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Abstract

To combat the rise of antibiotic-resistance in bacteria and the resulting effects on 
healthcare worldwide, new technologies are needed that can perform rapid antibiotic 
susceptibility testing (AST). Conventional clinical methods for AST rely on growth-based assays 
which typically require long incubation times to obtain quantitative results, representing a major 
bottleneck in the determination of the optimal antibiotic regimen to treat patients. Here, we 
demonstrate a rapid AST method based on metabolic activity measured by fluorescence lifetime 
imaging microscopy (FLIM). Using lab strains and clinical isolates of Escherichia coli with 
tetracycline-susceptible and resistant phenotypes as models, we demonstrate that changes in 
metabolic state associated with antibiotic susceptibility can be quantitatively tracked by FLIM. 
Our results show that the magnitude of metabolic perturbation resulting from antibiotic activity 
correlates with susceptibility evaluated by conventional metrics. Moreover, susceptible and 
resistant phenotypes can be differentiated in as short as 10 minutes after antibiotic exposure. 
This FLIM-AST (FAST) method is applicable to other antibiotics and provides insights into the 
nature of metabolic perturbations inside bacterial cells resulting from antibiotic exposure with 
single cell resolution.

Keywords: Antibiotic Susceptibility Testing, Fluorescence Lifetime Imaging Microscopy, 
Phasor, Metabolism

The spread of antibiotic resistant bacteria poses a significant global public health concern. The 
rapid and accurate determination of susceptibility to antibiotics is one of the most effective 
strategies for mitigating this spread. Antibiotic susceptibility testing (AST) identifies the most 
effective antibiotic therapy and avoids the use of broad-spectrum antibiotics that contribute to 
the spread of antibiotic resistance. Current phenotypic assays relying on cell growth in liquid or 
solid media are the clinical standard for AST1-4 but they require long time periods for 
microorganisms to demonstrate differentiable growth. In contrast, several genotypic assays 
such as PCR and genomic sequencing provide much more rapid detection of resistance genes 
through quantification of nucleotide biomarkers.5-10 However, these technologies cannot detect 
uncharacterized resistance genes or phenotypic resistance, such as tolerance and 
persistence.11 

The quantification of metabolic activity, on the other hand, shows promise for rapid, 
phenotypic AST.12 Metabolomic analysis shows that exposure of susceptible bacteria to 
antibiotics induces significant changes in metabolite profiles within 30 minutes.13 Fluorescence 
lifetime imaging microscopy (FLIM) is a label-free spectroscopic technique that rapidly and 
quantitatively assesses metabolic changes14-15 at the single-cell level by measuring the ratio of 
free-to-enzyme bound metabolites and endogenous fluorophores, NAD(P)H.16  The ratio of free-
to-bound NAD(P)H in cellular environments is an accurate metric for metabolic activity of the 
cell as these cofactors are involved in several key metabolic pathways.17-23 FLIM analysis of 
NAD(P)H fluorescence lifetimes can be represented in a two-dimensional phasor plot and 
provides a quantitative16, 24 measurement of this ratio in eukaryotic25 and prokaryotic26 cells. 
Under metabolism-altering conditions, shifts in g and s components of NAD(P)H FLIM phasor 
are expected to directly correlate with changes in metabolic activity. Shifts towards smaller g-
values indicate a lower free:bound NAD(P)H ratio, consistent with a model in 
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which metabolically active cells have a greater proportion of NAD(P)H-dependent enzymatic 
activity compared to more metabolically dormant cells. Indeed, FLIM identifies metabolic 
changes that occur in bacterial cells due to changes in nutrients,26 virulence,27 and antibiotic 
exposure.17 The rapid analysis, metabolic quantitation, and the label-free nature of this method 
make it a highly attractive candidate for metabolic AST.

In this study, we utilize NAD(P)H FLIM analysis to rapidly assess metabolic changes of 
bacterial cells in response to antibiotic challenges. Using susceptible, resistant, and clinical 
isolates of Escherichia coli as model strains, we characterize dynamic changes in metabolic 
state during exposure to bacteriostatic (tetracycline, chloramphenicol) and bactericidal 
(gentamicin) antibiotics. By tracking shifts in FLIM signal as a function of time and antibiotic 
concentration, we successfully identified resistant and susceptible phenotypes in under an hour 
and validated these results with conventional growth-based assays. These results demonstrate 
that FLIM is a viable method for assessment of antibiotic susceptibility.

Figure 1. FLIM captures the dynamics of metabolic activity with single-cell resolution in immobilized 
bacterial cultures. Data insets show representative micrographs of fluorescence intensity (top left) and 
fluorescence lifetime (top right) across all pixels. Scale bars are 2 µm. Phasor representation of 
fluorescence lifetimes (bottom) is labeled with universal line (gray, solid), and eukaryotic (Black, arrows) 
NAD(P)H trajectory lines. AU is an arbitrary unit, ns is nanosecond.

 

Fluorescence lifetime imaging microscopy (FLIM) was used to quantitatively measure 
the effects of antibiotic action on bacterial metabolic activity and determine antibiotic 
susceptibility. Our methodology utilizes phasor analysis of fluorescence decay, which applies a 
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Fourier transform to fluorescence decay profiles generating real (s) and imaginary (g) 
components (see Supporting Information) which are then plotted as axes onto which 
fluorescence lifetimes are projected.16, 24 Free and enzyme-bound NAD(P)H populate different 
regions of the phasor plot, with free NAD(P)H having a short fluorescence lifetime (~0.4 ns), 
being found at more positive g-values on the phasor plot, whereas bound NAD(P)H with longer 
(3-9 ns) lifetimes is located at smaller g-values.25, 27-28 Experimentally acquired lifetimes typically 
lie between these two extrema and provide a measure of the ratio of free and enzyme-bound 
NAD(P)H for each pixel of the image (Figure 1). Under environmental perturbations such as 
antibiotic exposure, a shift in g-coordinate is indicative of the perturbation’s effect on bacterial 
metabolic state (Figure 2A). Exposure of E. coli cells to bacteriostatic tetracycline for 1 h caused 
a shift to higher g-values. The magnitude of this shift provides a metric that quantifies the 
metabolic state change in response to antibiotic exposure. We first compared g-values of a 
tetracycline-susceptible wild-type E. coli strain (MG1655) with one harboring a tetracycline-
resistance plasmid after exposure to 150 µg/mL tetracycline. Compared to antibiotic-free 
conditions, susceptible cells experienced a marked shift to more positive g-values after 1 h 
exposure whereas g-values of resistant cells only observed a slight increase under similar 
conditions (Figure 2B). Stark differences were also observed when challenging cells with 100 
and 1000 µg/mL tetracycline (Figure 2C, S1), resulting in g shifts (Δg) of +0.21 and +0.17 
respectively for MG1655 cells, whereas resistant cells experienced insignificant shifts after an 
hour of exposure, even at 1000 µg/mL. At 1 and 10 µg/mL tetracycline, Δg values were <0.05 
for both types of cells. Notably, Δg was slightly (~0.05) negative under control conditions, 
indicative of an increase in metabolic activity over an hour of exposure to antibiotic-free grown 
medium. These results are consistent with a model of tetracycline as a metabolism-suppressing 
bacteriostatic antibiotic.

Figure 2.  FLIM detects metabolic changes resulting from tetracycline exposure in E. coli. (A) FLIM 
phasor plot of E. coli MG1655 cells incubated on 1000 µg/mL tetracycline agar pads for 0 (blue) and 1 h 
(orange). Each point represents the average phasor position of a single cell within the population. (B) 
Comparison of average g-values for E. coli MG1655 and tetracycline-resistant cells after 1 h exposure 
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150 µg/mL tetracycline. (C) Change in average g-values after 1 h at various concentrations of tetracycline 
for E. coli MG1655 and resistant cells.

FLIM analysis of clinical E. coli isolates exposed to tetracycline was carried out to 
evaluate the potential of this technique for clinical application (See Table S1 and Methods). Δg 
values of cells exposed to varying concentrations of tetracycline for 1 h show the same trend of 
increasing positive g value shifts with increasing tetracycline concentration for all strains (Figure 
3A and S2). Large positive Δg values were measured for most strains at 100 µg/mL tetracycline. 
E. coli 100 cells, however, exhibited a 2-fold lower Δg compared to the other E. coli strains at 
this antibiotic concentration. The growth of E. coli 100 was correspondingly greater than the 
other strains when exposed to tetracycline (Figure 3B). At 1000 µg/mL tetracycline, similar large 
positive shifts were observed for all strains with values that are statistically similar. These data 
show that NAD(P)H FLIM correlates with tetracycline sensitivity of these strains and that the 
technique can identify strains with greater resistance to this antibiotic.

Figure 3. Tetracycline susceptibility of clinical isolates can be differentiated by FLIM analysis. (A) 
Comparison of changes in average g values for clinical E. coli isolates and E. coli MG1655 after 1 h 
growth on LB agar pads with varying concentrations of tetracycline. (B) Optical density (OD600) of liquid E. 
coli cultures after 18 h growth in LB at varying tetracycline concentrations. Error bars in (B) correspond to 
standard deviation (N=5). 

 

Antibiotics can be roughly classified as either bacteriostatic (growth suppressing) or 
bactericidal (killing) depending on their specific mechanism of action in the cell, and this 
distinction corresponds to differences in their effect on bacterial metabolism.13,17,29,30 To 
investigate whether NAD(P)H FLIM can differentiate these metabolic effects, E. coli strains were 
challenged with gentamicin (bactericidal) and chloramphenicol (bacteriostatic). Growth inhibition 
assays show all these strains to be similarly susceptible to chloramphenicol (Figure S3), and 
clinical isolates E. coli 100 and E. coli 72 demonstrating greater resistance to gentamicin than 
the other strains (Figure S4). Exposure to chloramphenicol resulted in the expected positive 
shift in g-value corresponding to suppressed metabolic activity for all strains (Figure 4A). In 
contrast, negative shifts were observed in E. coli MG1655, 40 and 100 strains after gentamicin 
exposure (Figure 4B), consistent with toxic metabolic upregulation associated with bactericidal 
antibiotic activity.13 E. coli 72, on the other hand, exhibited a smaller (~0.05) positive shift in g-
value after exposure to gentamicin, despite having comparable sensitivity to gentamicin as E. 
coli 40. These results suggest that in E. coli, the metabolic effects of bacteriostatic antibiotics 
are characterized by a positive shift in g value whereas bactericidal antibiotic exposure in a 
negative shift at these concentrations and times of exposure. The deviation of the E. coli 72 
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isolate from the latter trend may be due to strain-specific differences in dynamics of the 
metabolic response to bactericidal antibiotics. Nevertheless, all g-value differences after 1 h 
exposure to chloramphenicol or gentamicin, positive or negative, are distinct from the null 
response of the tetracycline resistant strain, MG1655-pMG53, which shows no net change in 
response to tetracycline exposure at the same time point (Figure 2B,C).

 

Figure 4. Different classes of antibiotics differentially affect the direction of g-value shift in the FLIM signal 
as a result of exposure. Average g-values for E. coli strains exposed to 1000 µg/mL (A) chloramphenicol 
and (B) gentamicin. Open and shaded boxes represent values measured at 0 and 60 min after exposure, 
respectively. The dots represent outlier data points. P << 0.0001 for comparisons of all 0 and 60 min g 
values of each strain and antibiotic exposure condition. 

We expect that changes in g-value should depend on antibiotic exposure duration, since 
bacterial cells have time-dependent metabolic responses to antibiotic challenge.13 In order to 
characterize temporal metabolic responses, time-course NAD(P)H FLIM measurements were 
taken of bacterial populations at 10 min intervals during exposure to antibiotics (Figure 5). A 
comparison of average g-values for E. coli MG1655 cells exposed to 100 µg/mL tetracycline or 
gentamicin shows a marked increase in g-value for tetracycline challenged cells, whereas 
gentamicin exposure caused a gradual decrease in g-value. In contrast, the average g-value 
changed very little (<10%) from the initial value without antibiotic exposure (Figure 5A) and for 
the resistant phenotype undergoing similar tetracycline exposure (Figure S5).  

 

Page 6 of 16

ACS Paragon Plus Environment

ACS Infectious Diseases

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 
Figure 5. Temporal changes in g-value track with antibiotic mechanism. (A) Plot of average g-value over 
time for E. coli MG1655 cells during exposure to 150 µg/mL tetracycline, gentamicin, or without exposure 
(control). (B) Comparison of g-values after 2 h exposure to antibiotics.

 To validate time-dependent changes in NAD(P)H FLIM signals, we utilized a 
conventional metabolic activity assay in planktonic E. coli cultures challenged by antibiotics. 
Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide) is a membrane permeable cellular redox 
dye that yields a fluorescent product, resorufin, upon intracellular reduction and is widely used 
for assays of metabolic activity or bacterial viability.31-33 Representative resorufin fluorescence 
profiles of E. coli MG1655 cultures grown in the presence of tetracycline (Figure 6A) and 
gentamicin (Figure 6B) show characteristic increases in resorufin fluorescence over time. 
Tetracycline exposure generally causes fluorescence to increase more slowly than the control 
without antibiotic. At 1000 µg/mL tetracycline, resorufin fluorescence increases more rapidly 
than at 1, 10, and 100 µg/mL exposure (Figure 6C), suggesting a greater metabolic activity than 
these concentrations until about 180 min. This observation agrees qualitatively with the 
NAD(P)H FLIM data (Figure 3A) suggesting less metabolic suppression at 1000 µg/mL than 100 
µg/mL  tetracycline, and perhaps indicating some bactericidal activity of tetracycline at 
especially high concentrations. In contrast to tetracycline, gentamicin causes resorufin 
fluorescence to increase more rapidly than the control culture conditions at early times (< 90 
min) (Figure 6B,D), consistent with dysregulated metabolic effects of bactericidal antibiotic 
exposure. These trends are present in E. coli clinical isolates exposed to tetracycline (Figure 
S6B,D,F) and gentamicin (Figure S7B,D,F) and consistent with the trend in FLIM phasor g 
values of E. coli MG1655. The increased fluorescence of E. coli 100 at 1 and 10 µg/mL of 
tetracycline is consistent with a lack of metabolic suppression due to increased tetracycline 
resistance in this strain as compared to wild type. Corresponding growth and resorufin 
fluorescence profiles are shown for tetracycline and gentamicin exposure in Figure S6 and 
Figure S7 respectively. These results illustrate the metabolic perturbations that occur due to 
bacteriostatic or bactericidal antibiotics at the population level, and support the observations 
made at the single-cell level by NAD(P)H FLIM.
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Figure 6. Resorufin fluorescence dynamics capture metabolic differences between bacteriostatic and 
bactericidal antibiotics. Resorufin fluorescence profiles of E. coli MG1655  cultures grown in LB at varying 
concentrations of (A) tetracycline and (B) gentamicin over time. Values in legends correspond to antibiotic 
concentrations in µg/mL. Comparison of average resorufin fluorescence values of E. coli MG1655 
cultures after 60 min growth in (C) tetracycline and (D) gentamicin at the indicated concentrations. 

 

Our results show that changes in the NAD(P)H FLIM phasor position of populations of bacteria 
are characteristic of susceptibility to antibiotics. FLIM g-values tracked with increasing 
concentration (Figure 2C, 3A) as well as duration (Figure 5A, S8) of antibiotic exposure, and 
were consistent with conventional metrics of growth inhibition (Figure 3B) and metabolic activity 
(Figure 6) in response to antibiotic exposure. Changes in g-values over the exposure period 
depend on both the antibiotic class and bacterial strain (Figure 4). The trends of g-values were 
different for bacteriostatic and bactericidal antibiotics, likely due to differences in the different 
impacts of these classes on metabolism13, 34 (Fig 4, 5). The differences in g-value shifts between 
strains can be attributed to dependent variations in antibiotic susceptibility, consistent with 
conventional growth inhibition assay results (Figure 3, S3, S4). This approach discriminated 
between susceptible and non-susceptible strains in as little as 10 min (Figure 5A, S9). In 
contrast to existing standardized AST technologies such as disc-diffusion assays and broth 
microdilution, FLIM offers comparable differentiation of susceptible and resistant phenotypes at 
much shorter time scales.35 In comparison to genotypic assays, FLIM-AST accounts for novel 
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resistance genes and non-genetically encoded resistance mechanisms, such as tolerance, 
which would otherwise give false negative outcomes in genotypic AST. These changes in FLIM 
signal are consistent across antibiotics within the same class and across most strains. Further 
benchmarking work is required to establish the robustness of this technique to the many species 
and patient-adapted characteristics of other pathogens and clinical isolates.

        The interpretation of larger g values representing bacterial states with 
suppressed metabolic activity is consistent with lower resorufin fluorescence under similar 
conditions (Figure 6A). Resorufin fluorescence is conventionally used as a metric of cell 
viability31 and metabolic activity, the change of which provides a metric of instantaneous 
metabolic trajectory in this study. A positive shift in g-value is also in agreement with 
tetracycline’s mechanism of action, characterized by inhibition of aminoacyl-tRNA binding to 
bacterial ribosomal (30S, 70S) A sites, which results in decreased levels of enzymes involved in 
central metabolism (glycolysis/gluconeogenesis, TCA cycle, pyruvate metabolism).36-37 
Consistent with the effects of tetracycline, exposure of E. coli cells to chloramphenicol, another 
bacteriostatic antibiotic, also caused a shift to larger g-values (Figure 4A). 

        Bactericidal antibiotics, on the other hand, differ in their effect on bacterial metabolic 
pathways. They accelerate cellular respiration as a critical feature of their lethality.13, 30, 34 
Indeed, exposure to gentamicin was found to cause shifts towards smaller g-values (Figure 4B 
and Figure 5A), suggesting a decrease in free:bound NAD(P)H and, correspondingly, greater 
metabolic activity. This result can be rationalized given that gentamicin disrupts both 
translational accuracy and ribosome translocation.38-39 This mistranslation results in accelerated 
metabolic activity34 and toxic perturbations of the TCA cycle and central metabolism13, in 
agreement with our observed shift in FLIM signal. The accelerating effect of gentamicin on 
metabolism was further substantiated by resorufin fluorescence assay (Figure 6D) which 
showed an increase in metabolic activity at early times for all gentamicin concentrations, in 
contrast to cultures exposed to low and moderate concentrations of tetracycline (Figure 6A), for 
which resorufin fluorescence was suppressed relative to the control. A longer exposure time (> 
2 h) is required to observe significant differences in g-values for gentamicin-challenged cells as 
illustrated in Figure 5, likely due to the complex interplay of metabolic stimulation and cytotoxic 
effects. 

Using shifts in FLIM phasor g-values in response to antibiotic exposure, susceptible and 
resistant phenotypes were easily differentiated at clinically relevant time scales. Tetracycline 
susceptible E. coli strains exhibited a marked shift to more positive g-values over the exposure 
period whereas the resistant E. coli MG1655-pMG53 strain (Figure 2C and S9) showed very 
little change under similar conditions. We observed that for bactericidal antibiotics, metabolic 
changes are complex and diverge from initial trajectories after extended periods of time (Figure 
6B).13, 30, 40 This is possibly the reason behind E. coli 72 showing a positive shift in g-value 
(Figure 4B) as metabolic perturbations could occur in different stages, or cause oscillations in 
metabolic trajectory. It is possible that the decrease in g-value observed for E. coli MG1655, 40, 
and 100, and increase in g-value for E. coli 72 are due to the sensitivity of the time point of 
measurement around 1 h which occurs before the abrupt decrease in g-value seen in the time-
resolved gentamicin resorufin profile (Figure 5A). The divergence of short-term metabolic 
trajectories may be dependent on the specific antibiotic mechanism of action, suggesting initial 
benchmarking of other antibiotics as best practice before accurate susceptibility analysis can be 
carried out. Additionally, the specific resistance mechanism(s) utilized by bacteria to survive 
antibiotic exposure can also have convoluting effects on metabolic processes, further 
complicating static NAD(P)H FLIM measurements to assess susceptibility. Surmounting these 
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challenges will require further investigation into temporal changes in FLIM response at short 
timescales, especially for bactericidal antibiotic exposure.

Conclusion

We demonstrated a FLIM-based imaging method that can determine the antibiotic 
susceptibility of bacteria by quantifying metabolic changes in response to antibiotic challenge. 
This method significantly improves upon conventional AST methodology by reducing the time 
required to differentiate resistant and susceptible strains to as little as 10 min, with even better 
resolved differentiation after 1-2 h. Additionally, we have shown this method’s clinical 
applicability by accurately determining differential antibiotic susceptibility for clinical E. coli 
isolates in addition to resistant and susceptible laboratory E. coli strains. While the present FLIM 
analysis and measurement setup is not appropriate for direct application in clinical settings, but 
miniaturized FLIM systems have been developed and further work to streamline sample 
preparation, data collection, and automated analysis will bring this technology closer to a viable 
AST product. This work not only provides a platform for next-generation metabolic AST 
technology, but also represents a promising screening method for antibiotic classification based 
on metabolic perturbations.

Methods

Strains and growth conditions

Bacteria used in this study include lab and clinical strains (Table S1); E. coli isolated 
from infants with Urinary Tract Infections at the Children’s Hospital Orange County were 
collected with approval from IRB#120775. Strains were streaked onto luria broth (LB) agar 
plates from 20% (v/v) glycerol frozen stocks. Liquid cultures were first grown overnight (~16 h) 
from single colonies in 3 mL LB, diluted to 0.1 OD600 in fresh LB, and then sub-cultured in 3 mL 
aliquots for 5 h. For FLIM analysis, a 2 µL drop of the resulting cell suspension was pipetted 
onto a microscope dish (Ibidi) and an LB agar pad (1 cm x 1 cm x 0.25 cm) placed on top of it to 
immobilize bacterial cells. Antibiotic exposure was achieved by diluting concentrated antibiotic 
(tetracycline, gentamicin, chloramphenicol) solutions to the desired concentration in the LB agar 
solution prior to pouring and cutting. The microscope dish was immediately placed in an 
environmentally controlled microscope stage at 37 C and bacteria were imaged immediately to 
obtain profiles at 0 min and every 10 min for temporal tracking experiments or after 60 min for 
static measurements.     

Fluorescence lifetime imaging microscopy

Micrographs were acquired using a custom-built multiphoton microscope utilizing an 
Olympus FV1000 system and an Olympus IX81 microscope (Olympus, Waltham, 
Massachusetts) as described previously.23 For multiphoton excitation, the microscope employs 
an 80 MHz ultrafast Ti:Sapphire Mai Tai laser (Spectra-Physics, Santa Clara, CA) set at 740 
nm. A PlanApo N Olympus oil-immersion 60x (1.42 NA) objective (Olympus, Waltham, MA) was 
used to find and image regions of interest (ROIs). Emission light was separated using a 690-nm 
SP dichroic 460/80-nm filter pair. An H7422P-40 photomultiplier tube module (Hamamatsu, 
Bridgewater, NJ) and A320 FastFLIM Box (ISS, Champaign, IL) were used to measure 
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fluorescence lifetime. The microscope was calibrated before each session by setting the 
fluorescence lifetime obtained for 4 µM coumarin 6G (Sigma) in ethanol to 2.5 ns. The laser 
power was set at 20% (< 3 mW at the back aperture of the microscope) using an acousto-optic 
modulator (AA Opto Electronic, Orsay, France). Fluorescence lifetimes were collected using the 
10x or 25x digital zoom mode at a rate of 1.7 s/frame. Image acquisition was controlled by 
SimFCS software version 4 (64-bit) (Laboratory for Fluorescence Dynamics, Irvine, CA). The 
pixel dwell time for data acquired from all samples was 20 μs/pixel. The average number of 
photons per pixel per frame scan across the entire region of interest varies from about 2-36 
(Figure S10). For all measurements, 50 sequential frames were acquired from each ROI to 
generate a single FLIM image. Masks for lifetime data from bacterial cells were created through 
SimFCS using fluorescence intensity images and image intensity thresholding. See reference 
27 for a more detailed workflow. The signal to noise ratio for all conditions range between about 
1.5-10 across all conditions (Figure S11). Cells are distinguished from the surrounding agar 
background signal by both fluorescence intensity and lifetime (Figures S12-14). The number of 
cells analyzed in each condition are detailed in Table S2. For time lapse data, images were 
acquired in the same way as described above from a single ROI at 10 minute intervals. We do 
not see the evolution of long lifetime species expected with photobleaching processes and the 
fluorescence intensity of cells in the same ROI over time do not show evidence of 
photodegradation (Figure S15).

FLIM data used in this study is publicly available at https://idr.openmicroscopy.org/. 

Growth Inhibition Assays

Liquid cultures were first prepared as described above. A 2-fold serial dilution of each 
antibiotic was prepared in a range from 1000 µg/mL to 0.97 µg/mL. Antibiotic stock solutions 
were initially prepared at 10x concentrations starting at 10,000 µg/mL using ultrapure deionized 
(DI) water (Barnstead E-Pure) as the solvent, adjusting for antibiotic purity according to the 
certificate of analysis (CoA). A serial dilution of ten 2-fold dilutions were prepared by adding 0.5 
mL of the 10,000 µg/mL solution to 0.5 mL of DI water and vortexing to mix. Fresh antibiotic 
solutions were prepared daily for each experiment and 20 µL of 10x solutions were added to the 
wells of 96-well plates (Costar™). After the 5 h sub-culture, cell suspensions were diluted to 0.1 
OD600 in fresh LB and 180 µL of the re-diluted cell suspension was added to wells of the 96-well 
plates to dilute the antibiotics to the final concentrations (1000 µg/mL to 0.97 µg/mL). Each plate 
was inoculated with a single bacterial strain and tested against one antibiotic, with five technical 
replicates per antibiotic concentration. Antibiotic-challenged bacterial cultures were 
subsequently grown at 37 C in a shaking incubation chamber. Optical density at 600 nm (OD600) 
was measured using a Varioskan LUX microplate reader (Thermo Fisher Scientific) every 15 
minutes over 18 h of growth. For tetracycline plates, we observed accumulation of cells at the 
bottom of wells of clinical isolate cultures at high tetracycline concentrations, causing an 
unexpected increase in OD600 readings at these concentrations (Figure S16). Consequently, 
readings of tetracycline growth inhibition were taken from 100 µL aliquots of only planktonic 
cells from these well plates transferred to a clean plate. Care was taken not to disturb the 
sediment when pipetting to the clean plate, and OD600 values were pathlength corrected to be 
comparable to the other antibiotic plates. Spot titer cell viability assays validate the OD600 
readings taken in this way (Figure S17)

Tracking aggregate metabolic activity of bacterial cultures by resazurin reduction
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Preparation of liquid cultures followed the same protocol described in the growth 
inhibition assays. To each well, 140 µL of the re-diluted cell suspension followed by 20 µL 
antibiotic solutions (10, 1, 0.1, 0.01 mg/mL) to a final antibiotic concentration of 1000, 100, 10, 
and 1 ug/mL, and 40 µL of a 125 µg/mL resazurin solution (PBS, pH=7.4) was added bringing 
the final volume to 200 µL. Antibiotic-challenged bacterial cultures were subsequently grown at 
37 C in a Varioskan LUX microplate reader with optical density at 700 nm (OD700) and 
fluorescence intensity at 585 nm after excitation at 490 nm read every 5 min with continuous 
shaking between reads. 

Statistical Analysis

Data for Box-Whisker plots are expressed as minimum, first quartile, median, third 
quartile, and maximum, with outliers indicated by dots and all other data expressed as the mean 
± standard deviation. Statistical significance of differences in mean values of FLIM phasor 
coordinates were evaluated by two-tailed heteroscedastic (un-paired) t-test because different 
ROIs, and therefore different numbers of cells (Table S2), were used to collect data at 0 and 60 
or 120 min of exposure to antibiotics. Where indicated, **** = P < 0.0001, *** = P < 0.001, ** = P 
< 0.01, and * = P < 0.05. Values P < 0.05 were considered statistically significant.
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