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Epithelial Microvilli Establish an Electrostatic Barrier to Microbial
Adhesion

Kaila M. Bennett,a,b Sharon L. Walker,c David D. Loa

Division of Biomedical Sciences, School of Medicine,a Bioengineering Interdepartmental Graduate Program,b and Department of Chemical and Environmental
Engineering,c University of California—Riverside, Riverside, California, USA

Microvilli are membrane extensions on the apical surface of polarized epithelia, such as intestinal enterocytes and tubule and
duct epithelia. One notable exception in mucosal epithelia is M cells, which are specialized for capturing luminal microbial parti-
cles; M cells display a unique apical membrane lacking microvilli. Based on studies of M cell uptake under different ionic condi-
tions, we hypothesized that microvilli may augment the mucosal barrier by providing an increased surface charge density from
the increased membrane surface and associated glycoproteins. Thus, electrostatic charges may repel microbes from epithelial
cells bearing microvilli, while M cells are more susceptible to microbial adhesion. To test the role of microvilli in bacterial adhe-
sion and uptake, we developed polarized intestinal epithelial cells with reduced microvilli (“microvillus-minus,” or MVM) but
retaining normal tight junctions. When tested for interactions with microbial particles in suspension, MVM cells showed greatly
enhanced adhesion and uptake of particles compared to microvillus-positive cells. This preference showed a linear relationship
to bacterial surface charge, suggesting that microvilli resist binding of microbes by using electrostatic repulsion. Moreover, this
predicts that pathogen modification of electrostatic forces may contribute directly to virulence. Accordingly, the effacement ef-
fector protein Tir from enterohemorrhagic Escherichia coli O157:H7 expressed in epithelial cells induced a loss of microvilli
with consequent enhanced microbial binding. These results provide a new context for microvillus function in the host-pathogen
relationship, based on electrostatic interactions.

Polarized epithelial cells such as intestinal and kidney tubule
epithelial cells are exposed to a wide range of aqueous envi-

ronments with rapidly changing ionic and osmotic conditions (1–
4). Despite these dynamic conditions, these epithelia must retain
their barrier function and provide resistance to microbial adhe-
sion and invasion. In the mucosal and airway epithelia, a layer of
mucus also augments the barrier, although mucus is not an intrin-
sic component of the epithelium and is not present at all epithelial
surfaces. A common feature of polarized epithelial cells is the de-
velopment of apical brush border microvilli, which display vari-
ous transporter proteins and ion channels to facilitate small-mol-
ecule and ion movement across the cell membrane (5, 6). While
the apical brush border increases the surface area for these func-
tions, it may also risk the increased availability of attachment sites
for microbial invasion. An apparent paradoxical situation is pre-
sented by intestinal epithelium M (microfold) cells, which are
commonly found overlying mucosal organized lymphoid tissues
(7, 8); these cells are specialized for the capture and uptake of
luminal microbes, yet they are morphologically distinctive by
their absence of apical microvilli.

We recently observed that M cell uptake of nanoparticles in
aqueous suspensions in mouse nasal passages in vivo could be
enhanced by the use of small targeting ligands, but the influence of
ionic conditions could be far more potent (9). Interestingly, in
lower-ionic-strength buffers, M cell particle uptake was enhanced,
yet under these conditions, the negative charge of both the parti-
cles and mucosal epithelium should have resulted in substantial
electrostatic repulsion occurring between them. Historically, us-
ing DLVO (Derjaguin, Landu, Verwey, and Overbeek)-based ap-
proaches, it has been well documented that most if not all bacterial
species are negatively charged, although they are still capable of
making their way across the mucosal barrier (10–12). Since brush
border microvilli present a variety of charged molecular species,

including polar carbohydrates and charged amino acid side
chains, it was possible that the negative charge of the microvilli
generates a high-density electrostatic charge at the enterocytes’
apical surface, driving particles toward the more neutral M cell
surface. In line with this notion, a previous study by Mutsaers et al.
(13) demonstrated that the proportion of microvilli on healing
mesothelium alters the level of glycocalyx and relative membrane
surface charge, and while intestinal epithelial cells have a glycoca-
lyx layer that protrudes 400 to 500 nm past the tip of their mi-
crovilli, M cells lack this layer (13–15). However, it has not been
determined whether changes in global electrostatic charge due to
apical cell surface morphology play a role in dictating bacterial
binding; thus, we sought to test the hypotheses that brush border
microvilli contribute to the mucosal epithelium barrier using elec-
trostatic repulsion and, conversely, that the ability of M cells to
capture microbial particles is related in part to lower electrostatic
repulsion.

To develop an in vitro test for the potential contribution of
surface charge as an effective electrostatic barrier, we compared a
cell model of brush border epithelium with modified cell lines
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designed to specifically impair microvillus formation. Using a se-
ries of assays for the adhesion or uptake of microbes or synthetic
particles by these epithelial cells, including both static and laminar
flow conditions, we found that bacterial adhesion to epithelial
cells was markedly affected by the presence of microvilli. Quanti-
fication of this effect showed an apparent relationship to the sur-
face charge of the microbial particles. Our results support the no-
tion that microvilli provide a barrier to microbial invasion
through electrostatic repulsion, and in turn, microbial virulence
can in some cases be related to the ability to manipulate this bar-
rier effect.

MATERIALS AND METHODS
Bacterial strains. Cloning of genes was performed with Escherichia coli
strain DH5�. Strains of E. coli were grown in Luria-Bertani (LB) broth,
and growth medium was supplemented with antibiotics, based on plas-
mid resistance. For functional assays, the following bacterial strains were
used: Staphylococcus aureus strain RN4220 transformed with a green flu-
orescent protein (GFP) reporter plasmid (kindly provided by A. R.
Horswill); Yersinia enterocolitica strain SL1344 (kindly provided by J.
Mecsas); a clinical isolate of Enterococcus faecalis (kindly provided by N.
Schiller); E. coli O157:H7; and Salmonella enterica serovar Typhimurium
IR715 wild-type (WT), �invA IR715, and �sipA �sopE2 �sopB �sopA
�sopD ZA21 strains (kindly provided by M. Raffatellu). All Salmonella
strains were transformed with a vector containing enhanced GFP (EGFP)
(kindly provided by C. R. Nagler) by using the Amaxa Nucleofector sys-
tem. For all assays performed in this study, bacteria were grown in normal
LB broth at 37°C and agitated at 300 rpm overnight. In the case of adher-
ence assays, bacterial cultures were pelleted at 2,000 � g for 20 min, re-
suspended in 150 mM phosphate-buffered saline (PBS), and fixed with a
1% paraformaldehyde–PBS solution for 10 min at room temperature. For
uptake assays, cultures grown overnight were diluted 1:10 and then grown
to mid-log phase (optical density at 600 nm [OD600] of 0.6).

Cloning of genes for transfection. Cloning of the EPI64LA gene was
accomplished by using PCR amplification from cDNA isolated from
the Caco2BBe cell line, using a reverse primer encoding an alanine
residue downstream of the C-terminal leucine residue and upstream of
the KpnI restriction site and a forward primer containing a HindIII site
upstream of the transcriptional start site of the EPI64 (EBP50 and
PDZK interactor of 64 kDa) gene (NCBI GenBank accession number
AF331038.1). Overlap PCR was performed to fuse EPI64LA to DsRed,
which was cloned from the PCMV-dsRed-Express2 vector (Clontech).
Finally, EPI64LA-DsRed was ligated into the pcDNA vector (pcDNA-
EPI64LA-DsRed). Tir was cloned from genomic DNA from E. coli O157:H7
by using a forward primer containing an upstream KpnI site and a reverse
primer containing a downstream XhoI site (GenBank accession number
NZ_AERR01000033.1; GI:485657470). Tir was then cloned into the
pcDNA plasmid (pcDNA-Tir). All genes were sequenced to verify the
correct DNA sequence.

Development of stably transfected lines. Caco2BBe cells (ATCC
CRL-2102) were obtained from the American Type Culture Collection.
Caco2BBe cells were cultured in medium comprised of advanced Dulbec-
co’s modified Eagle medium (ADMEM; Gibco) plus 10% fetal bovine
serum (FBS; Biowest), 1% penicillin-streptomycin-glutamine (Cellgro),
and 1% HEPES buffer (Cellgro) and grown at 37°C in 5% CO2. An Amaxa
Nucleofection T kit (Lonza) was used to transfect Caco2BBe cells with
either pcDNA-EPI64LA-DsRed or pcDNA-Tir. One day after transfec-
tion, transfected cells were placed under selection with 1,500 ng/�l of
Geneticin (Corning) for cells transfected with pcDNA-EPI64LA-DsRed
and 50 ng/�l of hygromycin (Life Technologies) for cells transfected with
pcDNA-Tir. Limiting dilution was used to generate clonal cell popula-
tions, which were subjected to multiple rounds of screening to identify
cells with the expected phenotype.

Immunohistochemistry and confocal microscopy. In order to visu-
alize cells by using confocal microscopy, cell cultures were fixed with 1%
paraformaldehyde–PBS and then permeabilized first with cytoskeleton
buffer followed by 0.5% Tween 20 –PBS. Cultures were then blocked in
0.1% Tween 20 in casein solution (Thermo Scientific). Monolayers were
stained with phalloidin (647 nm) (Life Technologies) to visualize apical
microvilli, fixed with 4% paraformaldehyde–PBS, and mounted with Pro-
long Gold antifade reagent (Life Technologies). DAPI (4=,6-diamidino-2-
phenylindole) was used as a nuclear counterstain. Images were obtained
by using a BD CarvII spinning-disk confocal imager (BD Biosystems)
attached to a Zeiss Axio Observer inverted microscope. Hardware, includ-
ing the confocal microscope and digital camera (Diagnostic Instrument
Xplorer-XS and Qimaging Rolera EMC2), was controlled by using both
BD IPlabs and Metamorph imaging software. Images were further opti-
mized by using Volocity deconvolution software. Phalloidin quantifica-
tion was carried out by using Volocity software, where nuclei were first
identified and a diameter was set to 10 �m from each nuclei. The intensity
of phalloidin over the nuclei and 10 �m away from the nuclei was deter-
mined.

Flow cytometry. Cells were grown in 96-well cluster plates in selective
medium. On the day of the experiment, cells were detached from plates by
using a trypsin-EDTA solution (Gibco) and moved into 2-ml round-
bottom tubes. Cells were washed three times in PBS, and data were col-
lected by using a FACSCalibur instrument (Becton, Dickinson) equipped
with CellQuest Pro software (BD Biosciences). Data analysis was per-
formed by using FlowJo software (Tree Star).

Quantitative and semiquantitative PCRs. Cell monolayers were cul-
tured in 6-well cluster plates, and RNA was extracted by using an RNeasy
Plus minikit (Qiagen). Using the Superscript III first-strand synthesis sys-
tem (Life Technologies), 1 or 3 �g of total RNA from each sample was
used to generate cDNA. The SYBR green assay (Bio-Rad) and the Bio-Rad
CFX96 detection system (Bio-Rad) were used to detect real-time PCR
products from 10 �l of the reverse-transcribed RNA (1:10 dilution) sam-
ples (from a 20-�l total volume). Human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a reference gene for all quantitative
PCRs (qPCRs). Primers used in qPCR assays were described previously
(16). The comparative ��CT method was used to determine the relative
amount of gene expression. In semiquantitative PCRs, a reaction mixture
volume of 20 �l was used. For PCR, a total of 4 �l of template cDNA was
added, and 2� Taq master mix (NEB) was used to carry out the PCR.
Human GAPDH was used as the reference gene. For Tir, a cycle number of
35 was used, and for GAPDH, a cycle number of 30 was used.

Zeta potential measurements. The zeta potentials of all bacteria were
measured by using laser Doppler electrophoresis (Zetasizer Nano ZS90;
Malvern Instruments), based on methods described previously by Ra-
japaksa et al. (9). Briefly, bacteria were diluted to a concentration of 8 �
107 bacteria per 1.5 ml. Diluted samples were moved to folded capillary
cells (Malvern), and zeta potentials were quantified based on the Smo-
luchowski-Helmholtz relationship equation, where UE is the electropho-
retic mobility, ε is the dielectric constant; f(Ka) is the Henry function, set
to 1.5 (Smoluchowski approximation); � is the viscosity of the buffer; and
� is the zeta potential. For measurements of synthetic particles, 1 mg of
lyophilized particle pellet was suspended in 150 mM PBS. All measure-
ments were run in triplicate in each individual experiment; experiments
were repeated 3 times.

UE �
2��f(Ka)

3�
(1)

Microbial adhesion to hydrocarbons (MATH). Based on a method
previously described by Rosenberg et al. (17, 18), to determine bacterial
particle hydrophobicity, bacterial culture ODs were normalized to 1.0 at a
wavelength of 400 nm. Four milliliters of culture was added to various
volumes of n-dodecane (Sigma-Aldrich). The tubes were vigorously vor-
texed for 2 min and left to stand for 15 min at room temperature to allow
the organic and aqueous phases to separate. The aqueous phase was care-
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fully removed, and the OD was measured at 400 nm by using a SoftMax-
Pro SpectraMax M2 spectrometer. The percentage of bacteria bound to
hydrocarbon was determined by subtracting the absorbance reading from
1. Hydrophobicity plots represent three individual experiments.

Scanning electron microscopy. Cell monolayers were grown on glass-
bottom petri dishes. Cell monolayers were fixed by first adding a 2.5%
glutaraldehyde (Ted Pella) solution for 30 min. Samples were then washed
in double-distilled water (ddH2O), and 4% osmium tetroxide (Ted Pella)
was added for 30 min. Samples were then dehydrated by using 25%, 50%,
75%, 90%, and 100% ethanol for 5, 5, 5, 5, and 10 min, respectively.
Dehydrated samples remained immersed in 100% ethanol until critical-
point drying was performed. Critical-point drying was performed by us-
ing a Balzar critical-point dryer (CPD). Samples immersed in 100% eth-
anol (transferring liquid) were quickly moved to transfer baskets, and the
chamber of the CPD was filled with enough ethanol to cover the basket;
the transferring liquid was slowly swapped with CO2 (drying gas). Once all
traces of transferring liquid were removed from the chamber, the CO2

within the chamber was slowly heated to 42°C, and pressure was brought
to 1,230 lb/in2 (actual critical temperature of 31°C and pressure of 1,072
lb/in2). Pressure was slowly released within the chamber, and samples
were then mounted onto scanning electron microscopy (SEM) pin stub
mounts (Ted Pella) with carbon-coated conductive tape and finally sput-
ter coated with platinum/palladium for 60 s (Cressington 108 Auto sput-
ter coater). The apical surface of cells was then viewed by using an XL-30
FEG scanning electron microscope at 10 kV.

Glycoprotein staining and quantification. Cell monolayers were
grown in 6-well cluster plates, and cells were lysed with a 1% Triton X-100
solution. The cell lysate was shredded and agitated for 30 min at 4°C. The
protein concentration of the cell lysate was determined by using a Brad-
ford assay (19). All protein concentrations were normalized based on the
lowest protein concentration. Samples were run on 4 to 12% Bis-Tris gels
(Life Technologies) and transferred onto nitrocellulose. The nitrocellu-
lose membrane was then stained for glycoprotein content by using a
Pierce glycoprotein staining kit (Thermo Scientific). Briefly, the mem-
brane was first washed with 3% acetic acid for 10 min, transferred into an
oxidizing solution for 15 min, and again washed in acetic acid. The mem-
brane was then placed into the glycoprotein staining solution for 15 min
and then placed into the reducing solution. The membrane was washed
with 3% acetic acid and ddH2O and then scanned along the length of each
sample lane (rather than any individual band), and the signal integrated
for each lane was quantified by using ImageJ software (NIH). Staining was
performed on four individual cell monolayers.

TEER measurements. Transepithelial electrical resistance (TEER)
was measured by using an Evomx Epithelial Voltohmmeter (World Pre-
cision Instruments). Monolayers were cultured on 5.0-�m-pore-size
polycarbonate membrane transwells with a 1.12-cm2 area (Costar); selec-
tive medium was added to both the top and bottom of the transwell insert.
Before TEER measurements were performed, the microelectrodes of the
Evomx Voltohmmeter were washed in 70% ethanol for 15 min and equil-
ibrated in culture medium. Microelectrodes were placed straddling the
transwell insert, resistance was determined for blank transwells (RB) and
transwells containing cell monolayers (Rtotal), and electrical resistance of
the cell monolayer alone was determined as Rc � Rtotal 	 RB. All measure-
ments were run in triplicate in each individual experiment; experiments
were repeated 3 times.

Synthetic microparticle formulations. Poly(lactic-coglycolic acid)
(PLGA) particles were prepared by using solvent evaporation/double (wa-
ter-in-oil-in-water) emulsion based on a method described previously by
Rajapaksa et al. (9). Nanoparticles were then produced with a calibrated
surface charge, confirmed by using a Zetasizer; for preparation of cationic
particles (positively charged), 2% CTAB (cetyl trimethylammonium bro-
mide) was added to the PLGA solution, and for preparation of anionic
particles (negatively charged), 2% DSS (dioctyl sodium sulfosuccinate)
was added to the PLGA solution. Particle morphology was determined by
using SEM, and the particle diameter was measured by using ImageJ.

Epithelial cell uptake assays. For bacterial uptake assays (modified
from methods described in reference 20), cells were grown in 12-well
cluster plates in selective medium. New medium lacking antibiotics was
added on the day that assays were performed. Bacteria were grown in
antibiotic-selective LB medium overnight. Cultures grown overnight
were diluted (1:10) and grown to an OD600 of 0.6. Bacteria were counted
and added to monolayers at a 50:1 infection ratio. Plates were centrifuged
for 5 min at 500 � g and then incubated for 2 h. Cell cultures were then
washed 3 times with PBS, and medium containing 100 �g/ml gentamicin
was added. Cells were again incubated at 37°C for 2 h to kill off any
extracellular bacteria. Cell monolayers were washed, and trypsin and
0.02% Triton X-100 were added to detach and lyse cells. Cells were then
plated onto LB agar plates, incubated at 37°C, and counted after 18 h.
Assays were duplicated with two biological replicates. Finally, ratios be-
tween MVM cells and WT cells were determined and plotted against the
bacterial surface charge.

Epithelial cell adherence assay. Assays were performed on monolay-
ers grown on collagen-coated chamber slides in selective medium (BD
Biosciences). Bacteria were added at a 200:1 infection ratio and were al-
lowed to attach for 1 h at room temperature (to limit effects of endocyto-
sis). Slides were then imaged with a spinning-disk confocal microscope
(BD CarvII system). Bacteria were counted by using Volocity software,
where intensity and size parameters were set to help distinguish bacteria
from the background. For particle adherence, the same procedure was
followed, but 1 mg lyophilized particles was diluted in 2 ml of PBS. Ratios
were determined and plotted against fixed bacterial zeta potentials. Ex-
periments were repeated 3 times.

Dynamic adherence assay using a parallel flow chamber. Assays of
bacterial deposition under flow conditions were performed by using a
parallel-plate flow chamber comprised of a Plexiglas block, a flexible sili-
con elastomer gasket, and a microscope slide. Monolayers of cells were
grown directly on microscope slides (SuperFrost; Fischer Scientific). On
the day of the experiment, cells were stained with Hoechst dye (Life Tech-
nologies) for easy viewing of the cells. Chambers were sealed with a thin
film of vacuum grease on the gasket. The parallel flow chamber was in-
stalled on a BD CarvII confocal imager (BD Biosystems). Fluorescent
bacteria were diluted in 150 mM PBS to an approximate concentration of
107 bacteria/ml and were added to a 30-ml syringe attached to a syringe
pump (KD Scientific). Bacteria were injected at a constant flow rate (q) of
1.5 ml/min (or a mean velocity of 11.25 m/h), estimated to be the physi-
ological flow rate of the small intestine in the fed state. Bacterial accumu-
lation was documented for 10 min, with pictures being taken every 60 s.
Flow in the chamber was kept in the laminar regime (based on the Reyn-
olds number) to reduce the effects of shear forces. The deposition rate (k)
of bacteria was determined by first linear regressing on the raw bacterial
counts over time to obtain the slope J (deposition flux) and then dividing
the slope by the initial concentration of bacteria:

Re �
�vL

�
�

vL

�
(2)

J �
Slope of curve

Viewing area
(3)

k �
J

C0
(4)

Statistical tests and analysis. All data were expressed as means 

standard errors of the means. Normality was checked, and either the un-
paired Student t test was used to make comparisons between two groups
or one-way analysis of variance (ANOVA) was used to make comparisons
between three or more groups with one variable in common, as indicated
in the figure legends. All statistical calculations were performed by using
GraphPad Prism version 5.0. Graphs were made by using GraphPad Prism
version 5.04. A P value of �0.05 was considered statistically significant.
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RESULTS
Establishment of microvillus-minus cells. Our working hypoth-
esis is that the increased apical membranes associated with mi-
crovilli provide increased numbers of charged molecular species
at the apical surface, resulting in an increased local electrostatic
charge. Therefore, to directly alter the apical surface of polarized
epithelial cells, we generated “microvillus-minus” (MVM) cells
on the principle that reducing the numbers of apical microvilli
without altering other features of the epithelium (e.g., tight junc-
tions) would affect mainly the apical electrostatic charge. Al-
though the intestinal epithelium is also covered by mucus, this in
vitro model does not incorporate mucus-producing cells; how-
ever, since many wetted epithelia (e.g., duct and tubular epithelia)
do not produce mucus, our system tests only the effect of apical
microvilli on particle adhesion. In addition, all of our studies were
performed by using epithelial monolayers on solid surfaces such
as plastic dishes or glass; while growth of epithelial cells might be
different from growth on transwell filters, where nutrients can
reach the basolateral side of cells, these culture effects should affect
all cell lines equally.

To modify the polarized epithelial cells by targeting only the
microvilli, MVM cells were generated by stably transfecting
Caco2BBe cells (21) with a mutant form of EPI64 (EBP50 and
PDZK interactor of 64 kDa [22–25]) fused to DsRed (EPI64LA-
DsRed), providing a dominant negative disruptor of microvillus
actin filament formation (Fig. 1A). The resulting MVM cells ex-
hibited lower apical F-actin levels than did WT Caco2BBe cells

FIG 2 Quantification of cell glycoprotein content in cells with or without
microvilli. Cell lysate total glycoprotein levels were quantified by integrating
the full scanned density of each lane, as indicated in the figure. MVM cells
showed glycoprotein levels that were approximately 40% lower than those of
WT cells. Error bars represent standard errors of the means (n � 4); signifi-
cance was determined by using paired Student’s t test (relative values were
taken). MW, molecular weight marker. ��, P � 0.005.

FIG 1 Development of microvillus-minus (MVM) cell lines by using Caco2BBe. (A) Flow cytometry histograms showing that WT Caco2BBe cells transfected
with EPI64LA-DsRed have stable expression of DsRed protein (solid lines) compared to the WT unmanipulated control (dotted lines). (B) Confocal micrographs
showing DsRed (red) expression and decreased phalloidin/F-actin staining (green) compared to WT cells. Phalloidin intensity was quantified, and significance
was determined by unpaired Student’s t test. ���, P � 0.0005. (C) Scanning electron micrographs confirm that MVM cells have few apical microvilli compared
to WT cells.
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(Fig. 1B) and reduced levels of apical microvilli by high-resolution
scanning electron microscopy (SEM) (Fig. 1C). Despite the loss of
microvilli, the apical dimensions were similar to those of WT
Caco2BBe cells, and tight junction formation was not impaired, as
assessed by tight junction protein localization and transepithelial
electrical resistance (TEER) (see Fig. S1A in the supplemental ma-

terial). Certain genes (CD137, GP2, and �1 integrin) have been
identified as being important for M cells in the binding and cap-
ture of pathogenic microbes (“capture receptor hypothesis”) (16,
26–28); however, MVM cells showed no induction of these genes
compared to a cytokine-treated cell model (known to induce these
genes) (see Fig. S1B in the supplemental material). Other proteins

FIG 3 Epithelial cell uptake of live bacteria. Two-week monolayers of WT or MVM cells were assayed for endocytosis of bacteria (with measured zeta potentials
indicated for each microbe). (A to D) Uptake of S. aureus (A), E. faecalis (B), Y. enterocolitica (C), and S. Typhimurium (D). Error bars represent data from two
individual experiments run in triplicate; significance was determined by using unpaired Student’s t test. �, P � 0.05; ��, P � 0.005; NS, not significant. (E)
Relationship between bacterial zeta potential and uptake. Ratios between the numbers of bacteria bound to MVM and WT cells were calculated and plotted
against the bacterial zeta potential (values used were the means of three individual experiments run in triplicate). Bacterial uptake exhibits a linear relationship
with bacterial zeta potential (R2 � 0.86). Error bars represent the standard errors of the means of duplicate experiments with two biological replicates (n � 4).
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with a potential effect on cell charge, such as positively charged
antimicrobial peptides, might also be induced; in the case of anti-
microbial peptides, however, we would expect that because these
short peptides are secreted, they would have minimal direct effects
on the apical membrane surface charge.

Would manipulation of apical microvilli be sufficient to alter

apical surface charge? Direct measurements of apical electrostatic
charge are unfortunately particularly challenging for live cells.
Methods for analysis of the apical glycocalyx are limited largely to
morphological analyses, and it is not clear which glycoproteins
(including glycosylphosphatidylinositol-anchored glycoproteins)
make the most important contributions to microvillus surface

FIG 4 Adherence of fixed bacteria to epithelial cell monolayers. (A) S. aureus shows a preference for MVM cell compared to WT cells. Confocal images to the right
show fluorescent bacteria (green) on monolayers, which were also stained for F-actin (phalloidin) (red). (B and C) Similar analyses of Y. enterocolitica (B) and
S. Typhimurium (C). Error bars represent the standard errors of the means of three independent experiments with at least 10 images taken under each condition;
significance was determined by using unpaired Student’s t test. (D) Adherence ratios between the numbers of bacteria bound to MVM cells and those bound to
WT cells plotted against bacterial zeta potential (values used were the means of three individual measurements). Bacterial adherence exhibits a linear relationship
with bacterial zeta potential (R2 � 0.81). Error bars represent the sums of data from three individual experiments with two biological replicates each (n � 6). ���,
P � 0.0005.
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electrostatic charge. Surface charge can be measured for particles
or cells in suspension (see below), but this cannot indicate local
electrostatic charge on the apical surface of polarized epithelia. An
indirect indication of the contribution of microvilli to the cell’s
apical surface charge might be derived by measuring the cell’s
glycoprotein content; this is based on the assumption that glyco-
proteins are associated mainly with the plasma membrane and
that they most directly contribute to the cell surface charge. Ac-
cordingly, a stain for glycoprotein from cell extracts was used to
measure glycoprotein content, normalized for total protein. This
method is based on the periodic acid-Schiff (PAS) method, which
detects proteins bearing sialic acid or other oxidizable carbohy-
drate groups. Integrating the stain signal along the whole gel lane
of each cell type showed an approximately 40% reduction of gly-
coprotein in MVM cells compared to WT Caco2BBe cells (Fig. 2),
consistent with the notion that the membrane extensions associ-
ated with microvilli are a major contributor to apical cell surface
charge.

To assess the effects of impaired microvillus formation on bac-
terial adhesion and uptake, we used a series of different assays,
described below, intended to assess the ability of suspended par-
ticles to adhere to the surface of epithelial cell monolayers. First,
we used an indirect measure of adhesion relying on the conse-
quent endocytosis of live bacteria by epithelial cells. Second, we
performed a direct assay of adhesion of fluorescent particles using
confocal microscopy image analysis. Finally, we used a flow cham-
ber to test the adhesion of particles under dynamic flow condi-
tions that resemble the physiological conditions of epithelial cells
in mucosal tissues as well as in ducts and tubules.

Bacterial adhesion and uptake by MVM cells. Since bacterial
adhesion to epithelial cells can be a preliminary step in coloniza-
tion or invasion, we tested a variety of known mucosal bacterial
inhabitant species (S. Typhimurium, S. aureus, E. faecalis, and Y.
enterocolitica) for their binding and endocytosis by established
epithelial cell monolayers. In this assay, direct adhesion to the
apical surface of epithelial cells leads to endocytosis and resistance
to a subsequent washing step with an antibiotic solution.

Suspensions of bacteria were incubated with established epi-
thelial cell monolayers, allowing time for bacteria to adhere to and
undergo endocytosis by epithelial cells. After the epithelium was
washed with an antibiotic medium to eliminate free bacteria, cells
were homogenized and plated to count colonies formed from bac-
teria that were endocytosed by the epithelial cells (Fig. 3A to D).
The bacteria showed consistent preferences for binding and up-
take by MVM versus WT Caco2BBe cells but to differing degrees,
depending on the bacterial species.

The characteristics of the bacterial particles affecting their ad-
hesion and uptake by epithelial cells could involve several factors,
including surface charge, hydrophobicity, bacterial or cell adhe-
sion molecules, or other, as-yet-unidentified factors. The charge
of the bacteria can be assessed by measuring electrophoretic mo-
bility (from which zeta potential is calculated [29]); interestingly,

the degree of preference of bacteria for MVM cells was propor-
tional to their measured zeta potentials and could be expressed as
a linear function of the particle zeta potential (Fig. 3E). To assess
potential effects of hydrophobic interactions between the bacteria
and epithelial cells, we also compared hydrophobicities of the par-
ticles but found that most microbes were hydrophilic, with the
exception of S. aureus (see Fig. S2 in the supplemental material),
so no correlation between hydrophobicity and bacterial uptake
was evident.

Particle adhesion by MVM cells. As noted above, bacterial
adhesion to epithelial cells may be influenced by bacterial or epi-
thelial adhesion protein interactions and other effectors, such as
type III secretion systems (TTSSs) (see Fig. S3 in the supplemental
material) (30–32). To minimize these effects, we used a second
assay in which bacteria expressing fluorescent proteins were
chemically fixed to disrupt the function of any adhesion proteins
or other virulence factors, and the surface charge of these inert
particles was again measured by using electrophoretic mobility.
(E. faecalis was not included in this assay because its calculated zeta
potential was similar to that of S. aureus when chemically fixed
[see Fig. S4 in the supplemental material].) These fixed particles
were then added to cells, followed by microscopy image analysis of
bound or endocytosed bacterial particles (Fig. 4A to C). Here too,
a clear linear relationship between cell adhesion preference and
surface charge was noted (Fig. 4D).

This relationship between the charge and the extent of particle-
epithelial cell binding was further corroborated by using synthetic
poly(lactic-coglycolic acid) (PLGA) nanoparticles designed to dis-
play calibrated surface charges: positively and negatively charged
particles were made by using the surfactants cetyl trimethylam-
monium bromide (CTAB) and dioctyl sulfosuccinate sodium
(DSS), respectively (Fig. 5A). The binding preferences of nega-
tively charged particles resembled the behavior of bacteria; more-
over, positively charged particles showed the reverse preference
for WT Caco2BBe cells (Fig. 5B). Thus, the binding preferences of
epithelial cells displaying different degrees of apical microvilli ap-
pear to be a direct linear function of the charge exhibited by both
fixed bacterial particles and synthetic nanoparticles. In effect, the
strength of the electrostatic barrier effect can be quantified, de-
pendent on the presence of microvilli and the particle surface
charge.

Bacterial adhesion under laminar flow conditions. In the in-
testinal lumen, as well as in ducts and tubules, suspended particles
move dynamically across the epithelial apical surface under lami-
nar flow conditions. Therefore, to model the in vivo passage of
luminal contents in the intestine, we adapted a flow chamber sys-
tem (33) in which a suspension of fluorescent bacteria moves
across an epithelial monolayer under low shear stress (1.5 ml/min,
corresponding to an average linear velocity of 11.25 m/h). Accu-
mulation of adhering particles was documented by video, and
deposition kinetics were calculated (see Fig. S5 in the supplemen-
tal material). Bacteria with a high surface charge (i.e., S. aureus)

FIG 5 Epithelial cell adherence of synthetic nanoparticles. (A) SEM images of synthetic nanoparticles (left, negatively charged PLGA particles loaded with 5%
DSS; right, particles loaded with 5% CTAB) showing uniformity of particle shape and size. Histograms show the size distribution, with medians calculated to be
0.74 �m for negatively charged particles and 0.81 �m for positively charged particles. Zeta potentials of synthetic nanoparticles (far right) were measured in
triplicate. FITC, fluorescein isothiocyanate. (B and C) Nanoparticle adherence was assayed with fixed bacteria. Positively charged nanoparticles showed a higher
preference for WT cells, while negatively charge nanoparticles showed a preference for MVM cells. ���, P � 0.0005. (D) Adhesion of fixed bacteria (from Fig. 4)
and synthetic microparticles shown on same plot, showing a similar relationship between adhesion and charge. Error bars represent the standard errors of the
means of three individual experiments with two biological replicates (n � 6); significance was determined by using unpaired Student’s t tests.
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showed substantial deposition onto MVM cells, with almost no
detectable accumulation on WT Caco2BBe cells (Fig. 6A). Bacte-
ria with lower charges (Y. enterocolitica) also showed preferential
adhesion to MVM cells (Fig. 6B) albeit at a lower rate, consistent

with the differences noted in the static binding assay. It is notable
that under these dynamic conditions, deposition of any of the
negatively charged particles onto WT Caco2BBe cells was essen-
tially undetectable.

FIG 7 Loss of microvilli in cells expressing the bacterial effacement effector Tir. (A) Caco2BBe cells were transfected with the E. coli O157:H7 effector Tir
(TirBBe). F-actin (phalloidin) (red) staining (top row) suggests a loss of microvilli; SEM images (bottom row) confirm the absence of microvilli. (B) TirBBe cells
show electrical resistances (TEER) similar to those of WT cells, indicating that tight junction formation is retained. Error bars represents the standard errors of
the means of three individual experiments (n � 3). (C) qPCR showing that TirBBe cells had no induction of the M cell-related 41BB and gp2 genes but did show
induction of RelB.

FIG 6 Bacterial binding to epithelial cells under flow conditions. (A) Deposition kinetics for S. aureus. Each MVM clone had two replicates each (n � 2)
compared to WT cells (n � 3). (B) Kinetics for Y. enterocolitica, with two replicates for MVM cells (n � 2) and two replicates for WT cells (n � 2).
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Bacterial effacement effector reduces numbers of microvilli
and enhances microbial adhesion. Our results from three differ-
ent assays of particle adhesion to epithelial cells suggest that epi-
thelial resistance to microbial adhesion and invasion may rely in
part on the presence of the dense layer of apical brush border
microvilli. To counter epithelial barrier mechanisms, some inva-
sive bacteria have developed virulence mechanisms, such as
TTSSs, that actively inject effector proteins into epithelial cells,
causing effacement, or loss, of microvilli (34). Adhesion of the
bacteria to the cell plasma membrane is also associated with actin
pedestal formation (35, 36), but it is possible that electrostatic
effects also play a major role in this mechanism of bacterial viru-
lence.

One known bacterial effacement effector protein is the trans-
located intimin receptor (Tir) protein used by both enteropatho-
genic and enterohemorrhagic E. coli strains (37, 38), so we trans-
fected Caco2BBe cells with Tir (“TirBBe” cells) to test its effect on
electrostatic mechanisms. Although previous studies suggested
that the effacement function of Tir is dependent on interactions
with additional bacterial effectors (38), we found that stable trans-

fection of Tir alone was sufficient to induce a striking loss of apical
microvilli while retaining tight junction integrity, similar to the
morphology seen with MVM cells (Fig. 7A and B). Here, Tir is
expected to induce a loss of microvilli by a mechanism distinct
from that of the MVM model. TirBBe cells showed no induction
of M cell genes, again paralleling the MVM cell model; however,
TirBBe cells showed induction of RelB, suggesting noncanonical
NF-
B activation (Fig. 7C).

Importantly, bacteria showed preferential binding to TirBBe
cells, again showing a linear relationship with surface charge sim-
ilar to that seen with MVM cells (Fig. 8A to D). These results
support the notion that bacteria actively reengineer the epithe-
lium apical architecture to manipulate the surface charge of epi-
thelial cells, ultimately enabling increased binding and coloniza-
tion of the host. In this context, electrostatic interactions and
bacterial charge can be viewed as virulence factors.

DISCUSSION

Microvilli are found in a variety of wet epithelia with diverse func-
tions, such as mucosal barrier function and nutrient uptake,

FIG 8 Bacterial adherence to TirBBe cells. (A to C) Adhesion of fixed S. aureus (A), Y. enterocolitica (B), and S. Typhimurium (C) bacteria. All assays were run
in duplicate (two individual experiments). �, P � 0.05; ��, P � 0.005; ���, P � 0.0005. (D) Adherence ratios plotted against bacterial surface charge, showing a
linear relationship similar to that seen with MVM cells. Error bars represent the standard errors of the means of two individual experiments with three biological
replicates (n � 6).
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transport of material from secretory glands, transport of fluids in
various stages of processing in the kidney, and so on. Our results
suggest that despite their diverse locations and functions, mi-
crovilli in these tissues may share a broader function in establish-
ing a barrier, via electrostatic forces, to adhesion and invasion by
microbes. Thus, while it has long been an accepted notion that
microbial adhesion to surfaces is affected in large part by surface
charge and electrostatic interactions, the present studies view the
problem from the perspective of the mucosal epithelial barrier and
its strategies for defending against colonizing or invasive bacteria.

The scale of these electrostatic interactions may be an impor-
tant aspect of microvillus function. Thus, the effect of TTSS effec-
tor proteins on microvilli can be viewed in terms of pathogen-
engineered changes in electrostatic resistance of single cells to
microbial adhesion; that is, individual enterocytes are “converted”
by a pioneer microbe using its TTSS to make way for adhesion of
a cohort of colonizing microbes. In contrast, the adhesive pili or
fimbriae of pathogenic bacteria may simply evade electrostatic
repulsion by taking advantage of the smaller effective surface area
to enable their approach and attachment to target cells. More
work will be needed to directly measure the magnitude of forces
operating at these scales.

This effect may also be relevant at larger scales. For conven-
tional epithelial cells with a full display of microvilli, pathological
conditions may disrupt this protective mechanism and permit
microbial adhesion/invasion. Thus, in a broader context, inflam-
matory processes may also disrupt microvillus formation and the
maintenance of the electrostatic barrier even in the absence of
effacement effectors and TTSSs. For example, inflammatory
cytokines such as lymphotoxin and tumor necrosis factor alpha
(TNF-�) were found to reduce microvillus formation in
Caco2BBe cells in vitro (16); since these cytokines are known ef-
fectors in inflammatory bowel disease (39, 40), a similar effect on
microvilli in vivo may be relevant to mucosal barrier function.

We note that the natural experiment, M cells in mucosal tis-
sues, also provides the in vivo example of epithelial microvillus-
minus cells that inspired this study. Since the generation of this
electrostatic effect appears to be a function of the increased area
provided by microvillus membrane extensions, it is also possible
that other mucosal surfaces, such as ciliated airway epithelium,
may also benefit from membrane extensions such as cilia to gen-
erate a similar electrostatic force barrier. Thus, here too, the loss of
ciliated epithelium might be predicted to increase susceptibility to
invasion by luminal microbes, although the impacts of cilia on
surface charge and microbial adhesion have not yet been directly
measured.

This view of the mucosal barrier does not ignore the additional
contributions of the mucus layer at mucosal surfaces and the ac-
companying intestinal motility or airway ciliary clearance. Indeed,
our demonstration of resistance to adhesion under flow condi-
tions suggests that the electrostatic barrier may actively comple-
ment the role of mechanical luminal clearance. With respect to M
cell function, the presence of a thinner mucus layer over Peyer’s
patch epithelium might benefit from both the diminished contri-
bution of mucus to electrostatic repulsion as well as increased
access to microbial capture receptors.

Finally, these studies may also have practical implications with
respect to drug and vaccine delivery at mucosal surfaces (reviewed
in reference 41). While a variety of approaches may target the
disruption of the mucosal barrier or adhesion to the mucus layer,

a focus on electrostatic interactions may provide a more focused
strategy of delivery to M cells, which would then enable exploita-
tion of the M cells’ transcytosis function in addition to their elec-
trostatic surveillance mechanism.
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