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A B S T R A C T   

Multiple stains have been historically utilized in electron microscopy to provide proper contrast and superior 
image quality enabling the discovery of ultrastructures. However, the use of these stains in microbiological 
viability assessment has been limited. Phosphotungstic acid (PTA) staining is a common negative stain used in 
scanning electron microscopy (SEM). Here, we investigate the feasibility of a new SEM-PTA assay, aiming to 
determine both viable and dead microbes. The optimal sample preparation was established by staining bacteria 
with different PTA concentrations and incubation times. Once the assay conditions were set, we applied the 
protocol to various samples, evaluating bacterial viability under different conditions, and comparing SEM-PTA 
results to culture. The five minutes 10% PTA staining exhibited a strong distinction between viable micro- 
organisms perceived as hypo-dense, and dead micro-organisms displaying intense internal staining which was 
confirmed by high Tungsten (W) peak on the EDX spectra. SEM-PTA viability count after freezing, freeze-drying, 
or oxygen exposure, were concordant with culture. To our knowledge, this study is the first contribution towards 
PTA staining of live and dead bacteria. The SEM-PTA strategy demonstrated the feasibility of a rapid, cost- 
effective and efficient viability assay, presenting an open-view of the sample, and providing a potentially 
valuable tool for applications in microbiome investigations and antimicrobial susceptibility testing.   

1. Introduction 

Since the 20th century, electron microscopy (EM) has often been 
recognized as a complementary technique that provides ultrastructural 
information not accessible through other approaches. The key feature 
for producing the best micrographs was the use of staining procedures, 
which have a big impact on the quality and resolution of ultra structures. 
Staining biological samples with heavy metal salts were developed and 
applied with an aim of enhancing image contrast [1,2], either by 
staining the organism itself (positive staining) or staining the sur-
rounding structures (negative staining). Commonly used EM stains 
include Phosphotungstic Acid (PTA), Ammonium Molybdate, Osmium 
Tetroxide, and Uranyl Acetate (UA). Among the commonly used nega-
tive stains is PTA, first used as a negative stain for EM in 1959, revealing 

viral ultra-structures [2]. Subsequently, several studies were conducted 
to explore the mechanism of interaction between PTA and different 
biologic samples. For bacteria, most studies describe how PTA stains 
polysaccharides which are usually present in the bacterial membrane 
and cell wall [3–5]. Since then, PTA has been a commonly used heavy 
metal stain, alongside other products, for microbiological EM in-
vestigations [6–8]. 

More recent studies using PTA in microbiological EM applications 
described a difference in contrast (variable electron density) visible with 
stained bacteria, however, this effect was interpreted as an undesired 
positive staining artifact [9], with few investigations done to explain the 
underlying mechanism for such a phenomenon. Recently, PTA was 
included in sample preparation protocols developed for rapid scanning 
electron microscopy (SEM) analyses [10–12]. Surprisingly, PTA staining 
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not only revealed bacterial ultrastructural details in diverse samples, but 
also revealed difference in bacterial contrast, especially when they were 
exposed to extreme stress conditions. Therefore, deeper investigations 
were necessary to explain the phenomenon of contrast variability on the 
micrographs of PTA-stained organisms. 

Moreover, in all disciplines of microbiology, monitoring microbial 
viability has long been of significant interest, since it provides insight 
into microbial growth, survival, and metabolism [13,14]. Answering the 
simple question of whether the bacteria in a given sample is alive or 
dead remains a challenge. Several methodologies have been proposed 
for environmental and clinical microbiology to evaluate the viability of 
microorganisms in order to detect viable pathogens in food and water 
[15–18], or to evaluate and enhance bacterial growth under different 
culture conditions [19,20]. Adequately measuring microbial viability is 
an essential aspect in describing different microbiomes and their com-
ponents. Furthermore, assessing the state of microbial viability enables 
researchers to investigate the efficacy of chemical, biochemical, disin-
fectant treatments, and antibiotics [21–25]. Although methods based on 
culture may require lengthy periods of time, they remain the gold 
standard for this type of diagnosis [26]. Other approaches have been 
developed based on RNA quantification [14,27], flow cytometry [18, 
28], as well as specific fluorescent markers [29,30], to evaluate the 
viability of microorganisms. Most viability stains commonly used in flow 
cytometry and fluorescence microscopy, such as propidium iodide, 
consist of detecting the signal from damaged bacteria once the dye 
penetrates the cell [31]. These approaches are often more costly, thereby 
restricting their widespread application as part of routine microbiolog-
ical examinations. 

In this study, we aimed to test the hypothesis that a SEM-PTA based 
assay could potentially discriminate between live and dead bacteria. We 
investigate the viability status of microorganisms using both SEM and 
Energy Dispersive X-Ray (EDX) acquisitions on a selection of bacterial 
cultures to confirm the potential of PTA to differentially stain live and 
dead bacteria. We also applied the SEM-PTA assay in the evaluation of 
bacterial viability in a variety of settings, and conditions, comparing our 
results to reference culture and fluorescence methods. 

2. Materials and methods 

Fourteen aerobic and strict anaerobic, gram-positive and gram- 
negative, bacterial strains (Table 1) were selected to test the utility of 
Phosphotungstic acid (PTA) staining in determining bacterial viability 
using scanning electron microscopy (SEM). 

The bacterial strains were cultured on Columbia sheep blood agar 
plates (BioMérieux, Marcy l’Etoile, France) at 37 ◦C for 24–72 h under 
either aerobic or anaerobic atmospheres corresponding to their growth 
conditions. All strains were obtained from the Collection de Souches de 

l’Unité des Rickettsies (CSUR, WDCM 875). 
Escherichia coli (CSUR P1966) and Akkermansia muciniphila (CSUR 

P6566) were selected as representative aerobic and strict anaerobic 
bacteria, respectively. 

For the proof-of-concept stage, Fig. 1 shows the detailed methodol-
ogy of bacterial suspension preparation followed by viability assessment 
using the novel SEM-PTA assay, as compared to the gold standard 
methods. Briefly, bacteria were suspended in Mueller Hinton Broth 
(MHB) medium (Sigma-Aldrich, St. Louis, MO, USA), at a concentration 
of 108~109 CFU/ mL, and three bacterial preparations were made: 
(Preparation 1) fresh bacteria (considered mostly “live”), (Preparation 
2) dead bacteria (by heat-shock for 25 min at 90 ◦C), and (Preparation 3) 
1:1 mixture of live and dead bacteria. (Fig. 1a) Baseline viability anal-
ysis was performed on preparations (1) and (3) using validated fluo-
rescence microscopy (FM) and plate counting techniques. Preparation 
(2) containing the heat-killed bacteria was inoculated on agar plates to 
confirm complete bacterial death. The viable plate counts were deter-
mined as previously reported (39). Briefly, serial decimal dilutions were 
prepared under anaerobic and aerobic conditions with Phosphate Buff-
ered Saline (PBS) (Life Technologies, Paisley, United Kingdom), and 
each condition was plated in triplicate onto Columbia blood agar plates 
under a laminar flow cabinet and under anaerobic glove box (Don 
Whitley Scientific Limited, West Yorkshire, United Kingdom) with 15% 
CO2, 5% H2 and 80% N2 gas mixture. The agar plates were incubated 
48–72 h at 37 ◦C. Anaerobic cultures were incubated using GasPak® 
anaerobic system. Overall, the survival rates were calculated as the 
percentage ratio of fresh culturable cell counts at time 0 and culturable 
cell counts after each condition. Furthermore, bacterial viability was 
assessed using the LIVE/DEAD BacLight kit (Invitrogen, Eugene, United 
States) according to the manufacturer’s instructions. Briefly, 1 µL of 
Propidium iodide (PI) and Syto9 were added to 1 mL of bacterial sus-
pension and incubated in the dark at room temperature for 15 min. 
Preparations were then cyto-centrifuged onto glass slides that were air- 
dried at room temperature in the dark. A grid of 3 × 3 tile images were 
acquired on three different regions of the slide using the confocal laser- 
scanning microscope (ZEISS LSM-800, Jena, Germany) with two exci-
tation wavelengths: 483 nm for the Syto9-specific signal staining all 
bacteria, and 535 nm for the PI signal staining only dead bacteria. 500 
bacteria per tested conditions were counted manually and clustered into 
green (live) and red-orange (dead) bacteria. 

Then, preparations 1, 2, and 3 were made for each of the selected 
bacterial strains. (Table 1) Preparation (3) (½ dead, ½ live) was chosen 
for the validation of the SEM-PTA assay. SEM-PTA assay development 
consisted of identifying the optimal preparation of live and dead bac-
terial mixtures, followed by the optimization of PTA stain after 
analyzing different combinations of PTA (PW12O40) (Sigma-Aldrich, St. 
Louis, MO, USA) concentration and staining times. We compared fresh 
cultures of Escherichia coli and Enterococcus faecalis stained with 0.25%, 
1%, 2% and 10% PTA (adjusted to pH 7.2 with KOH) for 60, 120, 180 
and 300 s. We selected a concentration of 10% starting at two minutes, 
providing sufficient image contrast. We tested 10% PTA at its original 
pH (pH=2) and at the KOH-adjusted pH (pH=7.2); and selected the 10% 
PTA with pH= 7.2 for our experiment. (Supplementary Figure 1) After 
optimization of stain concentration and pH, the SEM-PTA assay was 
applied to the selected species by staining the bacterial preparations 
with a 10% PTA solution [3:1 (bacterial preparation: PTA)] for five 
minutes under agitation. The same bacterial suspensions were processed 
without PTA staining. Stained and not stained bacterial suspensions 
were then cyto-centrifuged on glass slides at 800 rpm for seven minutes 
and air-dried at room temperature before SEM imaging. Micrographs 
were recorded using Hitachi’s TM4000 Plus tabletop SEM. At least ten 
micrographs were acquired per condition. The accelerating voltage of 
TM4000 Plus was at 10 kV using the BSE detector, and the magnification 
ranged between 2000 X and 5000 X. The function of automated imaging 
in the TM4000 Plus software was used, enabling fast screening of the 
sample, along with automated image acquisition. All acquisition settings 

Table 1 
List of bacteria tested to validate the SEM-PTA assay.  

Strains tested Gram Stain Reference Growth 
conditions 

Bacillus pumilus Gram Positive CSUR Q0069 Aerobic 
Enterococcus faecalis Gram Positive CSUR Q3200 Aerobic 
Enterococcus faecium Gram Positive CSUR Q3197 Aerobic 
Micrococcus luteus Gram Positive CSUR P9060 Aerobic 
Clostridioides difficile Gram Positive CSUR Q8023 Anaerobic 
Staphylococcus aureus Gram Positive CSUR Q5098 Aerobic 
Cellulosimicrobium 

cellulans 
Gram Positive CSUR Q5038 Anaerobic 

Roseomonas mucosa Gram Negative CSUR Q4308 Aerobic 
Escherichia coli Gram Negative CSUR P1966 Aerobic 
Serratia marcescens Gram Negative CSUR Q4084 Aerobic 
Christensella minuta Gram Negative CSUR Q3516 Anaerobic 
Akkermansia muciniphila Gram Negative CSUR P6566 Anaerobic 
Acinetobacter pittii Gram Negative CSUR Q4392 Aerobic 
Bacteroides fragilis Gram Negative CSUR Q3910 Anaerobic  
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are visible on each micrograph in the following format: Instrument, 
Accelerating Voltage, Working Distance, Magnification, and Detector. 
(Fig. 1b) To validate the SEM-PTA viability assay, a comparative 
viability analysis was done on preparations (1) and (3) to quantitatively 
determine bacterial viability status as compared to traditional validated 
viability assays. (Fig. 1c). 

For image analysis, the procedure consisted of generating hundreds 
of micrographs that were randomly selected for each species. On the 
chosen micrographs, bacterial contrast was compared, and bacteria 
were clustered according to their internal contrast (bright/dark). 
Different morphological profiles observed on the micrographs were 
assigned to define the bacterial viability state. Bacterial count and line 
pixel profiles were performed using Fiji’s Image-J software [32]. Five 
hundred bacteria were manually counted using the “point tool” and 
clustered into dark and bright bacteria for each of the tested conditions. 

Following the validation of the proof of concept, expanded applica-
tion steps were performed to further demonstrate the reproducibility of 
the observed effect. Subsequently, three extreme stress conditions were 
tested (exposure to oxygen, freezing and freeze-drying), in addition to 
different bacterial killing methods (ethanol and antibiotic exposure). 
The effect of oxygen exposure was tested using A. muciniphila, which was 
suspended in MHB medium and protectant medium (sucrose 10% +
trehalose 5%+ antioxidants, patent number WO/2018/234645) 
(Table S1) under an anaerobic glove box and divided into three portions 
for each medium. The first portion was directly analyzed at the starting 
time before exposure to oxygen and the other portions were kept for one 
hour at room temperature under aerobic and anaerobic conditions. 
Bacterial viability was calculated using SEM and the viable plate count 
method. For the analysis of the effects of freezing and freeze-drying, 
E. coli and A. muciniphila were harvested from agar plates within 24 h 
and 48 h, respectively, and suspended into two media: (a) MHB medium 
and (b) protectant medium. We measured the bacterial concentration 
using optical Ultrospec 10 cell density meter (Biochrom, UK) and 
confirmed by culture (CFU method). The bacterial suspensions in each 
medium had an initial concentration of ~108 CFU/ mL for E. coli and 

~1010 CFU/ mL for A. muciniphila that were frozen at − 80 ◦C for 24 h 
and freeze-dried as described before [33]. The bacterial viability of each 
condition was performed by SEM and compared to the viable plate 
count. For alternative bacterial killing methods analysis, E. coli cultures 
were freshly prepared and resuspended in MHB medium at a concen-
tration of ~107 CFU/ mL (optical absorbance of 0.18 at a wavelength of 
600 nm) measured by Ultrospec 10 cell density meter (Biochrom, UK). 

Bacterial killing was performed using two strategies: ethanol and 
antibiotics. First, a 1:1 mixture with equal volume of 70% ethanol was 
prepared and incubated 30 min at room temperature. The mixture was 
then centrifuged and washed with MHB. One mL of the mixture was then 
cultured on Columbia agar + 5% sheep blood (bioMérieux, France) and 
incubated at 37 ◦C for 24 h to confirm bacterial death. Next, a mixture of 
preparation (1) and ethanol-killed E.coli was made. Secondly, 150 µL 
aliquots of the prepared cultures were distributed in three rows of a 96- 
well plate, with row A as control. Imipenem was chosen as an antibiotic 
against E. coli, and minimum inhibitory concentrations (MICs) of imi-
penem were determined using E-test and the broth microdilution 
method (BMD) (40). Imipenem was tested at 1x MIC and 10x MIC, ac-
cording to EUCAST guidelines, in rows B and C, respectively. Sample 
preparation for SEM-PTA was performed as previously described (40). 
Micrographs of E. coli under all above conditions were then obtained at 
0, 30, 60, and 120 min. 

Finally, in order to evaluate the localization of the PTA stain as 
observed on micrographs after performing the SEM-PTA assay, fresh and 
heat-killed E. coli (CSUR P1966) suspensions were processed for EDX 
analysis with and without 10% PTA staining (Sup Fig. 2). At the start, 
stained and unstained bacterial suspensions were rinsed with MHB to 
remove the excess of PTA outside bacterial cells, then centrifuged at 
3000 xg for 20 min to collect the bacterial pellet. Five microliters of the 
pellet were deposited on phosphorous-doped silicon (Si) wafers (Sil-
tronix, France), air-dried, and analyzed using EDX (AZtecOne, Oxford 
Instruments, UK). The acceleration voltage was set at 15 kV, analyzing 
three frames at x300 magnification for each condition. EDX spectra were 
acquired using a mapping mode at 512 image resolution, three times 

Fig. 1. Proof-of-concept workflow for bacterial viability assay using SEM and PTA.  
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frame count, and 200 μs pixel dwell time. The main Kα peaks of carbon 
(C), oxygen (O), Si, tungsten (W), nitrogen (N), calcium (Ca), magne-
sium (Mg), sulfur (S), sodium (Na), phosphorous (P), chlorine (Cl), and 
potassium (K) were considered for this analysis. All peak values were 

normalized by C. However, due to the observed overlap of the Kα peak of 
Silicon Si with the M peak for Tungsten W (Supplementary Figure 2), we 
created a 3D-printed polyester (PETG) slide (Fig. 2) that was used for 
deposition of the preparation, following the same steps and parameters 

Fig. 2. A. Polyethylene terephthalate glycol (PETG) 3D printed slide developed in-house for Energy Dispersive X-Ray (EDX) analysis - eliminating the overlapping Kα 
peak of Silicon Si with the M peak for Tungsten W. B. Stitched images of blank slide imaged using SEM. 

Fig. 3. Proof-of-concept on E. coli. Pure fresh cultures were mixed with dead bacteria (heat shocked at 90 ◦C) and imaged with and without PTA staining. PTA 
staining revealed a clear dark and bright contrast among bacteria, which was clearly absent in the unstained bacteria. Dark contrast referring to PTA localization 
around the live bacterial cell. (Green Circles) Bright contrast referring to PTA penetration into the dead bacterial cell. (Red Circles). 
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for EDX analysis, effectively eliminating the interfering Si peak. 
The SEM-PTA viability assay patent was deposited under patent 

reference number 342100751 WO 01/2818 PCT. 

3. Statistical analysis 

The software Prism, version 5.0, was used for all statistical analyses 
(GraphPad Software, San Diego, CA). The viability data are provided as 
means standard deviations for all experiments that were performed in 
triplicate (SDs). We applied Kruskal-Wallis one-way analysis of variance 
(ANOVA) and the Mann-Whitney test (two-tailed t-test) to determine the 
difference between the different methods. When the p-value was less 
than 0.05, the results were considered significantly different. 

4. Results 

When assessing SEM micrographs of bacteria with and without PTA 
staining, different contrasts were detected. Without a stain, we did not 
observe any contrast differences between live and dead bacteria as 
opposed to the stained samples (Fig. 3). However, the PTA stain showed 
a clear and consistent difference between viable and dead bacteria. 
These differences were primarily evident with E. coli and were repro-
ducible with the 13 other tested species, whether aerobic or anaerobic, 
cocci or rod shaped; shown in Supplementary Figures 3–4. On the mi-
crographs, viable bacteria were dark centered (hypodense) with clear 
bright (hyperdense) edges defining the cell wall. Dead bacteria were 
defined as presenting an intense internal bright (hyperdense) PTA 
contrast, a distorted morphology and size, or complete bacterial lysis 
(Figs. 3–4). 

In comparison to the gold standard viability assays, plate count 
(CFU) method revealed the viable count of E. coli and Akkermansia 

muciniphila in mixtures (1:1 heat-killed and fresh) to be 47.10 ± 5.89% 
and 46.75 ± 9.05% respectively, compared to the fresh cultures. In 
addition, fluorescence microscopy (FM) revealed a viability of 56.91 
± 3.93% and 59.72 ± 7.99% for E. coli and A. muciniphila in mixtures, 
respectively. Similarly, when using the SEM-PTA assay, E. coli had a 
viable count of 53.58 ± 7.57% and A. muciniphila of 50.10 ± 6.49%. At 
this stage, we achieved equivalent results when comparing the viability 
counts determined by CFU, FM, and SEM methods, with no statistically 
significant differences (Figs. 5 and 6). Moreover, the SEM-PTA and FM 
assays yielded results within one hour. While the CFU method, which is 
culture-based, required at least 18 h till results. 

Knowing that oxygen exposure is lethal for anaerobic species, the use 
of a protectant medium for the conservation of these fragile organisms is 
necessary for sample manipulation. After demonstrating the usability of 
PTA in discerning live from dead organisms on SEM micrographs for 
both aerobic and anaerobic organisms, the assay was applied to prove 
the efficiency of using a protective medium and its effects on bacterial 
viability upon oxygen exposure. A. muciniphila in protectant medium 
enriched with antioxidants showed a comparable morphology for the 
fresh culture, both when exposed and when not exposed to oxygen 
(Fig. 7A). Most bacterial cells were dark centered with clear edges 
defining the cell wall. The viable portion of A. muciniphila did not 
significantly change after one hour of exposure (90 ± 6.00%) or non- 
exposure to oxygen (94 ± 2.00%) compared to the fresh culture 
(Fig. 7 B- D). These results were confirmed by the plate count method 
with 78 ± 1.54% cultured bacteria for exposed and 83 ± 1.35% for non- 
exposed bacteria (Fig. 7D). Nevertheless, when incubated in Mueller 
Hinton Broth (MHB) medium, dark A. muciniphila with defined edges 
were occasionally detected on micrographs at time 0 and after one hour 
under anaerobic conditions (95 ± 3.00%). Yet, after one hour of oxygen 
exposure, more bright bacteria with irregular morphologies were 

Fig. 4. Contrast analysis and different morphological profiles detected based on the internal contrast as observed on the micrographs and validated by the line pixel 
profile of the bacterium generated using image-J. 
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present (74 ± 8.62%) (Fig. 7 A, B and D). After one hour of exposure, 
the cultured portion was lower in the absence of antioxidants (46 
± 12.38%) than in their presence (78 ± 1.54%), when compared with 
the SEM viable bacterial count (74 ± 8.62%, 94 ± 2.00%, respectively). 
Interestingly, when we compared the viability determined by SEM and 
CFU, we found no statistically significant differences (Fig. 7D). 

In addition to oxygen exposure, freezing and freeze-drying are also 
known to have lethal effects on microorganisms. Therefore, our assay 
was applied to assess the viability after freezing and freeze-drying. For 
A. muciniphila and E. coli, few dead bacteria were detected by SEM at the 
starting time, on the fresh cultures in the protectant medium and MHB. 
The SEM viability count decreased after freezing or freeze-drying in 
MHB. Micrographs of both species showed a clear increase in bright 
bacteria (Supplementary Figure 7). Moreover, A. muciniphila 

micrographs showed bacterial inflation, and the emergence of amor-
phous shapes and transparent or lysed cells (Supplementary Figure 7 B). 
However, in the presence of the protectant medium, no difference in 
bacterial structural integrity was observed before or after freezing and 
freeze-drying (Supplementary Figure 7 B). 

The SEM viability count of A. muciniphila and E. coli was compared to 
the CFU count in MHB and in the protectant medium. The comparison 
showed that counts obtained by the two methods were not statistically 
significant for either species (Fig. 8 A-B). 

Furthermore, our assay was applied to determine viability following 
bacterial killing using ethanol and antibiotics. Micrographs obtained 
directly without PTA stain for ethanol killed E. coli showed no difference 
in contrast; all bacteria appearing in the same contrast (Fig. 9). Micro-
graphs obtained on PTA stained fresh, ethanol killed, and live-dead 

Fig. 5. Proof-of-concept by Viability Count. A. The viability count performed using scanning electron microscopy. B. The viability count performed using fluo-
rescence microscopy. C. The viability count performed using the plate count method. D. Statistical comparison (Mann-Whitney test (two-tailed t-test)) of the bacterial 
viability using SEM, FM and CFU methods; demonstrating non-significant difference between the three methods. All experiments were realized in triplicate. Refer to 
Supplementary Figure 5 for SEM micrographs. 

Fig. 6. E. coli live/dead artificial mixtures, assessed by fluorescence microscopy. Right panel: Green fluorescence for SYTO9 staining all bacteria. Middle panel: Red 
fluorescence for PI staining dead bacteria only. Left panel: Merged channels. Scale bars: 20 µm. Refer to Supplementary Figure 6. 
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Fig. 7. A. Micrographs of PTA-stained Akkermansia muciniphila after one-hour non-exposure or exposure to oxygen in Mueller Hinton Broth (MHB) and in protectant 
medium (PM). Scale bars: 10 µm. Black arrows: live dark bacteria. White arrows: dead bright bacteria. B. The viability count performed by scanning electron mi-
croscopy. C. The viability count performed by the plate count method. D. Statistical comparison (Mann-Whitney test (two-tailed t-test)) of the bacterial viability using 
SEM (blue) and plate count (pink) methods. All experiments were realized in triplicate. 
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mixture of E. coli showed a clear difference between dead organisms that 
have an intense internal PTA contrast (bright) and live organisms that 
have a dark interior surrounded by a bright outline (Fig. 9). 

Micrographs obtained successively for Imipenem-treated E. coli 
revealed evident growth of E. coli in the control group, with a clear dark 
signal (Fig. 10). Dead organisms were visible starting 15 min of incu-
bation with 1 x MIC with the appearance of bright bacterial structures, 
which were considerably more numerous at 120 min (Fig. 10). The ef-
fect was more pronounced in the 10 x MIC group as a complete absence 
of live organisms was observed at 60 min with a total lysis and disin-
tegration of bacteria at 120 min (Fig. 10). 

EDX analysis performed for detecting the localization of the PTA 
stain uncovered the element Tungsten (W) in the stained controls 
without bacteria. This element was not detected in any of the non- 
stained live or dead bacterial spectra and was thus selected as the 
signature element of PTA. Surprisingly, an obvious tungsten (W) peak 
was detected only on the EDX spectra of dead stained and rinsed 
Escherichia coli and was not visible in the case of fresh stained and rinsed 
bacteria. EDX analysis done on PETG slides allowed the demonstration 
of W localization in both stained and unstained, live and dead bacteria. 
No significant signal was detected in unstained live and dead bacteria. A 
clear rim of W is observed around PTA-stained live bacteria. A strong W 
signal was evident in PTA-stained dead bacteria, overlapping with the 
electron dense internal staining observed on the SEM micrograph. 
(Fig. 11). 

5. Discussion 

The rapid assessment of microbial viability is of utmost importance 
in many fields of microbiology including the clinical, environmental, 
and agri-food areas. Here, we report for the first time a new rapid 
approach for bacterial viability testing using SEM and PTA, applicable to 
different type of samples. We first tested controls of live and dead bac-
teria, then looked at the proportion of dead bacteria in exposed to 
several different stressful states including exposure to oxygen (anaer-
obes), heat-shock, ethanol, and antibiotic. Finally, we evaluated the 
presence and concentration of tungsten in the living and dead bacteria 
by analyzing presence of Tungsten (W) in the bacteria. This allowed us 
to demonstrate that the membrane permeability to the tungsten present 
in PTA is related to the bright appearance of dead bacterial cells. 

PTA is one of the widely used negative stains, used as a contrast agent 
to reveal the detailed morphology of various structures [34–37]. Despite 
major structural differences between viral particles and bacteria, several 
studies have used the PTA negative stain to gain more insights into the 
ultrastructural changes in bacterial cells after treatment with different 
agents (e.g. antimicrobial peptide temporin L, Bovine Lactoferrin etc.) 
[38–41]. We observed in the EM micrographs reported in these studies 
that the treated bacteria presented a contrast different to that of the 
controls. However, none of these studies reported the importance of that 
differential contrast in distinguishing between damaged and intact 

bacteria. On the contrary, such strong contrasts were considered as 
unwanted positive staining artifacts to be avoided in EM sample prep-
aration protocols [6]. Mechanistically, one possible explanation for the 
interaction between PTA and bacteria is the formation of an electrostatic 
force, owing to the negatively charged bacterial membrane/cell wall 
due to the presence of Teichoic Acid in gram positive organisms and 
Lipopolysaccharide in gram negative organisms. This aligns with our 
observation of PTA distribution based on bacterial viability status, 
which affects the presence of these molecules on the bacterial surface. 
However, it is evident that this mechanism of PTA interaction depends 
on a number of chemical properties of the solution being used, including 
pH [42]. Some works describe the potential use of PTA in synthetic 
chemistry and its integration in nanoparticles, exploiting the unique 
chemical properties of the PTA molecule [43,44]. However, within the 
scope of our work, we used aqueous PTA with a neutral pH to perform a 
short staining step. More studies are needed to further describe the 
interaction of the PTA molecule with the chemical structure of bacterial 
membranes and internal milieu. 

Moreover, the same E. coli and A. muciniphila strains tested here were 
analyzed in another study performed at our facility, under similar con-
ditions using a protectant medium, and leading to similar viability re-
sults when compared to those obtained by culture and flow cytometry 
[10]. On the micrographs of that study, the SEM analysis was used to 
confirm the viability results obtained by culture and flow cytometry. We 
compared the morphological features and size of bacteria before and 
after storage, without noticing the difference of contrast [10]. 

In this study, we demonstrated that this intracellular contrast (pos-
itive staining) was provided from the penetration of PTA when bacteria 
were dead or under stress, due to membrane damage. This hypothesis 
was confirmed by the detection of tungsten (W) using SEM-EDX analysis 
in dead bacteria mounted on PETG slides that we designed for this 
particular use; proving the concept that the SEM-PTA assay could 
effectively discriminate between live and dead bacteria. 

This new SEM-PTA assay provided results similar to those obtained 
by traditional plate count and FM methods. SEM-PTA also yielded re-
sults in a short time (<20 min) compared to the culture used as the gold 
standard, which requires long incubation times (12–72 h or days) to 
yield results. Furthermore, the sample preparation is rapid, straight-
forward, and cost-effective in terms of consumables, compared to FM, 
flow cytometry or molecular methods [14]. 

The SEM-PTA assay revealed all microorganisms and components 
present in the sample as well as the viability status (dead and live) of 
bacteria. In contrast, the plate count technique only yields information 
on cultured and viable bacteria. Therefore, by considering only live 
bacteria, SEM-PTA assay could reduce the gap between microscopic and 
cultured counts, also known as “the great plate count anomaly” [45]. 
This discrepancy can be explained by the dead bacteria included in the 
microscopic count. This phenomenon was recently explained in a study 
comparing sorted metagenomics of live and dead bacteria with micro-
bial culturomics, where the majority of not yet cultured bacteria were 

Fig. 8. A-B. Histograms comparing (Mann-Whitney test (two-tailed t-test)) SEM bacterial viability count to the plate count method in Protectant medium and MHB 
after freezing and freeze-drying. Experiments were realized in triplicate. Refer to Supplementary Figure 7 for SEM micrographs. 
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dead or rare [46]. Moreover, applying this assay can greatly expand 
researchers’ ability to describe complex samples, such as those of mul-
tiple microbiomes, by providing direct access to real-time content of the 
sample. This might potentially help demystify the discordance observed 
between culturomics and metagenomics in identifying microorganisms, 
which is in part due to the presence of dead microorganisms that become 
unculturable [46,47]. 

The main limitation of this SEM strategy is the manual count which 
can be replaced by creating an automatic image analysis system for 
bacterial classification based on their differential contrast. Despite this 
limitation, SEM-PTA assays provide high resolution micrographs with a 

magnification high enough to reveal important ultrastructural features, 
along with the ease of rapidly scanning a fairly large part of the land-
scape. These features made SEM-PTA assays a potential candidate for 
the development of an automated high throughput rapid viability 
assessment method that can be used to quickly detect and estimate the 
number of viable bacteria in various samples. Once automated, this 
assay could easily be implemented to evaluate bacterial viability in vivo 
in various fresh clinical samples or even after treatment, in a short space 
of time. Other applications would allow researchers to monitor cultures 
of fastidious microorganisms in real time, or to carry out the assessment 
of novel antimicrobial drugs. 

Fig. 9. SEM-PTA viability assay applied to fresh E. coli (upper panel), E. coli subjected to killing by ethanol (middle panel), and a mixture of both (lower panel). 
Micrographs show not stained and PTA-stained bacteria. Acquisition settings are visible on each micrograph in the following format: Instrument, Accelerating 
Voltage, Working Distance, Magnification, and Detector. 
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