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ABSTRACT  

Understanding how bacteria interact with surfaces is critical for advancing applications in 

biofilm and biofouling prevention, biomaterial development or biosensing. However, the 

biophysical mechanisms underlying these interactions remain poorly characterized, and novel 

microscopy strategies are needed to specifically address the biointerface. In this study, we 

employ fluorescence lifetime imaging microscopy (FLIM) with the mechanosensitive probe 

Flipper-TR to investigate membrane tension in live bacteria interacting with various surfaces. 

We show that Flipper-TR stains both Gram-positive and Gram-negative bacterial membranes, 

exhibiting fluorescence lifetimes shorter than those in eukaryotic cells, with slight variations 

between bacterial types and likely reflecting differences in membrane composition. Flipper-TR 

displays lifetime variations along the vertical axis of bacterial cells, suggesting spatial 

differences in membrane tension influenced by cell wall architecture. Our results further 

demonstrate that Flipper-TR is responsive to the nature of bacterial interactions with surfaces. By 

comparing bacterial immobilization on surfaces with different coatings, we show that Flipper-TR 

can sensitively distinguish differences in membrane tension arising from distinct adhesion 

mechanisms. Additionally, Flipper-TR detects changes in membrane tension when bacteria are 

exposed to engineered nanostructured substrates. Overall, this work offers new tools to study the 

mechanical aspects of bacterial-material interactions and contributes to providing design rules 

for novel materials that influence bacterial behavior.  
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SIGNIFICANCE 

In natural environments, bacteria are primarily found attached to surfaces rather than as free-

swimming cells. Their behavior is influenced by surface-specific mechanics such as 

hydrodynamic and adhesive forces, and the material properties of the surface. However, the 

biophysical mechanisms underlying bacterial-surface interactions, which can have a profound 

effect on bacterial physiology, remain poorly understood. In this study, we employ a 

mechanosensitive fluorescent probe to visualize and quantify the mechanical stress on bacterial 

membranes upon contact with a surface, and show that this method is sensitive enough to 

distinguish surfaces with different adhesive and topographical properties. This work expands the 

toolbox to study how physical forces influence bacteria and contributes to providing design rules 

for novel materials that modulate bacterial behavior. 
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INTRODUCTION 

Understanding the way bacteria interact with surfaces is crucial in various fields, including 

biofouling, biofilm formation, biosensing and the development of antimicrobial materials.
1-4

 

However, fundamental aspects of the interaction between live bacteria and surfaces are poorly 

understood, such as what are the surface properties sensed by bacteria, or the molecular 

mechanisms for surface sensing and their biochemical responses. From the point of view of 

materials engineering, determining how to modulate surface properties to provoke a desired 

cellular response, including changes in morphology, alterations in metabolism or cell death, is of 

key importance.
1
 Yet, there are challenges associated to the characterization of the interaction 

between surfaces and live bacteria in a biologically-relevant environment.
5
  New microscopy 

tools specifically tailored to the cell-material interface can have a real impact on guiding the 

development of new classes of materials that inhibit or promote bacterial growth, and 

complement studies of the physiology of bacteria in contact with surfaces.1,2,6-10 

We have previously reported the use of advanced microscopy methods to understand bacterial-

material interaction in live cells,11-13 mostly in the context of mechano-bactericidal 

nanomaterials. The latter exert antimicrobial effects through purely physical mechanisms and 

hold promise as alternative strategies to traditional antibiotics for combating bacterial infection 

while avoiding the development of resistance.
14-16

 Herein, we focus on understanding the effects 

of surface properties on bacterial membranes in living cells. To that end, we use the fluorescent 

probe Flipper-TR, a mechanosensitive push-pull fluorophore that inserts into membranes and 

whose lifetime reports on lateral forces (Figure S1).
17-19

 This probe is composed by two 

dithienothiophene moieties that are twisted out of coplanarity in the ground state and that can be 

planarized under the application of compressive forces, leading to an increase in emission 
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efficiency and lifetime. Flipper-TR exhibits a double exponential fluorescence decay, although 

only the longer lifetime (which we refer to as τ1, see below) is mechanosensitive.17 The probe is 

therefore employed in fluorescence lifetime imaging microscopy (FLIM), in which image 

contrast is generated by changes in fluorescence lifetime rather than intensity. The fluorescence 

lifetime is the average time the fluorophore remains in the excited state after excitation, and is 

defined as the inverse sum of the radiative (kr) and non-radiative (knr) rate constants.  As the 

fluorescence lifetime does not depend on fluorophore concentration, absorption/scattering by the 

sample, photo-bleaching and/or excitation intensity, FLIM is more robust than intensity based 

methods and the technique of choice for sensing applications.
20,21

 

 One challenge with the use of Flipper-TR is that local changes in lipid composition, which in 

turn affect lipid packing, also alter its fluorescence lifetime. While this is typically not an issue 

for single phase membranes in vitro, interpretation of changes in fluorescence lifetime of 

Flipper-stained cell membranes remains challenging.
18,22

 Therefore, we first establish its use in 

both Gram positive and Gram negative bacteria in FLIM experiments, since Flipper-TR has 

mostly been used in mammalian cells and few reports include bacteria.
18,23-25

  We show that this 

probe is suitable for model systems representing both bacterial types, and is sensitive enough to 

discriminate bacterial contact with different surfaces, including mechano-bactericidal 

nanotopographies. Moreover, by using an additional solvatochromic probe that is 

environmentally sensitive but does not report on mechanical effects, we disentangle physical 

membrane stretching or compression from changes in lipid composition.    
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RESULTS AND DISCUSSION 

Flipper-TR discriminates between bacterial membranes 

We first compared Flipper-TR staining of Gram positive and negative bacteria using Bacillus 

subtilis 168 and Escherichia coli BW25113, respectively. Previous reports on B. subtilis show 

that the lifetime (τ1) of Flipper-TR is well below 5 ns,
18,23-25

 in comparison with the longer 

lifetime values up to 6 ns for eukaryotic cells and other organisms, and therefore it is reasonable 

to use a 80 MHz laser (that results in a 12.5 ns window) for these experiments.18 Figures 1 and 

S2 show FLIM images, lifetime histograms and fluorescence decay curves for both model 

bacteria immobilized on CellTak, a polyphenolic adhesive protein typically used in microscopy 

experiments, and stained with 2 µM of the probe. Figure 1A shows clear membrane staining for 

both B. subtilis and E. coli. In B. subtilis, Flipper-TR in the poles and septal regions shows a 

longer lifetime than in the rest of the cell membrane, consistent with previous observations.
23

 

Besides mechanical effects, this longer lifetime may reflect different lipid compositions, 

especially in the septum.
26,27

 The fluorescence lifetime distribution for B. subtilis is centered at 

3.22 ± 0.16 ns, similar to previously reported values.18,23 For E. coli, we find a slightly shorter 

Flipper-TR fluorescence lifetime of 3.05 ± 0.21 ns. The FLIM images show clear staining of the 

cell boundary in E. coli, supporting that Flipper-TR is indeed incorporated into the membrane.
28

 

Moreover, Figure S3 shows that, in both bacterial strains we have studied, the fluorescence 

signal at the membrane is well above autofluorescence, the latter with a much shorter 

fluorescence lifetime. To investigate further Flipper-TR localization in E. coli, whose cell wall is 
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more complex and includes an outer and inner (or cytoplasmic) membrane separated by a 

peptidoglycan layer, plasmolysis experiments were conducted (Figure S4). These experiments 

consist on specifically disrupting the bacterial inner membrane upon osmotic shock.
29

 Flipper-

TR fluorescence after plasmolysis was compared with that of the membrane probe FM 4-64, 

which is known to selectively stain the bacterial outer membrane.
26,29

 Figure S2 shows very 

distinct fluorescence signal localization of Flipper-TR compared to FM 4-64, strongly suggesting 

that Flipper-TR traverses the outer membrane of Gram negative bacteria.    

 

Figure 1. A) Overlaid intensity and FLIM images and B) fluorescence lifetime histograms of E. 

coli and B. subtilis stained with Flipper-TR at 2 µM and immobilized on CellTak (n>100 cells). 

τ1 corresponds to the long lifetime in the biexponential decay. 

 

Our observations suggest that Flipper-TR staining is suitable for both Gram positive and 

negative bacteria, showing slightly different fluorescence lifetime values, and in both cases 

significantly shorter than those observed in mammalian cells, as discussed above. The variation 
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in lifetime between membranes in both bacterial models may correspond, at least in part, to 

differences in membrane composition and do not necessarily reflect distinct membrane tension.  

 

Membrane tension varies across bacterial height 

In the FLIM experiments discussed in the previous section, the bacterial midplane was 

optically selected. An optical section of 0.9 µm was used to maximize photon acquisition, which 

is relatively thick compared to the bacterial height (1-2 µm) and therefore the imaged planes may 

contain fluorescence signal from a significant part of the bacterial cell. Since it has been 

previously shown that Flipper-TR exhibits different fluorescent lifetimes along cell height in 

eukaryotic cells, with shorter values at the basal plane compared to the apical plane,18 we 

investigated if height-dependent fluorescence lifetimes also occur in bacteria. This is particularly 

relevant to our experiments, as we are interested in studying the cell-material interface. 

Therefore, several optical sections were acquired with FLIM, and the bottom, center and top 

bacterial planes were selected. Figure 2 shows that fluorescence lifetime also changes across 

bacterial height, and for E. coli it follows a similar trend as in eukaryotic cells increasing from 

3.33 ns at the bottom to 3.75 ns at the top.  In contrast, B. subtilis stained with Flipper-TR shows 

longer lifetimes at the top and the bottom, whereas a shorter lifetime is observed in the cell 

midplane (see also Figure S5). While the proximity to the glass interface could lead to a shorter 

fluorescence lifetime, since kr is proportional to the square of the refractive index,
30

 we ruled out 

this possibility by acquiring lifetime measurements of Rhodamine B near the surface and in 

solution (see Table S1). Therefore, we tentatively attribute the different trend in Gram positive 
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and negative bacteria to their cell wall structure, i.e. the former have a thick peptidoglycan layer, 

while the latter have a thinner peptidoglycan layer and an outer membrane.  

Importantly, we performed as a control a similar experiment with the membrane dye Nile Red, 

a solvatochromic probe whose lifetime depends on the polarity of its molecular neighborhood 

and in turn on lipid packing, but has not been reported to depend on membrane tension.31,32  The 

control experiment was performed in B. subtilis, which only has one membrane, to avoid issues 

with outer vs inner membrane localization of the fluorophore in E. coli. We first confirmed that 

Nile Red lifetime can be responsive to environmental differences in prokaryotic membranes 

(Figure S6). We note that using Nile Red lifetime as readout has limitations in eukaryotic cells 

due to its reduced sensitivity to cholesterol changes.
33

 However, as opposed to eukaryotic 

membranes, prokaryotic membranes lack cholesterol and our data confirm that Nile Red is 

therefore a relevant solvatochromic control in these experiments. 

Figure 2 shows that the lifetime of Nile Red only changes slightly, within the experimental 

uncertainty, across planes in B. subtilis. This result supports that Flipper-TR lifetime variations 

along bacterial height are mainly related to membrane tension, with potentially a small 

contribution due to changes in lipid composition (the latter has not been ruled out for eukaryotic 

cells
18

).  
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Figure 2. Fluorescence lifetime distributions at different Z planes of (A) E. coli  stained with 

Flipper-TR (n = 63); (B) B. subtilis stained with Flipper-TR (n = 78); (C) B. subtilis stained with 

Nile Red (n = 27). All bacteria were immobilized on CellTak. 

 

Flipper-TR is sensitive to bacterial-surface interaction 

We next investigated if Flipper-TR can report on the interaction between bacteria and different 

surfaces. To that end, FLIM data of bacteria immobilized on glass coated with Poly-L-lysine 

(PLL) were compared to those on CellTak-coated glass. Since we observed Flipper-TR lifetime 

variations along the bacterial height, as reported in the previous section, the imaging plane in 

these experiments was as close as possible to the surface. Figure 3 shows the fluorescence 

lifetime histograms for both bacterial types on both surfaces. The lifetime values of bacteria 
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immobilized on PLL are shorter than on CellTak for both bacterial types, suggesting differences 

in the mode of interaction with the surface. Indeed, while bacterial interaction with PLL is 

mostly electrostatic, the adhesion mechanism of CellTak is dominated by the amino acid 3,4-

dihydroxy-l-phenylalanine, which is formed by posttranslational modification of tyrosine, and 

presents multiple and complex adhesive roles.
34

 The difference in Flipper-TR lifetime with the 

type of surface is much more pronounced for B. subtilis (0.67 ns) than for E. coli (0.13 ns). This 

is consistent with the observation that Flipper-TR stains the inner membrane in E. coli, as shown 

in the plasmolysis experiments. Indeed, outer membrane staining would likely result in a higher 

sensitivity of fluorescence lifetime to the surface type, which we do not observe. 

A control FLIM experiment with Nile Red in B. subtilis (Figure 3) showed that this probe 

exhibits an almost identical average lifetime on both coated surfaces, PLL and CellTak. 

Therefore, the dependence of Flipper-TR lifetime with the surface mainly reflects a distinct 

physical interaction with each material. In other words, Flipper-TR is predominantly reporting 

differences in membrane tension rather than membrane composition upon bacterial interaction 

with each surface.            
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Figure 3. Fluorescence lifetime distributions and images at the bottom planes of bacteria 

immobilized on PLL and CellTak. (A) E. coli stained with Flipper-TR (nPLL= 31, nCellTak= 63); 

(B) B. subtilis stained with Flipper-TR (nPLL= 18, nCellTak= 78); (C) B. subtilis stained with Nile 

Red (nPLL= 37, nCellTak= 27). Average fluorescence lifetimes (τavg) are reported for Nile Red. The 

scale bar in the images is 2 µm.  

 

Flipper-TR is sensitive to membrane tension induced by mechano-bactericidal 

topographies 
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To gain further insight into the sensitivity of Flipper-TR fluorescence lifetime to unravel 

bacterial-surface interactions, we next placed Flipper-TR-stained bacteria on a mechano-

bactericidal polymer surfaces. The optically transparent UV-curable resin OrmoComp was used 

to fabricate the nanotopographies, allowing for good optical transparency during single-cell 

fluorescence microscopy, as we have previously shown.
11

 The mechano-bactericidal 

topographies, which are bioinspired from the moth's eye, consisted of a well-defined array of 

nanocones with a nominal height of 350 nm, a width of 80 nm at the tip, and an aspect ratio of 

4.3, arranged on a dense hexagonal lattice with a cone-to-cone distance of about 290 nm.
35

 

Nanocones with a 3-4 times lower aspect ratio were also fabricated (Figure S7). FLIM images on 

both nanofabricated surfaces were acquired and compared to that of bacteria on a flat surface of 

the same polymer. As in the previous section, the imaging plane was as close as possible to the 

surface. Figure 4 shows that the Flipper-TR fluorescence lifetime in B. subtilis on the flat 

polymer surface is 3.76 ns, and the average lifetime gradually decreases for low- (3.67 ns) and 

high-aspect-ratio nanocones  (3.53 ns). Since bacterial interaction with these surfaces does not 

only include contact at the nanocone tips, but also stretching of the bacterial membrane 

suspended between nanocones,
36

 we tentatively propose that the Flipper-TR lifetime in the 

stretched membrane regions (i.e. higher tensile stress) contributes to most of the fluorescence 

signal, resulting in an observable decrease in fluorescence lifetime. For reference, earlier studies 

in mammalian cells have shown a shorter Flipper-TR lifetime at the surface of nanopillars 

compared to the basal membrane.
37

 While finite-element models can potentially assist in the 

interpretation of the FLIM data, current models have produced diverging results regarding the 

maximum points of stress/strain.
14
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Figure 4. Fluorescence lifetime images and distributions at the bottom plane of B. subtilis 

stained with Flipper-TR on flat and nanosimprinted Ormocomp surfaces (nflat= 13, nnanoc= 12, 

nshort= 41). Scale bar is 2 µm. 

CONCLUSIONS 

       In natural environments, bacteria are primarily found attached to surfaces rather than 

living as free-swimming cells. Therefore, bacteria-surface interactions are important to 

understand biofilm formation, or to engineer biomaterials with improved properties. However, 

few techniques are available to address this interface, and specifically the effects on membrane 

tension upon interaction of bacteria with surfaces. Indeed, mechanical stress modulates the 

function of proteins in the bacterial membrane, and has the potential to regulate multiple 

processes required for bacterial survival and growth.
38

  Previous work indirectly determined 
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changes in bacterial membrane tension using a fluorescent Na
+
 probe, since opening of 

mechanosensitive channels in the membrane leads to an increased ion flux.8 As a more direct 

method, our study establishes the mechanosensitive fluorescent probe Flipper-TR and FLIM as a 

powerful tool to investigate bacterial membrane tension and interactions with material surfaces. 

We demonstrate that Flipper-TR effectively stains both Gram-positive and Gram-negative 

bacterial membranes, with fluorescence lifetime values that are shorter than those in eukaryotic 

cells and slightly vary between bacterial types, likely due to differences in membrane 

composition. The lifetimes of Flipper-TR vary along the vertical axis of the bacterial cell to a 

lesser extent than those of Nile Red, suggesting that this variation mainly corresponds to changes 

in membrane tension in a manner dependent on bacterial cell wall architecture. 

Our findings show that Flipper-TR is sensitive to the nature of the bacterial-surface interaction. 

Bacteria on different adhesion-promoting coatings (PLL and CellTak) exhibit measurable 

differences in fluorescence lifetime, indicating variations in membrane tension driven by the 

mode of surface interaction. Moreover, Flipper-TR can detect membrane tension responses to 

engineered nanostructured surfaces. Bacteria interfacing with nanocone-patterned substrates 

displayed reduced Flipper-TR lifetimes compared to flat controls, which we attribute to the 

fluorescence signal being dominated by the stretched portion of the membrane between 

nanocones. These results highlight the sensitivity of Flipper-TR to biophysical forces at the cell-

material interface and underscore its utility in elucidating bacterial responses to surface 

topography. Altogether, this work establishes a methodological foundation to study mechanical 

aspects of bacteria-surface interactions. 
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MATERIALS AND METHODS 

 Materials. Poly-L-lysine solution (PLL, Sigma-Aldrich), CellTak
TM

 (Corning), UV-curable 

resin OrmoComp (Microresist GmbH), Luria broth (Miller’s broth) (Labkem), Luria agar 

(Miller’s LB agar) (Labkem), and PBS (Sigma-Aldrich) were used as received. Fluorophores 

employed were Flipper-TR-TR probe (Spirochrome), Nile Red (Sigma Aldrich) and FM 4-64 

(Thermofisher Scientific) and Rhodamine B (Sigma-Aldrich).   

Bacterial cultures. E. coli BW25113 cells were grown overnight at 37°C in Miller LB 

medium (1% tryptone, 0.5% yeast extract, 1% NaCl). Overnight cultures were diluted 1:100 in 

fresh medium and grown to an optical density at 578 nm (OD578) of 0.4, and then diluted again 

to OD578 of 0.1, and grown to 0.4. B. subtilis 168 strain was grown overnight at 37°C in a Petri 

dish with in Miller LB agar medium. One bacterial colony was introduced in 10 mL of Miller LB 

medium and incubated at 37°C for 2.5 hours to obtain an OD578 of 0.4-0.6.  1 mL of cell culture 

(both E. coli and B. subtilis) was washed 3 times by centrifuging 3 min at 3000 x g and 

resuspending in a final volume of 0.5 mL of PBS to obtain bacterial suspensions.  

Plasmolysis experiments.  E. coli cells were grown as above. Cell samples were obtained and 

processed as published
39

 with minor modifications. Briefly, 1.5 mL of cell culture were 

harvested (17,000 x g, 1 min), and pelleted cells were resuspended in 100 µl of plasmolysis 

solution (15% sucrose, 25 mM HEPES pH 7.4, 20 mM sodium azide). Fluorophores (FM 4-64 

8.2 µM and Flipper-TR 2 µM) were added to the sample prior to immobilization of the cells in a 

1% agarose pad (prepared using plasmolysis solution, as described.
29

 Samples were visualized by 

confocal microscopy using a Leica Stellaris 8 with an excitation wavelength of 488 nm and 
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emission wavelength of 500-700 nm for Flipper-TR and an excitation wavelength of 500 nm and 

an emission wavelength of 600-800 for FM 4-64.  

Surface preparation. Glass bottom Ibidi GmbH 35 mm diameter dishes were coated with 

PLL, CellTak, Ormocomp  (Microresist Technology GmbH)  film or  patterned with nanocones. 

For PLL, 600 µL of PLL 1:10 were added to a dish and incubated for 15 minutes before washing 

with Mili-Q water and drying with nitrogen. CellTak coating was prepared adding 100 µL of a 

CellTak solution of 2.5 mg of CellTak in 1 mL of NaHCO3 0.1 M pH = 7, incubated for 1.5 

hours, and then washed with Mili-Q water and dried with nitrogen. For the flat Ormocomp 

coating, Ibidi dishes were activated with O2 plasma (Tepla, 150 ml/min) at 50 W during 2 

minutes. Then a drop of a 150 mg/ml Ormocomp solution in toluene was added to the activated 

plate and spin-coated at 3000 rpm for 1 min. After that, the dish was cured under 80 mW/cm
2
 

UV light (UVASPOT 400/t, Honle) for 1 minute. Mechano-bactericidal topographies were 

fabricated with a PDMS moth-eye mold, as previously shown.11,35,40  The  mold was placed over 

a spincoated Ormocomp film,  and left under 20 g weight for 2 minutes. The Ormocomp was 

then cured under a UV light as above. The template for low-aspect-ratio nanocones was obtained 

using the previously described roll-to-roll thermal nanoimprinting process,
41

 in which PMMA 

moth-eye films were imprinted at 100 °C and produced at a web speed of 0.5 m/min. This 

substrate, used as a template, was replicated using two layers of polydimethylsiloxane (PDMS)
42

 

to obtain the working mold from which the Ormocomp nanocones were fabricated. The surface 

topography was characterized by atomic force microscopy (AFM) using a JPK/Bruker 

Nanowizard 5 in tapping mode with Tap300 GB-G probes (Budget Sensors, 300 kHz nominal 

resonance frequency, 40 N/m force constant). 
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Fluorescence Lifetime Imaging Microscopy. FLIM data were acquired on a Leica Stellaris 8 

STED 3X with FLIM/FCS/DLS with a pulsed white-light laser (80 MHz, resulting in a 12.5 ns 

window) using a 63x water immersion objective with N.A.= 1.2. A phase element right before 

the objective lens was used to ensure circular polarization at the imaging plane. All images were 

acquired using 16 bits weight and 1024 x 1024 pixels with a pixel size of 45 nm x 45 nm. We 

used an excitation wavelength of 488 nm with 50% of intensity power. The emission was 

collected between 500 and 700 nm with a HyDX detector set to photon counting mode that 

discard the information containing more than 1 photon/count. Images were recorded using 1 Airy 

Unit which results in an optical section of 0.9 µm. The scan was run in bidirectional mode with a 

speed of 100 Hz with 16 line repetitions and 1 frame repetition with a pixel dwell time of 4.18 

µs. Images were collected using Leica Application Suite LAS X FLIM/FCS software. The 

instrument response function (IRF) was obtained experimentally with erythrosine B dissolved in 

a saturated solution of KI.   

For imaging, 1 µL of Flipper-TR or 5 µL Nile Red stock solution (1 mM) was added to 0.5 mL 

of bacterial suspension to a final concentration of 2 µM and 10 µM, respectively. For Flipper-

TR, the sample was incubated at room temperature for 10 minutes. Then, a drop of 150 uL was 

added to the centre of the dish with the treated surface (PLL or CellTak) and incubated 10 

minutes more before washing 3x with PBS to eliminate the excess of fluorophore and non-

attached bacteria. Images were recorded at room temperature.    

Fluorescence Lifetime Images Analysis. Images recorded by Leica Application Suite LAS X 

FLIM/FCS software were exported in .ptu format and analysed by the open software FLIMfit 

5.1.1 (https://flimfit.org/downloads/5.1.1/). Images were fitted by a biexponential model 

following the equation (1) with a spatial binning of 4x4 pixels, a smoothing of 5 x 5 pixels (2 
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pixel radio) and 133 time bins of 97 ps/bin, obtaining decays of 10
3
 – 10

4
 photons (Figure S2). A 

minimum of 103 photons per decay are needed for biexponential fitting.21,43 

� = �� + ���
�	


�� + �
�
�	


��   (1) 

We refer to τ1 as the longer lifetime, which is the one that reports on membrane tension. For 

deconvolution, the experimental IRF was employed. To select bacterial cells from the 

background we employed phasor plot segmentation with an intensity threshold of 1000 photons 

after binning.  

Flipper-TR has two lifetimes and only the long lifetime reports on membrane tension (τ1). Nile 

Red decays were also fitted to a biexponential model, since this fluorophore has complex 

excited-state dynamics, and in this case the average lifetime value is reported (τavg).
31

 Bacterial 

autofluorescence decay was complex and also fitted with a biexponential model, reporting τavg. 
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