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The design of functionalized polymer surfaces using bioactive compounds has grown rapidly over the past
decade within many industries including biomedical, textile, microelectronics, bioprocessing and food
packaging sectors. Polymer surfaces such as polystyrene (PS) must be treated using surface activation
processes prior to the attachment of bioactive compounds. In this study, a new peptide immobilization
strategy onto hydrocarbonaceus polymer surfaces is presented. A bio-interfactant layer made up of
a tailored combination of laccase from trametes versicolor enzyme and maltodextrin is applied to
immobilize peptides. Using this strategy, immobilization of the bio-inspired peptide KLWWMIRRWG-
and KLWWMIRRWG-bromophenylalanine-G  on
polystyrene (PS) was achieved. The interacting laccase layers allows to immobilize antimicrobial peptides

bromophenylalanine-3,4-dihydroxyphenylalanine-G

avoiding the chemical modification of the peptide with a spacer and providing some freedom that
facilitates different orientations. These are not strongly dominated by the substrate as it is the case on
hydrophobic surfaces; maintaining the antimicrobial activity. Films exhibited depletion efficiency with
respect to the growth of Escherichia coli bacteria and did not show cytotoxicity for fibroblast L929. This
environmentally friendly antimicrobial surface treatment is both simple and fast, and employs aqueous
solutions. Furthermore, the method can be extended to three-dimensional scaffolds as well as rough

rsc.li/rsc-advances and patterned substrates.

Introduction

Biomedical devices have become an essential component of the
human healthcare system. Due to their low cost, widespread
availability, and versatile mechanical properties, industrial
polymers such as polystyrene (PS), polypropylene and poly-
ethylene are often used in the manufacture of medical prod-
ucts." However, these materials do not present significant
antibacterial properties. In addition, their surfaces must be
treated using surface activation processes prior to the attach-
ment of bioactive compounds.” Despite considerable research
and development into biomedical devices and implants
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significant risk of infections related to biomedical devices and
implants persists. The development of an implant coating
having broad-spectrum antimicrobial activity is challenging due
to the fast rate at which bacteria evolve resistance to antibiotics.
An important goal within the biomaterials field is the develop-
ment of surface functionalization methods that inhibit bacte-
rial surface attachment and growth which can postpone or
prevent infections and device failure.®* Past work has made
progressing antibacterial surface design utilizing strategies
such as surfaces functionalized with antimicrobial agents, low-
adhesion surfaces (e.g. superhydrophobic interfaces), and
polymer matrices that release antibiotics.*® A promising
approach to overcome this challenge is to utilize naturally
occurring antimicrobial peptides or synthetic analogues against
bacterial infections. One strategy that has shown significant
targeting potential is the use of antimicrobial peptides (AMPs),
which exhibits a number of advantageous properties: effec-
tiveness against a broad range of bacteria including antibiotic-
resistant strains, low-toxicity to mammalian cells, small
molecular size and high stability.*” Furthermore, advantages of
immobilized peptides comprise long-term stability. AMPs are
produced by the immune systems of animals, insects and plants
and are secreted when infections occur.®*'® Consisting of
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approximately 12 to 100 amino acids, AMPs are amphiphilic
molecules having a high content of cationic and hydrophobic
amino acids providing side chains responsible for the antibac-
terial activity." Arising from electrostatic interactions between
positively charged amino acids and the negatively charged
bacterial cell membrane, AMPs work by compromising
membrane integrity and transport permeability.”>** Physical
adsorption and covalent bonding strategies have been studied
for AMPs immobilization on surfaces. Layer-by-layer deposition
is a common physical immobilization technique applied to
hydrophilic materials such as metal oxides, mainly due to
electrostatic interactions*®'” or the adding of a specific surface
binding recognition sequence to the peptide.**>® This method
may be applied on hydrophobic polymer surfaces after applying
a process to increase the concentration of functional groups
such as hydroxyl and carbonyl groups, and next covalent
attachment using click chemistry.”* Another viable method is
solid phase peptide synthesis on polymer resins in which the
protected amino acids are incorporated by assembling the
peptide sequence from its C- to its N-terminus; however, these
methods are time consuming and costly.>*>* Although peptides
with hydrophobic amino acids may adsorb strongly enough on
hydrophobic surfaces to form a stable film under controlled
conditions. The peptides when are amphiphilic likely adsorb
with their hydrophobic segments facing hydrophobic surfaces
and the restricted orientation of the peptide might cause
a reduction in its antimicrobial properties.** For instance, Hil-
pert et al. reported and improved peptide antimicrobial prop-
erties when adsorbed at an orientation such that their
hydrophobic segments are away from the interface; facing the
bacteria membrane.?” Formation of stable laccase/maltodextrin
layers on highly oriented pyrolytic graphite (HOPG) was re-
ported in Corrales et al.>® Laccase molecules adsorb irreversible
on this hydrophobic surface in short contact times; forming
layers that can serve as binding sites for the interaction and
attachment of other biomolecules. In this study, we present
a new surface immobilization strategy for AMPs with or without
—3,4-dihydroxyphenylalanine (DOPA) in their sequence which
profits from using laccase as a bio-interfactant.”® The antimi-
crobial peptide used for immobilization is based on the peptide
Tet-124 sequence KLWWMIRRW, previously synthesized by
Hilpert et al.*® This peptide showed partial inhibition of Pseu-
domonas aeruginosa. Applying the adhesion mechanism of
mussel foot proteins, we have modified the AMP sequence
adding glycine-(4-bromophenylalanine)-(3,4-
dihydroxyphenylalanine)-glycine to the original sequence re-
ported, thus obtaining KLWWMIRRW-G-BrPh-DOPA-G. The
amino acid DOPA was added in the sequence to improve the
peptide adhesion, comparing the stability of both peptides on
the surface after long rinsing times, and to favorably be oriented
at the interface of these films.”” We have changed the peptide C-
terminal such that two glycines flank the DOPA in order to
minimize steric hindrance, allowing for more flexibility,*® and
to prevent intramolecular crosslinking to neighbouring amino
groups due to the potential laccase catalyzed oxidation of the
DOPA. 4-Bromophenylalanine (BrPh) was added to the
sequence in order to quantitatively determine the peptide
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adsorption fraction and to differentiate the peptide and the
enzyme adsorbates within the layers. The formation of thin
films in situ was characterized using quartz crystal microbal-
ance with dissipation (QCM-D), and the resulting adsorbates
were studied using X-ray photoelectron spectroscopy (XPS),
atomic force microscopy (AFM), and water contact angle. The
peptide laccase catalyzed oxidation on the surface was studied
carrying on a selective derivatization reaction for DOPA con-
taining peptides. Antimicrobial properties against Escherichia
coli and, moreover, the fibroblast L-929 biocompatibility of the
bio-films were tested.

Materials and methods

Commercial polystyrene (PS) and highly pyrolytic oriented
graphite (HOPG, quality ZYH from NT-MDT, Russia) freshly
cleaved in air were used as substrates. Acetic acid, sodium
hydroxide (NaOH), citric acid, sodium acetate and sodium
chloride (NaCl) were used as grade reagents (Sigma-Aldrich,
Germany). The laccase mixture suspension (LMS) was
prepared by mixing laccase-maltodextrin (ASA Spezialenzyme
GmbH, Wolfenbiittel, Germany) at 0.1 mg mL™ " in 0.2 M
sodium acetate buffer; at pH value of 4.5. Substrates were coated
using 100 pL of solution per 1 cm? of substrate area. For ex situ
investigations, LMS was placed directly onto PS or HOPG
substrates, and after different times, the aqueous formulation
was removed. Samples were then rinsed using water and dried
using pressurized air. Stability tests in buffers with different pH
values were performed submerging the substrate in the buffer
for the corresponding time and then rinsing with water.
Modified substrates were then in contact with the 0.1 mg mL "
peptide solution (50 pL cm™?). Finally, the substrates were
rinsed and dried. Samples were stored under aseptic conditions
at room temperature.

Solid phase peptide synthesis

Tet-124, Tet-124-G-BrPh-DOPA-G, Tet-124-G-BrPh and
HHGHSPTSPQVR were synthesized using a 433A solid phase
peptide synthesizer (Applied Biosystems, Farmington, CT, USA)
that utilizes the FastMocTM-protocol. Peptide sequences and
short names are shown in Table 1. DOPA was introduced into
the sequences as (25)-3-(2,2-dimethyl-1,3-benzodioxol-5-yl)-2-
(9H-fluoren-9-ylmethoxycarbonylamino) propanoic acid (Fmoc-
DOPA(acetonide)-OH, Merck Nova Biochem, Hohenbrunn,
Germany) during the synthesis. Peptides were synthesized at
a 0.1 mmol scale using either Fmoc-glycine or Fmoc-tryptophan
(Boc) pre-loaded with tritylchloride P resin (TCP). Amino acids
beside DOPA were obtained from IRIS Biotech (Marktredwitz,
Germany) and Fmoc-DOPA (acetonide)-OH from Merck Nova
Biochem. TCP resins with a pre-loading at =0.55 mmol g~
were used (Intavis AG, Heidelberg, Germany). In Fmoc (9-fluo-
renylmethoxycarbonyl) peptide solid phase synthesis, amino
acids bound to a resin were sequentially assembled. First,
a resin having the first amino acid sequence was pre-loaded.
Amino acids were protected at the N-terminus by the Fmoc
group and the carboxylic acid terminus is activated by 1-

RSC Adv, 2020, 10, 376-386 | 377


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07380a

Open Access Article. Published on 02 January 2020. Downloaded on 3/12/2026 12:05:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 1 Peptide sequences and short names
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Name

Sequence

Tet-124

Tet-124-G-BrPh-G

Tet-124-G-BrPh-DOPA-G

hydroxybenzotriazol (HOBt) and 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium  hexafluorophosphate  (HBTU).
20% Piperidine solution was used to cleave Fmoc groups
following each coupling step. Peptide side chain removal was
performed using a solution composed of 3600 pL trifluoroacetic
acid, 200 pL de-ionized (DI) water and 200 pL triisopropylsilane.
After synthesis, resins were treated with the cleavage solution
for two hours. After filtering cleavage solutions using a syringe
filter (PTFE, 0.45 pm), peptides were collected by precipitation
in ice-cold 60 mL tert-butyl methyl ether, centrifugation and
solvent transfer to DI water. Following lyophilization, the ob-
tained peptides appeared as white powders.

Peptides were characterized using a BioCad 700E HPLC
system (Applied Biosystems, USA) and Varian HPLC columns
(Polaris 5u C18-A, 250 x 46 mm). Peptides were further char-
acterized using a MALDI-ToF-MS Voyager DE-Pro (Applied Bio-
systems, Foster City, USA) using a-cyano-4-hydroxycinnamic
acid as matrix. Purity for all samples was determined to be
>95%. Samples were stored at —20 °C.

QCM-D

To evaluate peptide adsorption onto PS, a QCM-D system (Q-
Sense Analyzer, Biolin Scientific, Sweden) and PS-coated QCM-
D sensors (QSX 310, Q-Sense, Sweden) were used. The crystal
sensors were 14 mm diameter, 10 nm layer thickness, and
<3 nm surface roughness. The adsorption from the laccase
formulation onto the crystal surface contact was monitored for
the overtones (n = 1, 3, 5, 7,9,11 and 13) at 25 °C. To remove
surface contaminants before use, crystals were placed in a UV-
ozone chamber for 15 min. For the measurement, the testing
solutions were pumped through the flow cells at a constant flow
rate of 100 puL min " in the following order: buffer solution for
30 min (baseline), laccase maltodextrin suspension, peptide
solution and buffer solution (washing step). Resonance
frequency changes Af determined by adsorbed mass were
recorded and analyzed using commercial software (QSoft,

378 | RSC Adv, 2020, 10, 376-386

supplier Q-Sense, Sweden). The Sauerbrey model was used to
calculate the mass, due to the small changes on the dissipation
coefficient (AD is close to zero). Measurements were repeated at
least three times and a representative data is shown.

Contact angle measurements

Apparent water contact angles were measured using a goniom-
eter (OCA15 Plus, Data Physics Instruments, Germany) and
applying the sessile drop technique. For each measurement, 10
uL drops were formed using HPLC-grade water (Acros Organics,
Germany) and the subsequently reported contact angles were
taken as an average of at least three measurements.

XPS

XPS spectra were taken using a Kratos Axis Ultra system (Kratos
Analytical Ltd, UK) with a monochromatic Al Ko source oper-
ated at a base pressure of 4 x 10~® Pa, low-energy electrons (<5
eV) for sample neutralization, and a 0° electron take-off angle.
One bulk peptide sample was characterized with a Thermo
Scientific™ K-Alpha™+ (Thermo Fisher Scientific Inc., US)
instrument with attached argon glovebox for the handling of air
sensitive samples applying a take-off angle of electrons of 0°,
excitation of photoelectrons by monochromatic Al Ko radiation,
applying the constant analyzer energy mode (CAE) with a pass
energy 40 eV in high resolution spectra and 150 €V in survey
spectra, profiting from charge compensation by a dual beam
argon/electron source with ultra-low energy beam neutraliza-
tion. At these conditions, XPS probes the sample at a =10 nm
depth from the incident surface. For high-resolution spectra,
20 eV and 40 eV analyzer pass energies were used, whereas for
survey spectra 160 eV analyzer pass energy was employed. Probe
area was elliptical in shape having major and minor axes of 700
um and 300 pm, respectively. The binding energy values were
referenced by positioning the Ci1s signal for hydrocarbon
species of PS substrates at 284.8 eV. Surface concentration

This journal is © The Royal Society of Chemistry 2020
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values were calculated based on the simplifying geometric
model assumption that the sample surface is homogeneously
composed. Thus, such concentration values contribute to
facilitating a quantitative comparison between distinct surface
states.

AFM

AFM images of PS and HOPG surfaces were obtained using
a scanning probe microscope (Park systems XE7, Japan) oper-
ated in tapping mode. Si-tipped cantilevers (=5 nm radius)
having =250 kHz resonance frequencies (force constant k =
0.7 N m~ ') were used. PS films were deposited onto silica
surfaces by pipetting 1 wt% PS in toluene onto the substrate,
100 pL cm ' and allowed to dry. Contact mode scanning was
used to produce the holes in the organic layers. The software
XEI Park systems was used for image analysis.

Determination of free catechol moieties

Catechol free moieties were determined using the derivatization
protocol described by Sharov et al.>® Solutions of 50, 20, 10, 5 pug
mL~' of Tet-124-G-BrPh-DOPA-G were prepared and next,
a solution containing molar excess of 10° fold of benzylamine
(BA, sSigma Aldrich Germany) and potassium hex-
acyanoferrate(m) (K;Fe(CN)g, Roth, Germany) in methanol/
water 1:9 was added during 2 hours under shaking at 37 °C.
Based on the QCM-D analysis the approx. adsorbed peptide
amount on the laccase surface per cm” were calculated and
a solution of 10° fold molar excess was pipetted on the surface
during 2 hours under shaking at 37 °C. Afterwards, the fluo-
rescence of the supernatant solution was measured using
a Fluorolog Horiba Scientific TCSPC instrument; 344 nm exci-
tation wavelength and emission spectra between 420 to 580 nm.
Under our experimental conditions, the analysis is sensitive for
concentrations higher than 1 pg mL ™" and consequently, 8 cm?
PS modified substrates were used.

Cell culture

L-929 cells (Leibniz Institute DSMZ-German Collection of
microorganisms and cell cultures, Braunschweig, Germany,
DSMZ no: ACC 2, species murine (mouse) Mus musculus,
connective tissue fibroblasts) were seeded in 75 cm? cell culture
flasks at 37 °C, applying 5% CO, and a humidified atmosphere.
The culture medium was prepared by mixing Roswell Park
Memorial Institute (RPMI) 1640 medium with r-glutamine
(Lonza, Belgium), 10% fetal bovine serum (Biochrom AG, Ger-
many), penicillin (100 pg mL™"), and 100 ug mL ™" streptomycin
(Lonza, Belgium) under aseptic conditions. First, the medium
was removed from the culture flask, and then cells were washed
with 4 mL 0.01 M PBS buffer (Sigma-Aldrich, Germany), prior to
adding 1 mL of a 1% trypsin solution in PBS (Lonza, Belgium)
for 10 min at 37 °C. Cells were counted by using a cell counter
(Cellometer Auto T4 from Nexcelom Bioscience, United States).
Finally, a volume corresponding to a quantity of 1 x 10° cells
was pipetted into a new culture flask and culture medium was
added to a final volume of 20 mL. Prior to cell seeding, test
samples were sterilized under UV light for at least 15 min. From
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the cell suspension, a volume of 1 mL in fresh medium was
added on each sample at a seeding density of 1 x 10> cells per
mL.

Biocompatibility (WST-1) and cell staining

The test was performed following standard protocols (DIN EN
ISO 10993-5 and 10993-12). Samples were sterilized under UV
light for 15 minutes, immersed in 1 mL culture medium in a 12-
well plate and pre-incubated for 24 hours. At the same time, an
aliquot of 100 pL cell suspension was pipetted onto a 96-well
plate (CellStar, Sigma-Aldrich) according to experimental plan-
ning (5 x 10* cells per well) and pre-incubated for 24 hours.
Following pre-incubation, the culture medium was removed
from the 96-well plate and replaced with the corresponding
extracts from the 12-well plates containing the test samples.
Extracts were used diluted with fresh media. For the positive
control, >90% HEMA (2-hydroxyethylmethacrylate) was used at
concentrations of 100% and 10%, respectively. For the negative
control, fresh culture medium was used. After 24 hours of
incubation, the liquids were removed from all wells and
replaced with WST-1 solution (Roche, Switzerland, 10 pL WST-1
per 1 mL culture medium). After a 2 hour incubation, the
absorbance was detected at 450 nm. The results were plotted
with GraphPad Prism 5 software.

The cell culture procedure was performed, afterwards the
samples were placed in the incubator for 24 hours. After the
incubation period, the medium was removed, and the samples
were washed two times with 1 mL PBS buffer. After each wash,
but before the removal of the washing solution, samples were
briefly shaken at 100 rpm. Cells were fixed in 4% para-
formaldehyde in PBS at room temperature for 10 to 30 minutes.
Next, 0.1% Triton X-100 in PBS was used to permeabilize the
cells. Fixed cells were stained with rhodamine phalloidin
(Thermo Fisher Scientific, United States) and DAPI (Sigma-
Aldrich, Germany).

Minimal inhibition concentration (MIC) of peptides against E.
coli

A Escherichia coli (E. coli) suspension at 1 x 10° CFU mL " in
minimal medium (MM, 1 mL LB in 9 mL PBS) as well as
a bacteria suspensions having a additionally different peptide
concentrations were incubated on a 96-well plate for 18 hours at
37 °C. 200 pL of each solution was pipetted in a 96-microplate (3
filled wells) and additional 50 pL of LB-medium was pipetted
into the filled wells. Over the plate, a breathable film was
pasted, and the growth of the bacteria was followed overnight at
37 °C using a microplate multimode reader (Mithras LB 940,
Berthold Technologies, Germany), optical density changes at
620 nm. The lowest concentration at which growth was not
detected was considered the minimal inhibition concentration
(MIC). Average values taken from three independent experi-
ments are reported.

Antibacterial properties

The attachment of E. coli to 1 cm® neat PS substrates (control) as
well as PS substrates modified using LMS and LMS/Tet-124-G-

RSC Adv, 2020, 10, 376-386 | 379
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Fig. 1 (A) Water contact angle as a function of time for PS after
exposure to LMS. Inset: sessile drop images for the unmodified PS
control sample (left) and for the surface treated PS after 1 hour (right).
XPS findings indicating (B) [N] after various rinsing and desorption
procedures. Surface concentration as a function of time (C) nitrogen
(D) oxygen; values of two independent samples are shown as first and
second point.

BrPh-DOPA-G was investigated. E. coli colonies obtained from
an agar plate were incubated in 5 mL of LB for 16 hours at 37 °C
(overnight culture). The bacterial cells were washed by centri-
fugation and re-suspended using sterile PBS. The pellet was
then suspended in minimal medium (MM, 0.1 mL of LB mixed
with 9.9 mL of PBS). Centrifugation and washing using MM
were repeated three times. The bacterial concentration was
tuned to =1 x 10° CFU mL '. Samples were prepared by
pipetting 50 pL of bacterial suspension onto the substrates,
covered using 1 cm x 1 cm coverslips, and incubated for either
4 hours or 18 hours at 37 °C for the adhesion and antimicrobial
test, respectively. Samples were then rinsed using 100 pL of
sterile PBS. Bacteria were then detached from the substrates by
immersing the samples in an Eppendorf containing PBS,
agitation for 3 min using an ultrasonic bath (Sonorex RK100
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Bandelin Electronic, Berlin, Germany), and vortex mixing for
1 min. Both solutions, obtained from the first rinsing and
detachment procedure, were mixed and 200 pL of the resulting
solution were transferred to a 96-well microplate. After adding
50 uL LB to each well, optical density changes were measured at
620 nm during 24-hour at 37 °C. In addition, surfaces, which
were rinsed with PBS but did not undergo the detachment
procedure using ultrasound, were stained using a LIVE/DEAD
BacLight staining Kit (Thermofisher Scientific, Unites States)
following the supplier's protocol.

Results and discussion

Polystyrene (PS) surface modification followed a similar
protocol as used to functionalize HOPG surfaces.”® Robust
layers suitable for functionalization were formed using laccase
since the protein (enzyme) irreversibly adsorb quickly to
hydrophobic surfaces. There was a change in surface hydro-
phobicity to more hydrophilic domains, directly correlated with
the decrease in the surface water contact angle, Fig. 1A. This
layer could withstand rinsing with solutions at various pH levels
and ultrasound over long periods of time, Fig. 1B (Table S17).
Similar layer LM to the obtained on HOPG was formed.*
However, protein adsorption rate and coverage depends on time
in contact with the surface, enzyme concentration, ionic
strength, presence of other molecules in solution, surface
affinity, among other factors.*® Surface elemental composition
as a function of time in contact with laccase/maltodextrin
suspension (LMS) was investigated using XPS for durations up
to 24 hours. Both nitrogen and oxygen concentrations increase
monotonically in time and saturated after =10 min (Table 2,
Fig. 1C and D). Moreover, the enzyme was still active after being
irreversible adsorbed on PS as confirmed by ABTS oxidation
(Table S27). Protein adsorption on PS surfaces could be driven
by m-m interactions between protein and PS aromatic groups.*
The laccase is widely distributed in fungus that decomposes
lignocellulosic materials and its sequence is composed of 49%
of hydrophobic amino acids, suggesting that its function in
nature is maybe set to have affinity for hydrophobic surfaces.’***

QCM-D was utilized to study the adsorption dynamics of
peptide layer formation. Fig. 2A shows the resonant frequency
shift arising from peptide adsorption on the PS surface and LM

Table 2 PS elemental surface concentration analyzed after contact with LMS, LMS and Tet-124-G-BrPh-DOPA-G. Average surface roughness

(R5) was measured using AFM topographic images

LMS 10 min followed

Sample PS Tet124-G-BrPh-DOPA-G PS/LM by the addition of the peptide solution for 50 minutes
(6] 2.2 12.7 8.1 11.3

N 0.1 12.6 3.2 6

C 97.5 72.1 85.1 82.6

S — — 0.2 0.2

Br — 0.6 0.1

Na — — 0.1

Si — — 0.4 0.2

Ra 2.4 £ 0.9 nm — 3.1 £ 0.7 nm 3.8+ 1.1nm
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Fig. 2 (A) Resonance frequency shift Af as a function of time for a PS coated crystal surface initially exposed to 0.1 mg mL™t LMS and later to

0.05 mg mL™! Tet-124-G-BrPh-DOPA-G (purple curve) and a PS coated

crystal only exposed to 0.05 mg mL™! Tet-124-G-BrPh-DOPA-G (red

curve). (B) Fluorescence spectra of Tet-124-G-BrPh-DOPA-G solutions at concentration of: (a) 5 ug mL™2, (b) 10 pg mL™2, (c) 20 g mL™2, (d) 50
ng mL1 after reaction with 10-fold benzylamine; (e) only reagents (dotted line) and supernatant solution after contact with the peptide (Tet-124
or Tet-124-G-BrPh-DOPA-G) PS/LM modified surface (continuous line). Inset: comparison of [O] and [N] on PS/LM/before and after the surface
derivatization reaction. XPS findings indicate peptide partial desorption from the surface.

layer surface. Frequency shifts due to peptide adsorption on the
LM layer (two-step functionalization process), and neat PS are
detected and quantified. During the two-step functionalization
process LM surface concentration increases until adsorption
and desorption reach dynamic equilibrium. In the second step,
the peptide solution was in contact with LM layers and a stable
peptide layer was formed. Therefore, peptide layers on both PS
and LM were stable against buffer rinsing. However, a thicker
peptide layer was formed on LM layers. Peptide mass adsorbed
on PS and PS/LM was calculated using Sauerbrey resulting in 92
and 167 ng cm™ >, respectively, Fig. 2A. To enhance the anti-
microbial properties, hydrophobic residues should face away
from the surface in order to increase interactions with bacteria
membrane. Differences in mass adsorption could be related to
surface affinity as well as to differences in the orientation of
molecules building up the film: e.g. molecular long-axes lying in
the surface plane for neat PS or long-axes oriented perpendic-
ular to the surface for LM layers. Laccase and peptides could
interact not only by m-m stacking but also, by electrostatic
interactions between the charged functional groups and formed
hydrogen bonds.** ITC titration curves of the Tet 124-G-BrPh-
DOPA-G into laccase/maltodextrin suspension shows a charac-
teristic curve for an enzymatic reaction on contrary to Tet-124-G-
BrPh (Fig. S11). Consequently, an intermolecular crosslinking
could occur between laccase oxidized Tet-124-G-BrPh-DOPA-G
peptide and the surface.*® The emission fluorescence spectra
obtained from the Tet 124-G-BrPh-DOPA-G solution shows an
increment of intensity as expected with peptide concentration.
The peptide reacts with the benzylamine to form a benzoxazole
derivate molecule that has a fluorescence emission at 467 nm.
Moreover, the fluorescence emission peak of the solution
removed from the PS/LM/Tet 124-G-BrPh-DOPA-G modified
surface suggests the presence of catechol-free-moieties on the
surface. In addition, the elemental concentration on the surface

This journal is © The Royal Society of Chemistry 2020

after the derivatization reaction indicates that the peptide could
be partially desorbed after contact with this highly alkaline
solution, [N] and [O] of the PS/LM/Tet-124-BrPh-DOPA-G after
the derivatization reaction was lower than the surface before the
derivatization reaction and higher than the PS/LM modified
surface. The results suggest a peptide layer with good stability
and a possible covalent attachment (Fig. 2B and S27).

Peptide adsorption on the LM layers resulted in increased
surface concentrations of [N] and [O] as detected by XPS.
Moreover, the XPS results confirmed the presence of Br, as
shown in Table 2. To determine the bulk composition of the
peptide and to estimate the maximum expected Br concentra-
tion detected by XPS in a more than 10 nm thickness peptide
film, a drop of aqueous peptide solution was dried, and the area
probed using XPS. As shown in Table 2, the [Br] was determined
to be 0.6 at%. From this characterization, it becomes clear that
for the 0.1 at% Br concentration detected in the adsorbate, film
obtained after 50 min of contact between PS/LM and the peptide
solution, the peptide stoichiometry will predetermine a of [N] =
2.1 at% for the brominated peptide. On the other hand, any

Laccase
contributions
peptide
contributions

Intensity (counts)
Intensity (counts)

T T T T T T T T T ¥ ——
206 204 292 290 288 286 284 282 296 294 292 290 288 286 284 282

Binding energy (eV) Binding energy (eV)

Fig.3 Cls XPS findings for (A) PS control, (B) PS modified with LM/Tet-
124-G-BrPh-DOPA-G when fitting the measured signal with contri-
butions from the PS substrate, laccase and peptide bulk sample
spectra.
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nitrogen species that contribute to a concentration [N] > 2.1 at%
after such peptide adsorption will arise from the previous
enzyme adsorption contributing to the formation of a hybrid
enzyme-peptide layer. Fig. 3A and B show the fitting results for
the C1s signal of neat PS and PS/LM/Tet-124-G-BrPh-DOPA-G
surface. The C1s spectra for the PS and substrate modified
with LM and the Tet-124-G-BrPh-DOPA-G is characterized by
a major peak at 284.8 eV assigned to predominantly aromatic
hydrocarbonaceous species in case of PS and predominantly
aliphatic hydrocarbon species in case of the peptide and laccase
adsorbates, with their prominent peaks situated at 285.1 +
0.1 eV. Four additional peaks were allocated at higher binding
energies for the PS/LM/Tet-124-G-BrPh-DOPA-G sample. The
peak at 286.3 &+ 0.1 eV is associated with amine-like C*-N; the
signal related to C*-O from alcohol/alkoxy groups is charac-
terized by a 0.5 eV higher binding energy; the peak centered at
288.2 + 0.1 eV is characteristic of amide groups (-NH-C*=0);
and, finally, the peak at 289.0 + 0.1 eV is correlated with
carboxyl groups.” The layer thickness calculated following the
protocol described by Corrales et al. is approximately 1 nm and
2.7 nm for LM and LM/Tet-124-G-BrPh-DOPA-G layers on PS,
respectively.”

Surface topography and roughness of layers were studied
using AFM. Initially, molecular dimensions of the laccase and
peptide measured upon adsorption on HOPG as a model
hydrophobic flat surface. Fig. 4A shows adsorbed laccase glob-
ular molecules having 3.5 £ 0.4 nm heights and larger 13 nm
agglomerates appear to be randomly distributed. The peptide
adsorbed on the surface forms a close thin monolayer of
approximately 0.8 + 0.2 nm on HOPG, Fig. 4D. The phase image
shows contrast between the laccase molecules and substrate but
not between the laccase molecules and the tip; suggesting
similar adhesion forces, Fig. 4B. The peptide layer shows
similar results, Fig. 4E. The layer thickness calculated between
the bottom area a hole and upper LM/Tet-124-G-BrPh-DOPA-G
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adsorbed on HOPG is approximately 4.2 nm. The layer thick-
ness correlates to one laccase and one peptide molecule
(Fig. S31).

Fig. 5A shows a PS smooth, without globular nanostructures,
surface. Fig. 5B shows a surface homogeneously covered with
laccase enzyme molecules. Comparison between the phase
images of the LM layers and LM/peptide allowed determining
the peptide distribution. The darker areas could be associated
to the peptide layer adsorption on top and surrounding of lac-
case molecules, Fig. 5C. The average roughness, a factor that
influences bacterial adhesion,>**” changed by less than 2 nm
(see Table 2). The influence of the layers on a subsequent
bacteria adhesion will be discussed further in this study. In
order to maximize peptide concentration on LM interfactant
layers, peptide adsorption time-dependence was investigated
for time periods ranging from 1 min to 24 hours. Fig. 6A and B
show an increase in surface concentrations of [N] and [Br] with
time. After 24 hours, maximum concentrations of 7.2 at% and
0.22 at% were obtained for [N] and [Br], respectively. After
comparing with the bulk composition of the peptide corre-
sponding to a maximum surface concentration [Br] around 0.6
at%, we suggest that peptide layers characterized by [Br] = 0.1
at% are a few nanometers thin and may partially covering the
surface. The [Br] concentration was higher for the peptide layers
formed on LM layers than on PS even after 24 hours, Fig. 6C.
Given that the isoelectric point pI value of the peptide Tet-124-
G-BrPh-DOPA-G is =11.5, we expect that at a pH of 4.75, lysine
and arginine side chains were positively charged and experience
electrostatic repulsion that may prevent multilayer formation.
Such supposition is in reasonable agreement with the presented
AFM findings, and a more precise estimate of the peptide layer
thickness may be provided following some XPS signal fitting
that facilitates establishing the PS substrate signal attenuation.
Another DOPA containing peptide that was previously pub-
lished by the authors with charged +2 at pH 7, Ala-Lys-Pro-Ser-
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Fig. 4 AFM topography images of (A) laccase, (D) Tet-124-G-BrPh-DOPA-G. Phase image corresponding to (B) A, (E) D. Line height profile

highlighted in (C) A, (F) D.
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Fig. 5 AFM 3D topography images of (A) neat PS, (B) PS/LM (10 min) and then, exposed to a Tet-124-G-BrPh-DOPA-G (50 min). (C) B phase

image.

Tyr-Hyp-Hyp-Thr-DOPA-Lys,* formed a thicker and stable layer
on the laccase surface (Fig. S41). Consequently, we suggest that
the thin peptide layers formed could be result of electrostatic
repulsion between peptide molecules; not favoring multilayer
formation. The influence of the amino acid DOPA on the
adsorption stability of antimicrobial peptides onto PS/LM was
studied by comparing the surface concentrations [Br] after
exposure to either peptide solution (Fig. 6D), in this way
considering peptides with and without DOPA modification.
Similar values suggest that catechol crosslinking at the surface
does not play a significant role with respect to the achieved layer
thickness and stability, even if the enzyme is active after
immobilization on the PS surface and the laccase enzyme is able
to oxidize and to polymerize the DOPA containing peptide in
solution (Fig. S17).

We suggest that the adhesion promoting interfactant prop-
erties of the laccase layer are dominant and that the electro-
static interactions and hydrogen bonding between the
functional groups facing the laccase layer surface drive the
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Fig. 6 XPS-based elemental surface concentration as a function of
time (A) [N], (B) [Br]; LMS contact time 10 min and then, Tet-124-G-
BrPh-DOPA-G solution up to 24 h. Comparison of adsorption of (C)
Tet-124-G-BrPh-DOPA-G on PS and PS/LM surface, assessing the
stability after long rinsing time (0.1 M aqueous NaCl, 24 hours exposure
under shaking). (D) Comparison of [N] and [Br] between Tet-124-G-
BrPh-DOPA-G and Tet-124-G-BrPh layers formed on PS/LM.
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adsorption and stabilization of the peptide layer and conse-
quently, the transport of the respective catechol moieties
inwards or outwards to the catalytically active sites of the lac-
case. We infer that the molecular environment of such lock-and-
key system may affect the reaction probabilities between laccase
and catechol moieties. We attribute such hindrance to the
limited diffusive mobility and the restricted conformational
freedom of the adsorbed peptide on top of the bio-interfactant
layer, which is due to non-covalent interactions. Further studies
are necessary to determine differences in the adsorption
coverage density and stability of a peptide with the DOPA
modification at the N terminus modification or a comparison of
hydrophilic peptides with and without DOPA.

Antimicrobial properties and biocompatibility

Given that it is a common bacterium colonizing medical device
surfaces and potentially may cause infections, E. coli was used
for antimicrobial studies.*® MIC in solution was calculated to
determine whether the changes on the C-terminus caused
antibacterial activity depletion.

As it can be seen in the data shown in Table 3, the antimi-
crobial activity was decreased by G-BrPh and G-BrPh-DOPA-G C-
terminus sequence modification. For instance, significant
changes in antimicrobial activity has been reported due to the
exchange of an L-amino acid to a p-amino acid in other peptides
sequences.*” Circular dichroism spectra shown in ESI Fig. S5
indicates that both peptides have a-helical conformation in
solution.”* Further studies are necessary to determine if
changes in the factors such as hydrophobicity and steric
hindrance influenced the antimicrobial activity.***¢ The anti-
microbial activity of the Tet-124-G-BrPh-DOPA-G and Tet-124-G-
BrPh were lower than the Tet-124; however, the peptide is still
active. They show higher antimicrobial activity than the Tet-000
(peptide without reported antimicrobial activity), Table 3. The
peptide Tet-124-G-BrPh-DOPA-G was chosen for further anti-
microbial tests due to the lower MIC in comparison with the
Tet-124-G-BrPh. Fibroblast viability in solution was not affected
at MIC of the peptides under studied conditions, Fig. 7A. There
are no significant differences between cells growth negative
control and cell in contact with the different peptides tested in

RSC Adv, 2020, 10, 376-386 | 383
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Table 3 MIC of peptides against E. coli, 18 h incubation in minimal medium

MIC peptide,

Peptide Sequence pg mL~*
Tet000 GATPEDLNQKLS 500<
Tet-124 KLWWMIRRW 14
Tet-124-G-BrPh-G KLWWMIRRWG-BrPh-G 225
Tet-124-G-BrPh-DOPA-G KLWWMIRRWG-BrPh-DOPA-G 100

solution at concentration of 250 pg mL ™" for all the peptides
according to one-way ANOVA statistical analysis. Fibroblast cell
morphology was compared between the cell's growth on PS, PS/
LM and PS/LM/Tet-124-G-BrPh-DOPA-G substrates, Fig. 7B and
S6.1 For both PS surface modifications, cells adhered and
survived in similar way that the control PS sample. Image pro-
cessing (Image J) was used to measure the average cell surface
density. Cell densities were determined to be 95 £+ 5, 100 £ 10
and 130 + 20 fibroblast cells/mm? for the PS, PS/LM and PS/LM/
Tet-124-G-BrPh-DOPA-G, respectively. We did not find a signifi-
cant difference applying ANOVA test (p < 0.05) between the
samples (Fig. S61). To determine the influence of roughness
and chemical functional groups, bacterial adhesion was tested.
There was no increase in E. coli adhesion in between the neat
control surface (Fig. S71) and PS/LM/Tet-124-G-BrPh-DOPA-G
surface. E. coli grown on LM/Tet-124-G-BrPh-DOPA-G modified
surfaces displayed a log phase delay of 10 hours indicating
enhanced antimicrobial surface activity. Adsorbed peptides
exhibit low mobility, and therefore, antimicrobial effects can be
attributed to cell membrane disruption.”” Bacterial cell

Peptide cytotoxicity test
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Fig. 7 (A) WST-1 fibroblast viability test (NC: negative control, PC:

positive control, Tet-124-G-BrPh-DOPA-G at different concentra-
tions). (B) Fibroblast L-929 cell growth on PS/LM/Tet-124-G-BrPh-
DOPA-G modified surface. Cells were stained using rhodamine phal-
loidin (actin filaments) and DAPI (nucleus). (C) E. coli growth as
a function of time following the detachment protocol after 18 h in
contact with the surface. (D) Fluorescence image of live (green) and
dead (red) bacteria (LIVE/DEAD staining) on a PS/LM/Tet-124-G-BrPh-
DOPA-G modified surfaces, surface rinsed with buffer.
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membrane disruption must arise from electrostatic destabili-
zation rather than peptide penetration since the membrane
thickness of E. coli (45-55 nm) is approximately 10 times larger
than peptide length (=5.9 nm). The membrane of Gram-
negative-bacteria consist of a peptidoglycan layer between
a lipid bilayer in which a high density of negatively charged
lipopolysaccharides acids are in the outer lipid membrane.
Cationic peptides interact with the outer cell membrane
allowing for the entry of exterior molecules to diffuse into the
cell.*”*® This disrupts the electrochemical gradient across the
membranes, increasing water and ion diffusion through the
membrane which leads to cell swelling and osmolysis.***® The
sample surface modified with the peptide showed dead and
alive bacteria after 18 hours of contact with E. coli. This result
suggests that this surface modification caused a partial deple-
tion of the bacteria, which may be related to a non-
homogeneous peptide surface distribution as can be seen in
Fig. 7D. Overall, E. coli grown on PS/LM/Tet-124-G-BrPh-DOPA-
G surfaces displayed a log phase delay of 10 hours indicating
enhanced antimicrobial activity. Our results demonstrated that
the immobilization process was successful and preserved (at
least partially) antimicrobial peptide activity. For better under-
standing the effect of AMP immobilization technique on the
antimicrobial activity further analysis is necessary because the
antimicrobial mode of action could change according to the
immobilization strategy.” Therefore, this methodology could
be used to immobilize mixtures of peptides that could act in
synergy against biofilm forming bacteria.

Conclusions

We reported a new bio-functionalization method to increase
surface energy and add functional groups that provide binding
sites and potential active sites for hydrophobic polymer
surfaces. Layers exemplarily formed on polystyrene from
aqueous laccase/maltodextrin formulations serve as a bio-
interfactant layers. They allow for immobilization of antimi-
crobial peptides based on Tet-124 resp. KLWWMIRRW with and
without DOPA C-terminus modification and for formation of
layers that are stable and bioactive at physiological conditions.
The antibacterial properties against Escherichia coli and the
fibroblast L-929 growth viability were tested. Fibroblasts
survived when in contact with both, the PS and PS/bio-
functionalized surface. Antibacterial properties of the PS
modified with laccase/maltodextrin/Tet-124-G-BrPh-DOPA-G

surface were tested against E. colii The surface

This journal is © The Royal Society of Chemistry 2020
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functionalization does not increase bacteria adhesion and it
caused partial depletion of bacteria growth.
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