity-

https://doi.org/10.1016/j.cclet.2024.110130

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



G. Wang, Q. Qiao, W. Jia et al. Chinese Chemical Letters 36 (2025) 110130

Scheme 1. Schematic diagram of fluorescent sensors. (a) The "lock-and-key"

methodology. (b) The diversity-oriented fluorescence library approaches. (c) The flu-

orescent array sensors. (d) Lab on a molecule. (e) AEPF. A1 and A2 represented the

aggregates with fluorescence peaks at shorter wavelengths and longer wavelengths,

respectively.

oriented synthesis (DOS) is from the derivatization of fluorophore

scaffolds, where diverse groups are introduced into the fluorophore

scaffold to synthesize a multi-purpose fluorescent probe library.

Multiple analytes are tested in a high-throughput manner, screen-

ing these fluorescent probe libraries to generate a potential sensor

library [21]. While diversity-oriented fluorescence library has sig-

nificantly accelerated the identification of multiple analytes, this

strategy is cumbersome, akin to "finding a needle in a haystack"

when faced with multiple analytes such as surfactants. Therefore,

researchers rarely employed "lock-and-key" methods and diversity-

oriented fluorescence library approaches to identify multiple sur-

factants.

Inspired by the olfactory or gustatory systems to distinguish

multiple analytes such as surfactants, fluorescent sensor arrays

have been developed (Scheme 1c) [22]. The sensor arrays has mul-

tiple signal channels, with probes in each channel detecting a sin-

gle signal of the analyte. By simultaneously analyzing multiple sig-

nals of the analyte, the sensor arrays generate a specific "finger-

print" for the analyte. The fluorescent sensor array can recognize

and distinguish a range of analogues [23]. In recent years, fluores-

cent sensor arrays have been widely applied to distinguish mul-

tiple surfactants. The sensor array based on luminescent metal-

organic frameworks (LMOFs, NH2–UiO-66 and NH2−MIL-88) dis-

tinguished five anionic sulfonate surfactants with similar structure

[24]. Similarly, the sensor array of UiO-66-NH2@Au NCs specifically

distinguished six surfactants [25]. Compared with fluorescent sen-

sor arrays which operate on multi-channel detection with multi-

probe, Lab-on-a-molecule probes operate on multi-channel detec-

tion with one probe. Lab-on-a-molecule probes are also highly

sought after distinguishing multiple similar analytes [26]. Lab-on-

a-molecule probe was firstly proposed by A. Prasanna de Silva for

rapid screening of medical diseases (Scheme 1d). In recent years,

Lab-on-a-molecule probes have been used to distinguish surfac-

tants. NAAN-3 served as a Lab-on-a-molecule and distinguished

sodium dodecyl sulfate (SDS) from sodium dodecyl benzene sul-

fonate (SDBS) [27]. Dual-emission samarium macrocycle served as

a Lab-on-a-molecule enabling high-throughput identification of an-

ionic sulfonate surfactants [28]. Although fluorescent array sensors

and Lab-on-a-molecule methods were widely used to distinguish

various surfactants, it has not been possible to distinguish four sur-

factants, especially similar surfactants. In a word, it has proven to

be a difficult challenge to simply and quickly identify cationic, an-

ionic, zwitterionic, and nonionic surfactants, especially the same

type of surfactants with similar structures.

Here, we developed a novel fluorescence sensor based on the

adaptive emission profile as fingerprints (AEPF) (Scheme 1e). In

1,3-diacetylpyrene (o-DAP) aqueous solution, there were two ag-

gregates (A1, A2) with different molecular packing, emitting two

kinds of fluorescence, which can undergo reversible transformation

under environmental influence. The interaction between analytes

and o-DAP affected the reversible conversion of free molecules

and two aggregates in the solution, thereby altering the relative

abundance and their fluorescence intensity ratio of the two aggre-

gates emitting different fluorescence. After data analysis, each an-

alyte corresponded to a specific "fingerprint". The "fingerprints" of

different analytes enabled precise classification. In this work, the

sensor sensitively distinguished 16 kinds of surfactants, including

cationic, anionic, zwitterionic, and nonionic surfactants, especially

the same type of surfactants with similar structures. The feasibility

of the AEPF sensor was also demonstrated by sensitive detection

of the critical micelle concentration (CMC) of 16 surfactants. Ad-

ditionally, the sensor can distinguish artificial vesicles made from

various surfactants.

The structure of the o-DAP fluorescent probe was shown in

Fig. 1a, and the synthesis step was illustrated in Fig. S1 (Support-

ing information). o-DAP exhibited almost no fluorescence in solu-

tion, but it emitted strong fluorescence when aggregated, possi-

bly due to the restricted rotation of acetyl group. o-DAP formed

two types of aggregates, A1 and A2, with different molecular ar-

rangements in aqueous solution. The reason was that the arrange-

ment of molecules can affect their luminescence properties [29].

Notably, o-DAP has a large planar aromatic ring and exhibits strong

π ···π and C–H···π interactions, making it particularly sensitive to

environmental influences [29]. The fluorescence response of the

o-DAP sensor was attributed to the reversible conversion of free

molecules and two luminescent aggregates in the solution (Fig. 1a).

Various surfactants with different charges and groups had different

interactions with o-DAP, which lead to varying degrees of decom-

position for the two luminescent aggregates and different fluores-

cence responses. After data analysis, each surfactant corresponded

to a specific "fingerprint". The "fingerprints" of various surfactants

enabled precise classification (Fig. 1a).

o-DAP exhibited aggregation-induced emission properties, with

weak fluorescence in tetrahydrofuran solution (0% H2O). As the

water content increased from 0% to 100%, the color of the solu-

tion gradually changed from blue to yellow under ultraviolet (UV)

light (Fig. 1b). During this period, aggregates emitting peaks at

445nm are formed first, followed by the formation of aggregates

emitting peaks at 560nm (Fig. 1c). The interaction between sur-

factants charges and o-DAP affected the conversion of two aggre-

gates in the solution. To assess the ability of the o-DAP sensor to

distinguish surfactants, we selected 16 surfactants, comprising four
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Fig. 1. (a) Schematic of the mechanism and signal output for detecting various

surfactants using the o-DAP sensor, M represented the free monomer molecules

in the solution, while A1 and A2 represented the aggregates with fluorescence

peaks at 445nm and 560nm, respectively; Fluorescence photographs (b) and flu-

orescence spectra (c) of o-DAP in different volumes of water (water and tetrahy-

drofuran); Fluorescence photographs (d) and fluorescence spectra (e) of o-DAP in

various surfactant solutions in PBS (20mmol/L, pH 7.4). [o-DAP]=10 μmol/L; [sur-

factants]=20mmol/L.

Fig. 2. (a) Fingerprint map of the fluorescence ratio I445/I560 and the intensity in-

crement for discriminating cationic, anionic, zwitterionic, nonionic surfactants, and

structurally similar surfactants with o-DAP. I445 and I560 represented the fluores-

cence intensity at 445nm and 560nm in the o-DAP solution with surfactants, re-

spectively. FI (fold) was the fold increase in the integrated fluorescence intensity of

the o-DAP solution with surfactants compared to the integrated fluorescence inten-

sity of the o-DAP solution. (b–d) Partial enlargements of (a).

types and the similar structure of surfactants: cationic surfactants,

including hexadecyl trimethyl ammonium bromide (CTAB), dode-

cyl trimethyl ammonium bromide (DTAB), dodecyl trimethyl am-

monium chloride (DTAC), and didecyl dimethyl ammonium chlo-

ride (DDAC); anionic surfactants, such as SDS, sodium decane-

1-sulfonate (SDeSO), SDBS, sodium 1-dodecanesulfonate (SDSO),

sodium 1-decanesulfonate (SDeS), and sodium deoxycholate (SDC);

zwitterionic surfactants, including dodecyl dimethyl betaine (BS-

12) and lauryl sulfobetaine (SB3–12); and nonionic surfactants,

Triton X-100, substitute octylphenoxy-polyethoxyethanol (NP40),

polyoxyethylene lauryl ether (Brij35), and Tween20 (Fig. S2 in Sup-

Fig. 3. The fluorescence ratio I445/I560 as functions of surfactant concentration to determine the CMC values of CTAB, DTAB, DTAC, DDAC, SDS, SDeSO, SDBS, SDSO, SDeS, SDC,

BS-12, SB3–12, Triton X-100, NP40, Brij35, Tween20.
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porting information). It was observed that the o-DAP solution

emitted different fluorescence after adding various surfactants (Fig.

1d, Fig. S3 in Supporting information). The fluorescence spectra of

o-DAP and 16 surfactants clearly showed the differences in inter-

action (Fig. 1e).

The combination of the fluorescence intensity ratio I445/I560 and

the fold increase in fluorescence served as a fingerprint for each

surfactant. The o-DAP sensor’s response to each surfactant under-

went parallel experiments for over 15 times, ensuring the accu-

racy and feasibility of the results. The two-dimensional fingerprint

maps of the 16 surfactants were shown in Fig. 2. It was observed

that the fingerprints of the 16 surfactants were well-separated and

no repetition. This indicated that the o-DAP sensor, based on the

AEPF, has achieved high-throughput discrimination of cationic, an-

ionic, zwitterionic, and nonionic surfactants, especially those with

similar structures in the same type. Compared with traditional flu-

orescence sensors, o-DAP sensors can identify a wider variety of

analytes as well as analytes with subtle structural differences.

The CMC is an essential parameter of surfactants, and the low-

est concentration required for the formation of micelles in a sol-

vent. The properties of the solution undergo a significant change

at this concentration [30]. It has been demonstrated that fluores-

cence sensors can be used to determine CMC values of surfac-

tants [31]. To further evaluate the ability of the o-DAP sensor to

respond to various surfactants, fluorescence titration experiments

were conducted with different concentrations of the 16 surfactants.

In the fluorescence titration experiments, fluorescence spectra vari-

ated with different concentrations (Figs. S4–S19 in Supporting in-

formation). The I445/I560 as functions of concentrations was deter-

mined the CMC values of surfactants (Fig. 3, Figs. S20–S35 in Sup-

porting information). It was observed that as the surfactant con-

centrations increased, there was a distinct transition at the CMC

value with different linear behaviors before and after the transi-

tion. The CMC value of a surfactant was the intersection point of

two straight lines. As shown in Table 1 [2,32-41], the measured

CMC values of the surfactants were in excellent agreement with

those reported in the literature. Therefore, the o-DAP sensor based

on AEPF distinguished four types of surfactants, including those

with similar structures within the same type.

The o-DAP sensor based on AEPF not only sensitively detected

four types of surfactants but also identified artificial vesicles made

from various surfactants (Fig. 4a). Artificial vesicles made of oil-in-

water had their hydrophobic end-groups enclosed within the vesi-

cle, while the hydrophilic end-groups with various charges were

neatly arranged on the vesicle surface. The average ratio values of

vesicles made from BS-12, DTAC, SDeSO, SDS, SDSO and SDeS sur-

factant varied, which was attributed to the different interactions

Fig. 4. (a) Confocal ratiometric imaging of artificial vesicles made from different

surfactants labeled with o-DAP. The surfactants: BS-12, DTAC, SDeSO, SDS, SDSO,

SDeS. (b) The average ratio of artificial vesicles in (a). Data are presented as mean

± standard deviation (SD) (n=3). Ex: 405nm; collected: 420–490nm in chan-

nel 1 and 490–590nm in channel 2; Ratio: Ch2/Ch1. [o-DAP]=10 μmol/L. [surfac-

tants]=3mmol/L. Scale bar: 10 μm.

of the o-DAP sensor with various surfactants (Fig. 4b). This further

proved the feasibility of the o-DAP sensor based on AEPF.

In summary, we have developed a sensor based on the AEPF,

which successfully distinguished between cationic, anionic, zwit-

terionic, and nonionic surfactants, especially those with similar

structures in the same type. The sensor based on AEPF was at-

Table 1

CMC values of surfactants.

Surfactant CMC (mmol/L)

I445/I560 Literature reported Ref.

CTAB 0.57 0.5 [32]

DTAB 12.59 14.6–16.0 [2]

DTAC 15.07 16.7 [33]

DDAC 1.45 1.2 [34]

SDS 8.43 8.0–8.2 [2]

SDeSO 39.92 0.024mol/kg [35]

SDBS 1.29 1.4–1.6 [2]

SDSO 6.32 10.752 [36]

SDeS 33.63 35 [35]

SDC 4.05 3.92 [37]

BS-12 1.95 1.4–2.0 [2]

SB3–12 2.02 2–4 [38]

Triton X-100 0.45 0.24–0.27 [2]

NP40 1.09 0.673 [39]

Brij35 0.093 0.06 [40]

Tween20 0.015 0.011 [41]
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tributed to the interaction between surfactants and o-DAP. The de-

termination of CMC values for 16 surfactants and the discrimina-

tion of vesicles made from different surfactants further proved the

feasibility of the AEPF-based sensor in recognizing various analytes.
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