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Abstract

Surface protection against biofilms is still an open challenge. Current strategies rely on
coatings that are meant to guarantee antiadhesive or antimicrobial effects. While it seems
difficult to ensure antiadhesion in complex media and against all the adhesive arsenal of
microbes, strategies based on antimicrobials lack from sustainable functionalization
methodologies to allow the perfect efficiency of the grafted molecules. Here we used the high
affinity ligand-receptor interaction between biotin and streptavidin to functionalize surfaces
with lysozyme, an enzyme that degrades the bacterial peptidoglycan cell wall. Biotinylated
lysozyme was grafted on surfaces coated with streptavidin receptors. Using atomic force
microscopy (AFM)-based single molecule force spectroscopy, we showed that grafting
through ligand-receptor interaction allows the correct orientation of the enzyme on the
substrate for enhanced activity towards the microbial target. The antibacterial efficiency was
tested against Micrococcus luteus and revealed that surface protection was improved when
lysozyme was grafted through the ligand-receptor interaction. These results suggest that bio-
molecular interactions are promising for a sustainable grafting of antimicrobial agents on

surfaces.
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Introduction

Biofilm is a cooperative mode of life for microorganisms which can be formed on any
type of substratum.[1] It consists of microbial communities adhered on a surface and
embedded in a self-produced extracellular polymeric substance (EPS).[2] This three-
dimensional organization leads to social and physical cellular interactions that make biofilm a
totally different life-style from planktonic cells.[1] Microbes living in such consortium strongly
adhere to the substrate and present an increased resistance to external stresses, rendering
mature biofilms persistent and hard to eradicate.[3,4] In industry and human health, biofilm
contaminations represent a major concern and are associated to important financial burdens
and increased mortality.[3-6] Therefore, surface protection against biofilm is a great challenge
in many applications and has mobilised important research efforts in the last decades.[7-10]
Given the resistance of mature biofilms, their formation has to be tackled at the early stage,
i.e. during the adhesion of pioneer bacteria. In that sense, different strategies aiming to obtain
surfaces with antiadhesive or antimicrobial properties have been developed.[7,8,10,11] The
former consists in modifying the physicochemical properties of the substrate to obtain an
antifouling effect towards microorganisms. Although encouraging results have been obtained
with polymers, e.g. polyethylene glycol, the protection efficiency was seen to decrease with
time when surfaces were exposed to complex media.[7,10,12] For antimicrobial approaches,
the principle is to functionalize surfaces with antimicrobial agents such as enzymes,
antibiotics, antimicrobial peptides or disinfectants.[7,8,11] However, most antimicrobials
offer a short-term protection and their leaching may be toxic and source of antimicrobial
resistances.[13] Antimicrobial enzymes offer promising perspectives for surface protection as
they can act continuously as long as their activity is preserved and they are less potent to

trigger resistances.[14,15] Although their potentiality for surface protection is gaining more
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and more interest, the functionalization method used to attach them on substrates is often a
limiting step as they usually become less active once anchored to solid substrates due to e.g.
steric hindrance, masking of their catalytic site, or denaturing interactions with the
material.[16,17] Developing new functionalization methods overcoming these limitations is
then crucial to exploit the possibility of using enzymes as efficient antimicrobial surface-
protective agents. Attempts have been made to coat surfaces with DNase 1 or lysostaphin on
polydopamine pre-coating, unfortunately resulting in a non-oriented distribution of the
enzymes on the substrate.[18-20] Covalent grafting of lysozyme on stainless steel led also to
surfaces with non-oriented enzymes.[21-23] Similarly, pluronic polymers were developed to
graft lysozyme on surfaces but this methodology could not ensure the correct orientation of
the enzyme on the substrate.[24] Peptidic linkers were used to graft lysostaphin in an oriented
manner and to give molecular flexibility to the enzyme interacting with contaminating
bacteria.[15] Although the method was original, the grafting strategy was based on weak
interactions between the histidine tag and nickel-nitrilotriacetic acid or between silica binding
peptide and glass.

The biotin-streptavidin interaction is one of the strongest noncovalent biomolecular
bond known in nature.[25-28] Its high affinity (Kq of ~101> M) and stability make it of high
interest for controlled and oriented molecular grafting.[25,29] Here, we took advantage of
this high affinity ligand-receptor interaction to functionalize surfaces with lysozyme, an
antibacterial enzyme that hydrolyses B-(1,4) linkages between N-acetylmuramic acid and N-
acetyl-D-glucosamine residues of the peptidoglycan present in bacterial cell walls (Figure
1a).[30] We first demonstrate that enzymes are grafted in an oriented manner by probing the
interaction between streptavidin surfaces and biotinylated lysozyme decorating atomic force

microscopy (AFM) tips (Figure 1b). Then, we showed that lysozyme supported by the biotin-
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streptavidin complex achieves greater antibacterial activity against the opportunistic
pathogen Micrococcus luteus[31] than surfaces functionalized with covalently-bond lysozyme.
This work demonstrates that grafting through bio-molecular interaction is a good strategy to

prospect when developing coatings that bear oriented and preserved antimicrobials.
Results and discussion

Biotinylated lysozyme binds to streptavidin surfaces.

To preserve the antibacterial activity of the enzymes upon surface functionalization,
biotinylated-lysozyme have been grafted through the ligand-receptor interaction between
biotin and streptavidin (Figure 1a). For that, streptavidin was first covalently attached to gold
surfaces. AFM topography images of the surface revealed that streptavidin coating was
homogeneous and stable upon repeated scanning, indicating strong attachment of the
receptor on the substrate (Figure 2). Scanning a small area at large forces removed the
streptavidin layer and the scratched square was visible by imaging larger area at small forces.
This allowed to determine that the streptavidin layer thickness was ~2 nm which correlates
with previous thickness reported for streptavidin coated surfaces.[32] It also demonstrated
that the first functionalization step resulted in a dense streptavidin layer which can be further

used to graft biotinylated enzymes.

The second step of the grafting strategy consists in depositing biotinylated-lysozyme onto the
streptavidin surface. We have assessed the amount of lysozyme attached to the surface in this
way, and compared it to the amount of lysozyme when the enzyme is directly and covalently
attached to the metal support. To do so, the concentration of absorbed proteins has been
estimated via ultraviolet (UV)-visible spectroscopic quantification, revealing that lysozyme
density was more than 4 times higher when directly grafted covalently on the surface (~59

ng.mm<2for covalently grafted lysozyme vs ~13 ng.mm-2 for streptavidin-supported lysozyme).
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The density of grafted streptavidin was ~27 ng.mm2. Regarding the molecular weights of
biotinylated lysozyme and streptavidin (14300 and 52800 g.mol, respectively), we obtain a
respective molar density grafted on surfaces of ~9 x 1013 mol.mm and ~5 x 10"'* mol.mm?,
corresponding to a molecular ratio of ~1.8, which is in good agreement with a stoichiometry
of 2 expected for grafted streptavidin with biotinylated molecules (compared to the
tetravalence of streptavidin in solution).[35]

Our hypothesis is that attaching lysozyme via receptor-ligand interaction allows to control the
orientation of the enzyme on the surface. To verify this assumption, the specific binding of
biotinylated-lysozyme to the streptavidin surface was assessed by single-molecule force
spectroscopy (SMFS) measurements. For that, the adhesion frequency of the biotinylated-
lysozyme-decorated tips toward streptavidin surface was quantified, and compared to the
adhesion of other biotinylated or non-biotinylated molecules to the same support (Figure 1b).
In details, approaching a functionalized tip from the streptavidin-coated surface results in a
force-distance curves. On such curve, either the force remains close to zero independently of
the distance, and the event is considered as non-adhesive, or the two proteins interact, which
results in an increasing force until the link between the coated-tip and the streptavidin
ruptures. The distance at which this link breaks informs on the extension/flexibility of the
proteins. Figure 3 shows adhesion force and rupture length histograms, together with
representative force curves, obtained between streptavidin surfaces and AFM tips
functionalized with biotinylated lysozyme, non-biotinylated lysozyme and biotinylated
albumin. The first bin corresponds to the frequency of non-adhesive events. The colours
correspond to 3 independent measurements obtained with different coated-tips. For
biotinylated lysozyme, 21 to 32 % of force curves presented simple peak adhesive events with

unbinding forces ranging from 50 to 350 pN (mean value of 2301124 pN) and rupture lengths
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from 5 to 100 nm (Figure 3a,b). Similar interactions were recorded for biotinylated albumin
(Figure 3c,d). These values are in good accordance with previous SMFS studies on biotin-
streptavidin interaction.[27,28,32-34] By contrast, most force curves featured no adhesive
events when surfaces were probed with non-biotinylated lysozyme (adhesion frequency <7%,
Figure 3e,f). This SMFS analysis demonstrates that, as expected, adhesion to the streptavidin
pre-coated surface is modulated by the presence of a biotin group on the proteins (lysozyme
and albumin). It confirms that biotin-streptavidin interaction can be used to graft lysozyme on

surfaces in an oriented and specific manner.

To reinforce the idea that supported-lysozyme grafting preserves the conformation of the
enzyme, we also performed infrared reflection absorption spectroscopy (IRRAS) on the
different functionalized surfaces. This infrared-based technique allows chemical
characterization of thin monolayers deposited on a metal surface. Figure 4 depicts the 1720-
1600 cm™ spectra, corresponding to the amide band | region and particularly sensitive to
proteins secondary structures. The spectrum of streptavidin-coated surface (Fig. 4, black line)
shows the occurrence of a band at 1637 cm™ and a shoulder at 1686 cm™ assigned to
streptavidin 3-sheet.[36] For the covalently-grafted lysozyme (Fig. 4, blue line) , the amide |
band attributed to lysozyme was more intense as compared to the two other surfaces, with
an integrated intensity 1.5 time higher than the other spectra. This result correlates with the
higher protein amount on covalently-grafted lysozyme surfaces detected by (UV)-visible
spectroscopy, although care should be taken in quantitative comparison as changes of
proteins orientation may also influence the IRRAS spectra. The secondary structure of native
lysozyme consists mainly in a-helices.[37] The amide | band of covalently grafted lysozyme
showed a band near 1670 cm™ (Fig. 4, blue line) instead of ~ 1650 cm™ expected for the a-

helix conformation. This shift may be attributed to a denaturation and/or aggregation of
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lysozyme, as already described for heated lysozyme in solution,[38] and could result here from
the covalent-grafting of lysozyme on the surface. Such alteration was not observed for the
supported-lysozyme surface (Fig. 4, red line), for which the amide | band region showed two
main bands at 1655 and 1638 cm™ assigned to lysozyme a-helices and streptavidin B-sheets,
respectively, consistent with the native conformations of both proteins. It confirms that
supported-lysozyme grafting strategy favours a proper orientation of the lysozyme towards
its target.

Next, we wanted to determine the capability of the different surfaces functionalized with
enzymes to degrade bacterial cells.

Grafting lysozyme through biotin-streptavidin interaction preserves antibacterial activity.
One advantage of using enzymes as antimicrobial agents is that they can degrade bacteria
continuously as long as their activity is preserved. Therefore, enzyme stability is a prerequisite
for long-term antibiofilm surface protection. An ideal antibacterial activity would eliminate
contaminating bacteria and would be reusable, i.e. able to face repetitive contaminations. To
test whether grafting through biotin-streptavidin improves the capability of lysozyme to face
surface contamination, we have determined the antibacterial effect of different surfaces
toward M. luteus by standard plating assays. Bacteria were exposed to surfaces and viability
was determined over time and consecutive challenges (i.e. contamination with fresh bacteria).
For consecutive challenges, ~5 x 10’ bacteria were added on surfaces and viability was
determined after Oh, 2h, 4h, 6h and 24h. After 24h, surfaces were rinsed and fresh bacteria
were reloaded for the next challenge. Figure 5a shows the evolution of bacterial viability over
3 consecutives challenges on surfaces functionalized with streptavidin-supported biotinylated
lysozyme, non-supported lysozyme and streptavidin alone. For control surfaces with

streptavidin only, bacterial viability was ~100 % after 24h for all challenges. The slight decrease
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observed upon time (<10 %) during the two first challenges could be attributed to bacteria
adhering to the plastic well plates in which the surfaces are immersed to expose them to the
cells. Surfaces functionalized with biotin-streptavidin-supported lysozyme killed 70-75 % of
bacteria within 24h of all challenges. By contrast, the killing efficiency of surfaces with non-
supported lysozyme decreased from 65 % to 50 % and 35 % during challenge 1, 2 and 3,
respectively. During the 24h of challenge 1, bacterial concentration decreased constantly for
both surfaces coated with lysozyme, yet with less efficiency for surfaces with non-supported
lysozyme. While the killing efficiency remained constant over the 3 challenges for surfaces
with biotin-streptavidin-supported lysozyme, it started to decrease during the challenge 2 and
was almost abolished after the first 2h of challenge 3 for surfaces with non-supported
lysozyme. This improved killing activity for lysozyme grafted by biotin-streptavidin interaction
was confirmed up to 5 challenges (Fig. 5b). For clarity, only the bacterial survival values at 24h
are indicated on Fig. 5b. The killing capacity of the supported-lysozyme surface after 5
challenges of 24h was ~55% (Fig. 5b, red dots) versus only ~20 % for surfaces with non-
supported lysozyme (Fig. 5b, blue dots).

It could be argued that the decrease in antimicrobial performance is due to lysozyme removal
during the rinsing steps. To exclude this hypothesis, we have analysed the topography of
surfaces before and after the rinsing steps (Fig. S1). No significant difference in the height of
the coating layer was observed after surface rinsing, suggesting that molecules grafted
covalently or through the biotin-streptavidin interaction were not removed between the
contamination challenges.

The bacterial killing capability of surfaces may decrease with time if enzyme activity decreases
or if surfaces are fouled with bacterial debris. To determine the kinetics of bacterial killing by

the different surfaces, the viability of ~1 x 108 bacteria was assessed over 7 days (Figure 6). On
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surfaces bearing only streptavidin, bacterial viability remained constant at ~100 % over the
total test duration. Surfaces functionalized with biotin-streptavidin-supported lysozyme killed
~75 % of bacteria after 24 h and 90 % after 3 days. By contrast, surfaces with non-supported
lysozyme killed 60 % of bacteria after 24 h and a survival plateau was reached after 2 days
with a maximum of 80 % of bacteria killed, suggesting that lysozyme was inactivated and/or
not able to degrade bacteria after this time point. This improved antibacterial effect of
surfaces with supported-lysozyme suggests that enzyme conformation and activity are
preserved and that surface fouling by bacterial debris is less potent to inhibit enzymes grafted
through biotin-streptavidin interaction.

To further demonstrate that ligand-receptor grafting improves the activity of grafted enzymes,
we analysed the morphology of cells exposed to the different functionalized surfaces (Figure
7). As lysozyme degrades bacterial cell wall, we postulated that bacteria exposed to surfaces
with preserved enzymatic activity would present more damages than bacteria exposed to
surfaces with non-oriented enzymes or with streptavidin alone. Cells from the 5" challenge
(see above) were collected after 24 h of exposure to the different surfaces and deposited on
gold substrates for AFM topographic imaging. Figure 7 shows low- and high-resolution images
of M. luteus cells exposed to surfaces with streptavidin alone (Figure 7a), non-supported
lysozyme (Figure 7b) and biotin-streptavidin supported lysozyme (Figure 7c). Large scale
images revealed numerous aggregated cells for streptavidin surfaces whereas aggregates
were smaller for the two surfaces functionalized with lysozyme, further confirming that the
enzyme kills bacteria and decreases the cell density. At high resolution, all cells exposed to
streptavidin surfaces presented smooth and regular cell walls (Figure 7a). By contrast, all cells
exposed to surfaces with supported lysozyme presented substantial alterations of their

structure and appeared bumped and rough (Figure 7c). Finally, two populations were
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observed for cells exposed to surfaces with non-supported lysozyme: rough cells and smooth
cells, documenting that lysozyme failed to degrade the cell wall of bacteria in this case. The
potency of surfaces with supported lysozyme to degrade M. luteus cell wall as compared to
surface with non-supported lysozyme was further confirmed through roughness calculation.
Cells exposed to streptavidin, non-supported lysozyme and supported lysozyme presented
roughness of 1.28 + 0.43 nm, 3.06 £ 1.24 nm and 6.05 * 3.05 nm, respectively (calculated on
12 cells from 3 independent experiments). This increased roughness directly reflects the
activity of the enzyme on the bacterial cell wall and demonstrates that grafting through biotin-

streptavidin interaction preserves lysozyme activity.

Altogether, these assays demonstrate an enhanced antimicrobial efficiency for the supported-
lysozyme grafting strategy. As i) the supported-lysozyme surfaces performance cannot be
attributed to a higher amount of enzymes, ii) the chemistry of the covalent grafting used for
non-supported-lysozyme results in a random orientation of the protein on the surface with
conformational changes and iii) the supported-lysozyme binds to the streptavidin-coated
support via its biotin-group, the supported-lysozyme strategy most likely improves
antibacterial surface protection by ensuring the correct orientation of enzymes on the surface,

preserving enzyme conformation and limiting denaturing interactions with the substrate.

Conclusion

Surface protection against microbial biofilms remains an open challenge for which new
strategies are needed.[4,6-10] In this work, we have demonstrated that the enzyme lysozyme
could be grafted on surfaces in a manner that offers antimicrobial protection over consecutive
contaminations. Our strategy is based on the strong-affinity bio-molecular ligand-receptor

interaction -namely biotin-streptavidin- used here to support grafted enzymes and to improve
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their activity against the bacteria Micrococcus luteus. Compared to previously reported
approaches,[21-24] the supported-lysozyme surfaces showed improved antimicrobial
protection over several days of continuous bacterial challenge. The efficiency of the bacterial
killing effect as compared to surfaces coated with covalently-grafted lysozyme most likely
arises from an improve orientation and conformation of the enzyme catalytic site towards its
target, as demonstrated by AFM-based single molecule and IRRAS experiments.

Further developments of grafting strategies are under way to attach on the same surface
various enzymes that would degrade diverse cell-wall components in order to reach a broad-
spectrum activity. These results are encouraging for the future development of long-term

surface protection by antimicrobial enzymes.

Materials and methods

Surface functionalization. Proteins were attached covalently on self-assembled monolayers
(SAM) of carboxyl-terminated alkanethiols. Round glass coverslips (@12 mm) coated by
plasma sputtering with a thin layer of chromium (~10 nm) and a thin layer of gold (~30 nm)
were cleaned by UV-ozone treatment for 15 min, rinsed with ethanol and dried under N flow.
SAM were formed on clean surfaces by immersion overnight in a 1 mM solution containing
10% of 16-mercaptohexadecanoic acid (>90%, Sigma) and 90% of 11-mercapto-1-undecanol
(>97%, Sigma) and then rinsed with ethanol and dried under N, flow. Carboxylic groups were
activated by immersion for 30 min in a solution of 20 mg mL™* N-hydroxysuccinimide (NHS,
>97%, Sigma) and 50 mg mL™! 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, >99%,
Sigma). Activated surfaces were rinsed in water and immersed for 2h with 0.2 mg mL? of
streptavidin (>13 units/mg, Sigma) (for control surfaces functionalized with only streptavidin

and for surfaces functionalized with supported lysozyme) or with 0.2 mg mL? of lysozyme
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from chicken egg white (>90%, >40 units/mg, Sigma) (for surfaces functionalized with non-
supported lysozyme) and then rinsed with phosphate-buffered saline (PBS, Sigma). For
supported-lysozyme surfaces, streptavidin functionalized surfaces were further immersed for
30 min in 0.2 mg mL? of biotinylated lysozyme (>20 units/mg, Genetex) and rinsed again with
PBS. All surfaces were prepared and used within the same day. For protein quantification,
ultraviolet (UV)-visible measurements were performed in solution before and after deposition
on the surfaces with a NanoDrop 2000c spectrophotometer (Thermo Fischer Scientific) and
using molar extinction coefficients at 280 nm of 38940 and 41326 Mt.cm™ and MWs of 14300
and 52800 g.mol™ for lysozyme and streptavidin, respectively.

AFM imaging and force spectroscopy. Unless stated otherwise, all AFM experiments were
achieved in PBS at room temperature using a Bioscope Resolve AFM (Bruker corporation,
Santa Barbara, CA). Before force measurements, surfaces functionalized with proteins were
imaged with bare AFM tips (MSCT, Bruker) under minimal applied force. To measure
streptavidin layer thickness, surfaces were first scratched with the AFM tip by applying large
forces on an area of 1 x 1 um? and then a larger area of 5 x 5 um? was imaged under small
forces. For force spectroscopy, gold coated AFM tips (NPG, Bruker) were functionalized with
biotinylated lysozyme, biotinylated albumin (>80%, Sigma) or lysozyme following the same
protocol as described for surfaces. Without dewetting, surfaces were immobilized in a glass-
bottomed Petri dish with double side tape and covered with PBS. Force measurements were
performed by recording 32 x 32 force-distance curves on areas of 1 x 1 um? with a maximum
applied force 250 pN, 200 ms contact time and a constant approach and retraction velocity of
1.5 um st. The spring constants of the cantilevers were measured by the thermal noise
method. Adhesion force and rupture length histograms were obtained by calculating for each

force curve the last adhesion peak and rupture distance. For cell imaging, 200 pl of cell
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suspension from the challenge 5 were collected at 24h and deposited on gold substrates. After
2h, surfaces were gently rinsed by immersion in ultrapure water and dried overnight at 30°C
before imaging in peak-force tapping mode using a gold-coated AFM tips (NPG, nominal spring
constant 0.24 N/m, Bruker corporation) on a Fastscan Dimension-lcon AFM (Bruker
corporation, Santa Barbara, CA). Rms (root mean square) roughness values correspond to the
Rg values given by the Nanoscopy analysis software on 400 nm x 400 nm square at the surface
of the bacteria after 2"-order-flattening of the height image. Given values have been
averaged over at least 12 bacteria per conditions.

Bacterial growth and viability tests. M. luteus ATCC4698 cells were grown routinely on Luria-
Bertani (LB, Sigma) plates at 30°C. For viability experiments, a single colony of M. luteus was
grown in 5 mL of LB at 30°C with shaking at 200 rpm. Overnight cultures were harvested by
centrifugation at 5000 g for 5 min, washed twice in PBS. For consecutive challenges, 1.2 mL of
bacterial suspension containing ~5 x 10’ bacteria were deposited on functionalized surfaces
in 12-well plates and gently agitated at 30°C. At defined time points (0h, 2h, 4h, 6h and 24h),
100 ul were pipetted, serially diluted and plated on LB before cultivation at 30°C to determine
bacterial viability. Before reloading with 1.2 mL of fresh bacteria for the next challenge,
surfaces were gently rinsed in 3 baths of PBS. For continuous experiments without bacterial
reload, 2 mL of bacterial suspension containing ~1 x 108 bacteria were deposited on surfaces
and 50 pL were pipetted at different time points (from 0 to 7 days) for viability analysis. Results
presented for viability tests correspond to three independent experiments.

Infrared reflection absorption spectroscopy (IRRAS). Infrared spectra were recorded in the
mid-infrared range on a Bruker Vertex 70v spectrometer equipped with a KBr beamsplitter
and a MCT detector. An advanced grazing angle specular reflectance accessory (Pike

technologies Inc.) with a fixed 80° angle of incidence was used for acquiring spectra of the

Beaussart et al.

14



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321
322

323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

15

functionalized gold-coated surfaces. The spectra resolution was 4 cm™ and the accumulation
time was ~ 2.5 min (256 scans). Compartments containing the detector and the specular
reflectance accessory were under vacuum (< 1 hPa). IR spectra are displayed in the scale

corresponding to log (1/R), where R is the collected reflectance.
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Figure 1. Principle of surface protection with biotin-streptavidin grafted enzymes and of

single-molecule force spectroscopy. (a) Lysozyme was grafted on surface through biotin-
streptavidin interaction to obtain antimicrobial surfaces. Streptavidin was covalently attached
to carboxyl-terminated surfaces via NHS/EDC chemistry and biotinylated lysozyme was added.
When bacterial cells, here M. luteus, approach the surface, the supported lysozyme degrades
their cell wall, leading to bacterial death. (b) To demonstrate the specific interaction between
biotin and streptavidin, AFM tips were functionalized with biotinylated lysozyme (left),
biotinylated albumin (center) and non-tagged lysozyme (right) and probed towards

streptavidin surfaces.
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Figure 2. Topography of streptavidin surfaces. AFM height image (5 x 5 um?; z scale = 8 nm)
of a surface with covalently attached streptavidin showing a smooth and homogeneous
topography. A vertical cross section taken along the dashed line is shown below the image.
The streptavidin thickness (~2 nm) was determined by imaging a square area of 1 x 1 um? at

large forces (>10 nN) before imaging 5 x 5 um? of the same area at small forces.
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Figure 3. Single-molecule force spectroscopy demonstrates specific interaction between

streptavidin surface and biotinylated proteins. Adhesion force (a, c, €) and rupture length

histograms together with representative force curves (b, d, f), obtained by recording force-

volume maps of 32 x 32 pixels on areas of 1 x 1 um? between streptavidin surfaces and AFM

tips bearing biotinylated lysozyme (a, b), biotinylated albumin (c, d) and non-tagged lysozyme

(e, f). Blue, red and green colours correspond to the adhesion frequency (calculated from 1024

force-curves each) from 3 independent experiments using different functionalized tips. The

numbers on top of the first bin indicate the number of non-adhesive events for each tip.
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Figure 5. Antimicrobial activity of surfaces with supported lysozyme is preserved over
consecutive challenges. (a) Viability of M. luteus cells determined by counting the number of
colony forming units (CFU) on plates after 3 consecutive challenges of 24 h on surfaces
functionalized with streptavidin (black triangles), non-supported lysozyme (blue squares) and
streptavidin-supported biotinylated lysozyme (red disks). For each challenge, viability was
determined after (a) 0 h, 2 h, 4 h, 6 hand 24 h and (b) 24 h exposure time, then surfaces were
rinsed and fresh cells were reloaded. Bacterial survivals decrease exponentially, as revealed
by the exponential decay fit (plain lines). (b) Values of bacterial survival after 24h for surfaces
exposed to 5 consecutive challenges. Plain lines have not physical meaning, they are depicted
for eye guidance, highlighting the clear capacity of supported-lysozyme surface to handle
multiple contaminations. Experimental values correspond to the average over 3 experiments.

Errors bars indicate the standard deviation between experiments.
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Figure 6. Antimicrobial activity of surfaces with supported lysozyme is preserved during
continuous challenge. Viability of M. luteus cells determined each 24 h over 7 days by
counting the number of colony forming units (CFU) on plates after exposure to surfaces
functionalized with streptavidin (black triangles), non-supported lysozyme (blue squares) and
streptavidin-supported biotinylated lysozyme (red disks). Experimental values correspond to
the average over 3 experiments. Errors bars indicate the standard deviation between

experiments.
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Figure 7. AFM imaging reveals structural damages on cells exposed to surfaces with
supported lysozyme. Low and high resolution peak force error images of M. luteus cells
collected from the 5t challenge after 24 h of exposure. (a) Cells exposed to surfaces with
streptavidin alone, (b) cells exposed to surface with non-supported lysozyme and (c) cells
exposed to surfaces with biotin-streptavidin supported lysozyme. High resolution images
correspond to cells from 3 independent experiments. Similar images have been obtained for

at least 12 bacteria per condition.
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Figure S1. Topography of functionalized surfaces before and after rinsing steps. AFM height
images (5 x 5 um?; z scale = 5 nm) of surfaces functionalized with streptavidin-supported
lysozyme (a, d), with covalently grafted lysozyme (b, e) and with covalently grafted
streptavidin (c, f). Surfaces were imaged just after functionalization (a, b and c) or after 5
consecutive rinsing steps to mimic the washing steps applied between bacterial challenges (d,
e and f). Vertical cross sections taken along the dashed lines and bridging the scratched
squares are shown below the images. No significant differences were observed after rinsing
steps indicating that protein layers are not removed over consecutive challenges.
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