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Transient chlorine concentration profiles were measured in biofilms during disinfection by use of a
microelectrode developed for this investigation. The electrode had a tip diameter of ca. 10 pm and was sensitive
to chlorine in the micromolar range. The biofilms contained Pseudomonas aeruginosa and Klebsiella pneumoniae.
Chlorine concentrations measured in biofilms were typically only 20% or less of the concentration in the bulk
liquid. Complete equilibration with the bulk liquid did not occur during the incubation time of 1 to 2 h. The
penetration depth of chlorine into the biofilm and rate of penetration varied depending on the measurement
location, reflecting heterogeneity in the distribution of biomass and in local hydrodynamics. The shape of the
chlorine profiles, the long equilibration times, and the dependence on the bulk chlorine concentration showed
that the penetration was a function of simultaneous reaction and diffusion of chlorine in the biofilm matrix.
Frozen cross sections of biofilms, stained with a redox dye and a DNA stain, showed that the area of chlorine
penetration overlapped with nonrespiring zones near the biofilm-bulk fluid interface. These data indicate that
the limited penetration of chlorine into the biofilm matrix is likely to be an important factor influencing the

reduced efficacy of this biocide against biofilms as compared with its action against planktonic cells.

Biofouling is the detrimental development of biofilms in
engineered systems, such as industrial process equipment,
drinking water distribution systems, and ship hulls. Biofilms
can decrease heat transfer in heat exchangers, increase the
pressure drop in pipelines (5, 14), and enhance corrosion (10,
14) and may be a source of bacterial contamination of drinking
water (4). Biofilms are a nuisance in these systems, and control
of their development may be necessary to maintain process
efficiency and safety. Biofilm control is often performed with
biocides, of which the most commonly used is chlorine, a
strong oxidizing agent and disinfectant. Biocides are much less
effective against biofilms than suspended cells (6, 11-13, 15).
Cells in biofilms are protected from biocide action and are
killed only at biocide concentrations orders of magnitude
higher than necessary to kill suspended cells. It has been
speculated that the lower sensitivity of biofilm cells to biocides
is due to differences in the physiological state associated with
lower growth rate (3). Alternatively, biocides may not reach
the cells as a result of diffusional resistance of the biofilm
matrix (7) or neutralization of the biocide inside the matrix
(15, 18).

The objective of this study was to determine biocide pene-
tration into a microbial biofilm during biocide treatment.
Direct concentration measurements in biofilms can be
achieved with high spatial resolution by use of microelectrodes,
as shown for oxygen (9, 17), pH (9, 17), sulfide (17), nitrate (9),
and ammonium (9). These needle-shaped sensors have a tip
diameter of 1 to 10 wm, which prevents disruption of the
biofilms during measurements. We developed a microsensor
for chlorine and compared measurements of biocide penetra-
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tion with previously developed methods to assess biocide
action in biofilms.

MATERIALS AND METHODS

Biofilm growth. Biofilms were developed in a continuous-
flow annular reactor that incorporated 12 removable stainless-
steel slides to permit sampling of the biofilms growing on them.
Binary population biofilms of Pseudomonas aeruginosa and
Klebsiella pneumoniae were developed by inoculating the reac-
tor with frozen stock cultures, incubating the cultures in batch
mode for 24 h, and then initiating flows to sustain continuous
culture as described previously (6). Experiments were per-
formed with 1-week-old biofilms having a maximal thickness of
150 to 200 pm.

Chlorine microelectrode preparation. The microelectrode
was patterned after an oxygen microelectrode (17), modified to
obtain a miniaturized version of a chlorine macroelectrode (2).
The cathode was made from 100-pm-diameter platinum wire,
of 99.99% purity, that was tapered to a fine tip (less than 1 pm)
on one end and sealed in a glass capillary as described
previously (17). Before applying the glass coating, the wire was
rinsed in distilled water and acetone and dried with a hot-air
gun. After the platinum tip was exposed by grinding (17), the
glass was resealed by reheating the tip for ca. 2 s with a heating
coil. Subsequently, the platinum in the tip was recessed 1 to 2
wm in a fresh 2 M KCN solution while applying 2.5 V of
alternating current. The tip was then rinsed in distilled water
and acetone, dried with a hot-air gun, and dipped in a solution
of 10% (wtfvol) cellulose acetate in acetone for 30 s. After
applying the cellulose acetate coating, the acetone was allowed
to evaporate for 1 h at room temperature. The tip diameters of
the resulting microelectrodes were 5 to 10 wm. Stirring effects
were determined by measuring the microelectrode signal in a
chlorine solution of 10 to 20 wM that was either stirred or
stagnant. The velocity of the stirred liquid was at least 30 cm/s.
If the signal difference was more than 5%, the electrodes were
washed with distilled water, dried, and recoated. Microelec-
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trodes were rinsed with distilled water after use and stored on
the shelf.

Microelectrode measurements. During calibration and con-
centration measurements, the potential of the microelectrode
was maintained at +0.2 V relative to a double-junction Ag-
AgCl reference electrode by using a battery-operated power
source. Current was measured with a Keithley 617 multimeter.
Calibration was performed in a stirred beaker. The sensitivity
of the electrode to interference by 10 mM NaCl, 10 mM CaCl,,
10 mM sodium phosphate (pH 7.0), 5.5 mM glucose, 0.1%
(wt/vol) sodium alginate, or 0.1% (wt/vol) bovine serum albu-
min (BSA) was tested in sterile growth medium with 0.03 mM
chlorine. The pH sensitivity was tested in a buffer containing 10
mM sodium phosphate, 10 mM boric acid, and 10 mM sodium
carbonate, supplied with 0.14 mM chlorine; the pH was varied
by addition of 1.5 N HCI or 2 M NaOH. For measurement of
microprofiles in biofilms, the electrode was mounted on a
micromanipulator with a stepper motor, allowing 1-pm posi-
tioning accuracy. A slide covered with biofilm was placed in a
polycarbonate flow cell (2.5 by 21 by 2 cm). To reduce noise,
the flow cell, micromanipulator, and the battery-operated
power source were placed in a Faraday cage. A medium
identical to growth medium with the exception of the glucose
concentration (5.5 X 10~* mM) was introduced in the flow cell
by gravity feed at a rate of 2 ml/s, resulting in an average liquid
velocity of 1 cm/s. Medium was removed from the flow cell by
vacuum suction; the fluid level in the flow cell was maintained
at 1 cm above the slide. Positioning of the microelectrode at
the biofilm surface was performed with the aid of a binocular
microscope.

Measurements were started by introducing chlorine in the
medium by adding a 40-times-concentrated solution to the flow
cell influent. The pump used to deliver chlorine was separated
electrically from the feed solution by a drip chamber. Micro-
profiles were measured at regular time intervals during 1 to 2
h. Each profile could be recorded in approximately 2.5 min.
During the experiments, the chlorine concentration in the bulk
was measured regularly with a colorimetric test kit (model
CN-66; Hach Co.). The accuracy of this assay was estimated to
be £15% by comparison with the N,N-diethyl-p-phenylenedi-
amine (DPD) colorimetric method (1).

Plate counting. After the microelectrode experiments were
done, half of the slide covered with biofilm was used for
determination of the decrease in viable cell number by plate
counts. Slides were removed from the flow cell, and the
biofilms were scraped into 100 ml of phosphate-buffered saline,
homogenized, and spread plated on R2A agar medium in
triplicate (11).

Microscopic examination of cross-sectioned biofilms. After
the microelectrode experiments were done, the region where
the microprofiles were recorded was subjected to microscopic
examination. An area of ca. 0.5 cm? was incubated for 2 h with
5-cyano-2,3-ditolyl tetrazolium chloride (CTC; Polyscience) to
stain actively respiring cells (20) and counterstained for 0.5 h
with 4’,6-diamino-2-phenylindole (DAPI; Sigma) to stain both
live and dead cells. The biofilm was cryoembedded and cryo-
sectioned as described previously (19). The cross sections were
examined with an Olympus BH-2 microscope with a DPlanApo
20 UV objective. The excitation wavelength used for DAPI was
360 nm, and for CTC, it was 545 nm.

RESULTS

The chlorine microelectrodes used in this investigation
showed a linear response towards chlorine up to a concentra-
tion of 7.5 mM, the highest concentration tested. As shown in

ArPL. ENVIRON. MICROBIOL.

140

120

100

80

60

Signal (pA)

0 1 1 1 1
0.01 0.02 0.03 0.04

Chlorine (mM)

0.05

200 T T T T T
150 :

100 .: 1

Signal (pA)

pH

FIG. 1. (A) Calibration line of a chlorine microelectrode in sterile
growth medium without glucose; (B) pH influence on the signal of a
chlorine microelectrode.

Fig. 1A, the electrode displayed good sensitivity (1 pA/uM) at
low concentrations in the range relevant for biofilm experi-
ments. This sensitivity is comparable to that reported for
oxygen microelectrodes and is readily measured by commercial
ammeters. The response time to attain 90% of the final signal
was less than 1 s, and stirring sensitivity was negligible. The
response in a 0.03 mM chlorine solution was not influenced
(<7% change) by 10 mM NaCl, 10 mM CaCl,, 10 mM sodium
phosphate (pH 7.0), or 5.5 mM glucose. The addition of 1 g of
Na alginate per liter resulted in a slow decrease of the signal
(50% in 10 min), while the addition of 1 g of BSA per liter
caused an instantaneous (<3-s) reduction of the signal to the
background level. The signal decrease was accompanied by a
decrease of the chlorine concentration in the medium as
measured by the Hach test kit. The signal was restored to its
original level upon replacement of the solution with fresh
medium containing 0.03 mM chlorine. Thus, the signal de-
crease was due to chlorine consumption by alginate and BSA
in the medium and not to a change in electrode characteristics.
The electrode sensitivity to monochloramine was ca. 20% of
that for chlorine. The signal decreased with increasing pH (Fig.
1B), and the pH effect was completely reversible. This suggests
that the electrode responds to HCIO rather than to CIO™.
However, the relation between the signal and the HCIO
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concentration was not linear (data not shown). The electrode
could be used for several months without deterioration of the
response; in our experiments, the lifetime of the electrodes was
always determined by breakage.

Biofilm was clearly visible on the stainless-steel slides with
the binocular microscope. The slides were not homogeneously
covered by biofilm but rather were covered by biofilm in
2-cm-wide patches positioned at equal distances along the
length of the slide. These patches consisted of 150- to 200-um-
thick and 200- to 300-pm-wide cell clusters separated by voids,
as observed previously (8). Chlorine profiles were measured in
these cell clusters. Control experiments on sterile stainless-
steel slides showed an absence of chlorine gradients. A mea-
surement in a biofilm incubated without chlorine showed no
influence of the biofilm on the background signal.

All chlorine concentration profiles recorded immediately
(within 3 min) after chlorine addition showed profound con-
centration gradients over distances of a few hundred microme-
ters or less. The profiles had a sigmoidal shape, and the
inflection point was usually at the biofilm surface as estimated
visually. After the initial stage, however, the development of
chlorine microprofiles showed a large variation. No evidence
of disruption of the biofilm by repeated probing was seen.

A time series of microprofiles recorded at a bulk concentra-
tion of 0.062 mM chlorine showed a gradual penetration of
chlorine in the biofilm (Fig. 2A). Even after 105 min, however,
chlorine remained depleted in the biofilm interior. The inflec-
tion point of the concentration profile moved in the direction
of the substratum; it travelled ca. 70 wm in 105 min. Duplica-
tion of this experiment showed similar results (Fig. 2B). In one
experiment, microprofiles were recorded simultaneously at two
different locations, 2.3 mm apart, on the same slide. The
electrode was shuttled between the two locations by means of
a motorized stage with micrometer precision. Microprofiles,
recorded in the middle (position A) and on the upstream edge
of a biofilm patch (position B), showed large differences in
chlorine penetration rates (data not shown). At position A, the
microprofiles were unchanged during a 1-h experiment, while
at position B, a gradual penetration of chlorine took place.
Usually, the chlorine penetrated after 1 h of treatment to a
depth of 80 to 120 pm into the biofilm. In one experiment,
complete penetration within 15 min was observed.

At very high chlorine bulk concentrations (0.28 to 0.42 mM),
complete penetration of the biofilm was always found, al-
though with varying rates. Penetration to 150-wm depth re-
quired 30 min in one spot (Fig. 3A), but in another location, 3
min was required (Fig. 3B). Especially in the experiments with
high chlorine concentrations, the chlorine bulk concentration
consistently increased during the measurements. This is prob-
ably because the chlorine demand of the system decreased by
reaction of the available reducing equivalents with chlorine.

The variation in penetration rates in comparable biofilms
under comparable conditions is clearly demonstrated in Fig. 4.
The penetration depth (defined as the distance from the cell
cluster surface to the location where the chlorine concentra-
tion is 10% of the bulk concentration) varied strongly at both
low and high concentrations.

The microprofiles showed the presence of a significant mass
boundary layer, with a thickness of ca. 100 to 400 wm. The
chlorine concentration gradually decreased in the boundary
layer from the level in the bulk to that at the biofilm surface.
The biofilm surface concentration was typically 20 to 30% of
the bulk concentration.

Measurements performed with a 0.062 mM chlorine bulk
concentration showed no influence of the presence of 20 mM
glucose on the chlorine penetration.
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FIG. 2. Transient chlorine profiles in biofilms at a bulk chlorine
concentration of ca. 0.07 mM. The chlorine profiles were recorded 3
(@), 20 (V), 30 (W), 50 (A), and 105 (O) min after the start of the
chlorine dosing (A) or 3 (@), 25 (V), 45 (M), 60 (A), and 75 (O) min
after the start of chlorine dosing (B). Zero on the x axis corresponds to
the surface of the cell cluster as estimated visually at the start of the
experiment.

Microscopic images of cryoembedded cross sections of bio-
films stained with both CTC and DAPI are shown in Fig. 5.
Without biocide treatment, the whole biofilm was stained with
both CTC and DAP], indicating the presence of respiratorily
active cells throughout the biofilm. At biocide concentrations
of approximately 0.07 mM, CTC staining was confined to the
lower part of the cell clusters; the upper 100 wm stained only
with DAPI. At high chlorine bulk concentrations (0.28 to 0.42
mM), no CTC staining was observed, but the biofilm could be
stained with DAPI.

Viable counts, obtained from slides immersed for 60 min in
the flow cell, were 8.69 X 10'2 CFU/m? without chlorine
addition, 3.27 X 10! CFU/m? with 0.43 mM chlorine, 5.26 X
10'° CFU/m? with 0.085 mM chlorine, and 1.8 X 10'* CFU/m®
with 0.28 to 0.42 mM chlorine.

DISCUSSION

A selective and sensitive chlorine microelectrode was suc-
cessfully prepared. Selectivity of microelectrodes is achieved by
choosing the right potential and coating. Coating of microelec-
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FIG. 3. Transient profiles measured at high chlorine concentra-
tions (0.28 to 0.42 mM). The chlorine profiles were recorded 3 (@), 15
(V), 30 (M), 45 (A), and 60 (O) min after the start of the chlorine
dosing. Zero on the x axis corresponds to the surface of the cell cluster
as estimated visually at the start of the experiment. Although the
conditions were similar, differences between the results shown in
panels A and B are very large.

trodes is also necessary to protect the catalytic surface from
adhering cells and proteins as well as to reduce the stirring
sensitivity by imposing a diffusive resistance in the microelec-
trode larger than the external diffusive resistance. DePeX, the
coating commonly used for O, microelectrodes (17), is not
permeable for chlorine. Cellulose acetate is hydrophilic and
permeable for both O, and chlorine. At —0.7 V, both O, and
chlorine are reduced; O, selectivity is then achieved by the
coating. At +0.2 V, oxygen is not reduced, but chlorine still
reacts at the electrode. Also, other strongly oxidized com-
pounds may be reduced, such as monochloramine and Br,.
Monochloramine, a potential interfering species, is formed
upon oxidation of ammonium by chlorine. However, since no
ammonium is present in the medium, the source for mono-
chloramine formation is limited to biomass. Moreover, the
sensitivity of the electrodes for monochloramine is much lower
than for chlorine; therefore, its influence on the measurements
is expected to be minimal.

pH profiles in the biofilm will influence the chlorine mea-
surements because of the pH sensitivity of the microelectrode.
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FIG. 4. Penetration depth of chlorine at 0.062 (@), 0.07 (M), 0.28
(A), and 0.36 (¥) mM chlorine concentrations in the bulk liquid. The
penetration depth is expressed as the distance from the biofilm surface
to the point where the local chlorine concentration is 10% of the bulk
concentration. The variation in penetration rate is large at both high
and low chlorine concentrations in the bulk liquid.

Possible reactions that may induce a pH change are the
microbial conversion of glucose and the oxidation of biomass
by chlorine. Both reactions will decrease the pH and thus lead
to an overestimation of the chlorine concentrations in the
biofilm. Consequently, the pH sensitivity does not undermine
the conclusion that the chlorine concentrations in biofilms are
low. The magnitude of the pH decrease due to chlorine
reduction can be estimated from the produced acid concentra-
tion in the biofilm and the alkalinity balance. The maximal
possible acid concentration difference between the bulk and
the point of chlorine exhaustion inside the biofilm is calculated
from the stoichiometry and diffusivity of the mobile reactants
(chlorine and protons) by using the formula P = D_,,YSy/D,,
where P is the maximal acid concentration, Y is the acid yier
on chlorine (moles per mole), S, is the chlorine concentration
in the bulk, D_,, is the chlorine diffusion coefficient (1.44 X
10~° m%s [16]), and D, is the diffusion coefficient of the acid
product. The diffusion coefficient of the product (protons) was
assumed, most conservatively, to be equal to that of hydrogen
phosphate. From the alkalinity balance, it was estimated that
the maximal pH shift in the biofilm was 0.3 pH unit at a
chlorine bulk concentration of 0.42 mM, 0.2 unit at a bulk
chlorine concentration of 0.28 mM, and 0.05 unit at a chlorine
concentration of 0.07 mM. In Fig. 1B, it can be seen that the
signal increase around pH 7.0 is ca. 30% per pH unit. This
means that the overestimation of the chlorine concentration in
the biofilm, due to the pH sensitivity of the microelectrode,
was less than 6% for the highest applied chlorine concentra-
tions, while for most measurements, the overestimation was
less than 2%.

The transient chlorine microprofiles show a slow chlorine
penetration into the biofilm, with a rate depending on the
chlorine bulk concentration. The sigmoidal shapes of the
profiles are characteristic for a substrate that is diffusing into a
matrix where it is consumed. At the inflection point, no
significant discontinuity is present, indicating that the diffusiv-
ity inside the biofilm is close to that in the bulk phase. If
chlorine were diffusing only and not reacting within the
biofilm, it would eventually fully penetrate the biofilm at the
bulk concentration. The time necessary to reach a chlorine
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FIG. 5. Microscopic images of cross sections of cryoembedded
biofilms stained with CTC and DAPI. The shaded areas indicate where
CTC is excited in the images. The whole biofilm, including the dead
cells, is stained with DAPI. (A) No treatment; (B) treatment with 0.07
mM chlorine for 1 h; (C) treatment with 0.28 mM chlorine for 1 h. The
bulk fluid was at the bottom and the substratum was at the top in each
panel. The scale bar equals 100 wm.
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concentration at the substratum of 99% of the bulk concen-
tration can be estimated from the Fourier number [Fo =
(D, - t)Ir*, where r is total diffusive pathlength, ¢ is time, and
Fo equals 2 (16)]. Since the biofilm was 150 to 200 pwm thick
and the diffusive boundary layer, during the experiments, was
ca. 100 wm, the total diffusive yathlength was 250 to 300 pwm;
assuming D_,, is 1.44 X 10~° m?%/s (16), it can be calculated that
equilibrium will be reached within 1.5 to 2 min. The actual
equilibration time appeared to be concentration dependent
and, even at the highest concentration tested, exceeded 60 min.
Consequently, the limited penetration is not due simply to
transient diffusion but is caused by neutralization of the
chlorine in the biofilm matrix.

The two possible substrates for chlorine reduction are
glucose from the bulk liquid and biofilm material. The chlorine
fluxes, calculated from the microprofiles by using Fick’s first
law, ranged from 2.2 X 1077 to 2.9 X 10~° mol/m>-s. The
maximum glucose flux can be estimated by assuming the
biofilm surface concentration is zero and the boundary layer is
the same as that for chlorine (100 to 400 pm). By using a
diffusion coefficient of 6.7 X 10~° m?-s, the calculation results
in a maximum possible glucose flux of 4 X 10~° mol/m?-s, 2
orders of magnitude below the lowest measured chlorine flux.
Moreover, a 200-fold increase in the glucose concentration did
not reduce the chlorine penetration. Consequently, the biofilm
matrix material itself, consisting of cells and extracellular
polymeric substances, is the substrate for chlorine neutraliza-
tion.

Comparison of the cross sections and chlorine microprofiles
leads to the conclusion that decreased action of chlorine
against biofilms is due to limited penetration stemming from a
reaction-diffusion interaction. The microprofiles show that,
after exposure to 2.5 ppm of chlorine for 1 h, only the upper
100 wm of the cell clusters is penetrated by chlorine. This
correlates reasonably well with the microscopic images show-
ing that the top half of the cell clusters have lost their
respiratory activity. Exposure to very high chlorine concentra-
tions leads to complete penetration of biocide and also stops
the respiratory activity in the whole biofilm.

The finding that chlorine is reduced in the biofilm matrix
allows calculation of chlorine profiles in the biofilm by use of a
reaction-diffusion model such as those conventionally used for
modeling of substrate and product profiles. It should be noted
that a one-dimensional model, calculating profiles in the
direction perpendicular to the substratum only, may underes-
timate the chlorine transport rate into the biofilm. The biofilms
contained voids that will act as transport channels at high
liquid velocity (8). Consequently, lateral chlorine gradients will
also develop, leading to increased exchange with the bulk
liquid.

The microprofiles show the presence of a significant mass
boundary layer, which is the zone in the near vicinity of the
biofilm where the concentration gradually changes from the
bulk level to the concentration at the biofilm surface. The
chlorine concentration at the biofilm surface was 20 to 30% of
the bulk concentration; thus, external mass transport resis-
tance is significant under the experimental conditions. The
mass boundary layer thickness is negatively correlated to the
liquid velocity; consequently, the efficacy of biocide treatment
can be strongly improved by imposing higher liquid velocities.
Indeed, experiments performed in an annular reactor, with
liquid velocities of ca. 1 m/s, showed much higher chlorine
efficacy.

The large variability in penetration rates under comparable
conditions suggests the presence of local differences within
biofilms with respect to resistance to chlorine efficacy. Those
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highly resistant spots may have a higher reducing capacity than
the spots that are more rapidly penetrated. This could be
caused by a higher cell density, subpopulations with higher
reducing capacity per cell (e.g., reserve material), a higher
density of extracellular polymeric substances, or extracellular
polymeric substances with higher reducing potential. The
phenomenon of rapid regrowth after biocide treatment may
originate from such highly resistant spots. Alternatively, local
differences in hydrodynamics, resulting in different chlorine
transfer rates from the bulk liquid, may explain part of the
differences. Comparison of Fig. 3A and B shows that increased
resistance may be caused by a locally thicker boundary layer.

The plate counts show that biocide treatment results in a
reduction in viable counts of 1 to 2 orders of magnitude. No
clear relation with the chlorine concentration was apparent.
The viable count reduction was lower at the highest chlorine
concentration than at the intermediate concentration. This
may be due to variability in the total cell number and cell
distribution on different sample slides. It should be noted that
the biofilm areas used for plate counting were smaller than
those in previous studies (6, 11).

Their fragility and noise sensitivity makes chlorine micro-
electrodes unsuitable for routine measurements in the field.
However, it is a reliable tool for fundamental studies of biocide
mass transport phenomena in biofilms.
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