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ARTICLE INFO ABSTRACT

Keywords: Bacterial colonization of indwelling medical devices poses a danger to the patient and is a tremendous economic
Polymer brushes burden that costs billions of dollars to the healthcare system. Thus, it is essential to develop an effective mecha-
Pepj 1?'2'5. . nism that prevents the attachment of bacteria to the surface in combination with bactericidal strategies to kill
A.nn.m1crob1a1 coatings them in direct contact. In this work, we combine the repellent/antifouling properties of polymer brushes with the
Biofilm . . .. . / . ) sl

Staphylococci antimicrobial activity of the synthetic peptide Pep19-2.5 and test its efficacy to inhibit Staphylococcus aureus

biofilm formation. To tackle this, we utilized hierarchical polymer brushes, where the bottom block provides an
effective barrier against adhesion while the top block provides functional groups for the immobilization of active
molecules. Further, these polymer brushes were decorated with dibenzocyclooctine (DBCO)-functionalized
Pep192.5 using strain-promoted alkyne-azide cycloaddition (SPAAC). This click chemistry proceeds very fast
and does not require any catalyst, which is crucial for biomedical applications. The obtained coating was not
only able to decrease the number of freely planktonic bacteria in the surrounding media (by 52.5%) but also in-
hibit the development of S. aureus biofilm by reducing the number of total, viable, and viable but nonculturable
(VBNC) cells (up to 58%, 66%, and 70%, respectively) and reduced the biovolume and thickness. Conversely,
this coating does not exert any cytotoxic effect on Normal Human Dermal Fibroblasts (NHDF) cells. Thus, the
combination of hierarchical polymer brushes with Pep19-2.5 is a promising approach to fight medical biofilms
without affecting surrounding tissues.

Strain-promoted alkyne-azide cycloaddition

1. Introduction Bacterial adhesion starts with the formation of a conditioning film

as a result of unspecific protein adsorption called fouling [3]. Fouling

A great number of hospital-acquired infections are associated with
bacterial colonization of medical devices and implants [1,2]. In particu-
lar, biofilm formation on indwelling medical devices not only causes
significant danger to the patients' health and quality of life but also im-
poses a huge economic burden [3]. For example, catheter-associated
urinary tract infections represent 98% of all urinary tract infections,
and the total cost of medical bills related to them was estimated to be
$36 billion in the US alone [4]. Likewise, prosthetic implants are highly
susceptible to bacterial adhesion and the risk of infection after their fix-
ation can reach up to 16% [5]. Implant-associated infection can result
in chronic inflammation, malfunction, and may require revision surg-
eries. Severe cases lead to systemic dissemination of the pathogen that
can develop into bacteremia or sepsis [6,7].

» Corresponding authors.

inevitably occurs upon contact of foreign material with biological me-
dia to reduce the interfacial energy with the material. Upon adhesion,
bacteria change their phenotype from freely swimming (planktonic) to
sessile and start biofilm formation [8]. Biofilms are complex communi-
ties of microorganisms usually associated with a surface and sur-
rounded by a self-produced matrix of extracellular polymeric substance
(EPS) [9,10]. The EPS matrix protects bacteria from hostile environ-
ments and makes them 10 to 1000 times more resistant to host defense
mechanisms, antibiotics, and other antimicrobials in comparison to
their planktonic form [11,12]. Moreover, biofilms often contain cells
that are viable but non-culturable (VBNC) [13]. These cells are charac-
terized by their inability to form colonies on regular culture media, very
low metabolic activity, and higher resistance to chemical and physical
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factors in comparison to the culturable cells [13]. Furthermore, VBNC
cells can resuscitate and regain their ability to multiply and cause infec-
tion when optimal conditions are restored [14]. In general, VBNC cells
are resistant to conventional antimicrobial treatments, even after the
administration of higher doses of drugs [10]. Therefore, a safer strategy
is to prevent the adhesion of bacteria before they can form a more resis-
tant biofilm or become VBNC.

There are two main coating strategies to prevent the bacterial colo-
nization of biomaterials surfaces. The first strategy, antifouling, is
based on preventing bacteria attachment by introducing a physical bar-
rier to adhesion [15-17]. The second strategy, bactericidal, is based on
killing the microorganism either by the release of a chemical agent or
by direct contact with the adhered bacteria [18,19]. The antifouling
coatings mainly aim at preventing the formation of a conditioning film
induced by protein fouling. In medical devices, only scarce examples
based on hydrophilization exist. However, several approaches have
been developed in the labs, including self-assembled monolayers
(SAMs) [20-22], hydrophilic polymers (e.g. polyethylene glycol, PEG)
[23,24], or superhydrophobic materials [25-27]. Usually, these coat-
ings were capable of preventing adsorption from a model solution of a
single protein but have limited barrier properties in contact with more
complex biological media [28,29]. A more recent strategy is based on
graft copolymers in which the adsorption is mediated by physical inter-
actions between the backbone and the substrate. That drives the segre-
gation of the hydrophilic graft away from the surface to generate a
brush-like interface. This approach was pioneered by Spencer and Tex-
tor and, more recently, by Zuilhof and has resulted in improved repel-
lency compared to other hydrophilic coatings [30-33]. To date, only
hydrophilic polymer brushes prepared by the grafting-from approach
provide effective antifouling properties [28,34] and reduce forces
needed to detach bacteria from the surface by up to 99% in comparison
to the bare material [16]. Moreover, polymer brushes based composed
of poly[N-(2-hydroxypropyl) methacrylamide] (poly(HPMA) showed
excellent resistance to protein fouling even after 2 years of storage in
buffer [35]. Although antifouling coatings demonstrate excellent pro-
tection for short-term contact, prolonged contact with bacteria usually
results in the impairment of the surface and colonization [36].

In the case of purely bactericidal coatings, several strategies have
been introduced, including silver nanoparticles [37,38], antibiotics
[39,40], antimicrobial peptides [41-43], and polycations [44,45].
These strategies are effective at killing pathogenic microorganisms.
However, the debris of dead bacteria may accumulate on the surface
upon killing, forming a conditioning film that blocks access to the an-
timicrobial agent, activates the immune response, and creates new an-
choring points for bacteria to adhere [3,46,47]. Some bactericidal coat-
ings have limited applicability due to their toxic effect not only on bac-
terial cells but also on the host [48,49]. Furthermore, only a limited
amount of antimicrobials can be introduced in the coating, which can
be exhausted before all bacteria have been killed with the concomitant
risk to generate the emergence of new drug-resistant strains [50]. Thus,
to have an effective performance of the coatings, it is important to com-
bine antifouling properties with a killing mechanism. To date, several
reports addressed the combination of repellency and antimicrobial ac-
tivities [51-54]. However, the bactericidal properties of those coating
were tested for a short period (a few hours) in water or buffer. While
these conditions serve as a first evaluation, they do not consider the in-
evitable fouling from protein and the concomitant impairment of the
functions of the coating. As result, reported coatings might perform dif-
ferently in contact with more challenging media over a prolonged pe-
riod of time. To successfully develop coatings that simultaneously kill
and prevent the adhesion of debris, it is crucial to minimize fouling and
select suitable antimicrobials and effective methods for their ligation.

In this work, we combined the best antifouling coating with an ac-
tive killing mechanism to create a synergistic effect against bacterial
adhesion. The previous report demonstrates that activation of func-
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tional groups alongside the polymer chain and further immobilization
of active molecules leads to irreversible reduction of resistance to pro-
tein adsorption [55]. To overcome this, we utilized hierarchical poly-
mer brushes reported earlier, which consist of an antifouling bottom
block and a functional top block [56-58]. Such architecture allows the
introduction of active molecules to the structure without affecting the
antifouling properties of the brush. The antifouling block needs to be
thick enough to create an effective barrier to adsorption, while the
functional block needs to be adjusted to accumulate enough active mol-
ecules and do not affect the repellency of the bottom block [59]. For our
purpose, the top block was functionalized with azides groups to partici-
pate in strain-promoted alkyne-azide cycloaddition (SPAAC) [60]. The
benefits of this click chemistry are the absence of catalyst, rapid func-
tionalization that occurs in water and at room temperature, and the in-
ability of azide groups to react nonspecifically with biological mole-
cules. All this provides fast and easy-oriented immobilization of the tar-
geted molecule and is especially important for biomedical applications.
To date, this brush architecture was not explored for the preparation of
antimicrobial coatings and was mainly used for preparation of biosen-
sors and platform for selective cell capture.

Further, we introduced killing properties to these brushes. The ef-
fective killing mechanism needs to be long-lasting and not induce the
emergence of resistant strains. One of the most promising candidates is
the synthetic antimicrobial peptide Pep19-2.5. The structure of the pep-
tide was inspired by the Limulus anti-lipopolysaccharide (LPS) factor
and has been optimized by regulating the amount of hydrophobic and
positively charged amino acids as well as the length of the peptide [61].
Importantly, this peptide has a wide spectrum of action associated with
high affinity not only to the LPS factor of Gram-negative bacteria but
also to lipoprotein (LP) of Gram-positive ones [62]. Moreover, recent
pioneering studies had shown that Pep19-2.5 reduced bacterial adhe-
sion and biofilm formation of titanium samples from both Staphylococ-
cus aureus, Streptococcus oralis, Pseudomonas aeruginosa, and Aggregati-
bacter actinomycetemcomitans [63]. Furthermore, it demonstrates very
low cytotoxicity and can reduce the level of interleukin-6 (IL-6) and tu-
mor necrosis factor-alpha (TNF-a) [64] as well as to attenuate car-
diomyopathy in the septic heart [65,66]. Lately, it has been reported
that this peptide also inhibits activation of the intrinsic coagulation
pathway by significantly reducing the activity of Factor XI [67]. Re-
cently, the high binding affinity of Pep19-2.5 towards Gram-positive
and Gram-negative bacteria was explored for capturing bacteria in lig-
uid samples [68]. For this, the peptide was immobilized on the surface
of carboxylated magnetic beads by carbodiimide crosslinking. How-
ever, the bactericidal activity of peptide Pep19-2.5 upon immobiliza-
tion was not explored.

We demonstrate that the combination of Pep19-2.5 with polymer
brushes was able to reduce the number of planktonic cells in the vicin-
ity of the surface, as well as suppressed Staphylococcus aureus biofilm
formation by targeting not only culturable but also showing an effect on
VBNC cells.

2. Materials and methods
2.1. Materials

Dibenzocyclooctyne (DBCO) functionalized peptide Pepl9-2.5
(DBCO-Pep19-2.5), DBCO-(PEG3),-GCKKYRRFRWKFKGKFWFWG, was
synthesized by Biomers.net GmbH. Oligo(ethylene glycol) methyl ether
methacrylate (MeOEGMA, M, = 300 g mol~1), glycidyl methacrylate
(>97.0%, GMA), CuBr (99.999% trace metals basis), CuBr; (99.999%
trace metals basis), 2,2’-bipyridyl (>99% BiPy), sodium azide (>99%,
ultra-dry, NaN3) were purchased from Sigma-Aldrich, Germany. Extra
dry over Molecular Sieve toluene (99.85%), dimethylformamide
(99.8%, DMF), and N,N-dichloromethane (99.9%, CH,Cl,) were pur-
chased from Acros Organic, Germany. Methanol (MeOH), ethanol
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(EtOH), acetone, toluene were purchased from VWR Chemicals, Ger-
many. Aluminum oxide 90 basic was purchased from Carl Roth, Ger-
many. Milli-Q water was obtained using Elga™ US filter Purelab Plus
UF purification system (PL5113 02), United Kingdom.

11-(Trichlorosilyl)undecyl 2-bromo-2-methylpropanoate [16,69]
and o-mercaptoundecyl bromoisobutyrate [70] were synthesized ac-
cording to the procedures from the literature.

For the details about ellipsometry, AFM, XPS, and SPR please refer
to Supporting Information.

2.2. Immobilization of initiator

Round glass slides 12 mm in diameter were rinsed twice with ab-
solute EtOH and Milli-Q water and blow-dried in an N, stream. All sam-
ples were activated with oxygen plasma for 20 min (O, flow
40 mL min~!, 200 W). Subsequently, the slides were immersed in a
freshly prepared 1 mg mL~! solution of 11-(trichlorosilyl)undecyl 2-
bromo-2-methylpropanoate initiator in dry toluene. The immobiliza-
tion was carried out for 3 h in a dry environment to form self-assembled
monolayers (SAM) of the initiator. After initiation, samples were rinsed
with toluene, acetone, absolute EtOH, and Milli-Q water and dried in an
N, stream.

2.3. Grafting of polymer brushes

The hierarchical polymer brushes were synthesized according to the
procedure described previously [57]. Short description of the proce-
dure:

1) Antifouling block: 25 mL of MeOH was deoxygenated by bubbling
N, for 1 h. Then, 18 mL of deoxygenated MeOH was transferred
to a previously degassed flask containing BiPy (556.9 mg,
3.6 mmol), CuBr, (60.3 mg, 270 pmol), and CuBr (193.8 mg,
1351 pmol) under N, atmosphere and stirred till complete
dissolution. Simultaneously, MeOEGMA (20.5 g, 68.3 mmol) was
dissolved in 18 mL Milli-Q water and degassed by bubbling N, for
1 h. Both solutions were mixed and transferred under N,
protection to a previously degassed reactor containing substrates
with SAM of the initiator. After 20 min at 30 °C, the
polymerization was stopped by adding Milli-Q water. The
substrates were rinsed twice with EtOH and Milli-Q water and
dried with N..

2) Azide-functional block: The inhibitor from the GMA monomer
was removed by passing through the basic alumina column.
Subsequently, GMA (20.9 g, 147 mmol), BiPy (572.6 mg,
3.7 mmol) CuBr; (65.7 mg, 294 pumol), and dry DMF (30 mL)
were placed in a round-bottom flask and deoxygenated by
bubbling N, for 1 h. Then, CuBr (210.4 mg, 1.5 mmol) was
added under N,. The mixture was stirred until the full
dissolution of the salt and transferred to the reactor containing
substrates with the antifouling block, (poly(MeOEGMA). The
polymerization was carried out for 4 h at 30 °C. The substrates
were rinsed twice with dry DMF and dry CH,Clyand dried with
N,.

Afterward, the GMA block was functionalized with azide groups by
immersing samples in a 3.4 mg mL~! solution of NaNs in dry DMF for
24 h at 60 °C. The samples were rinsed with DMF, EtOH, and Milli-Q
water and dried with Nj.

SPR sensor chips were prepared by an analogous procedure but us-
ing w-mercaptoundecyl bromoisobutyrate as initiator. The SAM of the
initiator was prepared by immersing a clean SPR chip in 0.6 pL mL™!
ethanol solution of the initiator and letting it react for 24 h at room
temperature in the dark.
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2.4. Immobilization of Pep. 19-2.5

Before immobilization of peptide, polymer brushes were placed in
water and let swell overnight. Then, a solution of Pep.19-2.5 in phos-
phate-buffered saline (PBS) with a concentration of 100 pg mL~! was
prepared. Samples were immersed in peptide solution and incubated
overnight at room temperature. Then, samples were washed with PBS
buffer and stored in it till further use.

2.5. Bacteria and growth conditions

An overnight culture was prepared as described by Moreira et al.
[71]. Briefly, 500 pL of bacterial cells stored in 20% (v/v) glycerol at
—80 °C was added to a total volume of 200 mL LB medium (Lennox,
Sigma-Aldrich, Saint Louis, MO, USA) and incubated overnight at 37 °C
with a constant orbital agitation of 160 rpm. Subsequently, cells were
harvested by centrifugation at 3202g, 25 °C for 10 min (Eppendorf Cen-
trifuge 5810R, Hamburg, Germany), and washed once in 0.85% (v/v)
NaCl (VWR International, Carnaxide, Portugal). A cell suspension was
prepared in saline solution, adjusted to an optical density (ODgoo nm) Of
0.1, and then, serially 6-fold diluted to obtain a cell concentra-
tion < 102 cells mL1.

2.6. Antimicrobial activity of peptide DBCO-Pep19-2.5

To determine the antimicrobial activity of the free peptide, a solu-
tion of DBCO-Pep19-2.5 was prepared in PBS at a concentration of
100 pg mL~L Since the synthesized surfaces contained 339 ng peptide
(as detected by SPR) and were further inoculated with 3 mL bacterial
suspension for biofilm assays, the DBCO-Pep19-2.5 solution was diluted
in LB medium to obtain a concentration of 236.7 ng mL~!. Subse-
quently, 1.5 mL of peptide solution was added to 1.5 mL of S. aureus
suspension with cell concentration < 102 cells mL-! and incubated at
37 °C, for 24 h without agitation. Then, bacterial suspension was prop-
erly diluted and spread on plate count agar (PCA, Oxoid, UK), and incu-
bated overnight at 37 °C. The culturability of cells exposed to peptide
was determined by CFU counting and compared with control (cells not
exposed to DBCO-Pepl19-2.5). Antimicrobial experiments were per-
formed in three independent assays, each one with two technical repli-
cates.

2.7. S. aureus biofilm formation

Biofilm formation assays were performed in 12-well microtiter
plates (VWR International, Carnaxide, Portugal) under static condi-
tions. Sterilized surfaces, including the glass, MeOEGMA-N3; and
MeOEGMA-Pep19-2.5 surfaces, were placed on the microplate wells
and inoculated with 3 mL of a bacterial suspension at a concentra-
tion < 102 cells mL-!. Besides, 3 mL of LB medium was added to the
wells containing sterilized surfaces to control their sterility throughout
the experiments. Plates were incubated at 37 °C for 24 h. Biofilm for-
mation experiments were performed in three independent assays, each
one with three technical replicates.

2.8. Bacterial cells quantification

After 24 h biofilm formation on glass, brush, and MeOEGMA-
Pep19-2.5 surfaces, planktonic and biofilm cells were analyzed. Firstly,
the supernatant was collected from microplate wells and was properly
diluted and spread on PCA for CFU enumeration. Subsequently, biofilm
cell suspensions were obtained by dipping each surface in 2 mL 0.85%
(v/v) NaCl and vortexing for 3 min. Biofilm cell culturability was as-
sessed by spreading the biofilm suspension on PCA followed by CFU
counting (CFU cm~2). In turn, biofilm viability was evaluated by stain-
ing the biofilm suspension with the Live/Dead® BacLight™ Bacterial
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Viability kit (Invitrogen Life Technologies, Alfagene, Portugal) as previ-
ously described [72], and analyzing in an epifluorescence microscope
(Leica DM LB2, Germany). A minimum of twenty fields of view was an-
alyzed for each stained sample using the ImageJ software (version
1.52p, National Institutes of Health, EUA) and the number of total and
viable cells was counted. In addition, the number of VBNC cells was de-
termined by subtracting the number of culturable cells from that of vi-
able cells [13]. The number of total, viable and VBNC cells were ex-
pressed as cells cm~2.

2.9. Assessment of biofilm structure by confocal laser scanning microscopy
(CLSM)

CSLM was performed as described before [14]. Briefly, 24-hour
biofilms formed on the glass, brush, and MeOEGMA-Pep19-2.5 surfaces
were counterstained in green with 6 pM SYTO® 9 (Thermo Fisher Sci-
entific, USA) and observed using a 10 X dry objective (Leica HC PLAN
APO CS) in an inverted microscope Leica DMI6000-CS (Leica Microsys-
tems, Germany) with a 488-nm argon laser. Images were acquired with
512 x 512 pixels and a z-step of 1 pm in a minimum of six different re-
gions of each analyzed surface.

Three-dimensional (3D) projections of biofilm structures were re-
constructed using the “Easy 3D” tool of IMARIS 9.1 software (Bitplane,
Switzerland) directly from the CLSM acquisitions. The plug-in COM-
STAT2 associated with the ImageJ software was used to determine the
biovolume (um? pm~2) and the biofilm thickness (um) [73].

2.10. Statistical analysis

Descriptive statistics were used to calculate the mean and standard
deviations for the number of culturable (Fig. 4), total, viable and VBNC
cells (Fig. 6), and biovolume and biofilm thickness (Fig. 5B). Differ-
ences between the number of cells obtained for glass, brush, and
MeOEGMA-Pep19-2.5 surfaces (Figs. 4 and 6) were evaluated using un-
paired t-tests or Mann-Whitney tests according to the normality of the

(A)

Initiater

B)

MaQEGMA-Ny

MeOEGMA-PepiS-2.5

Progress in Organic Coatings xxx (xxxx) 106609

variables' distributions. Quantitative parameters obtained from confo-
cal microscopy (Fig. 5B) were compared using a one-way analysis of
variance (ANOVA). All tests were performed with a confidence level of
95% (p-values <0.05). Data analysis was performed using the IBM
SPSS Statistics version 24.0 for Windows (IBM SPSS, Inc., Chicago, IL,
USA).

3. Results and discussion
3.1. Grafting of polymer brushes and characterization

Surfaces that combine both antifouling and antimicrobial properties
are in high demand for biomedical applications. To combine antifouling
properties with functionality, hierarchical polymer brushes were pre-
pared using surface-initiated atom transfer radical polymerization (SI-
ATRP). The first block consists of poly(oligo(ethylene glycol) methyl
ether methacrylate) (poly(MeOEGMA)) grafted from a self-assembled
monolayer (SAM) of the silane initiator. The bottom block was chain-
extended with poly(glycidyl methacrylate) (poly(GMA)). Finally, the
epoxide group of poly(GMA) block was functionalized with azide
groups forming poly(3-azido-2-hydroxypropyl methacrylate functional
block (Scheme 1A).

Ellipsometry, X-ray photoelectron spectroscopy (XPS), and atomic
force microscopy (AFM) were utilized to confirm the successful prepa-
ration of hierarchical polymer brushes. Si wafers were utilized as model
substrates to determine the dry ellipsometric thickness of each layer.
The analysis shows that the initial thickness of the initiator layer was
about 1 nm. Topographic AFM images reveal a homogeneous layer, ab-
sence of pinholes, and low roughness Ry = 0.57 * 0.04 nm (Fig. 1A).
The chemical composition of SAM was confirmed by XPS. The XPS
spectrum of the Cls region shows the predominant band at 285.0 eV
that corresponds to C—C and C—H components of the long alkyl
backbone. Moreover, further deconvolution of the envelope reveals
C—0 and O=C—O0 components of the ester group resolved at 286.7
and 289.0 eV, respectively. All peaks resemble the chemical structure

MeDEGMA-GMA MeDEGMA-H,

"‘hf‘:l:-"\'.JIJ](_'.':_: KKYRRFRWHKFKGKFWFWG
T PeplBlds

DBCO-Pep19-2.5

Scheme 1. The synthetic route was followed to prepare polymer brushes functionalized with DBCO-Pep19-2.5. (A) Grafting of polymer brushes. (B) SPAAC immo-
bilization of DBCO-Pep19-2.5 and (C) Chemical structure of DBCO-Pep192.5 and its amino acid sequence. Amino acids: G, glycine; C, cysteine; K, lysine Y, tyro-
sine; R, arginine; F, phenylalanine; W, tryptophan. The colors illustrate characteristics of amino acids: red - cationic, positively charged, blue - hydrophobic, and
grey - polar. For the complete chemical structure of DBCO-Pep19-2.5 refer to Fig. S1.
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Fig. 1. (A) AFM topography of 1) glass, 2) SAM of initiator, 3) MeOEGMA-N3, and 4) MeOEGMA-Pep19-2.5 measured by tapping mode in air. The scale bar is
2 pym. (B) High-resolution XPS spectra of C1s region of 1) Initiator, 2) MeOEGMA, 3) MeOEGMA-GMA, 4) MeOEGMA-N3 and 5) MeOEGMA-Pep19-2.5. (C) High-
resolution XPS spectra of N1s region of 3) MeOEGMA-GMA, 4) MeOEGMA-N3; and MeOEGMA-Pep19-2.5.

of the initiator, which is composed of a long alkyl chain and a single es-
ter group.

The grafting of the diblock led to an increase in thickness and a
change in chemical composition. The thickness increased to 29 nm af-
ter the preparation of poly(MeOEGMA). Further, a 5 nm poly(GMA)
block was grafted. This thickness is optimal to have a sufficient amount
of Pepl9-2.5 while not affecting the antifouling properties of
MeOEGMA. The glycidyl groups were utilized to introduce azide groups
by reacting the brushes with sodium azide. Functionalization of
MeOEGMA-GMA with sodium azide did not change the thickness of the
layer. The topography of the MeOEGMA-Nj; functionalization with
azide was assessed by AFM. Fig. 1A-3 shows a homogeneous surface,
without pinholes and roughness of Ry = 0.91 * 0.12 nm. The XPS
spectrum of the Cl1s region shows a predominant peak at 286.5 eV that
corresponds to the C—O components of the poly(MeOEGMA) side
chain, while a band at 289.0 eV can be assigned to the ester group
O=C—O present in the methacrylate backbone. The structure of poly

(MeOEGMA) was further confirmed by analyzing the area ratio be-
tween the (C—0):(C—C, C—H). The value of 4.08 indicates that the
C—O component from the side chain is predominant of the C—C and
C—H groups that are present only in the polymer backbone, which is
in accordance with the structure. The Cls XPS spectrum of diblock,
MeOEGMA-GMA, only slightly differs from the bottom block of
MeOEGMA. The area ratio between the (C—0):(C—C, C—H) bonds
of the diblock slightly decreased to 3.84, which is associated with an in-
creased number of C—C and C—H groups associated with side chains
of poly(GMA) block. The AFM topography images of both MeOEGMA
and MeOEGMA-GMA show a homogeneous surface with low roughness
Ry = 0.88 = 0.18 nm and R; = 0.81 = 0.29 nm respectively (Fig.
S2). Further, glycidyl groups were reacted with sodium azide resulted
in ring-opening and formation of functional MeOEGMA-Nj surface. The
successful functionalization was evidenced in the N1s region of the XPS
spectrum (Fig. 1C-4). The bands at 400.9 and 404.5 eV are characteris-
tic of the N atom in the organic azide group. The small peak at 399.3 eV
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is the result of the degradation of the organic azide group under X-ray
irradiation. Moreover, no signal in the N1s spectrum was observed for
MeOEGMA-GMA (Fig. 1C-3).

3.2. Immobilization of DBCO-Pep19-2.5

Non-oriented immobilization of peptides and proteins often de-
creases their biological activity [74]. This is further aggravated if the
immobilization is carried out by non-specific amidation of lysine
residues which may be part of the biologically active center of the pro-
tein and especially crucial in the case of small peptides. In this work, we
utilized a specially designed dibenzocyclooctine (DBCO) functionalized
Pepl19-2.5 (DBCO-Pep19-2.5). The DBCO group with (tri(ethylene gly-
col)) spacer was attached to the N-terminus of peptide (Scheme 1C).
Upon contact with an azide group, DBCO undergoes catalyst-free
SPAAC reaction and covalently binds the peptide to the surface through
the N-terminus, exposing the C-terminus to the outside (Scheme 1B).
This type of functionalization does not involve any side groups of the
Pep19-2.5 sequence.

The immobilization of DBCO-Pep19-2.5 was quantified by surface
plasmon resonance (SPR). For this, hierarchical polymer brushes were
grafted from a SAM of w-mercaptoundecyl bromoisobutyrate on gold-
coated SPR sensors. During the measurements, the brushes were equili-
brated in phosphate-buffered saline (PBS) buffer. After a steady base-
line was reached, PBS buffer was replaced with 100 pg mL~! solution of
DBCO-Pep19-2.5 and a sensogram was recorded at 10 pL min~! for
80 min (Fig. 2A) followed by washing with the running buffer. The sur-
face coverage was determined to be 299.62 + 2.86 ng cm~2. Fig. 1A-4
shows the topology of the polymer brush after functionalization with
Pepl19-2.5 as depicted by the AFM. In general, the surface remained ho-
mogeneous with a slight increase of roughness (R; = 4.09 = 0.57 nm)
in comparison to the bare brush. To further prove the successful immo-
bilization of the peptide, an XPS measurement was performed (Fig. 1C-
5). The high-resolution N1s spectra after functionalization with Pep19-
2.5 shows the predominant peak at 400 eV of amide NH—(C—O0) that
was not present before and is characteristic for peptides and proteins
(Fig. 10).

3.3. Antifouling properties

We assessed whether the immobilization of DBCO-Pep19-2.5 onto
MeOEGMA-Nj; brushes impaired their resistance to protein adsorption
using SPR. The fouling studies were performed in two different media:
1) Luria-Bertani broth (LB) as media used in bacterial studies (Sections
3.5 and 3.6) and 2) undiluted blood plasma (BP) as one of the most
challenging biological media. Data was compared to bare gold and
MeOEGMA-N; and summarized in Fig. 2C. The contact of LB and PB
with bare gold led to rapid protein adsorption from both tested media.

(A ®) ...
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In contrast, MeOEGMA-N3 was able to reduce the adsorption of proteins
from BP by 79.3% and from LB by 84.3%. A similar reduction of protein
adsorption from BP (81.3%) and LB medium (86%) was obtained for
MeOEGMA-Pep19-2.5 brushes. Thus, the functionalization of
MeOEGMA-N3 with the peptide did not impair their antifouling proper-
ties.

3.4. Biocompatibility of MeOEGMA-Pep19-2.5 coating

We assessed the cytocompatibility of the MeOEGMA-Pepl19-2.5
coating, by studying the viability (in vitro) of Normal Human Dermal
Fibroblasts (NHDF) after direct contact. Tests were performed accord-
ing to the International Organization for Standardization 109993-5
(ISO0109993-5). Coated glass slides were placed on top of a monolayer
of NHDF cells and incubated for 24 h at 37 °C in a humidified, 5% CO,
atmosphere. Then, the viability of cells was visualized using LIVE/
DEAD® staining. Fluorescence micrographs were acquired from the
cell monolayer directly in contact with the coating (region I, in the
scheme in Fig. 3A and 3B-I). All the tested samples showed a high num-
ber of viable cells (green) and single or none dead cells (red). Moreover,
there was no significant morphological difference between the cells
that were in direct contact with samples (Fig. 3B-I) and cells were next
to it in the same well plate (Fig. 3B-II), and even with control samples in
which cells were cultivated without contact with any sample (see Fig.
S5 and S6).

The cell viability was quantified by the colorimetric MTS assay.
Samples were placed similarly as above and after incubation time 24 h
MTS test was performed (Table S1). NHDF in direct contact with glass
without any modification were taken as 100% reference (Fig. 3C).
There was no significant difference in the metabolic activity between
the coated samples and the control. The results demonstrate that cell vi-
ability was not impaired after direct contact with MeOEGMA-N3 and
MeOGMA-Pep19-2.5 coatings.

3.5. Antimicrobial activity of the free and immobilized DBCO-Pep19-2.5

We studied the antimicrobial activity of immobilized DBCO-Pep19-
2.5 against S. aureus ATCC 25923. S. aureus was selected it is one of the
most common microorganisms isolated from implant-associated infec-
tions [3,75], and is known to express a high number of surface adhesins
that promote attachment [76].

Firstly, we tested the activity of free DBCO-Pep19-2.5 to confirm
that after N-terminal functionalization with dibenzocyclooctyne group
the peptide still displays a bactericidal effect on the tested S. aureus
strain (Fig. 4A). Dissolved DBCO-Pep19-2.5 (339 ng) was added to
3 mL of a bacteria suspension with 102 CFU mL™! for 24 h. The amount
of peptide was the same as the one immobilized on the surface of the
substrate utilized in the following studies and was calculated based on

©=7 =
é"'m-
=
EIW— ﬂ

T G:ﬂ 1 ]

i wv‘ﬁ"iﬁ

e S

Fig. 2. (A) SPR sensogram showing immobilization of DBCO-Pep19-2.5 on the surface of the polymer brushes. (B) Protein fouling of Luria-Bertani (LB) medium
on the surface of MeOEGMA-Pep19-2.5 as detected by SPR. (C) Histogram showing protein fouling of LB media and undiluted blood plasma (BP) on the surface
of bare SPR chip (gold), MeOEGMA-N3, and MeOEGMA-Pep19-2.5. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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MeaOEGMA-M,

MeQEGMA-Pep19-2.5

Fig. 3. (A) Scheme of direct contact cytotoxicity assay: 1) incubation of tested samples (pink) with a monolayer of cells (green) and 2) microscopic images were ob-
tained from two locations in the well: (I) in direct contact with the sample, (II) edges without contact. (B) Representative ApoTome fluorescence micrographs of
NHDF cells stained with LIVE/DEAD® assay after 24 h incubation with glass, MeOEGMA-N3; and MeOEGMA-Pep19-2.5. The micrographs were taken in the area of
the sample (I) and in the area next to the sample (II). The scale bar is 100 um. (C) Viability of NHDF cells upon contact with glass, MeOEGMA-N3; and MeOEGMA-
Pep19-2.5. Cell viability was measured by MTS assay. Absorbance was measured at 490 nm and normalized, where the absorbance of the glass sample serves as
100% reference. There was no significant difference for p-values <0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 4. Colony-forming units counting of supernatant after 24 h incubation of cells with (A) free DBCO-Pep19-2.5 in LB medium and (B) with bare glass, and glass
coated with MeOEGMA-N3; and MeOEGMA-Pep19-2.5. Significant differences were considered for p-values <0.05 (*** p < 0.001, ** p < 0.01).

the surface area of the planar surface used for the antimicrobial test
(glass slides, 12 mm), and the surface coverage was determined by
SPR. The number of culturable bacteria that remained in the super-
natant after 24 h incubation with the peptide was reduced by 96.0%, as
determined by colony-forming units (CFU) counts. Thus, the tested free
peptide displayed antimicrobial activity against S. aureus ATCC 25923.
The activity of the immobilized peptide (MeOEGMA-Pep19-2.5) was
monitored by incubating the substrates with a starting concentration of
S. aureus < 102 CFU mL~! for 24 h. Bare glass slides and MeOEGMA-N3
were used as controls. Then, the number of culturable bacteria that re-
mained in the supernatant was determined by CFU counts. The
MeOEGMA-Pep19-2.5 coating reduced the number of culturable cells
by 52.5% in comparison to the glass surface, while only a minor reduc-
tion (16.4%) was observed for the MeOEGMA-N; control (Fig. 4B).
These results, on the one hand, demonstrate that the peptide could sig-
nificantly decrease the concentration of bacteria but on the other hand

that the activity was lower than with the free peptide. The compara-
tively lower activity of the immobilized peptide could be caused by a
decrease in mobility and concomitant impaired ability of the peptide to
bind to S. aureus. Another possible cause is that not all bacteria could
come in contact with the surface for the bactericidal action to occur. To
probe these two scenarios, it was necessary to observe the biofilm for-
mation on the surfaces tested.

3.6. Biofilm formation on MeOEGMA-Pep19-2.5

The effect of the immobilized Pep19-2.5 against S. aureus biofilm
formation was observed by confocal laser scanning microscopy (CLSM)
after staining it with SYTO® 9 (Fig. 5A) [14,77-79]. S. aureus formed
dense and thick biofilm on glass (control surface). The biofilm was a
confluent layer with a thickness of about 90 pm and a biovolume of
33 um3pm~2 as evidenced in Fig. 5 and Table S2. The addition of poly-
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Fig. 5. (A) Representative biofilm structures of S. aureus on glass, MeOEGMA-N3, and MeOEGMA-Pep19-2.5 surfaces. These images were obtained from confocal z-
stacks using IMARIS software and present an aerial, three-dimensional (3D) view of the biofilms (shadow projection on the right). The scale bar is 200 pm. (B) Bio-
volume and biofilm thickness values were obtained from the z-stacks using the COMSTAT?2 tool associated with the ImageJ software. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) and significant differences were considered for p-values <0.05 (*** p < 0.001, ** p < 0.01, * p < 0.05).

mer brushes MeOEGMA-N; resulted in a non-confluent biofilm with a
thickness of 44 pm and biovolume of 27 pm3um~2. Although biofilms
formed on MeOEGMA-N3 surfaces had about 18.4% and 51.5% less bio-
volume and thickness, respectively, than those developed on glass
(p < 0.01 and p < 0.001, respectively; Fig. 5B), the typical S. aureus
biofilm high-density cell clusters [80,81] were still detected on the
modified glass surface (Fig. 5A). A similar thickness reduction was ob-
served in a previous work of the research group when the antibiofilm
potential of poly(MeOEGMA) brush was tested against E. coli under
flow conditions [82]. The functionalization with Pep19-2.5 afforded a
further decrease in biofilm formation, with a biovolume reduction of
24.2% compared to glass. A similar reduction of biofilm biovolume was
reported for S. aureus biofilm treated with free Pep19-2.5 (without
DBCO) [63]. Moreover, the architecture of the biofilm on MeOEGMA-
Pep19-2.5 is drastically different than the ones observed on glass and
MeOEGMA-N3;. While bacteria formed confluent films on the control
surface, scattered aggregates below the percolation threshold were ob-
served on those surfaces decorated by Pep19-2.5. Thus, not only did the
peptide suppress the biofilm formation but drastically impaired its abil-
ity to form continuous films.

Further, the cellular composition of biofilms formed on the glass,
MeOEGMA-N3; and MeOEGMA-Pep19-2.5 was evaluated by counting
total, viable, and VBNC cells (Fig. 6). Firstly, the biofilm was detached
from the substrate. The number of total and viable cells was determined
by epifluorescence microscopy using the Live/Dead staining, where the
green-fluorescent dye (SYTO® 9) penetrates all cells, while red-
fluorescent dye (propidium iodide) penetrates only cells with impaired
membranes. The number of VBNCs was calculated as the difference be-
tween the viable cells and the culturable cells (determined by CFU
counting).

The analysis of total cells indicates that biofilms formed on the
MeOEGMA-Nj; surfaces exhibited 44.4% fewer S. aureus cells than glass
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Fig. 6. The number of (A) total, (B) viable, and (C) viable but nonculturable
(VBNC) cells after 24 h of biofilm development on glass, MeOEGMA-N; and
MeOEGMA-Pep19-2.5 surfaces. Inferential statistics were performed using un-
paired t-tests or Mann-Whitney tests according to the normality of the vari-
ables' distributions. Significant differences were considered for p-values
<0.05 (*** p < 0.001, ** p < 0.01, * p < 0.05).

(p < 0.001). The reduction of the number of total bacteria adhered to
the MeOEGMA-Nj brush is in line with previous studies showing that
the MeOEGMA brushes could reduce the work of adhesion of a bac-
terium (Y. pseudotuberculosis, a Gram-negative bacterium) to values be-
tween 2% and 10% of the values observed on glass. [16] Additionally,
Alves et al. [82] demonstrated that Escherichia coli cells adhered 43.0%
less to a poly(MeOEGMA) brush than to PDMS after 24 h of biofilm de-
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velopment under urinary flow conditions. Furthermore, the antiadhe-
sive effect of MeOEGMA-N3; was improved by the immobilization of
DBCO-Pep19-2.5, exhibiting 58.0% fewer S. aureus cells than glass
(p < 0.001).

Moreover, MeOEGMA-Pep19-2.5 surfaces reduced the viability of
bacteria by about 66.0 and 35.0% compared to glass and MeOEGMA-N3
surfaces, respectively (p < 0.001). It is known that Pep19-2.5 displays
a high affinity to lipoproteins (in the case of Gram-positive bacteria like
S. aureus), which facilitates peptide binding and its insertion into the
bacterial outer membrane [83,84]. Similar to what happens with most
antimicrobial peptides, when the peptide reaches a critical concentra-
tion, the bacterial membrane starts to destabilize and permeabilizes,
leading to cell death [84]. Interestingly, in the study of Subh et al. [63]
the free Pep19-2.5 did not show a significant reduction of viable cells in
S. aureus biofilm. However, this study was performed with another S.
aureus strain and utilized different testing conditions.

The MeOEGMA-Pep19-2.5 surface also significantly reduced the
number of VBNC cells by 70.0 (p = 0.001) and 33.0% (p = 0.225)
compared to glass and brush surfaces, respectively. The VBNC state is
an important survival strategy adopted by many bacteria when exposed
to unfavorable environmental conditions [85]. These cells remain vi-
able over long periods, even under continued stress conditions, but lose
their culturability in conventional media, thus impairing their detection
by traditional plate counting techniques [13,85].

4. Conclusions

We developed a coating that combined repellent properties with a
killing mechanism using a combination of hierarchical polymer brushes
with Pep19-2.5. For the first time, we studied the antimicrobial activity
of this peptide after immobilization to the surface. We demonstrate that
N-terminal functionalization of Pep19-2.5 with DBCO before immobi-
lization does not impair its antimicrobial activity against S aureus. Al-
though the activity of the immobilized peptide was lower than in the
free state, the decoration of MeOEGMA brushes with Pep19-2.5 im-
proved their performance, reduced biofilm formation, and prevented
the development of a confluent film. Moreover, it reduced the number
of S. aureus VBNC cells in the biofilm. Furthermore, we demonstrated
that obtained coating did not have any cytotoxic effect on NHDF, prov-
ing excellent biocompatibility. These results are promising since, in
clinical scenarios, VBNCs can become resistant to antimicrobial drugs
and reinitiate infection when appropriate conditions are established.
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