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T
he initial events of bacterial adhesion,
which precede biofilm formation and
facilitate bacterial retention on many

surfaces, are usually governed by non-
specific long-range interactions such as
van der Waals and electrostatic forces,1�3

and are often reversible.3�5 However, be-
cause bacteria�surface interactions strength-
enwith time,4�7 removal of initially adhered
bacteria becomes challenging. Even on ne-
gatively charged surfaces which should
electrostatically repel bacteria, bacteria�
surface bonds have been reported to
strengthen within minutes of initial contact,8

making bacterial removal from surfaces,
ranging from biomedical devices to ship
hulls, particularly vexing.

Research supports the idea that the phys-
icochemical nature of the bacterial surfaces,
which is responsible for initial capture, can
also control the early stages (up to several
tens of minutes) of interfacial restructuring
and “bond maturation.”3,5,9�13 While only
limited studies probe the time-evolution of
bacterial adhesion strength, the investiga-
tions addressing this issue report a) that the
growth of adhesion strength is a common
behavior for many bacterial types and b)
that adhesion is sensitive to surface chem-
istry. For instance, processes which occur
within a few seconds to aminute after initial
capture have been shown, for three Strep-

tococcus salivarius strains, to affect the in-
terfacial water14 at the cell-surface gap. For
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ABSTRACT Adhesion of bacteria is a key step in the functioning of antimicrobial surfaces or

certain types of on-line sensors. The subsequent removal of these bacteria, within a∼10�30 min

time frame, is equally important but complicated by the tendency of bacterial adhesion to

strengthen within minutes of initial capture. This study uses Staphylococcus aureus as a model

bacterium to demonstrate the general strategy of clustering adhesive surface functionality (at

length scales smaller than the bacteria themselves) on otherwise nonadhesive surfaces to capture and retain bacteria (easy come) while limiting the

progressive strengthening of adhesion. The loose attachment facilitates bacteria removal by moderate shearing flow (easy go). This strategy is

demonstrated using surfaces containing sparsely and randomly arranged immobilized amine-functionalized nanoparticles or poly-L-lysine chains, about

10 nm in size. The rest of the surface is backfilled with a nonadhesive polyethylene glycol (PEG) brush that, by itself, repels S. aureus. The nanoparticles or

polymer chains cluster cationic functionality, providing small regions that attract negatively charged S. aureus cells. Compared with surfaces of nearly

uniform cationic character where S. aureus adhesion quickly becomes strong (on a time scale less than 5 min), placement of cationic charge in small clusters

retards or prevents processes that increase bacteria adhesion on a time scale of ∼30 min, providing “easy go” surfaces.

KEYWORDS: residence time dependence . contact time . charge cluster . immobilized nanoparticles .
low fouling antimicrobial surfaces . surface heterogeneity . charge heterogeneity . polymer brush . immobilized nanoparticles .
evolution of adhesion . interfacial relaxation . bacterial removal
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substrate chemistries that undergo hydrogen bonding
interactions, interactions increase on a time scale of
minutes after the adsorption of several strains of
Staphylococcus epidermidus.8,15 Recent studies com-
paring AFM-driven bacterial disbonding, either from
the tip itself (for Streptococcus thermophilus4) or from
a substrate (for Staphylococcus epidermidus on the
AFM cantilever15), reveal striking differences relative
to flow-driven removal of adherent bacteria. In the
AFM, stronger apparent adhesion (104�105 kT)4 is
thought to result from the closer contact forced by
the AFM tip. By comparison, the adhesion of bacteria
on glass and hydrophobic surfaces in quiescent and
gentle-flow chambers (16�17 kT),4 is associated with
the secondary minimum.15 Crossing from the primary
to the secondary minimum is one possible physico-
chemical mechanism for increased adhesion follow-
ing initial capture.16 Separately, while the bacteria�
surface contact areas involved in adhesion are not typi-
cally quantified, contact area is known to affect pull off
force, for instance producing orders of magnitude differ-
ences when an AFM tip is pulled from a bacterium,17

compared with removal of bacterium from a planar
surface.15 Bacterial deformation, were it to occur after
initial contact, could increase adhesive interactions as
the effective contact area progressively increases.5

The evolution of bacterial contact and adhesion is a
particularly important issue for cationically functiona-
lized surfaces that are used in contact antimicrobial
materials18�21 and could form the basis for capture-
based on-line bacterial sensors and diagnostics. On
“contact antimicrobial” surfaces, intimate bacteria�
surface contact is essential22�24 and killing correlates
with adhesion;5,25�27 however, studies have revealed
how fouling and bacterial retention limits the utility
of cationic surfaces.19,26�30 The need for intimate
contact between bacteria and killing surfaces, how-
ever, necessitates surface designs different from those
in applications where bacteria adhesion might simply
be avoided.31

Motivated by the challenge to create nonfouling
contact (cationic) antimicrobial surfaces and capture-
release surfaces for on-line bacterial sensors (“easy
come easy go”), we explored bacterial adhesion ki-
netics, as distinct from capture kinetics, on surfaces
with nanoscale clusters of adhesive cationic function-
ality. We pursued the unconventional strategy to en-
gineer surfaces that facilitate bacterial capture but
reduce the subsequent time-dependent increase in
bacterial adhesion. By avoiding this increased adhe-
sion after initial capture, slight increases in shear (or
other small changes) can remove bacteria.
The key structural feature of the surfaces presented

in this investigation is the clustering of cationic func-
tionality at the nanoscale, conceptually different from
classically uniform surfaces. Studies of this clustered
motif and comparison tomore uniform control surfaces

provide fundamental insights into the kinetics of the
adhesion process. Also it should be pointed out that our
strategy of limiting adhesion to that occurring at short
times is distinguished from the literature on chemical
switching surfaces for bacterial release32�36wheremore
substantial environmental changes or chemical regen-
eration is necessary.
This study uses Staphylococcus aureus as a model

organism to demonstrate how surface architectures
and distributions of nanoscale clusters of adhesive
functionality on otherwise nonadhesive surfaces can
be chosen to control the rate and extent of evolving
bacterial adhesion after capture. In addition to doc-
umenting the influence of ionic strength on the evolu-
tion of S. aureus adhesion, thework highlights surfaces,
containing a particular type of adhesive nanoscale
feature, where S. aureus adhesion is arrested, i.e., it
does not continue to strengthen in the 30 min follow-
ing initial capture. This inhibition favors more efficient
removal of bacterial in simple shearing flows.While this
study employs the cationic surface functionality used
by antimicrobial applications, the focus here is on
adhesion and bacterial removal. The antimicrobial
activity of these surfaces will be addressed in a future
work.

Technical Background and Rationale for Surface Designs.
This study focuses on surfaces which contain cationi-
cally charged nanoscale objects or “nano-constructs.”
While the idea is general, in this study we separately
used two cationic nanoconstructs, poly-L-lysine (PLL)
chains and cationically functionalized gold nanoparti-
cles. The PLL chains are relatively flat while the gold
nanoparticles protrude ∼8 nm from the substrate,
allowing us to study the impact of the position of the
positive charge relative to the substrate. The remain-
ders of the surfaces are functionalized with end-
tethered polyethlylene glycol (PEG) chains, forming a
steric brush that repels bacteria. Indeed, without the
cationic nanoconstructs on the surface, the PEG-brush
architectures employed here completely repel bacteria
over a wide range of conditions.37�39 This ensures that
the cationic PLL or nanoparticles are responsible for
electrostatically capturing bacteria. As an additional
benefit, the sparsely functionalized PLL surface in this
project also repels proteins at the PLL densities em-
ployed in the current study.40,41 This feature limits the
interference of proteins with bacteria�surface interac-
tions in potential applications. The uniform densely
functionalized cationic control surfaces, in constrast,
resemble cationic surfaces with strong antimicrobial
action reported in the literature.20,21

Addressing the constraint requiring intimate
bacteria�surface contact prior to removal, we designed
experiments in which S. aureus are captured from
gentle flow, as opposed to more prevalent experimen-
tal protocols in which bacteria settle onto a surface in
quiescent conditions. In quiescent conditions, a thin
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layer of water may separate cells and surfaces or the
cells may reside in a secondary minimum without
molecular-scale contact.4 Capture from flow ensures
some minimal initial adhesion between the bacteria
and the surface to overcome the hydrodynamic force
at the wall, calculated from fundamentals for a 1-μm
sphere near a wall in shear flow (22 s�1) to be about
0.18 pN.42

This study considers the four surface designs,
shown schematically in Figure 1, chosen from a larger
surface library employed in extensive studies of bac-
terial capture.37,38,42 The current study benchmarks
sparse nanoconstructs against densely functionalized
surfaces and raised adhesive nanoconstructs against
more nearly flat ones. Using these systems, we can
address the impact of charge clustering and the pro-
trusion of these charge clusters from the substrate.
These surfaces are based on our surface fabrication
methods,40 providing detailed characterization of the
surfaces. These prior investigations also demonstrated
retention of surface nanoconstructs and their func-
tional activity after drying, or exposure to solvents,
proteins, sonication, and a range of ionic strengths. The
previous works also firmly established that the initial
bacterial capture on these surfaces was controlled by
electrostatic attractions.37,38 The current study relies on
this prior work to identify which surface compositions
are able to capture and hold substantial numbers of

S. aureus bacteria, several hundred within the field of
view necessary for probing the subsequent growth of
adhesion. The current study focuses on lowdensities of
adhesive functionality balanced against sufficient ad-
hesive driving force to capture S. aureus quickly and
semipermanently in modest flow (corresponding to a
wall shear rates of 20 s�1).

For the two different cationic nanoconstructs, poly-
L-lysine (PLL) chains and ∼10 nm cationically functio-
nalized gold nanoparticles, Figure 2 recapitulates, from
our prior work,37,38 the S. aureus capture rates as a
function of the surface loading of cationic nanocon-
structs within a PEG brush (which backfills the remain-
ing surface.) The S. aureus capture rates on the y-axis of
Figure 2 are normalized on the maximum transport-
limited capture rate for bacterial suspensions having
concentrations near 5� 105/mL. Figure 2 contains the
implicit control study where no bacteria adhere to
surfaces bearing PEG brushes without PLL coils or
nanoparticles.

The feature of Figure 2 germane to our current
choice of surfaces is the presence of thresholds in the
loadings of cationic nanoconstructs needed for bacter-
ial capture. The surfaces with the smallest densities of
PLL coils or cationic nanoparticles are unable to adhe-
sively capture bacteria from gentle flow and are in-
appropriate to probe bacterial removal. Studies of
bacterial removal must employ collector compositions

Figure 1. Schematics of the 4 surfaces employed in this work, with red indicating areas of cationic charge and green
indicating a neutral PEG brush: (A) A saturated layer of PLL; (B) a dense layer (1000/μm2) of cationically functionalized gold
nanoparticles backfilled with a PEG brush; (C) a sparse layer of PLL coils (3500/μm2) backfilled with a PEG brush; (D) a sparse
layer of nanoparticles (400/μm2) backfilled with a PEG brush.
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sufficiently above the adhesion thresholds to enable
substantial numbers of bacteria to be captured rela-
tively quickly, within minutes. Subsequent removal
studies are most meaningful when the time scale for
bacterial capture (inversely proportional to the cap-
ture rates on the y-axis of Figure 2) is shorter than the
bacterial aging time. The sparse surfaces for nano-
particle and polymer coil cationic nanoconstructs
were therefore chosen to be 400 np/μm2 and 3500
chains/μm2, both of which are appropriately greater
than their respective thresholds. This gives sufficient
S. aureus accumulation for studies of bacterial re-
moval. The properties of these sparse surfaces
are summarized in Table 1 and compared with the
more densely cationic surfaces of each type: surfaces
containing 1000 cationic nanoparticles/μm2 and a

saturated adsorbed layer of PLL (which contains
12 000 PLL chains/μm2).

In Table 1, key features of the sparsely functiona-
lized surface include their modest net negative zeta
potentials: this ensures that attractive interactions
are localized at the positions of the cationic PLL and
nanoparticle constructs. The remainder of the surface
not only presents a sterically repulsive PEG brush, but
sustains a net negative charge beneath the brush,43

also repulsive to negative bacteria.
Another interesting feature in Table 1 is the average

density of positive adhesive charge. This estimate
was calculated based on the properties of the nano-
constructs described in the experimental section and
knowledge of their surface loadings. Not all the amine
groups may be charged, they may not all be accessible
(for instance the charges beneath the nanoparticles
would not be felt by approaching bacteria), and they
may be reduced by counterion condensation. None-
theless, Table 1 presents a first estimate and highlights
the greater cationic charge on the PLL-constructs
containing surfaces compared with the respective
nanoparticle-containing surfaces.

While it might seemdesirable to design a study that
compares surfaces with fixed overall charge, presented
differently on the different nanoconstructs, this
goal turns out to be impractical because the different
presentations of charge dominate the overall charge
effects. In many cases, for instance, S. aureus do not
adhere to what would be obvious choices for “control”
surfaces (of uniform charge distribution) complemen-
tary to surfaces bearing low levels of clustered charge.
In other instances, larger amounts of charge on
the PLL coils buried inside or beneath the brush are
substantially less adhesive than the cationic charge
of the nanoparticles, making a comparison at fixed
charge uninteresting. Our approach of choosing sparse
surfaces as close to the respective adhesion thresholds
as practical, but sufficiently above the thresholds to
facilitate bacterial capture, provides a means to com-
pare surfaces with similar overall initial adhesion at
the time of capture. With this initial adhesion more
nearly fixed, then the impact of surface design on the
development of further S. aureus�surface bonds was
investigated.

Figure 2. Adhesion efficiency of S. aureuson (A) nanoparticle-
containing and (B) PLL-containing surfaces, frombuffer with a
Debye length of 2 nm.

TABLE 1. Properties of Surfaces

adhesive nanoconstruct saturated PLL coils sparse PLL coils saturated nanoparticles sparse nanoparticles plain PEG brush

Surface Density, #/μm2 12000 3500 1000 400 0
Average spacing, nm - 17 32 50 -
Overall PLL-PEG content, mg/m2 0 0.61 0.3 0.67 1.1
Zeta Potential, mV*
κ�1 = 1 nm 2 ( 5 - 12 ( 2 �19 ( 5 �22 ( 3 �17
κ�1 = 2 nm 6 ( 2 - 20 ( 3 �20 ( 4 �27 ( 3 �27
κ
�1 = 4 nm 4 ( 2 - 23 ( 4 �30 ( 3 �37 ( 3 �30
Averaged density of positive charge, #/μm2 1.4 � 106 4.2 � 105 2.0 � 105 8.0 � 104 -
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Also regarding the goal to create capture�release
or “easy come, easy go” surfaces, the practical metric of
bacterial retention in flow, rather than microbiological
methods, was used to assess the evolving bacterial
adhesion strength. This approach follows evidence
that, on other surfaces, adhesive strengthening on
time scales of tens of minutes may not require meta-
bolic changes in bacteria.3,9�13 Such changes may or
may not occur in the S. aureus studied here, regardless
of successful surface performance in terms of con-
trolled adhesion. Microbiological assessment of bac-
terial features, for instance at longer times, is beyond
the current scope.

RESULTS

Bacterial Removal at Elevated Shear. Bacteria were de-
posited from gently flowing buffer (at a wall shear rate
of 22 s�1, having an ionic strength of 0.026 M and a
Debye length of κ�1 = 2 nm), incubated at the ionic
strength of choice for a controlled period of time, and
then challenged at the elevated wall shear rate,
1600 s�1. Figure 3 shows an example for three sparse
PLL surfaces. In the case of the nominal “5 minute”
surface residence period shown in Figure 3A, the
bacteria were aged in test buffer for 3 min prior to
the high shear challenge, to give an average surface
residence time (including a portion of the deposition
process) near 5 min. For longer nominal aging periods
of 15 and 30 min in other runs, the aging time was

substantially longer than thedepositionperiod so that the
nominal times represented the aging times towithin 10%.

Figure 3A illustrates key features of S. aureus re-
moval from the patchy PLL brush. Importantly, bacteria
removal is fast once the shear is increased, and the
remaining bacteria are retained, indefinitely for prac-
tical purposes. We found no long-term bacterial loss in
extended flow, up to 0.5 h wall shear rates of 1600 s�1.
The rapid bacterial removal rates, in Figure 3A, were
characteristic of all runs, preventing a quantitative
assessment of the disbonding rate. Because S. aureus

that are removed at a wall shear rate of 1600 s�1 come
off so quickly while the retained population is stable,
reporting the size of the retained population (relative
to the original) is meaningful.

Figure 3B�D show example runs comparing the
behavior of fresh bacteria used in a particular adhesion
run to a repeat run for the same conditions (choice
of surface, ionic strength, surface residence time), but
older bacteria (the last run for a particular bacterial
batch). Figure 3B�D demonstrates that the test runs
with two different ages of bacteria, within the range
studied, are nearly indistinguishable, for the three
examples shown, which (as Figure 4 will show) are
the runs with the greatest sensitivity to ionic strength,
where there is the greatest need for precision in
distinguishing the retained and removed populations.
This reproducibility is typical of all the runs and test
conditions examined in this work.

Figure 3. (A) Typical runs showing S. aureus capture, aging, and shear challenge, for example, on surfaces containing 3500
PLL chains /μm2. The nominal surface residence time here is 5 min. (B�D) Runs comparing fresh S. aureus cells to those
refrigerated 18 h prior to study. Each run includes caputure, aging, and shear challenge on surfaces containing 3500 PLL
chains /μm2. Thenominal surface residence timehere is 5min. Incubation and challenge at differentDebye lengths (B, 1 nm; C,
2 nm; D, 4 nm) spans the range of bacterial retention behaviors observed.
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Figure 4 summarizes the sizes of the retained
S. aureus populations, like those in Figure 3, as a
function of surface residence time for different sur-
faces and ionic strengths during the aging period. In
Figure 4A for saturated PLL surfaces, S. aureus adhe-
sion is immediately strong, exceeding the pull-off-
shear force of 12.8 pN, corresponding to shear flow
of 1600 s�1 past a 1 μmsphere.44 The results aremostly
independent of ionic strength with the exception of
the 5-min aging run in the buffer having κ

�1 = 1 nm,
where a weaker adhesion is found within the first
5 min. Within the next 10 min, however, the adhesion
strength increases to the point of maximum pull-off
strength in our experiments. In the case of surfaces
containing 1000 nanoparticles/μm2 in Figure 4B, a
slight effect of residence time on adhesion is found:
adhesion grows to (and beyond) forces of 12.8 pN
in a ∼20 min period, with faster adhesive develop-
ment at low ionic strength. These observations of
strong bonding are consistent with other reports4,6,7,14

of strong bacteria�surface adhesion, fast develop-
ment of bacteria�surface bonds, and the fouling
problems on surfaces of relatively uniform cationic
functionality.

Different behavior is found for the sparsely cationic
surfaces. In the case of 3500 PLL patches/μm2 in
Figure 4C, S. aureus subject to aging in buffer having
κ
�1 = 4 nm (giving the strongest electrostatic attrac-
tions) became strongly bound within the first few

minutes of capture. At higher ionic strength during
aging and shear challenge, the effect of aging time is
conspicuous: not only do weaker electrostatic attrac-
tions give weaker overall S. aureus binding, but pro-
cesses that increase adhesion are slowed when the
electrostatic attractions are made shorter range. This
demonstrates that electrostatic interactions drive the
adhesive tightening of bacteria to these surfaces.

More interesting still is the adhesion of bacteria on
sparsely distributed nanoparticles in Figure 4D. In this
case the development of adhesion is arrested early,
and at a level that depends on ionic strength: bacteria
are more completely removed at high ionic strength.
However, the number of bacteria that are removed by
12.8 pN force is low and does not grow in time. The
“locking in” of low adhesion strength for a substantial
time window is a new behavior not seen previously
and presumably attributed to the low cationic charge
and its tightly clustered distribution on the sparse
nanoparticle surfaces.

Bonding Extent versus Strength. In the main part of
this study (following the protocol of Figure 3), both
the aging of captured bacteria and the shear challenge
were conducted at the same ionic strengths. Since the
electrostatic interaction at a given time depends on
ionic strength, it is worth decoupling the influence of
salt on interfacial evolution (aging) from its impact on
“bond strength” at the time of shear challenge. The
distinction is unimportant in cases when adhesion is so

Figure 4. Summary of bacterial retention after shear challenge on different surfaces: (A) A saturated PLL layer; (B) a PEGbrush
containing 1000 nanoparticles/μm2, (C) a PEG brush containing 3500 PLL coils/μm2, and (D) a PEG brush containing
400 nanoparticles/μm2. Symbols represent aging and shear challenge in buffers having different Debye lengths: triangles,
4 nm; circles 2 nm; squares 1 nm. The star in panel D is for a run aged in 4 nmbuffer but challenged in 1 nmbuffer. Typical error
bars are shown and dashed lines guide the eye.
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strong that an influence of ionic strength cannot be
discerned, for instance on densely cationic surfaces
(Figure 4A,B). When ionic strength is found to reduce
bacterial retention (for instance at short times in
Figure 4C or more generally in Figure 4D), we would
like to learn if aging at different ionic strengths causes
different structural evolutions of the bacteria�surface
interfaces, or if observations merely result from differ-
ences in electrostatic interactions at the time of shear
challenge.

Decoupling the influence of salt on aging from that
on S. aureus removal requires a switch in buffer just
prior to shear challenge, to uniform ionic conditions for
bacterial removal (for instance arbitrarily choosing to
conduct all shear challenges at a Debye length of
1 nm). Such a protocol was not possible for runs with
5min aging times, because about 3 additional minutes
are needed to switch to the buffer conditions for shear
challenge. We therefore studied the impact of buffer
choice during the shear challenge of longer experi-
ments, focusing on the surface and aging conditions
where this would be most conspicuous: a substrate
with sparse nanoparticles with bacterial aging in
κ
�1 = 4 nm buffer. Here an additional set of runs
involved aging in 4 nm buffer for 30 min and then
switching back to 1 nm buffer for the shear challenge,
averaged to give the star datum in Figure 4D.

For a given choice of surface and aging conditions,
one expects a lower adhesion strength and fewer
retained bacteria following a shear challenge in 1 nm
buffer compared to that in 4 nm buffer. This expecta-
tion follows from the shorter range of electrostatic
interactions during challenge in 1 nm buffer. The ex-
pectation is confirmed by the star datum in Figure 4D
compared with the triangle at the same aging time.
Importantly, however, the star for aging in 4 nm buffer
lies above the square for aging in 1 nm buffer (with
both shear challenges in 1 nm buffer conditions).
Therefore, this test demonstrates that even when the
Debye length is consistently set at low level during
shear challenge, the aging rate (increasing adhesion)
increases with Debye length during aging. In other
words, independent of conditions during shear chal-
lenge, the structure of the bacteria�surface interface
evolves more rapidly (to strengthen adhesion) in 4 nm
buffer than it does in 1 nm buffer.

DISCUSSION

Electrostatically Driven Growth of Adhesion. While S. aur-

eus adhesion on substantially cationic surfaces rapidly
increases to levels exceeding those that can be mea-
sured with hydrodynamic pull-off experiments (resisting
12.8 pN within less than 5 min of initial capture), the
two-step nature of bacterial adhesion from flow3 is
evident on surfaces with sparse cationic functionality.
In the tens of minutes following capture on surfaces
containing 3500 PLL coils/μm2 in a PEG brush, bacteria

become increasingly resistant to removal. On the most
sparsely cationic surfaces (400 nanoparticles/μm2),
however, adhesion strength remains arrested near its
low initial level. In particular on the sparse PLL surfaces,
the influence of ionic strength on the evolution of
adhesion after initial capture supports a mechanism of
electrostatically driven “tightening” of the bacteria
onto the surface. This adhesive tightening need not
involve “living processes” or bacteria metabolism.5

Surface Design Parameters: Charge Density, Presentation,
and Clustering. The results with the four different surface
designs demonstrate that lower overall charge density
(in Table 1) is associated with slower growth of bacter-
ial adhesion, consistent with electrostatic-driven in-
creases in adhesion after bacteria capture. Positioning
charge in nanoscale clusters may also be important,
although the relative importance of overall charge
density versus clustering is complex. Clustering is
certainly critical to the ability of surfaces with low
adhesive functionality to capture bacteria at all (in
Figure 2): more uniform distribution of the same
numbers of cationic charges on equivalent surfaces
will fail to capture round negative objects compared
with clustered cationic charge on a collector.45,46 For
our system, a surface having the same numbers of
cationic charges as the 400 np/μm2 surface, but dis-
tributed uniformly or placed on∼400 PLL coils, will fail
to capture bacteria at the conditions in this study.
Therefore, with a practical goal of adhering and then
releasing bacteria, the clustered charge presentation is
a key design consideration: while low charge may
facilitate bacterial release by limiting the ultimate
adhesion, charge clustering facilitates S. aureus capture
on these surfaces of extremely low overall charge.
Charge presentation, within or at the brush periphery,
is an additional consideration. Themechanistic roles of
charge presentation, density, and clustering are dis-
cussed in more detail below.

Local Rearrangements. A first potential mechanism, in
Figure 5A, for the increased bacteria adhesion with
time is that negatively charged bacterial structures
move closer to cationic surface nanoconstructs in the
region of S. aureus�surface contact, possibly pushing
against and deforming the PEG brush in doing so.
Compression and small lateral motions of the PEG
chains and bacteria surface molecules could be parti-
cularly important on surfaces with buried PLL patches,
in contrast to the more accessible cationic nanoparti-
cles. An important point, the local rearrangements on
the sparse PLL surfaces might ultimately increase the
effective contact area; however, we distinguish the
“local rearrangement” mechanism as being driven by
nanometer-scale electrostatic attractions within the
existing bacteria�surface contact region. Thus, the
strengthening of bacterial adhesion by local rearrange-
ments could result in, but does not require, bacterial
deformation. Nanometer scale mobility of polymeric
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constructs on the collector and the presentation of
adhesive groups relative to the brush are surface de-
sign parameters controlling this mechanism.

Bacterial Spreading or “Wetting”. In Figure 5B, a second
potential mechanism for progressively increased bac-
terial adhesion after capture is the dynamic wetting of
the collector by spreading bacteria. Such wetting
processes involve continued bacteria deformation to

increase contact area with the collecting surface, in a
fashion resembling the spreading of a liquid droplet on
a solid or the closing of a crack tip. It is the driving force
for “wetting”, occurring just outside the 3-phase bac-
terium-collector contact line, that distinguishes wet-
ting from the mechanism of local rearrangement

(whose driving force was within the existing contact
area). That is, bacterial spreading will depend on the
bacterial surface charge and its attraction, through a
wedge-shaped water gap, to charges on the collector.
Also important, bending resistance from a bacterium
must be overcome by these adhesive interactions and
can, as we have shown for vesicles, arrest spreading
processes and lead to delayed responses.47,48 The dis-
tribution of cationic nanoconstructs over the surface is
therefore a critical design consideration in controlled
bacterial, via the prevention of spreading. Ionic strength
plays an additional role in spreading by determining the
collector area, outside the instantaneous contact region,
that is able to attract the bacterium.

The two mechanisms of local rearrangements
and spreading, driven by interactions within and
just beyond the contact region, respectively, are not
mutually exclusive. Hence, the presentation of charge
relative to the brush and its clustering, in addition to
the local charge density, can all affect bacterial adhe-
sion after capture.

CONCLUSIONS

This study examined the residence time depen-
dence of S. aureus release from surfaces with broadly
different presentations of attractive electrostatic
charge. Compared with the literature which focused
on short time bacteria�surface interactions during
capture, our study emphasized longer surface resi-
dence times, on the order of tens of minutes, relevant
to the cleaning of antimicrobial surfaces or on-line
bacterial sensing. The study compared S. aureus re-
lease from surfaces sparsely functionalized with catio-
nic chains and nanoparticles in a sterically repulsive
polymer brush, to those with denser cationic function-
ality. Surfaces sparsely functionalized with different
cationic constructs were chosen to give similar capture
kinetics, and therefore similar initial S. aureus interac-
tions. Then with the capture kinetics, and hence the
average initial bacteria�surface interactions fixed, the
subsequent evolution of adhesion was inferred from
bacterial release in higher shear.
The study demonstrated how surfaces with appro-

priately designed charge densities and presentations
can decouple the initial S. aureus binding from sub-
sequent increases in bacterial adhesion strength. In
particular, S. aureus captured on collectors with low
levels of clustered charge were slow to progressively
increase their adhesion strength. Also, with attractive
functionality clustered on sparsely situated cationic
nanoparticles, S. aureus adhesion strength was limited

Figure 5. (A) A mechanism to increase bacteria adhesion
strength, shown for the case of PLL-based adhesive nano-
constructs (represented as red disks) which, as indicated,
are embedded in a repulsive polymerbrush (represented by
green strands). Adhesion is driven by electrostatic attrac-
tions in the region of existing “contact” and involving
molecular-scale rearrangements of the contact region. The
blue “bristles” representmolecules on the bacterial surface.
(B) A mechanism to increase bacteria adhesion strength,
shown for the case of PLL adhesive nanoconstructs (red
disks) in a polymer brush (green line segments) and driven
by electrostatic attractions outside the region of existing
“contact” and involving deformation of the entire bacter-
ium, analogous to droplet wetting.
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to the low levels that occurred near the time of capture.
Additional strengthening of bacterial adhesion was
prevented on the sparse nanoparticle surfaces, en-
abling subsequent bacterial removal in elevated shear:
easy come, easy go. On these surfaces, residence time,
up to 30 min, had no effect on the forces needed to
dislodge the previously bound bacteria.
Because S. aureus adhesion evolved differently on

different surfaces at fixed ionic strength, and because
the bacterial removal at fixed ionic strength depended
on the ionic strength during aging, we are certain
that the structure of the S. aureus�substrate interface

evolves after bacterial capture. Two mechanisms
(not mutually exclusive) were proposed for this evolu-
tion: closer approach of negative bacteria surface
structures to cationic surface nanoconstructs and a
more global increase in the bacteria�surface contact
area involving large-scale bacterial deformation, like
the spreading of a water droplet. The presentation
of cationic charge on the surface relative to the repul-
sive PEG brush and the arrangement of the cationic
charge in cluster on the substrate were identified
as important design parameters affecting these
mechanisms.

EXPERIMENTAL SECTION
Poly-L-lysine (PLL), having a nominal molecular weight of

20 000 and purchased from Sigma-Aldrich, was employed
directly as a bacteria-adhesive cationic surface nanoconstruct.
Cationically functionalized gold nanoparticles were also em-
ployed as adhesive surface nanoconstructs. These were synthe-
sized as described previously,49,50 and consisted of 7.5 nm gold
cores with approximately 500 ligands per nanoparticle. Ap-
proximately 300 of the ligands were 1-mercaptoundecane and
approximately 200 were N,N,N-trimethyl(11-mercaptoundecyl)-
ammonium chloride, providing 200 cationic groups per nano-
particle. As a point of comparison, each PLL chain nominally
contained 120 monomers, the ionization of which was pH-
dependent. Near pH 7, most of these amines are positively
charged.51 Both individual PLL coils and cationic nanoparticles
are ∼10 nm in diameter, as determined by light scattering or
TEM, respectively.
The same PLL was also used, separately, to anchor PEG chains

to the surface and to position the sterically repulsive PEG brush
around the preadsorbed PLL coils or nanoparticles. When PLL
was used as the anchoring component of the PEG brush,
it was first linked to amine-reactive PEG to form a bottle-brush
or graft copolymer, as originally developed by Huang et al.52

and Kenausis et al.53 Our application requires brushes that do
not adhere any proteins or bacteria.40,43 We found a PLL back-
bone functionalization of 35% by 2000 molecular PEG to be
appropriate. Notably, the functionalized PEG in the original
references52,53 was no longer available so we adopted a mod-
ified procedure,40 in which the reaction of the N-hydroxysucci-
nimidyl ester of methoxypolyethylene glycol (Laysan Bio, Inc.)
and the PLL was conducted in pH 9.1 carbonate buffer for 6 h
prior to dialysis against pH 7.4 phosphate buffered saline.
This work compares 4 different surfaces, all on silica sub-

strates. Microscope slides were acid etched overnight to pro-
duce the silica surface,54 rinsed thoroughly in DI (deionized)
water, and placed in a slit-shear flow chamber, and adsorbing
species were deposited. Unless otherwise noted, adsorption
was conducted from flowing pH 7.4 buffer (0.002M KH2PO4 and
0.008 M Na2HPO4, having an ionic strength of 0.026 M and
Debye length of 2 nm). The wall shear rate during deposition
was 22 s�1. The first surface was an adsorbed layer of PLL. This
was formedby flowing a 5 ppm solution of PLL in buffer over the
slide until the surface was saturated, producing an adsorbed
PLL layer of about 0.4mg/m2. Buffer was then reinjected to clear
away free PLL. A second densely functionalized surface was
based on the cationic nanoparticles. Here nanoparticles at a
concentration of 5 ppm inDIwaterwere flowedover the surface
until saturation, at about 1000 np/μm2. DI water was subse-
quently reinjected to remove nanoparticles from the chamber.
Surfaces with relatively sparse random arrangements of

adhesive nanoconstructs were produced by timed flow of
solutions (5 ppm PLL in 0.026 M pH 7 buffer or 5 ppm
nanoparticles in DI water), followed by reintroduction of buffer
or DI water to stop adsorption short of saturation. These pro-
cedures adhered to our previous protocols,38,40 which were

based on quantitative reflectometry experiments that tracked
of PLL or cationic nanoparticles adsorption, in situ. The success
of this approach is ensured by the highly controlled and
reproducible nature of transport-limited PLL and cationic nano-
particle adsorption kinetics.
After the adhesive nanoconstructs were deposited and

the free solution was cleared of adsorbing cationic nanocon-
structs, a 100 ppm solution of PLL-PEG in pH 7.4, 0.026 M
phosphate buffer was reintroduced to backfill the PEG brush
on the remaining surface. This PLL-PEG solution was allowed
to flow until the surface was saturated, typically 10 min for the
two sparse surface compositions. Finally, flowing buffer was
reintroduced.
After surfaces were created, the bacteria portion of the study

continued in the same slit flow chamber, on a custom optical
microscope that orients the substrate perpendicular to the floor,
avoiding the impact of gravity on bacteria�surface interactions.
A 20� objective provided a large field of observation (240 μm�
180 μm) to accommodate monitoring large numbers of bacter-
ia. S. aureus were deposited on the surfaces, from pH 7.4 buffer
(having an ionic strength of 0.026 M and a Debye length of
2 nm) and a suspension concentration near 2 � 106 cells/mL,
with a wall shear rate of 22 s�1. The numbers of S. aureus on the
surface, during deposition, aging, and shear challenge, were
recorded on video, and later counted in different frames.
The S. aureus themselves, ATCC 25923, were grown in Luria�

Bertani (LB) liquid medium, as is standard. Cultures were
incubated overnight, shaking at 200 rpm at 37 �C, and then
harvested after a total of 24 h during logarithmic growth. To
remove proteins and other molecules that could potentially
interfere with bacteria�surface interactions, suspensions were
centrifuged at 1000g and cells subsequently resuspended in
buffer. This washing procedure was repeated twice, and the
final bacteria concentration, either 5� 105/mL for studies of the
capture efficiency in Figure 2 or 2� 106/mL for rapid deposition
prior to removal studies, was then formulated. Bacteria were
stored at 4 �C and used within 24 h.
Bacteria viability was confirmed for each batch of S. aureus

and at the beginning of adhesion runs, using a standard live/
dead BacLight kit (Invitrogen, Carlsbad, CA). S. aureus bacteria
were mixed with the dye mixture, incubated for 15 min, and
then examined on a microscope slide on a Nikon Diaphot
300 inverted fluorescence microscope. Viewed under green
(420�480 nm excitation/520�800 nm emission) and then red
(480�550 nm excitation/590�800 nm emission) filters, viability
was determined: viable bacteria appeared green while dead
bacteria appeared red. Typically, bacterial suspensions were
viable, presenting no more than 0.5% red-dead cells, with
several hundred cells imaged in each field of view.
Because each batch of bacteria was employed in several

sequential runs and calibrations, refrigerated bacterial storage
at 4 �C with a total age of no more than 24 h (by the end of the
last run) maintained bacteria in a resting state: bacteria counts
of the initial suspensions and those used later revealed the
same bacterial numbers within 10% during the 24 h period, also
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evident in the quantitative reproducibility of the dynamic runs.
(The bacterial capture rate, especially on the strongly cationic
PLL surface, was transport limited and therefore quantitatively
proportional to the numbers of suspended cells.) Reproduci-
bility of capture kinetics ensured bacterial consistency and was,
more importantly, a critical parameter in our experimental
design. A targeted number of bacteria (∼500 cells in the field
of view) was reproducibly loaded onto each test surface in the
targeted time window (3 min) so that the residence time of
adhered bacterial (the main independent parameter in this
study) could be quantitatively compared between samples
and adhesion runs.
Finally, we were cautious to avoid changes in the bacteria

during refrigerated storage. To this end, duplicate tests em-
ployed the freshest bacteria from the growth and purification,
and a repeat run employing bacteria refrigerated for 18 h. These
data, showing excellent reproducibility and arguing against any
influence of refrigerated storage, are highlighted in Figure 3
of the results and are discussed in turn.
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