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Abstract
A kind of sulfur-doped carbon dots was prepared which were encapsulated with polydopamine (S-CDs@PDA) that has 
fluorescence response on polyethylene (PE) microplastics (MPs). Modified membranes were constructed using S-CDs@PDA 
for MP detection. Through heating and vacuum filtration process, yellow emission from the modified membrane appeared 
because of the combination between S-CDs@PDA and PE MPs. Notably, the fluorescence signal value of PE MPs detected by 
S-CDs@PDA-modified membrane was 21.3% higher than that of unmodified S-CDs membrane, and the detection efficiency 
was 8% higher than that of S-CDs membrane. The minimum detection limit for modified membranes was 4 mg. Due to the 
good adhesion of polydopamine (PDA), S-CDs@PDA-modified membrane was more easily adhered to PE MPs, showing 
its excellent detection ability. The rapid quantitative detection of PE MPs in 10 min was realized with a linear equation of 
y = 3081x + 3686.1 in a linear range of 4–14 mg. Such modified membrane exhibited excellent anti-photobleaching using 
continuous 365-nm excitation and its sensing performance was further confirmed in sea and river water samples. S-CDs@
PDA could detect solid MP powders as well as MPs dispersed in liquids. The detection method constructed with a modified 
glass fiber filter membrane enables rapid identification and quantitative detection of PE MPs without relying on large-scale 
instrumentation. This study provided research ideas for fluorescent tracing of PE MPs and paved the way for quantitative 
detection of micron-sized plastics with smaller particle sizes.
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Introduction

Plastic is a synthetic polymer compound that has become 
an indispensable material in human life today and is 
widely used in household appliances, automobile parts, 
children’s toys, and other aspects [1]. Tons of plastic prod-
ucts are consumed globally every year, with studies sug-
gesting that by 2025 it could reach around 600 million 
tons [2]. As the use of plastics increases, large amounts 
of plastics are discarded every day. These discarded plas-
tics are harmful to human health and the ecosystem [3]. 
When plastics are exposed to the environment, due to 
physicochemical and other effects, they turn into plastic 

fragments, which are considered MPs when they are less 
than 5 mm in size [4, 5]. The first studies on MPs were 
first reported in 1972 by E. J. Carpenter and K. L. Smith 
[6]. MPs can be divided into primary and secondary MPs 
depending on their source. Plastic products derived from 
direct production are primary MPs, which have specific 
functions and applications. Secondary MPs are produced 
from plastics that are exposed and abandoned in the envi-
ronment through a variety of actions such as light, abra-
sion or microbial decomposition [7]. MPs are small in 
size, are easily dispersed, and have been detected in oceans 
[8–10], freshwater and drinking water [11], and air [12]. 
The small size of MPs makes it difficult to find them with 
the naked eye, especially when they are dispersed in a 
medium. In addition, the hydrophobicity of MPs makes 
detection even more difficult [13]. These are problems 
that need to be solved in order to detect MPs. Currently, 
Raman spectroscopy [14], peptide-modified micronee-
dles [15], thermal imaging [16], pyrolysis gas chroma-
tography coupled with mass spectrometry (GC–MS) [17], 
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liquid chromatography (LC) [18], and Fourier transform 
infrared spectroscopy (FT-IR) [19] have been applied to 
the detection of MPs. However, these methods require the 
support of expensive instruments, as well as a lot of energy 
and time for experimental testing [20]. To overcome these 
challenges, staining MPs with fluorescent dyes has been 
proposed as a way to improve detectability and selectivity 
[21]. Nile red [22] and rhodamine B [23] have been used to 
identify MPs by fluorescent staining. Nevertheless, these 
fluorescent dyes have the potential to stain natural organic 
matter, which can result in false positive signals [24]. 
Additionally, the fluorescence is susceptible to background 
interference [25]. In the absence of complete removal of 
the interfering organic matter, the staining method cannot 
be employed as a independent technique, thereby limiting 
the scope of fluorescence detection. The background and 
false positive signals represent significant challenges in 
the study of MPs in fluorescence mode. The activation of 
fluorescence analysis serves to reduce background inter-
ference and facilitate the reflection of real samples [26]. 
Carbon nanomaterials have the properties of nanomaterials 
with optical stability and wavelength-dependent photolu-
minescence (PL) and can be used as fluorescent probes 
for detection [27].

Carbon dots (CDs) are emerging as a prominent con-
tender in the field of nanomaterials, largely due to their 
exceptional adsorption and optical characteristics [28]. 
Due to their unique properties, CDs have been used in 
metal ion detection [29, 30], photovoltaics [31], and solar 
cells [32]. Kawan F. Kayani and his colleagues also dis-
cussed for the first time the need for future development 
of CD-based glucose (Glu) sensors through a compre-
hensive introduction to Glu and CDs [33]. Recent studies 
have demonstrated the affinity of carbon nanomaterials for 
MPs [34], and it has also been suggested that MPs can be 
detected using PL from CDs [35]. In order to make full 
use of the excellent optical properties of CDs, some stud-
ies have proposed the application of CDs to fluorescent 
sensors [36, 37].

Fluorescence sensors are more suitable as fast and sensi-
tive tools than traditional mass spectrometry or chromatog-
raphy methods [38]. Among the various techniques devel-
oped in the last decade, imaging of MPs using fluorescence 
sensing (which emits fluorescence upon excitation at specific 
wavelengths) has gained wider application due to its ease of 
application and the ability to customize different solvents for 
higher selectivity [39]. At the same time, fluorescence sen-
sors allow for the visual detection of the target. Visual detec-
tion is a straightforward method that produces discernible 
outcomes, offering the benefits of minimal instrumentation 
expense, rapid detection, simplicity of operation, reduced 
consumption of samples and reagents, and the capacity for 
on-site analytical transferability [40]. Therefore, from a 

practical point of view, the development of a portable ana-
lytical tool for field analysis is essential.

Paper-based sensors (PADs) show great promise for 
detection and analysis. PADs offer the advantages of low 
cost, convenience, portability, expandability, and environ-
mental friendliness [41], and they enable immediate and on-
site detection. A variety of paper-based sensors have been 
prepared including nucleic acid biosensors [42], respiratory 
analysis sensors [43], textile sensors [44], and capacitive 
touch sensors [45]. Based on these applications and the 
advantages of paper-based sensors, the combination of fluo-
rescence detection and PADs for the detection of MPs is a 
viable approach. The small particle size of S-CDs can only 
fluorescently identify PE MPs, and the fluorescence recogni-
tion of MPs using S-CDs may not be effective when the MP 
content in the sample is low. Therefore, encapsulation of 
S-CDs by materials with excellent adhesion properties can 
achieve fluorescent labelling of S-CDs by adhering traces 
of MPs. Tushar Kanti Das and his colleagues investigated 
2D composite nanomaterial membranes for the capture and 
removal of trace MPs [46]. Inspired by this, the development 
of fluorescent PADs using CDs composite nanomaterials 
with good adhesion properties can detect trace MPs in real 
samples. Previous studies have shown that polydopamine 
(PDA) is one of the simplest and most versatile methods of 
functionalizing material surfaces [47]. PDA formed by the 
self-polymerization of dopamine can impart excellent adhe-
sion properties to materials.

Dopamine is structurally similar to 3,4-dihydroxyphenyl-
l-alanine (DOPA) in that both contain catechol and an amino 
group. In 2007, Haeshin Lee and Phillip B. Messersmith 
et al. developed a simple and universal surface modification 
method using dopamine, dopamine oxidative self-polymer-
isation reaction [48]. PDA has the characteristics of strong 
adhesion and easy modification, etc. PDA can be adhered to 
the surface of materials or particles for surface modification 
to give the material new properties, which is a very promis-
ing application. PDA modification can facilitate the trans-
formation of a wide range of material properties [49–52] and 
has been used in biomedical [53] and industrial wastewa-
ter treatment applications [54]. Due to the strong adhesion 
properties conferred by PDA to the material, PDA has also 
been widely applied as an adhesive for the adsorption and 
recovery of MPs in recent years [55, 56]. However, there 
are very few reports on the application of PDA utilizing 
its excellent adhesive properties for adsorption detection of 
MPs by directly applying it to construct fluorescent sensors.

The aim of this work is to utilize the adhesion properties 
of PDA and the fluorescent response of S-CDs on PE MPs to 
construct a complex that not only binds plastics rapidly but 
also emits a fluorescent response to detect PE MPs. In view 
of this, we present a strategy for detecting PE MPs using 
luminescence and removing PE MPs using adhesion. A kind 
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of composite (S-CDs@PDA) was synthesized by encapsulat-
ing dopamine on the surface of S-CDs using self-polymeri-
zation of dopamine. PDA is non-toxic and endows S-CDs@
PDA with good biocompatibility. The loaded PDA enhanced 
the hydrophobicity of S-CDs, which made PE MPs easier 
to be detected, fluoresced within 10 min of S-CDs@PDA 
binding to PE MPs. What’s more, S-CDs@PDA has better 
adhesion and is easier to bind to MPs. Conventional filter 
paper can only retain plastics with large particle sizes, but is 
less effective in retaining plastics with micron or nanometer 
sizes. We also prepared a low-cost, fast-detecting fluores-
cent sensor by loading S-CDs@PDA onto a glass fiber fil-
ter membrane with a pore size of 0.33 μm. The fluorescent 
filter cake was vacuum filtered for 7 min, then heated in an 
oven at 60 °C for 3 min, and the image of the filter cake 
was captured by a smartphone. The images were then ana-
lyzed and calculated using ImageJ processing software. On 
this basis, a linear equation with the range of 4–14 mg was 
observed to realize the rapid quantitative detection of PE 
MPs. Because of the excellent adhesion of S-CDs@PDA, 
it can combine more PE MPs than S-CDs, enhancing the 
retention rate of PE MPs. Notably, the fluorescence signal 
value of PE MPs detected by S-CDs@PDA-modified mem-
brane was 21.3% higher than that of S-CD membrane, and 
the detection efficiency was 8% higher than that of S-CD 
membrane. Due to the good adhesion of PDA, the S-CDs@
PDA-modified membrane adhered PE MPs more easily and 
showed excellent detection ability. Comparing the slopes of 
the linear equations constructed by the two sensors based on 
S-CDs and S-CDs@PDA, the fluorescence labeling effect of 
S-CDs@PDA was better than that of the uncoated S-CDs. 
The sensor based on S-CDs@PDA and membrane is easy 
to operate. It has high sensitivity, low detection limit, fast 
detection speed, and few interfering signals, and is able to 
detect PE MPs effectively.

Experimental section

Chemicals

Pyrene was purchased from Shanghai Aladdin Bio-Chem 
Technology Co., Ltd. Dithiosalicylic acid was purchased 
from J&K Scientific. N,N-Dimethylformamide (DMF) and 
anhydrous ethanol were purchased from Tianjin Damao 
Chemical Reagent Factory. Concentrated hydrochloric 
acid, concentrated nitric acid, and tris(hydroxymethyl)ami-
nomethane (Tris) were purchased from Fuchen (Tianjin) 
Chemical Reagent Co. PE was purchased from Shanghai 
Runhong International Trade Co., Ltd. Polypropylene (PP) 
and polyvinyl chloride (PVC) powders were purchased 
from Shanghai McLean Biochemical Co. Polystyrene (PS) 
was purchased from Aladdin Bio-Chem Technology Co. 

Dopamine hydrochloride was purchased from Tianjin Hiens 
Biochemical Technology Co. Chemical Reagent Co. The 
glass fiber filter membrane was purchased from Changde 
Beekman Biotechnology Co. Deionized water was used as 
the aqueous solution in all this study. All the drugs were not 
further purified.

Instrumentation

The morphology of S-CDs@PDA was observed by trans-
mission electron microscopy (TEM, Talos F200S) at an 
accelerating voltage of 200 keV. Fluorescence spectra were 
collected using a FLS 1000 fluorescence spectrometer 
manufactured by Edinburgh Instruments. Scanning electron 
microscopy (SEM, Nova Nano SEM450) was used to char-
acterize the surface morphology of plain membranes, modi-
fied membranes, and plastics. FT-IR spectra were obtained 
on a Shimadzu FTIR spectrophotometer (IRAffinity-1S). 
X-ray photoelectron spectra (XPS) were obtained using 
an X-ray photoelectron spectrometer (Thermo Scientific 
ESCALAB250 Xi). Chengde Dingsheng JY-82C Video 
Contact Angle Tester is used to characterize the contact 
angle of S-CDs and S-CDs@PDA with water.

Synthesis of nitropyrene

Nitropyrene was prepared by high-temperature reflux using 
pyrene as raw material. A total of 500 mg of pyrene was 
placed in a round-bottom flask, followed by 40 mL of con-
centrated nitric acid for nitration. The solution was refluxed 
and stirred in an oil bath at 80 °C for 12 h, cooled to room 
temperature, diluted the solution with a large amount of 
deionized water and suction filtration, washed with abso-
lute ethanol first, and then washed with a large amount of 
deionized water until the filtrate was neutral. The filter cake 
was dried in an oven at 60 °C to obtain the yellow powder 
nitropyrene.

Synthesis of S‑CDs

S-CDs were synthesized by solvothermal method according 
to previous literature [57]. First, 14 mg of nitropyrene with 
7 mg of dithiosalicylic acid was added to 10 mL of DMF and 
ultrasonicated for 10 min to dissolve it completely, forming 
a transparent yellow-green solution. The solution was then 
transferred to a 30-mL polytetrafluoroethylene high-pressure 
reactor and placed in an oven for 6 h at a temperature of 
200 °C. At the end of the reaction, the solution was cooled 
to room temperature, then the solution was removed and 
filtered through a 0.22-µm filter membrane. The filtrate was 
dispersed in boiling water, pumped and washed, and then 
the filter cake was dried in an oven at 60 °C to finally obtain 
S-CDs.
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Synthesis of S‑CDs@PDA

S-CDs were used as raw materials to prepare S-CDs@PDA 
by dopamine self-polymerization in situ under weakly alka-
line conditions (pH = 8.5). The synthesis process of PDA 
is referred to other literature [56]. First, 0.9085 g of tris 
(hydroxymethyl) aminomethane was weighed into a beaker, 
dissolved by sonication in 75 mL of water, and then the pH 
was adjusted to 8.5 by the dropwise addition of 12 mol/L 
of concentrated hydrochloric acid. A total of 85 mg of syn-
thesized S-CDs was weighed and evenly dispersed in the 
configured Tris–HCl buffer solution by sonication, and the 
supernatant was centrifuged at 6000 rpm for 5 min in a 
beaker. Eighty-five milligrams of dopamine hydrochloride 
was weighed in a beaker and a small amount of water was 
added to dissolve it, then the dopamine hydrochloride solu-
tion was mixed with the supernatant and stirred for 12 h. 
At the end of the reaction, the solution was centrifuged at 
11,000 rpm for 5 min. Finally, the lower sediment in the 
centrifuge tube was washed three times with water and 
dried at 80 °C for 8 h. The black powder obtained was 
S-CDs@PDA.

Preparation of S‑CDs@PDA‑loaded glass fiber filter 
membrane

A fluorescent sensor based on a glass fiber filter membrane 
was proposed to quantitatively evaluate polyethylene porous 
materials. Five milliliters of S-CDs@PDA ethanol solution 
(0.5 mg/mL) was in a surface dish, and then a glass fiber 
filter membrane with a pore size of 0.33 μm was soaked in 
the surface dish and dried in an oven at 60 °C for 5 min to 
obtain the S-CDs@PDA-loaded glass fiber filter membrane 
(PFM). The simple filtration unit consists of a Büchner fun-
nel, a filter flask, and a circulating water vacuum pump. The 
PFM was added into the Büchner funnel, and then the PE 
MP aqueous solution was added by suction.

Preparation of S‑CDs‑loaded glass fiber filter 
membrane

S-CDs-loaded glass fiber filter membrane (SFM) was pre-
pared in the similar process with PFM, while the adding 
amount of S-CDs was 3.6 mg to keep the same amount of 
S-CDs for immersion.

Quantification of PE‑MPs by PFM‑based 
fluorescence method

A simple and rapid vacuum distillation process provides 
a contact opportunity between S-CDs@PDA and PE MPs 
on the surface of PFM. After filtration, bright yellow 

fluorescence could be observed under 365-nm excitation 
because of the surface environment change of S-CDs@
PDA in PE matrix. The fluorescence image was obtained 
by the smartphone photo system including CMOS sen-
sor, ISO-1250, 26-mm focal length, and f/1.6 lens. Film-
ing takes place in a dark box UV analyzer to block light 
reflections from other objects. The combination of smart-
phones with paper-based substrates represents a cost-
effective solution for on-the-spot analysis, mobility, and 
the versatile identification of substances [58]. The fluo-
rescence image of filter cake was processed and calcu-
lated by using ImageJ software [59]. First, the fluorescent 
images taken with the ImageJ software were opened and 
the dimensions were modified so that all images are the 
same size. The fluorescent image is passed through the 
color-separated channel, and then the outside of the filter 
cake is removed from the image using the locking sleeve 
tool. The same lasso tool was used each time calculating 
the fluorescent area.

Exploring the effect of vacuum filtration time 
on fluorescence PFM detection

The vacuum filtration time will affect the contact time 
between the loaded S-CDs@PDA and PE-MPs, and then 
affect the fluorescence intensity and luminous area of the 
filter cake. Therefore, in order to optimize the conditions, 
the experiments of vacuum filtration for 1 min, 3 min, 5 min, 
7 min, and 10 min were carried out respectively. The fluo-
rescence image of filter cake was obtained and analyzed by 
ImageJ.

Exploring the effect of heating time on fluorescence 
PFM detection

Due to the fluorescence quenching effect of PDA, the fluo-
rescence intensity was evaluated in different incubation 
times. The filter cake was placed in an oven at 60 °C for 
1 min, 3 min, 5 min, 7 min, and 10 min, and the fluores-
cence area was photographed and calculated.

A simple and fast fluorescent PE sensor (PFM) was 
prepared using S-CDs@PDA and a glass fiber filter mem-
brane. Four milligrams, 6 mg, 8 mg, 10 mg, 12 mg, and 
14 mg PE MPs were ultrasonically dispersed in 50 mL 
aqueous solution, and then filtered by suction for 7 min 
with the prepared PFM. After filtration, the cake was 
placed in an oven at 60 °C and heated for 3 min. The 
filter cake was placed in a dark box UV analyzer, the 
fluorescence image of the filter cake was captured by a 
smartphone camera, and the fluorescence analysis was 
performed by ImageJ software. Each experiment was per-
formed three times.
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Investigating the fluorescence stability of filter cake

Vacuum filtration and incubation provided sufficient con-
tact between PE MPs and S-CDs@PDA. In order to explore 
the fluorescence stability of filter cake, the filter cake was 
continuously irradiated under UV lamp for 10 min, 30 min, 
60 min, and 120 min. Then the fluorescence image was cap-
tured by a smartphone and the fluorescence image was cal-
culated and analyzed by ImageJ software.

Exploring the reusability of PFM

The reuse of sensors can lead to significant savings in the 
cost of inspection. The reuse of PFMs was experimentally 
characterized. Fourteen milligrams of PE MPs was ultra-
sonically dispersed in 50 mL of deionized water, followed 
by pumping and heating with PFMs. Fluorescence images of 
the filter cake were obtained by photographing with a smart-
phone. The PFMs that had been pump-filtered was washed 
with deionized water to clean off the PE MPs from the PFMs 
for next vacuum filtration. The experiment was performed 
in 5 cycles. The fluorescence area was then analyzed and 
calculated using Image software.

Comparison of detection performance of PFM 
and SFM

To explore the effect of PDA on fluorescence sensing, the 
performance comparison between S-CDs and S-CDs@PDA 
was performed. Four milligrams, 6 mg, 8 mg, 10 mg, 12 mg, 
and 14 mg of PE were ultrasonically dispersed in 50 mL of 
deionized water and the prepared SFM was evacuated for 
7 min. After filtration, the filter cake was heated in an oven 
at 60 °C for 3 min. The fluorescence images were captured 
by a smartphone and analyzed by Image software.

Investigating the dyeing properties of PFM 
on different MPs

To evaluate the selectivity of PFM, we investigated fluo-
rescence signals on other MPs, including PP, PVC, and PS.

Detection in actual samples

Seawater from China’s Bohai Sea and lake water from Hebei 
University of Technology were used to test the actual sam-
ples according to the same process by adding the standard 
recovery method.

Eight milligrams, 10 mg, and 12 mg of polyethylene MPs 
were ultrasonically dispersed in 50 mL of seawater samples 
and lake water samples, which were then filtered by vacuum 
extraction with a PFM for 7 min, and then heated in an oven 

at 60 °C for 3 min. Each experiment was performed three 
times. Fluorescence images were captured and acquired by 
a smartphone, and fluorescence area analysis was performed 
by ImageJ software.

Results and discussion

The morphology of the as-prepared material was observed by 
TEM. The material S-CDs@PDA was spherical and the average 
size was about 130 nm (Fig. 1a). High-resolution transmission 
electron microscopy (HR-TEM) showed that the internal black 
particles were uniformly composed of tiny carbon nanoparti-
cles with 2.87 ± 0.47 nm size (Fig. S1); the formation of PDA-
encapsulated carbon nanoparticles can be therefore confirmed. 
Further, lattice spacing of the black particles encapsulated at 
the same time was 0.31 nm (Fig. 1b), which was similar to that 
of the (002) facet of graphene [60]. Therefore, the formation of 
PDA-encapsulated carbon nanoparticles was confirmed.

The surface functional groups were analyzed using 
FT-IR and XPS. As shown in Fig. 1c, the absorption band 
at 3475 cm−1 belongs to the stretching vibration of the –OH 
bond [61], and the absorption band at 2800 ~ 3500 cm−1 
belongs to the stretching vibration of the –NH bond [62]. 
These peaks are attributed to the amino-functional group 
of the PDA molecule [63]. The bands at 1402 cm−1 and 
960 ~ 1150 cm−1 belong to the tensile vibration of C–N 
bond and the tensile vibration of C–O bond [57]. The 
observation of the C=O bond at 1679 cm−1 [64] and the 
observation of the C–S– bond at 600–700 cm−1 [65] proves 
the existence of S-CDs in the PDA matrix. The XPS full-
width spectrum also verified the existence of sulfur in car-
bon nanoparticles because of the relative atomic contents 
of 0.34% in XPS characterization (Fig. 1d). Detailed peak 
fitting of the C1s spectrum of S-CDs@PDA was carried 
out with four component peaks at 284.73, 285.62, 288.22, 
and 289.13 eV, corresponding to C–C/C=C, C–O/C–N/
C–S, C=O, and O=C–OH functional groups, respectively 
(Fig. S2a) [66, 67]. The N1s spectrum at 399.12, 400.02, 
401.32, and 405.93 eV corresponds to pyridinic N, pyrrolic 
N, graphic N, and N–O bonds, respectively (Figure S2b) 
[68, 69]. The partial XPS spectrum of O1s can be divided 
into two component peaks, with two peaks at 531.72 and 
533.02 eV, corresponding to C=O and C–O, respectively 
(Figure S2c) [70]. In the high-resolution S2p XPS spectra, 
three ancestral peaks at 163.79, 164.99, and 168.39 eV 
were attributed to C–S–C, S–S, and C–S–O, respectively, 
indicating that sulfur was successfully doped in the mate-
rial (Fig. S2d) [71–73]. The low elemental sulfur content 
may be due to the encapsulation of the PDA. Therefore, 
the material in this work was confirmed to be sulfur-doped 
carbon nanoparticles encapsulated by PDA, which was 
denoted as S-CDs@PDA.
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The polarity of the solvent has a significant effect on 
the fluorescence of S-CDs@PDA. As shown in Fig. 1e 
and Fig. 1f, in low-polarity solvents such as petroleum 
ether, dichloromethane, ethyl acetate, and acetone, the 
fluorescence of S-CDs@PDA solution is redshifted from 
green to pink with the increase of solvent polarity. S-CDs 
fluoresce blue-purple in polar solvents such as ethanol, 
methanol, DMF, and dimethyl sulfoxide. The results show 
that S-CDs@PDA has different surface states in differ-
ent solvents, probably due to the change of surface states 
caused by the solvent dipole moment, resulting in unique 
solvent-dependent emission properties [74]. It is proved 
that S-CDs@PDA inherits the properties of S-CDs [57].

The size of PE MPs was characterized using SEM 
(Fig. 2a). As shown in Fig. 2b, the calculated average parti-
cle size was 6.88 µm. The fluorescence spectra of S-CDs@
PDA and PE MPs were characterized (Fig. 2c). Compared 
to the solid-state fluorescence emission wavelength of the 
original S-CDs@PDA, a broad peak in the 546–570 nm 
range was observed for the fluorescence peak of S-CDs@
PDA/PE after the addition of PE MPs, but no emission was 
observed in the blank PE MPs. The reason may be that the 
contact between S-CDs@PDA and PE passivates the sur-
face states of PE and reduces the density of surface states. 
Since PL is the result of carrier radiative recombination, 

which itself is generated by interband leaps of charge car-
riers, the contact between S-CDs@PDA and PE increases 
the possibility of radiative recombination via leaps, and thus 
a fluorescent signal appears [75]. Meanwhile, the quantum 
yield of S-CDs@PDA/PE was determined to be 4.16% at the 
optimal excitation wavelength of 365 nm. This indicates that 
PE MPs affect the surface state of S-CDs@PDA, causing the 
appearance of fluorescence. This demonstrated that PE MPs 
could be fluorescently labeled by S-CDs@PDA.

Therefore, PFM was used for quantitative detection of PE 
MPs. As shown in Fig. 2d and Fig. S3, with the increase of 
the filtration time, when the filtration time increased from 
1 to 7 min, the fluorescence area gradually increased. The 
fluorescence area tended to stabilize after 7 min of filtration. 
With the increase of heating time, the fluorescence intensity 
was enhanced until for 3 min (Fig. 2e and Fig. S4). There-
fore, the conditions of filtration time and heating time were 
determined to be 7 and 3 min, respectively.

The PFM’s linear function between the fluorescence 
area and PE powder quality (Fig. 3) was constructed by 
using ImageJ software. Figure 2f shows that the linear 
equation between the fluorescence area and PE mass was 
y = 3081x + 3686.05694 (R2 = 0.99269). Fluorescence analy-
sis is inevitably limited by its low spatial resolution. The 
MPs were dispersed on the filter paper by vacuum filtration, 

Fig. 1   a TEM image of S-CDs@PDA. b HRTEM image of S-CDs@
PDA. c FT-IR spectra of S-CDs, PDA, and S-CDs@PDA. d Full 
spectrum of XPS for S-CDs@PDA. e Fluorescence emission plots 
of S-CDs@PDA in different solvents petroleum ether (PE), dichlo-
romethane (DCM), ethyl acetate (EA), acetone (AC), ethanol (EtOH), 

methanol (MeOH), DMF, dimethylsulfoxide (DMSO), respectively, 
from left to right. f Fluorescence emission spectra of S-CDs@PDA 
dissolved in dichloromethane, ethyl acetate, dichloromethane, petro-
leum ether, and acetone
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which effectively reduced the influence of sample depth on 
fluorescence analysis.

When the filtration was finished, the fluorescence area 
of PFM and PE MPs mixture did not decrease significantly 
under the continuous irradiation of UV lamp (Fig. S5). 
After 120-min irradiation, the fluorescence area decreased 
to 94.02% of the initial value, indicating that the sensor 
had excellent anti-photobleaching ability (Fig. 2g). When 
the PFM was reused five times, the fluorescence area was 
decreased to 80% of that of the first use (Fig. 2h and Fig. S6). 
This result demonstrates that the PFM has good reusability, 
thus saving the cost of MP detection.

In order to compare the detection ability of S-CDs@PDA 
and S-CDs, the same pumping experiments were performed 
for SFM as for PFM, and a linear equation was constructed 

based on the fluorescence area and PE mass of SFM. The 
linear equation established based on the SFM extraction 
filter was y = 2852.07143x−3070.14286 with R2 = 0.99237 
compared to PFM (Fig. 2i). The fluorescence images of dif-
ferent amounts of PE MPs filtered by SFM are shown in Fig 
S7. From the linear curve, the slope of PFM is larger than 
that of SFM. It indicates that the staining efficiency of PE 
MPs by PDA@S-CDs is higher than that of S-CDs because 
of strong adhesion of PDA. Therefore, PFM can be used to 
detect PE MPs when the number of PE MPs is low. Mean-
while, the fluorescence images of filter cake after PFM 
and SFM filtration were compared. The fluorescence area 
and fluorescence intensity of PFM were higher than those 
of SFM. The signal enhancement of PFM may be attrib-
uted to hydrophobicity and adhesion of PDA.

Fig. 2   a SEM images of PE MPs. b Particle size distribution of PE 
MPs. c Fluorescence images of S-CDs@PDA- and S-CDs@PDA-
labeled PE MPs. d Relationship between filtering time and fluores-
cence area. e Relationship between heating time and fluorescence 
area. f Linear relationship between the mass of PE MPs (4–14 mg) 
and the fluorescence area of PFM. (The error bars represent the 

margin of error for the three sets of parallel experiments.) g Equal 
amount of fluorescence images of PE MPs filtered through PFM 
and irradiated under 365-nm UV lamp for different times (three sets 
of parallel experiments). h Fluorescence area versus the number of 
reuse. i Linear relationship between PE MP mass (4–14 mg) and fluo-
rescence area of SFM
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To characterize the surface morphology of PFM, SEM 
was conducted. SEM images of the blank membrane at 
different magnifications can be seen in Fig. 4a–d. It can 
be clearly observed that the surface of the membrane con-
sists of longitudinal and transverse fibers. And similar 
results can be observed in the SEM images of PFM, while 

S-CDs@PDA dispersed into agglomerates can be seen dis-
persed on the surface of the membrane and attached to the 
fibers in the high-magnification SEM images (Fig. 4e–h). 
Through vacuum filtration, the combination between 
PE MPs and S-CDs@PDA was achieved, followed with 
the appearance of fluorescence emission. As shown in 

Fig. 3   Fluorescence photographs of different amounts of PE MPs after filtration through PFM (Three sets of parallel experiments)

Fig. 4   a, b, c, d SEM images of blank membrane at different mag-
nifications. e, f, g, h SEM images of modified membrane at differ-
ent magnifications. i, j, k, l SEM images of modified membrane after 

addition of PE MPs filtration. (From left to right, the four magnifica-
tions are 500, 100, 50, and 10 μm.)
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Fig. 4i–l, the filter cake was further characterized by SEM 
under low and high magnification. In low-magnification 
image, PE MPs were found to be trapped by the filter 
membrane. Under high magnification, it was found that 
the contact between PE MPs and S-CDs@PDA.

To assess selectivity of PFM, a variety of MPs including 
PP, PVC, and PS were added for vacuum filtration (Fig. S8). 
PFM did not emit obvious fluorescence signals except PE 
MPs. The results demonstrated that S-CDs@PDA has excel-
lent selectivity on PE MPs in a short time without compli-
cated pretreatment. To investigate the specific recognition 
of PE MPs by PFM, PE, PP, PVC, and PS were incubated 
at 60 ℃ for different times of heating using S-CDs@PDA 
(Fig. S9). PE MPs emitted yellow fluorescence after incuba-
tion. Non-polar PP MPs showed weak fluorescence. As the 
polarity of the plastic increased, a red shift was observed 
in the PS and PVC moieties (Fig. S10). This is similar to 
the fluorescence of S-CDs@PDA solutions in highly polar 
solvents. Under heating conditions, the diffusion of S-CDs@
PDA into the polymer molecules was intensified due to the 
presence of interstitial spaces in the polymer molecules.

Nevertheless, by regulating the correlation between the 
incubation reaction time and the fluorescence intensity, a 
distinction could be discerned between these MPs. Upon 
mixing and heating S-CDs@PDA and PE MPs for 3 min, a 
weak yellow fluorescence was observed, whereas the other 
MPs exhibited minimal bright fluorescence. Furthermore, 
bright fluorescence was observed in other MPs following 
heating and incubation for 1 h. Therefore, it is possible to 
distinguish PE MPs and other MPs from each other based on 
the presence or absence of fluorescence within a relatively 
short period of time. As the reaction time increased, PE MPs 
emitted a stronger yellow fluorescence, while the intensity of 
the fluorescence emitted by the other MPs remained weak.

In addition, Figure S11 demonstrates the hydrophilic-
ity of S-CDs and S-CDs@PDA. The encapsulation of PDA 
resulted in enhanced hydrophobicity of the S-CDs, which 
enhanced the contact with the PE MPs.

In order to investigate the performance of PFM for the 
detection of PE MPs in real environmental water samples, the 
practicality of PFM for PE MP detection was evaluated using 
real environmental water samples in spiked recovery method. 
In order to exclude the influence of metal ions that may be 
contained in the actual water samples on the detection, inter-
ference experiments with Mn2+, Fe3+, Cu2+, and Al3+ were 
first performed on the PFM (Fig. S12). The concentration of 
the four metal ions was 1 μM. The results showed that the 
common metal ions do not affect the fluorescence detection 
of PFM. The recoveries of this sensing method in seawater 
and lake samples were ranged from 101.9 to 108% (Table 1 
and Fig. S13) and 104.8 to 112.1% (Table 2 and Fig. S14), 
respectively. These results suggest that the PFM can be used 
for the detection in real water samples.

The PFM fluorescence sensor was compared to other sen-
sors (Table S1). The PFM fluorescence sensor is notable for 
its simplicity of manufacture, its low cost, and its independ-
ence from large-scale experimental instruments. It is capable 
of specific detection of PE MPs in a short time, and can 
easily meet the detection needs in the actual environment.

Conclusion

S-CDs with special fluorescence response to PE were syn-
thesized by solvothermal method using nitropyrene as car-
bon source and dithiosalicylic acid as passivator. PDA was 
synthesized by autoxidation of dopamine in Tris–HCl buffer 
solution, and the PDA was encapsulated on the surface of 
S-CDs to form the composite S-CDs@PDA. The complex 
has good adhesion properties compared to S-CDs. Based on 
S-CDs@PDA and glass fiber filter membranes, we created a 
class of paper-based fluorescence sensors and constructed a 
paper-based fluorescence analysis method combining vac-
uum pumping filtration and ImageJ analysis for the quantita-
tive evaluation of PE MPs with small particle sizes. There 
was a significant linear relationship between fluorescence 
area and PE mass in the range of 4-14 mg.

This study is an investigation on detection of micron-
sized plastics in water samples. In addition to MPs dis-
persed in liquids, solid MP powders can also be detected 
with S-CDs@PDA. Fluorescence detection of MPs, 
especially paper-based fluorescent sensors, is a low-cost, 
easy-to-operate and more convenient detection method 
compared to other detection methods. Concurrently, the 
fluorescent sensor can be employed to facilitate real-
time on-site detection of PE MPs through visual inspec-
tion. In the future, although there has been progress in 

Table 1   Determination of MPs in Bohai Sea seawater samples

Added
PE (mg)

Found
PE (mg)

Recovery
(%, n = 3)

RSD
(%, n = 3)

8 8.15 ± 0.12 101.9% 0.8
10 10.8 ± 0.2 108% 1.6
12 12.5 ± 0.3 104% 2

Table 2   Determination of MPs in lake water samples from Hebei 
University of Technology

Added
PE (mg)

Found
PE (mg)

Recovery
(%, n = 3)

RSD
(%, n = 3)

8 8.48 ± 0.49 112.1% 0.2
10 10.71 ± 0.21 109.2% 0.7
12 12.14 ± 0.43 104.8% 1.3
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the detection and analysis of MPs, there is also a need to 
focus on the detection of nanoplastics (NPs), which have 
smaller particle sizes and are more difficult to detect than 
MPs. Both atomic force microscope (AFM)–based infrared 
spectroscopy and AFM-based Raman spectroscopy have 
higher spatial resolution and are promising methods for 
analyzing NPs [76]. In addition, the combination of nano-
materials and metal–organic frameworks (MOFs) with 
excellent adsorption capacity for the detection of NPs has 
great potential for development [77].
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