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Abstract 

Two rapid in situ enumeration methods using fluorescent probes were used to assess the 
physiological activities of Klebsiella pneumoniae biofilms on stainless steel. Fluorescent dyes, 5- 
cyano-2,3-ditolyl tetrazolium chloride (CTC) and rhodamine 123 (Rh 123), were chosen to 
perform this study. CTC is a soluble redox indicator which can be reduced by respiring 
bacteria to fluorescent CTC-formazan crystals. Rh 123 is incorporated into bacteria with 
respect to cellular proton motive force. The intracellular accumulation of these fluorescent 
dyes can be determined using epifluorescence microscopy. The results obtained with these two 
fluorescent probes in situ were compared to the plate count (PC) and in situ direct viable count 
(DVC) methods. Viable cell densities within biofilms determined by the three in situ methods 
were comparable and always showed approximately 2-fold higher values than those obtained 
with the PC method. As an additional advantage, the results were observed after 2 h, which 
was shorter than the 4 h incubation time required for the DVC method and 24 h for colony 
formation. The results indicate that staining with CTC and Rh 123 provides rapid information 
regarding cell numbers and physiological activities of bacteria within biofilms. 
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1. Introduction 

The abi l i ty  o f  mic roorgan i sms  to grow and form colonies  on cul ture  media  has 
been used as the t rad i t iona l  a p p r o a c h  to s tudy bacter ia l  viabil i ty.  Conven t iona l  
microbio logica l  me thods  for assessing the viabi l i ty  o f  bacter ia  within biofi lms are 
current ly  based on the mechanical  removal  o f  cells f rom subs t ra ta  fol lowed by 
enumera t ion  by co lony  format ion .  However ,  these methods  not  only  require  at 
least 24 h incuba t ion  but  often underes t imate  bacter ia l  viabi l i ty  [1 3]. 
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The direct microscopic enumeration method using acridine orange (AODC) 
usually has a reasonable correlation with viable counts when applied in exponen- 
tially growing cultures. However, AODC data can exceed the plate counts (PC) by 
several orders of magnitude [4] when used to examine bacterial populations in nat- 
ural environments. The direct viable count (DVC) method developed by Kogure ct 
al. [5,6], has been employed successfully in enumerating bacteria within environmen- 
tal samples [7 I 1]. The DVC method was later applied as a direct in situ enumera- 
tion method for thin biofilms [12], where the results indicated that this adaptation of 
the DVC method can provide rapid (4 h) as well as more accurate information 
regarding the number of bacteria and their viability within biofiims. 

This study was initiated to seek other in situ methods to quickly determine the 
bacterial physiological activity of surface-associated bacteria without disrupting bio- 
film integrity. The acridine orange (AO) stain used in the DVC method has been 
suggested as an index of physiological activity or viability [13-15]. However, the 
validity of this approach is variable and needs to be defined for each organism and 
set of culture conditions [13]. Hence, AO has limited application as a vital stain. 
Other fluorescent stains allow the selective microscopic examination of particular 
activities or physiological properties of bacteria. After entering the cell envelope, 
the fluorochromes can be observed directly using appropriate excitation and emis- 
sion filters with epifluorescence microscopy. The fluorescent probes we chose to 
employ in this study were 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) and rho- 
damine 123 (Rh 123). 

The reduction of tetrazolium salts to formazan has been used for many years in 
histo-, cyto-, and biochemical determinations of oxidase and dehydrogenase activ- 
ities. Zimmermann ct al. [16] used the redox dye, 2-(p-iodophenyl)-3-(p-nitrophenyl)- 
5-phenyltetrazolium chloride (INT) to study respiratory activity in aquatic bacteria. 
However, the reduced form of INT (INT-formazan) can only be observed within 
bacteria by light microscopy, which cannot be applied to study biofilm bacteria on 
opaque substrata without removal of the cells. Although the combination of fluor- 
escent-antibody (FA) and INT reduction has been applied successfully to study 
cellular activity [17], the tedious procedures of preparing and testing FA has limited 
this approach as a general application. CTC has been applied successfully to study 
physiological activity within eukaryotic [18] and prokaryotic [19,20] cells. Rh 123 is 
a cationic fluorescent dye which is concentrated in mitochondria by the relatively 
high negative potential across the energized mitochondrial membrane [21]. In bac- 
terial cells Rh 123 is accumulated in an uncoupler-sensitive fashion via transmem- 
brane potential [22]. This fluorochrome has been utilized to assess the physiological 
states of Micrococcus, Escherichia coli [23] and Aeromonas [24] by flow cytometry. In 
this study, we compared the in situ performance of these two physiologically depen- 
dent fluorochromes with the in situ DVC and PC in the determination of bacterial 
viability within pure culture biofilms. 
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2. Materials and methods 

2.1. Biofilm apparatus 
Bacterial biofilms were grown in wide-mouth pint Mason jars (Kerr, 450 ml) 

described elsewhere [25]. Jars containing 6 stainless steel coupons, inoculated med- 
ium and a magnetic stir bar were incubated on a thermally insulated magnetic stirrer 
with a constant speed (285 rpm). The preparation of the coupons was described in a 
previous report [12]. 

2.2. Bacterial strains and growth conditions 
Klebsiella pneumonia Kpl,  isolated from drinking water, was obtained from Dr. 

D. Smith, South Central Connecticut Water Authority, New Haven, CT. The bac- 
terial-culture was grown in 1/10 Trypticase soy broth (TSB, Difeo) for 24 h at 35°C, 
then transferred (1%) to sterile medium for another 24 h before being used as 
inoculum. Biofilms were formed on 316 stainless steel (12 × 76 mm 2) coupons incu- 
bated at 25~C for 36 h [12]. 

2.3. Fluorochromes and staining procedures 
The fluorochromes utilized in this study were 5-cyano-2,3-ditolyl tetrazolium 

chloride (CTC, Polysciences, Inc.) and rhodamine 123 (Rh 123, Eastman Kodak 
Co.). Bacteria attached on the coupons were rinsed [12] and transferred to a stain- 
ing box containing 0.04% (approx. 4 mM) CTC in reagent-grade water or Rh 123 (5 
/~g/ml, final concentration) in phosphate buffered saline (PBS, pH 7.2) to perform 
assays for physiological activity. The preparation of  CTC was different from that 
reported by Rodriguez et al. [19] (5 mM in R2A broth). After incubation at 35°C for 
up to 2 h, the CTC solution was removed and replaced with 5% formalin to fix the 
biofilms for 5 min, then counterstained with 4',6-diamidino-2-phenylindole (DAPI) 
(1 /~g/ml, final concentration) for 3 rain. A pretreatment of immersing biofilms in 
Tris hydrochloride (50 retool/l) and disodium EDTA (5 mmol/1) at pH 8.0 [23] for 5 
min was required for staining with Rh 123. No further treatment or counterstaining 
was required for Rh 123 staining (at 35 ~C) after the solution was withdrawn. How- 
ever, in order to determine the total cell numbers on coupons, a modified acridine 
orange direct count (AODC) technique using 0.02% AO solution (in 0.1 M Tris 
buffer, pH 7.6) [12] was applied to half of the biofilm area after coupons were 
stained with Rh 123. Coupons were then air-dried prior to examination by epifluor- 
escence microscopy. 

2.4. Epi/luorescence microscopy 
A Leitz Ortholux II microscope fitted with an epifluorescence illumination system 

and a 100 W mercury lamp was used. Different Leitz Pleomopak filter blocks (B for 
DAPI; H for AO, DAPI, CTC and Rh-123; and N2.1 for CTC) were used as appro- 
priate for individual fluorochromes. The filters used for visualizing biofilms under 
the epifluorescence microscope was a Leitz 'H'  filter block with excitation filter 
(BP420-490), dichromatic mirror (RKP 455) and a suppression filter (LP 515). 
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2.5. Enumeration 
The results obtained using the two different fluorescence stains were compared 

with an in situ DVC enumeration method [12] and a traditional approach where 
surface-associated cells were removed from the substratum with a sterile rubber 
policeman followed by plate count (PC) enumeration. The viability of attached 
bacteria in the DVC method was determined by cell elongation after 4 h incubation 
with nalidixic acid, yeast extract and casamino acid in PBS [12]. Plate counts were 
determined by a modified drop plate method [26] using five 10/~1 drops per dilution 
with tryptone lactose yeast extract agar medium (TLY) [27]. Colonies were counted 
after 24 h incubation at 35~'C. The in situ DVC method was performed as described 
by Yu et al. [12]. 

2.6. Statistical analysis 
The microscopic enumeration results of each experiment were obtained from 

counts of 10 microscopic fields. If the total cell number was less than 400, more 
than 10 fields were examined. Statistical analyses were performed on all data from 
three replicates using mathematical functions within SigmaPlot T M  (Version 4.1 by 
Jandel Scientific) and one-way analysis of  variance (ANOVA) with InStat T M  (Ver- 
sion 1.1 by GraphPAD) computer software. The level of significance was set at 
p < 0.05 for all comparisons. 

3. Results 

3.1. Activity determined by CTC reduction 
Respiring cells within Kpl biofilms reduced CTC to crystalline CTC-formazan, 

which could be visualized as red crystals inside the bacteria by epifluorescence mi- 
croscopy (Fig. 1). Optimal time for CTC reduction was I to 2 h incubation at 35 ~'C 
(Fig. 2). The Leitz 'H'  filter block with a suppression (barrier) filter (LP 515) gave 
good color contrast for both nonrespiring cells, which stained green with DAPI, and 
respiring cells, which were green but contained red CTC-formazan crystals (Fig. 1). 
Respiratory activity of the Kpl  cells in biofilms was determined by comparing the 
cells containing intracellular CTC-formazan with total cell numbers stained by 
DAPI. The fraction of the total population in a growing biofilm that demonstrated 
respiratory activity, determined by CTC reduction, was 94.9 + 2.6% (Table 1). 

3.2. Activity determined b.v rhodamine 123 staining 
Rh 123 is not readily absorbed by Gram negative bacteria because of a perme- 

ability limitation in their outer membrane [28]. However, treatment with Tris and 
EDTA at alkaline pH [23] eliminates this barrier. The accumulation of Rh 123 into 
Kpl biofilm bacteria was observed within 30 minutes, and incubation for 2 h yielded 
optimal staining results (Fig. 3). After staining with Rh 123 for 2 h, active biofilm 
cells appeared green by epifluorescence microscopy when using a Leitz 'H'  filter 
block (Fig. 4). The level of  activity within Kpl biofilms determined by Rh 123 
staining was 86.6 _+ 6.1% (Table 1). The fraction of the biofilm bacterial popula- 
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Table I 
Activity of  K. pneumoniae population in biofilm determined by various enumeration methods. (X + S.D., 
n = 3) 

Assay Total cells Active or viable cells % Activity or viability 
(cells/mm 2) (cells or cfu/mm 2) 

CTC reduction 2.23 x 104 2.11 × 10 a 94.6 4-4 .4  
Rh 123 staining 2.01 x 104 1.74 x 104 86.6 4- 6.1 
m situ DVC 2.33 x 104 2.15 x 104 92.3 4- 4.4 
PC method 2.33 x 104- 1.01 x 104 43.3 4- 7.9 

"Value was based on A O D C  data. 

tion that stained by Rh 123 was compared with total cell numbers obtained by 
AODC on different areas of  the same coupon. 

3.3. Viability determined by in situ D VC and PC 
After 4 h incubation with nalidixic acid and nutrients, the elongated cells on 

coupons that stained with AO were counted as viable cells. The total cell numbers 
were the sum of  the elongated and non-elongated cells observed. The viability of  
biofilm bacteria determined by the in situ DVC method was 92.3 + 4.4% (Table 
1), and the total cell numbers on coupons obtained by AODC and DAPI staining 
were statistically comparable (p < 0.05). 

The PC method only revealed bacteria capable of forming colonies on TLY 
plates, expressed as viable cells in Table 1, however, this technique cannot reveal 
total cell populations. Thus, the percent viability calculated for this approach, 43.3 
+ 7.9%, was based on total counts obtained by the AODC method (Table 1). 

4. Discussion 

The enumeration of viable bacteria by the PC method may not include all viable 
cells, particularly those exposed to environmental stress [4,27,29-31]. Also, removal 
of sessile bacteria and the quantitative measurement of  aggregated populations pre- 
sent problems when using plate counting techniques. The direct microscopic exam- 
ination of  biofilm bacteria with specific fluorochromes as vital stains overcomes 
these persistent disadvantages. 

CTC has potential as a vital stain in biofilm studies since it allows the detection of  
respiratory activity by epifluorescence microscopy. Although the results of  incuba- 
tion for i h and 2 h showed similar fractions of  CTC reduction (92.4 + 3.8% vs. 
93.1 +_ 3.4%), we observed that the size of CTC-formazan crystals formed inside the 
bacteria after 1 h incubation were smaller, and tended to fade more rapidly when 
examined with epifluorescence microscopy than those incubated for 2 h. Thus, we 
chose 2 h as the optimal incubation time for the CTC reduction assay. Only cells 
with electron transport system (ETS) activity possess the membrane-bound respira- 
tory chain dehydrogenase to reduce tetrazolium salts [20,32]. Extracellular reduction 
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of CTC was not observed within Kpl biofilms. 
Rh-123 is a proton motive force (PMF)-driven dye, which is only taken up by 

viable cells. The optimal staining of Kpl biofilms by Rh 123 was observed after 2 h 
of incubation (Fig. 3). Unexplained fluctuations were observed in the fraction of 
bacteria that took up Rh 123 during the first half hour of incubation as reflected 
by a large standard deviation (65.2 + 22.1%, + S.D.). The uptake of Rh 123 
increased to 75.9 + 3.8% after 1 h, and reached a plateau at 2 h (88.3 + 8.3% at 
2 h; 88.3 + 6.1% at 3 h; 88.7 + 4.0% at 4 h) with diminished fluctuation as 
incubation proceeded. However, differences in Rh 123 uptake between 2,3, and 4 h 
were not significant (p > 0.05). The membrane permeability and cellular retention of 
the fluorescent probes depend on many physical, chemical, physiological and bio- 
chemical factors, including nonspecific binding, hydrophobicity, size and net charge 
[22]. Many of the ceil-permeant probes enter the cell and associate with cellular 
structures by intrinsic physiological process [22]. Bacteria are extremely heteroge- 
neous with respect to their ability to accumulate the lipophilic dye Rh 123, although 
this process is correlated with viability and membrane potential [23,24]. However, a 
pretreatment of biofilms with Tris chloride and disodium EDTA [28] before staining 
overcame this problem. In addition, the pretreatment did not introduce any signifi- 
cant reduction of cellular culturability on TLY plates (data not shown). 

The viability data reported here on bacteria in the absence of environmental 
stress, such as disinfectants, indicated that enumeration results obtained using PC 
and the three in situ direct microscopic methods were comparable. Levels of activ- 
ities/viabilities determined by the three methods under investigation (CTC, Rh 123, 
and in situ DVC) varied somewhat (Table 1), but the one-way ANOVA test showed 
the differences between methods were not significant (p > 0.05). However, the 
results of a previous study indicate that the differences between PC and in situ 
DVC enumeration become apparent when disinfectants (i.e. chlorine and mono- 
chloramine) are introduced into the system [12]. 

The choice of appropriate filter combinations to obtain distinctive excitation and 
emission spectra for different fluorochromes is of crucial importance in epifluores- 
cence microscopy. Leitz filter block 'D' (BP 355-425, RKP 455, LP 460) is suggested 
by the manufacturer to visualize cells stained with DAPI. This combination of filters 
is similar to that reported by Rodriguez et al. [19]. However, DAPI stained cells 
appeared blue with the red CTC-formazan crystals hardly visible when that filter 
combination was used. Leitz filter block 'H' allowed the visualization of DAPI 
stained cells (green) and CTC-formazan (red-orange) simultaneously (Fig. 1). The 
size of the CTC-formazan crystals inside the bacteria varied and smaller crystals 
sometimes were hard to identify. This introduced some personal bias in enumera- 
tions using filter block 'H'. Another filter block ('N 2.1') with a different combina- 
tion (BP 515-560, BKP 580, LP 580) gave the optimal visualization of CTC-forma- 
zan with epifluorescence microscopy. This is similar to the combination suggested 
by Rodriguez et al. [19]. The disadvantage of using this filter block is that the 
emission of DAPI was cut off by the barrier filter and no counterstain could be 
observed. As a result, bacteria with multiple CTC-formazan crystals inside might 
be counted more than once, giving incorrect enumeration results. Consequently we 
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suggest using filter b lock ' H '  or  a s imilar  c o m b i n a t i o n  for different  microscope  
systems,  which al lows observa t ion  o f  D A P I  and C T C - f o r m a z a n  at  the same time, 
as shown in Fig. 1. 

This  pape r  demons t ra t e s  that  C T C  and Rh 123 prov ided  novel in situ methods  
lbr  mak ing  physiologica l  observa t ions  o f  bacter ia  in pure  cul ture  biofi lms wi thout  
d i s rup t ing  c o m m u n i t y  integrity.  Our  previous  s tudy [12] reveals the uti l i ty o f  an in 
situ DVC method  to enumera te  viable  bacter ia  within biof i lms in 4 h. The use o f  
C T C  and Rh 123 fur ther  expedi tes  da ta  col lect ion from 4 h to 2 h, and is signifi- 
cant ly  faster  than the 24 h incuba t ion  t ime required for co lony format ion .  However ,  
it should be noted that  biofi lm fo rma t ion  was l imited to bacter ia l  mono laye r s  in this 
s tudy,  and  it is l ikely that  thicker  biofi lms respond differently.  C T C  and Rh 123 
s taining me thods  accompl ish  the rapid  and accura te  in situ enumera t ion  o f  active 
bacter ia  as well the assessment  o f  different  physio logica l  p roper t ies  o f  bacter ia  with-  
in biof i lms to an extent  that  is not  possible  by conven t iona l  techniques.  
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