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A family of three neutral iridium(III) tetrazolato complexes are 

investigated as bacterial imaging agents. The complexes offer a 

facile tuning of the emission colour from green (520 nm) to red 

(600 nm) in aqueous media, while keeping the excitation 

wavelength unchanged. The three complexes do not inhibit the 

bacterial growth of Bacillus Cereus, used as a model in this study, 

and exhibit extremely fast cellular uptake. After a minute 

incubation time, the non-toxic complexes show sub-cellular 

localisation in spherical structures identified as lipid vacuoles. 

Confocal Raman imaging has been exploited for the first time on 

live bacteria, to provide direct and label-free mapping of the lipid-

enriched organelles within B. cereus, complementing the use of 

luminescent probes. Examination of the Raman spectra not only 

confirmed the presence of lipophilic inclusions in B. cereus but 

offered additional information about their chemical composition, 

suggesting that the lipid vacuoles may contain 

polyhydroxybutyrate (PHB). 

Optical imaging is well suited to interrogate the chemical biology of 

living systems and has found extensive use to characterise cellular 

environments, with nanometre precision and high temporal resolution. 

The majority of the imaging techniques exploit the use of molecular 

probes, the design of which is an ongoing challenge, dictated by 

increasingly ambitious analyses requiring precise target specificity. At 

the same time, direct label-free analytical methods that will 

complement the use of molecular probes, is an emerging field (i.e. 

multimodal microscopy).[1] Amongst other techniques, Raman 

spectroscopy is particularly attractive; because it provides sub-micron 

spatial resolution and does not suffer spectral interferences from H2O. 

In this context, phosphorescent metal complexes of transition and 

lanthanoid elements offer useful tunability with respect to their 

luminescence properties and target specificity, and have the potential 

to solve drawbacks associated with traditional organic fluorophores, 

such as self-quenching, photobleaching and discrimination from 

endogenous autofluorescence.[2–4] Moreover, examples are emerging 

showing how these metal-based systems have the potential to be 

used as correlative probes with other imaging techniques such as 

electron microscopy.[5] In the past few years, the potential of metal-

based probes has started to be realised, with a wide range of new 

imaging tools developed from phosphorescent metal complexes 

which selectively target sub-cellular organelles (e.g., mitochondria, 

ribosomes, lipid droplets) in multicellular systems.[4,6,7] In contrast, 

sub-cellular imaging tools for bacteria (single cell organisms) are less 

well developed. Compared to cellular and tissue imaging, bacterial 

imaging has several additional challenges. A typical bacterial cell has 

a size of less than 10 μm, that is close to, or smaller than, the spatial 

resolution of many conventional microscopes. Moreover, the small 

size of these organisms requires more excitation energy that often 

causes increased photobleaching[8–11]. The main obstacle to imaging 

sub-cellular components in bacteria is represented by their robust cell 

envelope[10]. Most of the current protocols to image bacteria rely on 

the use of a relatively limited number of commercial organic dyes[12–

15] or on the genetic manipulation of target proteins.[10,11] . The use of 

genetically encoded tags, however, can lead to artefacts and it is not  

applicable to label non-proteinaceous biomolecules such as glycans, 

nucleic acids and lipids.[10,16] This restriction has been recognised in 

the past few years, with an increasing research effort focused on 

developing new markers to stain bacteria. While a wide range of 

organic fluorophores[17–20] and bio-functionalised nanoparticles[21,22] 

has been reported, most of these systems can only interact with the 

bacterial cell wall and are not internalised within the bacterial cells. 

This approach, therefore, limits the staining to the cell surface and 

hinders the visualisation of any sub-cellular environment or event. 
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Moreover, production of these dyes can be synthetically demanding 

due to their complex molecular architecture. This factor might limit 

mass production for widespread use and tunability to obtain a platform 

of bacterial markers with complementary properties. Intriguingly, 

complexes of Ru(II), Re(I), Ir(III) with luminescent properties have also 

been investigated in detail as potential antibacterial agents,[23–27] but 

surprisingly they have not yet been studied as bacterial imaging 

agents. This growing effort to understand the mechanisms of 

prokaryotic cell biology is driven by the impact it has in clinical and 

industrial settings. Efficient treatment of bacterial infections, for 

example, requires continued, costly and resource consuming medical 

advances; but treatment can be accelerated, or made more efficient, 

through deeper understanding of the pathogen biology and 

mechanisms of infection.[11,22,28] In an industrial context, 

biodegradation, bioremediation, and bio-fuel sectors are billion dollar 

enterprises that can benefit from innovative advances developed or 

leveraged from the unique chemical biology of bacteria.[29,30] 

Unfortunately, despite the continuous advances in genome 

sequencing, many molecular mechanisms and biological functions in 

prokaryotic cells are yet to be delineated, and improved bacterial 

imaging has the potential to bridge the gap between genetic 

information and biological function.[11,15,22]  Given the lack of reports on 

luminescent metal complexes for bacterial imaging, we aim in this 

study to investigate the potential of a suite of phosphorescent metal 

complexes to act as molecular probes for bacteria. If this capability 

can be validated, then it lays the foundation for future studies to 

leverage the advantages of luminescent metal complexes for imaging 

applied to bacteria. Specifically, our methods centre on three 

phosphorescent Ir(III) tetrazolato complexes (Figure 1) that have been 

reported by our group.[31,32] We have previously shown that a series of 

cationic iridium(III) complexes exhibited antimicrobial activity towards 

Deinococcus radiodurans, whereas the neutral analogues did not 

show any cytotoxic effect towards the same species.[32] Based on 

these results, three neutral iridium complexes have been tested as 

molecular probes for the live imaging of the bacterial species Bacillus. 

cereus. In addition, we have investigated the use of Raman 

microscopy analyses of live bacteria to complement the use of 

luminescent metal complex probes.  

 

Figure 1. Chemical structure of the iridium(III) tetrazolato complexes 

and corresponding emission maxima (Ex = 405 nm). 

The iridium complexes investigated as imaging agents were selected 

as they have strong potential to be developed into easily accessible 

probes for bacterial imaging. The probes can be readily synthesised 

by reacting the chloro-bridged dimer chloro-bridged dimer 

[Ir(C^N)2Cl]2 (C^N = 2-phenylpyridine or 2-(2,4-

difluorophenyl)pyridine) with an excess of the corresponding  

tetrazolato ligand at room temperature.[31] Importantly, minor 

modifications in the chemical structure allow the tuning of the 

emission colour, while using the same excitation wavelength. Indeed, 

upon excitation at 405 nm, the emission maxima range from 520 nm 

to 600 nm in aqueous media (see Figure 1, and SI). As the intention 

of this work was to develop probes for live-imaging of bacteria, an 

important initial step was to determine their impact on the bacterial 

growth. The toxicity of the complexes towards B. cereus was 

determined by monitoring the kinetics of growth in the presence of the 

complexes at the concentration used for the imaging experiments (20 

μM in nutrient broth, 0.1% DMSO). Notably, the the complexes do not 

significantly affect maximum cell yield (see SI). With the fundamental 

requirements of synthetic accessibility and non-toxicity confirmed, the 

potential of F2IrPTz, F2IrCN and IrQn as molecular probes for bacteria 

was assessed by confocal microscopy (Figure 2). The complexes 

were incubated within live B. cereus directly in the growth medium 

(nutrient broth, 0.1% DMSO). The emission of the complexes was 

detected after only one minute of dosing at room temperature 

(Supporting Video 1). This extremely fast cellular uptake is 

remarkable, if one considers that previously reported protocols involve 

from 30 minutes up to two hours incubation time.[14,26,27] All the 

complexes were excited with a 405 nm laser and the emission 

collected in the 500-700 nm region (see SI), consistent with the 

emission properties of the complexes in aqueous media (Table S1, 

SI).  Acquisition of z-stacks images confirmed that the complexes 

were effectively internalised within the live bacteria and were not 

interacting with the outer side of the membrane (See Supporting 

Video 2). Importantly, time-lapse experiments showed that no evident 

photobleaching from the complexes was observed after imaging over 

one hour period, acquiring a z-stack every minute (Supporting video 

3).  

 
Figure 2. Confocal fluorescence microscopy demonstrates the 

uptake and compartmentalisation of iridium complexes in B. cereus. 

Scalebars 5 m. 

The resolution of the images showed that all of the complexes were 

highly localised to the same well defined, droplet-like micro domains 

within B. cereus. The spherical shape of the inclusions within the 

bacterial cytoplasm resemble lipid vacuoles. In order to prove our 
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conclusion of lipid staining, a further staining experiment was trialled 

with BODIPY (SI), showing a very similar localisation pattern and 

therefore suggesting that the iridium complexes show specificity for 

lipid bodies in the bacteria (a direct comparison of the confocal images 

for bacteria stained with the iridium complexes and BODIPY can ba 

found in the SI).  Importantly, the three complexes exhibit the same 

sub-cellular localisation. The ability to have probes with a wide range 

of emission profiles but consistent sub-cellular localisation is 

beneficial when considering experiments with multiple probes, so that 

the specific emission of each marker can be easily discriminated, as 

they can be excited and/or detected independently. To the best of our 

knowledge, our protocol is the first to image lipid distributions within 

prokaryotes using phosphorescent metal complexes. Indeed, imaging 

of lipid inclusions in bacteria has to date only been achieved with 

traditional organic dyes.[14,15] Significantly, an increasing research 

effort has focused on the study of the lipid metabolism in bacterial 

cells.[15,30,33] In fact, the role of neutral lipids both in the pathogenesis 

or in the antibiotic biosynthesis of different microorganisms has been 

investigated.[34,35] Moreover, further studies on bacterial lipid 

accumulation have been prompted by the potential use of prokaryotes 

as a source of single cell oil or biopolymers (e. g. exopolysaccharides, 

EPS or polyhydroxyalkanoates, PHAs) for a wide range of derived 

industrial products.[29,30] To date, however, many dynamics involving 

lipid production, trafficking and storage in bacteria are poorly 

understood, and the capability of imaging lipid distribution in live 

bacteria is of key importance. Direct lipid imaging in living cells is also 

possible with vibrational spectroscopies such as Raman spectroscopy. 

The sub-micron spot sizes achieved with confocal Raman microscopy 

are well suited to studying sub-cellular lipid distributions, hence this 

technique has previously been applied in situ within ex vivo tissue 

sections, and living cell culture,[1,36] but is yet to be applied to image 

sub-cellular lipid distributions in bacterial cells.  Classical bulk 

analyses of Bacillus species has been used to study lipophilic 

inclusions or granules that are enriched in lipids and other lipophilic 

compounds, such as polyhydroxybutyrate (PHB).[37] Raman 

spectroscopic mapping was used in this study to provide direct 

biochemical imaging of lipid-enriched inclusions within live B. cereus. 

The ester carbonyl band which is an established spectroscopic 

marker for lipophilic environments in bacteria,[38,39] was detected with 

confocal Raman mapping at 1725 cm-1, (shoulder at 1735 cm-1), 

revealing distinct lipid enriched regions within live B. cereus (Figure 

3). The lipid enriched domains display similar morphology to those 

observed in the imaging experiments with the iridium complexes. 

Further examination of the Raman spectra suggest that the lipid 

enriched regions may contain PHBs, based on the pronounced 

characteristic peak observed at 843 cm-1.[39] To the best of our 

knowledge, this is the first time that confocal Raman microscopy has 

been used to image lipids at sub-cellular spatial resolution in living 

bacteria. Many previous studies using Raman spectroscopy to 

analyse biological samples report strong spectral interference from 

autofluorescence of endogenous fluorophores.[40] To overcome 

endogenous autofluorescence longer excitation wavelengths are 

typically used, but this worsens spatial resolution and decreases 

Raman scattering power. Alternatively, sophisticated coherent anti-

Stokes Raman scattering has been developed to overcome 

endogenous autofluorescence in biological samples,[41] but such 

methods do not reveal the complete Raman spectrum, and the 

instrumentation is highly specialised. The collection of Raman spectra 

with a 532 nm excitation wavelength in this study is possible with 

routinely available benchtop Raman equipment, thus allowing 

accessible opportunities to image lipids at sub-cellular spatial 

resolution in a relatively quick time frame (~1 hour per bacterium). 

Although Raman microscopy has a number of limitations compared to 

fluorescence microscopy, (e.g. longer data acquisition times, poorer 

detection limits), the direct imaging capability makes the technique 

ideal to validate and gain further insight about the chemical specificity 

of luminescent complexes. Moreover, it allows a facile, label-free 

complementary route to monitor the morphology of live bacteria over 

time, to assess any effect of the dyes on the lipid metabolism.  

 

 

Figure 3: Direct detection of lipid inclusions in living bacteria using 

confocal Raman microscopy. (A-C) Confocal Raman microscopy 

images showing outline of bacterial cell (A, intensity of ν(C-H), lipid 

esters (B), intensity of ester ν(C=O), and overlay (C). Representative 

Raman spectra of bacterial cell body and lipid enriched inclusion (D, 

spectra offset for clarity). Spectra within the lipid-enriched region 

show characteristic ester ν(C=O) and skeletal ν(C-C), consistent 

with presence of lipids or lipophilic substances such as PHBs. Scale 

bar in A-C = 1 µm. 

The results strongly suggest that the three iridium tetrazolato 

complexes not only successfully act as stains for living bacteria, they 

also show a lipid-specific affinity and sub-cellular localisation. The lipid 

nature of the inclusions has been confirmed by means of Raman 

spectroscopy, used for the first time to image lipids in live bacteria, 

complementing the use of luminescent probes. Chemical 

modifications of the complexes allow a facile colour tuning of the 

emission by using the same excitation wavelength, without affecting 

the sub-cellular localisation. Critically, the three complexes 

investigated do not inhibit the cell growth for the strain object of this 

study. These results highlight the potential to use this family of 

complexes as non-toxic labels for in-vivo imaging of bacteria, offering 

widely varying emission colour and consistent sub-cellular specificity. 

Work is underway to extend this library of metal-based markers to 

develop structure-activity relationships, as well as exploring their 

behaviour in other bacterial strains.  
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Iridium(III) tetrazolato complexes are 

investigated as bacterial imaging 

agents, representing the first 

example of metal-based probe 

staining lipids in bacteria. 

Complementing the use of these 

luminescent probes, confocal Raman 

imaging has been exploited for the 

first time on live bacteria, providing 

direct mapping and chemical 

characterisation of these lipid 

vacuoles. 
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