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Fig. 1. (a) Schematic illustration of surface nanobubbles and bulk nanobubbles; (b) force versus distance curve measured between

two hydrophobic surfaces, exhibiting discrete stepwise features

between two hydrophobic surfaces during approach and separation/?!.

(c¢) schematic representation of the interaction mechanism
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Fig. 2. (a) AFM image of bubbles on mica surface in water in tapping mode, field of view: 1 pmx1 pmP?; (b) tapping mode AFM

image of surface nanobubbles formed on a hydrophobically modified silicon wafer in waterl®); (¢) nanobubble imaging on a hydro-

phobic substrate in an air-saturated aqueous system using RCF microscopy®?; (d) TIRFM image of nanobubbles observed on a

glass substratel®?.
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Fig. 3. (a) Schematic diagram of the pollution barrier model, the gas-liquid interface of surface nanobubbles is covered by a surfact-

ant-modified contamination layer, hindering gas exchange with the surrounding environment; (b) schematic diagram of surface nan-

obubbles with permeable gas-liquid interfaces, depicts gas exchange between air nanobubbles and the surrounding CO,-saturated

aqueous medium®; (c) schematic diagram of the dynamic equilibrium model, gas influx localized near the three-phase contact line

counterbalances gas efflux distributed across the entire nanobubble surface, maintaining bubble stability.
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(a) B ETFUALR BRI, R A0K @iy, Hom A2 LARFFA L, o Hod B HRIHEAR A 0 ); (b) MR 43

A FER BB 2 BB R, KRR (BE4R) SR KER (BELR) A L 181, EPAHRAL; (c) T = Al izt 1 R 2 1 00 A1) <76 B el
TF) e A AR 09, 2R3 AN; () Jm i AR AR B /s B BT R AR B X LA P AR I i AR T A AN 5 (o) SR
fif ) SEAR AR BEIRT, A -CFU I R B 22 A% 19 OHTE UL 2 4548 , 7 A= B L R P, W] -4 Laplace FE3% AP

Fig. 4. (a) Contact line pinning model, during nanobubble contraction, the lateral diameter L remains constant, while the height
H (and thus the contact angle @) varies; (b) gas concentration distribution as a function of substrate separation z, comparison
between hydrophobic (blue line) and hydrophilic (orange line) substrates!'”; (c) temporal evolution of nanobubbles predicted by the
local oversaturation modell®; (d) schematic of the local oversaturation model, net gas influx within the characteristic distance A
counterbalances gas efflux outside A, maintaining dynamic equilibrium; (e) interfacial charge enrichment model, excess OH ad-

sorption at the gas-liquid interface forms an electric double layer, where the induced electrostatic pressure P, balances the Laplace

pressure AP .

W AR AR Al ) 1 S VR Y, h 2 B it 4
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S STEE ) BB A ME DU B i) 4 3 e e RS )
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SR NN S

2015 4, Lohse fll Zhang!*? X} 4% fih 28 £] L4
RIMEAT T 5836 5 R . WEoEHs i, 7 iRt iy
BRI o, B ETHL T LR I R 9K
U, AN AR i 55 TP Ak A 0 I, ATRESE B
FOEARTE, ELET R PR b A AT 1 AH N 1 S
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TEFHLAR B )2 07

G eost(0) (om0 - ¢ (9
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Horp, Loy GEB R IT, DY AR, o Wi

R RMRAIRIE, pg NIREIE, £(0) e—151%
il F AR Y R, Lo D9 I FUAs 1) RO, a1
FIEE ¢ = oo/ €5 — 158 SO HEIRIL AL i MR JEE
Coo 15 THIFIHREE o FU T 23 LE. DA (8) AT A
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KA, B LR do/ de B2l 7, A B
R TA) B i BB A 0 = 0°. SR, X Uk
A (¢ > 0) B, FAAE—DERE BFARIRES, 6L

do
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Le . B
fsmﬂe—C—O. (9)
AT Ak A 6, -
sinf, = <L£' (10)

C
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ET-BRER ST, B ) ) 43 R W 3R TH RE 22 05
SHETHL I SRR )55 4, SECIAER BT Xk
A VRS SAE B 0 D BRI R K.

g5 TR, AR AR AT FU AL AR SRR
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(TR SRk WA g 8
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2y
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"o B
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2 AR AR
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0), FKHEENCEAHFTS (¢ > 0), H |po| ~ ksT;
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BRI AR A T AE S 2K SRR B DU 2 B AN
BN 4(b) HgE R A ih g (AT R,
T A 2R T LA A SRy S B2 77 A YRR PR 45
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Abstract

Surface nanobubbles, as nanoscale gaseous domains spontaneously formed at solid-liquid interfaces, exhibit
significant potential applications in the biomedical field due to their unique nanoscale size effects, rapid dynamic
response characteristics, and favorable biocompatibility. In ultrasonic imaging, surface nanobubbles enhance
tissue acoustic contrast by generating strong harmonic scattering signals through nonlinear oscillation under
stable cavitation. In antibacterial disinfection applications, the rupture of surface nanobubbles generates a
transient high pressure, which synergizes with oxidative damage mediated by reactive oxygen species /hydroxyl

radicals to achieve efficient bacterial inactivation. However, in physiological environments, blood flow shear
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stress and pH fluctuations may induce premature rupture of surface nanobubbles, leading to imaging signal
attenuation or risks of non-specific tissue damage, rendering their stability a critical factor determining
functional efficacy and biosafety. Notably, the experimental observation of surface nanobubble lifetimes (ranging
from hours to days) significantly contradicts the dissolution behavior within microseconds predicted by classical
thermodynamic theory, which urgently demands the construction of theoretical models of stability. Although
existing theoretical modelshave elucidated the stability mechanisms of surface nanobubbles from multiple
perspectives, they arelimited by the lack of intrinsic correlation and inherent limitations, thereby restricting
targeted optimization of stability: the contamination barrier model emphasizes that surfactant adsorption
inhibits gas diffusion; the dynamic equilibrium model explains that stability arises from the dynamic balance of
gas exchange at the gas-liquid interface; the contact line pinning model reveals that substrate heterogeneity
constrains the evolution of the three-phase contact line; the local supersaturation model proposes that local
high-concentration gas layers formed by substrate adsorption delay dissolution; the interfacial charge
enrichment model suggests that electrostatic pressure from the double layer counteracts the Laplace pressure
driving dissolution; the internal high-density model assumes that the condensed high-density gas inside reduces
diffusion rate and partially counteracts the Laplace pressure. This review systematically summarizes the
research progress of the stability mechanisms of surface nanobubbles. It first reviews the discovery history of
surface nanobubbles, then deeply analyzes the core mechanisms, intrinsic correlations, and limitations of the
aforementioned theoretical models., Finally, it examines the technical challenges faced by surface nanobubbles
with the application examples in the biomedical field, and proposes potential optimization strategies and future

perspectives based on ther theoretical models of stability.
Keywords: surface nanobubbles, stability, theoretical models
PACS: 68.03.—g, 68.08.-p, 68.43.-h, 82.70.Rr DOI: 10.7498 /aps.74.20250521
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