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Microbubble-induced erosion releases micro- and

nanoplastics into water
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Micro- and nanoplastics (MNPs) are pervasive micropollutants in aquatic environments and along shorelines.
Their release is predominantly attributed to mechanical abrasion or ultraviolet exposure, both requiring substan-
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tial external energy inputs. The role of aquatic factors (e.g., air bubbles) in the generation of MNPs is poorly under-
stood. Here we show microbubbles that spontaneously form on seven typical plastics across a wide temperature
range (25° to 95°C) and in various water types (deionized, tap, river, and marine water) can erode plastic surfaces
and drive MNP release. Nucleation, expansion, and movement of microbubbles generate shear stresses capable of
dislodging polymer protrusions at surface defect sites. This sweeping action, combined with the unbalanced sur-
face tension forces at the three-phase contact line, generates O-shaped ring structures composed of accumulated
polymers, which ultimately fragment leading to the release of MNPs into the aquatic environment. Our findings
demonstrate that microbubble-induced erosion represents a low-energy pathway for micropollutant release.

INTRODUCTION
Micro- and nanoplastics (MNPs) are globally emerging pollutants
that threaten the environment, wildlife, and human health (1-4).
The pervasive contamination of MNPs in aquatic environments has
enabled their penetration into global food chains, with individuals
now estimated to ingest up to 90,000 MNPs annually from bottled
water alone (5). MNPs are characterized by their small particle size,
strong adsorption capabilities, rapid migration, and pronounced ac-
cumulation rates in human tissue (6, 7). Accumulation in carotid
plaque is associated with increased risk of death or major cardiovas-
cular events (8), while there are correlations between accumulation
in brain tissue and neurodegenerative diseases (6, 7). Understand-
ing the mechanisms of MNP generation and release is critical to de-
veloping effective mitigation strategies. To date, most studies have
focused on MNP release from bulk plastics in water environment
due to factors such as mechanical wear and/or ultraviolet (UV) ex-
posure (9-11). Despite the intimate contact between plastics and
water in these environments, there is no fundamental understand-
ing of how aquatic factors such as air bubbles, pH, and salt levels
influence the generation of MNPs.

Air bubbles are pervasively found on the surfaces of plastics
(12, 13), particularly in daily-use items (e.g., plastic bottles) and on
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plastic debris along shorelines that are repeatedly exposed to air and
water. Plastics have low surface energy, high hydrophobicity, and
contain numerous surface imperfections, making them ideal for
nucleating large quantities of air bubbles. Bubble nucleation results
from the attraction of dissolved nonpolar air molecules to the hy-
drophobic plastic surface (12). The potential role of air bubbles in
the transfer and release of MNPs has already attracted attention. Air
bubbles can dislodge loose particles from the surfaces of plastics and
carry them into the aquatic environment (14). Floating bubbles with
MNPs attached act as vectors, facilitating the movement of MNPs
within water columns (15-17). Small bubbles that remain adhered
to the surfaces of MNPs can modify their physical properties, such
as surface tension, zeta potential, and density, thereby altering MNPs’
behavior, fate, and transport (18). MNP-coated bubbles that reach
the water surface can burst and eject MNPs (typically <10 pm) into
the atmosphere, substantially affecting the aerial distribution and
transport of these pollutants (17, 19).

Studies to date have focused on the potential of air bubbles to
generate significant stresses at surfaces of plastics. The internal pres-
sure within bubbles can reach 1 MPa (20, 21), and when coupled
with the levels of unbalanced stresses along the three phase contact
line, substantial local deformation of the bulk plastic substrate be-
comes possible (22, 23). Prior studies have shown that pressures of
approximately 0.5 MPa can induce surface cracks in bottle contain-
ers (14, 24). In principle, the pervasive presence of microbubbles in
the water environment has the potential to erode and restructure the
surfaces of plastics and drive the release of MNPs.

In this report, we studied the role of air bubbles [1 to 1000 pm of
diameter (25)] in MNP generation on the surfaces of typical plas-
tics. We investigated the nucleation, growth, and motion of micro-
bubbles on polypropylene (PP) or polyethylene (PE), which account
for 71% of MNPs found in the ocean (26), including their role in the
erosion and accumulation of nascent MNPs on these plastics into
O-shaped ring (OSR) structures. This behavior was observed on
both standard and real-world plastic products across a wide tem-
perature range (25° to 95°C) and in various water types [deionized
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(DI) water, tap water, river water, and marine water]. OSR genera-
tion is a consequence of the unbalanced surface tension forces and
shear stresses that exist at the water-bubble-plastic three-phase con-
tact line. The edges of OSRs disintegrate piece by piece upon reex-
posure to water, while nascent MNPs remain intact at surface
regions where bubble-induced erosion has not occurred. Raman
spectroscopy, atomic force microscopy (AFM), diffusion-ordered
spectroscopy (DOSY)-nuclear magnetic resonance (NMR), and
scanning electron microscopy (SEM) identified the specific chemi-
cal and physical characteristics of MNPs released and traced them
back to the disintegration of surface bound OSRs. Crucially, we
demonstrate that microbubbles erode and restructure the surface

morphology of plastics and promote the release of MNPs whenever
plastics come into contact with water.

RESULTS

Characterization of microbubbles formed on the surface

of plastics

We investigated the formation of microbubbles on plastic surfaces
using an in situ observation chamber filled with water at adjustable
temperatures (Fig. 1A). A standard PP sheet was submerged in the
chamber (Tyater = 25° to 95°C), and a high density of microbubbles
formed within 1 min (Fig. 1, B to G). Top-view optical images
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Fig. 1. Characterization of microbubbles on PP plastic surface. (A) Protocol used to characterize microbubbles in a glass chamber. (B to D) The top, bottom, and side
view of typical microbubbles on PP surface in water, respectively. (E to G) The expansion process of microbubble over 4 min in 80°C water, observed from top. The white
arrow indicates the same location. (H) The volume change of the observed microbubble shown in (E) to (G) over 4 min. (I) The diameter distribution of microbubbles
formed on PP surface in water. (J) Correlation between plastic surface energy and microbubble density at 25°C. Surface energy values were obtained from 3M Company
and previous research (67). PTFE was treated as an outlier and excluded from the fit. (K) Microbubble density in four common water types (tap water, river water, marine
water, and DI water) at different temperatures (25° to 95°C). (L) Water quality characteristics of the four water types (n = 3 independent replicates per test).
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(Fig. 1B) revealed dark outer circles at the edges of each bubble due
to light refraction, with thicknesses ranging from approximately 20
to 100 pm, consistent with previous observations (27, 28). Defects
on the plastic substrate were seen most clearly in bottom-view im-
ages where they were frequently observed to pin and distort the con-
tact line (white box, Fig. 1C). Side-view images showed a contact
angle () of 96.2° + 2.2° (Fig. 1D), consistent with the known hydro-
phobic properties of PP plastics (29). Consequently, top-view images
measure the outer bubble diameter, whereas bottom-view images
capture the slightly smaller diameter at the contact line.

Top-view optical imaging was used to follow the dynamics of mi-
crobubble expansion and to capture their size distribution and den-
sity (Fig. 1, E to G). A typical microbubble in 80°C DI water, starting
with a diameter of approximately 300 pm, expanded to about 375 pm
after 2 min and reached 400 pm after 4 min. The linear increase in

bubble volume with time is consistent with diffusion-based growth
(Fig. 2H). Under steady-state condition (Tyater = 80°C), a size dis-
tribution analysis (N = 117) showed that 20.5% were smaller than
100 pm, while a negligible fraction (less than 5%) of bubbles exceed-
ed 400 pm in diameter (Fig. 1I). Microbubble formation and expan-
sion was observed on all standard plastics including PP, low-density
PE (LDPE), high-density PE (HDPE), PE terephthalate (PET), poly-
amide (PA), polystyrene (PS), and polytetrafluoroethylene (PTFE)
as well as plastic samples submerged in various water types (DI wa-
ter, tap water, river water, and marine water) at temperatures rang-
ing from 25° to 95°C (Fig. 1, ] and K, and fig. S1). A strong negative
exponential correlation (R* = 0.88, PTFE is not included) was ob-
served between surface energy and microbubble density (Fig. 2J)
so that plastics with lower surface energy exhibit higher microbub-
ble densities, consistent with reduced wettability that limits uniform

Raman shift (cm™")

C 808 l 250l D .
4 u(C-C)(CH,) E- D=2.2%x10"""m?2/s ﬂ
— 841 P MW =14,400g/mol \g,y
S ¥(CHy) < 3.004
o 1168 l =
= v(C-C),0(C-C)¥(CHy) g
2 &)
% LI, | 8td- high-MW PP sheet “ § 4.00+
e | 3 c 4 D=4.5%x10"1"m?/s
Bumps and OSRs _% J MW =2400g/mol
Std. low-MW PP £
LI T T T T a T T T T
500 1000 1500 2000 2500 3000 130 120 110 100 090  0.80

"H chemical shift (ppm)

nm 680

640

600

550

Edges of OSR

80 T

T T
0.0 0.5 1.0

T T
150 20 25
Lateral distance (um)

Fig. 2. Microbubble-induced erosion of PP surface to form OSRs. (A) AFM images of PP surface with migrated low-MW bumps. (B) The same location after soak in 50°C
for 20 min. White boxes in (A) and (B) indicate the same region free of microbubble erosion before and after soak, respectively. (C) Raman spectra of standard PP sheet
with relative high MW (97,000 g/mol), migrated low-MW bumps and OSRs from PP sheet surface and standard low-MW PP (3,700 g/mol). (D) 'H 2D-DOSY spectrum of
surface migrated low-MW bumps. (E) A typical optical image of microbubbles formed on PP surface soaked in 95°C water. (F) Optical image of the same location (see ar-
row marker) after N, dry. (G) AFM image of one typical OSR formed by the microbubble in (F). (H) Optical images of PE (low density) surface with migrated low-MW bumps.
(1) AFM images of PE (low density) surface with migrated low-MW bumps after soak in 70°C water. (J) The extracted cross-sectional profiles of a typical OSR on () (indi-
cated by the yellow dashed line). a.u., arbitrary unit.
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water spreading and facilitates air entrapment promoting bubble
formation (30). PTFE was the exception, which despite having the
lowest surface energy, exhibited the lowest microbubble density,
suggesting that surface chemistry or air adhesion properties are im-
portant. Temperature is also important. For typical waters (DI, tap,
river, and marine water) with similar levels of dissolved oxygen
(DO) and pH value, microbubble density on PP surfaces increased
by approximately three orders of magnitude (around 0.5 to around
210 microbubbles per cm?) as the temperature was increased from
25° to 95°C. A robust power-law relationship (R* = 0.88 to 0.7;
see Fig. 1, K and L, and table S1) describes microbubble formation
across this temperature range regardless of water type. Similar be-
haviors were found on other plastics. Despite vast differences in
electrical conductivity microbubble densities in DI water and sea-
water were similar (Fig. 2K). Evidently, plastic type, temperature,
DO levels, and pH values are key factors that regulate microbubble
dynamics on plastic surfaces.

Microbubble-induced erosion of plastic surfaces and

OSR formation

Microbubbles interact with defects that are pervasively found on the
surface of plastics (Fig. 1C). Defects arise from environmental factors
such as mechanical abrasion (9) and UV-induced cracks (31), or sur-
face ridges and scratches introduced during manufacture (32) or even
due to intrinsic stresses in the plastic itself that drive the migration of
low molecular weight (MW) polymers or additives (33, 34) to the plas-
tic surface. Since stress-induced migration can be engineered precisely
(see Materials and Methods), we used this approach to prepare plastic
surfaces with controlled densities of surface defects. Specifically, we
engineered standard PP plastic sheets (average MW 97,000) to trigger
the migration of low-MW polymer to the plastic surface, thereby cre-
ating PP bumps at the surface with densities of 4 to 7 per 10 pm~, and
lateral sizes of 0.3 to 1 pm and heights of 7 to 10 nm (see Fig. 2A and
Materials and Methods). Figure 2A shows the presence of surface ridg-
es from the original manufacturing process, which serve as a marker of
surface location. The PP sheet was placed in DI water at 25° to 50°C
(typical environmental water temperature) and immediately nucleated
microbubbles on the surface, resulting in the formation of OSRs
(Fig. 2, A and B, and figs. S1 to S3). After 20 min in DI water at 50°C,
the sheet was removed from the water and dried under nitrogen gas.
AFM imaging of the same location in Fig. 2A showed the presence of
a single OSR feature with a diameter of 15 pm (Fig. 2B). The height of
the OSR’s edge was around 30 nm, three to four times the height of the
original surface bumps (7 to 10 nm). Within the OSR, there was a no-
table depletion in the density of PP bumps, while there was no sub-
stantial change in density outside the OSR (white box; Fig. 2, A and B).
Large-area optical microscopy confirmed an OSR density of 32.2 + 4.5
(around 10 cm?, 7 = 3 independent replicates), with diameters span-
ning from tens to several hundred micrometers (fig. S2), consistent
with the footprints of microbubbles attached to plastic surfaces. As a
negative control, PP sheets were soaked in degassed water under oth-
erwise identical conditions. No microbubbles or OSRs were observed
(fig. S3). Evidently, OSRs are generated by microbubble nucleation and
growth that erode PP bumps and accumulates them along the bubble’s
three-phase contact line (fig. S4). At the contact line, the horizontal
component of the liquid-vapor surface tension, cos(0) y,, balances
Yq — Vs (35), whereas the vertical component, sin(0) y;,, remains un-
balanced and forces the accumulated PP upward to create the observed
OSR. This unbalanced stress can reach 60 to 72 mN/m, depending on

Lietal, Sci. Adv. 11, eaea4729 (2025) 17 December 2025

the temperature (25° to 95°C) (36) and is evidently sufficient to over-
come the yield stress associated with low-MW PP.

Raman spectroscopy and DOSY (which is highly sensitive to
low-MW polymer, Fig. 2, C and D) analysis confirmed that the
bumps are predominantly low-MW PP (2400 to 14,400 g/mol) with
low crystallinity. This is further evidenced by the substantially re-
duced intensity of the spectra at 810 and 1168 cm™" recorded at
these bumps, known to be associated with crystalline C-C back-
bone vibrations (37, 38) that are present in semicrystalline bulk PP
sheets (Fig. 2C) (33, 34).

To investigate microbubble-induced erosion at elevated temper-
atures, a defective PP plastic piece with a high density of low-MW
PP bumps was soaked in a glass chamber containing 95°C DI water
(typical upper daily-use temperature). Large numbers of microbub-
bles immediately attached to the surface (Fig. 2E). After a 5-min
soak, the PP piece was removed and dried using nitrogen gas. OSRs
(O1 to O3 in Fig. 2F) were formed in the locations corresponding to
the original microbubbles B1, B2, and B3 (Fig. 2E). Two particles
were observed within the OSR induced by microbubble B1, suggest-
ing these particles may have facilitated microbubble nucleation.
AFM imaging of the OSR at B1 captured these pinning particles and
showed that in addition to the largest ring, there were many small
OSRs (04 and O5 in Fig. 2G) and residues of OSR features both
within and outside the largest OSR induced by microbubble BI.
Evidently, smaller microbubbles formed in the same location before
the formation of B1, consistent with large microbubble densities at
elevated water temperatures (Fig. 1K).

OSRs were observed on defective PP plastic sheets following ex-
posure to room temperature (25°C) water from three environmental
sources (tap water, river water, and marine water). In addition to
OSRes, particle growth, likely salt crystals, was observed in the ma-
rine water sample, indicating that water composition may influence
the formation of OSRs (fig. S5C). In contrast to the higher-
temperature water conditions (Fig. 2, F and G), the OSRs formed at
room temperature were singular, without overlapping or residual
OSRs (fig. S5), consistent with the lower microbubble density and
slower dynamics of microbubbles at room temperature.

LDPE sheets tested using the same protocol (Fig. 1A) also exhib-
ited numerous OSRs (Fig. 2, H and I). The average OSR diameter on
PE surfaces was only 2.2 + 0.4 pm, much smaller than that on PP,
where most OSRs were larger than 15 pm (Fig. 2, B and F). AFM
cross-sectional profiles of these OSRs revealed edge thicknesses of
80 to 120 nm (Fig. 2I), significantly larger than those on PP surfaces
(Fig. 2B). Evidently polymer material properties influence both
bubble nucleation and subsequent surface restructuring, in this case
most likely due to the lower glass transition temperature (Tg) and
hence lower yield stress of PE compared to PP.

Disintegration of OSRs formed by microbubbles

Plastic products always contain surface defects and high levels of
residual stress so that it is not necessary to stress engineer bump-like
defects. A piece of PP sheet from a brand-new plastic bottle was
analyzed by AFM. Figure 3 (A and B) showed the original surface
topography and the corresponding phase image, respectively. Sur-
face ridges and scratches evident in the topography image, shows no
contrast in the phase image, consistent with a surface of uniform
modulus or stiffness. The PP sheet was then soaked in 95°C DI water
within a glass chamber [consistent with EU Regulation 2020/1245
for any plastic-contact condition exceeding 40°C (39)—a scenario
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Fig. 3. Disintegration of OSR on PP bottle surface when soaked in hot water (95°C) revealed by AFM images. The upper images (A, C, E, and G) were the height
change of PP bottle surface, while the lower set (B, D, F, and H) showed the corresponding phase image change. Images [(A) and (B)] showed the height and phase im-
ages of typical PP surface without O rings before being soaked into hot water, respectively. After 5 min of soaking into hot water, we observed the O rings forming on some
parts of the PP surface. Focusing on the O rings, it was found the rings broke down piece by piece and disappeared eventually with soaking time increase [height change
from (C) to (E) and (G); phase change from (D) to (F) and (H)]. [(C), (E), and (G)] shared the same color scale bar in (C). The color scale bar in (C) indicates the height; [(D), (F),
and (H)] shared the same color scale bar in (D). The color scale bar in (D) indicates the angle of phase image. (I) demonstrated the cross-sectional profiles extracted from

the blue line L in [(C), (E), and (G)].

commonly encountered in plastic coffee cups and microwavable
containers] and a large quantity of microbubbles formed on the sur-
face immediately. After 5 min, the PP piece was removed and dried
with nitrogen gas, examined by AFM (Fig. 3, C and D), and revealed
the presence of the OSRs. The phase image (Fig. 3D) now shows
significant contrast between the plastic surface and the OSRs, con-
sistent with a reduced stiffness of the material the makes up the lat-
ter. Raman spectroscopy confirmed that the material that comprised
the OSRs was low-MW polymers (see Fig. 4D), indicating that the
migration of low-MW polymer from defects is a pervasive recovery
phenomenon in plastics, which was subsequently eroded and re-
structured by microbubbles to form the observed OSRs.

After the PP piece was soaked for a second time for 5 min in 95°C
water and dried with nitrogen gas, the edge of OSR O1 (Fig. 3D)

Lietal, Sci. Adv. 11, eaea4729 (2025) 17 December 2025

broke into small pieces, while most of the edges of O2 and O3 had
disappeared. Repeating the soak process for an additional 5 min re-
sulted in the complete disappearance of all three OSRs. AFM cross-
sectional analysis along a typical OSR edge (marker L in Fig. 3C)
showed that the first 5-min soak transformed the continuous edge
into a series of droplets of similar sizes (Fig. 3, C to F), which is
likely attributable to Plateau-Rayleigh instability in the low-MW vis-
coelastic material (40). The broken segments were approximately 2
to 3 pm in length and 20 to 60 nm in height (Fig. 3I). The cross sec-
tion revealed that the eliminated OSR segments had lengths of about
3 um and heights of around 40 nm. During the 5- to 10-min soak,
the eliminated segments had similar lengths but with increased
heights of around 60 nm. There was no evidence that material re-
moved from the OSRs relocated or attached elsewhere—consistent
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Fig. 4. PP MNP release from PP bottle. (A) Typical optical image of PP surface after hot water exposure. Blue box area has high quantity of intact bumps, while the red
box showed bumps deformed by a microbubble at the hot water-PP plastic interface. An OSR was also formed. (B) SEM image of typical PP microplastic (blue circle) and
nanoplastic (red circle) captured on membrane filter surface (800-nm pore size). (C) Raman spectra of inner surface of bulk PP bottle, PP bumps, and OSRs from the inner
surface of PP after exposure, captured nanoplastic from exposed water, standard high-MW PP (97,000 g/mol), and standard low-MW PP (3700 g/mol), respectively.
(D) Optical image of the released particles captured on membrane filter surface. (E) Raman mapping and identification of captured PP particles in (B). (F) MNPs released
from unit area of PP bottle during hot water exposure. The red scale bar in [(B) and (D)] is 5 pm.

with observations on standard PP sheets (Fig. 2, A and B) and whole
bottles (Fig. 4B). The compressive stress at the surface of plastics
makes it unlikely that low-MW polymers are reabsorbed into the
bulk plastic (33, 34). Evidently, the material from the breakup of
OSRs is released into the water, thereby increasing the level of MNPs
in the environment.

MNP release driven by microbubbles
The levels of MNPs released via microbubbles was measured. A
brand-new PP bottle (average-MW 64,000, typical medium-MW
PP, fig. S6) was filled with 95°C hot water and placed in a 95°C DI
water bath for 4 hours following a standard protocol [EU Regulation
2020/1245 for any plastic-contact condition exceeding 40°C (39)]
detailed in fig. S7. Large numbers of microbubbles immediately ap-
peared on the inner surface of the bottle, consistent with our in situ
observations on standard plastic sheets (Fig. 1 and fig. S1). Postex-
posure optical images showed that some areas of the inner PP sur-
face (Fig. 4A, blue box) contained large numbers of bumps similar
to those found on standard PP sheets, while in other areas, the
bumps were deformed into OSRs by microbubbles formed during
the soak (Fig. 4B). Few bumps were observed within the OSRs
(Fig. 4A, red box) consistent with the material being swept along at
the bubbles’ three-phase contact line, as discussed earlier (Fig. 2B).
After the 4 hours of soaking period, an analysis of the water with-
in the bottle revealed that per cm” of the bottle’s interior surface
202 + 62 PP microplastics (>1 pm) and 328 + 62 PP nanoplastics
(800 to 1000 nm) were released, respectively (Fig. 4, B to F). Nano-
plastics below 800 nm were not captured in this analysis. Ethanol
pretreatment was used to eliminate interference from additives (41)
and oligomers (4) that might also be released into the water. Raman
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spectra revealed that most MNPs closely matched the spectrum for
standard low-MW PP with low crystallinity (hit quality index,
HQI = 0.93), whereas clear differences were observed between
MNPs and the PP bottle (HQI of only 0.75, Fig. 4C; for details, see
Supplementary Text). Notably, the Raman spectra of surface-
segregated bumps/OSRs and MNPs showed that they were nearly
identical (HQI of 0.98). Membrane-captured MNPs were soft and
gel-like, consistent with the reduced stiffness found in AFM, and
with lateral sizes around 0.8 to 5 pm (Fig. 4, B to F) that closely
matched the sizes of the eliminated sections of the OSRs in Fig. 3L
The close correspondence in the physicochemical properties of the
captured MNPs and OSRs confirms that microbubbles are a major
factor in the erosion of plastics surfaces and the release of MNPs
into water.

DISCUSSION

In this study, we identified the pervasive formation of microbubbles
on plastic surfaces as a critical, yet previously overlooked, mecha-
nism for MNP release from bulk plastics. Microbubble-induced ero-
sion of plastic surfaces occurs independently and in parallel with
bulk mechanical breakdown or the UV-induced oxidative degrada-
tion. UV photodegradation demands a sustained flux of high-energy
photons—months to years of sunlight or energy-intensive labora-
tory lamps—to cleave polymer bonds (42). Mechanical abrasion,
whether from waves, sand, industrial grinding, or turbulent mixers,
must supply enough external work to overcome the polymer’s frac-
ture toughness (43, 44). In contrast, microbubbles nucleate sponta-
neously whenever water conditions allow, requiring no mechanical
agitation or radiant power. The bubble’s surface tension provides the
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localized micro-Newton forces that peel low-MW material from de-
fects; thus, the energy that drives fragmentation is drawn directly
from the interfacial free energy already present in the system. Con-
sequently, microbubble-induced OSR fragmentation constitutes a
genuinely low-energy pathway for MNP release, which operates
wherever water and plastic surfaces come into contact.
Microbubble formation depends jointly on the exposed water
quality and the physicochemical properties of plastic surfaces (45).
Reduced gas solubility in water at elevated temperatures increases
gas supersaturation levels and drives bubble nucleation and growth
on plastic surfaces (46). This phenomenon is reflected by the expo-
nential increase in bubble density observed at higher temperatures
across various water types (Fig. 1K). Similarly, increased DO levels
(e.g., from shaking/aeration) and lower salinity (higher gas solubili-
ty) provide additional dissolved gas for bubble formation (47). Con-
versely, lowering DO levels causes existing microbubbles to shrink
and dissolve by diffusion, as predicted by Epstein-Plesset theory (48)
and supported by microbubble-dissolution tests (fig. S8). Surface
properties and heterogeneity also regulate bubble nucleation. Hy-
drophobic polymers, such as PP and PE, have inherent surface de-
fects, and are particularly prone to facilitating bubble formation due
to enhanced gas entrapment (Fig. 1]). Intrinsic stresses and chemical
incompatibility drive the expulsion of low-MW substances like plas-
tic additives and amorphous polymers to the surface under typical
use conditions (33, 34, 49). In addition, environmental surface
cracking (straight, branched or spider-web-like) creates channels
that both trap air (31) and facilitate low-MW substances migration
from bulk plastic to surface, further amplifying microbubble-based
surface erosion. Notably, in natural waters and daily use settings, sur-
face morphology evolves over time [e.g., biofilm growth (50), parti-
cle deposition (51), or coated with passivation layers (52)], which
can increase surface energy, reduce hydrophobicity, and compete for
nucleation sites, thereby modulating microbubble formation and at-
tachment. Resolving these competing effects will require systematic
studies using the protocols established in this study.
Bubble-induced surface erosion facilitates the release of MNPs.
Our results show a distinct difference between the levels of MNPs
released from bubble-induced OSRs compared to pristine bumps
on bubble-free regions of the surface. Pristine protrusions remain
predominantly intact under static immersion or mild hydrodynam-
ic conditions (Figs. 2B and 4B), whereas those that are eroded and
restructured into OSRs by microbubbles readily disintegrate and are
released as MNPs into the surrounding water (Fig. 3, C to H). This
distinction arises because original surface protrusions remain me-
chanically interlocked with microstructures on the plastic surface
(33, 34), providing stability against detachment. Bubble dynamics,
including capillary-driven movement and the unbalanced upward
stresses, disrupt this micromechanical interlocking or may even in-
duce polymer chain scission (22, 23), facilitating accumulation and
formation of OSRs and increasing the levels of MNP release. Tem-
perature critically modulates bubble-induced restructuring, and
consequently, MNP release. At room temperature, the increased me-
chanical stiffness of the surface bumps pins microbubbles for longer,
allowing them to sweep up more low-MW material and build rims
that are both wider and taller than those produced at 50°C (Fig. 2B
and fig. S9; Supplementary cross sections). Although these taller
rims should in principle be more vulnerable to hydrodynamic shear,
their increased stiffness slows Plateau-Rayleigh breakup of the vis-
coelastic matrix (Fig. 3), delaying necking and detachment (40).
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Hence, OSR fragmentation under ambient conditions—and the
attendant release of MNPs—proceeds over much longer timescales
than at elevated temperatures. Consistent with this, water-land in-
terfaces (e.g., beaches), which often experience higher temperatures,
are widely reported as dominant hotspots for MNP fragmentation,
whereas fragmentation in the open ocean is generally slower and
contributes less (53, 54). Our tests also revealed that microbubbles
formed on surfaces can restructure additive particles, generating
additive-rich OSRs (fig. S10). This suggests that microbubbles may
simultaneously promote the release of plastic additives and micro-
plastics, enhancing their mutual attachment and consequently in-
creasing environmental and health risks (55).

Despite recent attention to bubble-mediated MNP transport and
emission (15, 19), most studies have focused on MNP release from
bulk plastics due to nonaquatic factors such as mechanical wear or
UV exposure (9-11). We have demonstrated that aquatic microbub-
bles that pervasively form on plastic surfaces can induce microscale
erosion and promote MNP generation whenever plastics come into
contact with water. A continuum perspective is warranted. Although
nanobubbles are unlikely to account for the microscale surface ero-
sion and OSRs reported here, they may still induce nanoscale sur-
face erosion and release tens-of-nanometer-sized MNPs via high
Laplace pressure and unbalanced contact-line stresses—a release
size regime that is more mobile and potentially more toxic (18, 22)
but beyond the scope of the present study. By tuning environmental
parameters (e.g., water types, exposure temperature, DO, salinity,
and UV exposure) and plastic properties (e.g., plastic types, surface
defects, biofilm attached, MW, and crystallinity degree), researchers
can systematically explore the impact of bubble size (especially
nanobubbles), contact angle, gas composition, lifetime, and bubble-
substrate interactions on OSR generation and MNP release. We an-
ticipate that our findings will prompt further studies on the role of
aquatic factors and the development of strategies (from surface
coatings and materials modification to water-quality control) to
mitigate the release of plastic pollutants.

MATERIALS AND METHODS

Characterization of microbubbles formed on the surface

of plastics

To investigate how microbubbles form on plastic surfaces in aquatic
environments, we used an in situ observation chamber filled with
water at adjustable temperatures (Fig. 1A). The glass chamber mea-
sured 5 mm in depth, 60 mm in length, and 35 mm in width and was
placed on a micro hot plate (PTC Aluminum Shell Ceramic Heating
Plate) to maintain the desired temperature. A piece of standard PP
sheet (Goodfellow, typically 30 mm by 15 mm, 0.5-mm thickness)
was placed to the middle of the chamber using waterproof double-
sided tape (1-mm thickness) fixed two ends. DI water was preheated
in a thermal bath to the required temperature (25° to 95°C depend-
ing on the experiment) then poured into the chamber; a cover glass
was placed on top and the hot plate was used to sustain the set tem-
perature. Immediately after setup the microbubbles on the top and
bottom surfaces (focusing through the transparent plastic sheet) of
the plastic sheet (in its central region) were observed under an opti-
cal microscope (Olympus BX 53 M equipped with a Mitutoyo M
Plan Apo 100X lens). To measure the contact angle of the micro-
bubbles on the plastic surface, we replaced the plastic sample with a
30 mm-by-2 mm strip and rotated it 90° to obtain a side view. To

7 of 10

920z ‘0T Afenuge4 uo AiseAiun A1 ulgng e H1o'90us 10s'mmmy//:sdny WoJj papeojumoqd



SCIENCE ADVANCES | RESEARCH ARTICLE

determine how different plastics affect microbubble formation, we
tested various standard plastic sheets (LDPE from Alfa Aesar; HDPE,
PA, PET, PP, PS, and PTFE from Goodfellow) following the same
protocol. To evaluate how typical water sources affect microbubble
formation, we collected tap water (from Zhejiang A&F University,
Zhejiang, China), freshwater (Yangtze River, Jiangsu, China), and
marine water (South China Sea, Guangdong, China). These replaced
DI water under the same experimental procedure. Microbubble
characteristics (size, density, and contact angle) were analyzed using
Image] (version 1.53a).

Microbubble-induced erosion of plastic surfaces

to form OSRs

Standard PP sheets and stainless-steel O-rings were thoroughly
rinsed with DI water (three times at room temperature). Each PP
sheet was rolled into a cylindrical shape (diameter ~40 mm) using
a stainless-steel O-ring and placed in a 95°C oven for 4 hours to
generate controlled densities of surface defects (migrated low MW
bumps). The treated PP cylinder was then placed on a clean glass
plate to cool. After cooling, the PP cylinder was carefully cut for
surface analysis using optical microscopy, AFM, Raman spectros-
copy, and Fourier transform infrared (FTIR). The cut piece was
then soaked in the observation chamber (described above) filled
with DI water at different temperatures (50°C for 20 min, 95°C for
5 min). After soaking, the PP sheet was removed, dried with nitro-
gen gas, and inspected under optical microscopy and AFM. As a
negative control, PP pieces were also soaked in degassed DI water.
Following an established protocol (56), degassed water was pre-
pared by boiling DI water in a glass beaker, sealing with a cap, and
cooling to room temperature for later use. To examine how differ-
ent water sources affect microbubble-induced surface erosion, we
used the same procedure but replaced DI water with tap water
(Trinity College Dublin, Ireland and Zhejiang A&F University,
Zhuji, China), freshwater (River Liffey, Dublin, Ireland and Yangtze
River, Nanjing, China), or marine water (East China Sea) when
testing PP sheets with surface defects. A raw PP sheet with fewer
defects served as the control. To investigate the chemical properties
of the migrated defects, we separated the heat-induced bumps on
the plastic sheet using aluminium foil. Following established pro-
tocols, we used Raman spectroscopy (Renishaw InVia) (41) and
DOSY (57) to determine chemical composition and MW, respec-
tively. The Raman spectrometer (532 nm laser, Coherent Inc.) was
equipped with a cooled charge-coupled device and a microscope
(NT-MDT) with a 100X objective (Mitutoyo, M Plan Apo). System
calibration was performed before each sample test by verifying the
silicon wafer peak at 520.7 cm™ (>6000 counts for a 1-s exposure,
1 accumulation, ~180 pW laser on the sample). Following estab-
lished methods (41, 58), typical MNP measurements used 10-s ex-
posures with three accumulations over the 250 to 3500 cm ™' range.
Spectra were processed in WiRE 3.4 (Renishaw) with an HQI
threshold of 0.7 for MNP identification; background subtraction
was performed if necessary (41). To measure the MW of the sepa-
rated bumps, we dissolved them in CDCl; and conducted 'H
DOSY NMR (Bruker AVANCE, 256 scans), which is sensitive to
low-MW polymers. Surface topography of the plastic was analyzed
with an NT-MDT AFM (Nova NT-MDT SPM software), and the
resulting AFM data for migrated defects and OSRs were processed
in Gwyddion 2.54.
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Disintegration of OSRs formed by microbubbles on a real
plastic bottle

Plastic products generally have manufacturing defects and high re-
sidual stress, so it was unnecessary to use the stress-engineering
process described earlier to create bump-like defects. To test this, a
PP sheet cut from a brand-new plastic bottle was thoroughly
cleaned with DI water and initially characterized under AFM. The
sheet was then soaked in 95°C DI water in the glass chamber (con-
sistent with EU Regulation 2020/1245 for any plastic-contact con-
dition exceeding 40°C (39), a scenario common in plastic bottles
and containers for food). After 5 min, the PP piece was removed
from the water, dried with nitrogen gas, and examined by AFM
(Fig. 3, C and D), revealing OSRs. We then focused on the same
surface location containing three OSRs (Fig. 3, C and D), soaked
the PP piece again in 95°C water for 5 min and dried it with nitro-
gen gas. This process was repeated three times until most of the
OSR edges disappeared.

MNP release driven by microbubbles

Precautions to prevent sample contamination

All hardware and plastic samples were washed and thoroughly
rinsed with room-temperature DI water to minimize contamina-
tion. Before sample preparation, the cleaned hardware and samples
were kept in a clean glass container. Throughout sample preparation
and testing, particle-free nitrile gloves and 100% cotton laboratory
coats were used. Coat sleeves were secured inside the nitrile gloves,
and both gloves and sleeves were rinsed with distilled water fol-
lowed by DI water before every procedure. All equipment that made
contact with the samples was fabricated from clean borosilicate glass
3.3. Glassware used for sample filtration and storage (e.g., glass filter
holders and glass petri dishes) was also extensively cleaned with DI
water. The DI water was obtained from a Veolia UltraPure water
system coupled with a Thermo Fisher Scientific Barnstead Nano-
pure unit fitted with a 0.2-pm absolute final filter to dispense and
monitor water quality (conductivity of 1.5 ps/cm and resistivity of
18.2 MQ). Control experiments (Fig. 3A) using only DI water and
glass beakers without plastic samples did not detect any PP MNPs,
confirming the reliability of this approach.

MNP release from PP bottles

The potential for MNP release from PP bottles was studied following
the protocol illustrated in Fig. 4A. New PP bottles were rinsed three
times with room-temperature DI water, and then each bottle was
filled with 95°C DI water and immersed in a 95°C water bath for
4 hours. Afterward, the bottles were placed on a clean glass plate and
allowed to cool. The water in each bottle was then gently shaken and
passed through a gold-coated polycarbonate membrane filter (25 mm
diameter, 0.8-pm pore size, APC) commonly used in MNP studies
(59, 60). Next, 20 ml of ethanol, which has negligible effects on the
morphology of typical plastics and MNPs, was also filtered to re-
move any remaining plastic additives, facilitating MNP identifica-
tion (41). The membrane filter was carefully transferred to a clean
cover glass and stored in a clean glass petri dish (Brand, Thermo
Fisher Scientific). The captured particles were characterized with
Raman spectroscopy, FTIR, AFM, and SEM. Afterward, small pieces
were cut from the soaked bottles for AFM, SEM, Raman, and FTTIR
analyses to examine the surface morphology and any chemical
changes. To investigate MNP release from the bottle body, the water
volume was lowered, so the inner surfaces of neck and mouth did not
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come in contact with the water surface; the bottle was then examined
using optical microscope, Raman spectroscopy, AFM, and SEM.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S10

Table S1
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