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ABSTRACT: In this study, we employed AFM analysis combined with
mathematical modeling for quantifying cell−surface contact mechanics and
magnitude and range of cell−surface interaction forces for seven bacterial strains
with a wide range of cell morphology, dimension, and surface characteristics.
Comprehensive cell−surface characterization including surface charge, extracellular
polymeric substance content, hydrophobicity, and cell−cell aggregation analyses
were performed. Flow-through column tests were employed to determine the
attachment efficiency and deposition−transport behavior of these bacterial strains.
No statistically significant correlation between attachment efficiency and any single-
cell surface property was identified. Single-cell characterization by atomic force
microscopy (AFM) yielded the mechanical deformation and elastic modulus,
penetration resistance to AFM probe penetration by cellular surface substances
(CSS), range and magnitude of the repulsive−attractive intersurface forces, and
geometry of each strain. We proposed and derived a universal dimensionless modified Tabor’s parameter to integrate all these
properties that account for their collective behavior. Results showed that the Tabor parameter derived from AFM analysis
correlated well with experimentally determined attachment efficiency (α), which therefore is able to link microscale cell−surface
properties with macroscale bacterial transport behavior. Results suggested that the AFM tests performed between a single cell
and a surface captured the key quantities of the interactions between the cell and the surface that dictate overall cell attachment
behavior. Tabor’s parameter therefore can be potentially incorporated into the microbial transport model.

■ INTRODUCTION
Microbial transport through porous media in subsurface
environment is relevant to many aspects of environmental
engineering, such as in situ or enhanced subsurface
bioremediation,1 drinking water supplies,2 and filtration
processes for water and wastewater treatments.3,4 Micro-
organisms in the subsurface, either indigenous or bioaug-
mented, can profoundly impact the fate and transport of
contaminants via transformation of the pollutants, adsorption
and facilitated solute transport, or changes in hydraulic
conductivity of the sediment layers.5,6 In fact, the microbe
itself as a contaminant is of interest, for instance, pathogenic
bacteria and virus in a river bank filtration process in drinking
water treatment.7

Traditionally, bacterial transportation is modeled by the
classical colloid filtration theory (CFT), in which removal of
microbes from the collector (e.g., sand grain) is assumed to be
governed by either equilibrium adsorption or kinetic rate-
controlled bacteria attachment to and detachment from the
aquifer materials.8−10 However, experimental observation
shows discrepancies of CFT prediction in both lab and field
scales, especially in particle deposition rates at high ionic
concentration in the electrolyte.8,11−16 A number of studies
have shown the necessity of introducing the full intersurface

potential of electrostatic double layers developed at the surfaces
of both the particle and the collector according to Derjaguin−
Landau−Verwey−Overbeek (DLVO) theory.17−21 Despite the
improvement, bacterial deposition is often observed even when
the estimated electrostatic repulsion between the interacting
surfaces produces a seemingly insurmountable potential energy
barrier.22 To identify other relevant factors that potentially
impact cell−surface interaction, a number of cell properties,
including electrophoretic mobility and hydrophobicity,23 sur-
face charge heterogeneities,24 and cell−surface extracellular
polymeric substances (EPS) such as lipopolysaccharides, 25

have been studied in terms of their effects on microbe
deposition behavior in porous media. Although some
correlations between the microbial deposition rates and a
single or combination of these parameters have been
demonstrated, the consistency of the correlations and dominant
factors seemed to vary depending on the microbes selected and
the testing conditions.23,26 The variation of these correlation
conclusions indicates that cell−surface interaction is governed
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by various mechanisms and interplay of all of the above factors
but not isolated to one or a few parameters.27 In addition, there
are still other essential factors, such as the elastic deformation
energy of individual cells associated with adhesion contact, that
have not yet been considered. This complexity highlights the
need to obtain detailed mechanistic understanding of cell−cell
and cell−surface interactions in order to improve and refine the
conceptual and quantitative model development for fate and
transport of microorganisms and consequently contaminants in
subsurface.
Application of AFM (atomic force microscopy) for nano-

and microscale characterization of the cell−surface properties
have been demonstrated by others and shown promise28−31 but
mostly with qualitative interrogation. We recently explored the
application of AFM in combination with mathematical data
extraction and a modeling framework for microscale character-
ization of microbe cell−surface contact mechanics, interactions,
and adhesion quantities.32 We proposed and constructed a
dimensionless parameter based on the quantities derived from
AFM, referred as a modified Tabor parameter, to parametrize
the essential features and interactions within the cell−surface
system for predicting the relative propensity of cells to
aggregate.32 In this study, we employed AFM analysis
combined with mathematical modeling for quantifying cell−
surface contact mechanics and the magnitude and range of
cell−surface interaction forces for a number of bacterial strains
with a wide range of cell morphology, dimension, and surface
characteristics. The results showed that the Tabor parameter
derived from AFM analysis correlated well with attachment
efficiency, experimentally determined, and therefore is able to
link microscale cell−surface properties with macroscale
bacterial transport behavior.

■ MATERIAL AND METHODS
Bacteria Strains. Table S1, Supporting Information,

summarizes the background information for the seven bacterial
strains to be investigated: (i) Desulfovibrio vulgaris, (ii)
Shewanella oneidensis MR-1, (iii) Shewanella putrefaciens CN-
32, (iv) Bacillus cereus, (v) Raoultella ornithinolytica, (vi)
Aeromonas punctata, and (vii) Geobacter sulfurreducens. These
strains have environmental relevance related to either
bioremediation or water quality.33−35 S. oneidensis MR-1 and
S. putrefaciens CN-32 were grown anaerobically in Luria−
Bertani (LB) medium (25g/L) with 10 mM sodium fumarate
(1.6g/L) as the electron acceptor and 10 mM sodium lactate as
the electron donor. D. vulgaris cells were grown anaerobically in
ATCC medium 1249, modified Baar’s medium for sulfate
reducers. G. sulfurreducens cells were cultured at 30 °C under
strict anaerobic condition in NBAF medium as described
previously.36 These anaerobic strains were grown in a glovebox
at 30 °C (Coy Laboratory Products, Grass Lake, MI) with an
atmosphere of 5% hydrogen/nitrogen balance. B. cereus, R.
ornithinolytica, and A. punctata were grown aerobically at 37 °C
in 25 g/L Luria−Bertani (LB) medium (Sigma-Aldrich, Inc., St.
Louis, MO). Sample cells were grown at a relatively high
temperature to promote growth rate before being harvested
from stationary phase. To evaluate the potential impact of the
growth stage on bacterial microscale adhesion properties and
macroscale transportation kinetics, three samples from the
exponential growth phase (E), the stationary growth phase (S),
and 48-h-old growth (48) time of one strain, namely, A.
punctata, were evaluated. Note that more detailed investigation
of the impact of growth and environmental conditions (e.g.,

growth stage, media, temperature, and presence of toxins, etc.)
on cell−surface properties and transport behavior is beyond the
scope of this study and will be further evaluated.

Bacteria Characterization and Cell Surface Properties
Analysis. a. Cell Morphology and Dimension. To determine
cell dimensions, cells were stained with 1 μg/mL 4′,6-
diamidino-2-phenylindole (DAPI) for 10 min and then
observed in situ by fluorescence microscopy (Zeiss, Axio
Imager M1-1).37 Individual cell lengths and widths were
determined with the analytical software AxioVision Rel4.8
based on measurements of at least 20−30 cells for each strain.

b. Electrophoretic Mobility and Surface Potential. A
Zetasizer Nano ZS90 (Malvern Instruments, Southborough,
MA) was used to measure the electrophoretic mobility of
bacteria suspensions. Surface potentials were approximated by
the ξ potentials, which were calculated from the electrophoretic
mobility using the Smoluchowski approximation.

c. Bacteria Hydrophobicity. The contact angle was
measured to estimate bacteria hydrophobicity according to an
established protocol.38 Cells collected by centrifugation were
resuspended in phosphate-buffered saline (PBS) and filtered
through 0.45 μm (pore size) Millipore filters. Filters with a
continuous bacteria layer were mounted on glass slides, and the
contact angle of the bacteria surface in 0.1 M NaCl solution was
measured with a contact angle analyzer (Phoenix 150, SEO Co.
Suwon, Korea). At least 5 independent measurements were
made to establish the average values.

d. Extracellular Polymeric Substance (EPS) Analysis. A
modified base extraction method 39 was applied to measure the
EPS in each strain. A 50 mL amount of bacteria sample was
centrifuged, resuspended, and filtered to measure the
concentration of total solids. In order to account for those
EPS remaining in solution, 5 mL of the resuspended sample
was filtered through 0.22 μm micrometer nitrocellulose filters
as cell-free control. The pH of both sample and control was
raised to 10.5 using 1 N NaOH, then placed on a shaker table
at 350 rpm in 4 °C, and allowed to react for 3 h. Then samples
were filtered through 0.22 μm micrometer nitrocellulose filters
prior to measurement of protein and carbohydrates as EPS
content. The total protein content was determined by the
modified Lowry method using the Micro BCA Protein Assay
Reagent Kit with a standard of bovine serum albumin (BSA).
Analysis of carbohydrates was performed using the phenol−
sulfuric acid method 40 with glucose as the standard.

e. Cell−Cell Aggregation. The macroscopic aggregation
capacity of bacteria was characterized using a prescribed assay41

and measured in terms of the aggregation index, AI, which
ranges from 0 to 1 with larger AI values corresponding to
higher aggregation tendency. In brief, 10 mL of cells was
harvested in the stationary growth phase by centrifugation (11
000 × g for 10 min), washed twice with buffer solution (3 mM
NaCl containing 0.5 mM CaCl2), and adjusted using the same
buffer solution to a similar initial optical density, ODtot, of
about 0.30. The sample was exposed to a beam of laser with
wavelength λ = 660 nm to measure the optical density OD
using a plate reader (Synergy HT Multi-Mode, Biotech,
Winooski, VT). Immediately after centrifuging at 650 × g for
2 min, the optical density of the carefully pipetted supernatant
was measured again as ODs. The aggregation index is defined as

=
−

×AI
OD OD

OD
100%tot s

tot (1)

Environmental Science & Technology Article

dx.doi.org/10.1021/es403511a | Environ. Sci. Technol. 2014, 48, 1769−17781770



To estimate the average dimension of an aggregate, a protocol
used in our previous work was adopted.32 Cell suspension was
gently dispersed on a glass slide, fast dried, and stained with 1
μg/mL 4′,6-diamidino-2-phenylindole (DAPI) for 10 min.
Then the settled multicell aggregates were observed in situ by
fluorescent microscopy (Zeiss, Axio Imager M1-1).37,42 At least
20 micrographs were taken at different locations for each
sample. Figure S1a, Supporting Information, shows typical
multicell aggregates identified manually. The nominal aggregate
dimension of each aggregate was then estimated based on the
equivalent diameter of the area that circumscribes the multicell
aggregate based on microscopic images using the analytical
software AxioVision Rel4.8. The equivalent aggregate diameter
for a given strain was determined as the value at cumulative
frequency of 50% (Figure S1b, Supporting Information).
Duplicate measurements were performed for each strain. The
number of single cells in each aggregation is estimated by
dividing the average aggregation area by the mean single-cell
area. Note that the aggregate size estimated here did not
consider the 3-D dimension of the aggregate; however, we
believe it is sufficient for the purpose of evaluating the
correlation of aggregation trends with cellular surface proper-
ties.42

Flow-Through Packed-Bed Column Tests for Deter-
mining Attachment Efficiency. Ultrapure silica sand
GRANUSIL 4095 (UNIMIN Corp., LeSueur, MN) with a
nominal diameter of 0.289 mm was utilized as collector in the
column testing, which was precleaned with 1 M NaOH for 24
h, rinsed with DI water, dried in an oven at 103 °C for 24 h,
followed by drying in a 550 °C oven for 1 h before use. A
suspension of bacteria was pumped through a 60 cc sterile
syringe (i.d. of 2.67 cm) packed with clean silica sand to a
height of 10 cm.43 Standard gravimetric methods were used to
determine the silica sand density (2.65 g/cm3) and a column
packing porosity of 0.4. Prior to each deposition measurement
the packed column was equilibrated by pumping 20 pore
volumes of DI water followed by 10 pore volumes of the
background electrolyte solution (3 mM KCl) through the
column at a constant flow rate of 5 mL/min (filtration velocity
of 0.015 cm/s). A suspension of bacteria in the same
background electrolyte solution was pumped for 3−4 pore
volumes, followed by pumping bacteria-free background
electrolyte solution (about 3 pore volumes) at the same rate
as mentioned above. A constant influent particle concentration,
Co, was maintained by including a miniature magnetic stir bar in
the bacteria solution tank, and the influent particle concen-
tration at the column inlet was measured every 1/4 of a pore
volume. The bacteria concentration at the column outlet was
monitored continuously using online optical density measure-
ments (at 500 nm) with a UV−vis spectrophotometer (model
UV Mini 1240 Shimadzu, Kyoto, Japan) and a 1 cm flow-
through cell.
Attachment efficiency, α, is defined as the ratio of

experimental single-collector removal efficiency (η) to the
theoretical single-collector contact efficiency (ηo), i.e., α = η/ηo.
Values of ηo for each strain were determined using the
expression proposed by Tufenkji and Elimelech.44,45

The single-collector removal efficiency can be determined
from each breakthrough curve as follows

η
ε

=
− −

−
d C C

L
2 ln(1 / )

3(1 )
c o

(2)

where dc is the diameter of the quartz sand, ε is the bed
porosity, and L is the packed column length. The normalized
column effluent concentration, C/Co, was obtained from each
breakthrough curve by averaging the values measured between
pore volumes 1.8 and 2 (i.e., clean bed conditions).24

Attachment efficiencies (αBTC) based on the breakthrough
curve are then determined as α = η/ηo.
Attachment efficiency can also be calculated from the profile

of retained cells,44 S(x)

ε
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Here k is the cell deposition rate coefficient, u the interstitial
cell velocity, ρb the porous medium bulk density, and to the
duration of continuous cell injection at concentration Co (at x =
0). The cell deposition rate coefficient, k, is related to η via

ε η α= −
k

u
d

3(1 )
2

( )
c

0
(4)

Linearization of eq 3 reveals that k, and thus α, can be obtained
from both the intercept and the slope of a semilog plot of S(x)

ε
ρ

= −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟S x

t kC k
u

xln ( ) ln 0 o

b (5)

For each experiment, the value of the attachment efficiency was
calculated from the intercept (αint) and slope (αslope) of a
semilog plot of the retained particle profile, S(x).

Column Dissection and Enumeration of Retained
Cells on Sand. After completing each flow-through column
test the packed bed was dissected into sections to obtain the
spatial distribution of particles as suggested by Tufenkji and
Elimelech.44 The column bottom end piece was removed, and
the porous medium saturated with electrolyte solution was
extruded in 1 cm wide sections by gravity. Each 1 cm section of
porous media was placed into a 50 mL Falcon tube containing
5 mL of 1 mM NaOH to release the retained cells from the
sand grains surface. After 1 h, representative 1 mL samples of
the supernatant from each tube were withdrawn, added to a
sterile 2 mL tube containing 200 μL of 4% PFA, and used for
bacterial enumeration in accordance to a published protocol,46

as summarized in the Supporting Information (SI 1). The
remaining sand−cell solution mixture in each tube was emptied
into preweighed aluminum dishes, weighed, and placed in an
oven to evaporate the remaining liquid. The mass of sand and
volume of solution in each section were determined by mass
balance. At least three replicates were performed with each
strain.

Atomic Force Microscopy and Derivation of the Tabor
Parameter. A 1 mL amount of a suspension of bacteria culture
in 3 mM KCl solution was pipetted onto a gelatin-treated
cleaved mica disk (Sigma G-6144) for AFM indentation. Force
measurements were repeated on mica surfaces before and after
probing the bacteria samples to ensure minimal contamination
of the silicon nitride AFM tip. A typical cell was identified by
large scan size and low-resolution MAC (magnetic acoustic
control) mode. The AFM tip was then repositioned over the
cell before switching from tapping to contact mode for
indentation. Applied load, F, was measured as a function of
the vertical displacement of the AFM tip, w. The mechanical
response, F(w), was obtained for loading−unloading (com-
pression−tension) of the tip. At least five loading−unloading
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cycles were performed on different areas of selected cells and at
least 10−15 cells of each sample batch.
Figure 1 shows the typical force−displacement curve by

AFM. When the AFM tip is still relatively far away from the cell

sample the interaction force is so weak that the measured force
is set to baseline for apparent “zero” load (path AB). Upon
further loading AFM will touch CSS at point B and penetrate
the whole layer along path BC (see Supporting Information, SI
2, for detailed description on the determination of point C).
The equilibrium thickness of CSS is defined as the length of
BC, from where the AFM tip first senses the presence of
intersurface forces to AFM tip touching the cell surface during
loading. The AFM tip will cause global deformation to the cell
along path CD, from which the cell elastic modulus is
calculated.47 The elastic modulus calculation method is briefly
summarized in the Supporting Information (SI 3). Then the
AFM tip will be retracted from the cell surface upon the
unloading curve (dotted blue line), and the cell will gradually
resume the original shape. When the tip is released from the
cell surface it will travel back along CSS layer. The applied force
will be tensile along path FG. The observed sawtooth pattern is
due to sudden detachment of CSS from the AFM tip. The
adhesion energy, Uad, is defined by the shaded area which is the
total work needed to detach the AFM tip from the cell surface
or CSS layer. The spring constant of the AFM cantilever was
determined by the average force curves to be 0.205 ± 0.015 N/
m according to the Cleveland method.48 With the attempt to
derive a universal dimensionless parameter to collectively
combine these measurable quantities, the modified Tabor
parameter,32 μ, based on classical adhesion and colloidal science
was defined as

μ
π

= −
⎡
⎣
⎢⎢

⎛
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⎞
⎠⎟
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2

2
2 2
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where b2 is the width of the ellipsoidal cell determined from cell
dimension measurements, l is the thickness of the cellular
surface substances (CSS) measured as the length of BC (Figure
1), E is the cell elastic modulus calculated from the extent of

cell membrane deformation when a loading force was applied
through the AFM tip, Uad is the total adhesion energy needed
to detach the AFM tip from sample cell, πRAFM

2 is the contact
area of the AFM tip, RAFM (10 nm) is the AFM tip radius, and ν
(0.5) is the Poisson ratio. The Tabor parameter proposed
reflects the cell−surface interaction quantities as well as the cell
dimension and mechanical properties (see more discussion in
the Results section). A more detailed description of the basis
and development of Tabor’s parameter is provided in the
Supporting Information (SI 4).

■ RESULTS AND DISCUSSIONS
Diverse Transport Behavior among Bacterial Strains.

A diverse microbial transport behavior of different strains,
reflected by both cell breakthrough curves (Figure 2) and cell

desposition distriution patterns in media (Figure 3), was
observed under the same chemical and flow condition. For
example, around 20% of R. ornithinolytica and D. vulgaris cells
was retained in the column (C/C0 about 0.8), whereas more
than 70% of the of B. cereus cells were retained. It is noted that
the breakthrough curves for R. ornithinolytica, A. punctata, and
B. cereus exhibit a monotonic increasing function of time, which
is widely discussed in the literature. Possible explanations
inlcude “blocking” the impact of deposited bacteria that reduces
the area available for deposition,49 simultaneous bacterial
deposition and release,50 colloid/microbial collisions that
knock off weakly associated cells from the collector surface,51

and a superposition of straining and attachment processes,52

etc. Simultaneous cell deposition and detachment in this case is
unlikely the major reason because except for A. punctata no
obvious concentration tailing27 was observed in the break-
through curves.
Figure 3 shows the profile of retained cell concentration

along the sand column length. For R.ornithinolytica, A. punctata,
and B. cereus, significantly more cells were deposited in the
beginning of the column than those retained in the end,
presumably as a result of a physical straining process.52

Figure 1. Exemplary AFM force loading (solid black line, A−B−C−D)
and unloading (dotted blue line, D−F−G) curve of Aeromonas
puntata. Thickness of the cellular surface substances (CSS) is defined
as the distance from the starting point of force detection (point B) to
cell surface (point C). Adhesion energy Uad is defined by the shaded
area of loading−unloading hysteresis, which is the total work needed
to detach the AFM tip from the cell.

Figure 2. Representative breakthrough curves for S. oneidensis MR1, S.
putrefaciens CN32, D. vulgaris, R. ornithinolytica, A. punctata, and B.
cereus cells in columns packed with silica sand at a solution ionic
strength of 3 mM KCl. Experimental conditions: C0 ≈ 108 cells/mL,
approach velocity 0.015 cm/s, porosity 0.4, mean sand diameter 0.289
mm, pH 8−8.5, and temperature 20−22 °C. All strains were from
stationary growth stage.
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Significant deposition close to the inlet leads to clogging, which
in turn reduces the percolation channels in the porous medium.
After the first few clogging centimeters cells would be only
mobile in the larger continuous pore networks, which would
inhibit straining, and the number of retained cells therefore
decreased.52 Signficant deviation of our measurements from
theoretical prediction according to CFT is also noticed in
Figure 3. In addition, the difference in values of α calculated
from either the breakthrough curve (αBTC) or the slope and
intercept of a semilog plot of the measured retained particle
profile (αslope and αint) were calculated (Table 1) to quantify
the degree of deviation from the CFT as proposed by Tufenkji
and Elimelech.44 In such a comparison, the ratios of αslope/αBTC

and αint/αBTC should be equal to 1, assuming perfect agreement
between the observed spatial distribution of retained cells and
that predicted by CFT. As shown in Table 1, the ratio varied
from 0.5 to 6, suggesting a limitation of the classical CFT for
predicting microbial deposition.

To further investigate the reason for the breakdown of CFT
observed in this study,44 DLVO theory was used to calculate
the bacteria−quartz interaction energy as a function of
displacement when a bacterial cell approaches the quartz
collector surface using the ζ potentials of bacteria (Table 2)
and sand (details in Supporting Information SI 5). ζquartz values
were taken from Redman et al.,53 as they were obtained with
the same pH and ionic strength as used in this study. The
DLVO surface potential reveals the presence of a significant
repulsive energy barrier in the range of 208−822 kBT (Table
S2, Supporting Information). Since the average thermal energy
of a single bacterial cell is on the order of 0.5kBT,

54 it is unlikely
that they are capable of overcoming the energy barrier at
ambient conditions, although the bacteria mobile (i.e.,
swimming) energy could potentially facilitate the cell from
overcoming the energy barrier.55 The secondary minimum,
which was proposed in a recent study to explain the breakdown
of CFT evaluation,43 ranged from 0.0 to 0.38 kBT, and they are

Figure 3. Distribution of retained bacterial cells on per gram of dry sand as a function of distance from the column inlet (symbols). Solid lines
present the prediction curves for the six strains: (a) D. vulgaris, (b) S. oneidensis MR1, (c) S. putrefaciens CN32, (d) B. cereus, (e) R. ornithinolytica,
and (f) A. punctata. All strains were from stationary growth stage. Prediction curve was based on the classic CFT model as shown in eq 5, where k
was determined from flow-through column tests results according to eq 3.
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too shallow to keep the kinetic cells retained under this
condition. Thus, DLVO interaction, including both primary
and seconday minima, determined from the current DLVO
theory, is not sufficient to explain the cell deposition behavior
observed in this study.
Impact of Cell Surface Characteristics on Transport

Behavior. Table 2 summarizes the distinct cell surface
characteristics of the 7 bacterial strains. All samples possess
equivalent diameters ranging from 0.3 to 1.5 μm and are all in
the form of rods except D. vulgaris (vibrio). In this study, the
contact angle, as an estimate of hydrophobicity (assuming
similar porosity of bacteria layer), was found to range from
14.8° to 45.5°, such that all strains could be considered
hydrophilic.56 Less hydrophilic cells adhere to a greater extent
compared to their hydrophilic counterparts.38 No significant
correlation between contact angle and attachment efficiency
was observed in the present study.
A statstically sound relationship was reported between ζ−1

and α obtained in a column test with raw quartz particles.26

This is qualitatively consistent with DLVO theory, which
predicts α to be higher for cells with a lower net negative charge

and thus a diminished electrostatic double-layer repulsion at the
cell−sand interface.24 However, other contradictory studies
indicated that there was no direct correlation between
deposition behavior and zeta potential.43,57 In the present
study, all sample strains were negatively charged with ζ = −39.4
(G. sulfurreducens) to −18.4 mV (S. oneidensis MR-1) in 3 mM
KCl. No statistically significant correlation was observed
between ζ and the attachment efficiency, indicating that though
electrostatic double-layer repulsion (EDL) interactions might
play an important role the surface charge alone, however, is not
sufficient to predict bacteria deposition behavior for all seven
strains investigated.
Extracellular polymeric substances (EPS), such as protein,

carbohydrate, and humic acids, present on the outer cell
membrane are known to result in steric repulsion that affects
the cell adhesion behavior.25,58 Table 2 reports the amount of
the EPS in terms of milligrams per gram of total suspended
solid in each strain determined by the base extraction
method.39 However, neither the extracted EPS protein nor
carbohydrates showed any significant correlation with αBTC in
the prescribed condition.
Bacterial aggregation is critical in studying deposition in

porous media. The increased dimension of a multicell aggregate
compared to an isolated cell inevitably leads to straining and
even influences the aggregate−collector interaction behavior.
The 7 strains in the present study exhibited a wide range of
aggregation index from 0.12 to 0.75. Figure S1, Supporting
Information, shows typical multicell aggregates and cumulative
statistics of their diameter, da. A reasonable correlation between
αBTC and da was observed (Pearson correlation rp = 0.84, p =
0.02).
Recall that both the breakthrough curve and the retained cell

profile for R. ornithinolytica, A. punctata, and B. cereus suggested
a straining effect in their transport process through porous
media. Recent studies also suggested that physical straining
could play a significant role when the ratio of particle (i.e.,
bacterial cell) diameter to the collector (i.e., sand), dp/dc, is
greater than 0.0017.52 The single-cell−collector size ratio, dp/
dc, for these 3 strains is determined to be 0.005, and the
haggregate−collector size ratio, da/dc, is as high as 0.05. Thus,
for these strains that tend to form aggregates physical straining
could play a very important role in their deposition process.59

Cell−Surface Interactions Characterization with AFM
Analysis. The elastic modulus of the cell wall under pressure
and the range and magnitude of the overall adhesion forces
holding the cell and silica tip together, which should be a
combination of both short-ranges forces, such as van der Waals

Table 1. Experimentally Determined Attachment
Efficienciesa

attachment efficiencyb deviation ratio

bacteria strain C/C0 αBTC αslope αint

αslope/
αBTC

αint/
αBTC

D. vulgaris 0.86 0.11 0.61 0.13 5.74 1.20
S. oneidensis MR-1 0.54 0.45 0.44 0.52 0.98 1.15
S. putrefaciens
CN32

0.77 0.18 0.19 0.20 1.03 1.12

B. cereus 0.21 0.92 0.46 0.96 0.50 1.04
R. ornithinolytica 0.73 0.23 1.39 0.36 6.01 1.56
G. sulfurreducens 0.93 0.024 c c c c
A. punctata S 0.47 0.56 1.53 0.45 2.75 0.81
A. punctata E 0.46 0.61 c c c c
A. punctata 48 0.82 0.15 c c c c
aAll strains were from stationary growth state except for A. punctata,
which is indicated by stationary (S), exponential (E), and 48 h growth
(48). bValues of the single-collector contact efficiency (η0 = 4.5 ×
10−3, 1.1 × 10−3, 4.2 × 10−3, 4.1 × 10−3, 4.1 × 10−3, 4.1 × 10−3, and
9.0 × 10−3 for D. vulgaris, S. odenesis MR1, S. putrefaciens CN32, B.
cereus, R. ornithinolytica, A. punctata, and G. sulf urreducens,
respectively) were calculated with the following parameter values: dc
=0.289 mm, dp for each strain is shown in Table 2, U = 1.5 × 10−4 m/
s, A = 6.5 × 10−21 J, T = 296 K, ρp = 1050 kg/m3, ρf = 1000 kg/m3, μ =
1.005 × 10−3 kg/(m s), and ε = 0.4. cNot measured

Table 2. Cell Surface Characteristics, Aggregation Quantification, and EPS Presence

EPS (mg/g TSS)

bacteria strainc
equivalent diameter,

dp(μm)
contact angle

(deg) AI
equivalent aggregate diameter,

da (μm)
ζ potential
(mV) protein carbohydrate

Desulfovibrio
(vibrio)

0.942 ± 0.03 45.5 ± 4.5 0.29 ± 0.07 3.0 ± 2.2 −37.1 ± 4.86 5281 ± 1048 BDLa

S. oneidensis (rod) 1.559 ± 0.28 30.3 ± 4.9 0.21 ± 0.04 2.2 ± 1.1 −18.4 ± 7.7 748 ± 293 185 ± 95
S. putrefaciens
(rod)

1.197 ± 0.18 15.5 ± 4.7 0.12 ± 0.04 1.0 ± 0.4 −29.9 ± 7.4 1068 ± 288 143 ± 40

Bacillus (rod) 1.529 ± 0.18 29.8 ± 4.1 0.75 ± 0.12 19 ± 10 −21.5 ± 5.48 142 ± 44 31 ± 12
Raoultella (rod) 1.474 ± 0.15 20.1 ± 2.2 0.57 ± 0.03 4.9 ± 2.5 −33 ± 9.11 137 ± 43 108 ± 10
Aeromonas (rod) 1.518 ± 0.20 14.8 ± 1.7 0.60 ± 0.02 4.2 ± 2.0 −21.6 ± 4.09 307 ± 150 251 ± 19
Geobacter (rod) 0.314 ± 0.04 b 0.18 ± 0.01 b −39.4 ± 5.59 b b

aBDL: Below detection limit. bNot measured. cAll strains were from stationary growth stage.
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and electrostatic, and long-range forces, such as those due to
the presence of cellular surface substances (CSS) with varying
thickness and density, could be inferred from the AFM
measurement (Table 3). The results show that different
bacteria strains possess different mechanic properties. G.
sulfurreducens was determined to have the highest elastic
modulus, while D. vulgaris had the lowest. Although compliant
cells with small elastic modulus would tend to conform to one
another, making the resulting multicell aggregate more resistant
to segregation,32 no significant correlation was found between
elastic modulus and aggregation index or aggregate diameter in
this study.
Adhesion energy was also found to vary greatly with strains.

Although it is intuitively expected that the higher adhesion
energy might result in higher cell−cell aggregation and cell−
surface adhesion tendency and extent, this is not evident with
our results. No significant correlation was found between
adhesion energy and aggregation or deposition behavior.
The “thickness” of the extracellular cell surface substance

(CSS, such as EPS or other substance that contribute to
interactive force) layer ranges from 103 to 515 nm. D. vulgaris
exhibited a significantly longer force range (presumably to be
associated with a higher amount of CSS around the cell)
compared to the others strains, which is in agreement with the
higher level of EPS detected as shown in Table 2.
Tabor Parameter as a Predictor for Microbial

Deposition Behavior. In classic adhesion and colloid science,
when two identical solid elastic spheres of dimension b come
into contact under an external compressive load, F, in the
presence of intersurface forces with adhesion energy, Uad, a
contact circle of radius, c, is formed at the interface (as
illustrated in Figure 4). A dimensionless Tabor’s parameter, μ =
(2bUad

2/9E2l3)1/3, was derived by Tabor and then Maugis60 to
encompass geometry (b), interfacial properties (Uad), intersur-
face force range (l), and material elasticity of the solid (E). In
physical terms, μ governs the size of the contact area, c, at the
adhesion interface as well as the deformability due to adhesion.
A compliant cell, once adhered to the sand surface, would
deform more drastically than a rigid cell, making it more
geometrically streamlined and thus experiencing less hydro-
dynamic drag.61 Therefore, for bacterial cell it is conceivable
that large and easily deformable (compliant) cells are expected
to be more prone to aggregation and adhesion, especially when
the adhesive intersurface force is strong and the steric repulsion
as a result of CSS thickness is minimized. In quantitative terms,
a higher propensity to aggregation and adhesion is expected for
large Uad and b2 and small l and E. It is ideal to derive a

universal dimensionless parameter to collectively combine these
measurable quantities.
We therefore modified the Tabor parameter60,62 with AFM-

measured properties to fit our needs (see eq 6). On the basis of
classic adhesion and colloidal science it is anticipated that large
Tabor value facilitates compliant cells to adhere. It would be
therefore logically expected that a large μ leads to a higher
deposition rate in porous media. As shown in Figure 5, Tabor’s
parameter, which encompasses cell dimension, cell elasticity,
range of cell−surface forces (CSS thickness), and adhesion
forces and energy, correlated very well with the attachment
efficiency (αBTC) experimentally determined for all bacterial
strains and growth stages studied (Pearson correlation rp =
0.91, p = 0.004). In spite of the limitation of the AFM test to
fully simulate the cell−sand interaction, the strong linear
correlation observed for a variety of bacterial strains indicated
that the Tabor parameter is a promising parameter to correlate
the microscale cell properties and cell−surface interaction
quantities to macroscale cell transport and deposition behavior
in porous media.

Table 3. Cell−Surface Interaction Properties Determined Based on AFM Analysis and Tabor’s Parameter

bacteria straina adhesion energy (10−18J) short axis of the ellipsoidal cell (nm)b
equilibrium thickness of

CSS(nm) elastic modulus (kPa)
Tabor’s
parameter

Desulfovibrio 110.1 ± 68 593.5 ± 100 515 ± 92 102 ± 14 3.9 ± 0.3
S. oneidensis 536.4 ± 29 504.8 ± 70 243.5 ± 55 249 ± 31 12.3 ± 4.1
S. putrefaciens 126.5 ± 29 421.4 ± 70 184.0 ± 43 499 ± 30 3.7 ± 0.2
Bacillus 964 ± 213 734.0 ± 110 103 ± 45 211 ± 88 54.2 ± 2
Raoultella 211.8 ± 105 795.8 ± 300 294 ± 101 153 ± 18 8.8 ± 0.8
Aeromonas S 281.2 ± 72 775.2 ± 380 265.6 ± 52 105 ± 31 15.0 ± 4.6
Aeromonas E 53 ± 24 775.2 ± 380 81.3 ± 32.8 63.1 ± 4.1 22.6 ± 2.7
Aeromonas 48 26836 ± 56 775.2 ± 380 245 ± 78 375 ± 15 6.8 ± 1.1
Geobacter 528 ± 121 320 ± 180 132.46 ± 83 528 ± 101 4.6 ± 2.2
aAll strains were from stationary growth stage, except for A. punctata, which is indicated by stationary (S), exponential (E), and 48 h growth (48).
bValues for short axis of the cell were determined from DAPI stained image.

Figure 4. Pearson correlation between Tabor’s parameter (μ) and
attachment efficiency (αBTC). Tabor’s values were derived from AFM
analysis that captures cell dimension, cell elasticity, range of cell−
surface forces (apparent cell surface substance (CSS) thickness), and
adhesion forces and energy. Attachment efficiency was determined
based on the breakthrough curve, as described in Figure 1. Error bar
represents the standard deviation from at least three replicates. All
strains were in stational stage. For Aeromonas, cells from stationary
stage (S), exponential stage (E), and at 48 h are shown for
comparison.
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Figure 4 illustrates the impact of cell deformation on the
cell−surface interaction forces, which explains the underlying
mechanism for the ability of proposed Tabor’s parameter to
predict cell attachment efficiency. Note that unlike model
particles (∼10 nm), microbial cells (2−5 μm) are usually much
larger than the surface force range (100−500 nm) and have
elasticity. Only the localized area at the contact and a small
surrounding cohesive zone can sense the interaction, which
leads to local mechanical deformation. Away from the cohesive
zone no surface force is felt. Consequently, the extent of cell
deformation (which varies for different bacterial strains) affects
the relative portion of the cell surface that is within the
intersurface force zone. Thus, instead of using one single value
for the whole cell, energy interactions should be considered as a
function of the vertical distance between each point on the cell
surface and sand surface. Therefore, deposition should be a
combination of energy interactions and the effect of deformed
cell shape. The modified Tabor parameter can more
comprehensively present the deposition behavior by integrating
both the energy interactions (indicated by the overall adhesion
energy measured when pulling up the deposited cell from the
surface) and the deformation (indicated by the cell size and
elastic modulus). The fact that Tabor values seemed to be a
good predictor for the deposition rate of a bacterium suggested
that the AFM tests performed between a single-cell and a
surface captured the key quantities of the interactions between
the cell and the surface that dictate the overall cell transport
and deposition behavior. Tabor’s parameter therefore can be
potentially incorporated into the microbial transport model.
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