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ABSTRACT: The accumulation of micro/nanoplastics 

(MNPs) in ecosystems poses tremendous environmental risks 

for terrestrial and aquatic organisms. Designing rapid, field-de-

ployable, and sensitive devices for assessing the potential risks 

of MNPs pollution is critical. However, current techniques for 

MNPs detection have limited effectiveness. Here, we design a 

wireless portable device that allows rapid, sensitive, and on-site 

detection of MNPs, followed by remote data processing via ma-

chine learning algorithms for quantitative fluorescence imag-

ing. We utilized a supramolecular labeling strategy, employing 

luminescent metal-phenolic networks composed of zirconium 

ions, tannic acid, and rhodamine B, to efficiently label various 

sizes of MNPs (e.g., 50 nm – 10 μm). Results showed that our 

device can quantify MNPs as low as 330 microplastics and 

3.08×106 nanoplastics in less than 20 min. We demonstrated the 

applicability of the device to real-world samples through deter-

mination of MNPs released from plastic cups after hot water 

and flow induction, and nanoplastics in tap water. Moreover, 

the device is user-friendly and operative by untrained personnel 

to conduct data processing on APP remotely. The analytical 

platform integrating quantitative imaging, customized data pro-

cessing, decision tree model and low-cost analysis ($0.015 per 

assay) has great potential for high-throughput screening of 

MNPs in agrifood and environmental systems. 

Use of conventional plastics is abundant for many facets of 

contemporary life, including but not limited to applications for 

textiles, medical devices and food packaging materials.1–3 How-

ever, the extensive use of plastics has led to substantial contam-

ination of terrestrial and marine ecosystems. Of alarming con-

cern is the fact that large visible plastic residues in the agri-food 

and environmental systems can interact with various substances 

that result in degradation to microplastics (MPs, particle size 

from 1 μm to 5 mm) and nanoplastics (NPs, particle size less 

than 1 μm) as a result of mechanical sheer stress, exposure to  

heat and ultraviolet (UV) photooxidation or microbial degrada-

tion.4–6 These plastic fragments transport easily across food 

chains and water systems and pose health risks, including trig-

gering oxidative stress, inflammation, and elevating death risks 

from specific diseases.7–9 

Reliable detection of MNPs is critical for risk assessment 

analyses. Present-day methods for detecting and quantifying 

MNPs are suboptimal. Although imaging techniques, such as 

Transmission Electron Microscopy (TEM) and Confocal Laser 

Scanning Microscopy (CLSM) offer satisfactory visualization 

capability for MNPs, these techniques are lacking for quantita-

tive analysis.10–13 Alternative approaches, such as Particle 

Tracking Analysis (PTA) and Inductively Coupled Plasma–

Mass Spectrometry (ICP-MS) are effective to determine MNPs 

concentrations; nonetheless, these methods also have limita-

tions that include high cost of laboratory materials, time-con-

suming operations, and trained personnel to perform the anal-

yses.14–16 Additionally, the quantification of MNPs in diverse 

real-world plastic samples, including those derived from river , 

soil or released from commercial plastic packaging, presents 

considerable challenges. The rapidly advancing field of devel-

oping fluorescence-enabled portable microscopy presents a 

rapid and on-site imaging approach for specific analyte detec-

tion due to remarkable sensitivity and portability. Researchers 

have reported that fluorescence staining of microplastics is a 

promising method for fast recognition of plastic particles. For 

instance, Leonard et al.17 developed a smartphone enabled de-

vice based on detecting microplastics utilizing Nile Red stain-

ing. However, this approach requires a 24-hour waiting period 

to mitigate unwanted background signal interference and also 

lacks the capability to identify nanoplastics specifically.18 

Moreover, Nile Red pH instability poses a further challenge to 

ensure assay accuracy, especially when analyzing environmen-

tal samples having diverse pH levels.18  

In order to achieve rapid and accurate MNPs detection using 

a fluorescence-enabled method, a robust labeling method is 

needed. Metal phenolic networks (MPNs) are a class of 
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naturally derived low-toxic and stimulus-responsive metal–or-

ganic networks constructed from metal ions and phenolic lig-

ands.19–21 MPNs capture a variety of particle types (e.g., or-

ganic, inorganic, and biological entities) through the coordina-

tion between metal ions and phenolic ligands. Recently, MPNs 

have been integrated with organic dyes through π interactions 

that create various luminescent metal phenolic networks (L-

MPNs) by a rapid and versatile coating process (< 5 min).22 The 

outcome has demonstrated outstanding effectiveness in labeling 

diverse particles by producing ultra-thin coatings with tailored 

luminescence and exhibited stable fluorescence properties in 

various conditions (e.g., different pH environments, cell cytosol 

matrices).22 Therefore, the utilization of L-MPNs as a labeling 

strategy provides great potential to enable fast and precise flu-

orescence detection of MNPs.  

The use of portable devices for fluorescence detection of 

MNPs is an important consideration for convenient and on-site 

deployable detection. However, portable devices previously de-

signed often necessitated specific smartphone models for inte-

gration, thus limiting factors such scalability, portability, and 

compatibility with other mobile pad or laptop devices. It is cru-

cial to develop an analytical system that achieves both on-site 

and remote detection of plastic particles, considering the poten-

tial presence of plastic particles in inaccessible areas. Finally, it 

is equally important to create a user-friendly device that allows 

effective operation by untrained personnel and supports local or 

remote data processing for fast fluorescence imaging analysis.  

This work describes our design of a wireless portable device 

that enables rapid, sensitive and on-site/remote detection of 

MNPs. We employed L-MPNs for labeling and concentrating 

MNPs, followed by detection and customized image processing 

via machine learning algorithms in a mobile device that sup-

ports quantitative fluorescence imaging analysis. This device 

described herein, offers a quick MNPs detection (< 20 min) 

with compatible data transmission with various mobile devices, 

such as smartphones, pads, and laptops through WIFI connec-

tion. The result is wireless communication and remote data pro-

cessing up to a distance of 10 meters from mobile devices to the 

portable device. The user-friendly design of the device allows 

untrained personnel to process data effectively (Scheme 1). In 

this study, we selected tannic acid (TA), zirconium cation 

(Zr4+), and rhodamine B (RhB) as model reagents to prepare L-

MPNs. We utilized polystyrene (PS) particles of various sizes 

(10 μm, 1 μm, 500 nm, and 50 nm) to represent a wide range of 

plastic particle sizes found in known environmental situations. 

Our goal was to demonstrate high-performance of our assay, 

particularly in overcoming the challenges in visualizing plastic 

particles smaller than 10 μm, using traditional optical micros-

copy along with known difficulties related to nanoplastic detec-

tion. The TA/Zr4+ molar ratio was optimized for L-MPNs and 

the formation of MNPs labeled by L-MPNs (L-MPNs@MNPs) 

was validated by confocal fluorescence imaging. To demon-

strate the feasibility of our device for on-site detection of real-

world samples, we used the device to evaluate MNPs released 

from different commercial plastic cups after hot water and flow 

induction, and nanoplastics samples in tap water. 

Scheme 1. Key attributes of the portable device for micro/nano-

plastics detection. The microscope functions as a rapid, on-site de-

tection apparatus for MNPs, with a detection time of less than 20 

min. It offers compatibility with various mobile devices (e.g., 

smartphones, pads and laptops), enabling remote connections up to 

a distance of ~10 meters. A smartphone is presented as an example 

of a mobile device that can remotely process data acquired from the 

microscope efficiently, allowing for quantitively fluorescence im-

aging of MNPs. Data processing is user-friendly and can be exe-

cuted by untrained personnel. Images in the Scheme are generated 

by Midjourney. 

 

EXPERIMENTAL SECTION 

Materials. Polystyrene micro-plastics and nano-plastics with 

four sizes (10 μm, 1 μm, 500 nm and 50 nm) were purchased 

from Phosphorex (Massachusetts, USA). Tannic acid (ACS re-

agent ≥99%), Rhodamine B (ACS reagent ≥99%), and zirconyl 

chloride octahydrate (ZrOCl2·8H2O, 98%) were purchased 

from VWR (Alberta, Canada). Commercial drinking cups con-

sisting of polystyrene (PS), polypropylene (PP), polylactic acid 

(PLA) and polyethylene terephthalate (PET) were purchased 

from Amazon. A digital microscope was purchased from 

SKYBASIC (Houston, USA). Emission filter (550 nm, FWHM 

33 nm, D25 mm) was purchased from Bock Optronics (To-

ronto, Canada) and Excitation filter (591.5 nm, FWHM 43 nm, 

D 12.5 mm) was purchased from Edmund Optics (Barrington, 

USA). A green LED Light was purchased from RaySoar (Jiax-

ing, China). Cellulose nitrate membrane filters were purchased 

from Fisher Scientific (Waltham, USA). Double distilled (DD) 

and tap water was obtained in Food, Nutrition and Health build-

ing at the University of British Columbia, and it was used 

throughout the experiment. 

Preparation and Characterization of L-MPNs@MNPs. 

PS micro/nanospheres with various particle sizes (10 μm, 1 μm, 

500 nm, and 50 nm) were diluted to obtain desired quantity con-

centration ranges. The standard procedure for preparing L-

MPNs@MNPs was outlined below. 20 μL of TA (0.017 mM), 

20 μL of RhB (0.5 mM), and 20 μL of ZrOCl2·8H2O (10 mM) 

were added into 940 μL of the aqueous MNPs suspension. The 

mixture was then vortexed for 60 s and was centrifuged at 7500 

rpm for 10 min using a mini centrifuge (VWR, Alberta, Can-

ada). After that, the supernatant was carefully removed and 100 

μL of DD water was added to the original centrifuge tube. This 

was followed by transferring to a new centrifuge and was then 

vortexed for 60 s. Control group (L-MPNs solution) without 

adding MNPs was prepared using the same procedure as above. 

All experiments were repeated in triplicate. The characteriza-

tion of L-MPNs was conducted by Dynamic Light Scattering 

(DLS) analysis, Zeta potential, fluorescence, Confocal Laser 

Scanning Microscopy (CLSM) and Electrophoretic Deposition 

(EPD)-Interferometric Scattering (iSCAT) measurements 

(Method S1). 
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Detection of MNPs by the Portable Device. L-MPNs label-

ing strategy was optimized prior to device operation (Method 

S2). 1 μL of the sample solution was deposited onto a square 

sample cell on gridded nitrocellulose membranes and allowed 

to evaporate naturally for 1 min. The prepared nitrocellulose 

substrates were then placed into the sample chamber of the port-

able device. Upon establishing the connection from a mobile 

device to the microscope via a WIFI hotspot, raw images (720 

× 1280 pixels) were captured using the MAX-SEE software 

(Shenzhen Joyhonest Technology Co., Ltd) and analyzed utiliz-

ing a custom MATLAB code (Method S3) executed on the mo-

bile device. Quantitative analysis of MNPs was detailed in 

Method S4. 

Detection of MNPs in Real-world Scenarios. Three real-

world scenarios were simulated to demonstrate the capability of 

the portable device for nanoplastics detection. Firstly, hot wa-

ter-induced plastic release was studied by evaluating the MNPs 

released from six commercially available plastic cups consist-

ing of PS, PP, PLA and PET. Prior to analysis, each cup was 

thoroughly washed with DD water to remove any potential con-

taminants that may have accumulated during the manufactur-

ing, storage, transport, or unstacking process. 50 mL of heated 

DD water (100 °C) was then added to each plastic cup and al-

lowed to cool down naturally for 30 min at room temperature. 

The PLA cup, which shrinks when exposed to hot water, was 

submerged in a beaker filled with 50 mL of boiling DD water 

(100 °C) followed by the same procedure as other cups. Sec-

ondly, flow-induced plastic release was conducted by measur-

ing the MNPs release from PS cups pieces. A PS cup (7.27 g) 

was cut into pieces approximately 1 cm × 1 cm in size. These 

pieces were then immersed in 250 mL of DD water and sub-

jected to stirring at 300 rpm for 24 h at room temperature. 

Thirdly, to simulate the presence of MNPs in a real environ-

mental setting, 50 nm PS nanoplastics (1.10 × 1010 mL-1) were 

spiked into tap water. After that, each plastic sample was ana-

lyzed by the portable device, fluorescence spectroscopy and 

DLS measurement. All experiments were repeated in triplicate. 

RESULTS AND DISCUSSION 

Labeling Mechanism of Micro/nanoplastics with L-

MPNs. To accurately detect MNPs, we tested a mechanism of 

labeling MNPs with L-MPNs. The L-MPNs labeling strategy 

could be applied to plastic particles using a simple self-assem-

bly process (Figure 1a).23 The formation of L-MPNs altered the 

zeta potential of the plastic particles from -15.41 ± 0.42 to -

20.16 ± 0.37 mV for 10 μm microplastics (p < 0.0005) and  -

15.63 ± 0.45 to -17.52 ± 0.73 mV for 50 nm nanoplastics (p < 

0.05), respectively, due to deprotonation of TA,22 (Figure 1b). 

When we used fluorescence to characterize RhB binding with 

10 μm of microplastics (Figure 1c) and 50 nm of nanoplastics 

(Figure 1f), the results showed that relatively low fluorescence 

intensity occurred when MNPs were labeled with RhB, 

TA/RhB, and RhB/Zr4+ in comparison to L-MPNs (p < 

0.00001). This outcome demonstrates the important role of co-

ordination networks of L-MPNs for more efficient fluorescence 

labeling.22 Comprehensive discussion for labeling mechanism 

can be found in Note S1. The Confocal Laser Scanning Micros-

copy (CLSM) images provided evidence of successful labeling 

of RhB onto the microplastics (Figure 1d) and nanoplastics 

(Figure 1g) through MPNs. Furthermore, Differential Interfer-

ence Contrast (DIC) images clearly demonstrated the presence 

of a thin layer of L-MPNs on the surface of the microplastics 

(Figure 1e). In addition, cross-sectional CLSM images 

presented a stereoscopic representation of the impact of the L-

MPNs on the MPs labeling (Figure S2), demonstrating a uni-

form labeling process. It was noteworthy that the NPs labeled 

by L-MPNs (L-MPNs@NPs) exhibited large clusters (Figure 

1g and 1h), which supports a previous hypothesis that L-MPNs 

can facilitate the separation and concentrate nanoplastics via ag-

gregation following traditional centrifugation.  

 

Figure 1. Labeling mechanism of L-MPNs for micro/nanoplastics. 

(a) Schematics of formation of L-MPNs@MNPs via self-assembly. 

(b) Changes in zeta potentials after formation of L-MPNs@MNPs. 

Effects of components from L-MPNs on formation of (c) L-

MPNs@MPs and (f) L-MPNs@NPs illustrated via changes in flu-

orescence intensities, as determined by fluorescence spectroscopy. 

CLSM (d) and DIC (e) images of L-MPNs@MPs. CLSM (g) and 

DIC (h) images of L-MPNs@NPs. RhB/Zr4+@NPs and L-

MPNs@NPs solutions were diluted tenfold for the measurement of 

fluorescence intensity. (i) A frame extracted from particle tracking 

video recorded during iSCAT measurement, depicting nanoplastics 

in supernatant of L-MPNs@NPs solution after centrifugation. The 

upper left quadrant shows frame information (200 frames per sec-

ond) and the particles are tracked within the designated region of 

interest (white box, 10.6 µm × 10.6 µm). (j) A plot delineating the 

variation in number of landings (blue line) and voltage status (pink 

line) over time during iSCAT measurement. 10 μm of MPs (8.78 × 

105 mL-1) and 50 nm of NPs (1.37 × 1013 mL-1) were chosen as 

plastic particle representatives for all measurements except during 

iSCAT evaluations where 50 nm NPs were taken at a concentration 

of 1.37 × 10¹¹ mL⁻¹. Data are represented as mean ± standard devi-

ation (SD) of three technical replicates. *p < 0.05, **p < 0.0005, 

***p < 0.00001 by two-tailed t test. 

The efficiency of the separation process facilitated by the L-

MPNs labeling method were measured a customized Electro-

phoretic Deposition (EPD)-Interferometric Scattering (iSCAT) 
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Microscope24. The particle tracking result from 50 nm PS NPs 

(0.227 nM) in the supernatant of L-MPNs@NPs solutions fol-

lowing centrifugation was shown in Figure 1i and the landing 

number over time was depicted in Figure 1j. The analysis and 

calculation of separation efficiency were detailed in Note S2. 

Consequently, the concentration of the sample supernatant was 

determined to be 6.22 ± 0.53 pM, culminating in a separation 

efficiency of 97.26 ± 0.23%. This performance is comparable 

to conventional coagulation/flocculation separation techniques 

for PS nanoplastics, which demonstrate a separation efficiency 

of 94.1%25. 

Design of Wireless Portable Device with Customized Data 

Processing. Concentrated L-MPNs@MNPs were used as target 

analytes to be detected by a wireless portable device with rapid 

and sensitive capabilities for on-site/remote quantification of 

MNPs. The device combined a mobile device, a digital micro-

scope fitted with an emission filter, a green flashlight equipped 

with an excitation filter, a nitrocellulose membrane as sample 

substrates, a sample chamber, and a 3D-printed housing (Figure 

2a). The actual appearance and compact size (approximately 11 

cm* 9 cm*15 cm) of the device is presented in Figure 2b. Pro-

totypes of the sample chamber and the 3D-printed housing are 

displayed in a disassembly view (Figure 2c) and a perspective 

view (Figure 2d). The rationale for the components selection 

was described in Note S3. The device provides remote detection 

capabilities within a range of approximately 10 meters (Figure 

2a) and a sufficient field of view (FOV) with an effective pixel 

size of approximately 5.35 μm/pixel (Figure 2e). More details 

of the calculation supporting information are presented in Note 

S4 and Figure S3. The scale bar in each fluorescence image was 

presented as 500 μm according to the pixel count of approxi-

mately 93.46. 

The entire process of image acquisition and analysis was stream-

lined using MAX-SEE software and a custom machine learning 

code in MATLAB executed on the smartphone mobile device. The 

image acquisition by the portable device is given in Video S1. As 

we moved the sample chamber, fluorescent signals (orange circle) 

consistently appeared on the smartphone screen, indicating the 

presence of MNPs. Remarkably, the sample chamber had the ca-

pacity to accommodate dozens of samples, and the device allowed 

for rapid image acquisition (less than 5 seconds per sample). This 

demonstrated the potential for high throughput detection. The prin-

cipal goal of the imaging analysis was to translate the fluorescent 

signal from raw images into pixel areas and established the rela-

tionship between pixel area and known quantities of MNPs with 

varying sizes nanoparticles (e.g., 10 μm, 1 μm, 500 nm and 50 nm) 

for obtaining pre-training dataset for quantitative analysis of 

MNPs. The imaging process consists of several steps (Figure 2f): 

(1) extraction and demosaicing of the red channel of each RGB im-

age to produce a grayscale image; (2) application of a threshold 

intensity of +25 to eliminate background noise and subsequent im-

age binarization; (3) determination of the MNPs quantities, based 

on the known relationship between MNPs quantities and pixel ar-

eas. The determination of threshold intensity was previously dis-

cussed into assay optimization section. The output results are 

shown in Figure 2f and Figure S4 which included: (i) a positive or 

negative signal indicating if MNPs are present (Note that the value 

below the LOD is considered negative in this study); (ii) quantity 

concentration of plastic particles assuming a specific particle size 

(10 μm, 1 μm, 500 nm and 50 nm); and (iii) notification of dilution 

is required (If the quantity concentration is higher than the upper 

Limit of Quantification (LOQ), a dilution request is shown (Figure 

S4a)).  

 

Figure 2. (a) Schematic presentation of the wireless portable device 

highlighting the illumination and image acquisition components. (b) 

Actual appearance of the device. Depiction of the 3D-printed box 

prototype: (c) view with disassembly, (d) view with assembly and 

perspective. (e) Raw image (1280 × 720 pixels) of a gridded nitro-

cellulose membrane captured using the device under white light. 

The scale bar 500 μm was determined based on a known pixel 

length (628 pixels) and known side length (3.36 mm) of a gridded 

square unit, resulting in a resolution of 5.35 μm/pixel. (f) Image 

processing steps and output results of fluorescence image in the de-

vice. 50 nm of nano-plastics (1.10 × 1011 mL-1) labeled by L-MPNs 

(TA, 0.34 μM, RhB, 0.01 mM, Zr4+, 0.20 mM) are chosen as the 

exemplary sample.  

Assay Optimization for Reliable Detection. The optimiza-

tion of the device and the assay used to minimize interference 

is important to achieve reliable and accurate detection of MPNs. 

In this study, we focused on optimizing TA/Zr4+ molar ratio in 

the self-assembled L-MPNs, because this ratio could influence 

the quantity of unwanted precipitates (L-MPNs alone without 

labeled onto MNPs), potentially causing excessive background 

noise when examined by the device. Additionally, this ratio 

could also influence the binding affinity of RhB to MPNs, thus 

impacting the resultant fluorescence signals.26,27  

To optimize the TA/Zr4+ molar ratio, we evaluated the fluo-

rescence performance of precipitated L-MPNs using traditional 

fluorescence spectroscopy (Figure S5) and fluorescence micro-

scopic images via the designed portable device (Figure 3a). The 

final concentration of Zr4+ in all sample solutions was kept con-

stant at 0.20 mM, a value identified to be appropriate from pre-

vious studies.28 As demonstrated in Figure S5a, the precipitate 

of L-MPNs did not exhibit substantial visual changes initially 

but gradually diminished as the TA/Zr4+ molar ratio decreased 

from 1:30 to 0:1 after centrifugation. At high TA/Zr4+ molar 
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ratios ranging from 3:1 to 1:1, the precipitate formed large ag-

gregates that could incorporate significant amounts of RhB. 

This result produced low fluorescence intensity (Figure S5b), 

possibly attributed to aggregation-induced fluorescence 

quenching.29 Conversely, this phenomenon was found to be less 

pronounced as the TA/Zr4+ molar ratio was reduced from 1:1 to 

1:30; leading to an increase in the fluorescence intensity. Fur-

ther reduction of the TA/Zr4+ molar ratio (from 1:30 to 0:1) led 

to a reduction of the L-MPNs precipitate, as evidenced by a 

change in fluorescence intensity from 33211 ± 734 to 649 ± 31 

(Figure S5b). This indicated that the amount of TA has an im-

portant role in producing the fluorescence intensity of precipi-

tated L- MPNs.30,31  

 
Figure 3. Assay optimization for L-MPNs using the designed port-

able device. Zr4+ concentration was selected as 0.20 mM. (a) Mi-

croscopic fluorescence images obtained from the portable device 

depicting L-MPNs precipitates with varied TA/Zr4+ molar ratios 

ranging from 1:60 to 0.1. All raw images are cropped to 600 × 600 

pixels in regions exhibiting fluorescent signals and scale bar is 500 

um. (b) Frequency distribution of red pixel color intensities for L-

MPNs precipitates at a TA/Zr4+ molar ratio of 1:600. (c) Pixel area 

signals derived from fluorescence microscopic images of L-MPNs 

precipitates at TA/Zr4+ molar ratios from 1:60 to 0.1. Data are rep-

resented as mean ± SD of three technical replicates in Figure c. 

Optimal TA/Zr4+ molar ratios are required since it would be ex-

pected that a high ratio could produce high background noise cor-

responding high pixel area values, whereas small ratios could 

weaken the binding of RhB to MPNs for labeling of plastic parti-

cles. We determined an optimal TA/Zr4+ molar ratio using systemic 

analysis of fluorescence microscopic images. A molar ratio lower 

than 1:600 produced no orange color in microscopic images (Figure 

3a), but when standardized to 1:600, the frequency of red pixel in-

tensities was increased at low red pixel intensities (< +5), and a 

maximal red pixel intensity of +25 (Figure 3b). To remove possible 

interference deriving from L-MPNs that remained uncapped onto 

MNPs, a threshold intensity of +25 was used to effectively elimi-

nate background noise. Settimg this threshold showed no detecta-

ble pixel area signals at TA/Zr4+ molar ratio of lower than 1:600 

(Figure 3c). A TA/Zr4+ molar ratio of 1:600 was the optimal ratio 

used along with threshold intensity of +25 to deduct background in 

the microscopic image.  

Quantification of MNPs. Following optimization of the as-

say, the relationship between pixel area signals and MNPs 

concentrations for quantitative analysis was established. This 

relationship was critical to assure an accurate analysis of MNPs. 

We determined the upper and lower limit of quantification 

(LOQ) of MNPs using the portable device and formed a pre-

training dataset for detecting unknown plastic samples. 

The LOQ of MNPs was based on the quantity number of plas-

tic particles, rather than sample concentration since MNPs were 

detected after centrifugation, and the sample volume before 

centrifugation may vary and thus influenced the concentration 

of separated MNPs. Microscopic images of various quantities 

of plastic particles with different sizes of 50 nm, 10 μm, 1 μm, 

500 nm are shown in Figure S6–S9, respectively.  Increasing 

MNPs produced two distinct phases in change of pixel area: a 

linear ascending phase (Phase 1) and a plateau phase (Phase 2) 

(Figure 4a–4d).  Measured pixel area was linearly correlated (R 

> 0.95) with sample MNPs content, for both micro- and nano-

sized plastic particles (Figure 4e–4h), demonstrating feasibility 

for the portable device to perform quantitative analysis. The 

LOQ of the portable device was determined at both upper and 

lower boundaries of Phase 1 using an iterative algorithm, 

whereby the mean and deviation were calculated to assess 

whether a higher quantity of plastic particles fell within a linear 

ascending phase (Method S5). Exceeding the upper LOQ, typi-

cally indicates that an increase in aggregation of MNPs oc-

curred which lead to inaccurate results.17 For example, the de-

gree of aggregation of L-MPNs@NPs (50 nm) increased as the 

NPs quantity increased (Figure S10). When the NPs quantity 

exceeded an upper LOQ (Figure S10a–S10b), numerous large 

aggregates with size over 5 μm were observed, resulting in a 

saturated fluorescent signal in all NPs sample regions on nitro-

cellulose substrates (Figure S9). This in effect resulted in inac-

curacy to quantity of NPs. The lower LOQ was established by 

progressively reducing the quantities of MNPs until minimal 

fluorescent signals were detectable. As shown in Figure S6–S9, 

respectively, negligible fluorescence signals occurred for 

MNPs when the quantities were less than 330 for 10 μm MPs; 

2.1 × 105 for 1 μm MPs; 3.08×106 for 500 nm NPs; 2.58 × 108 

for 50 nm NPs, respectively. Additionally, the pixel area corre-

sponding to MNPs quantities below the lower LOQ showed val-

ues greatly beneath the pixel area signals of LOQ (< 150) (Fig-

ure S11a–S11d). Such ultralow signals cannot be recognized as 

plastic signals, confirming that the LOD of this assay was equal 

to the lower LOQ. This phenomenon aligned with reported 

smartphones-enabled fluorescence techniques.22,25,45 Moreover, 

the comparison of the portable device with fluorescence spec-

troscopy revealed a superior reliability and sensitivity of the de-

vice for MNPs quantification (Note S5). 

Analysis of MNPs in Real-world Scenarios. To further 

demonstrate the feasibility of using our device for analysis of 

plastic contaminations in real-world environmental settings, we 

detected plastics in three real-world scenarios: 1) Hot water-in-

duced release of plastics from commercial drinking cups; 2) 

Flow-induced release of plastics in environmental water sys-

tem; 3) Spiked plastics in tap water (50 nm PS, 1.10 × 1011 mL-

1) (Figure 5a). Figure S13a–S13b show that the fluorescence in-

tensity of plastic samples corresponded to the pixel area ob-

tained by the portable device, ensuring accurate fluorescence 

detection. Due to the fact that the released plastic samples may 

contain a wide size range of plastic particles,32 the selection of  

an appropriate linear curve was critical for the precise quantifi-

cation of MNPs. To determine the suitable linear curve used for 
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Figure 4. Comparison of the portable device with fluorescence spectroscopy for MNPs quantification. Relationship between pixel area 

detected by the portable device and MNPs quantities with particle sizes of 10 μm (a), 1 μm (b), 500 nm (c) and 50 nm (d). Linear relationship 

of pixel area as a function of MNPs quantities with particle sizes of 10 μm (e), 1 μm (f), 500 nm (g) and 50 nm (h) determined by the portable 

device (p < 0.000001 by ANOVA analysis for all groups). The tested quantity concentration ranges are 17553 – 4.39 × 106 mL-1 for 10 μm 

MPs, 2.23 × 106 – 1.12 × 109 mL-1 for 1 μm MPs, 1.64 ×107 – 8.19 × 109 mL-1 for 500 nm NPs and 2.74 × 109 – 1.37 × 1013 mL-1 for 50 nm 

NPs. Data are represented as mean ± SD of three technical replicates.

accurate quantification, we used Dynamic Light Scattering 

(DLS) techniques to analyze the particle size distribution of re-

leased MNPs in hot water and flow induction (Figure S14). The 

released MNPs showed a relatively homogeneous particle size 

distribution between 300 nm and 900 nm. This result was con-

sistent with other studies where the plastic particles released 

from common single-use consumer plastic products under hot 

water and flow induction were concentrated in a nanometer size 

range.14,33 We quantified five PS samples using the established 

linear curve as shown in Figure 4. According to our DLS results, 

the fitting standard curve for 1 µm particles was applied to PS1, 

while the curve for 500 nm particles was utilized for PS2, PS3 

and PS4. This was attributed to the fact that PS1, PS2, PS3 and 

PS4 particles exhibited the strongest particle size peaks at 879 

nm, 636 nm, 391 nm and 424 nm, respectively. As for nano-

plastics spiked in tap water (PS5), 50 nm particles fitting curve 

was applied. To further refine MNPs quantity analysis, , a com-

prehensive decision tree model was established for analyzing 

MNPs across diverse samples from agri-food or environmental 

systems (Note S6 and Figure 5c).

 

Figure 5. Assessment of plastic release from six types of commercial cups made from PS, PP, PLA, and PET. (a) Diagram showing plastic 

detection in three real-world scenarios and corresponding fluorescence microscopic images of the plastic particles obtained using the portable 

device. All raw images are cropped to 600 × 600 pixels in regions exhibiting fluorescent signals. Error bar is 500 µm. (b) Assay results for 

PS plastic particles in three scenarios by the portable device. (c) Decision Tree Model illustrating the detection and quantification process 

for plastic particles from unknown samples. Scenario 1 is hot water-induced release of plastics from following commercial drinking cups: 

PS1, Polystyrene opaque cups; PS2, Polystyrene foam cups; PS3, Polystyrene clear cups; PP, Polypropylene cups; PLA, Polylactic acid 
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cups; and PET, Polyethylene terephthalate cups. Scenario 2 is flow-induced release of plastics in environmental water systems (PS4, plastic 

pieces from polystyrene clear cups). Scenario 3 is spiked nanoplastics in tap water (PS5, 50 nm PS, 1.10 × 1010 mL-1). Data are represented 

as mean ± SD of three technical replicates in bar charts. 

Using this protocol, we showed that five PS samples gave pos-

itive signals and pixel areas that were within the linear curve 

range, and concentration of particles was determined in Figure 

5b. Results from PS1-PS3 were consistent with other studies 

that reported plastic packaging could release hundred-million 

levels of plastic fragments in hot water.14 PS4 is used to simu-

late the MNPs release from plastic products when in lakes or 

oceans under natural currents. After 24 h of flow induction, re-

leased nanoplastics were measured and the nanoplastic concen-

tration also reached hundreds-millions levels with a plastic-to-

DD water exposure ratio of 29.1 mg/mL. Nanoplastics spiked 

in tap water showed a good recovery ratio of 86.51 ± 3.4 % by 

comparing the determined and original concentrations. These 

results showcase the strong applicability of the device for prac-

tical environmental applications in pure real-world scenarios. 

To highlight the merits of our assay, we conducted a compar-

ative assessment of our portable device for nano-plastic analysis 

against recently established methods, considering factors such 

as nano-plastic types, pretreatment, LOD, and detection time 

(Note S7 and Table S2). Our device to quantify plastic particles 

has distinct advantages that include the following features: (1) 

the deployment of a highly-efficient labeling strategy utilizing 

L-MPNs to enable rapid detection of micro/nanoplastics; (2) the 

development of a multi-compatible portable device with wire-

less communication capabilities, allowing on-site and remote 

detection; (3) the requirement for minimal sample pretreatment, 

low sample volume (1 μL), and low-cost sample analysis (ap-

proximately $0.015/sample, Table S2);  (4) user-friendly data 

processing. While our approach currently applies only to puri-

fied plastic samples, it holds the potential for broader applica-

tion in real-world, complex systems, provided that these sys-

tems undergo effective separation and purification processes. 

Our platform can be extended to detect various particle analytes 

without inherent fluorescence through simple L-MPNs supra-

molecular labeling strategy, an innovation that will pave the 

way toward for high-throughput and rapid assay in diverse agri-

food or environmental systems. 

CONCLUSIONS 

In summary, a novel wireless portable device was devel-

oped for rapid, sensitive and on-site quantification of diverse 

sizes (10 μm, 1 μm, 500 nm, and 50 nm) of MNPs. L-MPNs 

constructed from zirconium ions, tannic acid, and rhodamine B 

were employed to functionalize MNPs for fluorescence labeling 

and MNPs separation. The formation of L-MPNs@MNPs was 

confirmed by fluorescence spectrometer, zeta potential meas-

urements, CLSM, and DIC imaging. The effective quantifica-

tion of MPNs was achieved by customized fluorescence image 

processing on a mobile device app with machine learning algo-

rithms. A customized Decision Tree Model embedded in the 

app was designed for decision-making and rapid quantitative 

analysis of MNPs. We demonstrated that the device allowed the 

detection of plastic numbers as low as 330 for 10 μm MPs, 2.1 

× 105 for 1 μm MPs, 3.08 ×106 for 500 nm NPs and 2.58 × 108 

for 50 nm NP. The analysis of MNPs released from six com-

mercially available cups composed of PS, PP, PLA, and PET 

were also validated using the device. This analytical platform 

exhibited rapid detection (approximately 20 minutes), wireless 

data communication, remote data processing, high-efficient 

data management, low cost for device and assay, and high sen-

sitivity comparable to previously established methods. This ap-

proach has the potential to serve as a preliminary assessment 

tool for early detection of MNPs in real-world samples, facili-

tating the accurate assessment of potential risks MNPs pose to 

both terrestrial and aquatic organisms and ultimately contrib-

uting to the safety and sustainability of ecosystems. 
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