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The mechanical properties of Rhodococcus RC291 were measured using force spectroscopy equipped with a bac-
terial cell probe. Rhodococcal cells in the late growth stage of development were found to have greater adhesion
to a silicon oxide surface than those in the early growth stage. This is because there are more extracellular poly-
meric substances (EPS) that contain nonspecific binding sites available on the cells of late growth stage. It is found
that EPS in the late exponential phase are less densely boundbut consist of chains able to extend further into their
local environment, while the denser EPS at the late stationary phase act more to sheath the cell. Contraction and
extension of the EPS could change the density of the binding sites, and therefore affect the magnitude of the ad-
hesion force between the EPS and the silicon oxide surface. By treating rhodococcal EPS as a surface-grafted poly-
electrolyte layer and using scaling theory, the interaction between EPS and a solid substrate wasmodelled for the
cell approaching the surface which revealed that EPS possess a large capacity to store charge. Changing the pH of
the surrounding medium acts to change the conformation of EPS chains.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Oil spills and toxic compounds discharged from industrial activities
and agriculture are examples of processes causing significant hydrocar-
bon contamination. Bioremediation is regarded as a non-destructive,
cost-effective and environmentally friendly way to clean up the pollut-
ants under circumstances which limit the viability of other remediation
strategies [1]. Several members of the genus Rhodococcus have been
widely used in bioremediation due to their ability to adapt to tempera-
ture [2,3], heavily contaminated water and soil [4,5], and radioactive
environments [6]. Rhodococci are used to degrade xenobiotic contami-
nants [7], to desulphurise coal derivatives in water [8], and are involved
inmany engineered and in situ bioremediation processes to reduce con-
taminant loads in water and soil [7,9]. In addition, most Rhodococcus
species exhibit low pathogenicity, are not eco-toxic [10], and are unlike-
ly to generate toxins or antimicrobial compounds [11,12], indicating the
utility of Rhodococcus species for biodegradation [13].
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Extracellular polymeric substances (EPS) are crucial for cell–cell ad-
hesion and comprise exopolysaccharides, extracellular proteins, humic
substances, nucleic acids, and phospholipids [14]. There is evidence sug-
gesting that EPS could form the framework of the biofilmmatrix, deter-
mine the physicochemical properties of the biofilm [14], trap dissolved
organic matter in the vicinity of the cell surface [15,16], and reduce the
shear stress fromwater drag [17]. The physical and chemical properties
of EPS at different growth stages are particularly important because the
EPS determine the ability of the bacterium to trap charged contaminant
colloids, adhere to substrata, and resist external forces, all of which in-
fluence the degree of bioremediation.

Efforts have been made to understand the interaction between cells
and mineral surfaces, which have confirmed that the behaviour of at-
tached cells is mediated by the physical and chemical interactions of
the macromolecules at the interface [18–20]. In the present study the
mechanical properties of Rhodococcus are modelled by considering an
EPS enclosed rhodococcal cell as an analogue to a sphere with a hydro-
phobic core (mycolic acid covered cellwall) and a charged corona (EPS).
EPS are here considered as polymers tethered to the cell surface, so that
they can be treated as surface-grafted polymer chains (known as
brushes, where the distance between grafting sites is shorter than the
unstretched polymer end-to-end distance [21–25]). Most bacterial EPS
exhibit anionic characteristics due to uronic acids (containing carboxyl
the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Fig. 1. (a) Schematic diagram of a bacterial cell probe enclosed by EPS. Cells are linked to the silica sphere via adhesive layer, but not attached to the model substrate (silicon wafer). The
diagram represents an idealized view, and those cells not involved in force measurements are not shown here. (b) Fluorescence microscopy image of a cell probe that had been treated
with SYTO 9 cell staining. An enhanced green colouration on the colloidal probe confirms that the particle is fully covered by rhodococcal cells.
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groups), which are a major component of the exopolysaccharides [26].
It is therefore reasonable to treat EPS as weak polyelectrolytes, i.e.
long chain macromolecules possessing ionizable groups [27]. This al-
lows quantitative modelling of the repulsive force between the EPS
and a solid surface when they approach each other, taking into account
both electrostatic and steric forces [28]. It isworth noting that the above
approach has been applied successfully not only to polyelectrolyte
brushes [29,30] but also to dense layers of physisorbed homopolymers
[31,32].

Initial studies of cell–surface interactions focused on the chemical
structure, biological functions, and physicochemical properties of ex-
tractable EPS [33–35]. Nevertheless, measurements of interactions be-
tween extracted EPS and mineral surfaces generally ignored the
contribution from non-extractable EPS and other minor components
on the cell surface. The extraction process may also damage the cells,
leading to the release of intracellular material and furthermore it may
rupture the bonds between macromolecules, which would deform the
structural integrity of the EPS. Unlike experiments using only extracted
EPS, a bacterial cell probe as shown in Fig. 1 offers the opportunity to
measure cell–mineral interactions under biological conditions. Several
studies have been carried out to investigate steric interactions, adhe-
sion, and viscoelasticity of the EPS of different bacterial strains [24,
36–40], but few have examined the contribution of EPS to the
mechanical properties of whole cell. Bacterial cell probes made of cells
chosen at different growth stages enable the characterization of theme-
chanical properties of Rhodococcus as a function of growth stage, which
are important parameters in understanding its effectiveness in
bioremediation.

Atomic force microscopy (AFM) can be used to measure forces be-
tween a sample surface and a fabricated probe (tip) attached to the
apex of a cantilever, and measurements can be performed in liquids
analogous to the natural biological environment. Force spectroscopy, a
variant of AFM, measures the interaction as a function of probe-
sample distance in the normal direction [41]. By attaching cells fromdif-
ferent growth stages to theAFMcantilever, themechanical properties of
Rhodococcus are studied in terms of their: (1) charge storage, (2) water
retention capability, and (3) adhesion to a model surface.

2. Materials and methods

2.1. Cultivation of Rhodococcus

Rhodococcus RC291, isolated from a contaminated gas-works site in
the North East England [42], was kindly donated by J. A. C. Archer (Uni-
versity of Cambridge). Rhodococcal cells from a−70 °C glycerol stored
stock were spread on a Petri dish containing sterile solid Luria-Bertani
(LB) agar (Fisher Scientific) using a sterile loop (1 mL). Thereafter, the
Petri dish was kept in an incubator at 25 °C (TSE 33644, Sanyo) for
36 h and then refrigerated at 4 °C ready for use. A liquid LB medium
(Fisher Scientific) (20 g/L) was prepared using de-ionized (DI) water
(Elga PURElab option, 18 MΩ·cm) prior to being sterilized in an auto-
clave at 121 °C for 20 min. Glucose solution (2 mM) was autoclaved
separately.

A colonyof Rhodococcus sp. RC291was taken from the solid agarme-
dium using a sterile loop (1 mL) and then inoculated into the LB liquid
medium (100 mL) together with glucose (2 mM) in a pre-sterilized
flask (300 mL). The flask was then placed on an orbital rotary shaker
(DOS-20 L, ELMI Ltd.) at 150 rpm in an incubator at 25 °C for 6 h (late
exponential phase), 24 h (mid-stationary phase), or 36 h (late station-
ary phase) based upon the growth curve shown in Fig. 2. The cell con-
centration was expressed in terms of optical density measured by
spectrophotometry (S2100 UV/Vis Diodo Array Spectrophotometer,
Biochrom, Biowave WPA).

2.2. Preparation of bacterial cell probe

1 mL of rhodococcal cells in LB liquid medium were transferred to a
centrifuge tube (1 mL), and then centrifuged at 12,100 gn (where gn is
the standard acceleration due to gravity) for 2min, as suggested by pre-
vious studies [43–45]. (At this acceleration, only weakly bound EPS are
removed as described below.) The presence of a cell pellet was con-
firmed after centrifugation. 0.95 mL of supernatant was removed and
replaced by phosphate buffered saline (PBS: 0.2 g/L KCl, 8 g/L NaCl,
1.44 g/L Na2HPO4, and 0.24 g/L KH2PO4 at pH 7.4) [46], and vortexed
to mix [47]. The PBS washing procedure was repeated three times to
wash away cell debris and liquidmedium remaining on the cell surfaces
to enhance cell attachment onto the AFM cantilever. Cells were washed
three more times using DI water prior to being concentrated. Fluores-
cence microscopy was used to confirm that the preparation procedure
does not damage the cells.

To prepare a bacterial cell probe, a 10 μm diameter silica sphere
(Duke Scientific, USA) was attached to the apex of an AFM cantilever
(MLCT, Bruker probes) using epoxy glue. The colloidal probe was
then immersed in 5 wt% poly(D-lysine) (weight average molecular
mass 4000 g/mol) solution for 15 s to functionalize, and then ex-
posed in air for 15 min. Poly(D-lysine) is a polycation used to bind
a negatively charged cell surface through its amino groups [48,49].
The poly(D-lysine) functionalized colloidal probe was immersed in
a drop of the concentrated cell solution (5 μL, ~109 cell/mL), and
both were then exposed in air for 40 min. Thereafter, the probe
was rinsed with DI water to remove unattached cells. The compara-
ble sizes of a silica particle (10 μm in diameter) and a rhodococcal
cell (of length ~2 μm) ensure that only one cell is measured during
the experiment. A schematic diagram of an idealized bacterial cell
probe enclosed by EPS is shown in Fig. 1a.

Cell stainingwas necessary to verify the existence of cells on the col-
loidal probe, andmore importantly, whether the cells remain viable/ac-
tive. Control experiments, applying a green-fluorescent nucleic acid
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Fig. 2. Growth profile of Rhodococcus sp. RC291 in a LB + glucose (2 mM) medium on a
shaker (150 rpm) at 25 °C. The cells were collected after incubation for 6 and 36 h. The
cell concentrationwas expressed in terms of optical density (OD600)measured by spectro-
photometry at a wavelength of 600 nm.
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stain (LIVE/DEAD BacLight, Molecular Probes) to the cells, were per-
formed before and after force measurements. For fluorescence micros-
copy, an Olympus BX51 microscope equipped with a WIBA filter cube
(excitation filter, 460–490 nm band pass; barrier filter, 510–550 nm
band pass) was employed. A typical cell probe treated with SYTO 9 is
presented in Fig. 1b, which shows a great number of cells were attached
to the probe. Therefore, the force curves recorded in the experiments
were confirmed as cell–silicon interactions instead of silicon–silicon or
poly(D-lysine)–silicon interactions.
2.3. Contact angle measurements

To examine the effect of the washing procedure on the surface prop-
erties of cells, rhodococcal cells incubated for 6, 24, and 36 h were con-
centrated at 1200 gn for 10 min. The pellets were then resuspended in
PBS, separated in groups A, B and C, and every group was washed by
the corresponding protocol: (A) 7 times in 1 mL PBS; (B) 3 times in
1 mL PBS, then 3 times in 1 mL DI water, followed by 1 time in 1 mL
PBS; and (C) 3 times in 1 mL PBS, then 3 times in 1 mL DI water. Centri-
fugation at 12,100 gn was performed for 2 min in each cycle. The cells
were then filtered using a Millipore glass microanalysis filter holder
with fritted glass; a vacuum pump, and Isopore polycarbonate mem-
brane filters (0.2 μm, GTTP, MerckMillipore, USA). Vacuumwas applied
until the bacterial lawnswere reasonably dry. The filters were left to dry
further inside Petri dishes with filter paper bottoms for 30 min. Contact
angle measurements were accomplished with the static sessile method
usingDIwater (Elga PURElab option, 18MΩ·cm) andmeasuredwith an
optical tensiometer (Attension, Biolin Scientific, Espoo, Finland). Surface
tensions were calculated using the built-in software by averaging over
300 frames of contact angle.
Fig. 3. A typical approach part of a force curve acquired on a silicon oxide surface using a
biological cell probe, from which the contact point and the EPS thickness were deter-
mined. The contact point (zero distance)was defined as the onset of the linear compliance
of the approach part of the force curve; the EPS thickness was determined by the distance
between the contact point and the onset of the repulsion.
2.4. Preparation of model substrates

Siliconwafers (Prolog Semicor Ltd., Ukraine)were cut into 1 × 1 cm2

pieces and immersed in RCA-1 solution (pure water, ammonia solution,
and hydrogen peroxidewith a volume ratio 5:1:1) at 75 °C for 15min to
remove organic contaminants. The silicon pieces were then rinsed with
copious DI water, and dried under nitrogen. The substrates were
cleaned by oxygen plasma for 15 min shortly before the experiments.
2.5. Force spectroscopy

Concentrated hydrogen chloride or sodium hydroxide solution was
added to DI water to prepare solutions of pH 3.0 and 10.0. DI water ex-
posed in air for 30min possessed a pH of 6.5. Sodium chloride was then
added to the aqueous solutions of different pH at concentration of
1 mM. A molecular force probe (MFP 1D, Asylum Research, CA, USA)
was employed for force measurements. The force measurements were
carried out in liquid by submerging the cell probe in the aqueous medi-
um at 25 °C. The spring constant of the AFM cantilever was calibrated in
the same solution before cells were attached using the built-in thermal
fluctuation method [50]. The approach speed of the probe was 1 μm/s
and the pulling distance was 5 μm with no dwell time allowed for the
probe on the substrate. The start distance was automatically synchro-
nized according to the approach speed and the pull distance. The ap-
plied force was kept at 10 nN throughout the measurements. Over
500 force curves were collected during each measurement. Force spec-
troscopy experiments were repeated at least three times in each condi-
tion using freshly prepared bacterial cell probes. Adhesion between a
poly(D-lysine) covered probe and a silicon oxide surface in the same
pH range was measured as control experiments.

2.6. Determination of contact point, cell spring constant and EPS thickness

A soft probe (in the present study, a cell covered by EPS layer) de-
forms when it is compressed by a rigid surface, which makes it difficult
to define the exact contact point. Here the onset of the linear compli-
ance of the approach curve is defined as the contact point; it is conve-
nient to discuss contact as the point at which the cell is mechanically
perturbed, which is an arbitrary definition, convenient for the present
work. Thus, the approach curve was shifted along the abscissa (Fig. 3)
so that the onset of the linear compliance was at x = 0 (contact point)
[36,51–53].

The cell spring constants (kc, N/m) that describe the elasticity of the
cell probes, were determined by combining the cantilever spring con-
stant (ks, N/m) and the slope (S, N/m) of the linear compliance region
(x b 0) of the approach part of the force curve of the cell probe during
the first approach using [54]

kc ¼
−Sks
Sþ ks

: ð1Þ

As shown in Fig. 3, the thickness of EPS was determined by the dis-
tance (Δx) between the onset of the linear compliance (the contact
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Fig. 4. Contact angle of rhodococcal cells treated with three different washing protocols:
(A) 7 times in 1 mL PBS; (B) 3 times in 1 mL PBS, then 3 times in 1 mL DI water, and
then once in 1mL PBS; (C) 3 times in 1mL PBS, then 3 times in 1mLDIwater, as a function
of growth time.
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point) and the onset of repulsion (the outermost boundary of EPS by
taking the repulsion force greater than 0.05 nN into account) on the ap-
proach curve.

2.7. Evaluation of grafting density, brush thickness, charge density, and dif-
ferential capacitance

EPS of Rhodococcus were treated as polyelectrolyte brushes grafted
onto the bacterial cell wall. A scaling theory is usedwhereby the surface
consists of a fairly dense array of polyelectrolytes is end-grafted. The as-
sumption that the EPS are end-grafted is made in order to simplify the
consideration of this hitherto complexmaterial. The analysis performed
in this work demonstrates that this brush assumption yields reasonable
results. The repulsive electrosteric force, F, between a spherical surface
covered with charged polymer chains and a planar surface as a function
of distance, x, by neglecting chain stiffening and excluded volume ef-
fects is described by [25,55]

F ¼ 4πRkBT fN
d2

ln
L0
x

� �
; ð2Þ

where R is the radius of the rhodococcal cell, kBT is the thermal energy, f
is the monomer fraction of ionization, N is the number of monomer
units per chain, Γ = 1/d2 is the grafting density, and L0 is the thickness
of EPS. A prefactor of 2 was placed in front of L0 in a previous study
[23] to account for repulsive interactions contributing equally from
two surfaces bearing polymers, but it is missing here because only one
surface is covered by polyelectrolytes in the present work. (There are
other factors such as the existence of an electric double layer on the sil-
icon oxide surface, or the distribution of charges across the EPS layer,
which could affect the electrosteric interaction.)

The areal charge density, σ, can be obtained from

σ ¼ fNΓe; ð3Þ

where e is the elementary charge.
The fraction of ionized monomers (f) of EPS varies depending upon

the pH of the solution. At a low salt concentration, in what is referred
to as the osmotic brush regime, the counter-ions are trapped within
the brush in a range known as the Gouy–Chapman length (λGC) which
is much less than the brush thickness (L0) [56]. Charges and (counter-
) ions trappedwithinλGC froma charged surface forma diffuse electrical
double layer, which can be treated as a capacitor with a simplified view
because it is capable of storing electric charge. Capacitance is used as an
indicator to reveal the capability of the EPS to store charge. The areal dif-
ferential capacitance of the electric double layer (CGCA ) is expressed as
[57],

CA
GC ¼ εrε0

λGC
; ð4Þ

where εr is the relative permittivity of themedium, ε0 is the electric con-
stant, and λGC can be expressed as [55],

λGC ¼ 1
2πlB f NΓ

; ð5Þ

where lB is the Bjerrum length (the distance at which kBT is equal to the
Coulombic repulsion between like charges in a medium of permittivity
εrε0).

3. Results and discussion

3.1. Rhodococcal cell surface properties

Surface properties of microbial cells are vital to their behaviour at
solid–liquid interfaces. The importance of preparation procedures such
as centrifugal speed and washing buffer used has been quantitatively
confirmed in the previous work [45]. To test the validity of the prepara-
tion procedure of bacterial cell probes, the surface hydrophobicity of
rhodococcal cells treated with three different washing protocols has
been compared.

Contact angle results (Fig. 4) show that the hydrophobicity of cells
incubated for 24 and 36 h is largely unaffected by the washing proce-
dures, which indicates that the membrane and EPS have adequate
time to form a robust hydrophilic matrix to protect the cells. However,
the cells of culture time 6 h show a different response to washing pro-
cesses. The sample that was treated with protocol (A): 7 rinses in
1 mL PBS shows a similar trend to that with protocol (B): 3 rinses in
1 mL PBS, then 3 times in 1 mL DI water, followed by another in 1 mL
PBS, whereas those treated with 3 rinses in 1 mL PBS, followed by 3
rinses in 1 mL DI water (protocol C), are more hydrophobic. A compar-
ison between the three sets of data indicates that cells at the mid-
stationary and late-stationary phases remain largely intact after high
speed centrifugation and re-suspension in water, whereas late-
exponential cells have a weaker attachment to their EPS and are more
likely to be separated by re-suspension in water, but not due to centrif-
ugal speeds alone. Since rhodococcal cells are hydrophobic in nature
and EPS tend to have a hydrophilic character, the loss of EPS could
lead to an increase in hydrophobicity and an associated increase in the
contact angle. The conformation of EPS when exposed to DI water
could be different to that in PBS buffer, which causes the discrepancy
observed in this study. Nevertheless, protocols (A) and (B) terminate
with washing in PBS, which could leave salts on the cell surface, ac-
counting for the smaller contact angles. Furthermore, fluorescence im-
ages (Fig. S2) of cells incubated for 24 h followed by the washing
protocols confirm that the cells are alive and have EPS associated de-
spite the washing treatment.

3.2. Cell spring constants, EPS expansion and shrinkage

The determination of cell spring constants was based on Eq. (1). For
the cells of the late exponential phase (6 h incubation), the cell spring
constants were 0.056, 0.034 and 0.026 N/m at pH 3.0, 6.5 and 10.0, re-
spectively (Table 1), indicating that the cell was stiffer at low pH and
softer at high pH. The ranges of repulsion (Δx) were 0.24, 0.48 and
0.75 μmat pH3.0, 6.5 and 10.0, respectively. An increase of the repulsion
range with increasing pH implies that the EPS swelled when the envi-
ronment changed from acidic to alkaline. The negative charge on the
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Table 1
Cell spring constant kc and thickness teps of the EPS of different growth stages in 1 mM
NaCl solution determined by Eq. (1) and the repulsion distance, respectively. The errors
represent the standard errors of the means of twenty force curves.

pH 3.0 6.5 10.0

EPS — exponential phase
kc (N/m) 0.056 0.034 0.026
teps (μm) 0.24 ± 0.02 0.48 ± 0.03 0.75 ± 0.04

EPS — stationary phase
kc (N/m) 0.043 0.026 0.024
teps (μm) 0.37 ± 0.04 0.76 ± 0.10 1.0 ± 0.1

Fig. 5.Approach curves of an EPS-covered rhodococcal cell probe incubated for (a) 6 h and
(b) 36 h against a silicon oxide surface in 1 mMNaCl solution at pH 10.0 with the number
of compression cycles. For EPS of the exponential phase, the approach curves during the
1st, 4th, 8th, 12th and 18th compression are presented; for EPS of the stationary phase,
the approach curves during the 1st, 3rd, 8th, 12th and 18th compressions are presented.
The compressed statuses of both EPS at pH 10.0 are compared with those at pH 3.0.
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silicon oxide surface at high pH should also contribute to this pH-
dependent repulsion distance. For cells of the late stationary phase (36
h incubation), the cell spring constants at pH 3.0, 6.5 and 10.0 were
0.043, 0.026 and 0.024 N/m, respectively, showing that these cells also
became softer as pH increased. The repulsion ranges at pH 3.0, 6.5 and
10.0 were 0.37, 0.76 and 1.0 μm, respectively (Table 1), enlarging
when increasing pH. The cell spring constants were consistent with re-
ported values [25] being in the range 0.01–0.5 N/m, despite the cells
being covered with a dense EPS layer at the late stationary phase.

3.3. Mechanical properties of rhodococcal cell under compression

The mechanical properties of EPS depend upon their water content:
compressions apply normal stress on the EPS, and so affect water reten-
tion. Mechanical properties were examined in 1 mM NaCl solution at
pH 10.0 where EPS were expected to be fully stretched. As the cell ap-
proaches the silicon oxide surface, water is expelled from the EPS
whereas retracting the cell results in the reabsorption of water. For
cells of the late exponential phase, the approach curves drastically
shift inward after the first compression, indicating a reduced repulsion,
and then remain constant during subsequent compressions (Fig. 5a),
which suggests that water was removed after the first compression,
and the EPS were not restored to their original state. A comparison of
the approach curves of rhodococcal cells of the exponential phase at
pH 3.0 and 10.0 (Fig. 5a) reveals that the repulsion (after the first com-
pression) at pH 10.0 is greater than that at pH 3.0, which means that
water content in EPS of cells at the late exponential phase at pH 10.0
is greater than that at pH 3.0.

For the rhodococcal cells of the late stationary stage, the approach
curves shift slightly inward during subsequent compressions (Fig. 5b),
revealing that, although compressions cause a slight reduction of
water content, EPS incubated for a longer period possess stronger
water retention than those of the early growth phase. A comparison of
approach curves of cells of the late stationary phase at different pH
(Fig. 5b) confirms that the EPS could accommodate more water at
pH 10.0 than at pH 3.0.

3.4. Electrosteric forces between rhodococcal cell and a silicon oxide
substrate

Approach curves were recorded when a bacterial cell probe was
approaching the silicon oxide surface. Repulsions occurred between
the cell of the late exponential phase and silicon at pH 3.0, 6.5 and
10.0 in 1 mM NaCl solution and the repulsion increased with in-
creasing pH (Fig. 6a). Electrosteric forces are expected to govern
the interactions between the cell and the silicon oxide surface.
Due to the initial displacement of water in the EPS under external
compression, as shown in the previous section, it is appropriate
to use the very first approach curve collected to describe the
electrosteric forces between rhodococcal cell and solid substrate.
Fitting the force curves based on Pincus theory (Eq. (2)) suggests
that the thickness of the EPS increased from 305 nm to 579 nm,
while the number of charges per chain (fN) increased from 7.0 to
12.6 when the pH of the surrounding medium increased from 3.0
to 10.0 (Table 2). As the number of monomer units (N) of EPS chains
is independent of pH, the variation of charges per chain is attributed
to changes in f, the fractional ionization. The fitted grafting density
of EPS chains (Γ) was found constant throughout the pH range at
1.95 × 10−3 molecules/nm2. The surface charge densities (σ) of
the rhodococcal cells at the late exponential phase can be obtained
through Eq. (3) and were (1.45 ± 0.01), (2.51 ± 0.01), and (2.61 ±
0.01) mC·m−2 at pH 3.0, 6.5, and 10.0, respectively.

Repulsion was also observed between the cells of the late stationary
phase and silicon oxide at pH 3.0, 6.5 and 10.0 in 1 mM NaCl solution,
and the repulsion increased with increasing pH (Fig. 6b). Fitting the
first approach curves acquired using Eq. (2) indicates that the thickness
of the EPS increased from 171 nm to 489 nm when pH increased from
3.0 to 10.0, while the charge per chain increased from 12.4 to 22.0
(Table 2). Again, the grafting density (Γ = 1.34 × 10−3 molecules/
nm2) was found consistent from pH 3.0 to pH 10.0. The surface charge
densities (σ) of the rhodococcal cell obtained through Eq. (3) were
(2.66 ± 0.01), (4.29 ± 0.01), and (4.72 ± 0.01) mC·m−2 at pH 3.0,
6.5 and 10.0, respectively. Grafting density, brush thickness, and charge
density estimated based on Pincus theory are summarized in Table 2 for
the EPS at different growth phases. After accounting for the effect of
grafting density EPS of the stationary phase therefore have a greater ca-
pacity to store charge (Eq. (4)) than EPS of the exponential phase in the
corresponding electrical double layer.

Fitting the approach curves shows that the surface charge density
and thickness of both EPS increased with increasing pH, as expected
for weak polyanions. The grafting density of EPS at the late exponential
phase is greater than that of EPS at the late stationary phase which
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Fig. 6. Approach curves show repulsion between (a) EPS of the exponential phase, and
(b) EPS of the stationary phase and a silicon oxide surface in 1 mM NaCl solutions at
pH 3.0, 6.5 and 10.0 fitted by Pincus theory. The broken lines are the fits to the data. Var-
iations between force curves during each experiment are negligible and therefore only the
representative curves are shown here for clarity.
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demonstrates the difference between the two; EPS at the late stationary
phase are less densely bound but consist of chains able to extend further
into their local environment, while the denser EPS at the late exponen-
tial phase actmore to sheathe the cell. The estimated thickness of EPS at
the late exponential phase and the late stationary phase (at pH 10.0) are
579 and 489 nm, respectively. These values are much greater than the
distances between grafting sites (d) (22.6 and 27.3 nm for the exponen-
tial and the stationary phase EPS, respectively), indicating that the as-
sumption of considering EPS as surface grafted brushes is valid.

Even though a large repulsion of few hundred nanometres was ob-
served for cells of a different growth stage, this is not unusual as the
same magnitude of repulsion was reported in previous works. For ex-
ample, long range repulsion was found when standard AFM tip was
used to compress the surface-immobilized Escherichia coli [39]. Similar
long range repulsion has also been reported in a separate study where
Pseudomonas putida was studied in 1 mM MOPS buffer [24]. In that
Table 2
Grafting density (Γ) thickness (L0), and number of charges per chain (fN) of the EPS in
1 mM NaCl solution determined from Pincus theory.

pH 3.0 6.5 10.0

EPS — exponential phase
Γ (×10−3 nm−2) 1.95 1.95 1.95
L0 (nm) 305 ± 3 418 ± 3 579 ± 2
fN 7.0 ± 0.1 12.1 ± 0.1 12.6 ± 0.04

EPS — stationary phase
Γ (×10−3 nm−2) 1.34 1.34 1.34
L0 (nm) 171 ± 2 486 ± 2 489 ± 1
fN 12.4 ± 0.1 20.0 ± 0.1 22.0 ± 0.1
work, the equilibrium length of bacterial surface polymer was found
to increase from 230 to 750 as solution pH increases from 4.75 to 8.67.
Such a trend is in good agreement with the present work where EPS
take an extended conformation at high pH due to its nature negatively
charge.

3.5. Adhesion of rhodococcal cell to a silicon oxide surface

The adhesion force between EPS and silicon oxide was determined
by the maximum force of retraction curves. For EPS of cells incubated
for 6 h (Fig. 7a), the adhesion force, shown as the minimum in the re-
traction curve, was 1.9 nNat pH 3.0, whereas no adhesion but hysteresis
was observed at pH 6.5 and 10.0. The apparent adhesion peaks could
only be detected at pH 3.0 and are attributed to the condensation of
counter-ions in the EPS during compression,which results in the forma-
tion of hydrogen bonds between EPS and the silicon oxide surface at low
pH [58]. The adhesion energy was calculated from the area enclosed by
the approach (not shown in Fig. 7) and the retraction parts, and aver-
aged over 200 force curves. The adhesion energy (~8 × 10−16 J) was
found to be independent of pH, even though no adhesion peak was ob-
served for high pH.

Although the conformation of EPS on solid substrates changes as a
function of pH, the adhesion energy is not a basic thermodynamic prop-
erty, therefore the independence of adhesion energywith pH is likely to
be due to two different effects competing against each other. From the
data in Fig. 6a for EPS of the exponential stage compressed at a different
pH level, it was found that the EPS are more extended at higher pH,
which indicates a larger contact area formed between bacterium and
solid substrate (even though this cannot be quantified). In the present
work, adhesive interactions between the EPS and the surface are greater
at low pH than at high pH, where there are no clear or visible
Fig. 7.Adhesion (retraction part of the force curves) between an EPS-covered rhodococcal
cell probe incubated for (a) 6 h and (b) 36 h and a silicon oxide surface in 1 mM NaCl so-
lutions of different pH.

image of Fig.�6
image of Fig.�7
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interactions at all (Fig. 7a). It is therefore believed that the large adhe-
sion force at pH 3, combined with a small contact area will result in an
adhesion energy of the samemagnitude that is generated byweaker ad-
hesion force with larger contact area at pH 10.

It is worth noting that the retraction part of the force curves of
EPS incubated for 36 h, as shown in Fig. 7b, exhibits saw-tooth pat-
terns, indicating the extension and rupture of multiple bonds when
the cell probe was being retracted from the silicon surface. For
rhodococcal cells of the late stationary phase adhesion was observed
at all pH. The maximum stretching distance, which also can be de-
fined as the adhesion distance, increases by increasing the pH of
the surrounding medium in agreement with the fitting results that
EPS take the most extended conformation at high pH. Themagnitude
of the adhesion decreases from low to high pH suggesting a reduced
attraction between rhodococcal cells incubated for 36 h and the sili-
con oxide. However, as for EPS of the late exponential phase, the ad-
hesion energy (~3.2 × 10−15 J) was found to be constant for all pH.

The range of adhesion forces for microbial attachment to porous
media measured by AFM has been summarized in a recent review
[59]. The magnitude of the adhesion force measured in the present
work falls within this range.

3.6. General discussion

In the rhodococcal cell envelope, the space spanned by lipoglycans,
which aremembers of the lipoarabinomannan (LAM) family [60–62], an-
chored between the outer leaflet of the cytoplasmic membrane and the
peptidoglycan layer, is regarded as a pseudo-periplasm [63]. Carboxyl
and phosphate groups in the LAM layer have been found inmycobacteria
[64]. Peptidoglycan, a crosslinking polymer through a 1,4-β-linkage be-
tweenN-acetylglucosamine andN-acetylmuramic acid [37], is considered
to contribute to the negatively charged properties of the cell wall [65,66].
When the cell probe approached the silicon oxide substrate, it is likely
that the linear compliance region of the force curves was induced by pro-
gressively compressing the pseudo-periplasm and the cytoplasmicmem-
brane maintained by turgor pressure [67]. The enlargement in the
pseudo-periplasm and the increase of water content in EPS result in a
change of cell spring constants [67–69]. A comparatively greater spring
constant of the EPS at the early growth stage than that of the EPS incubat-
ed for 36h at all pH indicates that the latter are capable of accommodating
more water, assuming the enlargements in the pseudo-periplasm of the
cell enclosed by both EPS are the same.

The thickness of EPS is pH responsive due to them being weak poly-
electrolytes. Carboxylate and phosphate are functional groups that give
anionic characteristics to EPS. Alkaline environments deprotonate car-
boxyl groups and cause repulsion among the EPS brushes, thereby
stretching the EPS. Determining the thickness of the EPS layer is chal-
lenging in the present study since the EPS are easily deformed; the
thickness was defined based on the repulsion distance, or estimated
byfitting the approach curveswith Pincus theory. For EPS of the late sta-
tionary phase, significant deviationswere found between the values de-
termined by using the abovemethods, particularly at high pH, although
the values are close for the EPS of the late exponential phase. This is be-
cause the thickness of the EPS incubated for 36 h is determined from the
repulsion distance, which includes the thickness of the EPS of the late
exponential phase, which is not considered in the application of Pincus
theory in the present work.

Deviations of the experimental data from Pincus theory were ob-
served and can be ascribed to the following effects:

• The cell shape is elliptic instead of spherical, leading to a deviation
fromPincus theorywhich requires the interaction is between a sphere
and a planar surface.

• The repulsion at the onset of the approach curves is due to the steric
force; Pincus theory considers electrosteric interactions, which are
only effective over a range of λGC.
• Weak polyelectrolyte brushes do not necessarily exhibit a uniform
monomer concentration profile assumed by Pincus theory in the os-
motic brush regime [70,71], which could cause a deviation of the
Pincus theory predictions from the experimental results, especially
at high pH where the EPS chains are stretched.

In the compression measurements, water could be easily forced out
of the EPS of the exponential phase because they are relatively less ionic
than those of stationary phase; hence water molecules do not bind
strongly to the EPS. It was found that EPS of the stationary phase exhibit
better resistance against compression than EPS of the exponential
phase, which is likely to be due to the better water retention of the
EPS of the former. Water retained in EPS incubated for 36 h enhances
the robustness of the EPS, thereby protecting the enclosed cells. Slight
shifts in the approach curves after continuous compressions indicate lit-
tle water loss, and EPS of cells incubated for 36 h are more resilient to
normal stress than those incubated for 6 h. Rhodococcal polysaccha-
rides, which are present in both the exponential and the stationary
phase contain rhamnose, galactose, glucose, and glucuronic acid [72],
of which rhamnose is considered to be the least water-soluble.

The EPS of rhodococcal cells at the stationary phase are regarded as
amorphous random coils probably due to the 1,2-α- or 1,6-α-linkages
between their exopolysaccharides. The presence of acyl substitutes
(e.g. O-acetyl groups) helps the EPS incubated for 36 h to form an or-
dered helical architecture [73] so as to resist normal compression. The
EPS of the late exponential phase, nevertheless, may possess 1,3-β- or
1,4-β-linkages between the exopolysaccharides [73] resulting in rigid
helices that are less resilient to normal compression.

Most bacterial EPS comprise anionic polysaccharides with a minor
portion of proteins and hydrophobic residues [74,75]. Active sites in
the EPS are composed of functional groups such as amine, carboxyl, hy-
droxyl, and phosphate groups. These sites could promote the affinities
of EPS to ions, dissolved organic molecules (including amino acids, pep-
tides, and proteins), and organic colloids [76,77]. Significant adhesion
forces were measured between EPS of the late stationary phase and sil-
icon oxide surface at all pH, whereas little adhesion was observed be-
tween EPS of the late exponential phase and silicon oxide surfaces
except at pH 3.0. Such differences indicate that most binding sites avail-
able to interact with the silicon oxide are located in the EPS incubated
for 36 h. Although the EPS of the exponential phase account for initial
cell attachment before the EPS of the stationary stage are excreted,
data in the present study confirm that EPS at the late growth stage
play a crucial role in cell adhesion and aggregation [78].When changing
the pH of the aqueousmedium, the density of those binding sites varies
in accordance with the conformation of the EPS chains. At pH 3.0, the
magnitude of the adhesion between EPS incubated for 36 h and the sil-
icon oxide surface is the largest while the adhesion distance is the
shortest. This is because EPS chains take a collapsed (or contracted) con-
formation at pH 3.0 so that a short range of interaction is expected,
whereas at pH 10.0 EPS chains take an extended conformation resulting
in fewer binding sites per unit volume and have an influence over signif-
icantly longer distances. The adhesion energy between EPS of the
rhodococcal cell at the late stationary phase and the silicon oxide sur-
facewas found to be consistent throughout the pH range studied. Adhe-
sion between the EPS incubated for 36 h and the silicon oxide surface is
most likely to be due to these non-specific binding sites and that the
number of the non-specific binding sites in the EPS of the late growth
stage does not change. Furthermore, while changes in pH do not affect
the number of the binding sites, they do affect the density of the binding
sites.

4. Conclusion

By carrying out force measurements using a cell-functionalized
probe, the interaction between an EPS covered rhodococcal cell and a
model surface was examined, and the effects of EPS of different growth
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phases on the adhesive and mechanical properties of whole cells were
investigated. EPS of the stationary phase are capable of storing more
charge than EPS of the exponential phase in the corresponding electric
double layer. It is concluded that EPS of the stationary growth stage con-
tribute significantly to cell–mineral interactions than those of the expo-
nential stage. During the retraction of the cell probe from the model
silicon oxide surface, more adhesive interactions were found between
rhodococcal cells of the stationary phase and the substrate, which
were attributed to the chemical composition of the EPS. Due to the na-
ture of weak polyelectrolytes, the conformation of EPS chains is easily
affected by the condition of the surrounding medium. The magnitude
of the adhesion between EPS and a silicon oxide surface is affected by
pH since the density of the available binding sites changes by
contracting and stretching the EPS of the stationary phase. The cell
spring constant calibration shows that both EPS could confine water.
However, successive compressions in an environmentwhere EPS chains
are fully stretched show that EPS of the exponential phase cannot resist
compression andwater can easily be forced away; EPS of the stationary
phase is more resilient to compression so as to retain water.
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