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A novel in situ microtechnique allows evaluating parameters 
of diffusion-controlled reactions in biofilms. A microprobe, 
15pm in diameter, was used to simultaneously measure 
the dissolved oxygen concentration and the optical density 
at different depths in a submerged biofilm. Based on the 
results, the biofilm diffusion coefficient for dissolved oxy- 
gen, D,, the dissolved oxygen flux through the biofilm sur- 
face, Jo2, and the half velocity coefficient, K,, have been 
calculated. 
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INTRODUCTION 

Surfaces immersed in water frequently become colo- 
nized by microbial films held together by extracellular 
polymeric substances (EPS). Diffusivity through these 
biofilms controls the microbial metabolic reaction 
rates. For example, the microbial respiration reaction is 
diffusion-controlled. This may have repercussions for 
biofilm management in many applications. Bacterial 
biofilm infections often do not respond to antibiotic 
treatment. It has been postulated that the extracellular 
polymers constitute a diffusion barrier for  antibiotic^.^ 
An inhibition of antibiotic diffusion has been observed 
in the presence of alginate, a polyanionic polysaccha- 
ride, and in the presence of the polysaccharide from 
Pseudomonas aeruginosa. l7 Although new findings in- 
dicate more complex mechanisms for the biofilm resis- 
tance to antibiotic treatment, the penetration models 
inevitably contain diffusivity terms.’ 

In industry, the metabolic reactions mediated by mi- 
croorganisms residing in biofilms promote the biode- 
terioration of materials including metals, concrete, and 
plastics. Microbially induced corrosion alone costs the 
United States economy billions of dollars every year.7 

To evaluate the rate and extent of biofilm processes, 
the understanding of the growth and respiration kinet- 
ics is fundamental. Modeling diffusion with chemical 
reaction often complicates representation of the system 
parameters. This is especially true for the diffusion co- 
efficient. The system itself is complex and exact mathe- 
matical solutions are not always available. Numerical 
procedures frequently use the diffusion coefficient as a 
control parameter to “adjust” or to “calibrate” the mod- 
els to observed data. Such tuning, although effective for 
description of experimental results, causes understand- 
able reservations regarding the predictive value of the 
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model. An in situ method is needed for evaluation of 
diffusion-controlled reaction parameters in thin layers 
containing microbial activity. Techniques for determin- 
ing biofilm reaction kinetics and the related diffusion 
coefficient depend on two types of analyses: (1) chemi- 
cal analysis of bulk water, and (2) measurements inside 
the biofilm using microsensors. 

The techniques based on chemical analysis of bulk 
water can be applied when the biofilm is growing at a 
water permeable membrane. The diffusion coefficient of 
dissolved oxygen (DO) through an artifically induced 
biofilm formed by filtering nitrifiers through a mem- 
brane filter, was found between 80 and 100% of its value 
in water.’l The dissolved oxygen diffusion coefficient 
through an artifically induced biofilm formed by filter- 
ing an activated sludge was calculated between 20 and 
100% of that in water.’ The same coefficient for a hetero- 
trophic biofilm growing on a membrane filter was found 
between 40 and 140% of its value in water.I6 The in- 
crease in diffusivity over that in water was ascribed to 
eddy diffusion in the biofilm matrix close to the biofilm- 
water interface. 

Microsensors, usually in the form of microelectrodes, 
are increasingly popular for biofilm research.Zv’03’2320 
The microelectrode technique, using a stationary mi- 
croelectode placed in the biofilm, has been applied to 
dissolved oxygen diffusivity mea~urements.~”~ This pro- 
cedure assumed that respiration reaction in the film 
was zero order, simplifying the diffusion equation to 
obtain an exact solution. The diffusion coefficient for 
dissolved oxygen through a slime originating from trick- 
ling filters by this method was Of = 4.0 x cm2 s-’. 
Another procedure to measure the dissolved oxygen dif- 
fusion coefficient using a stationary microelectrode re- 
quired incubation of sediments for three weeks in O.1M 
solution of HgClz to kill the microorganisms before the 
measurement.” The technique eliminated reaction from 
the diffusion equation assuming that the treatment did 
not change sediment properties. The measured diffusion 
coefficient of dissolved oxygen through sediments was 
1.4 x cm2 s-’. 

All of the above techniques require extensive sample 
preparation and often involve simplifying assumptions 
to calculate the coefficient. Theoretical models predict 
biofilm system behavior 13~1491’~19 but can only be experi- 
mentally verified if satisfactory experimental procedures 
exist. The microsensor technique is the most promising 
approach to supply the necessary information. 
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Uncertainty in locating the biofilm-water interface 
presents a serious difficulty in relating observations to 
theoretical calculations. Since the reactions in biofilm 
are diffusion-controlled, the results of microelectrode 
measurements constitute concentration profiles. In ef- 
fect, the microelectrode measurement yields a concen- 
tration as a function of distance in the biofilm. However, 
there is no reported procedure for locating the biofilm- 
water interface in these profiles. 

This article describes an independent measurement 
for locating the biofilm-water interface. The biofilm 
is penetrated with a microprobe, 15 pm in diameter, 
simultaneously measuring substrate concentration and 
optical density. The biofilm-water interface is identi- 
fied from the optical density profile. Superimposing the 
biofilm-water interface on the substrate concentration 
profile enables direct comparison of theoretical models 
to experimental results. 

EXPERIMENTAL METHODS 

The dissolved oxygen microelectrode (tip diameter of 
5 pm) was fabricated as described previously.6 The elec- 
trode was calibrated in air-saturated and subsequently 
deoxygenated water. The effect of stirring' was less than 
5% of the response. 

A single-cable, glass fiber optic 125/85 cable (United 
Detector Technology) was used to fabricate the optical 
density sensor. Three centimeters of the fiber tip was 
mechanically exposed. The exposed fiber was first 
heated and pulled, then cut. The tip was etched in hy- 
drofluoric acid (HF) to obtain a sharp tip of 10 pm in 
diameter. Etching without pulling, which resulted in 
thicker sensor tips, was also attempted. The fabrication 
procedures did not influence the results. The light 
source was a light-emitting diode (LED), 940-nm high 
radiant emitter, model HEMT-3301 (Hewlett-Packard). 
A square-wave, frequency-modulated 500-Hz light pro- 
duced by a custom generator was used. The detector was 
a standard high-responsivity photodetector, model PIN- 
HR020 (United Detector Technology). The DO micro- 
electrode was coupled with the fiber optrode to form a 
dual sensor microprobe. The coupling was performed 
under a microscope equipped with a video camera so 
that the manipulations were observed on the screen. A 
fast-reacting epoxy glue was used to fuse the sensors 
together. Care was exercised to place the sensors tips in 
adjacent positions so they would be at the same level in 
the biofilm (Fig. 1). 

A mixed population biofilm was accumulated in a ro- 
tating biological contactor (RBC) using a feed solution 
of glucose and mineral salts. The rotating polycarbonate 
discs were equipped with removable slides. A slide was 
removed from the reactor, cleaned on one side, and 
placed in a Petri dish with the biofilm up. It was im- 
portant to place the sample on a transparent sublayer. 
The Petri dish was filled with the feeding solution and 
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Figure 1. 
diameter is 15 urn micrometer at  the marked location. 

Photomicrograph of the tip of the microprobe. The tip 

placed on a stand equipped with a microscope stage. 
The solution was continuously aerated (and mixed) us- 
ing a glass capillary immersed in the liquid. The probe 
was mounted in a motorized micromanipulator and po- 
sitioned directly above the film. The LED was mounted 
below the Petri dish in a hand-operated micromanipu- 
lator (World Precision Instruments, Inc.). The radiation 
intensity was monitored using a voltmeter. The mi- 
croprobe above the film and LED below the film were 
horizontally manipulated to obtain the maximum inci- 
dent radiation to align the probe and the light source. 

Microelectrode measurements are susceptible to elec- 
tromagnetic noise. To protect the system, the measure- 
ment and the data acquisition were totally automatic. 
The measurement was performed using a dedicated 
electrical circuit in the building. The operator left the 
room after initiating the microprobe movement to re- 
duce electromagnetic noise. The probe penetrated the 
sample at a speed of 2.5 pm/s for a 2.54 interval alter- 
nating with a 2.5-s stationary period, during which the 
measurements of light intensity and dissolved oxygen 
concentration were conducted. The instruments were 
linked with a data acquisition system and the profiles 
of dissolved oxygen and light absorption were simulta- 
neously presented on the screen and recorded (Fig. 2). 

Figure 2. The experimental system for determining the dissolved 
oxygen and optical density profiles in a biofilm. 
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INTERPRETATION OF RESULTS 

The biofilm and substratum surfaces were identified 
by measured changes in optical density. The biofilm- 
water interface and the substratum-biofilm interface 
could be located in the dissolved oxygen profile since 
the tips of the sensors were level (Fig. 1). 

Two abrupt changes in the light intensity profiles 
occurred (Fig. 3). The first (marked “1”) occurs where 
the probe enters the biofilm; the second (marked “2”) 
occurs where the probe touches the substratum. When 
the probe enters the biofilm, a change in optical density 
is observed. When the probe touches the substratum, 
the fiber-optic sensor bends slightly, which results in a 
decrease in light intensity. Point “2” was identified as 
the biofilm-substratum interface and the light intensity 
monitored at this place was accepted as the incident 
radiation intensity for further calculation. 

The results of the optical density measurements 
(Fig. 3) were expressed according to Lambert’s law: 
log(Zo/Z) = EL, where Z, is the intensity of the radia- 
tion incident (maximum radiation monitored at the “Y, 
Fig. 3); Z is the emergent intensity; E is the extinction 
coefficient; and L is the layer thickness. The calculated 
log(Z,/Z) values are a function of distance (L).3 The 
dissovled oxygen concentration was calculated from a 
microelectrode calibration curve. 

RESULTS 

Results of measurements, interpreted and calculated 
according to the above procedures, are presented in 
Figure 4. Two profiles are presented; this of dissolved 
oxygen concentration and that of optical density. The 
profile of optical density indicates constant extinction 
coefficient in water. Entering the biofilm by the micro- 
probe is marked as a sudden change in extinction coef- 
ficient. Extinction coefficient across the biofilm is also 
constant. The dissolved oxygen concentration decreased 
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Figure 4. The variation of dissolved oxygen and absorbance with 
distance in a biofilm system. The abrupt change in the slope of 
absorbance profile defines the biofilm-water interface. 

from 8 mg L-’ in bulk water to zero in the biofilm. Su- 
perimposing the optical density profile on the dissolved 
oxygen concentration profile permits further estima- 
tions. The  biofilm-water interface was positioned 
0.7 mm from the substratum. Dissolved oxygen concen- 
tration at the biofilm-water interface was determined 
to be 1.2 mg L-I. The mass transfer boundary layer 
thickness was measured as 1.33 mm and the decrease in 
dissolved oxygen concentration within this layer was 
calculated as 6.8 mg L-’. Locating the position of the 
biofilm surface at the dissolved oxygen profile permit- 
ted separation of the dissolved oxygen concentration 
profile into two parts, that in the water (diffusion layer) 
and that in the biofilm. 

THEORETICAL CONSIDERATIONS 

The rate of change of substrate concentration in the 
biofilm can be described by an equation resulting from 
a differential mass balance: 
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Figure 3. The change in current and potential as a function of dis- 
tance permit location of the biofilm-water and biofilm-substratum 
interfaces. 

where Df is the diffusion coefficient for the dissolved 
oxygen in the biofilm (cm2 s-’); Cis  the dissolved oxygen 
concentration at a point x (mg L-I); V,,, (mg L-’ s-I) and 
K, (mg L-I) have the usual meaning in the Michaelis- 
Menten equation. 

The  steady-state concentration within a biofilm 
(dC/dt = O)/ is achieved when consumption equals the 
rate of transport due to diffusion: 

Equation (2) cannot be solved exactly but it can be inte- 
grated once.’ Using this technique, the integration con- 
stant can be found from the boundary conditions. If the 
film is not totally penetrated by the constituent, then 
( d C / d ~ ) ~  = 0 for C = 0 (no mass transport beyond this 
depth). If the biofilm is totally penetrated and the con- 
centration at the substratum surface equals C, ,  then 
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(dC/dx)f = 0 for C = C, (no penetration at the wall). 
For partially penetratd biofilms, 
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For a totally penetrated biofilm: 

(g), = d 2 % ( c  - C, - K, * In Ks + “) (4) 
K, + C, 

The reaction rate ( R )  is equal to the rate of mass 
transfer across the biofilm-water interface, and can be 
directly calculated from the above equations as 

R = A * D f ( 2 )  
f 

(5)  

where A is the area of the biofilm-water interface. 
Equation (4) can then be considered a general form of 
eq. (3). Partially penetrated biofilms can be considered 
a specific case of a totally penetrated biofilm. The re- 
action rate at the biofilm-water interface can be de- 
scribed as: 

C ,  - C, - K, * ln- Ks + “’) (6) 
Ks + C ,  

where C, is the biofilm-water-interface substrate con- 
centration andA is the biofilm surface area (cm2). When 
the biofilm is totally penetrated by substrate, C ,  = 0, 
eq. (6) is reduced to the form derived from eq. (3) .  

CALCULATION OF KINETIC PARAMETERS 

The biofilm-water interface was located 0.07 cm above 
the substratum. The concentration profile (Fig. 4) can 
then be divided into two parts: that in the bulk water 
and that in the biofilm (Fig. 5). A third-order polyno- 
mial curve-fitting procedure was used to estimate the 
observed dissolved oxygen profile (Fig. 5). 
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Figure 5. The dissolved oxygen profile within the biofilm was es- 
timated by polynomial regression technique. 

Half-saturation Coefficient, K, 

Inversion of eq. (2) permits estimation of the K ,  value: 

The slope divided by the intercept in the plot (Fig. 6) of 
the inverse of the second derivative against the inverse 
of the concentration gives K,. The second derivative 
was evaluated based on the polynomial curve-fitting 
equation (Fig. 5).  

Diffusion Coefficient 

The biofilm is partially penetrated with oxygen (Fig. 4). 
Thus, the first derivative dC/dx should be linearly re- 
lated to the {C - K, In[(C + K,)/K,])”*. The regression 
line (Fig. 7 )  is as follows: 

(8) 
K, + C (s), = 75.984C - K, * In ~ 

K, 

The derivative (dC/dx)f at the biofilm-water inter- 
face can be calculated from eq. (8). For the dissolved 
oxygen concentration at the biofilm-water inter- 
face, C = C ,  = 1.2 mg L-’ and K ,  = 0.25 mg L-’ 
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Figure 6. 
ear regression [eq. (7) ] .  

Determination of the half saturation coefficient by lin- 

‘--I 
Ks -+ C ”* 

Ks ) dC/dX = 75.98 ( C  - Ks Ln ~ 

[C - Ks Ln ((C + Ks)/Ks)] ’ I2 

Figure 7. Determination of 2Vm,,/D, [eq. (3)]. 

880 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 38, NO. 8, OCTOBER 20, 1991 



(dC/dx)f  = 57.8 mg L-’ cm-’. The  flux of oxygen 
through the biofilm-water interface is: 

JJ = D J ( Z )  f 
(9) 

where subscript “f” stands for “film.” The flux of oxy- 
gen through the diffusion layer is: 

J ,  = Dw($) 

where subscript “w” stands for “water.” The flux conti- 
nuity must be preserved at the biofilm-water interface 
(Jf = J , ) :  

The derivative (dC/dx), calculated from the slope in 
Figure 4 equals 51 mg L-’ cm-’. The biofilm diffusion 
coefficient can be calculated from eq. (11): 

Substituting the calculated values, Df is estimated as 
0.880,. Using the dissolved oxygen diffusion coeffi- 
cient in water at 2loC,” D ,  = 2.0 x cm2 s-’, the 
dissolved oxygen diffusion coefficient in the biofilm is 
Df = 1.76 x cm2 SKI. 

Oxygen Uptake Rate 

Diffusion coefficient permits further calculations. 
Based on eq. (lo), the dissolved oxygen flux through 
the biofilm-water interface is J ,  = 1.02 x mg 
s-’ cm-*. W,,, can be evaluated from Figure 7 and re- 
action rate from eq. (6). 

DISCUSSION AND CONCLUSIONS 

Advanced biofilm research depend upon sensor minia- 
turization. Biofilm thicknesses are typically in the range 
of between a few and a few hundred micrometers. Sen- 
sors, to effectively take measurements within biofilms 
without disturbing their structure, must be reduced to 
tip diameters of less than 10 pm. Suitable mathematical 
models are imperitive to interpret the results from mi- 
crosensors measurements. 

An algorithm and instrumentation for measuring 
respiration reaction kinetics in biofilms has been pre- 
sented. The microprobe simultaneously measures the 
oxygen concentration and optical density profiles across 
a biofilm. The optical density profile can be used to 
identify the position of the biofilm-water interface and 

the oxygen concentration profile yields the dissolved 
oxygen concentration at that interface. 

Based on the oxygen concentration profile and theo- 
retical models, dissolved oxygen flux, diffusion co- 
efficient and reaction rate in microbial films were 
estimated. This procedure is general and can be used for 
any substrate (e.g., organic compound, ion, or dissolved 
gas) for which a concentration profile across the biofilm 
can be measured. Availability of the specific microsen- 
sors is the obvious limitation to this procedure. The 
measurement is nondestructive and can be automated. 

A model describing biofilm respiration rates [eq. (6)] 
was used to describe biofilm activity as a function of 
oxygen concentration at the biofilm-water interface and 
biofilm substratum. The model does not require that 
bulk oxygen concentration be known. The bulk oxygen 
concentration and bulk hydraulic conditions influence 
the biofilm respiration rate only through the shape of 
the dissolved oxygen profile (C,  and Co) .  All parame- 
ters of the model are experimentally accessible. Conse- 
quently, the model calculations can be then performed 
without “calibration” to improve the goodness of fit. 

It should be stressed that the measured and calculated 
parameters are site specific. That is, they apply only to 
the specific location in the biofilm penetrated by the 
sensor. Probes with small cross sections reduce the pos- 
sibility of physical damages to the biofilm structure 
during penetration, but damage can occur unavoidably 
while withdrawing the probe from the biofilm. Since the 
probe can leave a pit at the site of penetration, the pro- 
file measurements can be made only once per site. Com- 
paring the results from different locations to estimate 
the precision would require the assumption that the 
measured parameters had the same value. Such an as- 
sumption would not be warranted by this technique. For 
these reasons, it is hard to estimate the precision of indi- 
vidual measurements. 

Based on the algorithms described, the following 
parameters were calculated for oxygen in this particular 
film: diffusion coefficient for oxygen in the biofilm, 
Df = 1.76 x cm2 s-’; dissolved oxygen flux at the 
biofilm water interface, Joz = 1.02 x mg s-’  ern-'; 
and the half saturation coefficient, K, = 0.25 mg L-’. 

Respiration reaction rate coefficients in biofilms have 
been measured in laboratory systems by other methods. 
However, all previous procedures require extensive 
biofilm preparation or gross simplifying assumptions. 
The major contribution of this work is an integrated 
procedure using instrumentation and mathematical 
modeling to calculate the in situ kinetics of the biofilm 
reaction in an intact film. The measurement is nonde- 
structive, automatic, and can be conducted in situ. 
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