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Abstract  27 

Micro- and nanoplastics (MNP) pose an emerging threat to soil ecosystems, with 28 

particular concern for small MNP (≤10 µm). Although small fluorescent MNP are 29 

widely used to track MNP distribution and transport in aquatic environments and 30 

organisms, analyses of small fluorescent MNP in soil remain qualitative. Here, we 31 

present the first direct quantification approach for MNP ≤ 2 μm in soil using 32 

fluorescence microscopy, with recoveries calculated from fluorescence area ratios 33 

between MNP in filtered soil suspensions and pure water. Direct detection yielded rapid 34 

and reliable quantification with recovery rates (49.1–53.1%) comparable to magnetic 35 

separation (60.4–61.7%) and about 7 times higher than conventional separation (6.8–36 

7.5%). We established a robust calibration line (R² = 0.988) converting fluorescence 37 

area ratios to MP concentrations across a wide range (0.01–1000 mg/kg) in loamy sand, 38 

with systematic underestimation corrected through linear calibration. Under more 39 

realistic conditions (MP mixed with larger amounts of soil and incubated for 15 d), 40 

quantification yielded an average symmetric mean absolute percentage error ranging 41 

from 15% to 39%. The calibration curve was applicable across diverse soil types (R2= 42 

0.979-0.998) and MNP sizes down to 500 nm (R2=0.961). This direct detection method 43 

provides a highly efficient, robust tool to advance mechanistic understanding of MNP 44 

behaviour and environmental hazards in soils. 45 

Keywords: Microplastic and nanoplastic detection, fluorescent labelling, magnetic 46 

extraction, soil.  47 

Synopsis  48 

This study provides a methodology for quantitative direct detection (i.e. without 49 

extraction) of small fluorescent micro- and nanoplastics (MNP) across different soil 50 

types and MNP sizes (0.5-2 µm).51 
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1. Introduction  54 

Ubiquitously distributed plastic debris has emerged as a critical global pollutant, 55 

with particular concern regarding small-sized micro- and nanoplastics (MNP,≤10 56 

µm).[1-3] Small-sized MNP are likely to remain a major intermediate form for extended 57 

periods due to continuous ageing and fragmentation, as MNP smaller than 1 mm are 58 

the most frequently detected size fraction in agricultural soils. [4-6] While research has 59 

mainly focused on aquatic systems, studies on MNP in soil started comparatively late 60 

and remain in their early stages [7, 8], even though most MNP are found in terrestrial 61 

ecosystems [9]. Small-sized MNP can be readily ingested by soil organisms, transferred 62 

through food chains, and penetrate biological barriers (e.g., cell membranes), ultimately 63 

threatening both ecosystem integrity and human health.[10, 11] For example, MNP≤2 64 

µm in soil can be actively ingested and transported by nematodes,[12, 13] and MNP≤65 

2 µm have been observed in plant roots and can be translocated to the aboveground 66 

part.[14-16] Small-sized MNP, with their extensive specific surface area and adsorption 67 

capacity, can serve as vectors for the transport of hazardous pollutants.[17, 18] 68 

Therefore, environmental concerns about MNP increase with decreasing MNP size, but 69 

the environmental behaviour of small-sized MNP remains poorly understood due to the 70 

lack of reliable methods for extraction, identification and quantification.[19] 71 

Conventional MNP extraction (typically consisting of organic matter removal and 72 

density separation) is ineffective in separating small-sized MNP from soil due to the 73 

strong interactions between MNP and soil particles (particularly clay and organic 74 

matter).[20] E.g.  Li et al. (2024) reported a 29% recovery rate for 10 μm PS MP in soil 75 

using density separation.[21]  Identification of such small MNP extracted from soil is 76 

limited by the detection thresholds of Fourier-transform infrared (FTIR) spectroscopy 77 

(10 µm) and Raman spectroscopy (1 µm). In addition, spectroscopic identification is 78 

hindered by the fact that MP separation from soil is only partially effective, often 79 

resulting in weak spectral signals and poorly defined characteristic features.[22] 80 

Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy 81 
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(SEM-EDS) provides visual insights into the shape, size, and elemental composition of 82 

MNP, but is unrealistic for their quantification.[23] Alternatively, pyrolysis gas 83 

chromatography-mass spectrometry (py-GC/MS) in theory offers the possibility for 84 

direct detection of MP, but even there separation of MP from the soil matrix is needed 85 

for efficient detection.[21] Nanoparticle tracking analysis (NTA) allows quantification 86 

of MNP with a detection limit of 100 nm in relatively simple suspensions, but it 87 

struggles with chemical identification and is therefore difficult to apply to soils. [24] 88 

As a result, practical methods for accurately quantifying unlabelled MP in soils are 89 

limited to particles > 10 μm, leaving the environmentally most relevant fraction 90 

undetected. Monitoring dynamics of small MNP in soils therefore necessarily requires 91 

the labelling of these particles. 92 

Labelling MNP with fluorescent dyes is an efficient, low-cost approach for tracking 93 

small-sized MNP and is mainly applied in aquatic environments and biota.[1, 25-30] 94 

Instruments used for imaging and manual or semi-automatic counting of fluorescent 95 

MNP include fluorescence microscopy and confocal laser scanning microscopy, NTA, 96 

and flow cytometry (FCM), amongst others.[29] The application of small-sized 97 

fluorescent MNP has remained very limited in sediments and soils.[29, 30] Only four 98 

studies used fluorescent MNP <10 μm in sediment, gravel and artificial soil, and only 99 

three in real soil, none of which reported quantification of the MNP (Table S1). Soil 100 

autofluorescence and physical encapsulation and adsorption of fluorescent MNP 101 

interfere with detection by increasing background signals and attenuating fluorescence 102 

intensity, highlighting the need for effective separation. However, again, conventional 103 

density-based separations are inadequate for isolating MNP smaller than 10 µm.  104 

To circumvent the challenges of MNP separation from soil, magnetic separation 105 

may serve as an alternative to density separation to reduce background interference 106 

from soil. A recently developed magnetic extraction method, based on the attachment 107 

of magnetic nanoparticles to the MP surface followed by magnetic separation, achieved 108 

a recovery rate of 93% for 4 μm particles in sandy soil.[20] Nevertheless, the co-109 
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labelling of soil particles during magnetic labelling of MP introduces challenges 110 

regarding the applicability of magnetic separation to smaller fluorescent MNP and 111 

further validation across diverse soil types is needed. An alternative that bypasses 112 

separation entirely is the direct detection of fluorescently labelled MNP in soil.[31] 113 

Here, direct detection is defined as the quantification of fluorescently labelled MNP in 114 

soil without any prior separation, based on fluorescence signals obtained directly from 115 

the sample. Sinha Ray et al. (2025) directly detected large polyethylene (PE) particles 116 

(425–500 μm) and PLA (250–300 μm) in loamy soil using a calibration relation 117 

between number or area of fluorescent particles and their concentration, achieving 118 

recoveries of 88 ± 35% (PE) and 82 ± 8% (PLA).[31] However, they further found that 119 

the spiked recovery decreased with decreasing MP particle size to  84 ± 3% for PE and 120 

72 ± 16% for PLA in the 125–150 μm fraction,[31] likely because smaller MNP are 121 

more readily obscured or encapsulated by soil particles. These results indicate that the 122 

performance of direct detection is size-dependent, and its applicability to MNP ≤ 10 123 

µm warrants further investigation. 124 

Herein, building on our recent work, we set out to quantify small fluorescent MNP 125 

(≤2 μm) in soil, using two detection strategies.  We first tested the recovery rates of 2 126 

μm fluorescent MP in loamy sand soil by 3 methods, namely conventional separation 127 

(density separation + organic matter removal), magnetic separation, and direct detection 128 

(no separation). Recovery was quantified based on MP fluorescence area ratios in soil 129 

relative to those in pure water controls. We then optimised the direct detection by 130 

comparing different data acquisition protocols to establish a reliable MP calibration 131 

curve, enabling the conversion of fluorescence area ratios into MP concentrations 132 

across a wide concentration range (0.01–1000 mg/kg).  Direct detection was then used 133 

to quantify MNP for a range of soil types and MNP sizes. This study shows direct 134 

detection to be a highly efficient and robust method for quantifying fluorescent MNP 135 

≤2 μm in soil with potential broad applicability for studying MNP distribution, 136 

transport, and environmental fate.137 
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2. Materials and methods 138 

2.1. Materials 139 

Green-fluorescent PS MP spheres with a diameter of 1.99±0.03 μm (PS-140 

FluoGreen-W36), 1.09±0.03 μm (PS-FluoGreen-Fi330-1), 0.563±0.01 μm (PS-141 

FluoGreen-Fi297) with an excitation wavelength of 502 nm and an emission 142 

wavelength of 518 nm, were purchased from Microparticles GmbH (Berlin, Germany) 143 

as a suspension with 2.5% w/w MNP concentration. Iron (III) chloride hexahydrate 144 

(FeCl3 ⋅ 6H2O) (Lot# 087K0204) and iron (II) chloride (FeCl2) (Lot# MKCB2626V), 145 

purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany), were used for 146 

magnetic nanoparticles synthesis for magnetic separation, according to our previous 147 

research (synthesis steps in Text S1). A nickel-plated neodymium magnet (model Q-148 

51-51-25-N, manufactured by Webcraft GmbH, Germany) with a magnetic force of 100 149 

kg at zero working distance was used for magnetic extraction. Whatman™ membranes 150 

(diameter 25 mm, mixed cellulose ester) with pore sizes of 0.45 μm and 0.2 μm were 151 

purchased from Sigma-Aldrich Chemie GmbH (Germany). Five soils with contrasting 152 

textures (sand, loamy sand, loam, silt loam, and clay loam) were collected in East 153 

Flanders, Belgium (Table 1). The fresh soil was air-dried and sieved through a 2 mm 154 

mesh screen to remove stones and roots.   155 
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Table 1 156 

Basic properties of the soils used in this research. 157 

Soil 

type 
Sand  % Silt % Clay % Location Coordinate Depth 

Soil 

organic 

carbon %  

pH-

KCl 

Sand 89.5 7.4 3.2 

Beernem, 

East 

Flanders, 

Belgium,  

51°06'41.2"N 

3°19'03.1"E 
0 – 15 cm 0.56  4.24 

Loamy 

sand  
79.7 17.4 3.0 

Kruisem,

 East 

Flanders, 

Belgium

  

50°55′48.5″N 

3°33′06.7″E 
0 – 15 cm 0.9  5.11  

Loam  48.6 43.6 7.7 

Oosterzele, 

East 

Flanders, 

Belgium

  

50°57′39.6″N 

3°45′59.3″E 
0 – 15 cm 1.11 6.16  

Silt 

loam 1 
17.8 67.5 14.8 

Oosterzele, 

East 

Flanders, 

Belgium 

50°55′17.1″N 

3°45′01.4″E 
0–30 1.62 6.37 

Silt 

loam 2 
36.2 52.8 11.0 

Oosterzele, 

East 

Flanders, 

Belgium 

50°55′10.6″N 

3°45′09.1″E 
30–50 cm 0.56 6.70 

Silt 

loam 3 
12.9 76.3 10.8 

Oosterzele, 

East 

Flanders, 

Belgium

  

50°55′17.1″N 

3°45′01.7″E 
0 – 15 cm 1.54  6.00  

Clay 

loam 
34.0 31.0 35.0 

Bottelare, 

East 

Flanders, 

Belgium

  

50°39′29.4″N 

3°46′05.3″E 
40–60 cm 0.16 5.91 

 158 

2.2. Experiment I: Method comparison 159 

The optimal quantification of fluorescent MNP (≤2 μm) in soil was investigated 160 

through 3 methods, as summarised in Table 2. For each method, two MP concentrations, 161 

namely 10 and 100 mg/kg, corresponding to 2.27×109 and 2.27×1010 items of 2 µm MP 162 

per kg soil, respectively, were used, each in three replicates (n=3). To achieve these 163 

concentrations, 40 μL and 400 μL of a 2.5 × 10⁻⁵ (w/w) MP suspension were separately 164 

added to 0.1 g of air-dried soil and mixed manually. 165 

2.2.1. Density separation (Figure 1a) and magnetic separation (Figure 1b)  166 

The density separation procedure was carried out according to a conventional MP 167 

detection method (detailed steps in Text S2).[18] The magnetic extraction was done 168 
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according to our previous study with some modifications.[20] Briefly, MP were heated 169 

to near their glass transition temperature (Tg) in a suspension containing Fe₃O₄ 170 

nanoparticles, allowing the nanoparticles to adhere to the MP surface, which were then 171 

fixed upon cooling, allowing extraction by a magnet (see [20] for details). To avoid 172 

alterations to the magnetic nanoparticle properties at high temperatures, we modified 173 

the original procedure by first heating MP to near their Tg and then adding the magnetic 174 

nanoparticles. Furthermore, the extraction was repeated two more times (3 extraction 175 

steps as compared to a single extraction in the original procedure) because loamy sand 176 

resulted in high soil co-labelling (detailed steps in Text S3).  177 

2.2.2. Direct detection/no extraction (Figure 1c) 178 

In the direct detection method, MNP in a very thin soil layer are directly detected 179 

using fluorescence microscopy. Soil layers with relatively low surface roughness 180 

facilitate accurate focusing during fluorescence microscopy, maximising particle 181 

recovery. The fluorescence ratio of the MP visible at or near the soil surface is expected 182 

to correlate with MP concentration in the entire soil volume. To obtain a homogenous 183 

MP distribution in the soil suspension, the mixtures of MP and soil were dispersed by 184 

addition of 10 mL of pure water (soil-to-water ratio of 1:100), followed by 185 

ultrasonication for 5 min (Bandelin Sonorex Super 10P DK 255 P Ultrasonic Bath, 100% 186 

power, 20°C) and manual shaking. Then, a 0.5 mL aliquot (thus containing 5 µg of soil) 187 

was taken and filtered through a 0.45 μm filter paper. The filtration procedure was 188 

preceded by the addition of 2 mL of ultrapure water to the filter funnel, followed by 0.5 189 

mL of the test suspension and another 2 mL of ultrapure water to promote particle 190 

dispersion, after which the vacuum pump was activated. After air-drying, the filter 191 

paper was flattened and fixed with a coverslip for fluorescence microscopy analysis. 192 

Assuming an average soil particle density of 2.65 g/cm³, the calculated thickness of a 193 

hypothetical continuous “soil layer” of this mass (5 µg) with 20% of pore space would 194 

be around 10µm. However, the microtopography of such “soil layer” will differ greatly 195 

depending mainly on soil texture. For e.g. the loamy sand soil, it will be mostly 196 
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discontinuous with “large” isolated sand particles (50-2000 µm, greatly exceeding the 197 

average 10 µm thickness) interspaced with uncovered areas of the filter, resulting in a 198 

very pronounced microtopography (as discussed in section 4.3.1). Yet also for this 199 

loamy sand [32], the focal plane in which most 2 μm MP settle was observed to be 200 

variable yet sufficiently thin to reduce the likelihood of MP being embedded in or 201 

obscured by soil particles.  202 

2.2.3. MP detection and quantification 203 

For all 3 MP separation/detection methods, the MP recovery rates were calculated 204 

as the ratio of the fluorescence area ratio of MP extracted from soil, or directly detected 205 

in soil, to that of pure MP (without soil) at the same MP addition rate. To this end, an 206 

amount of MP corresponding to 10 and 100 mg/kg was dispersed in 10 mL of ultrapure 207 

water using ultrasonication for 5 min (three replicates, n=3). A 0.5 mL aliquot was then 208 

taken and filtered through a 0.45 μm filter paper for fluorescent area detection. The 209 

precision of the different methods was evaluated by calculating the relative standard 210 

deviation (RSD) of the MP recovery rates.  211 

The MP could be identified and photographed (at ×20 objective lens) on the filter 212 

paper using a fluorescence microscope (Nikon Eclipse Ti2-Widefield, Total Internal 213 

Reflection Fluorescence microscopy). To ensure consistency in fluorescence images, 214 

the imaging settings of the fluorescence microscope were standardised, with the laser 215 

power at the excitation wavelength set to level 3 and the exposure time fixed at 35 ms. 216 

The focus was then fine-tuned to capture MP fluorescence in the clearest, smallest 217 

possible area with the highest intensity. A total of 50 images (accounting for 15.92% of 218 

the filter area) were randomly photographed. All captured images were processed semi-219 

automatically using ImageJ macro and batch processing (version 1.54g) to calculate the 220 

fluorescence area ratio of each image, with the colour thresholding in ImageJ set from 221 

229 to 255. For each filter, the fluorescence area ratio per image was represented as 222 

boxplots using SPSS to identify outliers. Outliers were removed only if they resulted 223 

from incorrect recognition caused by background interference in ImageJ. 224 
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2.3. Experiment II: Optimisation of the direct detection  225 

2.3.1. Establishing calibration curve  (Table 2, IIA) 226 

To establish a robust calibration curve, the data acquisition procedure was first 227 

optimised by assessing the effect of the number of replicate samples (1, 2, and 3), the 228 

number of subsamples per replicate (1, 2, and 3), and the number of images per filter 229 

(10, 20, 30, 40, and 50) on the Pearson correlation coefficient (r) of the calibration curve 230 

using a resampling approach (detailed description in Text S4 and Figure S1). Based on 231 

a combination of simplicity and accuracy, the optimum procedure selected was to use 232 

a single sample with a single subsample per concentration, and this procedure was then 233 

used consistently for establishing the calibration curves. Briefly, eleven concentrations 234 

of 2 µm MP (0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 mg/kg) were 235 

individually mixed with 0.1 g of loamy sand. For each concentration, 30 images per 236 

filter were acquired. If fewer than two fluorescent particles were detected within these 237 

30 images, the number of images was increased to 150 to improve detection accuracy 238 

at low MP concentrations. The mean fluorescence area ratio per image was calculated, 239 

and MP concentrations were converted to percentages to obtain dimensionless values.  240 

A linear relationship between the base-10 logarithms of fluorescence area ratio and MP 241 

concentration was established to construct the calibration curve. 242 

2.3.2. Extension of the calibration-based quantification (Table 2, IIB) 243 

The mixing of a very small amount of soil with MP, immediately followed by direct 244 

detection of the MP in the mixture represents simplified conditions. Therefore, more 245 

realistic conditions were imposed by using larger amounts of soil and an incubation of 246 

the soil+MP mixture prior to direct detection. Fluorescent MP (2 μm) were mixed with 247 

5 g of loamy sand at concentrations of 1 and 100 mg/kg, respectively, in three replicates. 248 

The soil moisture content was adjusted to 17.07% (WFPS 55%), and the soil+MP 249 

mixtures were incubated at a constant temperature of 20°C for 15 d. After incubation, 250 

the soil was air-dried, soil aggregates were gently crushed using a stainless steel spatula, 251 

the soil was thoroughly mixed, and transferred into 20 mL glass vials. The soil was 252 
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further homogenised by shaking at 300 rpm for 30 min, and a 0.1 g replicate sample 253 

was taken for direct detection following the methodology described in section 2.2.2. 254 

Further experiments were conducted to evaluate whether increasing the number of 255 

replicate samples and the soil-to-water ratio could improve analytical accuracy 256 

(schematic illustration in Figure S2). To evaluate the calibration-based quantification 257 

calibration curve, mean absolute error (MAE), root mean square error (RMSE), and the 258 

average symmetric mean absolute percentage error (SMAPE) were calculated (details 259 

provided in Text S5). 260 
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2.4. Experiment III: Direct MNP detection in various soil types and different MNP 261 

sizes 262 

2.4.1. Various soil types (Table 2, IIIA and B) 263 

The direct detection method was further applied in seven soils with varying texture: 264 

sand, loamy sand, loam, three silt loams (further denoted as silt loam1, 2 and 3), and 265 

clay loam, with calibration curves established following the methodology described in 266 

section 2.3.1.  267 

For two of these soils (silt loam 1 and clay loam) MP quantification using larger 268 

amounts of soil and pre-incubation as described in section 2.3.2 was also performed.  269 

2.4.2. Various MNP sizes (Table 2, IIIC) 270 

 Fluorescent MNP of 500 nm and 1 μm were individually mixed with 0.1 g of 271 

loamy sand at 11 concentrations (0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 272 

mg/kg). The calibration curve was then established following the methodology 273 

described in section 2.3.1. For the detection of 500 nm NP, a smaller 0.2 μm filter was 274 

used instead of 0.45 μm. Due to the smaller particle size, the fluorescence microscope 275 

was configured with a ×60 objective lens, an exposure time of 100 ms, and an excitation 276 

laser intensity of 10. Imaging of fluorescent NP was performed promptly (within ~5 s) 277 

to minimise photobleaching.278 
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Table 2  279 

The objectives, experimental factors considered, levels of the experimental factors of the spiking experiments, and the optimal parameters 280 

Experiments/O

bjectives 
Factors Treatments/Levels MP concentrations 

MNP 

size 

Replicate 

samples 
Subsamples 

Image 

number 
Soil types 

Manuscript 

section 

I： 

Method 

comparison 

Extraction or 

direct detection 

Density separation, 

magnetic separation, 

and direct detection 

10 and 100 mg/kg 2 μm 3 1 50 Loamy sand 
2.2 

 

II: Optimisation 

of direct 

detection 

IIA:  

Calibration    

Sample, subsample, and 

image numbers  

0.01, 0.05, 0.1, 0.5, 1, 5, 

10, 50, 100, 500, and 

1000 mg/kg 

2 μm 1  1  

30 or 150 

at low 

concentra

tion 

Loamy sand 
2.3.1 

 

IIB: 

Larger amount of 

soil + 15 d pre-

incubation  

Sample numbers and 

different soil-to-water 

ratios 

1 and 100 mg/kg 2 μm 3 or 9  1 30 Loamy sand 2.3.2 

III: 

Application of 

direct detection 

 

IIIA: Calibration 

curve across 

various soil types 

Soil types 

0.01, 0.05, 0.1, 0.5, 1, 5, 

10, 50, 100, 500, and 

1000 mg/kg 

2 μm 1 1 30 

Sand, loamy 

sand, loam, 

silt loam 1, 

silt loam 2, 

silt loam 3, 

and clay 

loam. 

2.4.1 

IIIB: 

Larger amount of 

soil + 15 d pre-

incubation 

Soil types 1 and 100 mg/kg 2 μm 3 1 30 

Silt loam 1 

and clay 

loam. 

2.4.1 

IIIC: 

Calibration curve 

across various 

MNP sizes 

MNP size 

 

0.01, 0.05, 0.1, 0.5, 1, 5, 

10, 50, 100, 500, and 

1000 mg/kg 

1 μm and 

500 nm 
1 1 30 Loamy sand 2.4.2 
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 281 

Figure 1. Schematic diagram of density separation, magnetic separation, and direct detection of MP in loamy sand soil. 282 
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3. Results  283 

3.1. Separation or no separation  284 

Direct detection achieved recoveries of 49.1 ± 9.3% at 100 mg/kg and 53.1 ± 10.9% 285 

at 10 mg/kg, which were comparable to those obtained by magnetic separation (60.4 ± 286 

5.0% and 61.7 ± 3.2%), and 6.5–7.8 times higher than those achieved by conventional 287 

separation (7.5 ± 2.3% and 6.8 ± 0.8%) (Figure 2). Although magnetic separation 288 

showed slightly better precision (RSD: 8.3% at 100 mg/kg and 5.1% at 10 mg/kg) than 289 

direct detection (RSD: 18.8% at 100 mg/kg and 20.5% at 10 mg/kg), both methods 290 

demonstrated acceptable reproducibility. Notably, direct detection was by far the most 291 

time-efficient approach, requiring only ~7 min of preparation per 0.1 g soil sample (5 292 

min for soil dispersion and 2 min for filtration), whereas magnetic separation required 293 

nearly 9 h and conventional separation required 15 h.  294 

 295 

 296 

Figure  2.  The recovery rate of density separation, magnetic separation, and direct 297 

detection. Treatments without shared letters indicate a significant difference (p-value < 298 

0.05), tested by One-way ANOVA. 299 
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3.2. Optimisation of the direct detection 300 

3.2.1. Data acquisition protocols used for the calibration curve  301 

The calibration curve showed a strong linear relationship between the log₁₀-302 

transformed fluorescence area and MP concentration (R² = 0.988, Figure 3a), with slight 303 

deviations observed at low concentrations (<1 mg/kg). No significant decrease in r was 304 

observed when subsamples (a 0.5 mL aliquot was taken from the total 10 mL soil 305 

suspension) were reduced from 3 to 1 (Table S3). Increasing the number of replicate 306 

samples (0.1 g soil spiked with MP) and images per filter both slightly increased the r 307 

value and LDC. For 11 MP concentrations, one replicate sample subsampled only once 308 

was prepared, and 30 images per filter were initially acquired. This dataset was 309 

sufficient to establish a strong positive correlation at 0.05 mg/kg LDC, with an average 310 

r value of 0.995 ± 0.003 across 25 sampling iterations (Table S2). However, for a low 311 

MP concentration range, the number of analysed images for filter paper samples affects 312 

the LDC. Therefore, if fewer than two fluorescent particles were detected among the 313 

initial 30 images, the number of captured images was increased to 150 to enable LDC 314 

down to 0.01 mg/kg.  315 

3.2.2. Extension of the calibration-based quantification  316 

For the larger amount of soil combined with pre-incubation, a single replicate 317 

sample from each of the three incubation replicates yielded relatively low SMAPE 318 

values of 28% at 100 mg/kg and 17% at 1 mg/kg MP (Figure 3h and Table S4). 319 

Increasing the number of replicate samples per incubation replicate did not significantly 320 

increase the accuracy. Increasing the soil-to-water ratio to 10:1 reduced detection 321 

accuracy. In addition, with the same samples and soil-to-water ratios, the SMAPE 322 

values at 1 mg/kg were consistently lower than those at 100 mg/kg (Table S4). 323 

3.3. Application of direct detection in varying soil types and MNP sizes. 324 

3.3.1. Varying soil types 325 

Strong linear correlations between fluorescence area ratios and MP concentrations 326 

were observed in all soils, with R² ranging from 0.979 in silt loam 1 to 0.998 in sand 327 
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(Figure 3a–g). The largest deviations from the regression line were observed in all three 328 

silt loam soils, most notably at concentrations below 1 mg/kg. The R² values of the 329 

calibration curves showed a statistically significant negative correlation only with soil 330 

pH (r = –0.761, p < 0.05) (Table S5). In addition, there was a marginally significant 331 

negative correlation between R² values and silt content (r = –0.717, p = 0.07). Soil pH, 332 

fluorescence area ratio, silt content, and sand content also displayed significant pairwise 333 

correlations.   334 

Despite yielding the lowest R² among all soil types, the calibration curve in silt 335 

loam 1 still provided acceptable MP detection accuracy, with SMAPE values of 4% at 336 

100 mg/kg and 38% at 1 mg/kg. Clay loam soil exhibited elevated SMAPE values of 337 

96% at 100 mg/kg and 71% at 1 mg/kg, despite yielding a relatively high R² (Figure 338 

3h).  339 

3.3.2. Calibration curves for different MNP sizes 340 

A strong linear relationship was observed between the fluorescence area ratio and 341 

the concentration of 1 μm MP (R² = 0.989, Figure 4a), whereas this relationship was 342 

slightly weaker for 500 nm NP (R² = 0.961, Figure 4b). Images at 500 and 1000 mg/kg 343 

NP were excluded because overlapping fluorescence and excessive signal intensity 344 

impeded accurate focusing. Notably, fluorescence photobleaching was significant 345 

during NP detection, with the fluorescence intensity at the same imaging spot 346 

decreasing substantially within 10 min of continuous observation (Figure S3). To 347 

minimise photobleaching, fluorescent NP imaging was performed rapidly 348 

(approximately 5 s) and avoiding repeated imaging of the same region.349 
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 350 

Figure 3. Linear correlation of fluorescence area ratio versus MP concentration across soil types (a–g); Evaluation of the calibration-based 351 

quantification for loamy sand, silt loam 1, and clay loam during a 15-day incubation (h). Error bars indicate standard deviation. Treatments without 352 

shared letters indicate a significant difference (p-value < 0.05), tested by One-way ANOVA.  353 
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 354 

 355 

Figure 4. Linear correlation between fluorescence area ratio and MP concentrations in various MNP sizes. 356 
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4. Discussion 357 

4.1. Performance of direct detection versus separation methods 358 

Quantifying small MNP in soil remains challenging because of the inefficient 359 

extraction and detection, and using fluorescent MNP has been shown to provide a 360 

promising alternative for mechanistic studies.[29] We systematically compared 361 

conventional separation (combination of organic matter removal and density 362 

separation), magnetic separation, and direct detection, in terms of recovery, precision, 363 

efficiency, and applicability for the quantification of fluorescent MNP in soil (Table 4). 364 

The very low recovery rate of conventional separation (6.8–7.5%) confirms that current 365 

conventional separation methods cannot be used for quantification of small MNP. 366 

About 50% of the MP remained undetected with direct detection, which can be 367 

explained by (i) the uneven soil surface (on the microscale) on the filter leading to focal-368 

plane mismatch and fluorescence blurring; (ii) the shielding of MNP by soil particles; 369 

[31] (iii) MNP aggregation and MNP particle overlap during filtration. The RSD of 370 

direct detection (18.8–20.5%, which can be considered low for MP of this size class) 371 

partly results from the intrinsic self-aggregation of MP, leading to non-uniform spiking 372 

among replicates.[20, 33, 34] Despite measures being taken to minimise non-uniform 373 

spiking, including freshly preparing MP suspensions directly before use, applying 374 

ultrasonic dispersion, and using glass containers to reduce interactions between MP and 375 

container walls, the RSD for 100 mg/kg MNP in ultrapure water was still 11.5%. In 376 

addition, MP are not uniformly distributed on the filter paper, so random image 377 

selection inevitably introduces additional variability. In contrast, magnetic separation 378 

eliminates most coarse minerals and part of the organic matter, improving particle 379 

dispersion and thereby enhancing accuracy and precision.[20] Overall, direct detection 380 

shows great potential for MNP quantification, with systematic underestimation 381 

inherently accounted for in the calibration as discussed in section 4.2. 382 

Importantly, the main advantage of direct detection lies in its substantially higher 383 

efficiency and broader applicability compared with separation-based methods (Table 384 
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3). Sample preparation for direct detection of fluorescent MNP requires only 385 

approximately 7 min, i.e. two orders of magnitude faster than separation-based methods. 386 

Direct detection is based on the inherent fluorescence of covalently labelled MP, 387 

avoiding the co-labelling challenges of the magnetic separation, leading to high 388 

efficiency and broad applicability across soil types and MNP size, as verified in section 389 

3.3. Direct detection is thus the method to be recommended for quantifying fluorescent 390 

MNP in soil. 391 

 392 

Table 3  393 

Comparison of advantages and disadvantages of direct microscopy detection and 394 

separation-based detection for quantification of fluorescent MNP < 2 μm in soil. 395 

Aspects of comparison Direct detection Magnetic separation Density separation 

Accuracy 

(Recovery rate) 
High (49.1–53.1%) High (60.4–61.7%) Low (6.8–7.5%) 

Precision 

(RSD) 

Relatively high 

(18.8–20.5%) 

High 

(5.1–8.3%) 

Relatively high 

(1.8–30.7%) 

Sample preparation time ~7 min ~9 h ~15 h 

Co-labelling interference None High None 

Applicable to a variety of soil 

types 
High 

Need further 

validation 
Low 

NP detection Yes 
Need further 

validation 
No 

Applicable to various plastic 

types and shapes 
High potential 

Need further 

validation 
Yes 

Recovery rate and the relative standard deviation (RSD) data obtained from the quantification of 2 μm 396 

MP in loamy sand. 397 

 398 

4.2. Optimization of the direct detection 399 

4.2.1. Data acquisition protocols for calibration curve 400 

Following a comparison of datasets varying in the number of replicate samples, 401 

subsamples per replicate, and images captured per filter paper, the established data 402 

acquisition protocol reliably produced strong linear relationships between fluorescence 403 

area ratio and MNP concentration in loamy sand (R² = 0.988). The resulting calibration 404 
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curve indicates that the observed systematic underestimation (recovery ~50% of MP) 405 

is highly reproducible and consistent across concentrations, and can be reliably 406 

accounted for. No significant decrease in r was observed when the number of 407 

subsamples (i.e. the 0.5 mL aliquot taken from the 10 mL soil suspension) was reduced 408 

from 3 to 1 (Table S3), indicating that 5 min of ultrasonication was sufficient to 409 

effectively disperse the MP before filtering. Increasing the number of replicate samples 410 

(0.1 g soil spiked with MP) and images for fluorescence signal extraction per filter both 411 

increased the r value (Table S3), indicating that non-uniform MP spiking across 412 

samples and uneven MP distribution on the filter affected detection accuracy. At low 413 

MP concentrations (MP≤0.05 mg/kg), the number of images became the main factor 414 

influencing the LDC. To minimise the workload when applying this method in practice, 415 

the standard protocol (1 sample, 30 images) could first be employed, and only for those 416 

samples where concentrations fall below 1 mg/kg soil, the number of replicate samples 417 

and images could be increased to maximise detection accuracy. High r and 418 

reproducibility are essential for reliable calibration, while data acquisition settings may 419 

be adapted to different experimental conditions. Further optimisation may be achieved 420 

by refining magnification settings, image recognition, image parameter extraction, and 421 

model selection for calibration curve development. 422 

4.2.2. Evaluation of the calibration-based quantification  423 

Recent studies have predominantly optimised the quantification of MP in soils and 424 

sediments for MP in the hundreds of micrometre size range [31, 35, 36], with some 425 

studies focusing on 20–100 µm [34, 37], and limited attention given to the ~10 µm size 426 

range [38, 39]. For the detection of MP below 5 µm in complex matrices, analytical 427 

difficulty increases markedly with each micrometre decrease in size. Given the limited 428 

knowledge of small-sized MP, especially with respect to their environmental fate and 429 

associated risks, increased research attention should be directed toward smaller-sized 430 

MNP. Here, we demonstrated that direct detection by fluorescence microscopy is an 431 

accurate quantification method for small MNP. A single soil sample from each of the 432 
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three incubation replicates yielded relatively low SMAPE values of 28% at 100 mg/kg 433 

and 17% at 1 mg/kg for small-sized MP detection (Table S5). To further contextualise 434 

these results, we tried to compare our direct microscopic detection method with other 435 

potential fluorescent detection approaches. To the best of our knowledge, only one 436 

study has reported alternative quantitative approaches, using monodisperse MP/NP 437 

suspensions analysed by FCM or NTA in pure clay (bentonite, montmorillonite, 438 

kaolinite). [40] However, NTA is limited to detecting particles < 0.5 μm and with 439 

substantial quantification errors (e.g. percentage errors ranging from 172% to 473% for 440 

pure 500 nm fluorescent NP in deionized water). FCM generally provides more 441 

accurate and consistent results than NTA, with percentage errors typically remaining 442 

within ~40% across most tested concentrations for 0.5 and 1 μm PS in pure clay. [40] 443 

However, although FCM can accurately distinguish fluorescence MNP from clay 444 

particles, further validation in real soils would be needed. [40] In addition, the 445 

applicable size ranges of FCM are limited to > 0.5 µm.  Our direct microscopy detection 446 

reliably quantified particles down to 500 µm, but advances in optical super-resolution 447 

microscopy (SRM) enable imaging down to tens of nanometres [41], offering new 448 

opportunities for direct detection in the smaller NP size range (<0.5 µm). Overall, direct 449 

microscopy detection imposes fewer constraints on MNP particle size, is simpler and 450 

broadly applicable across a broad range of soils. 451 

The detection error caused by the mixing homogeneity may be limited in loamy 452 

sand, as increasing the number of replicate samples from each incubation replicate did 453 

not substantially reduce SMAPE, indicating minimal sample-to-sample variation 454 

(Table S4). Intuitively, increasing the soil-to-water ratio would be expected (given the 455 

increased soil mass) to increase sample representativity and measuring accuracy at low 456 

MP concentrations. However, a lower soil-to-water ratio resulted in lower SMAPE 457 

values at both 100 mg/kg and 1 mg/kg (Figure 3d). This may be explained by reduced 458 

self-aggregation of MP and a more uniform MP distribution on the filter paper at low 459 

soil-to-water ratios. Therefore, this ratio was not increased in subsequent analyses. Self-460 
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aggregation of MP likely also explains why the SMAPE values observed at 1 mg/kg 461 

were consistently lower than those at 100 mg/kg (Figure 3d). In view of this, further 462 

optimisation may rather be achieved by further reducing the soil-to-water ratio and 463 

appropriately increasing sample size. 464 

4.3. Applicable range of the direct detection method 465 

4.3.1. Applicability in different soil types  466 

Any MNP quantification method can only gain wide applicability when it is robust 467 

and can be used reliably in a wide range of soils. Direct detection proved to be a robust 468 

method, yielding highly linear calibration curves with relatively high R2 across a wide 469 

range of soils with contrasting texture, SOM and pH (Figure 4a–f).  470 

Both R² and the MP fluorescence area ratio were negatively correlated with silt 471 

content and positively correlated with sand content [42], and the possible reasons for 472 

this are further explored below. MP imaged under the microscope  (Figure 5a–f) can be 473 

situated on the filter surface, within soil pores, or attached to soil particles (Figure 5g). 474 

Given the large density differences between mineral soil particles (typically 2.65 g/cm3) 475 

and MP (non-colloidal) mineral particles settle onto the filter paper first during filtration. 476 

In sandy soil, the larger particle size results in low particle density on the filter paper, 477 

leaving large areas uncovered, thus increasing the likelihood of MP being directly 478 

exposed on the filter surface, thereby increasing the measured fluorescence area.  479 

Because of the expected slow settling rate of the colloidal clay particles, we 480 

hypothesised that MP recovery would decrease with increasing clay content, because 481 

MP would be covered by the settling clay particles. Possibly the vacuum applied during 482 

filtration causes clay particles to aggregate instantaneously, leading to rapid settling and 483 

a relatively smooth contiguous surface on top of which MP particles would settle, 484 

minimising physical shielding. This may explain why there was no significant reduction 485 

in MP recovery in the clay loam. In contrast, the silt-loam, the much stronger surface 486 

microtopography, results in a much more pronounced vertical distribution of the MP 487 

and stronger physical shielding, reducing the fluorescence area in the focal plane. Thus, 488 
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soil surface microtopography modulates the degree of MP shielding, thereby 489 

influencing fluorescence area and R². To mitigate these effects, especially in soils with 490 

high silt content, direct detection could be optimised by further reducing the soil layer 491 

thickness through a lower soil-to-water ratio. 492 

R² and fluorescence area ratios also exhibited a significant negative correlation 493 

with soil pH (Table S5), which seems inconsistent with theoretical considerations. 494 

Previous studies have demonstrated that soils with lower pH values tend to exhibit a 495 

stronger adsorption capacity toward MNP [43, 44] and can facilitate the self-496 

aggregation of MP. Under low pH, the surface charge of negatively charged MP is 497 

partially neutralised, thereby weakening electrostatic repulsion. Both enhanced soil 498 

adsorption and MP self-aggregation would thus be expected to reduce R² and 499 

fluorescence area ratios in low-pH soils, contrary to what we observed. Given that soil 500 

pH was significantly correlated with sand and silt contents (Table S5), the observed 501 

relationship between pH and R² is thus probably an indirect relation with soil texture.  502 

The calibration curve established under more realistic conditions (larger amounts 503 

of soil, incubated for 15 d) showed that the silt loam 1, despite its lower R² of 0.976 as 504 

compared the clay soil (R2 of 0.993), had higher detection accuracy, with SMAPE 505 

values of 4 ± 1% at 100 mg/kg and 38 ± 10% at 1 mg/kg, than the clay soil (e.g. SMAPE 506 

value of 96 ± 60% at 100 mg/kg). This may be due to the difficulty of achieving 507 

homogeneous mixing in clay-rich soils during both spiking and subsequent mixing. For 508 

clay-rich soils, better mixing of soil and MNP, as well as increasing the number of 509 

replicate samples, may help improve detection accuracy. 510 
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 511 

Figure 5. Direct microscopy of fluorescent MP in loamy sand, silt loam 1, and clay 512 

loam at 100 mg/kg MP concentration: fluorescence images (a, c, and e) and 513 

corresponding combined bright-field and fluorescence images (b, d, and f). g) 514 

Hypothetical distributions of MP across different soil particles. 515 

 516 

4.3.2. Applicability over MNP size classes 517 

Our direct detection method allowed quantification of MP as small as 500 nm (R² 518 

= 0.961). Before this study, Palladium (Pd) core-doped NP coupled with ICP–MS 519 

detection represented one of the few practically quantitative approaches for NP analysis 520 

in real soils.[45], achieving 91% recovery. However, Pd doping of NP is costly and 521 

labour-intensive in both particle synthesis and detection. And these particles cannot be 522 

directly visualised. Beyond metal-doped approaches, quantification of isotope- and 523 

radioisotope-labelled NP in complex soil matrices is further constrained by specialised 524 

instrumentation requirements and, in the case of radioisotope-based methods, stringent 525 
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regulatory and radiological safety considerations. In contrast, fluorescent NP are readily 526 

available and can be measured in a straightforward manner through simple imaging. 527 

Moreover, because it relies on optical imaging, direct detection could potentially be 528 

extended to smaller nanoparticles through advanced fluorescence techniques such as 529 

stimulated emission depletion (STED) microscopy, which has been applied for 530 

qualitative visualisation of 50 nm NP within nematodes.[46, 47] Therefore, direct 531 

detection has the potential to greatly advance our understanding of NP distribution, 532 

accumulation, and bioavailability. 533 

The decreasing R² with decreasing NP size in this study (Figure 4) may result from 534 

multiple factors. First, the small NP size and increasing discrepancy in size with soil 535 

mineral particles make it less likely that the NP are positioned within the same focal 536 

plane. Second, NP have a stronger tendency to aggregate than MP.[48] Third, the higher 537 

magnification reduces the detection area. Direct NP detection could further be 538 

optimised by e.g. further reducing the thickness of the soil layer on the filter and 539 

increasing the number of images. In addition, the susceptibility of fluorescent labels to 540 

photobleaching and fluorescence quenching is plastic type dependent and increases 541 

with decreasing MNP size. [49-51] NP fluorescence intensity at a given imaging site 542 

markedly decreased over 10 min of continuous observation (Figure S3). In order to 543 

minimise photobleaching, fluorescent NP imaging is therefore recommended to be 544 

conducted promptly, within about 5 s, while avoiding repeated imaging of the same 545 

region. NP labelled with photostable fluorescent probes, such as carbon quantum dots, 546 

may provide a more robust alternative.[52] Strategies to improve the fluorescence 547 

stability of nanoparticles have been widely explored in biofluorescence imaging. [53, 548 

54] However, such modifications should not substantially alter the physicochemical 549 

properties of NP. For example, while SiO₂ encapsulation enhances photostability, it 550 

may also significantly modify the original surface chemistry and behaviour of NP.[55] 551 

4.4. Environmental implications and limitations 552 

Given the current lack of reliable methods for quantifying small MNP in soils, 553 
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fluorescence labelling of MNP has been proven a necessary approach for advancing 554 

mechanistic understanding of MNP dynamics. Direct detection provides clear 555 

advantages for laboratory-scale studies of fluorescent MNP. First, it addresses the key 556 

challenge of reliably quantifying small-sized fluorescent MNP down to 500 nm in real 557 

soil environments. Second, direct detection reduces time and uncertainty from complex 558 

sample preparation, offering a practical and scalable approach that renders separation 559 

fundamentally unnecessary for fluorescent MNP quantification. Third, the robustness 560 

of the method across diverse soil types suggests its potential applicability to complex 561 

environmental matrices, particularly in complex clay-rich soils. Finally, direct detection 562 

may provide a methodological reference for MNP quantification in other matrices. For 563 

instance, in biological tissues, incomplete sample treatment (digestion followed by 564 

homogenization) may be sufficient for MNP quantification.  565 

Theoretically, MNP are expected to accumulate preferentially in the topsoil, 566 

forming concentration hotspots that serve as persistent sources of exposure. Their 567 

detrimental effects are largely governed by bioavailability, which is closely linked to 568 

their redistribution from point- to non-point-source pollution following fragmentation 569 

and degradation. However, the redistribution behaviour and bioavailability of small 570 

MNP remain largely uncharacterised, representing a critical knowledge gap that current 571 

analytical methods have been unable to resolve. By enabling reliable quantification, 572 

direct detection will substantially improve our understanding of the fate of MNP in soil 573 

environments. It facilitates the investigation of the temporal and spatial dynamics of 574 

small-sized MNP, which is essential for assessing long-term soil exposure and 575 

evaluating terrestrial contributions to aquatic and atmospheric plastic pollution. Key 576 

transport processes, including bioturbation,[25, 56] agricultural practices,[57] surface 577 

runoff,[58] leaching,[59] and soil erosion [60] can now be quantified at the micrometre 578 

scale and even down to the nanoscale.[45] Moreover, mechanistic processes specific to 579 

small MNP, such as blocking effects and adsorption–desorption interactions with soil, 580 

can be investigated without being constrained by quantification limitations.[44] 581 
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Reliable quantification of small-sized MNP across distinct spatial distributions within 582 

intact soil now makes it possible to isolate these mechanisms experimentally, 583 

distinguish their relative contributions, and parametrise them for predictive modelling. 584 

This represents a critical step toward understanding behaviour and bioavailability of 585 

small MNP in terrestrial environments. 586 

This framework may be extended to a posteriori labelling approaches, enabling the 587 

quantification of environmentally derived MNP following appropriate labelling 588 

strategies.  Fluorescent labelling can be categorised into two types: (i) A priori labelling 589 

(used in this study) involves labelling MNP with fluorescent dyes prior to their 590 

deliberate introduction into matrices. This approach is typically applied to pure 591 

monomers or pure MNP, thereby avoiding matrix interference during the labelling 592 

process. (ii) A posteriori/direct labelling is a way to directly apply fluorescent dyes to 593 

field samples or to unlabelled MNP extracted from such samples, thereby enhancing 594 

MNP visualisation and detection.[29] Semi-automatic quantification of a posteriori 595 

labelled MNP can be considered via calibration curves relating fluorescence area ratios 596 

or particle abundance to MNP concentrations.[31, 50] However, a posteriori labelling 597 

of MNP in soil often yields weak signals for particles ≤10 μm and hard to distinguish 598 

small-sized MNP and co-labelling of soil organic matter.[61-63] Other challenges of a 599 

posteriori labelling of MNP in soil include non-uniform fluorescence intensity and the 600 

inability to label all MNP types.[61, 64] These limitations are most acute at the 601 

nanoscale, where reliable a posteriori quantification of NP in complex soil matrices 602 

remains largely unresolved. Addressing these constraints will require concurrent 603 

advances in fluorescent labelling chemistry and detection methodology. Direct 604 

detection provides a methodological foundation upon which to encourage the 605 

development of in situ labelling strategies. When combined with complementary 606 

spectroscopic identification techniques, such approaches hold potential to bridge the 607 

gap between controlled laboratory systems and the quantification of native 608 

environmental NP. Overall, this study establishes a quantitative framework for 609 
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investigating the behaviour, transport, and fate of small MNP in complex soil matrices, 610 

demonstrating that direct detection enables rapid, scalable, and broadly applicable 611 

quantification of small MNP without the requirement for labour-intensive separation.612 
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 3 

 4 

Rapid quantification of fluorescent 5 

micro- and nanoplastics (≤2 μm) in 6 

soil  7 



Table S1 8 

Studies of fluorescent labelled small-sized microplastics and fluorescent nanoplastics (MNP) in sediment and soil.  9 

 Literature was searched using the keywords fluorescent MP and fluorescent NP in combination with soil and sediment (search updated January 10 

2026). Search results were manually screened, and studies not involving small-sized MNP were excluded. 11 

MNP types MNP shape MNP size Research purpose Matrices MNP quantification in Matrices Reference 

PS Sphere 100 nm Investigation of NP behaviour 

in interaction with nematodes 

Loamy soil No 1 

PS Sphere 20, 100 and 1000 

nm 

Investigation of MNP 

behavior in interaction with 

soil amoeba 

Soil No 2 

PS Sphere 0.5 and 1 μm Method optimization for MP 

detection 

Bentonite, 

montmorillonite, and 

kaolinite  

 Average percentage difference  

NTA: 0.5 μm (179 – 790%) 

FCM: 1 μm (11 – 39%) 

0.5 μm (38 – 60%) 

3 

PS Sphere 1.71 μm Method optimization for MP 

identification 

Quartz sand, sandy loam, 

silt loam, 

clay loam,  

No 4 

PS Sphere 1 and 10 μm Quantitatively Analyze 

Microplastic Transport in an 

Experimental Flume 

Water and sediment  Recovery rate: 

Water (80–90%) 

Sediment (no quantification) 

5 

PS Sphere 1,3, and 10 μm Assessing the Behavior of 

Microplastics in Fluvial 

Systems 

Water and sediment  Sediment (no quantification) 6 

PS Sphere 1, 10, and 20 µm Transport of MP in saturated 

gravel and quartz sand 

Natural gravel (medium 

and fine) and quartz sand 

(coarse and medium) 

No 7 



Text S1 Magnetic nanoparticles preparation 12 

Magnetic nanoparticles  (15 ± 2 nm in size) were synthesized as follows8 : a mixture 13 

of 5 ml 0.37 M FeCl3·6H2O and 5 ml 0.20 M FeCl2 in 100 ml 0.15 M NaOH was sealed 14 

with parafilm, shaken for 30 min at 600 rpm on a magnetic stirrer, and decanted using 15 

a magnet to retain the magnetic nanoparticles at the bottom of the beaker. Magnetic 16 

nanoparticles underwent a stabilization process involving four cycles of citric acid 17 

washing, utilizing 15 ml of citric acid in each cycle. Subsequently, three rounds of 18 

washing with 15 ml deionized water were performed. Then, the magnetic nanoparticles 19 

were re-suspended in 5 ml of deionized water. The concentration of magnetic 20 

nanoparticles  (15.55 mg/ml) was determined gravimetrically after evaporation of a 1 21 

ml subsample in an oven at 90°C.  22 

Text S2 Density separation of 2 μm MP from loamy sand 23 

Two concentrations of 2 μm MP (100 mg/kg and 10 mg/kg) were separately mixed 24 

with 0.1 g of loamy sand and 2 ml of 30% H₂O₂ (three replicates, n=3). The mixture 25 

was subsequently incubated at 70 °C for 10 h, until the soil particles appeared grayish-26 

white and bubbles were no longer observed in the suspension. Then, 3 ml saturated 27 

NaCl was added, followed by ultrasonication (Ultrasonic Processor GEX 750) for a 28 

duration of 2.5 min at the maximum energy setting of 2500 J/mL, with a pulse interval 29 

of 5 s. After ultrasonication, the ultrasonic probe in soil suspension was rinsed with 2 30 

ml of saturated NaCl solution to minimise MP loss during the process. The rinsing 31 

solution was added to the sonicated mixture. The mixture was transferred to a centrifuge 32 

tube, and the glass bottle was rinsed three times with 1 ml of saturated NaCl solution to 33 

ensure that no residues remained. The mixture in the centrifuge tube was mixed using 34 

ultrasonication (3 min) and manual shaking, followed by centrifugation at 3000 rpm for 35 

8 min. After centrifugation, the supernatant was collected, weighed, and homogenised. 36 

Subsequently, 1/20 of the total supernatant volume was extracted and filtered. This 1/20 37 

ratio was adopted to maintain consistency in the proportion of the measured sample 38 

relative to the total sample, in alignment with the magnetic separation and direct 39 



measurement methods. The solution was finally diluted to a constant volume of 10 mL, 40 

and 0.5 mL was taken for filtration and measurement. The filtration procedure and 41 

fluorescence measurements were identical as for direct detection (section 2.2.2 and 42 

2.2.3). The entire procedure, encompassing ultrasonication, density separation, and 43 

fluorescence microscopy-based quantification, was performed in triplicate, and the 44 

spiked recovery rates obtained from each separation step were summed to calculate the 45 

total recovery rate.  46 

Text S3 Magnetic separation of 2 μm MP from loamy sand 47 

MP were mixed with 0.1 g of loamy sand at concentrations of 100 and 10 mg/kg, 48 

in three replicates (n=3), 5 mL 0.1 M NaCl was added, and the mixture was incubated 49 

at 90 °C for 1.5 h. Once removed from the over,  0.7 mg of magnetic nanoparticles were 50 

added immediately to the hot samples, which were then shaken at 300 rpm for 20 min. 51 

After cooling, the mixture was transferred to a 15 mL glass centrifuge tube with a 52 

magnet positioned adjacent to it. The settled soil particles were removed using a 5 mL 53 

pipette and transferred to a fresh glass centrifuge tube to undergo a second magnetic 54 

separation. The two remaining (magnetically extracted) fractions were combined and 55 

adjusted to a final volume of 10 mL with 0.1 M NaCl. A 0.5 mL aliquot was then taken 56 

and filtered through a 0.45 μm filter paper. The filtration procedure and fluorescence 57 

measurements were identical as for direct detection (section 2.2.2 and 2.2.3). The above 58 

steps, including incubation, shaking, magnetic separation, filtration and fluorescence 59 

microscopy-based quantification, was performed in triplicate, and the spiked recovery 60 

rates obtained from each separation step were summed to calculate the total recovery 61 

rate.  62 

 63 

Text S4 Data acquisition protocols used for establishing calibration curve (Table 64 

2, IIA) 65 

To optimise the data acquisition protocol for establishing a calibration curve 66 

between fluorescence area ratio and MP concentration, a series concentrations of 2 μm 67 



MP (0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 mg/kg) were individually 68 

mixed with 0.1 g of loamy sand. The detection was done following the methodology 69 

described in section 2.2.2 and section 2.2.3. The effect of the number of replicate 70 

samples (1, 2, and 3), the number of subsamples per replicate (1, 2, and 3), and the 71 

number of images per filter (10, 20, 30, 40, and 50) on the Pearson correlation 72 

coefficient (r) of the calibration curve using a resampling approach.  73 

The r between the base-10 logarithm of MP concentration and fluorescence area 74 

ratio were calculated using three different sampling methods (illustrated in Figure S1): 75 

i) A combination of 3 replicate samples each subsampled in triplicate, i.e. actual 76 

analysis of 9 subsamples (fluorescent area ratios for each subsample obtained from 50 77 

images, as above). The area ratios for these 9 subsamples (i.e. 9 data points) were 78 

averaged for each of the 11 concentrations to obtain A1–A11. MP concentrations were 79 

converted to percentage (C1–C11) to obtain dimensionless values. Pearson correlation 80 

coefficients were calculated between the base-10 logarithm of the fluorescence area 81 

ratios (log10 A1–A11) and the base-10 logarithm of MP concentrations (log10 C1–C11). 82 

ii) 3 replicate samples subsampled only once: a single subsample was randomly 83 

selected from each of the three samples. A total of three fluorescence area ratios (3 84 

samples × 1 subsamples = 3 data points) for each 11 concentration were averaged to 85 

obtain B1–B11. The averaged fluorescence area ratios were converted to their base-10 86 

logarithms (log10 B1–B11), and then correlated with the base-10 logarithms of MP 87 

concentrations (log10 C1–C11) to calculate the r values.  88 

iii) 1 replicate sample subsampled only once: At each concentration, a single 89 

subsample was selected (D1–D11). The base-10 logarithm of the fluorescence area ratios 90 

at the 11 MP concentrations (log10 D1–D11) was correlated with the base-10 logarithm 91 

of MP concentrations (log10 C1–C11) to calculate the r values.  92 

To assess the effect of the number of input images on the Pearson correlation, 40 93 

(12.73% of the total soil layer area), 30 (9.55%), 20 (6.37%), and 10 (3.18%) images 94 

were randomly selected from the total of 50 images. Image subsets of varying sizes 95 



were randomly sampled in triplicate to generate distinct image-derived datasets. Given 96 

the multiple possible permutations in selecting replicate samples, subsampling ratios, 97 

and image counts across the 11 MP concentration levels, the corresponding sampling 98 

method within image-derived datasets was applied 25 times via random sampling 99 

without replacement, yielding 25 distinct r values. These values were then averaged to 100 

assess the accuracy and stability of direct detection under different resampling 101 

approaches. The lowest detected concentration (LDC) for each data acquisition protocol 102 

was defined as the lowest concentration that could be detected in all replicate sampling. 103 

Specifically, in repeated sampling calculations, if a zero value of the fluorescence area 104 

ratio occurred at a given MP concentration in (at least) one replicate, that concentration 105 

and all lower concentrations were excluded from the correlation analysis.  106 

The results of the above method comparison indicate that the direct detection 107 

method is highly robust, as demonstrated by the consistently strong correlations 108 

between MP concentrations and fluorescence area ratios (r = 0.993–0.997) across 109 

different data acquisition protocols (Table S2). A combination of 3 replicate samples 110 

each subsampled in triplicate and 50 images per filter paper (the largest data volume in 111 

this study) yielded a calculated r = 0.996. The r and its stability were affected by both 112 

the number of replicate samples and images. Increasing the number of replicate samples 113 

from 1-replicate sample ×1-subsample to 3-replicate samples ×1-subsample, a relative 114 

improvement in both the r and standard error was observed. Increasing the number of 115 

images can also improve both the r and decrease the LDC. For the 1-replicate sample × 116 

1-subsample approach, acquiring at least 30 images is necessary to improve 117 

measurement stability and ensure reliable quantification down to 0.05 mg/kg. At 0.01 118 

mg/kg, however, MP were detected in only 3 of the 450 images analysed (3-119 

replicatesamples × 3 subsamples × 50 images). Increasing subsamples from 3-samples 120 

× 1-subsamples to 3-replicate samples × 3-subsample had no increase in the r. Therefore,  121 

the 1-replicate sample × 1-subsample approach combined with ≥30 images per filter 122 

offers a more time-efficient option, whereas the 3-replicate sample × 1-subsample 123 



strategy provides greater stability. We therefore established the method for obtaining 124 

the calibration curve. For each MP concentration, a single replicate sample with one 125 

subsample was prepared, and 30 images per filter were initially acquired. If fewer than 126 

two fluorescent particles were observed within the initial 30 images, the number of 127 

images was increased to 150 to improve detection accuracy at low MP concentrations. 128 

The mean fluorescence area ratio per image was calculated, and a linear relationship 129 

between the base-10 logarithms of fluorescence area ratio and MP concentration was 130 

established to construct the calibration curve. 131 

 132 

 133 

Figure S1. Schematic illustration of various data acquisition methods and the 134 

corresponding steps for calculating the Pearson correlation coefficient 135 



Table S2  136 

Pearson correlation coefficient (r) between fluorescence area ratios and MP concentrations, and 137 

corresponding detection limits under various data acquisition methods.  138 

The lowest detected concentration (LDC) refers to the lowest concentration of MP that can be detected by every times 139 
sampling approaches. n represents the total number of observations used to calculate the mean r. 140 

Images 

amount 

(Percentage 

of total 

filter) 

r 

(3-replicate 

samples ×3-

subsamples) 

LDC 

(mg/kg) 
n 

r 

(3-replicate 

samples ×1- 

subsample) 

n 
LDC 

(mg/kg) 

r 

(1-replicate 

sample ×1- 

subsample) 

LDC 

(mg/kg) 
n 

50 images 

(15.92%) 
0.996 0.01 1 0.997±0.001 25 0.05 0.996±0.001 0.05 25 

40 images 

(12.73%) 
0.996±0.001 0.01 25 0.997±0.001 25 0.05 0.995±0.004 0.05 25 

30 images 

(9.55%) 
0.996±0.002 0.01 25 0.997±0.001 25 0.05 0.995±0.003 0.05 25 

20 images 

(6.37%) 
0.994±0.001 0.01 25 0.996±0.002 25 0.05 0.994±0.003 0.1 25 

10 images 

(3.18%) 
0.997±0.001 0.05 25 0.996±0.002 25 0.05 0.993±0.003 0.1 25 



 141 

Figure S2. Schematic illustration of the expanded calibration-based quantification framework 142 

(a) and further experiments aimed at improving analytical accuracy through increasing the 143 

number of replicate samples (b) and the soil-to-water ratio (c).  144 

 145 

Text S5 Evaluation of the calibration-based quantification  146 

To evaluate whether increasing the number of replicate samplings (0.1 g of soil sampled 147 

from 5 g of incubated soil) helps to minimise detection errors using the calibration curve, two 148 

additional replicate samples were collected from each MP replicate and analysed. We further 149 

investigated whether increasing the soil-to-water ratio during dispersion would affect 150 

validation accuracy. The initial soil-to-water ratio (1:100) was adjusted to 20:1 and 10:1 (Table 151 

S3). The measurement and calculation followed the procedures outlined in section 2.3.2.  152 

To quantify prediction errors, mean absolute error (MAE), root mean square error (RMSE), 153 

and the average symmetric mean absolute percentage error (SMAPE) were calculated based on 154 

calibration curve using the following formula: 155 

MAE = 
1

𝑛
 ∑ |𝑦𝑖 − 𝑦̂𝑖|𝑛

𝑖=1  156 

RMSE=√
1

𝑛
 ∑ (𝑦𝑖 − 𝑦̂𝑖)2𝑛

𝑖=1  157 

SMAPE = 
100%

𝑛
 ∑

|𝑦𝑖−𝑦̂𝑖|

(|𝑦𝑖|+|𝑦̂𝑖|)/2

𝑛
𝑖=1  158 

Where n is the number of samples, at, 𝑦̂𝑖  is the predicted MP concentration. yi is the 159 

observed/added  MP concentration. 160 



Table S3  161 

Validation of calibration curve at different soil-to-water ratios after 15 days of incubation. 162 

Calculation based on soil with a particle density of 2.65 g/cm³ 163 

MP 

concentration 

mg/kg 

Soil (g) Water (mL) 
Soil to water 

ratio 

Suspension 

volume (mL) 

Tested 

suspension 

volume (μL) 

100  

0.1 10 1:100 10.0377 500 

0.5 10 1:20 10.1887 101.6 

1 10 1:10 10.3774 51.8 

1  

0.1 10 1:100 10.0377 500 

0.5 10 1:20 10.1887 101.6 

1 10 1:10 10.3774 51.8 

 164 

 165 

Table S4  166 

Error analysis of different sampling numbers and soil-to-water ratios based on the 15-day 167 

incubation experiment. 168 

 169 

  170 

MP 

concentrations 
 1 mg/kg 100 mg/kg 

  
MAE 

(mg/kg) 

RMSE 

(mg/kg) 

SMAPE 

(%) 

MAE 

(mg/kg) 

RMSE 

(mg/kg) 

SMAPE 

(%) 

Replicate 

samples 

3 0.18 0.19 17 23 27 28 

9 0.16 0.19 15 32 34 39 

Soil to water 

ratio 

1:100 0.18 0.19 17 23 27 28 

1:20 0.24 0.31 21 34 34 41 

1:10 0.21 0.23 24 48 48 63 



Table S5  171 

Correlation analysis of R2 and the basic properties of the soils.  172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 
 185 

Figure S3. Fluorescence images of loamy sand at 1000 mg/kg NP concentration. a–d 186 

correspond to continuous exposure durations of 0, 2, 4, and 10 min, respectively, under an 187 

exposure time of 30 ms and excitation wavelength level 3 188 

 

The total 

fluorescence 

area ratio 

Sand % Silt % Clay % SOC % pH-KCl 

R2 0.578 0.623 –0.717 –0.006 –0.570 –0.761* 

The total 

fluorescence area 

ratio 

1 0.964** –0.863* –0.581 –0.284 –0.888** 

Sand  %  1 –0.930** –0.521 –0.457 –0.833* 

Silt %   1 0.171 0.691 0.794* 

Clay %    1 -0.378 0.389 

SOC %     1 0.279 
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