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A novel fluorescent nanoprobe, constructed from silver nanoclusters templated by DNA, was developed for

the detection of the cationic surfactant didecyl dimethyl ammonium chloride (DEQ). The presence of DEQ
significantly diminishes the fluorescence intensity of the DNA-AgNCs. This reduction can be attributed to
the negatively charged phosphate groups in the DNA-AgNCs, which, upon electrostatic adsorption,
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interact with the positively charged DEQ. This interaction leads to electron transfer from the DNA-

AgNCs to DEQ, resulting in fluorescence quenching. The nanoprobe demonstrates a good linear range

DOI: 10.1039/d5ra04006;j

rsc.li/rsc-advances

1 Introduction

In the context of rapid industrialization and urbanization,
surfactants, a critical category of chemical raw materials, have
found extensive applications in diverse domains such as
washing, textiles, pharmaceuticals, pesticides, oil extraction,
and food processing. However, environmental residues and
accumulation of surfactants can potentially jeopardize ecosys-
tems and human health, drawing considerable attention.
Consequently, identifying surfactants in environmental
samples has emerged as a pivotal research focus within the
realm of analytical chemistry. In recent years, numerous studies
have endeavored to develop and optimize techniques for
detecting surfactants in environmental matrices, employing
methodologies like online detection, spectroscopy, and
electrochemical methods."” For example, ultraviolet-visible
spectrophotometry and nanoparticle-assisted microextraction
techniques have been utilized,*” while some have even
employed molecular dynamics simulations to accurately assess
surfactant-micelle characteristics.”> Therefore, the pursuit of
efficient, precise, and expedient methods for surfactant deter-
mination is paramount for environmental preservation and
pollution mitigation.

Silver nanoclusters templated by DNA (DNA-AgNCs) have
garnered significant interest in biosensing and fluorescence
imaging fields. These nanoclusters exhibit superior optical
properties, including a high fluorescence quantum yield and
robust photostability.** Additionally, their synthesis can be
achieved through relatively straightforward procedures,
controllable by the precise design of DNA sequences."™**
Notably, DNA-AgNCs offer unique advantages in the detection
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from O to 100 uM and a satisfactory detection limit of 2.0 uM. Moreover, the proposed nanoprobe has
shown effective performance in DEQ detection in simulated wastewater.

of DNA sequences, proteins, and other biomolecules, particu-
larly in the development of innovative fluorescent probes and
biosensors.™** Furthermore, a conducting silver nanowire
templated by DNA may allow the application of DNA for con-
structing functional circuits, and silver nanowires can also be
utilized as sensitive optical detectors for biothiols, gas, DNA and
other substances, and luminescent silver nanowires can be
exploited for the visualization of genomic DNA sequences."
Currently, both domestic and international research on the
fluorescence method using DNA silver nanoclusters primarily
concentrates on the synthesis of fluorescent probes, the char-
acterization of their properties, and their application in specific
fields. In the area of surfactant measurement, there is a limited
amount of research based on the fluorescence method using
DNA silver nanoclusters, despite some existing studies.*
Furthermore, most extant measurement methods are plagued
by issues such as complex operation, low sensitivity, and poor
selectivity. For instance, the determination of non-ionic,
cationic and anionic surfactants at low concentrations can
often be carried out via high-performance liquid chromatog-
raphy (HPLC), gas chromatography (GC), capillary electropho-
resis (CE), or liquid chromatography-mass spectrometry and
gas chromatography-mass spectrometry (LC-MS and GC-MS).*
Although the detection limits are in the low pug L' or ng L™*
range, these methods can separate various isomers, homo-
logues and oligomers of complex surfactant mixtures. However,
there are also some steps that require effective enrichment and
use toxic organic reagents, and some methods have low sensi-
tivity,> or are subject to interference from other ionic surfac-
tants and metal ions, requiring complex pretreatment, multiple
process steps, or longer analysis times,*** which pose a lot of
difficulties in practical applications. Therefore, research on the
determination of surfactants using the fluorescence method
with DNA-stabilized silver nanoclusters not only advances the
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Scheme 1 Schematic diagram of the DEQ detection process.

development of this fluorescence method but also offers a novel
technical approach for environmental surfactant monitoring.

Inspired by the above ideas, the cationic surfactant DEQ was
detected using the DNA-AgNC fluorescence-quenching method
for the first time. As depicted in Scheme 1, the DNA template for
stabilizing AgNCs was designed, which contains more C bases
for synthesis of DNA-AgNCs. The fluorescence of the DNA-
AgNCs promptly decrease in the presence of DEQ due to elec-
tron transfer from the DNA-AgNCs to DEQ. The strategy has
potential application value for detecting cationic surfactant
content in the environment.

2 Experimental
2.1 Reagents and apparatus

Cationic surfactant didecyl dimethyl ammonium chloride (DEQ,
98%), non-ionic surfactant alkyl glycoside (APG-0810, 98%), fatty
alcohol polyoxyethylene ether (AEO,, 98%), anionic surfactant
sodium laureth sulfate (AES, 98%), and the isomeric tridecanol
phosphate (C13P, 98%) ester used in this work were obtained
from the China Research Institute of Daily Chemical Industry
(Shanxi, China). DNA was acquired from Yuanye Biotechnology
Co. Ltd (Shanghai, China), with detailed specifications provided
in SI Table S1. Sodium borohydride (NaBH,, 98%) and silver
nitrate (AgNO;, 99.8%) were obtained from Aladdin Bio-Chem
Technology Co. Ltd (Shanghai, China). All experiments were
conducted using 20 mM phosphate buffer solution (PBS, pH 7.0)
and ultrapure water (resistivity = 18.2 MQ cm).

Fluorescence spectra were recorded on an FS5 spectrofluo-
rometer (Edinburgh Instruments, UK) with excitation and
emission slits set to 2 nm and 4 nm, respectively. Transmission
electron microscopy (TEM) characterization was conducted
using a Tecnai G2 F20 S-Twin microscope (FEI) at 200 kV
acceleration voltage. XPS (X-ray photoelectron spectroscopy)
analysis was performed with an ESCALAB 220i-XL system (VG
Scientific) using Al Ka radiation (1486.6 eV). Fluorescence life-
times were measured via time-correlated single-photon count-
ing (TCSPC) methodology on an FS5 system (Edinburgh
Instruments) with 405 nm excitation. Data analysis was per-
formed using proprietary software provided by Edinburgh

n
Instruments. When ) 4; = 1, the average excited state lifetime
i=1

n
is expressed by the equation 7,5 = > A;7;. Each sample’s
i=1
spectrum was obtained by averaging three consecutive scans.
2.2 Preparation of silver nanoclusters

DNA-AgNCs were synthesized using a previously reported
procedure in the literature.”® In summary, AgNO; (18 uM) and
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DNA (3.0 uM) were sequentially introduced into PBS (20 mM,
pH 7) with consistent stirring. The mixture was then incubated
in the dark at 4 °C for 20 minutes. Subsequently, fresh NaBH,
(18 uM) was added, and the solution was stirred for an addi-
tional minute before being shielded from light and stored at 4 °©
C for 1 hour. Then, the DNA-AgNCs were kept at 4 °C for further
analysis.

2.3 Detection of DEQ

Subsequent additions of DEQ to the previously prepared DNA-
AgNC mixture were carried out, with concentrations ranging
from 0-200 pM. The fluorescence of the samples was detected at
ambient temperature. In order to assess the specificity of the
proposed DEQ probe, a range of DEQ analogues were evaluated,
including the anionic surfactant sodium laureth sulfate (AES),
the isomeric tridecanol phosphate ester C13P, and non-ionic
surfactants APG-0810 and AEO,. These measurements were
conducted under conditions identical to those employed for the
cationic surfactant DEQ.

2.4 Application of the proposed nanoprobe

DEQ in simulated domestic water samples was analyzed, with
two simulated water samples being synthesized according to
ref. 20. Sample 1 contains Na*, K*, Ba®>" and Cr**, and Sample 2
contains NH*, Zn**, Mg** and K. The concentration of each
ion is 0.2 pM and the DEQ solution was at 40 uM. Following the
experimental steps employed for DEQ detection, the fluores-
cence quenching degree and spiked recovery rate were
calculated.

3 Results and discussion
3.1 Optical characterization of DNA-AgNCs

The photophysical properties of DNA-templated silver nano-
clusters (AgNCs) exhibit a strong dependence on the structural
features of their DNA templates, particularly the base sequence
composition and secondary structure conformation.>**
Consequently, two specific DNA templates, D-DNA and D1-DNA,
were meticulously designed for this study. The sequences of
these templates can be found in SI Table S1. D1-DNA is derived
from D-DNA, where the content of CGAA has been increased.
Fig. 1 presents the photophysical properties of the D-DNA-
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Fig. 1 The excitation (black) and emission (red) spectra of D-DNA-
AgNCs.
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AgNCs. The fluorescence profile shows well-defined excitation
and emission maxima at 560 nm and 650 nm, respectively
(black and red curves), indicating the characteristic optical
transitions of the synthesized AgNCs. Similar spectroscopic
characterization was performed for D1-DNA-AgNCs, with the
fluorescence spectra displaying well-defined excitation (605 nm)
and emission (680 nm) bands (see SI Fig. S1).

Furthermore, the UV-Vis absorption spectra of the D-DNA-
AgNCs were analyzed at varying concentrations of DEQ. In
every curve of SI Fig. S2, two peaks are discernible: a peak at
430 nm, which is characteristic of the plasmon absorption band
of Ag nanoparticles, and a peak at 565 nm, which corresponds
to the absorption band of AgNCs.”® This indicates the presence
of Ag nanoparticles within the D-DNA-AgNCs. As the concen-
tration of DEQ increases, there is a noticeable gradual decrease
in absorption.

The temporal stability of the fluorescence intensity of the D-
DNA-AgNCs and D1-DNA-AgNCs was systematically evaluated,
as probe stability critically influences detection performance. As
shown in SI Fig. S3, the D-DNA-AgNCs exhibit distinct stability
characteristics: the fluorescence intensity stabilizes after 2.5
hours, remains constant for approximately 2.0 hours, and then
gradually decreases. In contrast, the D1-DNA-AgNCs demonstrate
a continuous decline in fluorescence intensity over time. These
results clearly indicate that the D-DNA-AgNCs possess superior
stability compared to their D1-DNA-AgNC counterparts.

The fluorescence emission efficiencies of the D-DNA-AgNC
and D1-DNA-AgNC probes were evaluated by measuring their

Fig. 2 TEM micrograph of D-DNA-AgNCs along with their size

distribution histogram (inset).
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quantum yields (QYs). As illustrated in SI Fig. $4, the QY values
were determined to be 30.05% and 20.30% for D-DNA-AgNCs
and D1-DNA-AgNCs, respectively.

3.2 Characteristics of D-DNA-AgNC

Transmission electron microscopy (TEM) was employed to
investigate the structural properties of the D-DNA-AgNCs. Fig. 2
reveals a homogeneous dispersion of these nanoclusters, with
an average particle size of 2 nm, aligning with reported
dimensions for metal NCs smaller than 2 nm.* The size
distribution was quantified through Lorentzian fitting of the
corresponding histogram. The oxidation states of silver in the
D-DNA-AgNCs were verified via XPS spectroscopy. The Ag 3d
region (Fig. 3B) exhibits two peaks at binding energies of
368.25 eV (3ds),) and 374.20 eV (3d;,), corresponding to Ag(i)
and Ag(0) species, respectively.***' The elemental composition,
as determined by XPS (Fig. 3A), reveals characteristic peaks
corresponding to P, B, C, N, Na, and O.

3.3 Optimizing assay conditions

3.3.1 Influence of DEQ on different DNA-AgNCs. The fluo-
rescence characteristics of silver nanoclusters synthesized using
various DNA templates exhibit variations, attributable to the
differences in base sequences and secondary structures of the
DNA templates.**** The fluorescence intensities of the D-DNA-
AgNCs and D1-DNA-AgNCs upon the addition of 110 pM DEQ
were assessed. As shown in SI Fig. S5, both fluorescence
intensities decrease promptly upon DEQ addition. Notably, the
relative fluorescence intensity (F/F,, where F and F, represent
the fluorescence intensities of the AgNCs with and without the
addition of 110 pM DEQ, respectively) of the D-DNA-AgNCs
exhibits the most pronounced reduction, with F/F, falling
below 0.0086. Consequently, D-DNA-AgNCs are selected as the
superior candidate for subsequent experiments.

3.3.2 Optimization of fluorescence quenching concentra-
tion. The optimal concentration for DEQ fluorescence quench-
ing was ascertained, as illustrated in SI Fig. S6. With an increase
in the DEQ concentration, there is a corresponding gradual
decrease in the fluorescence intensity of the D-DNA-AgNCs.
When the DEQ concentration reaches 100 uM, the fluores-
cence intensity attains its minimum value and subsequently

=]

420
400-
380
360
340
320
300
280
260
2404

Ag3dg),

Ag3dz)y

Intensity (a.u.)

360 365 370 375 380 385
Binding Energy (eV)

(A) XPS spectrum of D-DNA-AgNCs. (B) Ag 3d region of XPS spectrum of D-DNA-AgNCs.
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remains stable. Thus, the optimal fluorescence quenching
concentration of D-DNA-AgNCs for detecting DEQ is 100 puM.

3.3.3 Optimization of reaction time. The fluorescence
quenching time between the D-DNA-AgNCs and 100 uM DEQ
was ascertained in an effort to enhance the detection capability
of the developed nanoprobe toward DEQ. SI Fig. S7 demon-
strates the fluorescence intensity of the fluorescent probe
decreases sharply at the beginning, and there is not much
change in the fluorescence intensity after 10 min. That is, the
time required for DEQ to quench the fluorescence of the D-DNA-
AgNC fluorescent probe is 10 min.

3.4 Assay of DEQ

The D-DNA-AgNCs’ fluorescence emissions were recorded over
a DEQ concentration range of 0-100 pM. As shown in Fig. 4A
and B, the fluorescence signal progressively weakened with
higher DEQ concentrations, showing a linear correlation (R> =
0.9297) described by F = 191 036.4 — 1660.8Cpgq. The detection
limit was determined to be 2.0 uM using the 30,/k method
(where o, represents the background signal variability and &
denotes the calibration curve slope). As shown in Table S3, the
LOD of the proposed nanoprobe is not superior to that of a re-
ported sensor for detecting cetyltrimethylammonium
bromide,*® but it is superior to other probes.**** Although the
LOD of this method cannot be evaluated under wastewater
discharge conditions due to the difficulty of obtaining suitable
standards for cationic surfactants, it provided a novel method
for detecting cationic surfactant content. The sensitivity will be
gradually improved in the future.

The quenching process was examined by monitoring the
lifetime changes of the D-DNA-AgNCs (650 nm emission) upon
DEQ addition. The lifetime of the D-DNA-AgNCs also shows an
upward trend with rising DEQ concentrations, characteristic of
dynamic quenching (SI Fig. S8). The fluorescence transient of
the D-DNA-AgNCs demonstrates a monoexponential time
constant (SI Table S2).

3.5 Interference study on the nanoprobe’s DEQ recognition

Selectivity is a critical parameter for a high-quality fluorescent
probe. This study investigates the selectivity towards the
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Fig. 5 Selectivity of the DEQ detection system. Error bars represent
the standard deviation of three repeated experiments.

cationic surfactant DEQ and other types of surfactants,
including nonionic surfactants APG0810 and AEO-, as well as
the anionic surfactants isomeric tridecyl phosphate ester (C13P)
and sodium laureth sulfate (AES), at concentrations of 100 uM.
As illustrated in Fig. 5, a significant relative fluorescence
reduction occurs in the presence of 100 pM DEQ. In contrast,
the presence of other surfactant types results in only a negli-
gible decrease. This differential response may be attributed to
the presence of negatively charged phosphate groups in the
DNA-AgNCs. These findings suggest that the proposed probe
exhibits high selectivity for assays of the cationic surfactant
DEQ.

3.6 Application of nanoprobe for detecting DEQ in
industrial waste water

Under the experimentally determined optimal conditions, two
simulated samples are synthesized, with synthesized Sample 1
containing Na*, Cr*", Ba** and K, and synthesized Sample 2
containing NH,", Zn>", Mg®" and K*. The two simulated samples
are separately added to the synthesized DNA-AgNCs, and then
40 uM of DEQ. The results show that the quenching effect of the
added samples is basically consistent with the quenching effect
without adding samples. As illustrated in Table 1, the recoveries
of DEQ using this method were 100.3% and 104.6%, with
relative standard deviations of 0.40 and 0.32, respectively. These
results suggest that this nanoprobe is not only reliable but also
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(A) Fluorescence emission spectra of D-DNA-AgNCs in the presence of DEQ (0-200 uM). (B) DEQ-concentration-dependent changes of

fluorescence intensity at 650 nm. (Inset) Linear relationship between Fgs0 Nm and DEQ concentration (0—-100 uM). Error bars represent the
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Table 1 The concentration of DEQ in simulated samples measured with the proposed probe (N = 3)

Samples Spiked (M) Measured (uM), mean® + SD” Recovery (%), RSD (%)
1 40 40.11 £+ 0.16 100.3%, 0.40
2 40 40.23 + 0.13 104.6%, 0.32

@ The mean of three determinations. ? Standard deviation. RSD = relative standard deviation.

exhibits high precision for the determination of DEQ in
industrial wastewater.

3.7 Mechanism study

To verify if the mechanism involved electron transfer caused by
electrostatic adsorption, the zeta potential of the D-DNA-AgNCs
was measured in the presence of different concentrations of
DEQ. As shown in SI Fig. S9, the zeta potential gradually
increased with increasing DEQ concentrations. DNA-AgNCs
have an anionic phosphate backbone and DEQ is a cationic
surfactant.

The zeta potential of the DNA-AgNCs is —10.47 mV at first
with DNA-AgNCs carrying negative charge. The zeta potential
gradually increases as DEQ continues to be added, due to
electrostatic adsorption. In addition, the alkyl chain length of
DEQ may affect the adsorption mode and the quenching effi-
ciency. DEQ becomes difficult to dissolve in water if the alkyl
chain of DEQ is lengthened. Therefore, the possibility of elec-
trostatic adsorption occurring decreases, such that the DNA-
AgNCs cannot be quenched.

4 Conclusions

This study establishes a method for detecting the cationic
surfactant DEQ using the fluorescence quenching method with
DNA-stabilized silver nanoclusters. This method is only appli-
cable to cationic surfactants and cannot be effectively applied to
the determination of anionic surfactants and nonionic surfac-
tants. The method has high sensitivity, strong selectivity, low
cost, and environmental friendliness, and has been applied to
the detection of simulated environmental wastewater samples.
The research results provide an effective method for the detec-
tion of cationic surfactants in environmental samples.
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