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Optical microscopy and spectroscopy spanning the visible to 

such as biomedical research, materials science, and funda-

mental physics. However, the spatial resolution of conventional 

optical techniques is inherently limited to approximately half the 

wavelength of light due to the diffraction limit of light [1]. This 

limitation hinders the direct optical investigation of nanoscale 

structures and their dynamic properties, which increasingly 

govern technological innovations and material functionalities 

in everyday life. To overcome this fundamental barrier, various 

super-resolution methodologies have been developed over the 

last few decades. Among these techniques, scattering-type 

as a particularly powerful approach due to its label-free na-

ture [2, 3]. In s-SNOM, a sharp metallic tip, which is typically 

integrated into an atomic force microscope (AFM) setup, is il-

luminated by a tightly focused laser beam, generating a highly 

-

effect present around high curvature nanostructures, shown 

the tip and sample contains the nanoscale optical response 

extracted from the detected light scattered from the tip contain-

interferometric processing on the basis of an asymmetric 

 Michelson interferometry setup as displayed in Figure 1b and 

resolved optical probing with exceptional resolution only limited 

by the tip radius reaching down to 10–20 nm [4], far surpass-

ing the diffraction limit. Furthermore, the optical response is 
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recorded in correlation with the AFM response of the sample 

obtained through standard AFM-tapping mode operation. S-

SNOM has been applied for the investigation of a wide range 

of materials such as 2D materials, doped semiconductors and 

phase change materials, as well as their intrinsic properties like 

charge carrier concentration [5], chemical composition [4] and 

refractive index [4]. 

In the last decade, s-SNOM has demonstrated its utility in the 

-

resolution. Yet, until recently, the exploration of dynamic biologi-

cal and chemical processes and the study of biomolecules and 

cells in their native aqueous environment remained largely un-

feasible. This limitation arose from the technical challenges as-

the strong infrared absorption of the liquid and the mechani-

cal instability of the tip hinder effective signal acquisition and 

stable measurements over a prolonged period. 

Recent advancements, however, have begun to push the 

nanoscopy of complex liquid samples. In particular, nanometre 

thin membranes as shown in Figure 1c can act as a protective 

capping layer separating the liquid sample compartment from 

a successful technique to enable stable operation, easy opti-

cal alignment and protection of both the delicate tip and the 

sample space [9, 10]. Importantly, the technique allows for the 

detection of both the optical and mechanical properties of the 

liquid-immersed sample adhering to the membrane [11].

New proof-of-concept studies have demonstrated the sig-

showing its capability for the investigation of proteins, poly-

mers and living biological samples in the form of E. Coli bac-

teria and eukaryotic tumour cells with infrared nanoscopy [9]. 

Furthermore, the technique has been successfully applied 

to study photoswitchable phospholipid vesicles in their na-

tive aqueous environment [12]. These photolipid vesicles are 

promising candidates for a new form of active targeted drug 

shown that the active dynamic morphological modulation of 

lipid vesicles, driven by the photoisomeric switching of their 

constituent phospholipid molecules, could be imaged based 
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on their  intrinsic IR scattering intensity. In-situ infrared near-

distinct photoisomeric states within a single lipid vesicle. Fi-

nally, the transient photo switching dynamics of an individual 

photolipid vesicle, with dimensions well below the diffraction 

limit of MIR light, were temporally resolved with millisecond 

precision by monitoring its MIR response at a wavelength sen-

sitive to the switching-induced perturbation.

The road ahead for in-situ optical nanoscopy

Based on these initial studies, in-situ

emerges as a highly promising technique for investigating vari-

ous biological and chemical phenomena, such as the nature 

of lipid domains, drug release processes associated with lipid 

nanoparticles, cellular membrane chemistry, and degradation 

of heterogeneous catalysts. Furthermore, the recent develop-

in-situ s-SNOM by Atto-

cube Systems AG and Norcada Inc. will help the broader scien-

through dynamic exchange of the surrounding medium. This 

module enables nanoscopic investigations of the sample while 

simultaneously inducing precise variations in pH, osmolarity, 

-

pounds. This capability could unlock entirely new experimen-

tal possibilities previously unattainable like the optical inves-

tigation of crystallisation and self-assembly processes on the 

nanoscale or the pH-induced change in secondary structure 

-

mental control, such as temperature modulation (heating, cool-

ing) or electrical biasing, as well as the integration of comple-

or Raman microscopy, could further expand the potential of 

in-situ s-SNOM. These correlative measurements would allow 

-

rescence microscopy of cellular samples, with the enhanced 

spatial resolution and novel contrast mechanisms afforded 

 This integrated approach will provide 

deeper insights into the sample’s nanoscale architecture and 

molecular organization, surpassing the information content 

accessible through standard techniques alone. In conclusion, 

the advancements outlined above underscore the growing ap-

plicability of optical nanoscopy to liquid-phase systems and 

highlight its transformative power for enabling nanoscale opti-

cal imaging of samples with spatial resolution well beyond the 

diffraction limit.
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