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INTRODUCTION 

 

Bacterial biofilm is described as a surface-attached multi-layered community of 
bacteria encased in an extracellular matrix (Stewart & Costerton, 2001). 

Biofilms are ubiquitous in virtually every kind of environment including plants 

and animals (Tan et al., 2014; Nadell et al., 2008). Bacterial biofilms have been 
reported to be overly resistant to many antibiotics, host immunity and 

disinfectants (Høiby et al., 2011). The high resistance of bacterial biofilms is 

thought to be due to one or a combination of mechanisms such as slow 
penetration of anti-biofilms across the extracellular matrix, chemical 

heterogeneity (existence of poor or no growth regions), adaptive stress responses 

and existence of few extremely resistant (persister) biofilm cells (Stewart & 

Costerton, 2001). Biofilms cause disproportionate problems in food, biomedical 

and environmental fields (Simões et al., 2010). Biofilms thrive on most common 

food-processing surfaces such as plastic, glass, rubber or stainless steel (Arnold 

& Bailay, 2000) hence pose major risks in food industries (Simões et al., 2010). 

Biofilms serve as protective niches for pathogens (Simões & Simões, 2013) thus 

enhance survival and transmission of food borne pathogens (Shi & Zhu, 2009). 

Consequently, disinfection of surfaces using chlorine, quaternary ammonium 

compounds, chloramines, hydrogen peroxide, iodine, ozone and peracetic acid 
has been employed widely in an attempt to eliminate bacterial biofilms from 

food-processing surfaces (Srey et al., 2013) albeit with little success. The 

disinfectants react with various components of bacterial cells to neutralize their 
lethal effects (Olszewska, 2013). Some of the problematic bacterial biofilms in 

the food industry include Salmonella spp., Pseudomonads spp., Listeria 

monocytogenes, Campylobacter jejuni, Escherichia coli 0517:H7, 
Staphylococcus spp., and Bacillus spp. (Tan et al., 2014). Annually, 9.8 million 

cases of food borne infections are reported in the United States alone (MMWR, 

2013). The food borne infections could largely be associated with bacterial 
biofilms since approximately 80% of bacterial diseases are biofilm-related (NIH, 

1997). In addition, bacterial biofilms are the major culprits in nosocomial 

infections involving medical implants (Francolini & Donelli, 2010) such as 
catheters, prosthetic valves and contact lenses (Chadha, 2014). The significant 

public health impact of biofilms has stimulated active bacterial biofilm researches 

for more than two decades (Uppuluri & Lopez-Ribot, 2016). However, to date 
no standard technique for quantifying bacterial biofilm cells has been adopted for 

biofilm studies. Since the readout differ depending on the choice of quantification 

technique (Stiefel et al., 2016), comparison of results from various biofilm 

studies are hampered. A biofilm cells quantification technique should be 
accurate, reproducible, cost-effective, simple and provide rapid results (Donlan, 

2001). This review critically assesses the availability, suitability and limitations 

of various techniques for biofilm cell quantification applicable in anti-biofilm 
(antibiotics and disinfectants) efficacy determination and quality controls in 

different industries. Although the primary focus is on quantification of biofilm 

cells, the techniques described have other important applications in microbiology. 
 

Colony forming unit (CFU) count technique 

 
CFU count technique is routinely used in hospitals, food and pharmaceutical 

industries and microbiology laboratories for quantification of culturable 

microorganisms (Lin & Stephenson, 1998). CFU count technique is widely used 
to gauge the suitability of most novel biofilm cells quantification techniques 

(Cerca et al., 2005; Freitas et al., 2014). This is majorly because the method is 

highly sensitive and reliable (Cerca et al., 2005; Pan et al., 2014). Due to the 

wide application of CFU count method, studies have proposed ways of enhancing 

its sensitivity and specificity. For instance, Trampuz et al. (2007) reported that 
culturing of samples obtained from sonication of prostheses greatly increased 

sensitivity and specificity of CFU counts. This demonstrates that the CFU count 

technique can be improved by adopting suitable biofilm disruption techniques 
such as sonication. Furthermore, since biofilms exist mostly as multi-species 

communities (Burmølle et al., 2006; Beloin & Ghigo, 2005), CFU count 

method can differentiate individual bacterial species in the biofilm community 
using bacterial colony characteristics such as morphology and colour (Jahid & 

Ha, 2014). Nonetheless, the technique suffers many inherent limitations. First, 

the outcome of CFU count method is dependent on time and condition of 
incubation and aliquot dilution factor hence could give irreproducible results 

(Sutton, 2011). Secondly, in most cases optimal colonies counting range varies 

between 25 and 400 depending on the dilution factor of the aliquot or plate size 
(Ben-David & Davidson, 2014). Thirdly, CFU count method is time consuming 

due to long bacterial incubation hours (Speranza et al., 2014). Fourthly, the 

technique is only suitable for enumerating culturable bacterial species yet over 
98% of bacteria in the environment (biofilm included) are unculturable (Stewart, 
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2012; Streit & Schmitz, 2004). Moreover, most biofilm cells exist in viable but 
non-culturable (VBNC) state (Li et al., 2014). VBNC are living cells that have 

temporarily lost ability to grow on routine media (Oliver, 2000). VBNC are cells 

in latency state and can lead to disease recurrence (Rivers & Steck, 2001) hence 

VBNC detection and enumeration is imperative. The existence of unfavourable 

microenvironment within the biofilm matrix or exposure to antibiotics 

predisposes biofilm cells to VBNC formation (Stewart & Franklin, 2008; 

Pasquaroli et al., 2013). In instances where all biofilm cells transform to VBNC 

state or a technique fails to detect and quantify VBNC, it may be wrongly 

interpreted that an antibiotic has effectively eliminated all biofilm cells 
contaminants (Li et al., 2014) this may have detrimental health effects. The fact 

that CFU count technique cannot detect and quantify VBNC limits its application 
in quantification of most biofilm-forming bacteria. Lastly, CFU count method 

cannot count inactive or damaged biofilm cells (Davey, 2011) (Tab 1). To avoid 

underestimating cell counts by counting one colony per biofilm cluster rather 
than one colony per biofilm cell (Uppuluri et al., 2006), effective disruption of 

biofilm cells from surfaces and disintegration into individual cells is crucial 

(Welch et al., 2012). Dislodging biofilms from surfaces and their disintegration 
into single cells is mostly achieved by vortexing or sonication (Freitas et al., 

2014). However, the success of vortexing or sonication is largely dependent on 

the type and species of a bacterium (Bjerkan et al., 2009; Monsen et al., 2009), 
age of biofilms (Freitas et al., 2014) and duration and intensity of vortexing or 

sonication (Freitas et al., 2014; Kobayashi et al., 2007). CFU is an estimate of 

cell counts per unit volume or area (Sutton, 2011) hence it is necessary to 

normalize CFU count to enable proper comparison of results obtained intra- or 

inter-studies. This is challenging since different CFU normalization formulae 

exist. For instance, CFU/ml or CFU/cm2 are directly converted into logarithm 
(log) of CFU/ml or log of CFU/cm2 respectively (Abdallah et al., 2014; Cerca et 

al., 2005; Weber et al., 2010). In some cases, CFU/cm2 or CFU/ml is converted 

to log of percent survival with time (Steed & Falkinham, 2006). In one study, 
CFU/ml was converted into percentage of killed or live bacteria using the 

formula {1- (CFUstress/CFUcontrol) x 100} (Voug et al., 2004). Moreover, some 

studies have converted CFU/ml or CFU/cm2 into log reduction using formula, {-
log (cfuafter exposure/cfubefore exposure)} (Anderl et al., 2000; Stewart et al., 2001; 

Behnke et al., 2011). Normalization formulae above give different outputs thus 

limiting comparison of results obtained from different CFU count technique 
studies. 

 

Table 1 Summary of advantages and limitations of CFU count technique 

Advantages Limitations References 

Sensitive 

Reliable 

Able to differentiates 

bacteria species in 
mixed-species biofilm 

Only count culturable 

bacterial species 

Cannot detect VBNC 

Time consuming 

Labour-intensive 
Irreproducible results 

Small countable range 

Cerca et al., 2005 

Davey, 2011 

Burmølle et al., 
2006 

Pan et al., 2014 

Speranza et al., 
2014 

Li et al., 2014 

Sutton, 2011 

 

Metabolic assays 

 
Two metabolic assays, colorimetric XTT and Alamar Blue (resazurin) have been 

used to estimate cell densities in microbial biofilm studies (Uppuluri et al., 

2006). In XTT assay, three compounds namely XTT (2,3-bis (2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide), 

menadione and phosphate buffer saline are utilized (Silva et al., 2008). In XTT 

assay, the tetrazolium salt (XTT) is reduced by metabolically active cells into a 
coloured water-soluble formazan derivative that is quantifiable colorimetrically 

(Tunney et al., 2004). On the other hand, Alamar blue assay is a single step 

process (Pettit et al., 2009) that involves reduction of a blue dye (resazurin) by 
metabolically active cells into a pink metabolite (resorufin) which fluoresces 

(O’Brien et al., 2001). The fluorescence is directly related to bacterial biofilm 

cells number (Mariscal, et al., 2009). Reduction of resazurin occurs through 
FADH2, NAHD, NADPH, FMNH2 and cytochromes. The fluorescence data can 

be generated with naked eye or by means of fluorescence and absorbance 

techniques. Unlike the XTT assay that uses toxic menadione, Alamar blue assay 
has no toxic components or by-products that may affect humans or bacterial 

biofilm cells metabolism (Pettit et al., 2009; Bonnier et al., 2015). Moreover, 

Alamar Blue dye is stable hence can be incubated over long periods for example 
during kinetic studies involving biofilm cells (Bonnier et al., 2015). The main 

advantage of metabolic assays is their rapid output of results in comparison to 

CFU count technique (Pettit et al., 2009; Silva et al., 2008). In addition, 
metabolic assays require simple and inexpensive protocol (Pettit et al., 2009). 

Despite the above advantages, metabolic assays have certain limitations. First, 

correlation of metabolic activity and cell numbers is only linear in the early 
stages of biofilm growth (Uppuluri et al., 2006) thus; metabolic assays cannot be 

applied for quantification of mature biofilm cells. Secondly, a decreased 

resazurin reduction has been observed in the presence of antibacterials thus, 
reliability of Alamar Blue assay in anti-biofilm researches is not guaranteed 

(Mariscal, et al., 2009). Thirdly, mature biofilms form heterogeneous structures 
with uneven metabolic activities and nutrient distribution (Silva et al., 2008; 

Rani et al., 2007). Fourthly, heterogeneity of biofilms has been demonstrated in 

clusters that are as small as 40 μm deep (Kühl et al., 2007). This suggests that 

metabolic assays may underestimate cell counts in mature bacterial biofilms since 

only biofilm cells in the regions receiving adequate nutrients and oxygen supply 

will be quantified. Moreover, the quantity of metabolite produced during a 
metabolic assay depends on the number of bacteria thus, threshold detectable 

signal levels may not be reached if bacterial population is small (Welch et al., 

2012) (Tab 2). 
 

Table 2 Summary of advantages and limitations of metabolic assays 

Advantages Limitations References 

Rapid results 

Simple 
Inexpensive 

No highly specialised 

personnel required 
 

Affected by type of 

experiment 

Less sensitive relative to 
CFU method 

Only applicable during 

early stages of biofilm 
growth 

Underestimate cells in 

mature biofilms 
Dependent on strain, type 

and number of bacteria 

Silva et al. 2008 

Rani et al. 2007 
Pettit et al. 2009 

Cerca et al., 2005 

Uppuluri et al., 2006 
Welch et al., 2012 

 

Flow cytometry 

 

Flow cytometry is a considerably reliable and rapid bacterial cell count technique 

in many complex environments (Monfort & Baleux, 1992). Consequently, flow 
cytometry is rapidly being embraced for bacterial cells enumeration in many 

dairy and food microbiology processes (Díaz et al., 2010; Sohier et al., 2014). 

Flow cytometry technique utilizes a combination of dyes. This include a 
membrane-permeable dye such as SYTO 9 that stains viable and dead cells and a 

membrane-impermeable dye e.g. propidium iodide that stains DNA of damaged 

cells (Khan et al., 2010). Since a combination of dyes is costly, efforts are being 
made to come up with single-stain assays for bacterial biofilm studies (Kerstens 

et al. (2014). Flow cytometry technique has been shown to be less selective of 
bacterial species, does not discriminate samples based on storage or incubation 

period (Khan et al., 2010). In addition, flow cytometry is capable of 

distinguishing VBNC, dead and viable bacterial cells. Results are also produced 
rapidly (Lehtinen et al., 2004). However, flow cytometry has some limitations. 

First, extracellular DNA is the main component of extracellular matrix (Wu & 

Xi, 2009) and as a result, SYTO 9 dye used stains both intracellular and 

extracellular DNA (Peeters et al., 2008) leading to overestimation of cell counts. 

Moreover, extracellular DNA staining by SYTO 9 creates confusion between 

hybridized cells and background signals (aberrant fluorescence) thus 
overestimating biofilm cell counts (Perez-Feito et al., 2006; Ambriz-Aviña et 

al., 2014). Secondly, for successful analysis, flow cytometry technique requires 

single cell monodisperse suspension (Perez-Feito et al., 2006). This could be 
achieved by passing biofilms through a pipette, needle or by mild sonication 

(Garcia-Betancur et al., 2012). In complex biofilms, dispersal of clusters into 

single free cell suspension is not easy, making analysis difficult (Perez-Feito et 

al., 2006). Moreover, mild sonication does not clear biofilm clusters effectively 

(Bjerkan et al., 2009; Freitas et al., 2014). Thirdly, the small sizes of bacterial 

biofilm cells limit their detection by flow cytometry technique (Müller & Davey, 

2009). Fourthly, flow cytometry require SYTO 9 dye that is expensive and does 

not stain Gram-negative bacteria properly (Stiefel et al., 2015; Stiefel et al., 

2016). Lastly, flow cytometry requires expensive equipment and highly skilled 
personnel to operate and interpret results (Ambriz-Aviña et al., 2014) (Tab 3). 

 

Table 3 Summary of advantages and limitations of flow cytometry technique 

Advantages Limitations References 

Less selective of 

bacterial species 

Produce rapid results 
Detect and count 

VBNC 

Does not discriminate 
samples based on 

storage and incubation 

duration 

Expensive equipment and 

dye 

Highly skilled personnel 
needed 

SYTO 9 is not suitable for 

Gram-negative bacteria 
Overestimate count by 

staining extracellular DNA 

Clusters and single cells 
are indistinguishable 

Cannot detect small-sized 

bacterial cells 
Overestimation of count 

due to aberrant 

fluorescence 

Kerstens et al., 
2014 

Khan et al., 2010 

Ambriz-Aviña et 
al., 2014 

Stiefel et al., 2016 

Müller & Davey, 
2009 
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Transcriptomic approaches 

 

The realization that bacterial biofilms frequently undergo phenotypic and 

genotypic changes, revert to VBNC state and the abundance of unculturable 

isolates has necessitated development of transcriptomic approaches to study 

multi-species bacteria in food and medical environments (Trevors, 2011; 

Stewart, 2012; Jahid & Ha, 2014). These approaches include Propidium 
monoazide quantitative (q) PCR (PMA-qPCR), qPCR without PMA and next 

generation sequencing (NGS) (Sohier et al., 2014). 

A combination of qPCR together with an intercalating agent, propidium 
monoazide (PMA-qPCR) has been used to quantify oral multi-species biofilms 

(Álvarez et al., 2013). In addition, PMA-qPCR has been used to enumerate 
Pseudomonas aeruginosa in multi- and mono-species biofilms exposed to 

antibiotics (Tavernier & Coenye, 2015). In PMA-qPCR technique, PMA 

selectively penetrates damaged cell membranes and intercalates in double 
stranded (ds) DNA. Bacterial DNA is then isolated and quantified in a 

thermocycler with suitable primers. The dsDNA-PMA complex cannot be 

utilized as a PCR template thus membrane-damaged or dead bacterial biofilm 
cells are not quantified (Álvarez et al., 2013). This technique does not 

overestimate cell counts since PMA also intercalates extracellular DNA (Nocker 

et al., 2007). Nevertheless, PMA-qPCR technique has a number of limitations. 
First, PMA-qPCR does not quantify viable cells even if cell membrane is slightly 

damaged (Strauber & Muller, 2010) hence may underestimate cell counts. 

Secondly, quantification of cells is normally impractical when the density of dead 

cells exceeds 104 cells/ml (Fittipaldi et al., 2012). Thirdly, dsDNA-PMA binding 

may not occur properly when other intercalating agents exist in the environment 

(Taylor et al., 2014) hence biofilm cells numbers may be overestimated. Lastly, 
PMA-qPCR technique is only limited to enumeration of biofilm cells that have 

been exposed to membrane-targeting anti-biofilm agents (Nocker & Camper, 

2009). 
qPCR without PMA based on bacterial-specific primers is useful in 

distinguishing and enumerating known species from multi-species bacterial 

biofilms (Ren et al., 2013). qPCR technique is associated with some advantages. 
First, qPCR provide rapid results and offer high specificity especially in dairy 

industries (Boyer & Combrisson, 2013). Secondly, since RNA is targeted in 

qPCR analysis, the technique distinguishes bacteria that are viable, dead or in 
VBNC state (Sohier et al., 2014; Falentin et al., 2010). In spite of the pros, this 

technique has some limitations. First, RNA has short and variable half-life and 

requires complex extraction process to obtain high quality RNA especially from 
complex biofilm matrices (Postollec et al., 2011). Secondly, qPCR is highly 

sensitive implying that the output is significantly affected by minor variations at 

the sample preparation or amplification stages (Sohier et al., 2014). Thirdly, 
there is no clearly agreed protocol for performing experiments and interpreting 

qPCR data making comparisons difficult (Bustin, 2009; Boyer and 

Combrisson, 2013). Like PMA-qPCR, qPCR without PMA technique also 
require expensive qPCR reagents, equipment and highly skilled personnel 

(França et al., 2012). Furthermore, challenges of sample preparation, primer 

design, optimization and interpretation of results also limit qPCR application 
(Pantanella et al., 2013). 

In the recent years, next-generation sequencing (NGS) technologies have been 

developed and utilized in studies to understand biofilms’ cellular activities, 
relationship between essential genes in biofilm formation and biofilm community 

structures (Franklin et al., 2015). NGS technologies can identify specific 

bacterial biofilms in clinical (Huebinger et al., 2013) and environmental samples 
(Jorth et al., 2014). NGS technologies offer several advantages as summarized 

by Grumaz et al. (2016) as follows. First, NGS technologies provide an 

opportunity for detecting any type of microbes in a single assay. Two, NGS 
technologies are quantitative methods that concurrently enumerate sequence 

reads and calculate statistical significance. Three, NGS technologies are unbiased 

and untargeted and as such utilize information from any DNA sequence resulting 
in higher sensitivity and specificity. Lastly, since NGS technologies are culture-

independent (Grumaz et al. 2016) they are suitable alternatives for detecting and 

counting wide diversity of unculturable bacterial biofilms (Douterelo et al., 

2014; Metzker, 2010). However, some drawbacks are associated with NGS 

technologies. First, analysis of the sequence data is complex, time-consuming 
(Franklin et al., 2015) and requires critical competencies in bioinformatics 

(Barzon et al., 2011). Secondly, NGS technologies are expensive (Grumaz et 

al., 2016) due to initial computing resources needed for data handling (Barzon et 

al., 2011). Moreover, most NGS technologies suffer low resolutions hence cannot 

identify microbes to species level (Douterelo et al., 2014) (Tab 4). 

 
 

 

 
 

 

 
 

 

 

Table 4 Summary of advantages and limitations of transcriptomic approaches 

Advantages Limitations References 

PMA-qPCR 

Highly selective 

Accurate 

Rapid results 
 

 
 

 

 
 

 

 

 

Expensive equipment 

and reagents 
Highly skilled personnel 

required 

Limited by number of 
dead cells (>104 cells/ml) 

Doesn’t quantify slightly 

damaged cells 
dsDNA-PMA binding 

affected by other 
compounds in the 

environment 

Complex primer design, 
optimization and sample 

preparation 

Only suitable for 
counting cells with 

damaged membranes 

 

Strauber & Muller, 
2010 

Nocker et al., 2007 

França et al., 2012 
Fittipaldi et al., 2012 

Taylor et al., 2014  
Pantanella et al., 2013 

Nocker & Camper, 

2009 
 

 

 
 

qPCR (without PMA) 

Distinguishes a bacterial 

species from mixed-

species biofilm 
Rapid results and high 

specificity 

Distinguishes viable, 
dead bacteria or VBNC 

state 

 

 

Poor quality RNA due to 

short half-life of RNA 

and complex extraction 

protocol 
Output affected by minor 

variations at the sample 

preparation or 
amplification stage 

Lack consensus on 

experimental protocol 
and data interpretation 

 

Ren et al., 2013 

Boyer and Combrisson, 
2013 

Sohier et al., 2014 

Falentin et al., 2010 
Postollec et al., 2011 

Bustin, 2009 

NGS technologies 

Provides functional roles 
of genes in biofilm 

developmental stages 

Detects many microbial 
type in a single assay 

Concurrently enumerates 

sequence reads and 
calculates statistical 

significance 

Higher sensitivity and 
specificity 

Suitable alternative for 

detecting and counting 
unculturable microbes 

 
Complex and time-

consuming data analysis 

Expensive computer 
resources 

Highly trained personnel 

on bioinformatics 
Its low resolutions does 

not identify microbes to 

species level 

 

Grumaz et al., 2016 

Franklin et al., 2015 
Grumaz et al., 2016 

Barzon et al., 2011 

Douterelo et al., 2014 
Metzker, 2010 

 

 

Fluorescence-based microscopy techniques 

 

A number of advanced fluorescence-based microscopy techniques namely 

confocal laser scanning microscopy (CLSM) and fluorescence microscopy in 
combination with automatic counting software are applied in biofilm cells 

quantification (Drago et al., 2016; Freitas et al., 2014) due to their superiority 

over the CFU count technique (Freitas et al., 2014). A report by Drago et al. 

(2016) showed that CLSM is both simple and reliable for quantifying biofilm 

cells. An evaluation of fluorescence microscopy in combination with automatic 

counting software showed that it is precise, unaffected by person-to-person 
interpretation variations and distinguishes between a cell cluster and an 

individual cell (Freitas et al., 2014). Nonetheless, fluorescence-based 

microscopy techniques have some limitations. First, a detailed optimization 
process is required (Hannig et al., 2010). Secondly, in analysis involving thick 

biofilms, one is likely to underestimate cell counts due to fluorochrome fading 

(Dige et al., 2007). Thirdly, the techniques utilize SYTO 9 that is expensive and 
does not properly stain Gram-negative bacteria (Stiefel et al., 2015). Moreover, 

SYTO 9 stain do not discriminate extracellular DNA thus compromises biofilm 

cell count (Peeters et al., 2008). Fourthly, mature biofilms form patches 
(heterogeneity) of cells that once spread on a microscope slide leaves only a 

small region of the biofilm for counting hence affects precision of cell count 

(Perez-Feito et al., 2006). Fifth, CLSM utilizes complex equipment that requires 
stringent set-up conditions to guarantee accurate signals (Pantanella et al., 

2013). Lastly, fluorescence staining images may not be interpreted correctly by a 

substantial subset of humans who are green/red colour blind (Hope et al., 2002) 
(Tab 5). 
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Table 5 Summary of advantages and limitations of fluorescence-based 
techniques 

Advantages Limitations References 

Not affected by person-

to-person variations 
High precision 

Distinguish clusters and 

individual cells 
Simple and reliable 

 

Require thorough 

optimization process 
Complex equipment with 

stringent set-up 

conditions and expensive 
dye 

Underestimate counts of 

thick biofilms 
Not suitable for Gram-

negative bacteria 
Only small biofilm 

surface is exposed for 

counting 

Hannig et al., 2010 

Fazli et al., 2011 

Freitas et al., 2014 
Stiefel et al., 2015 

Pantanella et al., 2013 
Perez-Feito et al., 2006 

 

Fluorescence in situ hybridization technique (FISH) 

 

FISH application in detection and enumeration of dairy microbes in cheese and 
yoghurt has been documented (Babot et al., 2011; García-Hernández et al., 

2012). FISH technique is a genetic method that relies on oligonucleotide probes 

labelled with fluorescent dyes that specifically bind to ribosomal RNA or any 

other specific molecule of interest (Pantanella et al., 2013). In many cases, FISH 

is used in combination with CLSM or epifluorescence microscopy for studying 

oral biofilms at various developmental stages (Dige et al., 2007; Hannig et al., 

2007). One of the key strengths of FISH lies in its ability to specifically detect 

and provide spatial distribution of small quantities of bacterial biofilm cells 

clusters in food samples or human tissues (Sohier et al., 2014). Moreover, FISH 
can differentiate different bacterial species, detect VBNC and metabolically inert 

biofilm cells (Pantanella et al., 2013). However, FISH has some limitations. 

First, FISH has a low sensitivity since metabolically inert cells tend to have a 
lower cellular ribosomal content (Dongari-Bagtzoglou, 2008). However, in 

some bacterial species, metabolically inert cells have high cellular ribosomal 

content (Daims & Wagner, 2007). This suggests that the success of FISH 
technique is dependent on the bacterial species. Second, the fluorescent dyes used 

in this technique such as SYTO 9, PI are only suitable for biofilm cells having 
intact membranes. This may result in underestimation of cell counts in cases 

where injured cells exist (Dongari-Bagtzoglou, 2008). Third, the numbers of 

bacterial biofilms that may be quantified are limited by the fewer oligonucleotide 
probes available (Hannig et al., 2010). Fourth, FISH technique is time 

consuming, costly and requires complex sample preparation (Fazli et al., 2011; 

Machado et al., 2012). Fifth, the fixation and washing steps required in FISH 

technique removes or alters significant portion of biofilm hence can 

underestimate bacterial biofilm cell count. However, a combination of FISH with 

CLSM can help overcome this challenge (Daims & Wagner, 2007). However, 
combination of FISH and CLSM can increase the cost of biofilm quantification. 

Sixth, FISH provide semiquantitative data (Pantanella et al., 2013). Lastly, 

accurate detection of metabolically active cells requires oligonucleotide probes 
targeting intergenic spacer regions in ribosomal RNA genes. However, during 

maturation of ribosomes in bacteria, intergenic spacer regions are quickly 

degraded. This implies that detection and enumeration is limited only to cells 
producing new ribosomal RNA at a given sampling time (Daims & Wagner, 

2007) (Tab 6). 

 
Table 6 Summary of advantages and limitations of FISH technique 

Advantages Limitations References 

Distinguish bacterial 
species 

Detect VBNC and 

metabolically inactive 
cells 

Detect small quantities 

of biofilm cells or 
clusters 

Few oligonucleotide 

probes 
Time consuming and 

expensive 

Suitable for staining 
biofilm cells with intact 

membranes 

Provide semiquantitative 
data 

Dependent on bacterial 

species 
FISH alone underestimate 

cell counts 

Hannig et al., 2010 

Fazli et al., 2011 

Sohier et al., 2014 
Machado et al., 2012 

Pantanella et al., 2013 

Dongari-Bagtzoglou, 
2008 

Daims & Wagner, 

2007 

 

CONCLUSION AND FUTURE DIRECTIONS 

 

Quantification of bacterial biofilm cells is critical for a host of research and 
industrial applications yet challenging. It is generally agreed that a suitable 

technique for biofilm quantification should possess the following features: 

simple, accurate and inexpensive. Moreover, a technique should provide rapid 
and reproducible results and have negligible intra- and inter-species variations. 

Over the years, several techniques discussed above have been applied to 

quantifying biofilm cells. Each of the techniques described above have 

limitations hence choosing a single technique that can effectively quantify cells 
regardless of cell type, species or growth stage is difficult. This is posing a 

serious challenge especially in the progress of anti-biofilm research in which 

clear comparison of data from different studies is crucial. Therefore, the need for 

a technique that can serve as standard for quantifying biofilm cells cannot be 

overemphasized. It appears that flow cytometry and NGS technologies are 

promising and accurate techniques for quantifying bacterial biofilm cells. With 
an effective method that dislodges biofilms from surfaces into single free cells 

suspension suitable for use in flow, flow cytometry can quantify and distinguish 

bacterial biofilm cells irrespective of whether they have intact membranes, 
damaged membranes, are in VBNC state or are inactive. Moreover, with the 

increasing appreciation of the importance of unculturable bacterial diversity in 
many environmental, health and industrial settings, application of NGS 

technologies will be indispensable. Taken collectively, the fact that the two 

techniques can identify, detect and differentiate dead, VBNC, unculturable and 
viable bacterial cells make them suitable for many applications such as anti-

biofilm research, diagnostics and quality control programs. However, the key 

limitations of the two techniques that need to be addressed are the high initial 
installation cost, expensive reagents and highly skilled personnel needed to 

operate and interpret data. A concerted effort from different players is imperative 

to reduce installation costs, cost of reagents and develop more user-friendly 
equipment and software. Moreover, improvement of resolution of NGS 

technologies will enable identification of microorganisms beyond the species 

level. This will increase the applications NGS technologies by the biofilm 

research community worldwide and thus lead to tremendous progress in anti-

biofilm research. Moreover, this will improve detection and quantification of 

pathogenic bacterial biofilms from medical and food environments. Taken 
collectively, reduction of the limitations associated with flow cytometry and NGS 

technologies will greatly improve biofilm control, eradication and management in 

diverse environmental and clinical settings. 
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