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ABSTRACT: Staphylococcus aureus is a widespread and highly virulent
pathogen that can cause superficial and invasive infections. Interactions
between S. aureus surface receptors and the extracellular matrix protein
fibronectin mediate the bacterial invasion of host cells and is implicated in the
colonization of medical implant surfaces. In this study, we investigate the role
of distribution of both fibronectin and cellular receptors on the adhesion of S.
aureus to interfaces as a model for primary adhesion at tissue interfaces or
biomaterials. We present fibronectin in patches of systematically varied size
(100—1000 nm) in a background of protein and bacteria rejecting chemistry
based on PLL-g-PEG and studied S. aureus adhesion under flow. We developed
a single molecule imaging assay for localizing fibronectin binding receptors on
the surface of S. aureus via the super-resolution DNA points accumulation for
imaging in nanoscale topography (DNA-PAINT) technique. Our results
indicate that S. aureus adhesion to fibronectin biointerfaces is regulated by the size of available ligand patterns, with an
adhesion threshold of 300 nm and larger. DNA-PAINT was used to visualize fibronectin binding receptor organization in situ
at ~7 nm localization precision and with a surface density of 38—46 pm >, revealing that the engagement of two or more
receptors is required for strong S. aureus adhesion to fibronectin biointerfaces.

KEYWORDS: protein nanopattern, fibronectin, fibronectin binding protein localization, DNA-PAINT, Staphylococcus aureus adhesion,
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(MSCRAMMs) mediate attachment of S. aureus™** to host

healthcare-associated challenges today.' ™ Staphylococ-

cus aureus is a commensal organism which is carried in
the nostrils of 30% of healthy adults,® but is a widespread and
highly virulent pathogen’~” that can cause superficial and
'911S  qureus has been isolated from
infections of damaged tissue or implanted materials'* and is
considered as a dominant cause of acute infective endocarditis'
with associated mortality rates of 20%—40%. Staphylococci were
identified in the majority (nearly 80%) of prosthetic implant-
associated infections,'*'> where in orthopedic infections S.

aureus and Staphylococcus epidermidis together account for two
15

B acterial infections are one of the major concerns in

invasive infections.

out of three cases.

The pathogenicity of S. aureus is caused by a broad range of
virulence factors'®™'* including cell wall anchored proteins used
for attachment to the host."””>* The microbial surface
component recognizing adhesive matrix molecules
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ECM proteins, such as collagen, fibrinogen, and fibronectin
(Fn)™ as a required first step in biofilm formation, e.g., on the
surface of medical implants. Adhesion to Fn also promotes
internalization of S. aureus by mammalian cells.””™*" Like
biofilm formation, internalization by nonphagocytic host cells is
an important mechanism to avoid detection by the host immune
sys.tem.30

S. aureus interacts with Fn using several MSCRAMM, such as
FnBPA and FnBPB*® and Ebh, Emb, and Aaa.>" Fibronectin has
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Figure 1. Schematic representation illustrating the generation of a series of protein patterns. (A) (1) Al (3 nm) precovered glass substrate. (2)
Self-assembled polystyrene nanoparticle mask. (3) 2 nm Ti and 30 nm SiO, deposited onto the surface. (4 and 5) Particle mask removed by
taped stripping. (6) Al,0;/SiO, patterned substrate. (B) SEM images of holes with diameters of 100, 300, 500, and 800 nm (scale bars: 1 gm).
(C) Schematic sideview Fn/PLL-g-PEG nanopatterns. (D) Immunofluorescence of Fn patterns, 500 nm pattern (left, SIM image) and1000 nm
pattern (right, CLSM image) (scale bars: S ym). (E) Image of the used flow system.

multiple bacterial binding domains at the N-terminal, which
contains five sequential (1—5) Fn type 1 modules.”> FnBPs
contain multiple nonidentical fibronectin binding regions
(FnBr) binding specifically to type 1 Fn modules in up to 11
binding repeats (FnBPA with 11 repeats and FnBPB with 10
repeats).”””” Increased avidity of the interactions between
multiple FnBr domains in individual bacterial surface proteins
and Fn bound at surfaces, or in solution, plays a role in increasing
bacterial adhesion””*® and can mediate interactions with
integrins at the surface of mammalian cells. The interaction
forms an extended tandem f-zipper bound to multiple Fn type 1
domains on one or more Fn molecules.””** While there has been
a significant research effort to understand the role of the FnBr
domains in individual FnBps in mediating receptor binding,
much less focus has been placed on the local distribution of
MSCRAMMS at the bacterial surface and of the ligands (e.g.,
Fn) on the surface to which it adheres.”® Fibronectin and other
ECM proteins have been widely studied in relation to
biomaterials due to their important role in influencing cell
behavior around biomedical implants,” highlighting that the
loss of Fn-binding proteins reduced the cell adhesion onto
surfaces during the primary adhesion®®*” and a key finding has

been the critical importance of nanoscale organization of specific
proteins such as Fn, Vn, and Ln on the adhesion, signaling, and

. . . 38—40
differentiation of mammalian cells,

particularly when the
patterns are on length scales well below that of the cells. Multiple
mechanisms of altered interaction have been proposed from
minimum ligand spacings,‘”’42 minimum ligand numbers, or
patch areas.*”***® While there is a significant body of work
investigating eukaryote interactions, to date no similar
investigations have been carried out for the role of ECM protein
patterns on prokaryote adhesion. Exploring and understanding
the relevant length scale of distribution of Fn binding proteins*
at the bacterial surface and Fn availability at a biointerface will
provide a molecular insight into the primary adhesion of S.
aureus at the inhomogeneous surfaces of medical implants or
organized ECM in host tissues. A clear challenge when studying
prokaryotes comes from their small size where application of
traditional wide-field and confocal fluorescence microscopes
(with diffraction limited resolutions in the range 250—500 nm)
to the study at subcellular dimensions becomes difficult. To
date, there are no fluorescence studies showing the distribution
of FnBP receptors at the surface of S. aureus.
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Figure 2. (A) Representative CLSM images of the S. aureus adhesion to Fn patterns (nominal diameters (nm) indicated). (B) Control
measurements for S. aureus adhesion to glass surfaces coated with PLL-g-PEG, BSA, and Fn (scale bar 50 gm). (C) Number of bacterial cells/
mm? on different Fn nanopattern compared to controls surfaces. Bars show mean = s.d. of five independent experiments. (“'S')p <0.5,*p <0.0S,
*kp < 0.01, *¥¥p > 0.001, ****p < 0.0001. (D) Schematic representation of S. aureus interaction with Fn patches of different size.

Advances in super-resolution imaging in the past decade have
enabled fluorescence microscopy approaches to provide spatial
information characterizing cellular structures far below the
diffraction limit. These methods include stimulated emission
depletion microscopy,*® photoactivated localization micros-
copy,’” single-molecule localization microscopy,**’ and
stochastic optical reconstruction microscopy.”® These techni-
ques all rely on switching molecules between on and off
fluorescence states to obtain subdiffraction limit image
resolution, but suffer from bleaching effects limiting the
resolution and applicability of these approaches. A recently
developed approach called DNA points accumulation for
imaging in nanoscale topography (DNA-PAINT)" overcomes
this limit by utilizing transiently binding fluorescent probes
through weak DNA—DNA interactions, or more recently,
peptide coil—coil interactions,”” to provide robust single
molecule localization™*~**** with few nanometer resolution.

In this study, we investigated the role of Fn surface
distribution for the adhesion of S. aureus to interfaces as a
model for primary adhesion at tissue interfaces or protein
covered biomaterials by applying nanopatterning and super-
resolution microscopy techniques. We presented Fn in patches
of varying size (100—1000 nm) in a background of protein and
bacteria rejecting chemistry based on PLL-g-PEG and studied
primary adhesion of S. aureus. A clear role for protein patch size
in controlling adhesion was observed with a threshold for
adhesion requiring Fn patches larger than 200 nm. The range of
Fn pattern sizes studied went from a pattern comparable to the

10394

size of the bacterium (~1 ym) down to close to the size scale of
individual receptors (~20—S0 nm). To visualize Fn binding
receptor distributions on bacterial cells at super resolution, we
developed the DNA-PAINT technique. Here, oligonucleotide-
labeled Fn was used as an imaging probe for Fn binding proteins
in the membrane of wild-type S. aureus. The measured receptor
density suggests that the adhesion of S. aureus requires the
engagement of multiple FnBPs for strong adhesion rather than
single high-affinity interactions.

Developments in the field of nanotechnology have enabled new
approaches to study topics such as cellular adhesion via both
fabrication approaches to define materials with nanoscale
organization and new tools to characterize at the nanoscale.
Here, we have developed and utilized colloidal lithography
techniques™ combined with site-specific material modification
to generate a series of protein patterns of Fn on transparent
substrates to explore the role of ligand organization on S. aureus
adhesion. In parallel, we have a})plied the super-resolution
imaging approach DNA-PAINT>** to visualize the distribution
of Fn receptors on the surface of S. aureus.

Nanopatterned Fibronectin. Materials with defined
nanoscale distributions of Fn on transparent substrates were
prepared for use in bacterial adhesion studies in microfluidic
channels. Sparse colloidal lithography®® was used to prepare
glass cover slides with surface chemistry defined regions of
protein rejecting (PEG-based) or protein binding character and
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used to direct the physical adsorption of Fn into circular patterns
of size 100 nm up to 1000 nm. These cover slides could be
attached to commercial fluidic channels and used in studies of
bacterial adhesion under flow.

Dense short-range ordered arrays of circular domains of Al,O5
chemistry in a background of SiO, were produced using
dispersed colloidal monolayer masks. The process is schemati-
cally shown in Figure 1A. In brief, glass cover slides (60 pm
thick) were coated with 3 nm-thick aluminum layers by physical
vapor deposition (PVD) and fully oxidized by oxygen plasma to
produce a transparent aluminum oxide layers which gave the
surface a positive charge at neutral pH. Negatively charged
sulfate-modified polystyrene nanoparticles were allowed to
adsorb to the surface from dilute aqueous solution to form a
complete dispersed short-ranged ordered monolayer where the
distribution is well described by random sequential adsorption™
with a characteristic spacing but no long-range order. The
distribution of particles is maintained during drying by using a
predrying heating process to raise the particles above the glass
transition for the polymer (heated to >120 °C in a pressure
chamber) to increase the surface interaction and prevent
capillary-force induced aggregation. Thereafter, a 30 nm silicon
dioxide layer with a 2 nm titanium adhesion layer was deposited
by PVD, and the particles were removed by tape stripping to
reveal alumina patches with the diameter of the particles. In a
final step, the sample was cleaned with oxygen plasma before use.
Scanning electron microscopy (SEM) was used for character-
ization and verification of a range of the different hole sizes.
Figure 1B shows different nanopatterns with circular Al,O;
domains in a background of SiO, (a wider range of nanopatterns
is shown in Figure S1). We confirmed the full oxidation of the
aluminum layer and the stability of the layer after exposure to
media by XPS (see Figure S1). The SiO, regions were
subsequently chemically modified with PLL-g-PEG by the
electrostatic assembly to prevent nonspecific protein adsorption
to the background regions. The positively charged PLL
backbone adsorbs strongly to negatively charged metal oxides,
forming a dense brush of PEG extending from the surface. For
this polymer under these conditions, the amount of protein
binding is reduced by >97%.%” The positively charged (at neutral
pH) alumina surface prevents adsorption of the PLL groups,
meaning that while protein is prevented from adsorbing to the
silica surface after PLL-g-PEG treatment, protein can readily
adsorb to the alumina surface. Fibronectin was allowed to adsorb
to the surface and defined into patterns or onto homogeneous
surfaces by adhesion to the AL, O; surfaces (Figure 1C). High-
quality protein patterns of Fn were successfully demonstrated by
immunofluorescence (Figure S2) and (Figure 1D). Patterns of
proteins have previously been formed in this way at gold/silica
surfaces where the gold had been modified to be hybrophobic**
or positively charged.”® Here, they are prepared on fully
transparent substrates.

Bacterial Adhesion. The nanopatterned samples together
with homogeneous surfaces were mounted on Ibidi sticky slide
slides with 6 channels per slide. Chemical functionalization and
protein deposition were carried out within the channels, and the
final patterns were washed with buffer before exposure to a 0.15
uL/min flow of S. aureus (optical density at 600 nm (ODjq,) of
0.1) for 30 min (Figure 1E). Each channel on a sample was
exposed to independently grown bacterial cultures to account
for biological variation. After rinsing with PBS for 10 min with
the same flow rate, the attached bacterial cells were stained with
SYBR Green I from Invitrogen and imaged by confocal laser

fluorescence microscopy (CLSM). Control measurements with
different surface treatments were carried out, so several surfaces,
precoated with BSA or PLL-g-PEG, were exposed to a flow of
bacterial cells. Representative fluorescence images are shown in
Figure 2A,B. Five independent experiments were carried out for
each fabricated surface, and five random regions were imaged for
each experiment.

There was no significant bacterial attachment to Fn-coated
surfaces with the 100 and 200 nm pattern sizes compared to the
Fn-free negative control surfaces coated with either PLL-g-PEG
or BSA(Figure 2). An increasing number of bacteria attached to
Fn-coated surfaces with larger size of Fn patches from 300 nm
patches and up. At the largest patch sizes (800 and 1000 nm),
bacterial attachment was comparable to the homogeneous Fn
samples, even though the amount of Fn on homogeneous
samples was 3 fold higher (Table S1).

The cells were counted using Image] software. The database
was analyzed by (Graph-Pad Prism, 8). The data in (Figure 2C)
shows a comparison between the numbers of attached S. aureus
on different Fn nanopatterns and control samples. The variation
between the replicates is plotted as a standard deviation between
the means from each channel. A threshold for bacterial
attachment appeared between 200 and 300 nm-sized patches,
with a significant but intermediate number of bacteria seen at
300 nm surfaces which in general increases as the pattern size
increases. No difference is seen between 800 or 1000 nm
samples and the homogeneous surface, despite there being
approximately 3 times more Fn-coated area available for binding
at the homogeneous surfaces (Table S1), which indicates that it
is not the global protein available that is important, but the
locally available ligands. The global coverage of ligand for the
200 and 300 nm samples is similar (18% vs 24%); however, we
cannot rule out that the increased global coverage plays a role in
the increasing binding seen from 300 nm up to 1000 nm.
Bacteria can in many situations adhere strongly to materials
surfaces through nonspecific interactions. Here, the polymeric
(PLL-g-PEG) and protein coatings are intended to reduce
nonspecific interactions. For the functionalized surfaces,
essentially no adherent cells are seen at the PLL-g-PEG surface
indicating that chemistry successfully prevents bacterial attach-
ment under these conditions. Similarly, no binding was seen at
BSA-coated glass surfaces, which indicate that protein layers
could mask the underlying chemistry and limit nonspecific
interactions and that the binding observed to Fn patterns
required Fn.

The protein patterns formed here were made from chemically
nanostructured materials formed from holes that were 32 nm
deep (30 nm SiO, and 2 nm Ti). Fibronectin is expected to form
a maximum of 15—20 nm-thick layers so will not have extended
above the silica surface, although bacterial receptors can likely
extend into the holes. To explore if the aspect ratio (diameter/
height) of the holes, which was lower for the smaller diameter
holes compared to the larger diameter holes, influenced the
results, experiments were carried out for 15 nm-thick silica layers
for the 200 nm diameter patterns which showed similar low
levels of binding (Figure S4), indicating that the threshold seen
between 200 and 300 nm was not caused by any steric effects. A
conclusion from the experimental results is that S. aureus
requires a Fn patch area larger than 200 nm for significant strong
interactions.

S. aureus binds to Fn via the cell wall anchored FnBP’s using a
tandem fS-zipper mechanism.”*>*’ Interestingly, it has been
found that low binding affinity of FnBPs results when binding to
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Figure 3. Characterization of FnBPs on S. aureus single cells using DNA-PAINT. (A) Schematic diagram depicting the functionalization of Fn
with PS3 DNA-PAINT docking strand. (B) Diagram illustrating the binding of Fn at the surface of S. aureus. (C) Schematic diagram depicting
the approach for cell immobilization via PLL and single-molecule localization of FnBPs at single S. aureus bacteria via an imager DNA strand.
(D) DNA-PAINT super-resolution images visualizing the localization of FnBPs on single S. aureus bacteria. The highlighted areas correspond
to ~0.36 um>. (E) Zoom-in of highlighted areas shows examples of the localized spots in cyan and of unspecific background features in magenta.
Image resolution: 39 nm (scale bars: 500 nm). (F) Negative control of the complementary DNA-PAINT imager strands PS3* added onto bare
immobilized S. aureus cells lacking the Fn-docking strand PS3 (scale bars: 500 nm). (G) Time traces of spots with repetitive binding events in

cyan (left) and of unspecific background features in magenta (right).

individual short type 1 Fn modules, in contrast to neighboring
arrayed Fn type 1 domains which result in high affinity, implying
that avidity plays an important role.”” In studies carried out with
mammalian cells, ligand spacing, ligand number, and area of
ligand patch were all seen as important for determining the
cellular adhesion. Here, the density of ligands at the surface is

high, but the density of Fn ligands at the surface of the bacteria
may be limited.

The curvature of the outer wall of S. aureus (around 1 ym in
diameter) will make it likely that each bacterium interacts with a
single or, at most, a few patches. The contact region of S. aureus

at material surfaces has been estimated to be in the range of
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Figure 4. Characterization of FnBPs onto S. aureus single cell via DNA-PAINT. (A) Schematic diagram of the tethering approach and imager
strand localization. (B) DNA-PAINT images at ~8 nm super-resolution visualizing the localization of FnBPs at S. aureus cells (scale bars: 500
nm). The highlighted areas show ~0.31 ym>. (C) Negative control of the complementary DNA-PAINT imager strands R3* added onto the bare
immobilized S. aureus cell lacking the Fn-docking strand R3 (scale bars: 1000 nm). (D) (left) Schematic representation illustrating the region of
the cell analyzed; (right) zoom-in of the bottom of the cell. Examples of the localized spots in cyan and of unspecific background features in

magenta (scale bars: 500 nm).

200—300 nm in diameter when interacting via nonspecific
interactions.”’ Figure 2D shows a schematic that represents the
relative sizes of the S. aureus bacteria and patches. Only adhesion
receptors on the S. aureus surface which are close to the contact
region are likely to be able to bind to the Fn. The different
nanopatterned surfaces present slightly different global areas of
Fn (~12% for 100 nm structures and ~36% for 1000 nm
structures see Table S1 and Figure S3). However, this difference
in global presentation is unlikely to provide the experimental
outcome first because the 1000 nm structures give the same
adhesion as the homogeneous Fn surfaces which have 100%
coverage and ~3 times higher area available, and second because
the 200 and 300 nm surfaces on either side of the threshold for
adhesion have similar global coverage of Fn ~18 and 22%
respectively. By contrast, the local coverage will play a role in
that a bacterium that lands within a 1000 nm patch has likely a
sufficiently large area available to accommodate all the FnBPs
that can reach the surface, while the smaller patch sizes will
restrict access to Fn for some of these FnBPs and thus the
number of FnBPs that can be engaged, since the local area of
available Fn will be reduced. The number of Fn molecules
available in a 200 nm patch is likely already quite large (>100
Fn’s) which should be compared to the ~6—8 Fn molecules that
are estimated to be able to bind to an individual FnBPA
protein®" so there are easily sufficient ligands to engage with
many individual FnBP’s within a single patch. While there are
high numbers of Fn molecules within a patch, there must be
FnBPs to interact with them. We hypothesize that the threshold
behavior of adhesion with Fn patch size results from a threshold
number of FnBPs being required to give sufficient adhesive
strength to keep the bacterium at the surface in our conditions
(under flow). The concentration of FnBPs at the surface of S.
aureus would provide a finite number of ligand binding

molecules that would be available above an individual Fn
patch. We propose that the number of FnBPs able to interact
with the surface falls below a critical threshold for 200 nm
patches, meaning that bacterial attachment becomes too weak to
keep the bacterium at the surface. To examine this assumption,
we localized the Fn receptors on single S. aureus cells via the
super-resolution imaging approach, DNA PAINT.

FnBP Localization. Since S. aureus has several different
fibronectin binding proteins (FnBPA and FnBPB), we
developed a single-molecule binding assay utilizing Fn as the
readout probe for the localization of Fn binding proteins. Using
DNA-PAINT, we achieved images with localization precision
(NeNA) down to 7 nm.

In this assay, Fn conjugated to a DNA-PAINT docking
sequence (PS3 or R3) was used as a readout for FnBP
localization. Thus, transient binding of the PS3 or R3 extension
using complementary Cy3B-labeled imager strands enabled
single-molecule imaging and localization.

Fibronectin was labeled with DNA-PAINT docking sequen-
ces (PS3 or R3) via a click-chemistry reaction. First, the Fn was
functionalized with NHS-PEG4-azide groups followed by
linking the azide with DBCO-oligos for the conjugation with
the DNA-PAINT docking strand (Figure 3A, Figure SS). The
Fn is likely functionalized with 3—S5 docking strands which
increased sampling and thus overall image quality.

In order to image bacterial cells with DNA-PAINT, the cells
must be tethered to a surface with sufficient mechanical stability.
The final image is based on the overlay of thousands of frames,
meaning that any undesirable cell mobility can significantly
reduce the image quality and reconstruction fidelity. Two
different immobilization assays were explored in this study to
overcome the significant challenge of holding the spherical cells
stationary while limiting background fluorescence. In the first

https://doi.org/10.1021/acsnano.2c00630
ACS Nano 2022, 16, 10392—10403


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00630/suppl_file/nn2c00630_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00630/suppl_file/nn2c00630_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00630?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00630?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00630?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00630?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

assay, 0.01% poly-L-lysine (PLL) was used to coat a coverslip
surface for 30 min. Thereafter, the fixed cells were added to the
6-channel 400 um height (IV 0.4) ibidi flow chambers,
subsequently centrifugation of the ibidi slide at 3700 rpm®*
was applied, and the nonimmobilized cells were removed with
PBS washing steps (Figure 3C). DNA-PAINT was then
performed using S nM Cy3B-labeled complementary imager
strands of PS3. The fluorescence emission upon binding was
detected using highly inclined and laminated optical sheet
microscopy.”® This enabled imaging of horizontal slices of the
bacteria slightly above the glass slide surface. A challenge with
the use of PLL was background fluorescence from the PLL-
coated glass surface, which could be avoided by imaging the
bacteria in a plane above the surface. Some of the bacteria in this
protocol appeared to be suspended above the surface apparently
attached to other cells. Only cells appearing roughly in the lower
200 nm from the glass surface were considered for further
quantification purposes (Figure 3D).

Intensity vs time traces for each apparent cluster of binding
events were analyzed for repetitive binding, subsequently
retained for further data quantification (while rejecting non-
specific events). Specific areas of 0.36 ym?* were analyzed from
multiple cells, and the average number of bound Fn molecules
were quantified to estimate the FnBPs localization (Figure 3E).
We assume that all FnBPs have a bound Fn so this represents a
lower limit. Images of S. aureus cells without preincubation with
the Fn for the same conditions were taken, and only few, mostly
unspecific binding sites, were observed (Figure 3F). A
comparison between traces of an identical localizing point (G,
left) and unspecific background features (G, right) in time shows
a significant difference through the imaged frames.

The second cell immobilization protocol we developed relied
on tethering the cells onto the bottom of ibidi chamber slides via
biotin—streptavidin binding, to avoid the fluorescent back-
ground observed with PLL and thus resulting in increased image
quality (Figure 4). Briefly, the cells were reacted with the
functionalized fibronectin Fn-R3, and before fixation, the cells
were biotinylated with NHS-dPEG,-biotin. Ibidi chambers with
glass slides were prepared by precoating them with BSA-biotin
followed by streptavidin before exposure to the biotinylated S.
aureus (Figure 4A). DNA-PAINT imaging was performed at the
surface of the bacteria close to the coverslip, near total internal
reflection conditions. The biotin-streptavidin immobilization
method generally demonstrated better mechanical stability with
reduced fluorescence background (Figure 4B). The DNA-
PAINT images using this bacterial immobilization protocol
reached a significantly better localization precision (NeNA) of 7
and 9.3 nm, compared to 12.8 and 15 nm for the immobilization
approach based on PLL. The binding quantification was
estimated in an identified area of 0.31 yum? at each image from
multiple cells (Figure 4B).

The density of FnBPs receptors was estimated on six S. aureus
cells from three independent experimental sets using two
different imager strands of PS3 or R3, giving ~38—46 receptors
per um” area and an average number of FnBPs on a single cell of
~130 receptors. Lower et al.’* utilizing force spectroscopy with
Fn functionalized AFM tips proposed 36 FnBP’s per um®
(around 110 per bacterium) for S. aureus adsorbed to Fn-
coated glass, which is in good agreement with our findings. Here,
the studied bacteria were in stationary phase, adhesion studies in
an in vivo situation have shown higher rates of adhesion, and a
higher surface density of FnBPs for S. aureus during the
exponential phase compared to stationary phase may be

expected.” In this bacterial adhesion study, the limiting area
of Fn available in a single patch will have limited the number of
FnBPs able to engage with Fn bound to the surface. Geometric
considerations indicate that for 130 receptors per bacterium,
there are on average ~1.2—1.4 FnBPs available per 200 nm
patch of Fn, at which condition we did not see any adhesion. The
2.25§ times larger 300 nm patches would have provided access to
~2.7—3.2 FnBPs. These data suggest that a minimum of two or
three FnBP molecules were needed to give sufficient binding
strength for attachment under flow conditions. Since the
distribution of FnBPs was not homogeneous and the binding
increased with increasing Fn patch size above 300 nm, a larger
number of interacting FnBP’s are likely required for stronger
adhesion. We suggest that the limiting factor for adhesion of S.
aureus on 100 and 200 nanopatterns of Fn is due to the density of
FnBPs at the cell surface, largely limiting the interaction to single
FnBPs, and that single FnBP engagement was not enough to
provide strong binding.

Interestingly, the lack of S. aureus binding to Fn nanopatterns
to patterns below 300 nm can be compared to mammalian cell
adhesion to similar-sized patterns, where epidermal stem cells
show adhesion already from 100 nm patterns,” to help shape
the future of bioconstructive materials that can promote tissue
integration but prevent bacterial colonization.

CONCLUSION

In this work, we have applied advanced nanoscale fabrication
and characterization approaches to study S. aureus adhesion to
ECM. We investigated the interaction of S. aureus with
nanoscale distributions of Fn prepared by colloidal lithography.
We observed a threshold behavior in adhesion of S. aureus to
nanoscale distributions of Fn with minimal adhesion to patches
with diameters up to 200 nm. DNA-PAINT characterization of
distributions of Fn binding proteins at the surface of S. aureus
suggested that the threshold behavior in adhesion resulted from
too few receptors being available above individual patches.
Geometric considerations indicated that engagement of more
than one FnBP with surface bound Fn is required for strong
adhesion. These results provide insight into bacterial adhesion
to the extracellular matrix and to the design of biomedical
implant material surfaces promoting cellular adhesion but
limited bacterial adhesion. The methods developed and
demonstrated in this work with S. aureus can have application
to study a broad range of bacterial interactions with ECM and
mammalian cell membrane proteins.

MATERIALS AND METHODS

Materials. Poly(dimethylammonium chloride) (PDDA) and poly-
(sodium-4-styrenesulfonate) (PSS) were purchased from Sigma-
Aldrich (DK). Polyammonium chloride (PAX-XL60) was purchased
from Kemira Miljo (DK) and sulfate modified polystyrene colloidal
particles in water were purchased from Invitrogen. S. aureus DMS
20231 was purchased form DSMZ, Germany. Human fibronectin
protein was purchased from R&D systems (USA). All standard DNA
oligonucleotides DBCO-PS3d, DBCO-R3, PS3i-CyB3, and R3-CyB3
sequences were purchased from IDT (DK). DBCO-NHS A124 was
obtained from the click chemistry tool. PLL P8920, streptavidin
189730, biotin-NHS H1759-SMG, glycin50046, TBE buffer T4415-1L,
and TSB medium were obtained from Sigma-Aldrich (DK). Biotin-BSA
29130 and SDS-PAGE (EA03552BOX) were obtained from Thermo
Fisher. NHS-dPEG,-biotin (BD1-A0401-045) from quantabiodesign
(USA). pi-Slide VI 0.4 and ibidi y-slide V1 0.5 glass bottom channel slide
cat. no. 80607 from ibidi (DK). NHS-PEG4-azide (CLK-AZ103-100)
was obtained from Jena bioscience (DE).
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Methods. Sparse Colloidal Lithography. Monolayers of adsorbed
dispersed colloidal nanoparticles were used as masks for pattern transfer
by PVD as described previously.** Negatively charged colloidal
particles (sulfate modified polystyrene) were deposited on oppositely
charged substrates by electrostatic self-assembly. The substrates (glass
coverslides with thin aluminum oxide overlayers) were given a stable
positive charge by sequential deposition of three different charged
polyelectrolyte layers PDDA, PSS, and PAX in an aqueous solution
where the third layer had a positive charge at neutral pH. Colloidal
particles of different sizes 100—1000 nm were used to form transparent
chemical patterns of aluminum oxide/silicon dioxide. Later exposure to
PLL-g-PEG could direct the PLL-g-PEG to the silicon dioxide parts of
the surface.

The process of formation of hole patterns is shown in Figure 1. Glass
substrates of size 25 X 60 mm were cleaned with acetone followed by
oxygen plasma cleaning, 100 W, 25 mTorr for 15 min (Vision 300 Mark
I, Advanced Vacuum AB Sweden). A thin layer of aluminum was
deposited onto the surface via physical vapor deposition (electron beam
stimulated thermal evaporation, Cyrofox GLAD, Polyteknik A/S DK,
0.1 nm/s base pressure <10—7 Torr), which is used later for creating
positively charged aluminum oxide regions to electrostatically repel
PLL-g-PEG and interact with the adsorbing protein. Different layers
thicknesses were examined in terms of stability with different buffer
treatments and also transparency. Therefore, a 3 nm aluminum layer
was chosen which was then oxidized to form aluminum oxide (alumina)
by exposure to oxygen plasma (S0 W, 25 mTorr for 2 min) (Figure 1A).
The surface was coated with three sequentially deposited polyelec-
trolyte layers (PDDA, PSS, PAX). Electrostatically charged (negative)
particles adsorb directly onto the opposite charged (positive) surface
(Figure 1B). Colloidal monolayers of charged polystyrene particles with
different diameters were formed (100, 200, 300, 500, 800, 1000 nm
using bulk nanoparticle concentrations of 0.2% volume for the three
smallest diameters, 0.5% for 500 nm, 1% for 800 nm, and 2% for 1000
nm) by assembly onto a preformed triple layer of polyelectrolytes. After
the particle deposition (2 min for 100 and 200 nm particles and
overnight for 300—1000 nm particles), the samples were carefully
rinsed, followed by transfer into a pressure chamber containing
deionized water which was then heated to 120 °C to increase
nanoparticle adhesion to the surface in order to prevent aggregation
during subsequent drying. The coating process of the pretreated glass
samples continued with the deposition of 2 nm Ti and 30 nm of SiO, in
the same process run (Ti deposition rate 0.02 nm/s, SiO, deposition
rate 0.1 nm/s, base pressure <1077 Torr) by PVD (Figure 1C). The
particles were removed by tape stripping followed by oxygen plasma
cleaning (S0 W, 25 mTorr for 10 min) (Figure 1E). Afterward, samples
were rinsed with acetone, ethanol, and deionized water, respectively,
under sonication until any remaining particles were removed. The
samples were then dried under a stream of nitrogen gas followed by
cleaning for 30 min in UV/ozone. SEM was used for characterization of
the samples to determine holes size, surface coverage, and interhole
distances from 4 images per sample type (SOK magnification for 100 nm
structures and 10K magnification for the other structure sizes).

Fibronectin Nanopatch Preparation. The fabricated surfaces with
patterns of different diameters were sterilized in 70% EtOH. Then the
samples were attached to ibidi chambers. Thereafter, 100 uL of 0.25
mg/mL PLL-g-PEG in 10 mM HEPES pH 7.4 was injected into each
chamber and heated to 60 °C for 30 min. The surfaces were rinsed with
HEPES (10 mM) and Tris buffer (2.7 Mm), respectively, and then
incubated with bovine Fn (1030-FN, R&D Biotech) 20 yg/mL in Tris
buffer (2.7 mM) overnight. Next day, the samples were rinsed with Tris
buffer, followed by blocking for unspecific binding with 2% BSA in Tris
buffer for 30 min at room temperature. Then, the surfaces were washed
with Tris buffer and used immediately.

Flow Experiment. A colony of S. aureus DSM 20231 was inoculated
into tryptic soy broth and incubated overnight at 37 °C with gentle
shaking (130 rpm). Whole genome analysis of this strain showed the
presence of the genes for the fibronectin binding protein FnBPA,
FnBPB, and Ebh and the fibrinogen binding proteins CIfA and CIfB.%
Five independently grown cultures were prepared for each experiment.
The bacteria concentration was adjusted with fresh media to an OD of

0.1 at a wavelength of 600 nm which corresponds to ~5 X 107 CFU/
mL.

The adjusted cultures were inserted into a syringe pump to which the
ibidi chamber was connected. The flow was adjusted to 0.15 ¢L/min for
30 min followed by rinsing with PBS for 10 min at the same flow rate
(shear stress ~1.8—1.9 udyn/cm?) . The remaining bacterial cells were
stained with SYBR Green I 1X working concentration according to
manufacturers instructions.

Microscopy and Data Analysis. The adhered cells were imaged in
PBS using by CLSM (Zeiss LSM700), 20X Plan-Neofluoar and 63X
Plan-Apochromat NA1.4 objective, using 488 nm excitation. At least 5
images were taken for each ibidi channel for each of the sample types.
Images with 20X magnification were randomly chosen in each of the
ibidi channels, whereas the 63X magnification images were manually
chosen as representative of the population on the surface. The number
of bacterial cells was determined with Image]J software using the particle
count protocol. Prior to the automatic analysis, a color threshold was set
manually for the images.

Statistical Analysis. One-way analysis of variance was performed for
the difference between the number of adhered cells onto each Fn patch
size, followed by Tukey’s test for multiple comparisons using (Graph-
Pad Prism,8) to visualize the significant differences at the 0.05 level.

Immunofluorescence of Fibronectin. Primary antifibronectin
antibody (anti-Fnl antibody produced in rabbit, AV41490 Sigma)
was diluted 1:500 in PBS, then added to the adsorbed Fn patches for S h
followed by rinsing with PBS buffer. The secondary antibody, (anti-
rabbit IgG (Fc specific)-Rhodamine antibody produced in goat,
SAB3700846 Sigma), was diluted in PBS (1:200) and then added to
the samples and incubated for 1 h, and the biointerface was rinsed with
PBS for confocal imaging.

Fluorescence experiments to image the Fn patches were performed
using a custom-modified N-SIM (Nikon) microscope with 100X oil
immersion objective (NA 1.49). Excitation was done using 561 nm
laser diodes (ps) operating on cw mode. The emission light was
collected in EMCCD camera through a band-pass filter allowing 570—
640 nm light, and images were captured in wide-field mode. The 1000
nm Fn patches were imaged with CLSM using a Zeiss LSM700 CLSM,
a 488 nm laser for excitation, and a 63X Plan-Apochromat NA 1,4
objective for visualization.

DNA-PAINT for Visualizing the Organization of FnBPs on S.
aureus Cell Membrane. The DNA-PAINT imaging concept relies on
labeling the target molecule with single-stranded DNA, then transient
binding of a complementary imager strand which is labeled with a
fluorophore induces the blinking phenomena subsequently used to
isolate and localize individual fluorophore molecules and reconstruct
super-resolution images. Here, we used click chemistry to conjugate a
docking DNA strand to Fn via a two-step reaction which involved first
labeling the synthesized DNA with NHS-DBCO and then clicking it to
Fn prefunctionalized with NHS-azide. The two docking oligos that used
in this study (PS3d°®” and R3®) are the reversed complement to PS3i
and R3i which in turn are used as PAINT imager strands conjugated
with Cy3B. The docking oligos were first conjugated with DBCO-NHS-
ester, the heterobifunctional linker, at the $’-amine end (reagents
purchased from IDT DK).

Fn-PEG4-azide Conjugation. Fn was functionalized with NHS-
PEG4-azide by mixing at a 1:10 molar ratio followed by incubation for §
h at 25 °C with a vortex at 700 rpm in a thermomixer. Unreacted NHS-
PEG4-azide was removed using a 100 K Amicon centrifuge filter. The
absorption was measured at A,y to calculate the product concentration.
The purified functionalized Fn was verified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Fn-oligos Conjugation. Subsequently, the functionalized Fn-EG4-
azide in PBS was reacted with DBCO-oligos in a 1:$ ratio followed by
incubation for 5 h at 25 °C/700 rpm. The reaction was followed by 100
K Centerfuge Amicon filtration. The spectral measurement was taken at
Ayg to calculate the concentration.

Preparation of S. aureus Cells for DNA-PAINT Imaging. Two
protocols for cell immobilization were developed: One was based on
biotinylation of the cells followed by immobilization on streptavidin-
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Table 1. Imaging Parameters for DNA-PAINT Images

image integration time frames laser power
Figure 3e 150 ms 30,000 34 mW
Figure 3f 150 ms 30,000 18.1 mW
Figure 4b (right) 200 ms 10,000 110 mW
Figure 4b (left) 100 ms 20,000 110 mW
Figure 4c 200 ms 2,000 110 mW

imager concentration imager localization precision (NeNA)®
SnM PS3 12.75 nm
SnM PS3 15 nm
300 pM 7xR3 9.3 nm
300 pM 7xR3 7 nm
250 pM 7xR3 14 nm

coated ibidi slide, and the other was based on immobilizing cells onto
PLL-coated ibidi slides.

Cell Culture. One colony of S. aureus DSM20231 was inoculated into
TSB medium and incubated overnight at 37 °C with shaking at 180 rpm
The OD was adjusted to 0.1 at 600 nm, 1 mL of the culture was
centrifuged at 5000Xg for 10 min, and the pellet was resuspended and
washed three times with PBS.

S. aureus Binding with the Functionalized Fibronectin (Fn-PS3d
or Fn-R3d). The functionalized Fn with one of the oligos (PS3d or R3d)
were added to S. aureus cells to a final concentration of 30 yg/mL in
PBS, then the mixture was incubated for 4 h at 25 °C with a vortex at
300 rpm. The mixture was spun down at 5000Xg for 10 min, and the
pellet was resuspended and washed three times with PBS to remove the
excess of (Fn-PS3d or Fn-R3d). The washed pellet was resuspended in
~50 yL of PBS.

Biotin-Labeling of S. aureus. Three uL of 100 mM biotin-NHS was
added to the S. aureus in PBS to a final concentration of S mM. The
mixture was incubated for 15 min at 25 °C with a vortex at 300 rpm. The
cell mixture was diluted to 950 yL with PBS to be fixed with 3% PFA +
0.07glutaraldehyde for 30 min at 37 °C and vortexed at 300 rpm in a
thermomixer. Then the reaction was stopped by adding glycine to a
final concentration of 15 mM and incubated for 30 min at 25 °C with a
vortex at 300 rpm. The mixture was spun down at 2000Xg for 10 min,
the pellet was resuspended and washed three with PBS, and then the
cells pellet was resuspended in 100 uL PBS.

Slide Preparation. Streptavidin-Coated Channel Slide Prepara-
tion. 60 uL of 1 mg/mL biotin-BSA was added to the ibidi p-Slide VI
0.5 glass bottom channel slide for 10 min, followed by washing three
times with PBS (with 0.05% Tween-20) to remove the unbounded
biotin-BSA. Then 60 uL of 0.5 mg/mL streptavidin was added to the
channel for 10 min, followed by washing three times with PBS (with
0.05% Tween-20) to remove unbound streptavidin.

Treated S. aureus Cells’ Immobilization. 60 uL of S. aureus
suspension was added onto the channel slide for 30 min before
centrifuging the channel slide in a swinging bucket at 3700 rpm for 10
min to spin down the cells onto the surface. The excess cells were
removed from the surface by washing three times with PBS. Then 60 uL
of 3% BSA was added into the channel for 2 h.

Alternative Protocol for Cell Immobilization Based on Poly-L-
lysine-Coated Ibidi Slides. The S. aureus cells were treated with the
functionalized Fn (Fn-PS3d or Fn-R3d) to a final concentration of 30
ug/mL in PBS and incubated for 4 h at 25 °C with a vortex at 300 rpm.
The mixture was spun-down at 5000Xg for 10 min, and the pellet was
resuspended and washed three times with PBS to remove the excess of
(Fn-PS3d or Fn-R3d). The washed pellet was resuspended in ~50 uL of
PBS. The cells mixture was diluted to 950 L with PBS to be fixed with
3% PFA + 0.07 glutaraldehyde for 30 min at 37 °C and vortexed at 300
rpm in a thermomixter. The reaction was stopped by adding glycine to a
final concentration of 15 mM and incubated for 30 min at 25 °C with a
vortex at 300 rpm. The mixture was spun down at 2000Xg for 10 min,
the pellet was resuspended and washed three with PBS, and then the
cells pellet was resuspended in 100 uL PBS.

APLL (Sigma P8920) solution was diluted first to 1:10 of which 100
uL was added into the ibidi chamber at 4 °C. After 30 min, the channel
was rinsed three times with Milli-Q water to remove unbound PLL
solution.”> Then the fixed cells were added into the PLL-coated ibidi
chambers for 30 min. The ibidi chamber was centrifuged in the
swinging pocket centrifuge at 3700 rpm for 10 min. The non-
immobilized cells were removed by rinsing three times with PBS.

10400

DNA-PAINT Sample Preparation and Imaging. First, S0 uL of 1:4
AuNPs (~25 uM) was added to the channels and incubated for 15 min.
Second, the C-TAD solution was prepared by mixing 380 uL of buffer C
(PBS with 0.5 M NaCl, 0.05% Tween-20), 4 uL of 0.1 M Trolox, 10 uL
of 0.1 M PCA, and 4 uL of 1 uM PCD. The mixed solution was
incubated in the dark for at least S min before adding 1 4L of 1 uM the
fluorophore-oligo (Cy3B-R3 or Cy3B-PS3 imager strands) to 250 L of
the C-TAD solution to prepare PAINT imaging solution with 4 nM
concentration. Eventually, 70 yL imaging solution was added into the
chamber’s channel.

DNA-PAINT imaging was carried out on an inverted microscope
(Nikon Instruments, Eclipse Ti) with the Perfect Focus System,
applying an objective-type TIRF configuration equipped with an oil-
immersion objective (Nikon Instruments, Apo SR TIRF 100X, NA
1.49, oil). A 561 nm laser (Coherent Sapphire, 200 mW) was used for
excitation and was coupled into a single-mode fiber. The laser beam was
passed through cleanup filters (Chroma Technology, ZETS561/10) and
coupled into the microscope objective using a beam splitter (Chroma
Technology, ZT561rdc). Fluorescence light was spectrally filtered with
an emission filter (Chroma Technology, ET600/50m) and imaged with
a sSCMOS camera (Andor, Zyla 4.2plus) without further magnification,
resulting in an effective pixel size of 130 nm after 2 X 2 binning. The
camera readout sensitivity was set to 16-bit and readout bandwidth to
540 MHz.

Imaging parameters for DNA-PAINT images in all figures are
provided in Table 1.

Image Analysis. Raw fluorescence data from DNA-PAINT imaging
were subjected to super-resolution reconstruction using the “Picasso”
software package®’ (latest version available on https://github.com/
jungmannlab/picasso). Drift correction was performed with a
redundant cross-correlation and gold nanoparticles as fiducials. DNA-
PAINT signal from labeled FnBPs was selected manually using
Picasso’s “pick tool” and the circle pick option. Density of FnBPs per
pum?” was calculated for circular regions (area 0.36 ym” or 0.31 ym® the
polylysine or streptavidin immobilized bacteria, respectively). Six cells
were studied, e.g, as indicated in Figures 3 and 4, giving a range of
values. Total number of FnBPs per bacteria was calculated assuming
spherical bacteria 1 ym in diameter.
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