
Quantification of vital adherent Streptococcus sanguinis cells
on protein-coated titanium after disinfectant treatment

Monika Astasov-Frauenhoffer • Olivier Braissant •

Irmgard Hauser-Gerspach • A. U. Daniels •

Dieter Wirz • Roland Weiger • Tuomas Waltimo

Received: 7 April 2011 / Accepted: 6 June 2011 / Published online: 14 June 2011

� Springer Science+Business Media, LLC 2011

Abstract The quantification of vital adherent bacteria is

challenging, especially when efficacy of antimicrobial

agents is to be evaluated. In this study three different

methods were compared in order to quantify vital adherent

Streptococcus sanguinis cells after exposure to disinfec-

tants. An anaerobic flow chamber model accomplished

initial adhesion of S. sanguinis on protein-coated titanium.

Effects of chlorhexidine, Betadine�, Octenidol�, and

ProntOral� were assessed by quantifying vital cells using

Live/Dead BacLight
TM

, conventional culturing and iso-

thermal microcalorimetry (IMC). Results were analysed by

Kruskal–Wallis one-way analysis of variance. Live/dead

staining revealed highest vital cell counts (P \ 0.05) and

demonstrated dose-dependent effect for all disinfectants.

Microcalorimetry showed time-delayed heat flow peaks

that were proportioned to the remaining number of viable

cells. Over 48 h there was no difference in total heat

between treated and untreated samples (P [ 0.05), indi-

cating equivalent numbers of bacteria were created and

disinfectants delayed growth but did not eliminate it.

In conclusion, contrary to culturing, live/dead staining

enables detection of cells that may be viable but non-cul-

tivable. Microcalorimetry allows unique evaluation of rel-

ative disinfectant effects by quantifying differences in time

delay of regrowth of remaining vital cells.

1 Introduction

Reliable quantification of vital adherent microorganisms

on surfaces of various biomaterials is challenging. Fluo-

rescence microscopy and conventional culturing methods

have commonly been applied for the quantification of vital

bacteria after direct exposure to disinfectants [1–9].

Determination of vital and dead bacterial cells by

fluorescence microscopy is based on the intactness of the

cell membrane. The fluorescence agent Syto 9 labels all

the cells, whereas propidium iodide attaches only on cells

with damaged membranes. Intact and damaged cells

appear green and red when exposed to wavelengths of

450–490 and 546 nm, respectively [10]. This practical

technique has been widely used in assessment of the

vitality status of planktonic and adherent microorganisms

[1–10]. Due to the three-dimensional nature of well-

established biofilms such Syto 9/propidium iodide-based

fluorescence microscopy has commonly been combined

with confocal laser scanning microscopy. This enables

observations also in the deeper layers of the biofilm [4, 6,

11, 12]. Determination of the vitality of adherent micro-

organisms by conventional culturing requires their resus-

pension prior to cultivation and subsequent quantification

of colony-forming units. Several factors—such as physi-

cal damage to the cells by resuspension or lack of growth

due to suboptimal culture conditions—may cause the

culture method to yield partially false negative results.

Consequently, using both fluorescent microscopy and
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conventional culture methods commonly give results

which are not always in accord [13]. This may also be

due to viable but non-cultivable (VBNC) microorganisms

[14]. Despite their typically low levels of metabolic

activity, bacteria may switch again to being cultivable

when the culture conditions improve, a process called

resuscitation [15].

Isothermal microcalorimetry (IMC) has become a

promising tool for monitoring heat flow generated by

various (micro)biological metabolic activities in vitro.

Modern microcalorimeters are very sensitive and can

measure heat production rates of less than a microwatt—

equivalent to the combined metabolic output of a few

hundred thousand active bacteria [16]. Thus, metabolism

and growth of relatively limited numbers of bacteria can be

monitored continuously and accurately at any chosen

temperature [17–19]. In microbiology, microcalorimetry

has been used to determine replication rates of bacterial

cells [20, 21], effects of biocides on microbial activity

[22, 23], and bacterial coaggregation [24] as well as to

identificy bacterial species by the patterns of their heat flow

rate curves [25–28]. Hauser-Gerspach et al. [29] showed

that IMC allows estimating the rate of bacterial adhesion

onto surfaces. In that study IMC could also differentiate

effects of buffer (saline vs. saliva) and material surface

area, using different baseline numbers of readily-adherent

Streptococcus sanguinis.

Based on its ability to measure growth and also detect

bactericidal (and bacteriostatic) effects, IMC could be

suitable for the determination of the number of vital

adherent bacteria on various surfaces. Integration of the

heat flow curves (lW = vs. lJ/s vs. time) obtained by IMC

provides the cumulative amount of heat (J vs. time) which

is proportional to the cumulative amount of biomass

formed. This allows determination of time the bacteria

need to reach the exponential growth phase using the

growth model of Gompertz [30, 31]. This lag time depends

on the bacterial concentration of the sample; therefore

defining it as a dependent variable to detect differences

between standardized concentrations, provides a mathe-

matical relationship between the time and concentration

applicable for any treated sample. Additionally, as IMC

allows following the microbial activity of the bacteria over

a longer period of time, and thus it can be used to detect

whether resuscitation of the VBNC occurs under a given

set of conditions.

The aims of this study were to (a) utilize three different

methods—live/dead staining, conventional culture method

and IMC—to quantify vital adherent S. sanguinis cells after

direct exposure to disinfectants on protein covered titanium

test specimens and (b) determine whether the results were

in agreement—or perhaps together provided a more com-

plete picture than any single method.

2 Materials and methods

2.1 Microorganism

Streptococcus sanguinis (DSM 20068; German Collection

of Microorganisms and Tissue Culture Cells, Braun-

schweig, Germany) was used throughout the study. A 10 ll

inoculum of S. sanguinis in skim milk solution (from

-20�C) was suspended in 5 ml Schaedler broth (BBL
TM

,

Becton–Dickinson, Basel, Switzerland) and incubated at

37�C for 8 h. From the 8-h-old culture a new subculture

(1:50) was made, which was grown at 37�C for 16 h.

Thereafter the culture was ultrasonicated for 30 s (30 W;

Vibracell, Sonics & Materials, Newtown, CT); centrifuged

at 8500 rpm for 5 min, washed with 0.9% NaCl and the

cells were harvested again by centrifugation. Bacteria were

resuspended in simulated body fluid (SBF) [32] to a density

of 108 cells/ml.

2.2 Saliva and serum

The saliva was collected (using paraffin chewing stimula-

tion to augment production) from three healthy volunteers

according to a recently reported procedure [33]. Briefly, the

collected saliva was ultrasonicated for 30 s (30 W;

Vibracell, Sonics & Materials, Newtown, CT), filtered

through a 70 lm filter (Cell Strainer, Becton–Dickinson,

Basel, Switzerland) and centrifuged at 22,0009g for

40 min at 4�C. The supernatant was filtered through two

connected filters (0.45 and 0.22 lm; Millex-HV and Mil-

lex-GV, respectively; Millipore, Switzerland) and frozen at

-20�C in aliquots of 10 ml corresponding the need for

each individual experiment.

Serum used was a pool from five persons (Blutspende-

zentrum SRK, Basel, Switzerland). The pH of the serum/

saliva mixture was adjusted to 7.2 by adding potassium and

sodium phosphate buffers (0.067 mol/l).

2.3 Substrate for adhesion

Polished titanium disks (mean roughness of 120 nm),

5 mm diameter and 1 mm thick (commercial pure tita-

nium grade 2, ASTM F-67, Straumann AG, Waldenburg,

Switzerland) sterilized by steam autoclaving and gamma

irradiation were used as substrates for S. sanguinis adher-

ence. The sterile disks were exposed for 15 min to freshly

mixed serum/saliva (1:10) solution prior to each experi-

ment in order produce protein pellicle formation [33].

2.4 Anaerobic flow chamber model

The flow chamber model has recently been described in

detail [33]. Briefly, the system is comprised of a flow
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chamber with the test specimen, a polytetrafluoroethylene

dispenser containing the bacterial suspension and a peri-

staltic pump with an integrated speed controller (flow rate

at 0.8 ml/min), all the parts are connected by polyvinyl-

chloride tubes. The dispenser and flow chamber are placed

on a shaker (260 rev/min) to maintain the homogeneity of

the suspension. Circulating bacteria were allowed to adhere

on the protein-coated disks under anaerobic conditions

(MACS MG, Don Whitley Scientific Ltd; atmosphere of

80% N2, 10% H2 and 10% CO2) at 37�C for 2 h.

2.5 Treatment of adherent S. sanguinis cells

with disinfectants

Four different disinfectants were used in this study:

chlorhexidine (chlorhexidin-D Mundspülung, 0.125%

chlorhexidine digluconate; Universitätsspital Basel, Basel,

Switzerland), Betadine� (0.75% povidone-iodine; Mundi-

pharma, Medical Company, Basel, Switzerland), Octenidol�

(0.1% octenidine; Schülke & Mayr GmbH, Norderstedt,

Germany) and ProntOral� (0.1–0.25% polyhexamethylene

biguadine; B. Braun Medical AG, Sempach, Switzerland).

Each of the four was tested at four different concentrations,

which are shown in Table 1. The protein-coated disks with

adherent S. sanguinis cells were removed from the anaerobic

flow chamber after 2 h, dipped gently in sterile saline to

remove any non-adherent cells and placed in disinfectant

solutions for 30 s. The disk incubated in sterile saline served

as a control. After the exposure to the solutions, the disks

were gently dipped in sterile saline. The sides and the bottom

of the disks were decontaminated with 70% ethanol for 30 s.

Thereafter the specimens were prepared either for live/dead

staining and fluorescence microscopy, for culturing by the

conventional method or for IMC.

2.6 Detection of the vitality status of the adherent

bacteria

2.6.1 Live/dead staining and fluorescence microscopy

The adherent cells were stained by dual fluorescent dyes

(Live/Dead BacLight
TM

bacterial Viability Kit; MoBiTec,

Luzern, Switzerland), and analyzed microscopically (x40;

Provis AX70, Olympus AG, Volketswil, Switzerland). It

has been hypothesized that the use of two fluorescent dyes

allows differentiation between vital and dead cells. Syto9

stains all cells but propidium iodide only stains those with

damaged membranes. Microscopic examination using

FITC and Cy3 light filters respectively reveals first all cells

and then those which are stained by both dyes and are thus

‘‘dead’’. From each disk five randomly selected micro-

scopic fields each of 0.024 mm2 were photographed and

the bacteria on the area counted by Analysis program

(Olympus AG, Volketswil, Switzerland). All experiments

were done three times.

2.6.2 Conventional culture methods

The specimens for conventional culture methods were

placed in 1 ml 0.9% NaCl, vortexed for 1 min and treated

with ultrasound for 15 s (22.5 W; Vibracell, Sonics &

Materials, Newtown, CT) to remove adherent cells from

the disks. Serial dilutions were made in sterile saline and

aliquots of 0.1 ml were plated on Columbia blood

agar plates (BBL
TM

, Becton–Dickinson, Basel, Switzerland;

supplemented with 50 ml/l of human blood, 0.5 mg/l of

menadione, and 5 mg/l of hemin) in duplicates and incu-

bated anaerobically at 37�C for 48 h. Based on colony

morphology and cellular characteristics the purity of the

cultures was controlled, colonies were counted and quan-

tified (CFU/ml). All experiments were done three times.

2.6.3 Microcalorimetric analysis

The IMC instrument (TAM 48, TA Instruments, New

Castle DE USA) was first set at 37�C. The titanium disks

were then placed in microcalorimetric ampoules filled with

3 ml of Schaedler broth. Each sample was ultrasonicated

for 5 s (7.5 W; Vibracell). The ampoules were closed

under aerobic conditions and each was placed in the

equilibration position in one of the 48 chambers of the IMC

instrument for 15 min to allow initial thermal equilibration.

After this equilibration phase, the samples were low-

ered into measuring position and measurement started after

45 min (i.e., the time required to obtain full thermal

Table 1 Disinfectants and their concentrations used in this study

Product name Antimicrobial agent Stock concentration (%) Used concentrations in this study

1:1 (%) 1:2 (%) 1:4 (%) 1:8 (%)

Chlorhexidine Chlorhexidine digluconate 0.125 0.125 0.063 0.031 0.016

Betadine� Povidone-iodide 0.750 0.750 0.375 0.188 0.094

Octenidol� Octenidine HCl 0.100 0.100 0.050 0.025 0.013

ProntOral� Polyhexamethylene biguanide 0.100–0.250 0.100–0.250 0.05–0.125 0.025–0.063 0.013–0.031
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equilibration). During all the measurement time, the

instrument maintained the set temperature of 37�C with an

accurracy of 0.02�C and a temperature drift less than 2l�C

and heat flow (lW = lJ/s) versus elapsed time was

recorded for each ampoule. Calibration of the microcalo-

rimetric experiments was done by determining the lag

times of different concentrations of S. sanguinis suspension

(102, 5 9 102, 103, 5 9 103, 104, 5 9 104, 105 CFU/ml) in

3 ml Schaedler broth (BBL
TM

, Becton–Dickinson, Basel,

Switzerland) in duplicates. The samples were ultrasoni-

cated for 5 s (7.5 W; Vibracell), closed and placed into the

IMC at 37�C for analysis. Each experiment was done three

times.

For each sample the lag time was calculated by fitting

the Gompertz’s equation for describing growth curves to

the integrated heat-flow curve (i.e. J vs. time) [30, 31].

Curve fitting was performed using the R software and the

‘‘grofit’’ package. So that heat flow (growth) data for the

disinfectant-treated samples could be analyzed, the rela-

tionship between the CFU counts and lag time from the

calibration assays was determined. The linear regression

model was obtained by Stata 10 resulting in equation:

ln(CFU) = 17.972 - 1.072 * lag time(h), with R2 =

0.9896. The equation allowed determination of the initial

concentration of bacteria in each sample.

Additionally, the maximum growth rate of the bacteria

and the accumulated heat over 48 h were determined using

the Gompertz equation as well, in order to see if there were

differences in these parameters between disinfectant-trea-

ted and untreated control samples.

2.7 Statistical analysis

For all three methods the results were evaluated as vitality

percentages of the samples. Therefore, the vital cell counts

in each of the treated samples were divided by the vital cell

counts for untreated control samples and multiplied by 100.

All the results were analyzed by Stata 10 software for the

Kruskal–Wallis analysis of variance.

3 Results

3.1 Anaerobic flow chamber

Bacterial suspension inside the anaerobic flow chamber

system maintained the pH and CFU counts at the same level

throughout the 2 h, indicating that the conditions for the

bacteria did not change during the experiment. At the

beginning and at the end of the experiment the CFU counts

per ml were 6.38 9 108 ± 2.18 9 107 and 6.40 9 108

± 1.84 9 107, respectively. The corresponding pH values

ranged from 7.27 ± 0.05 and 7.20 ± 0.06, respectively.

3.2 Live/dead staining and fluorescence microscopy

Vitality percentages of the adherent cells after the different

disinfectant treatments are presented in Fig. 1. The vitality

percentage was calculated in relation to the control that

was present in each disinfectant group. A dose-dependent

effect was observed for chlorhexidine, Betadine� and

ProntOral�. Octenidol� treatment resulted in a small sta-

tistically not significant inconsistency between the 1:8 and

1:4 dilutions, which could be explained by the high effi-

cacy of the disinfectant, resulting overall in a very small

percentage of vital cells at both dilutions. Disinfectant

treatment resulted in significant differences among the

different concentrations of the same disinfectant in all four

cases (P \ 0.05).

Almost no effect on the vitality of the adherent S. san-

guinis cells was detected by the lowest concentration of

chlorhexidine and Betadine�. In comparison, Octenidol�

and ProntOral� reduced the vitality of the cells far more

efficiently at the three lowest concentrations than did

chlorhexidine or Betadine�. No significant differences

were observed among the undiluted original solutions.

3.3 Conventional culture method

The results of the colony forming unit (cfu-based) experi-

ments are shown in Fig. 2. (In untreated control samples an

average of 2.3 9 104 CFU/ml was detected.) A dose-

dependent effect was observed only with chlorhexidine by

this method. Significant differences between the different

concentrations of the same disinfectant were present in the

chlorhexidine group (P \ 0.05); the other three disinfec-

tants gave no significant differences for different concen-

trations. The vitality of the cells was reduced to less than

1% by the treatment with Betadine�, Octenidol� and

ProntOral� at all concentrations except 1:8 Octenidol�.

A remarkably lower percentage of vital cells were

detected by the CFU count experiments than by fluorescent

Fig. 1 Vitality percentage of disinfectant-treated samples compared

to the untreated control measured by live/dead staining method. As a

result mean values with standard deviations are given (n = 3)
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staining. The biggest difference between the two methods

was detected for the treatment with Betadine�. The dif-

ferences in results for the Octenidol� and ProntOral�

groups were smaller between the two methods, but still

significant at lower concentrations.

3.4 Isothermal microcalorimetry (IMC)

The vitality percentages determined by IMC are shown in

Fig. 3. (In the untreated control 2.8 9 104 CFU/ml were

detectable). No dose-dependent effect was observed by this

method for reasons explained later. Significant differences

among the different concentrations of the same disinfectant

were present only in the chlorhexidine group (P \ 0.05),

the other three disinfectants had no significant differences

among the results for different concentrations.

The vitality percentages of the cells were lower when

determined by IMC compared to either of the other two

methods. The highest vitality rate was observed after the

treatment with 1:8 dilution of chlorhexidine (73.32% ±

17.24). More than 1% of vital cells were detected just by

four other solutions: 2.74% ± 1.16 by 1:4 of chlorhexidine,

14.49% ± 2.87 by 1:8 of Octenidol�, 10.21% ± 2.49

by 1:8 of ProntOral� and 4.28% ± 3.28 by 1:2 of

ProntOral�.

The mean maximum growth rate in control samples was

1.14 ± 0.21 h-1 and for the treated samples grouped all

together 1.14 ± 0.78 h-1. The average accumulated heat

produced by control samples in 48 h was 6.54 ± 0.13 J

and this of the treated samples grouped all together

5.74 ± 0.25 J. No significant difference was detected

between the untreated control sample and any of the treated

samples for either of these parameters (P [ 0.05), which

indicates that equivalent numbers of bacteria were created

and disinfectants delayed growth but were not able to

eliminate it.

4 Discussion

In the present study three methods were used to analyse the

vitality rates of adherent bacteria after direct exposure to

four disinfectants in order to compare the methods and

define their optimal usage. The techniques applied were:

live/dead staining and two methods based on the cultiva-

bility of the cells—the conventional culture method to

count survived bacteria as colonies on a solid media, and

IMC—using the cumulative heat production versus time

curves of the samples to quantify the amount of the cells in

the liquid media. To achieve comparable data, the results

revealed by each method were converted into vitality

percentages ± SD.

It is well-known that bacterial response to chemical and

environmental stress results in activating low-metabolism

survival mechanisms. A common related response to such

stress on bacterial cells is an inability to develop into

colonies on routine culture media, even though the cells

may remain viable for long periods of time. As cells in the

viable but non-cultivable (VBNC) state are no longer

culturable, alternate nonculture methods must be used to

demonstrate their vitality. A commonly used method is

staining (e.g. the Live/Dead BacLight
TM

assay) designed to

demonstrate the percentage of cell exhibiting cytoplasmic

membrane integrity (and presumed viability), through

direct microscopic examination [4, 10]. Despite their

typically low levels of metabolic activity, these bacteria

are again culturable upon resuscitation. The VBNC cells

are one of the major hindrances each treatment protocol

might encounter. Under suitable conditions the VBNC

cells are able to overcome the stress and re-grow to the

same density the cell population had before the applied

treatment. Therefore, monitoring the behaviour of the

disinfectant-treated bacteria in their favourable environ-

ment leads to a better insight of what is happening to the

VBNC cells.

Fig. 2 Vitality percentage of disinfectant-treated samples compared

to the untreated control measured by conventional culturing method.

Mean values with standard deviations are given (n = 3)

Fig. 3 Vitality percentage of disinfectant-treated samples compared

to the untreated control measured by isothermal microcalorimetry.

Mean values with standard deviations are given (n = 3)
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All disinfectants showed dose-dependent effects through-

out the study with a minor and not significant exception in the

Octenidol� group in results of the live/dead staining. This

can be explained by the high efficacy of the disinfectant

reducing the percentage of vital cells to less than 5%. The

vitality percentages measured by live/dead staining were

considerably higher than those measured by either the

conventional culture methods or IMC, especially for

chlorhexidine and Betadine�. On one hand, a possible high

population of VBNC cells (with intact membranes) may lead

to higher viability percentages for live/dead staining than the

methods based on culturing [15]. On the other hand, lower

viability percentages for the culture methods could be

due to killing of more cells through the necessary han-

dling procedures. However, bacteriostatic effects of

disinfectants remain beyond the sensitivity of the live/

dead method. In case of Betadine�, which is based on an

iodide complex, the interference with the propidium

iodide in the staining step should be considered as a

confounding factor that might reduce the percentage of

dead cells correctly stained. Thus, for the first time ever

the present results indicate that live/dead staining may

have severe limitations for in vitro susceptibility testing

due to possible interactions with iodine-based antimi-

crobial agents.

The CFU/ml determined in untreated control samples

showed no significant difference between the conventional

culture method and microcalorimetry, thereby making the

discrepancy in the results between the methods even more

obvious. An immense difference in results was observed in

the samples treated with chlorhexidine, where a dose-

dependent effect was detected by conventional culture and

by live/dead staining, but IMC only detected a significant

amount of bacteria in the sample treated with lowest con-

centration of the disinfectant.

The IMC experiments were run at 37�C for 48 h in a

suitable media for S. sanguinis to grow. Such a setup

enables one to monitor also the long-term bactericidal

effects of the disinfectants because any unkilled cells need

considerable time to become metabolically active again

and replicate sufficiently to result in a detectable heat flow.

Over 48 h there was no difference in total heat between

treated and untreated samples (P [ 0.05), indicating

equivalent numbers of bacteria were created and disinfec-

tants delayed growth but did not eliminate it. The sample

treated with a 1:8 dilution of chlorhexidine was the only

one which showed a high rate of vitality by microcalori-

metry at the beginning of the experiment.

In this study model, 48 h was enough to observe by IMC

the resuscitation and growth of the disinfectant-treated

bacteria to the same level as the untreated control, despite

the significant differences in the starting disinfectant

concentrations.

5 Conclusions

Live/dead staining is intended to detect bacterial cell death

based on destruction of the cell membrane. The higher

percent viable cells—right after treatment—found by this

method compared to the culture methods indicates that the

higher percentage of viable cells determined by live/dead

staining also includes VBNC cells.

The conventional culture method used was not able to

detect VBNC cells and thereby underestimates the count of

bacteria able to re-colonize the surface. Although IMC is

based on culturing, too, it allows unique evaluation of

relative disinfectant effects by quantifying differences

in time delay of regrowth of remaining vital cells—i.e.

cells that would be classified as VBNC cells by conven-

tional culture. As a completely ‘‘non-invasive’’ monitoring

method with high sensitivity, reproducibility and simplic-

ity, IMC is a more appealing method of choice than

conventional culture method to observe the efficacy—and

dynamics—of disinfectants in vitro.
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17. Wadsö I. Isothermal microcalorimetry in applied biology. Ther-

mochim Acta. 2002;394:305–11.

18. Braissant O, Wirz D, Goepfert B, Daniels AU. Use of isothermal

microcalorimetry to monitor microbial activities. FEMS Micro-

biol Lett. 2010;303:1–8.

19. Braissant O, Wirz D, Goepfert B, Daniels AU. Biomedical use of

isothermal microcalorimeters. Sensors. 2010;10:9369–83.
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