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Abstract

A quantitative spectrophotometric method was developed to measure the removal and killing efficacy of antibiofilm agents.

Biofilms of Pseudomonas aeruginosa or Staphylococcus epidermidis were grown in 96-well plates, treated with an agent, then

stained with either the biomass indicator crystal violet or the respiratory indicator 5-cyano-2,3-ditolyl tetrazolium chloride. This

rapid screening method is sensitive enough to elucidate concentration–response relationships as well as differences between

species responses to treatments. Using these assays, agents can be ranked by their ability to remove or kill biofilm.

D 2003 Elsevier Science B.V. All rights reserved.
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Bacteria in biofilms resist killing by antibiotics,

biocides, and disinfectants in comparison to free-

floating cells (Xu et al., 2000). Because of the resist-

ance mounted to antimicrobial agents in biofilms,

existing methods for measuring bacterial killing,

which use planktonic cell cultures, are poorly suited

to biofilm applications. New biofilm-based methods

are needed that allow for rapid and repeatable meas-

urement of biofilm disinfection. Such methods will

serve as enabling technology for the discovery of new

antibiofilm agents. We describe such a method here. It

is based on staining biofilms grown in microtiter

plates.

Most existing biofilm testing methods are inad-

equate for the task of screening numerous chemistries

for two reasons. Both weaknesses of current methods

stem from the primary analytical technique employed:

the viable cell plate count. The plate count technique is

labor intensive and slow. These features make plate

counting poorly suited to development of a screening

technique. The second limitation of plate count-based

analysis is that it only measures disinfection. In many

biofilm control applications, the desired endpoint of

control is to remove the biofilm, not just disinfect it.

Being able to measure removal independently of kill-

ing is attractive for a few reasons. Removing the

biofilm is an environmentally friendly or ‘‘green’’

approach in that it obviates the requirement for inher-

ently toxic disinfectants. Removal is aimed directly at

obtaining a clean (biofilm-free) surface, which is the
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ultimate objective of a cleaning agent. A strategy

based on biofilm removal presents a novel commercial

opportunity in that is represents a departure from the

traditional emphasis on disinfectants that kill micro-

organisms in the biofilm.

Microtiter plate systems for quantifying biofilm

formation have been investigated using many different

organisms and stains (Christensen et al., 1985; Stepa-

novic et al., 2000; Deighton and Balkau, 1990; Miyake

et al., 1992; Ramage et al., 2001). A particular focus

has been on use of the stain crystal violet as an indicator

of total attached biomass. This technique has been used

to distinguish adherent parent strains from adhesion-

altered mutants of Escherichia coli (Genevaux et al.,

1996) and Pseudomonas aeruginosa (O’Toole et al.,

1999), and to rank strains of Staphylococcus epidermi-

dis and Vibrio sp. by their adhesive properties (Stepa-

novic et al., 2000; Christensen et al., 1985; Deighton

and Balkau, 1990; Dunne and Burd, 1991; Merritt et

al., 1997; Sonak and Bhosle, 1995). A stain such as

crystal violet is suitable for measuring the amount of

biofilm, but not its activity, so crystal violet staining

could be used to measure removal but not disinfection.

There are only a couple of descriptions of biofilm

screening methods that measure killing by an anti-

microbial agent (Das et al., 1998; Ceri et al., 1999).

Both of these methods are based on turbidimetric

monitoring of regrowth (or absence of growth) fol-

lowing treatment with an antimicrobial agent. Neither

of these methods is capable of independently measur-

ing removal of the biofilm. The study described in this

paper used the respiratory dye 5-cyano-2,3-ditolyl

tetrazolium chloride (Smith and McFeters, 1997;

Huang et al., 1995) to measure active metabolism

by bacteria that survived disinfection.

The purpose of this study was to develop a rapid

laboratory method for screening potential biofilm con-

trol agents by assessing each agent’s potential either to

remove biofilm or to disinfect the surface. This paper

describes the method we developed, presents its stat-

istical properties, and reports the screening test results

for various disinfectants and removal agents.

Single-species biofilms of S. epidermidis (ATCC

35984) and P. aeruginosa (PA01), both known biofilm

forming organisms, were grown in this study. Unless

noted, identical procedures were followed for both

bacterial species. An overnight culture was grown in

tryptic soy broth (TSB) at 37 jC for 18–20 h, then 20

ml of overnight culture was added to 180 ml of sterile

TSB. All wells in a 96-well plate were filled with 200

Al of sterile TSB. The wells formed a rectangular grid

of 8 rows (labeled A through H) and 12 columns

(labeled 1 through 12). Microtiter plates were poly-

styrene, with black sides and clear bottoms (Costar,

#3603, Corning, Acton, MA) and with a 300 Al total
well capacity. Wells were inoculated using a sterile 96-

pin replicator (Boekel, Fisher Scientific, Pittsburgh,

PA). Replicator pins were immersed in the diluted

bacterial suspension for 30 s, then lowered into wells

and agitated for 15 s. If multiple plates of the same

organism were required, the same replicator was used

for all of them, although it was reinoculated between

plates. Once inoculated, plates were covered and

incubated with shaking at 37 jC for 24 h.

Every 8–10 h during the 24-h incubation period,

spent nutrients were pipetted from wells and replaced

with fresh TSB. At 24 h, planktonic suspensions and

nutrient solutions were aspirated and wells were

rinsed, by column, with sterile water, using a Nunc-

Immuno wash 8-channel device (Fisher Scientific).

All wells were rinsed four times in this manner

immediately prior to any analysis.

Disinfection or removal agents were applied to wells

immediately after rinsing. All treatment agents were

applied for 1 h. All eight wells in a column received the

same treatment. See Table 1 for a list of agents used. It

was suspected that the biofilm’s high surface cell

density (107 CFU/cm2) might have the potential to

neutralize or otherwise lessen the concentration of the

comparatively small (200 Al) treatment volume within

1 h, so agents were aspirated and refreshed every 10

min with a pipet over the course of the treatment hour.

At 1 h, the agents were removed by rinsing the wells

twice with neutralizer using the Nunc-Immuno wash

device. The stains were then applied.

In the baseline experiments, either chlorine or urea

was applied at multiple concentrations. Replicate

experiments of each treatment/concentration were con-

ducted for both P. aeruginosa biofilms and S. epider-

midis biofilms. The chlorine treatment was in the form

of sodium hypochlorite, NaOCl, at concentrations of 1,

10, 100, and 1000 mg/l, buffered to pH 7. For chlorine

experiments only, the neutralization agent was sodium

thiosulfate, Na2S2O3, at a single concentration of 40 g/

l. An untreated control column was stained with CTC

or CV on each plate used. Previous experiments (data
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not shown) showed no statistically significant differ-

ence between untreated controls collected at the begin-

ning of the treatment hour, or at the end with or without

aspiration and replenishing of nutrients every 10 min,

so untreated controls were taken at the start of the

treatment hour.

For comparative purposes in some experiments,

viable plate counts were collected. When performing

viable plate counts, the wells in rows A and B of the

same column on the same plate were analyzed. The re-

maining wells in that column were available for ab-

sorbance readings. Planktonic cells and spent nutrients

were removed from a well by rinsing, as above. After

adding 200 Al of sterile phosphate buffered water

(PBW) (APHA et al., 1995) to the well, the well was

scraped down with a sterile wooden applicator stick for

30 s to dislodge attached cells. The buffer–cell sus-

pension was aspirated and added to 4.8 ml of sterile

buffer. The well was washed down once more with 200

Al of this dilute suspension, then scraped until dry with
a sterile applicator stick. The stick was stirred vigo-

rously in the 5 ml buffer/cell volume to dislodge

biofilm.

Five milliliter samples of dislodged cells and buffer

were disaggregated with a tissue homogenizer (Tis-

suemizer, Type SDT 1810, Tekmar-Dohrmann, Cin-

cinnati OH) for 30 s at 17,000 rpm, serially diluted

and drop plated (Herigstad et al., 2001; Hoben and

Somasegaran, 1982; Miles and Misra, 1938) on tryp-

tic soy agar (TSA) and incubated for 18–20 h at 37

jC.
Wells were stained with crystal violet (CV, Difco,

Detroit, MI) or 5-cyano-2,3-ditolyl tetrazolium chlor-

ide (CTC, Polysciences, Warrington, PA). Both P.

aeruginosa and S. epidermidis were stained with

0.16% filter-sterilized CTC for 2 h. CTC solutions

were prepared immediately prior to use. A 0.3% CV

solution was used for staining the P. aeruginosa

biofilms, and a 10-fold dilution of that was used for

S. epidermidis biofilms. Both were incubated with CV

for 5 min. All stains were incubated in wells at room

temperature.

After appropriate incubation times, absorbed stain

was eluted from attached cells with 95% ethanol.

Wells were first rinsed four times to remove excess

stain, then filled with 200 Al of ethanol and incubated.

CTC-stained wells were incubated with ethanol for 15

min, and CV-stained wells for 5 min, all at room

temperature. Stain blanks were prepared with every

experiment, using the respective concentration of

Table 1

Effect of chemical treatments on bacterial biofilms as measured by the mean percentage reduction in CV and CTC staining compared to the

untreated control

Agent P. aeruginosa S. epidermidis

CV CTC CV CTC

1 mg/l pH 7 hypochlorite 45.7F 7.0 39.6F 27.2 � 15.7F 3.9 7.5F 14.1

10 mg/l pH 7 hypochlorite 53.6F 5.1 57.1F 23.7 � 7.5F 8.7 30.9F 7.1

100 mg/l pH 7 hypochlorite 44.8F 11.9 89.4F 2.0 41.9F 14.1 81.2F 20.7

1000 mg/l pH 7 hypochlorite 38.4F 15.6 94.8F 1.6 91.0F 6.2 100.6F 0.6

0.5 M urea 26.1F 5.4 43.7F 17.8 14.1F 3.7 52.6F 3.2

1 M urea 11.6F 35.4 53.3F 27.8 18.3F 15.4 62.9F 5.8

2 M urea 25.2F 24.5 72.0F 18.7 34.0F 2.2 58.7F 4.7

5 M urea 36.3F 2.3 94.4F 4.1 55.6F 37.7 83.8F 13.7

20% isopropanol 51.9F 9.6 81.8F 1.8 � 15.0F 18.6 35.8F 9.0

2 g/l protease 60.7F 4.6 49.6F 10.8 � 15.1F10.4 38.6F 2.1

500 mg/l ADBACa 88.4F 3.7 38.7F 20.3 42.4F 12.7 74.6F 0.1

1 M sodium chloride 47.2F 5.4 62.7F 10.1 � 7.2F 21.6 7.4F 0.2

1 mg/l monochloramine 46.7F 24.0 66.0F 10.1 7.9F 6.0 8.4F 2.2

1700 mg/l hydrogen peroxide 38.4F 0.9 55.7F 0.9 53.4F 50.3 64.9F 16.6

35 mM pH 11 carbonate buffer 21.1F15.2 71.9F 11.9 65.0F 17.8 63.6F 6.5

35 mM pH 4 citric acid buffer 38.8F 7.2 66.7F 9.1 0.8F 4.6 50.0F 0.2

0.5% (v/v) orange terpine 34.2F 2.0 74.8F 1.0 � 19.3F 7.7 38.7F 1.1

The error is the repeatability S.D.
a Alkyl dimethyl benzyl ammonium chloride.
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stain, in which sterile wells were stained following the

above protocol then otherwise treated as samples.

Light absorbance was measured in all wells,

whether sterile, treated, or untreated. Immediately after

solubilization of stain with ethanol, the plate was

vigorously shaken for 10 s, then light absorbances

were read by a BioTek FL600 plate reader. The CTC-

stained wells were read at 450 nm and the CV-stained

at 540 nm. A greater absorbance indicates greater

concentration of stain. Each raw absorbance value

was corrected by subtracting the mean of absorbance

readings for the blank wells prior to statistical analysis.

Before doing experiments with treatments, we

sought to identify any systematic variation in the

biofilms in the 96 wells of a microtiter plate (Faessel

et al., 1999). Control (untreated) biofilms were grown

in all wells on the plates and the wells were stained

with either CTC or CV. This was repeated in two

separate plates on each of two separate days. The

plates were read and analyzed with the goal of

detecting patterns, such as edge effects or trends along

rows or columns, and to assess between-plate varia-

bility and between-day variability. The data were

submitted to a mixed model analysis of variance

(Neter et al., 1996). The response was absorbance of

CTC; the explanatory variables were the random

effect factors day and plate (nested within day) and

the fixed effect factors row and column. The statistical

summary included the estimated variance components

and tests for significant row or column effects.

These preliminary analyses of control biofilms

showed that row H and column 1 readings were

consistently lower than all others, for both species

and both stains. Consequently, row H and column 1

were not used in subsequent analyses, thereby reducing

the number of usable wells per plate to 77 (7 rows and

11 columns). There was a slight, statistically insignif-

icant average decline in absorbance from row A to row

G (trend test P-value = 0.15). Therefore, we decided to

treat all rows the same within any column and average

the absorbance per well over wells in that column (row

H not being used). The analysis showed that the

differences among columns were due to chance error,

not to any systematic effect. Analysis of variance

showed that the repeatability standard deviation of

the mean control absorbance per column was 0.3947.

This repeatability standard deviation was 89% attrib-

utable to the variability between days, 6% to variability

among plates within a day, and 5% to variability among

columns within a plate. The relatively large variability

between days indicates that control absorbance read-

ings are required with each experiment. We decided,

therefore, to include one or two concurrent control

(untreated) biofilm columns, in addition to a blank

column, on every plate when assessing treatment

effects.

A measure of efficacy called Percentage Reduction

was calculated from the blank, control, and treated

absorbance values on a plate (Eq. (1)). Let B denote

the average absorbance per well for blank wells (no

biofilm, no treatment), C denote the average absorb-

ance per well for control wells (biofilm, no treatment),

and T denote the average absorbance per well for

treated wells (biofilm and treatment). Then

Percentage Reduction ¼ ðC � BÞ � ðT � BÞ
C � B

� �
100%

ð1Þ

The Log Reduction was calculated from the control

and treated viable cell counts for wells on a plate. A

viable cell density (CFU cm� 2) is determined for

individual wells. Then the Log Reduction is the mean

log10 density for treated wells subtracted from the

mean log10 density for control wells (Eq. (2); DeVries

and Hamilton, 1999; Zelver et al., 2001). Let CWi

denote the log10-transformed viable cell density for

control well i, where the index i= 1, 2,. . ., I and I is

the total number of control wells for which viable cell

densities were determined; I = 2 in our experiments.

Let TWj denote the log10-transformed viable cell

density for treated well j, where the index j = 1,

2,. . ., J and J is the total number of treated wells for

which viable cell densities were determined; J = 2 in

our experiments. Then

Log Reduction ¼

XI

i¼1

CWi

I
�

XJ
j¼1

TWj

J
: ð2Þ

For each treatment, whether a disinfectant or a

removal agent, the screening test was repeated on

two different days. We calculated the standard devia-

tion of the efficacy measure across those repeats; that

standard deviation is called the Repeatability S.D. A
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good screening test should produce a small repeatabil-

ity S.D.

To test for trend, we used the t-test of the slope for

a linear least-squares regression of the response on the

log-transformed concentration. We also conducted a

one factor analysis of variance with concentration as

the factor and the variance among replicates as the

error variance. A one-sided Dunnett’s many-to-one

test was conducted to see if the mean response at a

concentration was significantly higher than the mean

response at the lowest observed concentration of that

agent. This latter approach is more conservative

because it does not assume a linear trend.

Chlorine, in the form of sodium hypochlorite at 1,

10, 100 and 1000 mg/l at pH 7, was applied to both S.

epidermidis and P. aeruginosa biofilms. Concentra-

tion– response curves for the two organisms are

shown in Fig. 1a,b, respectively. For both organisms,

the percentage reduction in activity as measured by

CTC staining and log reduction in viable cell density

Fig. 1. (a) P. aeruginosa; (b) S. epidermidis. Concentration– response curves for treatment with chlorine. Each curve is the average of duplicate

experiments. The points are shown as circles for the first experiment and as triangles for the second. Panels (a) and (b) show the percentage

reduction in absorbance after applying CTC (row A) or CV (row B). Row C shows the log10 reduction in viable bacteria (CFU/cm2).
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increased with increasing chlorine concentration to

levels near the detection limit of the viable cell count

method. For P. aeruginosa and CTC staining, the

trend test was significant (one-sided P-value < 0.008);

the analysis of variance showed that the mean per-

centage reductions at the 100 and 1000 mg/l concen-

trations were statistically significantly greater than at

the 1 mg/l concentration (Dunnett test simultaneous,

one-sided P-values = 0.057 and 0.043, respectively).

For S. epidermidis and CTC staining, the trend test

was significant (one-sided P-value < 0.001); the anal-

ysis of variance showed that the mean percentage

reductions at the 100 and 1000 mg/l concentrations

were statistically significantly greater than at the 1

mg/l concentration (both Dunnett test simultaneous,

one-sided P-value < 0.006).

The conventional log reduction responses based on

viable cell counts provided essentially the same trends

as the percentage reduction in CTC absorbance. For P.

aeruginosa, the trend test for log reduction values was

significant (one-sided P-value < 0.004); the analysis of

variance showed that the mean log reductions at the

100 and 1000 mg/l concentrations were statistically

significantly greater than at the 1 mg/l concentration

(Dunnett test simultaneous, one-sided P-values = 0.054

and 0.026, respectively). For S. epidermidis, the trend

test was significant (one-sided P-value < 0.003); the

analysis of variance showed that the mean log reduc-

tions at the 100 and 1000 mg/l concentrations were

statistically significantly greater than at the 1 mg/l

concentration (both Dunnett test simultaneous, one-

sided P-value < 0.02).

Removal, as measured by the percentage reduction

of CV absorbance, could also be related to chlorine

concentration; however, the relationship differed for

the two organisms. For P. aeruginosa, the CV percent-

age reduction was relatively constant at 40–50% for

chlorine concentrations between 1 and 1000 mg/l

chlorine. For P. aeruginosa, the trend test was insig-

nificant (one-sided P-value = 0.37); the analysis of

variance showed that the mean percentage reductions

at the 100 and 1000 mg/l concentrations were not

statistically significantly greater than at the 1 mg/l

concentration (smallest Dunnett test simultaneous,

one-sided P-value = 0.46). On the other hand, the CV

percentage reduction increased with concentration for

S. epidermidis, reaching 90%. For S. epidermidis, the

trend test was significant (one-sided P-value < 0.001);

the analysis of variance showed that the mean percent-

age reductions at the 100 and 1000 mg/l concentrations

were statistically significantly greater than at the 1 mg/

l concentration (Dunnett test simultaneous, one-sided

P-value < 0.004).

The concentration–response curves for treatment

with urea (Fig. 2a,b) showed that, for both organisms,

disinfection increased with concentration, reaching

percentage reductions for CTC between 80% and

90%. For P. aeruginosa, the trend test was significant

(one-sided P-value < 0.01); the analysis of variance

showed that the mean percentage reduction at the 5 M

concentration was almost statistically significantly

greater than at the 0.5 M concentration (Dunnett test

simultaneous, one-sided P-value = 0.06). For S. epi-

dermidis, the trend test was significant (one-sided P-

value < 0.01); the analysis of variance showed that the

mean percentage reductions at the 5 M concentration

was statistically significantly greater than at the 0.5 M

concentration (Dunnett test simultaneous, one-sided

P-value < 0.02).

The CV data for urea showed percentage reductions

in the 40–60% range. For P. aeruginosa, the trend test

was barely insignificant (one-sided P-value = 0.07);

the analysis of variance showed that the mean percent-

age reductions for CV at all concentrations were not

statistically significantly greater than at the 0.5 M

concentration (smallest Dunnett test simultaneous,

one-sided P-value = 0.25). For S. epidermidis, the

trend test was significant (one-sided P-value = 0.035);

the analysis of variance showed that the mean percent-

age reductions for CV at all concentrations were not

statistically significantly greater than at the 0.5 M

concentration (smallest Dunnett test simultaneous,

one-sided P-value = 0.15).

The percentage reduction in CTC staining was

larger than the percentage reduction in CV staining

in most experiments. This is the expected result since

cells that are removed cannot contribute to metabolic

activity whereas cells that have lost metabolic activity

can still contribute to the total amount of biomass. It is

possible, however, that a treatment could affect the

biomass in a way that enhances CV staining.

All of the agents and concentrations listed in Table

1 were applied to both organisms, in duplicate experi-

ments, with both stains. The resulting percent reduc-

tions in CVor CTC signals are also shown in Table 1.

Although the repeatability S.D. values in Table 1 range
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from 0.1 to 50.3, each S.D. is estimated from only two

experiments. The observed range of S.D. is not incon-

sistent with the assumption that the true S.D. is the

same for each agent by species by stain combination.

Under that assumption, the S.D. values can be com-

bined to yield an estimate of the common true S.D.

Because inactive and very active treatments exhibit

little variability between duplicate experiments, we

pooled data from only those 53 cases where the

percentage reduction was between 10% and 90%.

The resulting overall estimate of the repeatability

S.D. is 15.7.

Perusal of Table 1 shows that the percentage

reductions were microorganism and antimicrobial

agent specific. For example, 1 M sodium chloride

removed a significant amount of the P. aeruginosa

biofilm but scarcely affected the S. epidermidis bio-

film. On the other hand, hydrogen peroxide more

effectively removed and killed S. epidermidis biofilm

than it did P. aeruginosa biofilm. The range of chem-

istries represented in Table 1 suggests that this method

is capable of providing quantitative measurements of

biofilm killing and removal for a wide variety of

antimicrobial agents.

Consider a test based on duplicate experiments. We

suggest that an average percentage reduction greater

than 40% is a reasonable definition of a positive test.

The rationale is that 40% is 3.7 times the standard error

of the two-experiment mean (11.1 = 15.7/1.414). The

number 3.7 is the 99.99 percentile of the standard

normal distribution. By choosing a large percentile

the threshold is less likely to produce false positives.

We caution, however, that the repeatability standard

deviation may differ from laboratory to laboratory.

Sufficient within-laboratory repeat experiments should

be conducted for purposes of estimating the standard

deviation before a pass–fail threshold is set for that

laboratory.

The repeatability of the microtiter-plate percentage

reduction is similar to accepted standardized tests of

Fig. 2. (a) P. aeruginosa; (b) S. epidermidis. Concentration–response curves for treatment with urea. Each curve is the average of duplicate

experiments. The points are shown as circles for the first experiment and as triangles for the second. Panels (a) and (b) show the percentage

reduction in absorbance after applying CTC (row A) or CV (row B). Row B for (a) P. aeruginosa contains two negative percentage reduction

values at 1 M.
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disinfectant log reduction. This statement is based on

coefficient of variation calculations (100 S.D./mean),

which are commonly used to compare tests that have

different measurement scales. The coefficient of var-

iation is dimensionless. If the percentage reduction

was at our recommended threshold of 40, the corre-

sponding coefficient of variation is 11.1/40 or 28%. A

review of standard suspension and dried-surface tests

found that the mean coefficient of variation across 22

studies was 25.8% (Table 2 in Tilt and Hamilton,

1999).
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