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ABSTRACT: Global threats arising from the increasing use of antibiotics coupled with the high recurrence rates of Clostridium
dif f icile (C. dif f icile) infections (CDI) after standard antibiotic treatments highlight the role of commensal probiotic
microorganisms, including nontoxigenic C. dif f icile (NTCD) strains in preventing CDI due to highly toxigenic C. dif f icile
(HTCD) strains. However, optimization of the inhibitory permutations due to commensal interactions in the microbiota requires
probes capable of monitoring phenotypic alterations to C. dif f icile cells. Herein, by monitoring the field screening behavior of the
C. dif f icile cell envelope with respect to cytoplasmic polarization, we demonstrate that inhibition of the host-cell colonization
ability of HTCD due to the S-layer alterations occurring after its co-culture with NTCD can be quantitatively tracked on the basis
of the capacitance of the cell envelope of co-cultured HTCD. Furthermore, it is shown that effective inhibition requires the
dynamic contact of HTCD cells with freshly secreted extracellular factors from NTCD because contact with the cell-free
supernatant causes only mild inhibition. We envision a rapid method for screening the inhibitory permutations to arrest C.
dif f icile colonization by routinely probing alterations in the HTCD dielectrophoretic frequency response due to variations in the
capacitance of its cell envelope.
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The role of human microbiota in health and disease is
becoming increasingly apparent, but optimizing microbial

interactions to reduce infections is challenging. Clostridium
dif f icile (C. dif f icile) infection (CDI), a toxin-mediated
intestinal disease that is the single most common cause of
antibiotic-induced in-hospital enteric infection, is a perfect
example. It is caused by C. dif f icile, a Gram-positive, spore-
forming anaerobic bacteria, upon the elimination of healthy
microflora in the gut under the administration of broad-
spectrum antibiotics.1 Metronidazole and vancomycin are the
most commonly used antibiotics for CDI treatments. However,
CDI rates continue to see steady rises worldwide,2 with
increasing incidences of treatment failure due to disease
recurrence with the same strain after standard antibiotic

treatments.3 An alternate means to cause the inhibition of
highly toxigenic C. dif f icile (HTCD) strains is through the
application of probiotic microorganisms,4 but the inhibitory
permutations have not been optimized. For example, it has
been shown that some lactic acid bacteria and yeast can
significantly protect hamsters and mice from diarrhea and
enterocolitis as well as lower tissue damage triggered by C.
dif f icile.5,6 Furthermore, Bif idobacterium and Lactobacillus,
either in the form of supernatants or in co-culture, can inhibit
C. dif f icile growth, cytotoxicity, and adhesion ability to human
enterocyte cell lines.7−10 Nontoxigenic C. dif f icile (NTCD)
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strains, which do not produce toxin A or toxin B because of the
absence of the pathogenicity locus (PaLoc), are typically not
implicated in symptomatic CDI. Because NTCD strains are
likely to compete with HTCD strains for similar colonization
niches,11−13 antagonistic interstrain interactions are envisioned.
Prior studies have shown that gastrointestinal colonization of
patients and hamsters by NTCD strains can reduce the
incidence of CDI from HTCD strains.13 Recent clinical trials
have demonstrated the safety and efficacy of NTCD in healthy
subjects and CDI patients.11,12 The administration of NTCD
strains as a probiotic to arrest primary and recurrent CDI is
potentially preferable to current approaches based on fecal
microbiota transplantation (FMT) that require time-consuming
procedures for the preparation and maintenance of frozen
capsulized FMT,14 with poorly characterized microbial
compositions that can have adverse effects.
Current methods to judge the inhibitory effect of probiotic

microorganisms on C. dif f icile are based on animal model
studies and in vitro adhesion assays with host cells. These are
time-consuming and cumbersome and provide only indirect
evidence of the inhibition, thereby limiting the inhibitory
permutations that can be studied. S(Surface)-layer proteins,
which form a part of the cell wall within both Gram-positive
and Gram-negative bacteria, are integral in surface recognition,
colonization, host−pathogen adhesion, and virulence.15 A
number of studies have shown that variations of the S-layer
between C. dif f icile strains affect their colonization behav-
ior.16−18 In fact, because S-layer proteins from NTCD strains
are known to effectively block the adherence of HTCD strains
to host cells,16 we use this inhibitory interaction to develop a
probe for rapidly monitoring alterations in the HTCD cell
envelope by tracking its capacitance. The high eccentricity
ellipsoidal shape of C. dif f icile causes its strong polarization
under electric fields, thereby making it a unique cell type for
sensitive measurements of alterations in the capacitance of its
cell envelope, based on the level of screening of cytoplasmic
polarization. Specifically, we choose the HTCD strain,
VPI10463, because it exhibits a significantly higher cell
envelope capacitance than other common C. dif f icile strains
with low or no toxigenicity (ATCC630 or VPI11186),19

presumably because of its distinct S-layer composition that
increases its cell wall roughness. The higher starting capacitance

level for this HTCD strain enables a significant dynamic range
for its systematic reduction due to gradual alterations in its cell
envelope during co-culture with the NTCD strain, VPI11186,
which has a 3-fold-lower capacitance. In this manner,
capacitance measurements on the HTCD cell envelope can
be correlated to alterations in its functionality after co-culture,
as validated by time-consuming adhesion assays and low-
sensitivity toxin immunoassays, so that capacitance can serve as
a rapid monitoring tool for optimizing the inhibitory
interactions of various probiotics on this and other relevant
HTCD strains.
In this study, rapid and contactless monitoring of the

alterations in the cell envelope capacitance is accomplished by
dielectrophoresis (DEP) and verified by electrorotation
(ROT). DEP causes the frequency-selective translation of
polarized bioparticles under a spatially nonuniform electric
field, either toward (by positive DEP or pDEP) or away (by
negative DEP or nDEP) from the high-field region, depending
on the polarizability of the bioparticle versus that of the
medium.20,21 Hence, field screening caused by the cell envelope
to its cytoplasmic polarization can be sensitively measured by
DEP frequency spectra.22,23 ROT is a complementary
technique that measures the dipole relaxation behavior of
cells under phase-shifted fields on the basis of their cofield and
counter-field rotational frequency spectra.24 Although DEP
spectra directly reflect the relative differences in the degree of
polarization between particles to enable their frequency-
selective separation, ROT spectra reflect differences in dipole
relaxation to better discern the frequency values at which the
polarization dispersion shows significant inflections because
these show up as maximum or minimum rotational values.25 In
prior work,19 we demonstrated that the systematic differences
in cell wall morphology between particular C. dif f icile strains
can significantly shift their DEP crossover to enable their
frequency-selective DEP separation. Herein, we focus on
probing interactions between particular C. dif f icile strains
within various types of co-cultures by discerning the DEP
spectral shifts and fitting the spectra to an ellipsoidal two-shell
model (with the cell wall and membrane as shells) to quantify
alterations in the capacitance of the HTCD cell envelope.
These alterations in cell envelope capacitance are found to be
strongly correlated to morphological differences in the cell

Figure 1. Experimental design for studying the inhibitory effects of nontoxigenic C. dif f icile (NTCD) on highly toxigenic C. dif f icile (HTCD).
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envelope as observed by electron microscopy and to the
HTCD colonization ability as judged by its adherence to host
cells. We envision that cell envelope capacitance measurements
on HTCD can serve to rapidly screen for the particular
probiotic combinations that arrest the colonization ability of co-
cultured HTCD versus current methods based on cumbersome
adhesion assays.

■ MATERIALS AND METHODS
The approach to examining alterations in the functionality and
electrophysiology of HTCD either cultured within a cell-free
NTCD supernatant (henceforth NTCD-S) or co-cultured with
NTCD in a transwell with a 0.4 μm pore size membrane to
separate the cultures (henceforth transwell co-culture) is shown
in Figure 1.
Preparation of Bacterial Co-Cultures. High toxigenic

(VPI10463, HTCD) and nontoxigenic (VPI11186) C. dif f icile
strains (purchased from ATCC) were cultured in brain heart
infusion (BHI) broth (BD, BBL BHI) at 37 °C overnight in an
anaerobic chamber. For supernatant culture, the overnight
cultured cells (O.D. 600 = 0.89 ± 1%) were centrifuged at 3000
g for 5 min. The residual cells in the supernatants were
removed by a 0.2 μm pore size filter (Millipore). The
supernatants were freshly prepared before each experiment.
Pelleted HTCD or NTCD cells were resuspended in fresh BHI.
The HTCD suspension (200 μL) was inoculated in 800 μL of
the respective supernatants (BHI, HTCD supernatant or
NTCD supernatant, O.D. 600 = 0.331 ± 1%). For transwell
co-culture, 200 μL of the HTCD suspension and 1.2 mL of
BHI were inoculated in the wells within a 12-well plate for co-
culture with 200 μL of NTCD or HTCD suspensions (co-
culture control) and 600 μL of BHI inoculated in the transwell
insert. The cells inoculated in supernatants or in the transwell
co-culture setup were incubated at 37 °C overnight (16−18 h)
in an anaerobic chamber. Prior to the DEP or ROT, the
medium was replaced with 8.8% sucrose water, with medium
conductivity (Mettler Toledo FE20) of 5 ± 5% mS/m as
adjusted by the BHI medium. Using the colony-forming unit
(CFU) assay, we confirmed (Supporting Information Table S1)
that C. dif f icile can survive for up to 3 h under the aerobic
conditions within this altered medium (typical time frame for
DEP and ROT analysis is <5 min).
Host-Based Adherence Assay. As per standard proto-

col,19 the human colon epithelial cell line, HCT-8 (ATCC),
was used as the host cell in this assay. HCT-8 cells were grown
as a confluent monolayer in 6-well plates prior to the assay.
Overnight C. dif f icile cultures were pelleted and resuspended in
fresh BHI medium and were adjusted to equal concentration
levels by optical density measurement (Eppendorf biopho-
tometer). An equal concentration of each culture condition was
added to each well, and the plates were incubated in the
anaerobic chamber at 37 °C for 3 h. After 3 h, nonadhered C.
dif f icile cells were eliminated by three washing steps with PBS.
Finally, adhered C. dif f icile cells were harvested and were
enumerated by CFU assay. Each experiment was performed in
triplicate and repeated with three different HCT-8 cell passages.
Growth Measurement. The optical density (O.D.) at 600

nm wavelength for cells inoculated in supernatants or within
the transwell co-culture was measured by spectrophotometry
(Eppendorf biophotometer). After overnight culture (16−18 h)
under each condition, aliquots of 50 μL were used for growth
measurement in a disposable cuvette. The O.D. of each
supernatant was compared to the BHI control (normalized at

100%), and the O.D.s of HTCD co-cultures were compared to
the co-culture control (HTCD on either side of a transwell
plate), which was normalized to 100%.

Enzyme-Linked Immunosorbent Assay for Toxin
Levels. Total toxin (A/B) production was measured using
the C. dif f icile TOX A/B II kit (TechLab). Culture super-
natants were collected by centrifugation at 3500 rcf for 5 min
and stored at −20 °C. The A450 values of supernatants were
compared to the BHI control as 100%, or the A450 values of
NTCD and the HTCD transwell co-culture were compared to
the co-culture HTCD-only control as 100%.

Dielectrophoretic Characterization of C. dif f icile. DEP
measurements were conducted on a 3DEP dielectrophoretic
analyzer (DEPtech, Uckfield, U.K.) with a recording interval set
to 30 s at 10 Vpp, with data collected over 20 points between 50
kHz and 45 MHz. The average relative DEP force at each
frequency was obtained by analyzing at least five different
measurements, and results were repeated three times with each
new batch of cells.

Image Analysis on DepTech’s 3DEP Reader. In the
DepTech 3DEP reader, an electric field is applied using gold-
plated conducting electrode stripes inside the wall of each well
(Figure 4a(i)), and the DEP response is measured at 20
different frequencies applied to the individual wells. The level of
DEP at each frequency is obtained by analyzing spatiotemporal
variations in light intensity from particle scattering using
particular bands in each of the 20 wells, after normalization to
the background at zero field (time = 0), by accounting for the
electric field distribution in the wells.26 These normalized
weighted changes in light intensity are used to measure the
relative DEP force at each frequency27,28 (details in S3 SI). For
ellipsoidal particles of high eccentricity (large major/minor axis
ratio) such as C. dif f icile, the particle undergoes electro-
orientation as soon as the electric field is applied. Upon field
application in the wells, the particles orient along the field lines,
causing the major axis of the cell to be oriented to the field.
This causes a dramatic and rapid accumulation of the light
intensity in the well (Figure 4a(ii),b), thereby obscuring light
intensity alterations due to DEP behavior because the
subsequent light intensity is usually normalized to the intensity
at zero time. Hence, this problem was addressed by identifying
the particular time frame following the electro-orientation of
cells and using this as the baseline for normalizing the light
intensities from later frames (Figure 4a(ii),b). After 30 s of
field, positive DEP was clearly apparent (Figure 4a(iii),c). The
light intensity in Figure 4c was normalized to that in Figure 4b.
The DEP spectra were obtained by analyzing the alteration of
light intensity, only in the regions closer to the edges (from
bands 6−9) to avoid interferences from the electro-orientation
of cells in the central region (from bands 1−5), which has a
lower electric field intensity than the edge region.

Computing Dielectric Properties from DEP Spectra.
The DEP spectra of C. dif f icile after various co-cultures were
correlated to dielectric parameters (permittivity or ε and
conductivity or σ) to compute alterations in the electro-
physiology of particular intracellular regions (outer insulating
envelope denoting the cell wall and membrane versus the inner
conducting cytoplasm).25 For this purpose, an ellipsoidal two-
shell dielectric model,29,29,30 denoting the shells formed by the
cell wall and membrane to the cytoplasmic core of C. dif f icile,
was used to compute εwall, σwall, εmembrane, σmembrane,εcyto and σcyto,
as described within Supporting Information S5. The diluted
BHI medium was assigned εmedium = 80,20 and σmedium was
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measured to be 5 mS/m. Geometrical information about the
cell axis and cell wall thickness was obtained from TEM images.
The membrane thickness, which is not resolved from the
images, was computed from the literature31,32 (Table S2 in
Supporting Information). Using the fitted dielectric values and
thickness (t) of the cell wall and membrane, the cell envelope
capacitance was computed as33

ε ε
ε ε

=
+

C
t tenvelope

wall membrane

wall membrane membrane wall (1)

Electrorotation of C. dif f icile. Electrorotation was
measured on a chip with planar hyperbolic-shaped gold
electrodes arranged within a quadrapole pattern on coverslip
glass with a fluidic cell, as per our prior work25 (details in S4 of
Supporting Information). Individually soldered electrical
connections allowed for the independent energization of
electrodes. A four-channel arbitrary waveform generator
(TGA12104−Thurlby Thandar Instruments) was programmed
to apply 90° phase-shifted signals to adjacent electrodes.
Electrorotation of the C. dif f icile cells was observed under a
Zeiss Z1 microscope and recorded with a Hamamatsu CMOS
camera at 100 fps (frames per second). The average rotation
rate at each frequency was obtained by analyzing at least 15
cells, with results repeated at least 3 times with different batches
of cells. Because multishell model fits to the imaginary portions
of polarizability are not readily available for ellipsoidal particles,
we focus on utilizing the counter-field ROT spectra to delineate
the frequency of inflection to pDEP.
Transmission Electron Microscope Imaging. C. dif f icile

samples cultured overnight (1 mL: O.D. 600 = 0.89 ± 1%)
were pelleted and washed in PBS and fixed in 2%
glutaraldehyde and 2% paraformaldehyde in PBS for 4 h at
room temperature. The samples were pelleted and washed in
DI water before resuspension in 2% osmium tetroxide for 30
min at room temperature and rewashed in DI water. The
samples were dehydrated through a serial gradient ethanol
solution (50, 70, 95, and 100%) for 10 min at each level. The
samples were then resuspended in 1:1 EtOH/EPON (epoxy
resin) overnight, followed by 1:2 EtOH/EPON for 2 h, 1:4
EtOH/EPON for 4 h, and 100% EPON overnight. After
embedding the samples in fresh 100% EPON, the samples were
baked in a 65 °C oven. The EPON-hardened samples were
sectioned to 75 nm, mounted onto 200 mesh copper grids, and
contrast stained with 0.25% lead citrate and 2% uranyl acetate
for TEM imaging (JEOL 1230) at 80 kV (SIA digital camera).

■ RESULTS AND DISCUSSION

Inhibition of HTCD after Co-Culture with NTCD. The
alterations in functionality of HTCD cultured within either a
cell-free NTCD supernatant (henceforth called NTCD-S) or
co-cultured with NTCD in a transwell plate, wherein the
cultures are separated by a 0.4 μm pore size membrane
(henceforth called transwell co-culture), are examined using
standard microbiological analysis. The measured growth rates
after the overnight culture of HTCD in various supernatants,
including fresh BHI broth (positive control), cell-free HTCD
supernatant (HTCD-S), and cell-free NTCD supernatant are
normalized to the growth rate of the cells cultured in BHI broth
(Figure 2a). For the analogous HTCD transwell co-culture with
NTCD, a co-culture system with the HTCD inoculates on
either side of the membrane serves as the so-called co-culture
control. For HTCD cultured in HTCD-S and in NTCD-S, the

growth rates are reduced to ∼60% of that obtained within BHI
broth, which we attribute to the lack of sufficient nutrients for
cell growth. The absence of significant differences in the growth
rate between HTCD cultured in HTCD-S versus in NTCD-S
suggests that the leftover nutrient levels in the HTCD-S and
NTCD-S are quite similar. Although the NTCD-S does not
significantly inhibit the growth of the HTCD, the growth rate
after transwell co-culture of HTCD with NTCD is reduced to
∼80% of that of the co-culture control (Figure 2a). Toxin
production levels show similar trends, with modest drops from
the 100% level for the HTCD control (cultured in BHI) to
almost equivalent levels of 80 and 70% for HTCD cultured in

Figure 2. (a) Relative growth rate and (b) relative toxin production for
HTCD after various culture conditions, with values for HTCD-S and
NTCD-S normalized to those of the BHI control and the values for
transwell co-cultured HTCD normalized to the transwell co-culture
control. Variations in HTCD adherence to human colon epithelial
cells, as enumerated by colony-forming units (CFU): (c) after each
culture condition and (d) for HTCD cultured in heat-treated versus
untreated NTCD supernatant.
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HTCD-S and NTCD-S, respectively, whereas the toxin
production for HTCD after transwell co-culture with NTCD
drops to 60% of its value versus the co-culture control. For the
transwell co-culture system, it is noteworthy that although the
cell numbers are reduced by only 20% versus the control
(Figure 2a), the toxin production level is reduced by 40%
(Figure 2b), indicating that the inhibitory effect of HTCD after
co-culture with NTCD extends well beyond their lower cell
numbers versus the control, likely because of secreted
extracellular factors during the co-culture. The role of this
inhibitory effect on the colonization ability of HTCD is
assessed by the standard adhesion assay. HTCD cells cultured
in BHI show the highest adherence numbers, followed by
HTCD cultured in HTCD-S, HTCD cultured in NTCD-S, and
finally HTCD co-cultured with NTCD, which shows an
adhesion level just slightly higher than that of a pure NTCD
culture (Figure 2c).
These sharp differences in the degree of adherence to host

cells versus those of the control confirm the inhibitory role of
HTCD co-cultured with NTCD with respect to its colonization
ability. Although lower host cell adherence for HTCD in
HTCD-S versus the control (HTCD in BHI) may be attributed
to the lack of nutrients (as apparent from the growth rates in
Figure 2a), the HTCD cultured in NTCD-S, which has a level
of nutrients similar to that of the respective culture in HTCD-S
(as apparent from their similar growth rate in Figure 2a), shows
much lower numbers of adherent bacteria, indicating the role of
extracellular factors in the NTCD-S in inhibiting the adherence
of HTCD to the host cells. To further examine the inhibition
mechanism, the supernatants were heat-treated to denature any
heat-sensitive factors. As per Figure 2d, there is a significant
increase in host cell adherence for HTCD cultured within this
heat-treated NTCD-S versus the respective culture in untreated
NTCD-S. In fact, HTCD cultured within heat-treated NTCD-S
shows equivalent adherence numbers to HTCD cultured in
untreated HTCD-S, indicating the loss of inhibition ability of
NTCD-S after heat treatment. Hence, the colonization
inhibition of HTCD cultured in untreated NTCD-S is
attributed to thermolabile extracellular factors present in the
NTCD-S. Additionally, we infer that transwell co-culture with
NTCD has a greater inhibitory influence on HTCD versus
culture in NTCD-S because in the former the growth rate is
mildly reduced, the toxin levels are more sharply reduced, and
the colonization ability is drastically decreased. In the latter
case, the inhibitory effect extends only to a reduction in the
colonization ability of the HTCD strain. Although HTCD cells
in the co-culture system with NTCD are in dynamic contact
with freshly secreted extracellular factors, this is not so for the
HTCD culture in cell-free NTCD supernatant, where the
contact is with isolated extracellular factors from one particular
time point, thereby explaining the greater inhibition within the
former system.
Monitoring the Cell Envelope Capacitance by Dielec-

trophoresis. In previous work, we correlated differences in the
cell wall roughness of particular C. dif f icile strains to systematic
variations in their crossover frequency ( f xo) for the transition
from negative to positive dielectrophoresis (DEP) behavior to
enable strain-based separations.19 In the current study, we focus
on measuring alterations in the cell envelope capacitance of the
HTCD strain, VPI10463, after co-culture with the NTCD
strain, VPI11186, or with various cell-free supernatants of this
strain (NTCD-S, with HTCD-S serving as the control).
Considering the DEP spectra for HTCD cultured in NTCD-

S versus HTCD cultured in HTCD-S (Figure 3a), a small shift
toward higher frequencies is apparent within the spectra,

whereas no discernible shifts are apparent between the spectra
for HTCD cultured in HTCD-S versus the control of HTCD
cultured in BHI media (Figure 3c). To better delineate these
differences, we measured the electro-rotation (ROT) spectra
for the respective HTCD cells (full range in Figure S2b)
because the pDEP inflection frequency is seen as a peak in the
counter-field rotation rate, thereby sensitively discerning the
spectral shifts. As shown in Figure 3b, the highest rotation rate
for HTCD cultured in HTCD-S occurs at 175 kHz, whereas

Figure 3. HTCD cultured in HTCD-S versus in NTCD-S, analyzed
on the basis of (a) DEP spectra (50 kHz−45 MHz) and (c) ROT
spectra (50 kHz−500 kHz), with the respective control measurement
of HTCD cultured in BHI versus in HTCD-S: (b) DEP spectra and
(d) ROT spectra. The DEP responses are fit to eq 2 (Supporting
Information) to compute C. dif f icile electrophysiology (Table 1), with
red star symbols on plots indicating the particular frequencies of DEP
inflection (a), which correspond to the frequencies of the highest
counter-field rotation rate (b). See ROT video: ROT2.mov in
Supporting Information.
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the highest rotation rate for HTCD cultured in NTCD-S
occurs at 250 kHz, somewhat consistent with the DEP spectral
shifts in Figure 3a. Furthermore, consistent with the DEP
spectra in Figure 3c, no shifts are apparent in the ROT spectra
for HTCD cultured in HTCD-S versus the control (HTCD
cultured in BHI media (Figure 3d).
In contrast to the small shifts in DEP spectra for HTCD after

culture within the cell-free NTCD supernatant, the upshifting
of the DEP inflection point to higher frequencies is much
clearer for HTCD after transwell co-culture with NTCD versus
with the HTCD strain (co-culture control) so that the co-
cultured HTCD cells show a dispersion behavior that
approaches that of the NTCD strain (Figure 4a). Because C.
dif f icile has an ellipsoidal structure with a high eccentricity
(major to minor axis ratio of ∼6), the cell electro-orients over
the first few seconds, followed by strong pDEP behavior of the
electro-oriented cells that are close to the high-field region (i.e.,
electrode edges), as indicated in Figure 4a within insets (i) and
(ii). A typical image of the field dispersion spectra for co-
cultured HTCD cells shows that a dark band due to electro-
oriented cells is formed at the electrode-edge within the first
few seconds of the electric field application (Figure 4b). The
same image after 30 s of electric field (Figure 4c) shows strong
pDEP in the 0.3−10 MHz range and weak pDEP at lower
(<0.3 MHz) and higher frequencies (>10 MHz), with the
brighter electrode edge indicating successively higher pDEP
levels.
The DEP spectra of the HTCD cells in Figures 3 and 4,

acquired from spatiotemporal variations in light scattering

across the 3D electrode well,28 were fit to a two-shell ellipsoidal
dielectric model29 to compute the cell envelope capacitance
(Cenvelope) and conductivity and permittivity of the cytoplasm
(σcyto and εcyto), with fits to the model showing an R2 of 0.98 or
higher, as per Table 1. The cell envelope capacitance (in mF/

m2 units) decreases from 0.97 for HTCD in standard BHI to
0.68 for HTCD cultured in NTCD-S and further down to 0.43
for HTCD after transwell co-culture in NTCD, with no
significant differences between HTCD cultured in HTCD-S
versus HTCD cultured in BHI. It is noteworthy that the
effective cytoplasmic conductivity and permittivity of HTCD
remain somewhat unchanged, highlighting that the chief
differences arise in the capacitance of the cell envelope.
To understand the underlying mechanism that causes this

>50% reduction in the cell envelope capacitance of the HTCD
cells after transwell co-culture with NTCD cells, we examined

Figure 4. (a) DEP spectra (50 kHz−45 MHz) of HTCD co-cultured in NTCD versus in the respective co-culture control and the pure NTCD
culture (video DEP1.mov in SI). The fitted DEP response under each culture condition (using eq 2 Supporting Information) is applied to compute
dielectric parameters of the C. dif f icile cell envelope and cytoplasm (Table 1). Schematic images show (i) rings of conducting electrode strips
patterned inside the wall of a 3D well; (ii) the cells electro-orient to form a dark band at the edge at early time points; (iii) after 30 s of field, pDEP
causes a clear band at the electrode edge (from bands 6−9, with the yellow circle indicating band 6). Representative light intensity images of C.
dif f icile in the 3DEP well device at the indicated frequencies due to electro-orientation after 2 s (b) and pDEP after 30 s (c) are used to determine
DEP spectra. Transmission electron microscopy images of (d) the HTCD control and (e) HTCD co-cultured with NTCD (arrows indicate S-layer-
induced features). (f) Antibiotic susceptibility of HTCD co-cultured with NTCD versus the co-cultured HTCD control (growth rates normalized to
those of untreated cells; i.e., 0 μg/mL vancomycin treatment has a 100% growth rate).

Table 1. Dielectric Parameters of the Cell Envelope (Cenvelope
in mF/m2) and Cytoplasm (σcyto in S/m and εcyto) of C.
dif f icile (HTCD) in Various Culture Media by Fitting the
Recorded DEP Spectra of Figure 3a (in NTCD-S), Figure 3b
(in HTCD-S), and Figure 4a (Co-Cultured in HTCD) to an
Ellipsoidal Two-Shell Modela

BHI HTCD-S NTCD-S co-culture NTCD

Cenvelope(mF/m2) 0.9716 0.9933 0.6879 0.4347 0.3409
εcyto 65 65 65 60 65
σcyto(S/m) 0.48 0.50 0.52 0.55 0.6

aDetails in Table S2 of the Supporting Information.
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the respective cell wall morphologies using transmission
electron microscopy. As per the images shown in Figure 4d
versus Figure 4e, the cell-wall surface of HTCD co-cultured
with NTCD shows a significantly lower roughness (Figure 4e)
versus that of the HTCD control (Figure 4d), which correlates
with its lower capacitance. The less electron-dense areas in the
cytoplasm region of the image, likely due to nucleoids,35 do not
exhibit substantial differences between the different cell types.
Alterations in the surface roughness of the microbial cell wall
have previously been correlated to variations in S-layer
composition.34 For the case of C. dif f icile, such S-layer
variations between strain types typically cause significant
alterations in their colonization ability, as also apparent within
our results that show significantly lowered host cell adherence
for the NTCD versus the HTCD strain studied herein (Figure
2c). Hence, we suggest that the significant reduction in the
colonization ability of HTCD after co-culture with NTCD or
after culture in NTCD-S can be related to the alterations in its
cell-wall surface structure, as apparent from the smoother
morphology of their cell wall surface, which can be discerned
rather easily by following the shifts in the DEP spectra due to
cell envelope capacitance. Hence, rather than applying time-
consuming and cumbersome adhesion assays to follow
alterations in the colonization ability of HTCD strains after
co-culture with probiotic microbial strains, we suggest that DEP
methods can discern these alterations within a few minutes on
the basis of their cell envelope capacitance. Finally, we compare
the antibiotic susceptibility of HTCD co-cultured with NTCD
versus that of the co-cultured HTCD control by comparing the
growth rates after each vancomycin treatment (of varying
levels) normalized to those of untreated cells (i.e., 0 μg/mL
vancomycin-treated cells have a 100% growth rate). On the
basis of Figure 4f, it is apparent that HTCD co-cultured with
NTCD becomes significantly more susceptible to vancomycin
treatment because of the lower % of untreated cells at each of
the three investigated vancomycin levels. We attribute this
increase in the antibiotic susceptibility of co-cultured HTCD to
its interactions with the secreted extracellular factors from
NTCD, which seem to alter the cell functionality, as measured
by its growth rate, toxin production, and colonization ability
(Figure 2a−c), and which correlates to the altered cell-envelope
capacitance.

■ CONCLUSIONS
Cell envelope capacitance measurements are presented as a
rapid and quantitative methodology to probe S-layer-induced
alterations in the C. dif f icile cell wall region for applications
toward probing the inhibition of its host cell colonization ability
after co-culture with probiotic microorganisms. First, co-culture
of the HTCD strain, VPI10463, with the NTCD strain,
VPI11186, is shown to have a strong inhibitory effect on the
colonization ability of HTCD (Figure 2c), with successively
milder inhibitory effects on its toxin production levels (Figure
2b) and growth rate (Figure 2a), whereas upon culture of the
HTCD strain with cell-free NTCD supernatant this inhibitory
effect is apparent only at a modest level with respect to the
colonization ability of HTCD (Figure 2c). We attribute this
observation to the dynamic contact of HTCD cells with freshly
secreted extracellular factors from NTCD within the co-culture
system, whereas for HTCD culture in cell-free NTCD
supernatant the contact is with isolated extracellular factors
from one particular time point. On the basis of comparing the
influence of heat treatment on the cell-free supernatant of

NTCD (NTCD-S) versus HTCD (HTCD-S), we are able to
infer the role that thermolabile extracellular factors present in
the NTCD-S play in the inhibitory effect on HTCD cells
(Figure 2d). Next, through monitoring variations in field
screening by the HTCD cell envelope due to its capacitance, we
infer a high level of frequency upshifting for inflection toward
positive DEP behavior for HTCD co-cultured with NTCD
versus that of its control. The DEP spectra are fit to a two-shell
dielectric model for an ellipsoidal particle (Table 1 and Table
S2, SI) to infer >50% reduction in its cell envelope capacitance
(Figure 4a). On the other hand, a milder level of inhibition for
HTCD cultured in NTCD-S is apparent from a lower degree of
upshifting in the inflection of its spectra that can be fit to infer
an ∼30% reduction in its cell envelope capacitance (Figure 3).
This reduction in the cell envelope capacitance and effective
permittivity of the cell wall region are consistent with the
alterations in cell wall morphology that reveal a significant
reduction in cell wall roughness after HTCD co-culture with
NTCD. Finally, we observe a significant increase in the
antibiotic susceptibility of co-cultured HTCD versus that of the
control, which is attributed to arise from interactions of HTCD
with the secreted extracellular factors from NTCD during the
co-culture that alters the cell functionality. We envision a
diagnostic platform based on cell envelope capacitance to
rapidly screen for particular probiotic combinations that inhibit
the colonization ability of co-cultured HTCD versus current
methods based on cumbersome adhesion assays, thereby
enabling the study of a larger number of inhibitory
permutations.
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