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We present a fast, eco-friendly method for detecting polyethylene
microplastics (<10 pm) in wastewater effluent using curcumin as a
natural fluorescent dye. Curcumin-stained particles exhibited
strong green fluorescence and electrophoretic capture in a micro-
fluidic device, demonstrating a sustainable alternative to synthetic
dyes for environmental microplastic detection.

The pervasiveness of microplastics (MPs) as emerging pollutants
in aquatic and terrestrial ecosystems has adverse effects on both
the environment and living organisms.' Due to their small size,
ranging from 1 pm to 5 mm, the detection and characterization of
MPs are challenging.” This complicates the studies to determine
their distribution, composition, and ecotoxicity. However, detec-
tion and quantification of MPs is crucial to assess their distribu-
tion within the different environmental matrices and the potential
hazards they pose within the ecosystem.* One of the most effective,
low-cost and fastest tools for the visual detection of MPs is by
fluorescent staining.! This is a promising technique to detect MPs
accumulated in terrestrial and aquatic invertebrates® and MPs
present in different environmental samples.® Fluorescent staining
is also useful for assessing the surface modifications on MPs
persistent in environmental matrices with time and their hydro-
dynamic studies.” The history of fluorescent staining of MPs and
the different types of fluorescent dyes used for the detection of
MPs so far and their characteristics are discussed in Fig. S1 and
Table S1, respectively. Among them, the most widely adopted
fluorescent dye has been Nile Red since 2010.%° However, Nile
Red is a lipophilic fluorescent dye that exhibits strong solvatochro-
mic behaviour, which shifts fluorescence emission from yellow to
red with the change in the polarity of the MPs.'® It also leaches out
easily from the surface of MPs, limiting tracking, and can cause
potential ecological risks to living organisms."" Therefore, there is
a need for natural dyes that can stain MPs efficiently and mitigate
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the risk of secondary pollution. In this context, curcumin can be an
effective fluorescent dye for MP detection in environmental sam-
ples. Moreover, fluorescent dyeing of MPs with curcumin pro-
motes an eco-friendly alternative for detection by preventing the
release of secondary harmful contaminants, which supports sus-
tainable development goals (SDGs) 6 & 14 of the United Nations.
Unlike many synthetic dyes used for MP staining that contain
carcinogens or endocrine disruptors that affect human health,
curcumin is an edible and biocompatible fluorescent dye. The use
of this dye benefits both the workers in the dyeing industry and
consumers (SDG 3). Being a plant-based fluorescent dye, curcumin
has a lower carbon footprint, helping combat climate change (SDG
13). A comparative summary of the key differences between Nile
Red and curcumin is provided in the SI (Table S2). Curcumin is a
yellow polyphenolic compound and the major ingredient in
turmeric (Curcuma longa L.). It has a wide spectrum of biological
and pharmacological properties, including antioxidant and antic-
arcinogenic properties, and is generally recognized as safe (GRAS)
by the Food and Drug Administration (FDA, USA) when used
as a food additive."> Curcumin was also used for delivery to cancer
cells by a nano formulation with a tri-component polymeric
composite.”? It generally exhibits a very weak solvatochromic effect
because its molecular structure does not readily facilitate signifi-
cant charge separation upon excitation.'* Thus, the polarity of the
molecule does not change drastically when transitioning to an
excited state, which is the key mechanism behind solvatochro-
mism. In addition, its intramolecular hydrogen bonding network
limits solvent interactions that hinder significant shifts in absorp-
tion spectra based on the polarity of the solvent." This in fact is
advantageous for MP detection as it interacts minimally with the
surrounding solvent environment and reduces background sig-
nals. Thereby, it enhances its specificity for labelling MPs by
improving contrast and making MPs more distinguishable during
the detection process. Curcumin has a high fluorescent quantum
yield and emits in the visible range, i.e. at 571 nm."'® This provides
brighter and more distinguishable images under the standard
fluorescence microscopy settings. This article thus explores the
potential of curcumin as an effective and eco-friendly approach for
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fluorescent staining of MPs. This novel staining approach can be
used for the quantification of MPs in different aqueous matrices
like freshwater, marine, wastewater (WW), soil and sediments.

Existing analytical techniques, such as micro-Fourier Trans-
form Infrared (1-FTIR) and p-Raman spectroscopy, as well as mass
spectrometric instruments, are expensive, and require high opera-
tional costs and extensive human labour.> Thermal techniques
such as differential scanning calorimetry (DSC) and pyrolysis-gas
chromatography-mass spectrometry (Py-GC-MS) are destructive in
nature.” These advanced techniques typically detect MPs down to
1 pm in size; however, matrix-assisted laser desorption/ionization-
time-of-flight mass spectrometry (MALDI-TOF) detected MPs in the
size range of 200-400 nm, but remains prohibitively expensive'”
(Table S3). Owing to this complexity, microfluidic devices are a
promising alternative for the low-cost, point-of-need (PoN) detec-
tion of MPs. Curcumin staining enables both the optical detection
of MPs and modification of their surface charge, inducing electro-
phoretic mobility that supports electrical detection. Leveraging
this property, we adapted a simple, low-cost microfluidic sensor
previously reported by Rezai et al. (2022)"® to test its feasibility for
the WW final effluent. MPs of size <1 pum can easily escape
primary and secondary treatment stages of WW treatment and
flow into freshwater sources through the final effluent.” Polyethy-
lene (PE), the most frequently detected MP in environmental
samples, was chosen as a representative material. PE particles
(200-9900 nm) were stained with curcumin, spiked into the Ww
effluent, and analyzed using the device. The weak solvatochromic
effect of curcumin minimizes interference from the aqueous
environment, thereby improving contrast and detectability. This
study serves as a proof-of-concept, presenting the first demonstra-
tion of curcumin-stained MPs detected in a microfluidic system
using both fluorescence and electrical techniques. This approach
reduces analysis time and reagent use compared to conventional
methods, providing a sustainable basis for future refinement and
broader application.

The microscopic analysis of PE MPs before and after
curcumin-staining is shown in Fig. 1. The virgin PE-A MPs
had a glassy-like appearance under a stereomicroscope, while
PE-B MPs appeared as transparent beads. After curcumin staining,
both PE-A and PE-B had a yellow stain on their surfaces after
treating them with curcumin for 24 hours. Curcumin-stained PE-A
MPs dispersed in Milli-Q and the PE-B MPs beads were used for
fluorescence microscopic analysis. Under blue light excitation
wavelength (467 nm), both MPs emitted green fluorescence and
confirmed successful staining of MPs with curcumin regardless of
their size range. Upon addition of the solvent methanol to the
curcumin-stained PE MPs, the yellow stain on the surface easily
dissolved into methanol, forming a yellow solution. The destained
PE-A MPs were observed to have the same glassy-like appearance
as the virgin PE-A MPs. Similarly, PE-B MPs had a transparent
bead-like appearance after the destaining process. This confirmed
that curcumin-stained PE MPs can be easily destained using
methanol. Methanol was selected for staining and destaining
because of its optimal polarity and superior curcuminoid extrac-
tion efficiency.” Further justification is provided in the SI
(Section I (B)).
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Fig. 1 Microscopic images of (a) and (e) virgin, (b) and (f) curcumin-
stained, (c) and (g) fluorescent microscopic images and (d) and (h)
destained PE-A and PE-B MPs. *PE-Polyethylene, MPs-microplastics.

This was further confirmed by the UV-Visible analysis of the
extracted curcumin from the stained MPs into methanol (Fig. S6).
The absorbance peak (A Of curcumin was intact at 420 nm
before and after staining, which proved that MPs can be easily
recovered after staining with curcumin (see the SI, Section II(C)).
The effect of concentration of curcumin in methanol on the
fluorescent staining is shown in Fig. S7 and Table S5.

As observed in Fig. 2, the FTIR analysis of curcumin in methanol
showed the characteristic peaks at 3334 cm™' and 2974 cm™*
corresponding to the stretching vibrations of aromatic -OH groups
and C-H bonds, respectively. The absorption bands at 1232 cm ™"
and 1038 em™"' matched C-O stretch of phenyl alkyl ether. In
addition, the absorption band at 658 cm ™" was out of phase C-O
stretch of the aromatic ring.?® The FTIR spectroscopy of both the
stained PE-A and PE-B MPs showed the characteristic bands of each
functional group in the structure of virgin PE MPs. The absorption
peak at 2916 cm™ ", a characteristic of CH, asymmetric stretching,
remained unaltered in the spectrum of the stained PE-A and PE-B
MPs. Similarly, the peak at 2848 cm™ ', attributable to CH, sym-
metric stretching, was consistent after staining. The bending vibra-
tions of CH, at 1473 cm™ ' and the rocking motions at 719 cm ™" also
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Fig. 2 FTIR analysis of PE-A and PE-B MPs before and after staining. *PE:
polyethylene; MPs: microplastics; Cur: curcumin.
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showed no discernible changes.” The stability of these peaks
suggested that the curcumin staining process did not induce any
chemical changes to PE MPs regardless of their size and electrostatic
interactions occurred between curcumin and PE MPs, which sup-
ported the destaining results.

Curcumin exhibited excellent fluorescence under slightly basic
conditions (pH 7 to 8) with excellent encapsulation efficiency.**
Curcumin does not carry a charge at pH 7 to 8, which favoured
PE-A MPs to retain their negative zeta potential. This further
supported the destaining process as confirmed by UV-vis and FTIR
analyses, where only electrostatic interactions were observed
between the curcumin stain and PE MPs. Thus, curcumin-
staining could give a strong fluorescence signal, which could assist
in easier identification of MPs in real environmental water
matrices, which have pH values ranging from 7 to 8. The pH
analysis of the samples is shown in Table S6.

The zeta potential values of the water samples, and virgin and
curcumin-stained PE-A MPs, are shown in Table S7. Only PE-A MPs
can be studied as the maximum particle size for zeta potential
measurements is 100 um. Both the virgin and curcumin-stained
PE-A MPs are negatively charged i.e. —38 &+ 4.35 mV and —25.6 +
4.02 mV in Milli-Q and i.e. —24 + 7.01 mV to —22.5 + 6.88 mV in
the WW final effluent, respectively. This showed the successful
adsorption of curcumin onto the surfaces of PE-A MPs. The layer of
curcumin adsorbed on the surface of the PE-A MPs decreased the
negative charge of their virgin form by 12 mV in Milli-Q and only by
1.5 mV in the WW final effluent. As observed in Table S7, the
conductivity of the Milli-Q spiked with virgin and curcumin-stained
PE-A MPs increased from 0.003 mS cm™' to 0.027 mS cm ™,
respectively. In contrast, the conductivity of the WW final effluent
decreased upon spiking with curcumin-stained PE-A MPs from
0.925 mS cm ! to 0.184 mS ecm ™, as Milli-Q water has very low
ionic content. The negative surface charge of the virgin PE-A MPs
was more pronounced because there were fewer counterions like
Na®, K', Fe*’, NH,", etc. to neutralize this negative charge.
Curcumin-staining directly reduced the surface charge, leading to
a noticeable drop in zeta potential, Z.e.12 mV. Conversely, the WW
final effluent contained various ions, dissolved salts and suspended
organic matter. These particles can potentially reduce the electrical
double layer around the PE-A MPs by masking the surface charge.
As a result, curcumin-staining has a much lower reduction in zeta
potential by 1.5 mV in the WW final effluent and is moderately
stable.”® Also, the reduced conductivity could enhance the electro-
phoretic mobility of MPs under an electric field. This is because a
lower ionic strength reduced the shielding effect on the electric
field, leading to more efficient movement of the MPs.

The microfluidic sensor developed by Rezai et al. in 2022'®
uses a DC electric field across two microwires inside a straight
microchannel (150 pm x 200 pum) to generate an electrophore-
tic force to detect 1-10 pm polystyrene (PS) MPs at 5, 25 and
100 ppm concentrations. Compared to other microfluidic plat-
forms, which often report detection limits in the range of
1-10 ppm, our sensor demonstrates improved sensitivity with
a sub-ppm detection limit (0.825 ppm).>* The study confirmed
that the resistivity decreased with higher MP concentrations
but showed limited sensitivity to 10 pm MPs compared to 1 and
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5 um-sized MPs. Therefore, this study extended the feasibility
of the microfluidic sensor for detecting MPs smaller than
10 pm. A positive correlation was observed between MP concen-
tration and the percentage reduction in normalized resistances
for 1 and 5 um MPs. Thus, in this study, we used the same
microfluidic sensor and chose 10 ppm concentration for the
detection of PE MPs of size 200-9900 nm (PE-A) at 10 ppm
concentration. This can give a balance between being detect-
able and a manageable level in laboratory setup and simulating
real-world scenarios. This concentration can be extrapolated to
predict MP behaviour across various environmental scenarios.

The curcumin-stained PE-A MPs spiked in Milli-Q and the
final effluent were run through the fabricated microfluidic
device to analyze the resistance change upon accumulation
around the anode. Fig. 3(A) shows the accumulation of
curcumin-stained PE-A MPs in Milli-Q, while Fig. 3(B) shows
accumulation in the WW final effluent at the anode of the
microfluidic device. The accumulation trend for MPs based on
size supported the previous findings on PS MPs."® A significant
resistance drop was observed with lower-sized MPs ie. 1 um
and 5 um. In this study, as the curcumin-stained MPs were
present in a broader size range (200-9900 nm), only smaller-
sized (~ <500 nm) MPs were captured at the anode and larger-
sized MPs escaped through the channel. This demonstrates
that the microfluidic device shows promising sensitivity for
detecting smaller MPs (<500 nm), which are unaddressed so
far, in environmental samples.

As observed in Table S8, the resistance dropped around 55%
from the base resistance when curcumin-stained PE-A MPs were
captured at the anode. However, with the WW final effluent, the
resistance increased when PE-A MPs were captured at the anode of
the microfluidic device. This increase was attributed to smaller
organic particles present within the final effluent adhering to the
copper electrodes. This reduced the effective conductive surface
area around the anode, which led to an increase in the overall
electrical resistance. Electrophoretic extraction of curcumin-
stained PE-A MPs in the WW final effluent resulted in a positive
normalized resistance (0.24 + 0.03), whereas in Milli-Q water, the
normalized resistance was negative (—0.55 £ 0.04), as shown in
Fig. 3(C). The effect of the water matrix on the change in resistance
was statistically significant as proved by Mann-Whitney U test with
p-value p < 0.0001. This strongly highlighted the feasibility of the
developed sensor in real-world scenarios such as the detection of
MPs in WW and freshwater, among others.

This elaborate study on the novel approach of MP staining
using an edible, biocompatible and biodegradable natural dye
“curcumin” was successful. In addition, it also serves as an eco-
friendly approach of MP staining by eliminating the production of
secondary pollutants. Microscopic examination proved that curcu-
min produced a yellow stain on the surface of polyethylene
microplastics, which produced green fluorescence under a fluores-
cence microscope (Fig. 3(b)). Curcumin potentially stained a wide
population of different-sized PE MPs from 200-9900 nm and 180-
212 um efficiently elevating its applicability in real-time applica-
tions. The stained MPs can be recovered by destaining using
methanol, proving that only electrostatic interactions exist between

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Accumulation of curcumin-stained PE-A MPs around the anode
after 10 minutes (A) in Milli-Q and (B) final effluent and (C) normalized
resistance at 10 ppm concentration. Error bars are SD. ****: p < 0.0001.
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the PE MPs and curcumin. This was further justified by Fourier
transform Infrared spectroscopic analysis where the characteristic
peaks of virgin PE MPs were retained after curcumin-staining.
Curcumin is neutral at pH 7 to 8, which favours staining of MPs in
WW and freshwaters. Thus, curcumin-staining proves to be an
excellent, novel and eco-friendly approach for fluorescence-based
detection of MPs that simultaneously promotes sustainable devel-
opment goals. The resistance measurements showed (Fig. 3(c)) a
positive normalized resistance of 0.24 + 0.03 in the WW final
effluent, while the normalized resistance of Milli-Q was at —0.55 +
0.04. Fluorescence microscopy showed the accumulation of the
smaller-sized PE-A MPs (<500 nm) from the wide size range used.
This strongly indicates the feasibility of the simple microfluidic
device that used a DC electric signal to detect the unaddressed size
range of MPs in environmental matrices. However, for real-world
applications, pretreating water samples before detection inside a
microfluidic sensor is essential. Chemical pretreatment can lead to
degradation of the microfluidic device with time. Thus, ultrasoni-
cation and filtration using a 10 um pore-sized filter prior to
running a water sample through the sensor can potentially remove
all the larger particles and prevent blockage of the microfluidic
channel. Incorporating a spectroscopic analytical technique can
distinguish among the different types of MPs being accumulated
at the anode. Thus, the sensor needs to be modified to make it
more sensitive and efficient towards different environmental
samples such as raw WW, seawater etc. Overall, this study
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establishes a proof-of-concept for curcumin staining as a promis-
ing ecofriendly strategy for the simultaneous optical and electrical
detection of MPs. Future research will focus on further optimizing
the workflow, extending its applicability to diverse environmental
samples, and advancing towards a robust MP detection system.
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