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The effects of dissolved oxygen tension during bacterial
growth and acclimation on the cell surface properties and
biochemical composition of the bacterial pathogens Escherichia
coli O157:H7 and Yersinia enterocolitica are characterized.
Three experimental techniques are used in an effort to understand
the influence of bacterial growth and acclimation conditions
on cell surface charge and the composition of the bacterial cell:
(i) electrophoretic mobility measurements; (ii) potentiometric
titration; and (iii) ATR-FTIR spectroscopy. Potentiometric titration
data analyzed using chemical speciation software are
related to measured electrophoretic mobilities at the pH of
interest. Titration of bacterial cells is used to identify the major
proton-active functional groups and the overall concentration
of these cell surface ligands at the cell membrane. Analysis of
titration data shows notable differences between strains and
conditions,confirmingtheappropriatenessof this tool foranoverall
charge characterization. ATR-FTIR spectroscopy of whole
cells is used to further characterize the bacterial biochemical
composition and macromolecular structures that might be
involved in the development of the net surficial charge of the
organisms examined. The evaluation of the integrated intensities
of HPO2

- and carbohydrate absorption bands in the IR
spectra reveals clear differences between growth protocols.
Taken together, the three techniques seem to indicate that the
dissolved oxygen tension during cell growth or acclimation
can noticeably influence the expression of cell surface molecules
and the measurable cell surface charge, though in a strain-
dependent fashion.

Introduction
Several processes such as bacterial transport in the natural
subsurface environment, the onset of biofilm formation in

water distribution systems, and retention of bacteria in
engineered water treatment systems are all dependent on a
complex interplay of the fundamental interactions controlling
bacterial adhesion to inert surfaces or to each other (i.e., in
flocculation processes) (1, 2). Most bacteria-surface interac-
tions are believed to be mediated by the outer membrane
of bacterial cells. Previous studies have demonstrated that
bacteria growth conditions can influence the density and
distribution of cell-surface functional groups on Gram-
positive and Gram-negative bacterial surfaces (3–5). Ac-
cordingly, bacteria-surface interactions may be affected by
variations in the composition of the outer membrane of
bacterial cells with changes in environmental conditions (e.g.,
pH, temperature, substrate availability and composition)
(6–9). Nevertheless, the links between changing environ-
mental conditions and bacterial surface properties or bacte-
rial attachment to surfaces are still not well understood.

Bacterial cell walls consist of a wide range of biopolymers
and macromolecules which possess carboxyl, hydroxyl,
phosphate, and amine functional groups that confer to the
cells a net charge. In many aquatic environmental systems,
this net charge is determined to be negative (10, 11). Metal
adsorption studies indicate the important role of acidic
ligands such as carboxyl or phosphate in proton-exchange
processes involving chemical and electrostatic interactions
(12, 13). The relative abundance of certain proton-active
surface ligands arising from cell wall macromolecules, such
as teichoic and teichuronic acids in the case of Gram-positive
cells and lipopolysaccharides (LPS) in the case of Gram-
negative cells, has been shown to influence the metal sorption
process (12, 14) and the extent of electrostatic interactions
between bacteria and silica surfaces (15).

Macroscopic acid-base titration has been used increas-
ingly over the past decade to obtain insight into the
concentration and acidity of proton-active surface ligands
(3, 5). Nevertheless, this technique alone does not provide
sufficient information to establish the identity of reactive
surface ligands. Recent studies indicate that spectroscopic
techniques may be useful complementary tools to study the
molecular-scale processes that govern proton-bacteria
sorption reactions (7, 16, 17). Infrared (IR) spectroscopy is
a well-established analytical technique that can be used to
determine the identity and protonation states of organic
functional groups (18). Proteins, lipids, and carbohydrates
have been widely investigated individually and, more recently,
this technique has been applied to more complex systems
(17, 19, 20). Because IR radiation is nondestructive to
biological materials, it can be used to examine the functional-
group chemistry of living cells and isolated cellular com-
ponents. Hence, IR spectroscopy has been utilized for in situ
examination of bacterial cells, biofilms, and extracted bacte-
rial surface biomolecules in aqueous systems (19–22). Several
recent investigations have examined the surface chemistry
of intact bacterial cells and their cell walls using both
macroscopic (e.g., potentiometric titration, ion adsorption)
and molecular tools (e.g., FTIR and XPS) (7, 14, 16, 17). By
combining IR data with information regarding the pKa values
of acid/base functional groups at the cell surface, tentative
identifications of the functional groups associated with the
pKa values derived from potentiometric data can be made.
Kim et al. (22) conducted potentiometric titrations and
electrophoretic mobility measurements to evaluate the
variability in cell surface charging behavior for E. coli O157:
H7. In their work, FTIR analysis was also used to confirm the
effectiveness of enzymatic treatment for removal of extra-
cellular macromolecules from the cell surface.
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Changes in the expression of nutrient-specific binding
agents and membrane transport proteins, lipopolysaccha-
rides, flagella, etc. have been demonstrated to occur upon
switching between metabolic pathways and can therefore
alter the ability of microbes to stick to surfaces (23, 24).
Eboigbodin (7) reported that the surface chemistry of E. coli
was altered after supplementation of the growth medium
with additional glucose at the beginning of the growth phase.
Specifically, results obtained using potentiometric titrations
and spectroscopic techniques showed that cells displayed a
higher concentration of proton-active functional groups in
macromolecules present at the cell surface that consequently
reduced cell-to-cell aggregation. Haas (3) found sufficient
variability by potentiometric titration of the facultative
Shewanella putrefaciens, when culture conditions were
changed from aerobic to anaerobic, as to confirm two distinct
sets of surface complexation parameters. Alternatively, in a
study of Bacillus and Pseudomonas spp. by ATR-FTIR
spectroscopy, Jiang et al. (19) reported that bacterial surface
chemistry did not change significantly with either the growth
phase or the composition of the nutrient-rich growth media.
Clearly, discrepancies remain regarding metabolic deter-
minants of microbial surface reactivity.

The overall objective of the present study was to evaluate
the variations in cell wall chemistry in terms of the identity
and abundance of cell surface functional groups as a function
of environmental dissolved oxygen (DO) concentration
during growth and acclimation of Escherichia coli O157:H7
and Yersinia enterocolitica. These bacterial Gram-negative
pathogens are able to grow in a wide range of environments,
and understanding the dependence of their physicochemical
properties on environmental factors is of interest. Following
exposure to different DO tensions in the natural subsurface
environment, changes in the mobility of these pathogens
mediated by intrinsic outer membrane properties may lead
to contamination of potable water supplies due to increased
migration (25). In this work, electrophoretic mobility (EPM)
measurements were employed to determine the overall cell
surface charge, and titration of bacterial cells along with the
modeling of the experimental data was utilized to determine
the pKa values of the major proton-active functional groups
at the cell surface. ATR-FTIR spectroscopy was then used to
characterize the effects of the growth and acclimation
conditions on the overall biochemical composition of the
cells, and the pH dependence of the spectra was examined
to obtain information on proton-active functional groups
and macromolecular structures that might be involved in
the development of the cell surface charge of the pathogens
studied.

Materials and Methods
Bacteria Selection, Incubation, and Acclimation. The
pathogenic bacteria Escherichia coli O157:H7 ATCC 700927
and Yersinia enterocolitica ATCC 23715 were grown and
acclimated as described in the Supporting Information.
Briefly, the bacteria were grown either anaerobically (ANA)
or aerobically (AER), then resuspended in 10 mM KCl (pH
6.7) of either low dissolved oxygen (lowDO) or saturated DO
(satDO) concentration. Following a 21 h acclimation period
in lowDO or satDO electrolyte solution, bacterial surface
properties were examined by potentiometric titration and
electrophoretic mobility measurements, and the biochemical
compositionofthecellswasstudiedbyATR-FTIRspectroscopy.

Bacterial Cell Characterization. (a) ATR-FTIR Spectros-
copy. ATR-FTIR spectra were recorded on a Varian Excalibur
3100 FTIR spectrometer (Varian, Melbourne, Australia)
equipped with a DTGS detector and a SensIR single-bounce
diamond ATR accessory (Smith Scientific, CT). The instru-
ment was purged with dry air to minimize spectral contribu-
tions from CO2 and water vapor. For each of the four

treatments examined, cell suspensions (4 × 107 cells/mL)
were washed after acclimation (21 h at 9 °C) and were then
immediately concentrated by centrifugation to ∼5 × 109 cells/
mL. Subsequently, cell suspensions with pH values of 4.0,
6.7, and 9.5 were prepared separately by adding appropriate
quantities of 0.1 M HCl or 0.1 M NaOH. After allowing the
cells to equilibrate with the electrolyte solution for 1 h, a
1.5-mL sample of each bacterial suspension was spun down
into a wet pellet paste (9000 ×g for 4 min, microCL 17R,
ThermoE). For FTIR spectral acquisition, a portion of the
paste was collected with a 1-mm loop and spread on the
diamond ATR element. The ATR-FTIR spectrum of the wet
pellet paste was collected by coaddition of 100 scans at a
resolution of 4 cm-1 and ratioed against a background
spectrum previously collected from the clean ATR crystal.
For all four experimental treatments, a reference spectrum
of preconditioned 10 mM KCl water solution was subtracted
from the spectrum of each bacterial sample, with the
subtraction scaling factor set such as to obtain a constant
ratio of the maximum absorbance in the amide I region
(1700-1600 cm-1) to that in the amide II region (1600-1500
cm-1) of 1.4 ( 0.02. The resulting spectrum was then
normalized to unit height of the amide I band. ATR-FTIR
measurements were conducted at room temperature (22 °C).

(b) Electrophoretic Mobility Measurements. EPM mea-
surements were previously reported in ref 25. Briefly, EPM
was measured at 11 °C using acclimated cell suspensions
(∼4 × 107 cells/mL, pH 6.7, 10 mM KCl) (ZetaSizer Nano ZS,
Malvern). Laser Doppler electrophoretic measurements were
repeated using at least three different bacterial suspensions,
measured at least three times each. Bacteria �-potentials were
calculated from the EPM measurements using the Smolu-
chowski equation (26).

(c) Titrations of Bacteria. Potentiometric titrations were
conducted (11 °C) to determine the dissociation constants
(pKa) and proton binding site concentrations (Si) of acid/
base functional groups located in the macromolecules
forming the bacterial outer cell wall. Details regarding the
titration procedure and data analysis are provided in the
Supporting Information.

Results and Discussion
Electrokinetic Characterization of Bacteria. Several studies
on the transport and fate of colloids and microorganisms
have demonstrated the relevance of �-potential as a predictor
of particle stability and interaction with abiotic surfaces
(9, 15, 25, 27–29). Bacteria �-potentials were calculated from
EPM measurements (taken from Castro and Tufenkji (25)).
Both E. coli and Y. enterocolitica exhibit a net negative charge
at pH 6.7 (Figure 1). However, there is a considerable
difference in the charge of the two organisms over the range
of treatments considered. Y. enterocolitica has a substantially
more negative �-potential than E. coli (ranging from 5 to 15
times larger, depending on the treatment). The data in Figure
1 shows that E. coli exhibits a more negative overall charge
when grown in the absence of oxygen versus growth in the
presence of oxygen, with a larger negative charge for the
ANAlow condition than the ANAsat condition. This latter
result suggests that the DO concentration during acclimation
influences the overall cell surface charge. Interestingly, Y.
enterocolitica exhibits an opposite trend whereby cells grown
aerobically are slightly (p < 0.01) more negatively charged
than those grown anaerobically (Figure 1). Roberts et al. (30)
reported a similar trend with the organism Shewanella
putrefaciens whereby aerobically grown cells were slightly
more negatively charged than anaerobically grown cells
between pH 2-4.

Potentiometric Titrations. To better understand the
nature of the functional groups present in the cell wall of the
two organisms when grown and acclimated at different DO
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concentrations, the data obtained from potentiometric
titrations were analyzed using chemical speciation software
(FITEQL 4.0) (31). The pKa values and concentrations of the
proton binding sites determined from this analysis are
summarized in Table S1 (Supporting Information). In general,
the dissociation constants and site densities determined in
this study are comparable to those determined in previous
studies using other organisms (5, 17). The most acidic proton
binding site determined for E. coli has pKa values in the range
of 3.4-4.1, falling within the pKa range for carboxylic groups
(pKa ) 2-6) as well as overlapping with the upper end of the
pKa range reported for phosphodiesters (pKa ) 3.2-3.5)
(32, 33). The second proton binding site for E. coli, with pKa

between 5.2 and 5.4, can be attributed to the carboxylic groups
of organic (diprotic) acids, whereas the third pKa (7.4-7.6)
can be associated with phosphoryl groups and the most basic
pKa (∼10) likely corresponds to either amine or hydroxyl
(phenolic) groups (19, 20). The fitted pKa’s determined for
E. coli O157:H7 are generally comparable to those reported
for the same organism grown under different conditions by
Kim et al (22). For Y. enterocolitica, FITEQL predicts three
major proton binding sites and the fitted pKas can be
tentatively assigned to carboxyl (pK1), phosphoryl (pK2), and
amine/hydroxyl (pK3) groups (Table S1 of the Supporting
Information). Predicted pKa values for the two organisms in
the four treatments are not very different (Table S1 of the
Supporting Information), suggesting that similar types of
functional groups are present on both cell surfaces.

To allow comparison of the titration data with the
�-potential measurements, the concentration of deproto-
nated functional groups at the pH of interest (6.7) was
determined. Specifically, the pKa values determined by
FITEQL were used to quantify the number of deprotonated
groups at pH 6.7 for the four treatments. The contribution
of each site to the total deprotonated charge at pH 6.7 is
presented in Figure 1 for both bacteria. At pH 6.7, E. coli has
a significantly larger amount (at a 95% confidence level) of
deprotonated sites (groups bearing a negative charge) per
cell when grown anaerobically than when grown in the
presence of oxygen. At this pH, the number of charged groups
in the AERlow condition is greater than in the AERsat
condition. In contrast, it remains comparable in the ANAlow
and ANAsat treatments, suggesting little influence of the DO
acclimation treatment when E. coli is grown anaerobically.
However, closer examination of Figure 1 shows that there is
a difference in the relative contributions of the individual
site types to the total charge, with the site S1 (tentatively
assigned to phosphodiester groups) corresponding to nearly
50% of St in the ANAlow condition, in comparison with 38%
in the ANAsat condition.

Titration data presented in Figure 1 also provides insight
into the surface charge of Y. enterocolitica at pH 6.7. In
contrast to E. coli, Y. enterocolitica exhibits more charged
groups when grown aerobically than anaerobically, as was

also observed for Shewanella putrefaciens by Haas (3), and
the number of charged groups for both growth conditions
is not strongly dependent on the acclimation protocol.
Interestingly, the ANAlow condition, which is one of the
treatments exhibiting the lowest amount of proton binding
sites (St), in turn has the highest percentage of deprotonated
groups per cell (48%) at pH 6.7, with S1 being the dominant
charge-contributing group (Figure 1). When grown aerobi-
cally, the average contribution of deprotonated groups to
the total titrated charge per cell at pH 6.7 is much lower
(32%).

Figure 1 allows for a direct comparison of �-potential data
with the number of charged groups at pH 6.7. For both
organisms, �-potential is generally well associated with the
total concentration of charged functional groups at pH 6.7.
Specifically, the treatments with the greatest amount of
charged groups determined by titration analysis (and as-
sociated model predictions) are generally associated with
the highest absolute �-potentials. When the data for all four
treatments are combined, a simple linear regression of the
total concentration of charged functional groups at pH 6.7
against �-potential for E. coli O157:H7 reveals a rather weak
correlation (R2)0.66) between the two sets of measurements.
However, correlating only S1 (concentration of most acidic
functional group determined by analysis of the titration data)
and �-potential, the regression yields an R2 of 0.87. When
�-potential is regressed against S1 for all treatments except
AERsat (which has a relatively low St), the R2 value is 0.999.
In the case of Y. enterocolitica (Figure 1b), the trend in
�-potential is in better agreement with the observed changes
in total charged functional groups at pH 6.7. A similar linear
regression analysis of the total concentration of charged
functional groups at pH 6.7 against �-potential for Y.
enterocolitica (for all four treatments) reveals a correlation
with an R2 of 0.89, whereas correlating only S1 and �-potential
yields an R2 of 0.94.

ATR-FTIR Spectra of Bacteria Samples. We employed
ATR-FTIR spectroscopy as a rapid means of examining the
bacterial biochemical composition as a function of changes
in DO during cell growth and acclimation. To detect variations
in the occurrence of certain functional groups when cells
were grown or acclimated at different DO levels, the spectrum
measured for one treatment was subtracted from the
spectrum measured for another treatment. Figure 2 shows
the difference spectra for both organisms generated in this
manner from their respective spectra (measured at pH 6.7)
to examine the influence of the growth protocol. A similar
analysis was completed to examine the influence of the
acclimation protocol on the spectra (Supporting Information,
Figure S1). It should be noted that all the spectra recorded
in this study were normalized to unit height of the protein
amide I band to compensate for the inherent variability in
the effective path length of the ATR measurements. As such,
the difference spectra in Figures 2 and S1 of the Supporting

FIGURE 1. Concentration of titrated charged sites at pH 6.7 following the four treatments for (a) E. coli O157:H7 and (b) Y.
enterocolitica (bar graph). Scatter plots represent the �-potential, where the error bars represent the 95% confidence interval. S1, S2,
and S3 represent the site concentrations associated with each proton binding site.
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Information effectively represent relative changes with
respect to protein content.

The predominant features in the spectra presented in
Figure 2 are a broad band in the “carbohydrate” absorption
region of the spectrum (1200-950 cm-1), in which C-OH,
C-C, and C-O-C vibrations give rise to extensively over-
lapped bands, and a somewhat weaker, broad band at
1250-1200 cm-1. Absorptions in the latter region are often
assigned to the antisymmetric stretching vibration of phos-
phate groups [denoted νas(PO2

-)], but carbohydrates also
exhibit bands in this region, whereas νs(PO2

-), which is
observed at ∼1074 cm-1, as well as C-O-P and P-O-P
vibrations contribute to absorptions in the “carbohydrate”
region (note: a summary of band assignments is provided in
Supporting Information, Table S2). Thus, the difference
spectra in Figure 2 indicate that significant increases in
phosphate and carbohydrate absorptions are associated with
switching from aerobic to anaerobic growth. It is interesting
to note that both organisms show the same trend, in contrast
to the opposing trends seen in Figure 1 for both Stot and
�-potential with the change from aerobic to anaerobic growth.
For both organisms, the integrated intensity between 1200
and 950 cm-1 in the spectra recorded for the four treatments
was found to be strongly correlated with the integrated
intensity between 1250 and 1200 cm-1 (R2 values of 0.999
and 0.989 for E. coli and Y. enterocolitica, respectively),
suggesting that the absorptions observed in Figure 2 in these
two regions may originate from one molecular species. Given
the presence of both phosphate groups and carbohydrates
in LPS, these observations are consistent with increased
production of LPS when cells are grown under oxygen-
depleted conditions, as Landini and Zehnder (23) observed
with E. coli K12 grown in the absence of oxygen. Indeed, the
difference spectra in Figure 2 are qualitatively similar to the
spectra of LPS isolated from a different organism (Pseudomo-
nas aeruginosa) over the spectral range presented in the
literature (1500-900 cm-1) (34). The spectra in Figure 2 also
exhibit a weak ν(CdO) band at ∼1705 cm-1, which could
originate from the lipid A portion of LPS.

The integrated intensity between 1200 and 950 cm-1 is
plotted for each of the four treatments in Figure 3. As noted
above, because these spectra have been normalized to unit
height of the protein amide I band, this integrated intensity

is a measure of the phosphate+CHO:protein ratio. The data
for E. coli clearly illustrate a larger integrated area for the
ANA growth treatments in comparison to the AER growth
conditions, which may be linked to increased production of
LPS under anaerobic growth conditions (see above). Figure
3 also shows that the acclimation treatment (either lowDO
or satDO) does not strongly influence the phosphate+CHO:
protein ratio measured in the E. coli spectra, whereas the
data obtained from potentiometric titrations and �-potential
(Figure 1) indicate that the DO level during cell acclimation
does influence cell surface charge when cells are grown
aerobically.

The phosphate+CHO:protein ratios determined for Y.
enterocolitica suggest that the ANAlow condition presents a
unique physicochemical profile in comparison to the three
other treatments examined. In addition, the spectrum for
the ANAlow condition was found to exhibit a unique
absorption band at ∼1032 cm-1, which is discernible in the
ANAlow-AERlow difference spectrum in Figure 2, but
assignment of this band to a specific molecular species was
not possible. It is interesting to note that the anomalous
spectral behavior observed for the ANAlow condition is
consistent with the unusual adhesion behavior of this
organism reported previously (25) whereby the transport
behavior of this organism in quartz sand for the ANAlow
treatment could not be explained by DLVO theory. The data
presented in Figure 3 may suggest increased production of
LPS for Yersinia cells grown anaerobically and acclimated in
lowDO electrolyte. Such an increase in LPS content may
explain the enhanced attachment observed in laboratory sand
column experiments under this condition (25). It would be
of interest to undertake further studies aimed at elucidation
of the nature of the unique spectral profile observed in the
case of Y. enterocolitica for the ANAlow treatment.

Finally, the influence of pH on the ATR-FTIR spectra was
investigated to obtain information that may assist in definitive
identification of the functional groups associated with the
pKa values determined by titration of the bacterial cells. For
this purpose, spectra were recorded at three pH values (4.8,
6.7, and 9.5), and difference spectra were generated for each
condition by subtracting the spectrum recorded at pH 4.8
from that at pH 6.7 as well as that recorded at pH 6.7 from
that recorded at pH 9.5. In addition, the variance of all the
spectra for each organism was calculated to ascertain which
peaks were sensitive to pH (Figure S2 of the Supporting
Information). The first set of difference spectra (pH 6.7-4.8)
obtained for both organisms is presented in Figure 4.
Comparison of the absorbance scales in this figure with those
in Figure 2 clearly shows that the spectral changes resulting
from varying the pH are relatively minor. The second set of

FIGURE 2. Spectra of E. coli (a and b) and Y. enterocolitica (c
and d) obtained by difference spectra analysis between aerobic
and anaerobic growth for cells acclimated in either lowDO or
satDO electrolyte at pH 6.7.

FIGURE 3. Integrated intensity between 950 and 1200 cm-1 for
both bacteria suspended in 10 mM KCl at pH 6.7. The bands
have been normalized to the amide I band. Error bars represent
95% confidence intervals.
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difference spectra (pH 9.5-6.7) (Figure S3 of the Supporting
Information) did not reveal any notable features (i.e.,
variations were near the noise level), and hence the discussion
that follows will focus on the data presented in Figure 4. For
all four conditions, the E. coli difference spectrum shows a
negative band at 1717 cm-1, assigned to the ν(CdO) band of
carboxylic groups in fatty acids and amino acid side chains,
and two positive bands at 1578 and 1399 cm-1, respectively,
assigned to the asymmetric and symmetric stretching vibra-
tions of carboxylate groups. Thus, these spectra provide clear
evidence of deprotonation of carboxylic groups between pH
4.8 and pH 6.7. In addition, the marked decrease in intensity
of bands at ∼1233 and 1074 cm-1 is indicative of deproto-
nation of HPO2

- groups in this pH range. Such groups can
be present in bacterial cell surfaces in several different forms:
inorganic forms such as orthophosphate and its oligomers
and organic forms such as phosphomonoesters and phos-
phorylated proteins. Phosphate groups are also bound to
LPS, lipids, and muramic acid in the peptidoglycan found in
bacterial cell walls (34, 35). The spectra for Y. enterocolitica
in Figure 4 generally appear to show similar trends to those
observed for E. coli, but the effects of the pH change on the
spectra are much less evident.

To our knowledge, there exist no previous studies aimed
at examining how variations in oxygen tension during
bacterial growth and acclimation influence cell biochemical
composition. Yet, in natural and engineered aqueous en-
vironments, the concentration of dissolved oxygen can
fluctuate significantly, giving rise to differing bacterial growth
and acclimation conditions. For instance, in some scenarios,
bacteria may grow in an anaerobic environment (e.g., the
intestinal tract of animals) but migration can take place in
oxygen-rich waters. The opposite is also true, whereby cells
may grow in an aerobic atmosphere (e.g., near-surface soil
layers) but subsequently be released to an oxygen-depleted
environment. Hence, it is of interest to understand the
potential variations in bacterial cell surface properties and
biochemical composition resulting from exposure to differing
DO levels and how these changes influence cell mobility in
aqueous environments. Here, complementary studies by
potentiometric titration and electrophoretic mobility mea-
surements conducted at pH 6.7 demonstrate a correlation

between the deprotonated cell surface functional groups and
bacteria �-potential for both E. coli O157:H7 and Yersinia
enterocolitica. For each organism, the amount of deproto-
nated groups at pH 6.7 generally agrees well with the trends
observed in the cell �-potentials. However, when comparing
the data for the two organisms, a considerable difference in
the magnitude of the �-potential between the two species is
observed, which is not reflected in the calculated amount of
deprotonated groups (i.e., the amount of deprotonated
groups is quite similar for the two organisms). Hence, our
results show that it is not always appropriate to directly
compare the amount of titratable charge (evaluated using a
nonelectrostatic chemical speciation model) to the measured
electrophoretic mobility of cells. In a previous study, Hong
and Brown (36) showed that accurate modeling of bacterial
cell surfaces requires use of an electrostatic model that
accounts for the charge-regulated nature of the cell wall
surface. Using such an electrostatic model, these researchers
were able to show good agreement between potentiometric
titration data and �-potential for both a Gram-negative and
a Gram-positive organism. Application of an electrostatic
model using measurements obtained over a range of
electrolyte compositions may thus provide better agreement
between titration and electrophoretic mobility data.

FTIR spectra of bacterial samples can provide insight into
the biochemical composition of the cells and, when combined
with pKa values from analysis of titration data, may allow for
tentative identification of the functional groups responsible
for the cell surface charge, including carboxylic, phosphate,
phosphodiester, hydroxyl, and amine groups. The ATR-FTIR
spectra measured in this work provided clear evidence of
variations in cell biochemical composition as a function of
growth conditions (aerobic vs anaerobic) and, in the case of
Y. enterocolitica also showed a definitive effect of oxygen
tension during acclimation. ATR-FTIR spectroscopy proved
to be less informative with respect to the functional groups
responsible for the cell surface charge owing to the limited
sensitivity of the spectra to pH changes over the range
examined. Overall, the FTIR results indicate that this system
warrants closer examination via extraction of specific cell
components (e.g., LPS fraction, protein fraction, etc.) to
definitively assign measured changes in IR spectra to

FIGURE 4. pH sensitivity and band positions of the acid-base functional-group absorptions. Difference spectra (pH 6.7-4.8) for (a) E.
coli O157:H7 and (b) Y. enterocolitica, for the four treatments. Plots a5 and b5 are the average spectra of the four treatments showing
major contributions for clarity.
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biochemical changes in the bacterial cell. Moreover, a
genome-wide transcriptional analysis using microarray
technology could be useful in determining how gene expres-
sion of the organisms examined is affected by the variations
in oxygen tension during cell growth and acclimation.
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Recherche sur la Nature et les Technologies (FQRNT Team
Grant), the Natural Sciences and Engineering Research
Council of Canada (NSERC), the Canadian Water Network
(CWN), the Canada Research Chairs (CRC) Program, and the
Canada Foundation for Innovation (CFI). The authors
acknowledge A. Grygorczyk for ATR-FTIR training, S. Gruen-
heid for providing ATCC 700927, and M. Assanta for providing
ATCC 23715.

Supporting Information Available
Details regarding preparation of bacterial suspensions,
experimental techniques, and supporting data in the form
of tables and figures. This material is available free of charge
via the Internet at http://pubs.acs.org.

Literature Cited
(1) Bos, R.; van der Mei, H. C.; Busscher, H. J. Physico-chemistry

of initial microbial adhesive interactionssIts mechanisms and
methods for study. FEMS Microbiol. Rev. 1999, 23 (2), 179–230.

(2) Tufenkji, N. Modeling microbial transport in porous media:
Traditional approaches and recent developments. Adv. Water
Resour. 2007, 30, 1455–1469.

(3) Haas, J. R. Effects of cultivation conditions on acid-base titration
properties of Shewanella putrefaciens. Chem. Geol. 2004, 209,
67–81.

(4) Borrok, D.; Turner, B. F.; Fein, J. B. A universal surface complexation
framework for modeling proton binding onto bacterial surfaces
in geologic setting. Am. J. Sci. 2005, 305, 826–853.

(5) Hong, Y.; Brown, D. G. Cell surface acid-base properties of
Escherichia coli and Bacillus brevis and variation as a function
of growth phase, nitrogen source and C:N ratio. Colloids Surf.,
B 2006, 50, 112–119.

(6) Borrok, D.; Fein, J. B.; Tischler, M.; O’Loughlin, E.; Meyer, H.;
Liss, M.; Kemner, K. M. The effect of acidic solutions and growth
conditions on the adsorptive properties of bacterial surfaces.
Chem. Geol. 2004, 209 (1-2), 107–119.

(7) Eboigbodin, K. E.; Ojeda, J. J.; Biggs, C. A. Investigating the surface
properties of Escherichia coli under glucose controlled condi-
tions and its effect on aggregation. Langmuir 2007, 23, 6691–
6697.

(8) Yang, H.-H.; Morrow, J. B.; Grasso, D.; Vinopal, R. T.; Smets,
B. F. Intestinal versus external growth conditions change the
surficial properties in a collection of environmental Escherichia
coli isolates. Environ. Sci. Technol. 2006, 40, 6976–6982.

(9) Castro, F. D.; Tufenkji, N. Relevance of nontoxigenic strains as
surrogates for E. coli O157:H7 in groundwater contamination
potential: Role of temperature and cell acclimation time.
Environ. Sci. Technol. 2007, 41, 4332–4338.

(10) Lytle, D. A.; Johnson, C. H.; Rice, E. W. A systematic comparison
of the electrokinetic properties of environmentally important
microorganisms in water. Colloids Surf., B 2002, 24 (2), 91–101.

(11) Schinner, T.; Letzner, A.; Liedtke, S.; Castro, F. D.; Eydelnant,
I. A.; Tufenkji, N. Transport of selected bacterial pathogens in
agricultural soil and quartz sand. Water Res. 2010, 44, 1182–
1192.

(12) Daughney, C. J.; Fein, J. B.; Yee, N. A comparison of the
thermodynamics of metal adsorption onto two common
bacteria. Chem. Geol. 1998, 144 (3-4), 161–176.

(13) Daughney, C. J.; Fowle, D. A.; Fortin, D. The effect of growth
phase on proton and metal adsorption by Bacillus subtilis.
Geochim. Cosmochim. Acta 2001, 65 (7), 1025–1035.

(14) Yee, N.; Benning, L. G.; Phoenix, V. R.; Ferris, F. G. Character-
ization of metal-cyanobacteria sorption reactions: a combined
macroscopic and infrared spectroscopic investigation. Environ.
Sci. Technol. 2004, 38, 775–782.

(15) Walker, S. L.; Redman, J. A.; Elimelech, M. Role of cell surface
lipopolysaccharides (LPS) in Escherichia coli K12 adhesion and
transport. Langmuir 2004, 20, 7736–7746.

(16) Leone, L.; Ferri, D.; Manfredi, C.; Persson, P.; Shchukarev, A.;
Sjoberg, S.; Loring, J. Modeling the acid-base properties of
bacterial surfaces: A combined spectroscopic and potentio-
metric study of the gram-positive bacterium Bacillus subtilis.
Environ. Sci. Technol. 2007, 41, 6465–6471.

(17) Dittrich, M.; Sibler, S. Cell surface groups of two picocyano-
bacteria strains studied by zeta potential investigations, po-
tentiometric titration, and infrared spectroscopy. J. Colloid
Interface Sci. 2005, 286, 487–495.

(18) Naumann, D.; Helm, D.; Labischinski, H. Microbiological
characterizations by FT-IR spectroscopy. Nature 1991, 351, 81–
82.

(19) Jiang, W.; Saxena, A.; Song, B.; Ward, B. B.; Beveridge, T. J.;
Myneni, S. C. B. Elucidation of functional groups on gram-
positive and gram-negative bacterial surfaces using infrared
spectroscopy. Langmuir 2004, 20, 11433–11442.

(20) Parikh, S. J.; Chorover, J. ATR-FTIR spectroscopy reveals bond
formation during bacterial adhesion to iron oxide. Langmuir
2006, 22, 8492–8500.

(21) Schmitt, J.; Flemming, H.-C. FTIR-spectroscopy in microbial
and material analysis. Int. Biodeter. Biodegrad. 1998, 41, 1–11.

(22) Kim, H. N.; Hong, Y.; Lee, I.; Bradford, S.; Walker, S. L. Surface
characteristics and adhesion behavior of Escherichia coli O157:
H7: Role of extracellular macromolecules. Biomacromolecules
2009, 10, 2556–2564.

(23) Landini, P.; Zehnder, A. J. B. The global regulatory hns gene
negatively affects adhesion to solid surfaces by anaerobically
grown Escherichia coli by modulating expression of flagellar
genes and lipopolysaccharide production. Appl. Environ. Mi-
crobiol. 2002, 184 (6), 1522–1529.

(24) Yang, H.-H. The Effect of Environmental Stress on Cell Surface
Properties and Their Relation to Microbial Adhesion in Feedlot
Escherichia coli Isolates. Ph.D., University of Connecticut, 2005.

(25) Castro, F. D.; Tufenkji, N. Role of oxygen tension on the transport
and retention of two pathogenic bacteria in saturated porous
media. Environ. Sci. Technol. 2008, 42, 9178–9183.

(26) Hunter, R. J. Foundations of Colloid Science; Oxford University
Press: New York, 2001; p 806.

(27) Eboigbodin, K. E.; Newton, J. R. A.; Routh, A. F.; Biggs, C. A. Role
of non-adsorbing polymers in bacterial aggregation. Langmuir
2005, 21, 12315–12319.

(28) Tufenkji, N. Application of a dual deposition mode model to
evaluate transport of Escherichia coli D21 in porous media. Water
Resour. Res. 2006, 42 (12), W12S11.

(29) Elimelech, M. Predicting collision efficiencies of colloidal
particles in porous-media. Water Res. 1992, 26 (1), 1–8.

(30) Roberts, J. A.; Fowle, D. A.; Hughes, B. T.; Kulczycki, E.
Attachment behavior of Shewanella putrefaciens onto magnetite
under aerobic and anaerobic conditions. Geomicrobiol. J. 2006,
23, 631–640.

(31) Herbelin, A. L.; Westall, J. C. FITEQL - A Computer Program for
Determination of Chemical Equilibrium Constants from Ex-
perimental Data. Report 99-01; Department of Chemistry,
Oregon State University: Corvallis, OR, 1999.

(32) Martinez, R. E.; Smith, D. S.; Kulczycki, E.; Ferris, F. G.
Determination of intrinsic bacterial surface acidity constants
using a Donnan shell model and a continuous pKa distribution
method. J. Colloid Interface Sci. 2002, 253, 130–139.

(33) Cox, J. S.; Smith, D. S.; Warren, L. A.; Ferris, F. G. Characterizing
heterogeneous bacterial surface functional groups using discrete
affinity spectra for proton binding. Environ. Sci. Technol. 1999,
33, 4514–4521.

(34) Parikh, S. J.; Chorover, J. Infrared spectroscopy studies of cation
effects on lipopolysaccharides in aqueous solution. Colloids
Surf., B 2007, 55 (2), 241–250.

(35) Stenutz, R.; Weintraub, A.; Widmalm, G. The structures of
Escherichia coli O-polysaccharide antigens. FEMS Microbiol.
Rev. 2006, 30 (3), 382–403.

(36) Hong, Y.; Brown, D. G. Electrostatic behavior of the charge-
regulated bacterial cell surface. Langmuir 2008, 24, 5003–3009.

ES903692U

VOL. 44, NO. 11, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 4141


