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Abstract - Corrosion, biofouling, and relaled problems have been an impetus for invertigaling interactions between
microorganisms and solid surfaces. In recent years, & number of studies have been performed to nssess the damapes
caused by microbially influenced corrosion (MIC). In & number of these studies, clectrochemical techuiques have
monitered the performance of metal surfaces exposed to bucterin. 1lowever, most of these methods can only indirectly
detect the presence of biofilms. In this paper, two non-destructive on-line monitoring technologics, altenuated total
reflection Fourder trinsform infrared spectroscopy (ATR-FT/IR) and the quartz cryslal microbalance (QCM) were used o
direclly monitor biofilm formation. Devices based on these technologics have been developed to study the initial fouling
process and subsequent biofilm development and not merely the effects of the living filn on the host material. The
ATR-FI/IR technique provides information about biomass, extracellular polymer production, and the nutritional slatus
of microbial biofilms, The QCM provides a direct measure of biomass. ATR-FI/IR and QCM techniques deteeted 108
and 10* Caulobacler crescentus cells/cm?, respectively. Both techniques can be coupled with electrochemical methods for
deeper insight into mechanisms of MIC.

: ‘ : , INTRODUCTION

‘Studics of microbially influenced corrosion (MIC) linve involved electrochemical
measurements such as open circuit potential, linear polarization scans (potentiodynamic), small
amplitude cyclic vollametry, and/or impedance spectroscopy to examine corrosion processes :
occurring at (he solution/metal interfaces'. These techniques have monitored the performance of
metal sirfaces, but they can cnly indirectly detect the presence of microorganisms. 1n order to ‘
better understand the mechani smis of MIC, techniques that provide estimates of biomass, aclivily and
the nutritional status of microbial biofilms altached to metal surfaces are needed. Unfortunately,
most biochemical and microscopic procedures that provide data on these biological paramelers
require the removal of the samples from their original envitonments’. Two techniques which:
circumvent this difficulty by providing on-line and non-destructive analyses of surface phenomenon
are allenuated {otal reflection Fourier transform infrared spectroscopy (ATR-IFT/IR) and quartz
crystal microgravimelry. Both technologies have been coupled with clectrochemical techniques™,
The long terim goal of this research is to develop and evaluate these technologics 1o determine if they
can be used 1o build devices hat can monilor microbial biofilms and material performance in’
industrial settings..
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. ui In the ATR-FT/IR (echmique, light from a infrared (IR) source impinges on an IR transparent
material (such as germanium). The beam is reflected at a number of points on the inside surfaces of
the crystal®. Al each reflection site soine of the radiation penetrates out of the crystal and

subsequently retirns, This penetrating radiation is termed an evanescent wave hecause the radiation
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s a standing wave normal to the surface and its intensily exponentially decays lo zcro with distance.”

“ from the surfdce. ATR-FI/IR studies provide in frared absorplion spectra of the components jocated

within this evanescent wave (approximalely a micrometer from the surface). These speetra can

* provide detailed chemical information about the organic accumulations in this region®. Thin films of

melals, such as copper, have been deposited on these crystals and (he ATR-IT/IR technique has

* been used to monilor the corrosion of these films’. In this paper, data prescuted shows thal this
technique can be used to nondestructively monitor on-line (e nutritional status of a bacterial biofili
aid the direct interactions between living cells, their polymers and a germanium substratum. E :

A quariz crystal microbalance (QCM) is an extremely sensilive mass sensing device which

o éein’ploys an AT-cut quartz crystal, an osciliator circuit, and a frequency counler 1o achieve a mass
ﬂ;;'ineasurcinents.' The oscillator circuit, which is connected to the crystal by metal films, provides the
~_potential stimulus to force the quarlz crystal to oscillate at a given frequuncy. The frequency is

.. ‘measured directly by a frequency counter. When one side of a quarlz crystal is exposed to a

“solution, the QCM can be used to monitor mass changes occurring at the solution and metal film
' interface. “As malerial is adsorbed onto the metal film, the frequency ol the oscillation will decrease
~and this frequency shift is direcliy proportional lo the mass of the attached material. This

. frequency/mass relalionship was discovered by Sauerbrey®, Sauerbrey’s theory assuies that the

‘attached film does not underg any shear deformations during oscillation. The Saverbrey equation -
for an AT-cut 5 MHz quarlz <ryslals simplifies lo the following:

of = am (-1.8 X 103g/cm?-Hz) )

-where af is the frequency shilt in Hertz and am is the mass change in grams. This equation iyiclds
_-excellent resulls for frequency to mass conversions of thin rigid films. For thicker nonrigid films,

. Z-matching theory can be usci to calculate mass from the frequency shift data®. "This theory takes .

inlo account the acoustic impedance of the filin, and requires that the shear modulus and density be’

| known. " The QCM will also respond to density and viscosity changes at the surface'™!'!. In this
. paper, the dala presented demonstrate that the QCM can be used to monilor the formation of

microbial biofilms on gold surfaces.

e MATERIAL AND METIODS :
Bacteria. Caulobacler crescenlus was used as a test organism for both the ATR-IFI/IR and QCM

' experiments. C. crescentus was chosen as a test organism because it is found in many freshwaler
©. . ehvironments, flourishes under oligotrophic conditions, and is able to attach to most solid surfaces.
- Caulobacter sp.'? have a biphasic life cycle (swimmer and altached slate) and generate an appendage.

" “that is used for attachment. These organisms secure themselves to a surface with a holdfast

organelle Jocated at the distal end of their appendage.

'Media. Thie medium contained the following ingredients:

175 mgL! KH,PO, (1 mM), 20 mg'L! glucose, 5 mg L NILCL, 5 mglt MgSOy, 1 mg'l! CaCl,
" and 0.25 mL'L Wolfe's mineral solution®. : -
. A 5X medium was used in the QCM experiments. The "low [N, 1" medium decreased the amount

“of NIL,C! from 5 mg Lt o 2 mg'Lt All media were prepared witlt 18 Mohimrem deionized waler -

ek iteated to pil 7.2, All cheicals used were reagent grade.
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- Flow System. Bach conlinuous culture flow system containcd a flow cell, a medium reservoir,
silicon tubing, Masterflex puraps, and a 400 mL continuous flow stirred flask bio-reactor to supply
growing bacleria and medium to the surface of the crystals and was assembled as shown in Figure 1. _
The dilution rate in the reactor was controlled by a pump A (Figure 1), Pump B (Figure 1) .
controlled the flow rales in the ATR-FI/IR and QCM flow cells. The flow rates were 0.5 mL/mii
and 0.7 mL/min for the ATR-FI/IR and QCM experiments respectively. The flow cells were
sterilized with elhylene oxide and the medium was filter sterilized. ‘The tubing, inlet and outlet
reservoirs were stcam sterilized (121°C for 25 minutes).

ATR-FT/IR Analysis. ATR-FT/IR analyzes were performed in a flow cell manufactured by Harrick
Scientific Cosp. (Ossining, NY). A germanium crystal (50 X 10 X 2 mm) with (he entrance face
cut at a 45° angle was used. HPLC grade waler (Burdick and Jackson, Muskegon, M), medium ot
growing cells plus medium were pumped into the flow cell by pump B (Figure 1). All data were
collected as single-sided interferograms (time domain spectra) at a resolution of 4 cm’! using a
Nicolet 60SX (Madison, WI) FT/IR spectromeler equipped with a KBR beamsplitter, Michelson
interferometer, and a mercury-cadmium-teluride (MCT) detector. Data files were zero-filled and
multiplied by a Haap-Genzel apodization function prior to Fourier lransformation. A stable air
spectrum served as an instrument background o assure proper mirror and flow cell alignment, The
reference waler spectrum was oblained by initially pumping IPLC grade waler rough the ATR
flow cell. Once stable conditions were achieved, the bio-reactor solution was pumped into the flow
cell. A ratio of all the solution data files to air background data files produced the transmission
spectra.  All transmission spectra were converted to adsorplion spectra. 'The reference water
spectrum was subtracted from each biofilm spectrum to obtain the spectra in their final form",

The poly-B-hydroxybutyrate (PHB) standard was obtained from Sigma Chemical (St. Louis, MO).
Spectra were obtained by drying 0. 1 ing onlo a germanium crystal. The PHB was isolated from

Alcaligenes sp.

QCM Analysis. One inch diameter AT-cut 5 MHz quartz crystals (Valpey-Fischer, Hopkinton, MA)
were suspended between two o-rings and secured into a Delrin flow cell. Two flow cells and two
bio-reactors were utilized. Medium was pumped though one flow cell and medium plus growing
cells were pumped into the other flow cell. The flow cells were placed in a Faraday cage (o reduce
environmental noise) contained within a constant temperature box that maintained the flow cells at
25.0°C. Homemade oscillators provided the allernating vollage to the crystals. The frequency of
the crystals were monitored by Hewlett Packard (Palo Alto, CA) 5385A frequency counters. ‘Dala
were collected through a general purpose interface bus by an AT compuier. The controlling '
sollware was wrilten in ASYST (Rochester, NY) language.

" Acridine Orange Direct Counting Microscopy (AODC). The direct court of microorganisms was
determined by AODC epi-fluorescence microscopy. Two methods of preparation were used for
attached organisms. The first method involved fixing the bacteria in 3% formaldehyde solution,
staining and counting directly on the crystal. The second method involved fixing the attached cells
with 5 mL of the 3% formaldehyde solution, recovering the bacteria by sonication, transferring them -
to a Nuclepore (Pleasanton, CA) filter (0.2 pm pore size), staining, and counting, ‘The bulk phase
organisms were sonicated, traasferred to a filter, stained, and counted. :




: RESULTS :
In the ATR-FT/IR experiments, balanced medium (carbon limiting) and C. crescentus cells
~ (less than 10 cells/ml.} were pumped across {he germaniun crystal for the initial 3.5 days. Duting
balanced growth, the infrared absorption bands at 1650, 1543 and 1084 cm! increased in intensity .
(Figure 2) and have been identified as amide I, amide 11, and C-O streteh, r(-:spectivclym. with .
biofilm studies, the amide { and 11 bands are associaled with proteins and the C-O stretch with
carbohydralcs‘“. The amide 1I band reached approximately 0.013 absorbance unils and the C-O
stretch band attained 2 value of 0.027 absorbance units. After 78 hours, the ammonium ion
concentration was decreased from 5 mg L1 to 2 mgL7 by pumping the "low INIT, ] medium into
the bio-reactor. Within 10 hours, signs of unbalanced growth emerged in the biofilm. An infrared
absorption band at 1730 cm! appeared (Figure 2). This band was identified as a carbony! stretch
(C=0), and is associated with poly-B-hydroxybutyralc (PHB) production, In addition, the C-O
strélch band increased in intensily from 0.027 to 0.050 absorption units. The amide 1 and 11 bands
stayed counstant for the remainder of the experiment.. After 5.5 days, the C. crescentus biofilm was
removed from the crystal and stained with acridine orange and sudan black. The cell densily was
1.1 X 107 cells/em?. The staining procedures also confirmed the existence of intraceilular PHB. In
addition, acridine orange staining revealed a gelatinous matrix surrounding the microorganisms.

In the QCM experiment presented in Figure 3, two bio-reactors and two QCNMi fiow ceils
were utilized. Aftera 12 hour equilibrium period, one bio-reactor was inoculated with C. crescentus
while the other remained sterile. The bacteria attached to the crystal for approximately 16 hours. A
temperature perturbation can be scen at 6 hours. The response of cach microbalance 10 this '
temperature change is different. At the end of the experiment, the bacteria on (he crystal were
stained with acridine orange and counted. The number of bacteria on the surface were 26 (kI X
10" cells/cm®. A calibration curve for C. crescenlus attachment onto gold is presented in Figure 4.
The frequency response produced a linear curve (r = 0.981) with cell densities ranging front. 10" to
10° cells/cm?. ' :

DISCUSSION

A continuous flow stirred flask bio-reactor (Figure 1) was operated under "washiout"
conditions so that dilute mediim and growing C. crescentus cells were supplicd simultancously to the
‘crystals mounted in the flow —ells. Flowing systems were used because they could provide betier
control over experimental parameters than batch systems. In batch systems, bulk phasc paramelers
such as bacterial, nutrient and waste product concentrations are always changing, while in flowing
systems, they can reach a steady state. The nwashout" conditions were achicved by operating Pump -
A so that the bulk phase dilution rate was greater than the maximum growth rate of the '
microorganisms. These wwashoul" conditions were used to minimize the number of cells in the bulk
phase so that nutrients could be supplied to the crystal’s surface. Dilute medium was uscd to.more,
accurately reflect oligotrophic condilions (common in many MIC environments) and (o reduce the -
amount of adsorption of medium components onto the crystals. An ATR-FI/IR medium control
experiment established that the adsorption of these ditute medinm components was negligible.

The results [rom the ATR-FT/IR experiment demonstrate that the ATR-FI/IR technique can
be used to nondestructively monitor the altachment of bacleria such as C. crescentus. The number
of cells on the surface can be estimated by the intensity of the amide 1i '
(1543 cm’!) band 17 This absorplion band results from the amide linkages found in proteins.
Protein assays are well established estimates of microbial biomass. Puring balanced growth, the




amide II data indicated that the surface density of bacteria increased from zero under sterile
conditions fo 1 X 107 cells/cm?.

The ATR-FT/IR technique can also be ulilized to monitor unbalanced growth in a microbial
biofilm. When the concentrat.on of ammonium ion was decreased at 78 hours, nitrogen instead of -
carbon became the limiting growth substrate. Under these nitrogen-poor conditions, three significant
physiological effects were monitored by the ATR-FT/IR technique. First, the carbonyl stretch band
increased in intensity indicating that the bacteria were producing PHB, a carbou storage product.
PHB production is a signal for unbalanced growth and has been used as a marker for nutritional
status''®, The existence of PIHB was verified by microscopic methods. Secondly, the amide I and.
II bands remained constant, suggesting a that the amount of protein present remained constant. The
third response was an increascd intensity in the C-O stretch region (1084 cm™) of the spectra. Sonie
of this increase can be attributed to the C-O bonds that exists in the ester linkage of the PIIB - '
polymer. The strongest band in the PHB absorption spectrum is the carbonyl stretch at 1730 cm! .
(Figure 2, insert). In the final biofilm spectra, the intensity of the carbony! band only increased
0.004 absorption units. Therefore, the production of PHB could account for only a fraction of the
0.022 absorption units increase that occurred in this C-O stretch region in the final biofilm spectrum,
The most likely explanation for the increase in the intensity of the C-O band is that it is due to an .
accumulation of carbolydrate material, which is most likely composed of extracellutar
polysaccharide secreted by the bacteria'®, Extracetlular polymers, which form the gel-like matrix _
which fills the space between bacleria in a biofilm, are known to accumulate in some bacteria during
nutritional stress'®. A pel-like matrix was also observed during AODC analysis. : '

The results of the QCM experiments demonstrate that the QCM i3 sensitive enouglh to detect”
initial microbial attachment and that the microbalance can be used (o predict the number of cells on
the gold surface for cell densilies ranging between 10* and 10° cellscm?. Furthermore, the mass of
the biofilm can be determined accurately by Z-match theory if the shear modulus and solution
density are known. Sauerbrey utilized a simpler theory®, which assumes that the shear modulus of
the attached film equals the shear modulus of quarlz (rigid {ilms). Using the Sauerbrey equations
(equation 1} and the slope of the calibration curve (Figure 4), it is possible to estinale the average
mass of an attached cell. For C. crescentus the calculation yielded 2 mass of 1.8 x 102 g per cell.
This value is similar to the average wet mass of a smaller Escherichia coli cell, which was estimated
to be 0.95 x 10'%g *. Therefore, the Sauerbrey equation can provide a reasonable cstimate of
biotmass during initial biofilm formation, even for nonrigid biofitms. Thicker and older biofilms that
contain more extracellular polymers may require Z-matching theory for accurate frequency to mass
CONVETSIons. ' ‘

Although A'T-cut quarlz crystals have a temperature coefficient of zero at approximalely
25°C, temperalure can interfere with the frequency measurement. For this study, the quartz crystals
were placed in a constant temperature environment o reduce the temperature fluctuations, Tlie
temperature at the start and the end of the experiments was maintained within 0.1 degrees. Even
with these precautions, during these experiments the room temperature fluctuations (- 1°C) were
correlated with frequency fluctuations (Figure 3). At first it was belicved that the sterile niedium
signal could be subtracted from the biofilin signal to compensale for frequency shifts due to
temperature fluctuations. Due to slight differences between AT-cut quartz crystals (angle of the cut,
impurities in the crystal lattice), a temperature change produced a different frequency response for



each crystal (Figure 3). Methods designed to compensate for temperature fluctuations are presently
being investigated. | ‘

CONCLUSIONS
1. The ATR-FT/IR technique can be used for nondestructive and on-line monitoring of
bacterial attachment, the nutritional status of bacteria within a biofilm, and the

"'"'"'t"“’.id

accumulation of carbohydrate material, which is probably extraceltular polysacchar

2. These results demonstrale that the QCM can also be used nondestructively to monitor
biofilm formation and provide an estimalte of biomass. '
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