
1 

Nexus between Environmental Aging, Ecological Risks, and Removal Strategies 1 

for Micro- and Nano-Plastics in Aquatic Systems 2 

Fan Lu a,b,c, Tao Yang b, Jianbo Zhao c, Di Cai a, Marcelo A. Nolasco g, 3 

Shikun Cheng f, Nigel J.D. Graham e, Zhen Yang b,c,d,* 4 

a College of Life Science and Technology, Beijing University of Chemical 5 

Technology, Beijing 100029, China 6 

b School of Chemistry and Materials Science, Nanjing Normal University, Nanjing 7 

210023, China 8 

c School of Chemistry and Chemical Engineering, Tarim University, Alar 843300, 9 

China 10 

d Key Laboratory of Rural Toilet and Sewage Treatment Technology, Ministry of 11 

Agriculture and Rural Affairs, Beijing 100125, China 12 

e Department of Civil and Environmental Engineering, Imperial College London, 13 

SW7 2AZ, UK 14 

f School of Energy and Environmental Engineering, Beijing Key Laboratory of 15 

Resource-Oriented Treatment of Industrial Pollutants, University of Science and 16 

Technology Beijing, Beijing 100083, China 17 

g School of Arts, Sciences and Humanities, University of São Paulo, São Paulo 18 

03828-000, Brazil 19 

* Corresponding authors. E-mail: yangzhen@njnu.edu.cn (Z.Y.) 20 

21 



2 

Abstract: Microplastics (MPs) and nanoplastics (NPs) are ubiquitous emerging 22 

contaminants in water; their environmental impacts, risks, and treatment performance 23 

strongly depend on particle-state (particle size, aging status, oxidation level, surface 24 

chemistry, colloidal stability, biological/organic coatings, and contaminant affinity). 25 

Environmental aging progressively and irreversibly reshapes the surface chemistry, 26 

morphology, and bulk polymer integrity of MPs and NPs. These transformations act 27 

as a mechanistic bridge linking (i) ecological risks, via altered transport, biological 28 

interactions, size-resolved toxic pathways, additive leaching, and amplified vector 29 

effects with co-pollutants, to (ii) treatment performance, by the changing 30 

aggregation/coagulation behavior, adsorption affinity, membrane retention and fouling, 31 

and reactivity toward advanced oxidation and bio-utilization. While previous 32 

literature on aging, ecological risks, and removal technologies has addressed these 33 

aspects in isolation rather than as a coupled cause-effect chain, this review 34 

summarizes evidence along an aging-risk-removal nexus and proposes a risk-based 35 

removal strategy that prioritizes the most hazardous aged and nano-sized fractions. 36 

We evaluate how aging can both facilitate capture and exacerbate operational risks in 37 

water treatment, and highlight integrated, multi-barrier strategies that couple pre-38 

aggregation, physical separation, and risk reduction. By establishing an aging-risk-39 

removal nexus, this review provides a risk-oriented perspective for identifying high-40 

risk aged MP/NP fractions and guiding targeted removal strategies for risk reduction, 41 

beyond apparent removal efficiency, in aquatic systems. This aging-risk-removal 42 

nexus gives a useful basis for MP/NP management in both MP/NP research and 43 

governance. 44 

Keywords: Microplastics; Nanoplastics; Aging-risk-removal nexus; Environmental 45 

aging; Ecological risk; Risk-based removal strategy 46 
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 47 

1. Introduction  48 

Plastic pollution has been an environmental challenge for many years. The 49 

inherent durability of synthetic polymers, while central to their widespread utility, 50 

also drives long-term persistence and accumulation in natural systems [1]. With aging, 51 

larger plastic items progressively fragment through physical, chemical, and biological 52 

processes, generating micro-plastics (MPs, < 5 mm) and nano-plastics (NPs, < 100 53 

nm) with different characteristics [2,3]. These particles are considered emerging 54 

contaminants (ECs) because of their continuous discharge, persistence, and 55 

widespread occurrence in aquatic environments, from rivers and lakes to deep-ocean 56 

and polar regions [4-6]. In surface waters, reported MP concentrations span 57 

approximately 102-108 particles/m3, while NP mass concentrations have been 58 

quantified at 0.283-0.793 μg/L [7,8]. In drinking-water systems, MPs have been 59 

reported at 0-6614 particles/L in raw water and 0-930 particles/L in treated water; 60 

mass-based measurements further showed total MP/NP concentrations of 9.63±1.52 61 

μg/L in raw water and 0.77±0.05 μg/L in treated water, with NPs contributing 0.38 62 

and 0.04 μg/L, respectively [9,10]. Bottled water has been reported to contain 63 

micro/nanoplastics at approximately 2.4±1.3 × 105 particles/L, about 90% of which 64 

were NPs [11]. In WWTP effluents, MPs have been reported at 0.0023-131.5 65 

particles/L, while NP mass concentrations in final effluents have been quantified at 66 

0.8-1.4 μg/L [12,13]. These concentration ranges confirm the widespread occurrence 67 

of both MPs and NPs in aquatic systems, indicating that their potential environmental 68 

risks cannot be overlooked. 69 

Although MPs and NPs are often discussed collectively because of their similar 70 

synthetic polymer backbones (e.g., polyethylene (PE), polypropylene (PP), 71 
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polystyrene (PS), polyvinyl chloride (PVC), etc.) and durability, their environmental 72 

fates and impacts vary substantially due to size-dependent colloidal and interfacial 73 

processes. Specifically, NPs exhibit higher specific surface areas, enhanced surface 74 

reactivity, and colloid-like behaviors (e.g., facile aggregation) compared to MPs; the 75 

small size of NPs facilitates the crossing of biological barriers, thereby elevating their 76 

bioavailability and potential toxicity [14,15]. The combination of persistence and size-77 

dependence gives rise to the distinct ecological risks and motivates particle-state-78 

specific risk assessment. 79 

Environmental aging further reshapes both the risk and treatability of MPs and 80 

NPs by altering their surface chemistry, morphology, and bulk polymer integrity. 81 

These aging-induced changes directly influence (i) ecological risks, by modulating 82 

co-pollutant interactions, biofilm colonization, and bioavailability [16,17], and (ii) 83 

treatability, by altering aggregation/coagulation, adsorption, membrane retention, and 84 

reactivity toward advanced oxidation processes [18-20]. Previous studies have 85 

separately reviewed MP/NP aging processes (such as photooxidation [21,22], 86 

chemical oxidation [23], and biodegradation [24]), ecological risks (such as 87 

bioavailability [25], co-contaminant transport and related environmental risks [16,26], 88 

and biological toxicity [27]) and removal technologies in engineered water systems 89 

[28,29]; Some studies have also linked aging-induced property changes with 90 

aggregation [18,30], adsorption [31], or oxidative reactivity [32]. However, the 91 

mechanistic nexus linking aging-driven transformations to evolving ecological risks 92 

and treatment performance remains insufficiently resolved. Moreover, while previous 93 

research has predominantly emphasized MPs, NPs remain comparatively 94 

underexplored. The knowledge gaps limit the ability to identify the most hazardous 95 

fractions and to optimize removal strategies that are explicitly risk-driven rather than 96 
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concentration-driven. 97 

To elucidate the aging-risk-removal nexus and enable targeted, mechanism-98 

driven mitigation strategies for MPs/NPs in aquatic systems, this review summarizes 99 

relevant evidence in the literature using an integrated pathway, from aging-driven 100 

transformations to ecological risks and to mechanism-dependent removal. The 101 

conceptual framework guiding this review is visualized in Figure 1, and is organized 102 

as follows: (1) fundamental physicochemical properties of MPs and NPs; (2) 103 

environmental aging mechanisms and their consequences for particle properties; (3) 104 

the reshaping of ecological risks by aging; (4) the impact of aging on current and 105 

emerging removal technologies; and (5) critical insights into further research priorities 106 

and an integrated, risk-driven framework that targets the most hazardous aged 107 

fractions while minimizing secondary risks.  108 

-Figure 1- 109 

 110 

2. Fundamental physicochemical properties of MPs and NPs 111 

MPs and NPs in aquatic systems originate from both direct releases and the 112 

progressive fragmentation of larger plastic debris, with common polymer types 113 

including PE, PP, PS, PVC, and PET. These particles often contain additives such as 114 

plasticizers, flame retardants, antioxidants, and UV stabilizers, which together 115 

determine the initial physicochemical baseline from which subsequent aging, risk 116 

evolution, and treatability changes emerge (Figure 2). 117 

-Figure 2- 118 

 119 

2.1 Surface chemistry 120 

Surface chemistry is one of the most critical factors governing MP/NP behavior 121 
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in water [33]. While pristine particles are generally hydrophobic and weakly 122 

functionalized, environmental exposure progressively introduces oxygen-containing 123 

groups such as hydroxyl, carbonyl, and carboxyl moieties, thereby increasing polarity, 124 

hydrophilicity, and negative surface charge [23]. These changes enhance colloidal 125 

stability and substantially increase the affinity of MPs/NPs for coexisting materials, 126 

including metal ions, organic contaminants, natural organic matter (NOM), and 127 

biomolecules [34,35], through interactions including electrostatic attraction, hydrogen 128 

bonding, π-π stacking (for aromatic compounds), van der Waals forces, and 129 

hydrophobic association [36]. 130 

 131 

2.2 Morphology 132 

MPs and NPs exhibit broad size and shape distributions, which strongly 133 

influence their transport and separation behavior [37]. Notably, the abundance of 134 

particles generally follows a power-law distribution where particle numbers increase 135 

as size decreases, whereas mass-based metrics are typically dominated by larger MPs 136 

[38]. Size is particularly critical because it governs settling, permeability, and the 137 

applicability of treatment processes such as flocculation and membrane filtration [39]; 138 

Compared with MPs, NPs behave more like colloids and therefore remain suspended 139 

for much longer periods [40,41]. Shape further modifies environmental fate. Common 140 

forms include fibers, films, foams, fragments, and spherical beads, all of which differ 141 

in aspect ratio, drag, and entanglement potential [42]. 142 

 143 

2.3 Bulk polymer integrity 144 

Bulk polymer integrity also governs the environmental behavior and treatability 145 

of MPs/NPs. Environmental aging promotes chain scission through hydrolysis and 146 
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oxidation, reducing molecular weight and generating mobile oligomers, whereas 147 

radical recombination may increase cross-linking and brittleness under some 148 

conditions [43]. Crystallinity is another important property because it affects density, 149 

buoyancy, water permeability, and resistance to chemical penetration. However, 150 

aging-induced crystallinity changes are not unidirectional processes. During early or 151 

moderate photo-oxidative aging of semi-crystalline polymers, degradation occurs 152 

preferentially in amorphous domains and at amorphous-lamellar interfaces, where 153 

oxygen and reactive species can more readily penetrate. The preferential oxidation 154 

and chain scission of amorphous phases, together with the rearrangement or 155 

recrystallization of mobile short-chain fragments, can increase the apparent 156 

crystallinity of aged polymers [44,45]. Under prolonged or severe environmental 157 

aging, however, crystalline lamellae and crystal-amorphous interfaces may also be 158 

disrupted, and cross-linking or structural disordering may lead to polymer-dependent 159 

decreases or irregular changes in crystallinity [46]. Therefore, crystallinity changes 160 

during MP/NP aging should be interpreted as stage-dependent, polymer-dependent, 161 

and method-dependent rather than as a simple increase or decrease. In parallel, pore 162 

formation and additive leaching become increasingly coupled during aging: 163 

microcracks and internal channels facilitate the release of plasticizers and other 164 

embedded additives, while additive loss further weakens the polymer matrix and 165 

alters its density and fragmentation tendency [30,43]. 166 

 167 

3. Environmental aging 168 

3.1 Aging mechanisms 169 

Environmental aging of MPs and NPs refers to the progressive, irreversible 170 

alteration of their physicochemical properties under ambient environmental stressors 171 
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[47]. In practice, these processes do not occur in isolation; instead, photochemical 172 

oxidation, thermal fluctuation, mechanical abrasion, and microbial colonization often 173 

act together to drive particles toward increasingly fragmented, oxidized, and bio-174 

fouled states [48] (Figure 3). Among them, photochemical oxidation is typically the 175 

most important initial pathway, especially for particles exposed near the water surface. 176 

UV irradiation promotes bond cleavage directly and via reactive oxygen species, 177 

leading to the formation of oxygen-containing functional groups such as carbonyl and 178 

hydroxyl moieties [49]. Mechanical forces generated by turbulence, flow, and 179 

sediment abrasion further fragment plastics and continuously expose fresh surfaces 180 

for oxidation and additive release [50]. Thermal fluctuation accelerates oxidation 181 

kinetics and embrittlement [50]. In parallel with the abiotic factors, microbial 182 

degradation provides a crucial biotic aging mechanism. Specific bacteria and fungi 183 

colonize plastic surfaces and secrete extracellular enzymes that depolymerize the 184 

matrix [51], contributing to surface pitting, biofilm formation, and the selective 185 

utilization of additives or low-molecular-weight degradation products [52]. Together, 186 

these processes transform MPs and NPs into more fractured, oxidized, and chemically 187 

active particles, creating the mechanistic basis for subsequent property evolution, 188 

altered environmental behavior, and aging-dependent risks [47]. To further clarify the 189 

methodological differences between laboratory aging simulations and natural aging, 190 

representative aging methods for MPs/NPs are compared in Table 1. Dominant aging 191 

stressors, typical experimental parameters, key quantitative indicators, advantages and 192 

limitations were summarized, which helps to clarify the applicability and boundary 193 

conditions of different aging protocols. 194 

-Table 1- 195 

-Figure 3- 196 
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 197 

3.2 Mutual influence between MP/NP properties and aging 198 

Environmental aging is not a one-way process governing the properties. Instead, 199 

a bidirectional interplay exists: the intrinsic MP/NP properties determine their 200 

susceptibility to aging, while the aging continuously reshapes these properties. 201 

Polymer type and chemical structure primarily determine aging susceptibility. For 202 

example, polymers with more reactive backbone structures or lower crystallinity 203 

generally undergo faster photo-oxidation, whereas additive composition can either 204 

retard degradation through radical scavenging and UV shielding or accelerate it by 205 

acting as photosensitizers or pro-oxidants [49,67,68]. Particle size and morphology 206 

are also important for aging susceptibility. Compared with MPs, NPs possess higher 207 

specific surface areas, shorter diffusion lengths, and stronger colloidal interactions, 208 

which can accelerate surface oxidation and make their aging behavior more sensitive 209 

to particle size, surface coating, and aggregation state. Recent evidence has shown 210 

that ROS-mediated photoaging of plastic particles under UV irradiation is size-211 

dependent: PS NPs generated stronger ROS signals than PS MPs, whereas surface 212 

coatings and polymer structures further regulated the formation of photooxidation 213 

intermediates [53]. Therefore, NP aging should not be regarded simply as a scaled-214 

down version of MP aging, because nanoscale size effect can change the balance 215 

among ROS generation, surface oxidation, aggregation/dispersion, and organic-matter 216 

interactions. In addition, NOM may either promote or inhibit photoaging depending 217 

on polymer structure and DOM-particle interactions, further complicating the aging 218 

kinetics of NPs in aquatic environments [69]. Irregular fragments with abundant 219 

defects and edges are more vulnerable to mechanical and oxidative attack than smooth 220 

spheres [26,50,70].  221 
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The bidirectional relationship between initial particle state and aging-induced 222 

property evolution is particularly evident in PE/LDPE systems under different aging 223 

conditions. For field-weathered PE, the O/C ratio increased from 0.01-0.03 to 0.177, 224 

accompanied by a more fractured morphology [71]. Under urban rooftop weathering, 225 

LDPE developed random cracks, reached a carbonyl index (CI) of 0.243 ± 0.011, and 226 

showed an increase in crystallinity from 34% to 39-42% [72]. Under accelerated UV 227 

aging, PE showed C=O formation and increased crystallinity from 65% to 95% [55]. 228 

In coastal and marine aging systems, CI, molecular-weight (Mw) loss, and particle 229 

fragmentation were quantitatively correlated, with fragmentation occurring when Mw 230 

decreased below approximately 70 kg/mol [73]. These findings indicate that aging 231 

trajectories depend on both initial particle state and external aging stressors, while 232 

aging subsequently feeds back by modifying oxidation degree, crystallinity, Mw, 233 

surface cracking, and fragmentation behavior, shifting Mw distributions toward lower 234 

values, altering crystallinity, and weakening bulk polymer integrity [22,23]. As a 235 

result, MPs and NPs progressively move away from their pristine state and become 236 

more reactive, fragile, and environmentally dynamic. Table 2 summarizes the initial 237 

particle states, aging conditions, and aging-induced property changes of representative 238 

MPs/NPs, providing a direct basis for evaluating the bidirectional relationship 239 

between particle properties and aging. Overall, intrinsic composition, size, additives 240 

and other initial properties determine aging pathways, while aging-induced 241 

transformations reciprocally remodel these properties. 242 

-Table 2- 243 

 244 

3.3 Environmental behavior changes with aging 245 

Following aging, the interactions of MPs and NPs with water, sediment, and 246 
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biota differ substantially from those of pristine particles. A key consequence is altered 247 

colloidal stability and aggregation behavior: whereas pristine MPs often undergo 248 

hydrophobic homo-aggregation, aged particles generally become more negatively 249 

charged and may remain more dispersed in the short term due to electrostatic 250 

repulsion [23]. However, these alterations promote hetero-aggregation with other co-251 

existing matter. Polar groups and roughened surfaces provide anchoring sites for 252 

minerals, organic debris, and microorganisms. Weathered MPs readily hetero-253 

aggregate with suspended clay minerals [76], fine metal oxides [77], and natural 254 

organic colloids such as humic substances [78]. With the increase of apparent size and 255 

density due to hetero-aggregation, aged MPs and NPs exhibit enhanced vertical 256 

transport and deposition fluxes in water [76]. These property shifts (e.g., 257 

hydrophilicity, biofilm growth) and environmental behavioral changes are illustrated 258 

in Figure 4. 259 

-Figure 4- 260 

Aging can reshape, and in many cases amplify, the vector role of MPs/NPs for 261 

dissolved contaminants. Increased surface area, porosity, and oxygen-containing 262 

binding sites enhance the adsorption of heavy metals, hydrophobic organic 263 

contaminants, and emerging pollutants, while microcracks and internal channels 264 

accelerate the leaching of plastic additives and soluble degradation products [79-81]. 265 

The amplification of contaminant uptake by different types of aged MPs/NPs is 266 

summarized in Table 3, highlighting how aging-induced surface changes directly 267 

correlate with multi-fold increases in adsorption affinity in most cases.  268 

-Table 3- 269 

However, aging does not uniformly amplify vector behavior, and that the 270 

direction depends on pollutant polarity and the dominant adsorption mechanism. One 271 
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exception is for highly hydrophobic ECs such as 4-methylbenzylidene camphor (4-272 

MBC): Surface oxidation may suppress adsorption by increasing surface 273 

hydrophilicity and weakening hydrophobic association [74,87]. 274 

Another critical consequence is the accelerated leaching of additives. As the 275 

polymer degrades, embedded additives diffuse into the surrounding medium more 276 

readily [68]. Finally, biological coatings and biofilms on aged particles can modify 277 

biological recognition and create hotspots for microbial attachment and horizontal 278 

gene transfer [64,88,89]. Overall, aging transforms MPs and NPs into more 279 

interactive components of aquatic particulate systems, with altered mobility, 280 

contaminant exchange, and biological coupling. 281 

 282 

4. Aging-modulated ecological risks 283 

4.1 Aging-dependent exposure pathways 284 

Environmental aging reshapes ecological risks by altering the distribution of 285 

particles in different media [90], amplifying the vector effect for co-contaminants, and 286 

driving distinct toxicity pathways for MPs versus NPs, as summarized in Figure 5. 287 

-Figure 5- 288 

While pristine particles are typically hydrophobic and tend to accumulate at the 289 

air-water interface due to low wettability, aging alters their interfacial behavior [91]; 290 

the progressive introduction of polar oxygenated moieties increases surface 291 

hydrophilicity and charge, which enhances colloidal stability and dispersibility. This 292 

allows aged particles to remain suspended longer and be transported further. At the 293 

same time, aging creates a complex vertical transportation. On one hand, aging-294 

induced surface roughness and chemical functionality facilitate hetero-aggregation 295 

with natural particulates, promoting sedimentation [92] which can either stabilize 296 
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particles or bridge them into sediments. On the other hand, biofilm colonization on 297 

plastics can exert a bidirectional influence: while biomass increases density, the 298 

entrapment of metabolic gases can induce particles re-floating, prolonging surface 299 

residence. Thus, aging processes can drive a dynamic “sink-refloat” cycle by 300 

changing particle density, aggregate size, and biofilm coverage. It is estimated that, 301 

for LDPE, a 10 μm-thick diatom biofilm with complete surface coverage can increase 302 

the density of a 100 μm PE sphere to approximately 1.035 g·cm-3, sufficient to exceed 303 

seawater density; this corresponds to a biofilm mass of roughly 0.9 times the PE 304 

particle mass. For smaller PE particles, a one-cell-thick diatom layer can sink an 305 

approximately 40 μm PE sphere, corresponding to a biofilm mass of about 0.6-0.7 306 

times the particle mass [93]. Freshwater experiments further showed that buoyant PP 307 

particles of 125-212 μm sank after approximately 18 d of biofilm growth, whereas 308 

larger PP particles of 1000-2000 μm required approximately 50 d [94]. Hetero-309 

aggregation can also accelerate sinking: PET-freshwater snow agglomerates settled 310 

approximately 1.9-4 times faster than freshwater snow alone [95]. These estimates 311 

indicate that sink-refloat behavior depends on polymer density, particle size, biofilm 312 

thickness/coverage, and incorporation into dense natural aggregates, thereby altering 313 

exposure between pelagic, neustonic, and benthic organisms. 314 

 315 

4.2 Aging-driven biological interactions and uptake 316 

As aging influences the environmental distribution of MPs and NPs, it 317 

concurrently modifies their interactions with organisms. More specifically, the effect 318 

of eco-corona on biological uptake depends on both the formation 319 

strength/composition of the corona and the biological model considered. DOM 320 

adsorption on plastic surfaces can be quantified by adsorption profiles and adsorbed 321 
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mass. For example, QCM-D measurements showed that Suwannee River humic acid 322 

and fulvic acid, formed DOM layers on pristine and photochemically weathered PE, 323 

PP, PS, and PET surfaces, thereby masking the initial polymer-dependent surface 324 

properties [64]. Microbial EPS can also form eco-coronas on NPs: EPS from the 325 

marine diatom Phaeodactylum tricornutum adsorbed onto 60-nm carboxylated PS 326 

NPs, with high-molecular-weight carbohydrates and 30-100 kDa proteins contributing 327 

to the corona layer and reducing NP aggregation rates [62]. These findings indicate 328 

that eco-corona formation can be described by measurable interfacial indicators, 329 

including adsorbed organic mass, hydrodynamic size, Zeta potential, and aggregation 330 

kinetics, rather than only by qualitative observation. 331 

The biological consequence of eco-corona formation is not uniformly uptake-332 

enhancing. In photoaged PS-NPs, aging-altered protein coronas increased the 333 

abundance of immunoglobulins, complement proteins, transferrin, and lipoproteins, 334 

which promoted macrophage internalization through phagocytosis and clathrin-335 

mediated endocytosis [96]. In marine medaka, organism-secreted-material corona 336 

prolonged the retention time of MNPs and facilitated the translocation of 5-μm MPs 337 

from the intestine to the liver surface, while 50-nm NPs showed higher retention and 338 

ecological risk than MPs [97]. However, alginate or Suwannee River humic acid 339 

reduced the toxicity of both amidine- and carboxyl-functionalized PS NPs to 340 

freshwater zooplankton, despite particle ingestion [98]. Therefore, eco-corona should 341 

be considered as a context-dependent modifier of biological recognition, uptake, 342 

retention, translocation, and toxicity, rather than a universal enhancer of biological 343 

uptake. 344 

At the nanoscale, biological uptake is governed not only by particle size but also 345 

by aging-altered surface identity. Aging can increase hydrophilicity and oxidation, 346 
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promote eco-/protein-corona reconstruction, and thereby change how NPs are 347 

recognized by cell membranes and immune cells. For example, photoaged PS NPs 348 

were reported to form altered protein coronas in human bronchoalveolar lavage fluid, 349 

which enhanced macrophage uptake [96]. At the cell interface, NP translocation and 350 

membrane perturbation are further regulated by polymer type and aging properties, 351 

suggesting that aged NPs may cross biological interfaces through combined 352 

membrane adhesion, endocytosis/transcytosis, and barrier disruption pathways [99]. 353 

Recent quantitative evidence using radiolabeled PS NPs also showed size-dependent 354 

barrier crossing in mammals: both 20 and 100 nm particles crossed multiple 355 

biological barriers, whereas only 20 nm particles reached the brain [100]. Therefore, 356 

aging enhances NP bioavailability not merely by rating smaller fragments, but by 357 

reshaping their biological identity and membrane-interaction pathways. 358 

Smaller fragments of NPs are particularly adept at crossing biological barriers.  359 

Aging exacerbates this potential by continuously generating more NPs with smaller 360 

pieces and increased surface hydrophilicity which can facilitate cellular 361 

internalization. Studies have documented that aged NPs are taken up more readily by 362 

cells and can translocate into the circulatory system and secondary organs [101]. Once 363 

in contact with tissues or within cells, aged particles may also trigger a heightened 364 

immune response [27]. Their high surface roughness and contaminant-laden surfaces 365 

can damage epithelial cells and stimulate inflammation at the entry portal. 366 

Consequently, aging endows MPs/NPs with enhanced bio-adhesion and sensory 367 

deception properties, making them more adhesive, more “palatable” to unwitting 368 

organisms, and more permeable through biological membranes. 369 

 370 

4.3 Size-dependent toxic mechanisms by aging 371 
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The toxicological manifestations of MPs versus NPs diverge markedly, and aging 372 

accentuates these size-dependent differences. NPs exert toxicity primarily at the 373 

cellular and subcellular scale, and upon aging, they evolve into potent generators of 374 

oxidative and inflammatory stress; this risk is further amplified when aging-altered 375 

surface chemistry and membrane interactions facilitate intracellular delivery or tissue 376 

translocation. While pristine NPs can infiltrate cells, aged NPs may further increase 377 

their toxicological relevance by altering surface reactivity, contaminant loading, and 378 

additive release. Aged or oxidized NPs often contain more oxygen-containing surface 379 

groups and may absorb metals or organic contaminants, thereby promoting 380 

intracellular oxidative stress after particle internalization. Oxidized NPs can also 381 

directly generate ROS in vitro, causing oxidative damage to lipids, proteins, and DNA 382 

[102]. In addition, aging-induced oxidation and microcracks may accelerate the 383 

release of plasticizers, stabilizers, and metal-containing compounds [103].  384 

In this context, aged NPs may act as “toxic Trojan horses”. This effect does not 385 

simply refer to generic ROS toxicity caused by particle surface reactivity alone, but to 386 

particle-mediated co-delivery of adsorbed pollutants or leachable plastic additives 387 

across biological barriers or into cells; these payloads may subsequently induce 388 

oxidative stress [104]. Thus, ROS generation is a downstream toxic response rather 389 

than the defining feature of the Trojan-horse mechanism. Here, the “toxic Trojan 390 

horse” description refers to the case in which, under the same mass concentration, 391 

aged or oxidized NPs may deliver or release a higher intracellular burden of ROS-392 

generating chemical payloads than pristine NPs. It does not imply that, under the 393 

same particle number, each aged NP necessarily releases a higher intracellular dose of 394 

ROS-generating species than each pristine NP. 395 
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This interpretation is consistent with mass-based exposure studies. For example, 396 

virgin and oxidized PS MPs/NPs were compared in A549 cells at 25-200 μg/mL for 397 

ROS assays and 100 μg/mL for mitochondrial and DNA-damage assays; oxidized 398 

particles induced stronger ROS production, DNA damage, and mitochondrial 399 

impairment than virgin particles [105]. In addition, short-term ozone aging enhanced 400 

the intrinsic peroxidase-like activity of PS NPs by increasing oxygen-containing 401 

groups, whereas prolonged ozone aging reduced this activity by disrupting aromatic 402 

structures [106]. A NP Trojan-horse study further showed that 20 nm and 500 nm PS-403 

NPs were both applied at 200 μg/L, but their particle numbers differed greatly, at 404 

1.848 × 1010 and 2.91 × 106 particles/mL, respectively; under this equal-mass design, 405 

20 nm PS-NPs enhanced phenanthrene uptake and ethoxyresorufin-O-deethylase 406 

(EROD) activity more strongly than 500 nm PS-NPs [104]. Therefore, equal-mass 407 

and equal-number exposure designs imply different toxicological and risk-assessment 408 

endpoints. Future comparisons should report mass concentration, particle number, 409 

surface area, and internalized particle burden together. 410 

In contrast, MPs exert toxicity primarily at tissue and organ levels, where aging 411 

amplifies their physical and chemical impacts. The roughened, irregular surfaces of 412 

aged MPs mechanically abrade gastrointestinal or respiratory linings upon ingestion 413 

or inhalation, causing chronic physical irritation. This physical damage can trigger 414 

persistent inflammation in tissues. Chronic ingestion of environmentally aged PE 415 

microplastics in fish has been associated with localized gut inflammation, reduced 416 

nutrient absorption, and gut microbiome disruptions [107]. Critically, the bioenergetic 417 

cost of sustained immune activation and tissue repair can impair growth and 418 

reproduction, thereby compromising organism fitness over time. Aging also enhances 419 

the chemical toxicity of MPs, as aged surfaces possess more functional groups that 420 
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adsorb environmental toxins or generate ROS at the interface. Aged particles can 421 

reduce catalase activity in clam gill tissues and elevate genotoxicity markers, whereas 422 

pristine particles exert less effects [108]. In summary, aged NPs behave as highly 423 

mobile intracellular oxidative stressors, while aged MPs function as injurious physical 424 

irritants and chemical vectors at organismal interfaces (Figure 5). 425 

 426 

4.4 Aging-enhanced disinfection by-product formation risk 427 

In drinking-water treatment, disinfection by-products (DBPs) represent another 428 

important secondary-risk pathway associated with residual MPs/NPs and their aging-429 

derived leachates. DBPs such as trihalomethanes (THMs), haloacetic acids (HAAs), 430 

and nitrogenous DBPs are widely recognized as unintended toxic by-products formed 431 

during drinking-water disinfection [109]. MPs can release dissolved organic carbon 432 

and DBP precursors under hydrolysis and UVA irradiation, and their leachates can 433 

generate chlorinated and brominated DBPs during subsequent chlorination [110]. UV 434 

aging may further enhance the chlorine reactivity, organic leaching, and DBP 435 

formation potential of MP polymers, with increased yields of THMs, HAAs, 436 

haloaldehydes, haloacetonitriles, and haloacetamides reported after chlorination of 437 

UV-aged polymers [111]. Recent drinking-water chlorination studies also show that 438 

UV-aged MPs can release oxidized organic compounds and serve as DBP precursors, 439 

while typical MPs may act as both precursors and adsorbents/carriers of MP-derived 440 

dissolved organic matter and DBPs [112,113]. Therefore, for MP/NP control, whether 441 

residual aged particles, oxidation products, and leachates may enter downstream 442 

disinfection and promote DBP precursor release or DBP formation, should be also 443 

carefully considered. 444 

 445 
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4.5 Aging-redistributed toxicity with co-contaminants 446 

MPs and NPs rarely occur as isolated particles in real aquatic environments; 447 

instead, they coexist with contaminant mixtures and natural colloids, including heavy 448 

metals, PFASs, antibiotics and ARGs, plastic additives, microbial biofilms, mineral 449 

particles, and DBP precursors. As mobile vectors, aged MPs/NPs can modify the 450 

environmental fate and biological effects of these co-contaminants. However, the 451 

vector behavior of aged MPs/NPs is not a uniform amplification process; its effect 452 

depends on pollutant polarity, charge state, and the dominant adsorption mechanism. 453 

Aging-induced oxidation, polarity, roughness, and binding sites can enhance the 454 

adsorption of heavy metals and polar/ionizable organic contaminants through surface 455 

complexation, electrostatic interactions, and hydrogen bonding [31,114]. For example, 456 

UV-aged NPs showed enhanced adsorption and cotransport of Pb(II) and Cd(II) due 457 

to increased oxygen-containing functional groups, indicating that aged NPs may act as 458 

more active carriers for heavy metals than pristine NPs [114]. PFOS can also be 459 

adsorbed rapidly onto PP NPs through dispersion forces, with additional polar and 460 

electrostatic contributions, which may alter PFOS mobility and bioavailability during 461 

co-exposure [115]. 462 

Aged MPs/NPs may also interact with biological and particulate components. 463 

Antibiotic-loaded plastics can act as biofilm-associated hotspots, where prolonged 464 

contact among surface-associated bacteria may facilitate horizontal gene transfer and 465 

ARG dissemination [116,117]. Inorganic colloids such as iron/aluminum (hydr)oxides 466 

can heteroaggregate with PS NPs and alter their transport, sedimentation, and 467 

exposure pathways (Nie et al., 2023). In organisms, charged NPs can further regulate 468 

the bioaccumulation and gut toxicity of coexisting contaminants, as shown for the 469 

perfluoroalkyl acid alternative F-53B in aquatic insects [118]. 470 
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Stronger pollutant binding does not necessarily lead to higher ecological risk. In 471 

some systems, particle binding may reduce the dissolved bioavailability of coexisting 472 

pollutants and attenuate short-term toxicity; for example, aged PS and PVC MPs 473 

decreased the bioavailability and toxicity of Cu(II) and Cd(II) to Chlorella vulgaris 474 

[119]. Therefore, aging-mediated pollutant binding should be interpreted as a risk-475 

redistribution process rather than a simple risk-amplification pathway. Stronger 476 

binding may reduce immediate dissolved exposure, but may also enhance particle-477 

associated transport, retention, delayed release, ARG dissemination, additive leaching, 478 

or sediment-associated exposure under changing environmental or biological 479 

conditions. Table 4 compares the ecological implications of both pristine and aged 480 

MPs/NPs, highlighting how aging modulates toxicity profiles. Overall, aging can shift 481 

toxicity from single-particle or single-pollutant stress toward mixture-driven 482 

functional impairment. 483 

-Table 4- 484 

 485 

5. Impact of aging on the treatability of MPs and NPs: toward risk-based water 486 

treatment strategies 487 

Conventional water treatment emphasizes overall MP/NP removal efficiency, but 488 

this overlooks the elevated risks posed by aged particles. As environmental aging 489 

produces smaller and more reactive fractions, treatment should shift from bulk 490 

removal to risk-based control. In this context, aging-induced changes in size and 491 

surface properties become critical determinants of treatability. The risk-removal 492 

linkage is central to the aging-risk-removal framework. Although aging-induced 493 

changes can substantially reshape MP/NP properties, aging alone cannot determine 494 

removal priority because it may either amplify or attenuate ecological risk depending 495 
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on various parameters as aforementioned. Therefore, risk-based removal should not 496 

rely only on total particle abundance, particle concentration, or apparent removal 497 

efficiency. Instead, risk-related quantitative indicators and descriptors should be used 498 

to identify high-priority removal targets, including smaller aged NPs, highly mobile 499 

colloidal fractions, contaminant-carrying particles, and particles capable of generating 500 

residual or secondary risks. In this sense, ecological risk defines what should be 501 

preferentially removed, how removal technologies should be selected, and how 502 

treatment performance should be evaluated. Accordingly, removal strategies should 503 

move from concentration-oriented removal toward risk-oriented reduction, risk-504 

transfer prevention, and secondary-risk minimization. Figure 6 summarizes the 505 

context-dependent effects of environmental aging on major water treatment 506 

technologies, highlighting both potential treatment advantages and associated 507 

operational or secondary-risk concerns, which are discussed in detail as follows. 508 

-Figure 6- 509 

 510 

5.1 Coagulation and flocculation: targeting aged MPs/NPs with enhanced surface 511 

reactivity 512 

Coagulation and flocculation (C&F) remain among the mainstream technologies 513 

for removing particulate contaminants, and aging often exerts an advantageous 514 

influence on their performance. Compared with pristine plastics, weathered MPs 515 

usually possess more negative surface charges and roughened textures, which can 516 

enhance interactions with cationic coagulants and polymer flocculants. For example, 517 

artificially weathered PE and polyester MPs exhibited much higher affinity for 518 

cationic polyacrylamide (PAM) than pristine particles, and removal efficiencies for 519 

UV-aged PE MPs reached ~99%, versus 64-82% for pristine PE under similar 520 
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conditions. This improvement was attributed to the increased negative charge density 521 

and surface roughness, which strengthened charge neutralization and polymer 522 

bridging [30]. For aged MPs/NPs carrying a hydrophilic organic or biofilm coatings, 523 

tailoring flocculants to match surface chemistry becomes particularly important. Such 524 

coatings may stabilize particles against conventional coagulation but also provide 525 

polar binding sites for charge neutralization and polymer bridging. Bio-based 526 

flocculants such as modified chitosan and other natural polymers have achieved >90% 527 

removal of weathered MPs through these combined interactions [132]. 528 

A greater challenge remains for aged NPs, which pose higher ecological risks but 529 

behave more like colloids than settleable particles. Recent coagulation studies on aged 530 

and non-aged NPs show that aging routes, surface oxidation, pH, NOM, and 531 

coagulant species jointly determine NP destabilization and removal efficiency [133]. 532 

Thus, NP-exclusive flocculants should be designed to integrate multiple interactions 533 

including charge neutralization, polymer bridging and hydrophobic association. For 534 

example, cellulose-derived flocculants bearing quaternary amine groups and 535 

hydrophobic side chains provide a useful design principle by combining electrostatic 536 

attraction with hydrophobic association [134]. In practical treatment trains, NP-537 

targeted aggregation should be coupled with sedimentation, membrane filtration, or 538 

granular media filtration because NP removal is strongly size-dependent and varies 539 

among treatment units [135]. 540 

 541 

5.2 Adsorption: affinity-driven capture of aged MPs and NPs 542 

Adsorption faces important physical and operational limitations when applied to 543 

aged MPs and NPs. In conventional granular activated carbon (GAC) systems, 544 

removal of larger particles is dominated by physical straining rather than true surface 545 
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adsorption. Although fixed-bed columns can initially retain MPs efficiently, they are 546 

prone to rapid clogging as particulate matter accumulates [136]. Aging aggravates this 547 

problem because smaller MPs/NPs can penetrate deep into adsorbent pores, block 548 

flow paths, or pass through entirely. In addition, organic coatings and biofilms on 549 

aged particles may foul adsorbent surfaces, occupy active sites, and hinder mass 550 

transfer. As a result, fixed-bed configurations are often unsuitable for highly aged, 551 

polydisperse MP/NP mixtures [137]. 552 

To overcome these limitations, more flexible adsorption modes are being 553 

explored. One promising approach is full-mixing-mode adsorption using fine sorbents 554 

that can be fully mixed with water and later separated by settling, centrifugation, 555 

filtration, or magnetic recovery. To facilitate cross-study comparison, representative 556 

adsorption-based removal studies are summarized in Table 5, listing adsorbent types, 557 

target polymer, particle state or aging conditions, initial MP/NP concentrations, 558 

adsorbent doses, comparison basis, and removal performance. 559 

-Table 5- 560 

Among the reported adsorbents, magnetic ones are especially attractive because 561 

they enable direct magnetic recovery of the sorbent-plastic complexes. For example, 562 

magnetic corncob biochar (MCCBC) showed much higher removal efficiency for 563 

aged polyamide (PA) MPs than for pristine PA MPs. The maximum removal 564 

efficiency of aged PA reached approximately 97% when the MCCBC dose was ≥100 565 

mg, whereas pristine PA reached only approximately 25%. This comparison was 566 

based on PA mass removal after magnetic separation and filtration, rather than 567 

surface-area-normalized removal. The enhanced removal was attributed to decreased 568 

particle size, reduced crystallinity, and increased oxygen-containing functional groups, 569 

which strengthened complexation with iron oxides, electrostatic interaction, and 570 
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hydrophobic interaction [138]. Similar surface-state-dependent removal has been 571 

reported for NPs (including unmodified PS, UV-aged PS, amine-modified PS, and 572 

carboxylate-modified PS) using ball-milled magnetic pinewood biochars: UV-aged or 573 

surface-functionalized PS NPs were removed more efficiently than unmodified PS 574 

NPs [139].  575 

Surface chemistry of adsorbents should also match to aged particle properties. 576 

For aged MPs carrying negatively charged humic substances or biofilm coatings, 577 

cationic or positively charged adsorbent surfaces may enhance binding through 578 

electrostatic attraction. Carbon-based adsorbents containing aromatic domains may 579 

interact with polymer particles through hydrophobic and π-π interactions [140]. For 580 

NPs, adsorbent porosity and size distribution should also be considered, because 581 

smaller particles may lodge within pores, diffuse into interstitial spaces, or escape 582 

through oversized channels. 583 

 584 

5.3 Membrane filtration: size-surface interplay and fouling risks 585 

Membrane processes, including microfiltration (MF), ultrafiltration (UF), 586 

nanofiltration (NF), and reverse osmosis (RO) are effective for MP/NP separating, but 587 

aging-related changes introduce both fouling and breakthrough risks. 588 

Organic/inorganic coatings and biofilms can increase particle adhesion and promote 589 

pore blocking or cake-layer formation, whereas fragmentation and increased 590 

deformability may allow some aged particles, especially NPs, to pass through pores 591 

that would retain larger or more rigid particles. 592 

Aging-induced charge changes also creates a double-edged effect. Electrostatic 593 

repulsion between negatively charged aged MPs/NPs and membrane surfaces may 594 

reduce direct deposition, but it may also facilitate the passage of smaller negatively 595 
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charged NPs into the permeate. Tighter membranes such as NF or RO can improve 596 

retention of these fractions, but they increase pressure demand and concentrate-597 

disposal challenges, they increase pressure demand and concentrate-disposal 598 

challenges. 599 

Hybrid processes and membrane surface modification can reduce these risks. 600 

coagulation/flocculation-membrane systems are effective because pre-aggregation 601 

converts dispersed MPs/NPs into larger flocs, thereby reducing fouling and improving 602 

retention [143]. Coupling membranes with fluidized GAC or biochar beds can also 603 

intercept part of the MP/NP load before filtration. In addition, super-hydrophilic, 604 

zwitterionic, or electrostatically repulsive membrane surfaces can suppress adhesion, 605 

control biofilm growth, and facilitate cleaning [144,145]. 606 

 607 

5.4 Advanced oxidation: trade-offs between degradation and fragmentation 608 

Because MPs and NPs are polymeric materials, advanced oxidation processes 609 

(AOPs) have been widely explored as degradation-based treatments. Environmental 610 

aging itself can be regarded as a natural analogue of AOP, while engineered AOPs 611 

such as UV/H2O2, photocatalysis, ozonation, Fenton-like reactions, and plasma aim to 612 

accelerate polymer breakdown. However, a critical limitation is that most AOPs at 613 

laboratory scale mainly oxidize particle surfaces rather than achieving full 614 

mineralization. Except for very small NPs under extreme conditions, complete 615 

conversion to CO2 remains difficult [146].  616 

Instead, AOPs frequently fragment MPs into secondary MPs/NPs, which may 617 

increase ecological risk if the generated fragments are not removed downstream [147]. 618 

The chemical and energy costs of such AOP-induced transformation should be 619 

carefully considered to evaluate real applicability. In Fenton oxidation of realistic 620 
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MPs, relatively severe conditions were required, and the estimated H2O2 demand 621 

reached 63-113 g H2O2 per g MP oxidized, depending on particle size, while most 622 

150-250 μm MPs showed limited mass loss and pronounced surface 623 

oxidation/fragmentation [57]. By contrast, photo-Fenton treatment of 140-nm PS NPs 624 

achieved complete mineralization under optimized conditions with 20 mg/L PS NPs 625 

and 130 mg/L H2O2, corresponding to approximately 6.5 g H2O2 per g PS NPs [56]. 626 

Sulfate-based AOPs also needed high oxidant dosage relative to polymer mass loss: 627 

UVC/PDS treatment of polyester fibers with up to 500 mg/L PDS and 8.3 mg/L MPs 628 

produced only 18.5% mass loss after 9 h, corresponding to an order of magnitude of 629 

102 g PDS per g polymer mass loss; in real laundry wastewater, the mass loss 630 

decreased to 7.7% since background organic matter competed for active radicals [58]. 631 

For electrochemical oxidation, BDD-electrode treatment of 1-μm PS MPs achieved 632 

65.5% degradation under optimized conditions, but still required 2.81 kWh/g TOC 633 

removed, and less efficient conditions required up to 61.77 kWh/g TOC removed 634 

[148]. These estimates indicate that AOPs should not be evaluated only by surface 635 

oxidation, fragmentation, or apparent particle disappearance, but also by oxidant dose 636 

per gram polymer transformed, energy input per gram TOC removed, and the 637 

formation of secondary fragments. In addition, the transformation of hazardous 638 

additives or adsorbed co-pollutants may create another secondary-risk pathway. A 639 

complex mixture of partially oxidized intermediates with higher toxicity may be 640 

generated [149].  641 

Accordingly, AOPs should be positioned primarily as controlled pretreatment or 642 

polishing steps rather than standalone mineralization technologies for MPs/NPs. 643 

Short-duration AOP pretreatment can oxidize or embrittle particle surfaces, thereby 644 

facilitating subsequent capture by coagulation-flocculation, adsorption, or membrane 645 
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filtration. When complete mineralization is not the treatment goal, coupling limited 646 

oxidation with downstream physical separation or biological treatment may reduce 647 

oxidant and energy demand while preventing the uncontrolled release of secondary 648 

fragments [150]. Therefore, integrated treatment trains are more appropriate than 649 

standalone AOPs in water treatment systems. 650 

 651 

5.5 Biological approaches: leveraging aging to enhance bio-utilization 652 

One possible terminal fate for MPs and NPs is biological degradation, wherein 653 

the partially degraded particles are converted by microbes or enzymes into high-654 

value-added biomass, CO2, and water. In the natural environment, this is an 655 

exceedingly slow process, but aging processes can facilitate microbial recognition and 656 

attack. The question of whether aging improves microbial transformation is complex. 657 

On the one hand, aging introduces polar functional groups that enzymes can target. 658 

For instance, photo-oxidation of polyethylene (PE) introduces carbonyl and hydroxyl 659 

groups, which significantly accelerates its biodegradation by microbes [22]. On the 660 

other hand, certain aging by-products (e.g., specific antioxidants or degradation 661 

intermediates) could be antimicrobial or recalcitrant, potentially inhibiting microbial 662 

activity. For biodegradable plastics such as PLA or PCL, prior aging has been shown 663 

to promote microbial utilization through surface erosion and the formation of 664 

functional groups [151]. Even in the case of recalcitrant plastics like PE or PVC, 665 

sufficient weathering can degrade the polymer matrix into oxidized oligomers, which 666 

allow specialized microbial communities to metabolize the material. In engineered 667 

water treatment processes, leveraging biological utilization for MPs/NPs is 668 

challenging due to the short hydraulic retention times. 669 

 670 
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5.6 Emerging technologies: capture, recovery, and degradation 671 

In addition to traditional processes as aforementioned, emerging technologies 672 

provide additional approaches for the removal of aged MPs and colloidally stable NPs, 673 

including photocatalytic degradation, enzymatic conversion, magnetic materials 674 

separation, etc.. Photocatalytic and enzymatic systems can oxidize or depolymerize 675 

susceptible polymers, but their practical application remains limited by incomplete 676 

mineralization, polymer selectivity, catalyst/enzyme recovery, light penetration, and 677 

reactor scale-up [152-154]. Magnetic materials and micro/nanorobot-assisted systems 678 

further enable directional recovery or integrated capture-degradation, although most 679 

of them remain at laboratory or proof-of-concept stages [155-158]. These 680 

technologies are better viewed as complementary modules for MP/NP management. 681 

The advantages, limitations, applicable scenarios, and secondary risks of both 682 

conventional and emerging technologies are compared in Table 6. 683 

-Table 6- 684 

Given the distinct advantages and limitations of individual unit technology as 685 

summarized in Table 6, the effective control of MPs and NPs in real water pollution 686 

control engineering practice usually requires integrated processes that work in a 687 

complementary manner. Figure 7 is a schematic showing an integrated, mechanism-688 

driven treatment chain that sequentially couples aging-informed pre-aggregation, 689 

physical separation, and risk neutralization steps to achieve pollution control and 690 

residual valorization. Biological approaches are more suitable as long-residence 691 

polishing or post-treatment steps rather than rapid standalone removal processes. 692 

Aging can improve some steps in the proposed treatment chain, such as enhanced 693 

aggregation and microbial access to polymeric substrates. 694 

-Figure 7- 695 
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6. Knowledge gaps and future research priorities 696 

6.1 Quantitative, comparable descriptors 697 

To date, laboratory aging simulations often simplify or isolate aging factors and 698 

thus fail to replicate the multifaceted, long-term aging in natural aquatic environments 699 

(Figure 8). This gap is evident in the inconsistency of aging protocols and the 700 

challenge of bridging laboratory results and field observations. Future studies should 701 

emphasize multifaceted aging experiments that combine photochemical, physical, and 702 

biological stressors. Analytical methods for aged MPs and NPs require refinement 703 

since real environmental MPs/NPs with altered spectra and properties need in situ 704 

aged reference materials and standards for measurement. Among the numerous 705 

MP/NP properties which are related to their environmental behavior, risk, and 706 

treatability, developing quantitative and comparable descriptors, as well as 707 

corresponding detection techniques, is a high priority, which will narrow the gap 708 

between accelerated lab aging simulations and actual environmental aging to enhance 709 

the environmental relevance of research findings. 710 

-Figure 8- 711 

 712 

6.2 Aging-risk-treatability frameworks 713 

Existing investigations based separately on aging, risk assessment, and 714 

removal/remediation of MPs and NPs, overlook critical causal linkages, such as how 715 

aging-induced changes in physicochemical properties and toxicity directly influence 716 

their treatability in water treatment systems. Integrated strategies are needed to 717 

combine aging, risk, and treatability into a cohesive framework (Figure 8). 718 

Specifically, aged NPs remain critically underexplored compared to MPs. An aging-719 

risk-removal nexus will encourage cross-disciplinary collaboration among 720 
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environmental chemists, toxicologists, and engineers to jointly develop models that 721 

predict how the risk profiles of aged MPs/NPs correlate with, and can be mitigated by, 722 

specific treatment technologies. 723 

 724 

6.3 Predictive and risk-based removal technologies 725 

Advancing water treatment for MPs and NPs requires moving beyond passive 726 

capture toward predictive, risk-informed control strategies [28] (Figure 8). One 727 

priority is the development of models and tools to forecast MP and NP removal 728 

performance under varying conditions. Developing real-time monitoring sensors, and 729 

applying machine learning and mechanistic modeling to predict removal efficiencies, 730 

can enable dynamic adjustment of treatment parameters in response to fluctuating MP 731 

and NP loads and characteristics. Designing technologies on a risk-based means 732 

prioritizing the capture or destruction of the most harmful particles, particularly NPs, 733 

and those carrying adsorbed hazards or toxic additives. Targeted treatment 734 

technologies include combining physical separation with advanced oxidation and 735 

biological processes. Importantly, treatment processes must be evaluated for potential 736 

by-products of degradation to ensure that mitigating one risk does not generate 737 

another. 738 

To make the proposed risk-based removal strategy more operational, risk 739 

prioritization should be quantified using established risk-assessment indicators rather 740 

than by assigning arbitrary fixed weights to NPs or aged MPs. For exposure level, 741 

particle abundance or measured environmental concentration can be used as the first 742 

prioritization basis, as pollution load index (PLI)-based assessments quantify 743 

pollution load from MP concentration relative to a background or reference level 744 

[167,168]. For polymer-specific hazard, polymer hazard index (PHI) provides a way 745 
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to include polymer hazard scores and polymer composition in risk evaluation [168], 746 

while multidimensional frameworks further treat polymer type, additive chemistry, 747 

and sorbed contaminants as particle-specific hazard dimensions [169]. For 748 

toxicological thresholds, species sensitivity distribution (SSD)-derived predicted no-749 

effect concentration (PNEC) and predicted environmental concentration 750 

(PEC)/PNEC-type risk characterization can connect environmental exposure with 751 

biological effect thresholds [167,170]. For particle-specific bioavailability, size and 752 

shape should be considered because they influence ingestion, translocation, and 753 

physical toxicity [169,170]. For uncertainty and risk probability, probabilistic 754 

approaches such as Monte Carlo simulation, probability density curves, and joint 755 

probability curves can reduce the bias of deterministic indices and identify the 756 

contribution of different MP types to ecological risk [167]. Therefore, in the context 757 

of aged MPs/NPs, risk prioritization should be based on measurable dimensions 758 

including exposure level, particle size/bioavailability, polymer/additive hazard, aging 759 

degree, co-contaminant load, toxicological threshold, and removal difficulty. At 760 

present, a universal numerical weight between NPs and aged MPs is not available; 761 

NPs may be prioritized when size-dependent bioavailability, translocation, and poor 762 

removal dominate, whereas aged MPs may be prioritized when abundance, biofilm-763 

mediated ingestion, sediment exposure, or co-contaminant/vector effect dominates. 764 

 765 

6.4 Field validation and governance 766 

Translating laboratory findings into real-world impact require field validation 767 

and effective governance frameworks (Figure 8). Performance observed in controlled 768 

studies need to be confirmed in complex natural waters and full-scale treatment 769 

systems. Future research should prioritize pilot and field studies that expose aged MPs 770 
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and NPs to actual environmental matrices and operational conditions. Concurrently, 771 

establishing standardized monitoring of MPs and NPs in the environment is essential, 772 

on which regulators have begun to act. For example, California has implemented 773 

requirements for four years of testing and public reporting of MP levels in drinking 774 

water [171], and the EU’s Drinking Water Directive (2020/2184) includes MPs as a 775 

EC to be monitored [172]. China has listed MPs as one of the priority ECs for key 776 

control [173]. However, current MP and NP data are still too limited for rigorous risk 777 

assessments, underscoring the need for more comprehensive field data. 778 

 779 

7. Conclusion 780 

This review demonstrates that aging-induced transformations of MPs and NPs 781 

are a central link between ecological risks and removal strategies in aquatic systems. 782 

Physicochemical properties of MPs and NPs, including particle size, surface 783 

chemistry, colloidal stability, eco-corona formation, and co-contaminant affinity, shift 784 

substantially during environmental aging. These changes can reshape biological 785 

interactions, alter ecological risks, and influence treatability in water purification 786 

systems. Consequently, an “aging-risk-removal nexus” is proposed, in which aging is 787 

considered not merely as a background environmental process or concentration-788 

related descriptor, but as a dynamic factor that affects both risk assessment and 789 

treatment design. Three key implications were identified: Firstly, risk assessments that 790 

overlook aging processes may significantly underestimate exposure and toxicity, 791 

particularly for smaller, more reactive NP fractions; Secondly, although conventional 792 

treatment processes can intercept a substantial proportion of larger MPs, the removal 793 

of aged NPs remains challenging; Thirdly, risk-based removal requires moving 794 

beyond apparent removal efficiency toward the integrated evaluation of high-risk 795 
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fractions treatment applicability, and residual or secondary risk.  796 

This aging-risk-removal nexus gives a useful basis for future MP/NP 797 

management by linking aging characterization, risk prioritization, and targeted 798 

removal strategies. Beyond research prioritization, this perspective also provide 799 

practical guidance for broader MP/NP governance: Governmental identification of 800 

priority control targets can be considered by considering aging status, particle size, 801 

contaminant affinity, and secondary risks; Public awareness of aging-driven MP/NP 802 

risks as a dynamic environmental issue can be improved; Environmental supervision 803 

and policy management can be supported by informing aging-sensitive monitoring 804 

indicators, risk-prioritized assessment criteria, and treatment-evaluation protocols that 805 

incorporate residual and secondary risks. 806 
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Figure captions 

Fig. 1. Conceptual framework of this review: the aging-property-risk-removal nexus of MPs and 

NPs in aquatic systems. 

Fig. 2. Sources and fundamental physicochemical properties (surface chemistry, morphology, and 

bulk integrity) of MPs and NPs. 

Fig. 3. Different types and corresponding mechanisms of aging of MPs and NPs. 

Fig. 4. Relationship between physicochemical property evolution and the changes in environmental 

behavior of MPs and NPs during aging. 

Fig. 5. Aging-driven reshaping of ecological risks: multi-media exposure dynamics, vector effect, 

and toxicity of MPs and NPs. 

Fig. 6. Different traditional water treatment technologies for the removal of MPs/NPs from water, 

as well as their advantages and disadvantages. 

Fig. 7. Proposed integrated treatment for high-risk aged MPs/NPs: from aging-informed capture 

and risk neutralization to residual valorization. 

Fig. 8. Workflow of four future research priorities for aged MP/NP risk assessment and treatment 

design. 
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Fig. 2. Sources and fundamental physicochemical properties (surface chemistry, morphology, and bulk integrity) of MPs and NPs. 

  



 

Fig. 3. Different types and corresponding mechanisms of aging of MPs and NPs.  



 

Fig. 4. Relationship between physicochemical property evolution and the changes in environmental behavior of MPs and NPs during aging. 

  



 

Fig. 5. Aging-driven reshaping of ecological risks: multi-media exposure dynamics, vector effect, and toxicity of MPs and NPs. 

  



 

Fig. 6. Different traditional water treatment technologies for the removal of MPs/NPs from water, as well as their advantages and disadvantages. 

  



 

Fig. 7. Proposed integrated treatment for high-risk aged MPs/NPs: from aging-informed capture and risk neutralization to residual valorization. 

  



 

Fig. 8. Workflow of four future research priorities for aged MP/NP risk assessment and treatment design. 

 


