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Table S1: Comparative Overview of Advanced Cross-platform In-Operando Techniques for 

Capturing rapid Nanomaterial Transformations at short time scales 

Technique 

Time Scale 
of 

measureme
nt 

Examples of 
Mechanistic Insights 

Technical 
Constraints 

Example NM 
Transformations 

Single-Cell 
ICP-MS (sc-
ICP-MS) 

min–hrs 

Cell associated metal 
quantification, 
dissolution kinetics at 
cellular scale 

Cell isolation required; 
limited throughput, cell 
lysis upon sample 
introduction 
(destructive method) 

Intracellular 
dissolution of Ag-
NMs in bacteria1 

Single-
Particle ICP-
MS (sp-ICP-
MS) 

min 
Particle-by-particle 
dissolution rates, 
concentration profiling 

No chemical 
speciation resolution. 
Multi-ion analysis 
possible (in parallel or 
sequentially) 

Ag⁺ ion release from 
metallic Ag-NMs; 
Distribution of NMs 
accumulation in 
cells2 
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X-ray 
Absorption 
Spectroscopy 
(XAS) 

s–min 

Real-time oxidation 
states, coordination 
environment at atomic 
scale 

Synchrotron 
dependency; limited 
accessibility 

Sulfidation, redox 
cycling (Ce³⁺ ↔ 
Ce⁴⁺), 
phosphatidation 
etc.3,4 

 

X-ray Free-
Electron Laser 
(XFEL) 

fs 

Captures ultrafast 
bond cleavage, 
transient intermediate 
species formation 

High operational 
costs, scarce 
beamtime access 

Photocatalytic bond 
rupture in TiO₂ (UV 
exposure)5 

Liquid-Cell 
TEM ms 

Direct visualisation of 
dissolution, 
nucleation, 
aggregation dynamics 

Beam-induced 
artefacts; 2D imaging 
constraints 

Dissolution of Ag 
nanoparticles6 

Small-Angle 
X-ray 
Scattering 
(SAXS) 

s 
Real-time particle size 
evolution, aggregation 
kinetics 

Low sensitivity for 
dilute suspensions 

Rapid homo-
/heteroaggregation7 
(e.g., CeO₂–clay 
systems) 

Quasi-Elastic 
Neutron 
Scattering 
(QENS) 

ns–µs 
Molecular-level 
hydration dynamics, 
proton transport 

Requires isotopic 
contrast (deuteration); 
low neutron flux 

Water restructuring 
at NM interface8 

In-situ 
Synchrotron  
Infrared micro 
spectroscopy 

s 

Surface 
functionalisation 
kinetics, protein 
corona formation 
mechanisms 

Limited to vibrational 
transitions (IR-active) 

Protein corona 
evolution on 
polystyrene-NMs 
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