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Super resolution microscopy has revolutionized biological imaging as evident by 2014’s 

Nobel Prize in Chemistry
1
. However, this method requires fluorescence labeling of molecules 

and lacks spectroscopic and temporal information of biological processes
2
. A promising 

alternative that has recently emerged to overcome these limitations is “nano-FTIR”, a 

combination of FTIR with ultrafast near-field imaging, called Infrared Scattering-type Scanning 

Near-Field Optical Microscope (IR s-SNOM). FTIR is widely used to identify chemical 

compounds and molecular species. Small changes in the frequencies of IR absorption bands due 

to specific proteins or their conformational changes can help to understand processes in cells and 

tissues linked to diseases such as Alzheimer’s and cancer
3
. Therefore, it is intrinsically label-free. 

IR s-SNOM is a powerful tool, applicable to any optical modality at wavelengths from 

ultraviolet to terahertz
4
 with femtosecond time and less than ten nanometers spatial resolution 

with sensitivity as few as 100 functional groups
2
, suggesting the feasibility of detecting even 

single biological macromolecules. We use this new setup to probe the multicomponent molecular 

and vibrational interactions in proteins (Fig 1). Specifically we are interested in imaging the 

structure and conformation of individual proteins which cannot be studied by any other existing 

structural methods due to their small size (< 5 nm) and difficulty in crystallization. Especially 

Amide modes associated with the protein peptide bonds serve as sensitive reporters of protein 

structure and environment. They are only weakly Raman active but strongly IR active and hence 

well-suited for IR s-SNOM (Fig 1C). 

Specifically, we focus on a new class of proteins which function as conductive 

nanowires
5
. Our previous studies have revealed that soil bacteria Geobacter sulfurreducens 

produce conductive pili nanofilaments that facilitate long range electron transport to extracellular 

electron acceptors
5, 6

 and other cells
7
 (Fig 2A). As proteins were previously considered as non-

conductors, this surprising finding is a paradigm shift in biological electron transfer that has 

broad implications in microbial ecology and physiology. However, the mechanism of electron 

transport through pili is not well understood. Initial studies suggested that pili exhibit metallic-

like conductivity similar to conducting polymer polyaniline
5, 6

. But, these studies were limited to 

electrical measurements. Recent studies
8
 have suggested that aromatic amino acids tyrosine 

(TYR) and phenylalanine (PHE) are closely packed in pili (Fig. 2B). However, these studies 

used homology to model the pilus assembly as traditional structural methods are inadequate to 

determine the number of monomers in each pilus and their organization. Innovative approaches 

are required to understand pili conductivity from a structure-function perspective. 

The central hypothesis of our work is that aromatics in pili enable intermolecular electron 

delocalization due to π-stacking that can give rise to metallic-like conductivity. By analyzing pili 

structure using IR s-SNOM, we will provide comprehensive understanding of electron transfer 

mechanism through direct measurement of the secondary protein structure and the 

conformational changes in pili proteins at the nanoscale under physiological conditions. So far 
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this crucial information has never been possible to be imaged with any of the current high 

resolution imaging techniques. Thus, IR s-SNOM will open a new way for in situ imaging of 

protein structure and conformational changes as a function of the environment
9
. 

 

Figure 1: In situ IR s-SNOM to image cell to cell interactions under their physiological conditions (A) Graphene 

cell incorporated to IR s-SNOM system to keep the cells hydrated (B). Ultrafast IR laser is focused to the tip (C) 

The scattered light from the vibrational absorption bands of the cells and the proteins are used as a signature to 

probe the conformational changes in the protein structure during cell to cell electron transfer. Less than 10 nm 

spatial and hundreds of femtosecond temporal resolution have been gained. 

 

 

Figure 2: (A) TEM image of Geobacter cell attached to network of pili. This network connection gives rise to long 

range electron transfer through pili proteins. (B) (Left) Structure of Pilin monomer. (Right) Pilus assembly model 

with TYR 27 and 32 (brown) and PHE 24. 
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