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Abstract  During the last years, considerable effort has been devoted to the development of rapid and sensitive 

methods for microbial pathogens detection and antibiotic susceptibility assay. Flow cytometry (FCM) is an excellent 
tool that could provide both speed and specificity for the clinical microbiology. FCM can be applied directly on the 

clinical sample, bypassing the need for microbiological cultures and enabling earlier clinical decision. This could both 

improve the emergency treatment of infected patients and avoid the treatment in case of negative samples. This 
minireview briefly describes the current applications of FCM in clinical microbiology, for the detection and 

enumeration of microbial pathogens (differentiation of Gram-positive and Gram-negative bacteria using fluorescent 

nucleic acid binding dyes, investigation of bacteriuria), study of microbial physiology, assessment of antimicrobial 

susceptibility (both for bacterial and fungal strains), establishing drug synergies and investigating the resistance 

mechanisms. 
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Introduction 

 

Despite vaccination and antibiotic treatment availability, 

microbial infections still represent one of the most 
important global threats for the public health. The rapid 

and early detection of infected patients represent an 

essential step both for the treatment as well as for the 
epidemiological control of infectious diseases; 

consequently, one of the most important research 

directions is represented by the development of rapid, 
specific and sensitive methods for clinical microbiology 

laboratories. In this purpose, in the recent years, 

microbiological techniques have been increasingly 

complemented by technologies which provide speed and 
specificity to microbiological diagnosis, including flow 

cytometry (FCM) (Pieretti et al., 2012). By the aid of its 

fluid, optical and electronic systems, FCM allows 
suspended particles/cells circulating in a laminar flow to 

be interrogated one by one with a laser beam. The 

collected optical signals resulting from the scattered light 

and/or from the fluorescence of the particle are converted 
in electronic signals, which are further collected for data 

acquisition and analysis through photodetectors 

(photodiodes and photomultiplier tubes) (Adan et al., 
2017).  

 

 

 

 

FCM is an excellent tool, still insufficiently explored for 
the clinical microbiology, allowing the study of microbial 

activity and microbial cells quantification, as well as of 

antimicrobial  drugs’ activity, synergy and mechanisms 
of resistance (Pina-Vaz et al., 2005; Pina-Vaz et al., 

2010; Teixeira-Santos et al., 2012; Faria-Ramos et al., 

2012). This minireview briefly describes the current 

applications of FCM in clinical microbiology, for the 
microbial detection and enumeration of microbial 

pathogens and for the assessment of antimicrobial 

susceptibility and resistance mechanisms. 
 

Using FCM for microbial detection and 

identification in clinical laboratories 
 

Currently, FCM protocols have been developed for the 

differentiation of Gram-positive and Gram-negative 

bacteria, which are being used for the detection of 
bacterial cells directly in clinical specimens or in liquid 

cultures. An alternative Gram staining was optimized, 

using a combination of two fluorescent nucleic acid 

binding dyes, i.e. hexidium iodide (HI), entering only in 
Gram-positive and SYTO 13, entering in both Gram-

positive and Gram-negative cells.  
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When the dyes are used in combination, the Gram-
negative cells will have a green fluorescence, given by 

SYTO 13, while the Gram-positive cells will have a red-

orange one, due to HI (Mason et al., 1998). Using FCM 
to interrogate the cells colored with the combination of 

two fluorescent nucleic acid binding dyes, it correctly 

predicted the Gram affinity of 45 Gram-positive, Gram-

negative or Gram-variable clinical strains. Moreover, 
some Gram-positive anaerobic strains which were 

considered Gram-negative by using the standard Gram 

staining were correctly classified using the fluorescent 
Gram stain (Mason et al., 1998).  

Urinary tract infections (UTIs) are the second most 

common bacterial infections. The current gold standard 

method for the diagnosis of UTIs is based on the analysis 
of urine culture that requires 18–48 hours for the 

identification of the etiological agents and additional 

24 hours until the results of antimicrobial susceptibility 
testing are available. It has been shown that FCM could 

easily discriminate between Gram-positive and Gram-

negative bacteria in liquid culture media within 10 min, 
proving thus to be an excellent tool for the rapid 

diagnosis and guiding of a targeted antibiotic treatment in 

UTI patients, especially for those experiencing acute 

episodes (Wada et al., 2012). FCM-based devices were 
also used for establishing specific FCM profiles of urine 

samples with bacteriuria, leukocyturia, and 

erythrocyturia, collected from patients with a suspected 
UTI and to correlate these aspects with the results of 

standard urine microscopic examination and culture 

(Monsen and Ryden, 2015). Therefore, the automatic 
FCM based systems could therefore be used to confirm 

UTI, define the antibiotic resistance profile of 

uropathogens and avoid processing negative urine 

cultures (Okada et al., 2000a; Okada et al., 2000b; Okada 
et al., 2006; Pieretti et al., 2012; Moshaver et al., 2016). 

In order to shorten the time of urine sample processing, a 

combinatin of both FCM and matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF-MS) was used for microbial uropathogens 

screening and identification, respectively. The total 

duration of the optimized protocol used to diagnose UTI 
was about 1 hour for microbial identification and of 18–

24 hours for the antimicrobial susceptibility testing 

(Zboromyrska et al., 2016). 
Fluorescence in situ hybridization (FISH) using nucleic 

acid probes and FCM have been used together as a 

possible approach for the identification of Staphylococus 
sp. directly in blood cultures (Hartmann et al., 2005). 

Candida albicans and Enterobacteriaceae strains could 

be also directly detected in blood culture bottles using 

FCM-FISH, using the universal yeast probe PF-2 (green) 
and a specific probe Calb-1249 (red) for C. albicans, 

while for Enterobacteriaceae, the universal bacterial 

probe Eub-338 (green) and a specific probe Ent-186 (red) 
were used. The results demonstrate the potential of FC-

FISH to be used for detection and identification of Gram-

negative rods and yeasts directly from blood cultures, 

thus helping to improve the outcome of septicemic 
patients (Kempf et al., 2005). 

Protein A expression was a reliable parameter for S.  

aureus FCM identification in clinical samples. In liquid 
cultures obtained from throat, nose, groin and wounds, S.  

aureus cells could be clearly distinguished from debris on 

the basis of scattered signals after 3 -5 hours incubation, 

with a specificity of 96.1% and a sensitivity of 97.5% 
(McMullan et al., 2015). 

FCM seems to be a promising strategy for the rapid 

detection of viable Cryptococcus neoformans, one of the 
most frequent causes of fungal meningitis, which is 

responsible of significant mortality rates in 

immunodepressed patients, despite appropriate therapy. 

The quantitative assessment of viable cryptococci in the 
cerebrospinal fluid during antifungal therapy has been 

shown to have both prognostic and therapeutic value. The 

quantitative microscopy with exclusion staining using 
trypan blue dye, and the FCM using the fluorescent dye 

2` -7` -Bis- (2-carboxyethyl)-5-(6)-carboxyfluorescein, 

acetoxymethyl ester (BCECF-AM) have been proved to 
be practicable and faster alternatives to the standard 

methods used for the quantitative assessment of viable 

fungal cells (Nuding and Zabel, 2013). 

 

Assessement of antimicrobial 

suseptibility and resistance 
 

Currently, antibiotic resistance is considered on of the top 
priorities for the public health at global level. There are 

many factors responsible for the acceleration of the 

natural  process of bacterial resistance, including the 
rapid adaptation of bacterial cells to the selective pressure 

exerted by antibiotics sustained by a huge diversity and 

mobility of resistance genes, over prescription of 
antibiotics and self medication (Fair and Tor, 2014). 

Therefore, developing rapid, accurate, sensitive and cost-

effective methods that can quickly detect: (1) if a certain 

strain is resistant to antibiotics, (2) the susceptibility to 
certain antimcirobials and (3) the appropriate dosage 

required for a particular infectious agent  represents one 

of the research priorities for the biomedical field 
(Kaittanis et al., 2008). The traditional methods 

frequently used for the detection of antibiotic resistance 

in clinical settings are generally slow requiring previous 
isolation and identification. There have been proposed 

faster methods, such as those based on PCR detection of 

antibiotic resistance genes, but they are not always 

predictive for the efficiency of a certain antibiotic,  
particularly in the cases in which resistance is not due to 

the presence of resistance genes, being the consequence, 

for example, of biofilm development. Therefore,  
alternative methods, such as FCM-based detection of 

bacterial physiology changes caused by antibiotics are 

being currently explored (Saint-Ruf et al., 2016). New 

fluorescent dyes indicating the presence of metabolic 
changes induced by antibiotics are investigated to 
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improve the reliability of FCM antibiotic susceptibility 
testing (Saint-Ruf et al., 2016). 

However, many optimization steps are needed, to face 

challenges such as the dependence of fluorescence 
signals on microbial cells size, or  the chemical and 

metabolic heterogeneity of bacterial species and 

populations under suboptimal culture conditions (such as 

antibiotic exposure) (Shapiro, 2001). The  parameters 
employed in the FCM assays for the evaluation of 

bacterial physiology changes in the presence of 

antibiotics are: increased carbonylation of cellular 
macromolecules induced by antibiotics (Saint-Ruf et al., 

2016), membrane integrity loss that could be detected by 

using propidium iodide (PI) or TO-PRO®-3 (Braga et al., 

2013; Kerstens et al., 2014); membrane potential loss that 
could be detected by using DiBAC4(3) (Bis-(1,3-

Dibutylbarbituric acid) (Suller et al., 1997; Joux and 

Lebaron 2000) and the alterations of forward scatter and 
side scatter light, indicating changes in the cellular size 

and protein content. Investigations have indicated that 

Alexa Fluor 633 Hydrazide (AFH), targeting the carbonyl 
group and TO-PRO R-3 dyes are more appropriate than 

DiBAC4(3) for antibiotic susceptibility testing by FCM.  

The membrane potential specific agent DiBAC4(3) was 

used by Nuding et al. to develop a rapid antibiotic 
susceptibility assay (Nuding et al., 2006; Nuding et al., 

2009), that could be used for a wide range of bacterial 

species. DiBAC4(3) was used in a FCM assay to examine 
the membrane integrity loss induced by benzylpenicillin, 

methicillin and vancomycin in five methicillin-resistant 

S. aureus (MRSA) clinical isolates and in two 
methicillin-susceptible Staphylococcus aureus (MSSA) 

reference strains. An enhanced DiBAC4(3) uptake was 

revealed after treatment with different vancomycin 

concentrations (i.e. 0.1, 1, 4 and 10 x MIC), the FCM 
results being in agreement with the standard viable cell 

counts method performed on agar media (Suller et al., 

1997). The antibiotic susceptibility patterns to 
benzylpenicillin, methicillin and vancomycin for all 

isolates used in this study could be determined by FCM  

in 2–4 hours from an overnight plate culture, unlike the 

standard assay, which needs 18-24 hours for a result. The 
FCM assay could differentiate between MRSA and  

MSSA after 2 hours of incubation in oxacillin-containing 

liquid medium, based on the changes in the 
transmembrane electrochemical potential induced by 

antibiotic (Shrestha et al., 2011). 

FCM has been also used to detect the effects of 
macrolides (rokitamycin and erythromycin) on the 

viability of the Streptococcus pyogenes with mucous 

phenotype, being able to rapidly distinguish between  

susceptible and resistant strains (Braga et al., 2013). 
An adapted version of the DiBAC4(3) –based FCM assay  

proposed by Nuding and Zabel, 2013 was  used to rapidly 

detect the extended spectrum beta lactamase (ESBL) 
producing bacterial strains directly from clinical samples, 

such as blood cultures or swabs. Simultaneous analysis of 

the oxacillin susceptibility also allowed the MRSA 
detection. 

The FCM assay of antibiotic susceptibility using AFH 

dye proved to measure more accurately the minimal 
inhibitory concentrations (MIC) of different antibiotics 

against Escherichia coli and Pseudomonas aeruginosa 

strains, which have been proved to be different, although 

the respective strains have been previously considered to 
have the same MIC, calculated by using the standard 

microdilution assay (Saint-Ruf et al., 2016). However, it 

must be taken into account that the treatment of E. coli 
cells with different bactericidal antibiotics could give 

false-positive, background signals caused by an increased 

autofluorescence, that could mask any specific effects 

produced by antibiotics, such as the changes in reactive 
oxygen species release profile (Renggli et al., 2013).  

SYTO 16 dye has been successfully used for determining 

the susceptibility of Mycobacterium tuberculosis to 
streptomycin, isoniazid, rifampicin and ethambutol 

(SIRE). After 72 hours of incubation, the FCM assay 

revealed a clear distinction between the sensitive, 
intermediate and resistance susceptibility phenotypes 

(Pina-Vaz et al., 2005). 

FCM and computational analysis were used for the 

investigation of carbapenems combinations synergic 
activity against  Enterobacteriaceae strains producing 

different carbapenemases and the obtained results 

showed that the synergistic effect could be detected and 
quantified even at a low antibiotic concentration and after 

a short incubation time (Pina-Vaz et al., 2016). 

The shortest time achieved by using FCM  for the 
microbial identification and antibiotic susceptibility 

testing directly from positive blood cultures was reported 

by March et al. (2015) to be of 2 hours for Gram-negative 

bacteria and enterococci, and of 3 hours for 
staphylococci. The FCM protocol used blood culture 

bottles artificially spiked with different strains and 

incubated in the presence of different concentrations of 
vancomycin, oxacillin, ampicillin, ceftazidime, 

cefotaxime, amikacin, colistin and ciprofloxacin. The 

results were read by a Sysmex UF-1000i flow cytometer, 

which is available in the clinical laboratories for urine 
screening. For method validation, a number of 100 

positive monobacterial blood culture bottles from patients 

hospitalized were processed; the results of direct 
identification and susceptibility testing from positive 

blood culture bottles were 100% in agreement with the 

results obtained with commercial cultivation-based 
systems (VITEK 2, MicroScan and E-test) (March et al., 

2015). 

FCM could also be used for assessing antifungal 

susceptibility, since it can detect different physiological 
behaviours induced by different antifungal agents by 

using appropriate fluorescent markers (Chaturvedi et al., 

2004; Czechowska et al., 2008). FCM protocols for 
assessing susceptibility to azoles, amphotericin B, and 

echinocandins have already been described. Ramani  et 

al., 2003 evaluated the susceptibility of Aspergillus 
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fumigatus isolates to voriconazole, amphotericin B and 
itraconazole by FCM analysis. The FCM results were 

obtained within 3 - 4 hours after antifungal treatment and 

were in good agreement with the MIC values obtained by 
the standard broth microdilution method. Using two 

fluorescent dyes, i.e. FUN-1 and PI,  Pina-Vaz et al. 

could assess in dynamics  the changes in the behavior of 

yeast cells upon incubation with serial voriconazole, 
itraconazole and caspofungin drug concentrations, in 

order to  establish the susceptibility profiles  of Candida 

spp. and Cryptococcus neoformans to the three drugs 
used (Pina-Vaz et al., 2001). The FUN-1 dye proved to 

be better than PI, regarding the accuracy of the 

susceptibility results (Ramani et al, 1997). The FCM 

method using acridine-orange as a viability marker was 
also used to assess fungal susceptibility to fluconazole 

and echinocandin (Pina-Vaz et al., 2001; Rudensky et al., 

2005). Susceptibility results were obtained within 5 hours 
or less, and were in agreement  with those obtained by 

using the standard MIC assay, regarding the sensitivity 

and specificity. Recently, a FCM protocol using two 
fluorescent dyes, i.e. FUN-1 and DiBAC4(3)  was used to 

evaluate the synergic effect of the anidulafungin + 

amphotericin B and respectively anidulafungin + azoles 

(fluconazole and voriconazole) combinations against 
Candida spp. strains. The obtained results were in perfect 

agreement with those obtained  by using the viable cell 

counts method (Teixeira-Santos et al., 2012). 
FCM can also be employed to monitor the effect of 

different substances on microbial cells, which opens up 

interesting possibilities for screening the efficiency of 
novel antimicrobial strategies (Gant et al, 1993; Walberg 

et al., 1996; Jepras et al., 1997; Roth et al., 1997; Kirk et 

al., 1998; Mortimer et al., 2000; Novo et al., 2000; 

Alvarez-Barrientos et al. 2000; Gauthier et al., 2002).  
 

Conclusion 

 

FCM is a great tool that is already used in ecology and 
industry to rapidly detect and to enumerate specific 

microbial cells. However, FCM applications are still 

under-explored in the field of clinical microbiology. In 
the current context of the global threath of antimicrobial 

resistance, the FCM-based methods can represent 

promising alternatives for the rapid and accurate 

detection of resistant bacteria, for the assessment of 
antimicrobial susceptibility and for investigating the 

resistance mechnisms.The technological advancements 

will make possible the miniaturisation and automation of 
FCM devices, allowing to revolutionize their applications 

in the near future. 
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