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ARTICLE INFO ABSTRACT
Keywords: Understanding peptide adsorption kinetics onto biomaterial surfaces is crucial for developing wound treatments.
PVA-based spin-coated films This study aims to explore the influence of cellulose acetate (CA) and cellulose nanocrystals (CNC) on peptide

Cellulosic compounds reinforcement
Peptide-surface affinity

Adsorption kinetics

Quartz crystal microbalance with dissipation
monitoring

adsorption via quartz crystal microbalance with dissipation monitoring (QCM-D), using a cyclic peptide, Tiger
17, and a linear, Pexiganan. PVA was reinforced with 10 and 20% w/v of CA and CNC, spin-coated onto QCM-D
sensors, and crosslinked with glutaraldehyde. Films containing higher percentages of cellulosic compounds
promoted the highest peptide adsorption, with CNC-containing films being the most effective. While C80/20
PVA/CNC films achieved adsorption masses of ~199 and ~150 ng/cm? for Tiger 17 and Pexiganan, respectively,
the C80/20 PVA/CA films attained ~168 and ~122 ng/cmz. The peptides’ structure also influenced adsorption,
with Tiger 17 reaching greater frequency drops (AF) than Pexiganan. Sequential adsorption studies corroborated
these findings. Even though the tendency was for PVA/CNC to promote the highest peptide binding, it was the
PVA/CA films that reached the greatest peptide loading amount with the sequence Pexiganan + Tiger 17. Data
are encouraging for developing new wound therapies reinforced with cellulosic compounds and modified with
Tiger 17 and Pexiganan.
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1. Introduction

Chronic wounds (CW) affect more than 40 million patients globally.
In Europe alone, 4 million patients suffer from chronic wounds every
year. CW results in considerable effects on one’s life and substantial
medical costs. In many cases, lack of suitable treatment formulations
may lead to serious infections [1]. Infection is recognized as a hindering
factor in the CW healing cascade, with the administration of systemic
antibiotic therapies being the standard treatment tool in wound man-
agement. However, use of antibiotics has resulted in ever-increasing
development of microbial resistance, along with unavoidable adverse
side effects to other cell tissues and organs and ineffective delivery
because of damaged blood vessels [2]. Topical applications to the wound
site, such as wound dressings, can improve drug efficiency via an
effective delivery, while reducing dosage and avoiding the previously
mentioned issues [3]. Topical formulations derived from functionalizing
polymeric structures with drugs, nanoparticles, natural extracts, and/or
other biomolecules, like growth factors, hormones, enzymes, and pep-
tides have contributed greatly to the effectiveness of the wound healing
process [4].

Interest in peptides with regenerative and antimicrobial capacities
has increased in the last years considering the growing investment in
developing immunomodulatory therapies and infection management
surfaces [5]. Tiger 17 was firstly reported by Tang et al. in 2014 [6].
Tiger 17 is a cyclic peptide of 11 amino acid residues derived from
tigerinin precursors isolated from skin secretions of the Fejervarya can-
crivora frog [7]. In this study, Tiger 17 was shown to play a significant
role in the inflammatory stage of diabetic foot ulcers. It was seen to
recruit macrophages to the wound bed as well as promote the
re-epithelialization and granulation tissue formation by promoting
proliferation and migration of keratinocytes and fibroblasts. In addition,
this peptide also showed to promote the release of mitogen-activated
protein kinases, interleukin 6, and transforming growth factor pl in
murine macrophages in the remodeling phase [6]. More recently, we
uncovered the effectiveness of Tiger 17 against Pseudomonas aeruginosa
and Staphylococcus aureus bacteria and established its excellent capacity
for promoting keratinocytes and fibroblasts proliferation and to accel-
erate blood clotting above other peptides (i.e., Pexiganan) and materials
(i.e., glass [8]). Antimicrobial peptides (AMPs) are very promising in
infection control due to their ability in mitigating microbial propaga-
tion, reducing antibiotic resistance, and by acting against a broad vari-
ety of microorganisms decreasing the need for secondary drugs [9].
Most AMPs are molecules composed of 5-100 amino acids [6]. Despite
their different amino acid sequences, they share a cationic nature due to
the prevalence of lysine, arginine, and histidine that makes them resis-
tant against bacteria, fungi, unicellular protozoa, and viruses. Moreover,
AMPs display an amphiphilic structure which allow these molecules to
bind to lipid components (hydrophobic regions) and phospholipid
groups (hydrophilic regions) [10]. Pexiganan, also known as MSI-78, is
one of the most well studied AMPs, being composed of a synthetic 22
amino acid residue, analogue of magainin, isolated from the skin of the
African clawed frog Xenopus laevis [11]. This peptide possesses a a-he-
lical structures and exhibits a broad spectrum of antimicrobial activity
against both Gram-positive and Gram-negative bacteria [12]. It acts
directly on the anionic phospholipids of the bacterial cell membrane and
not on membrane receptors, turning the development of resistance
theoretically less likely [13]. Pexiganan has been incorporated in topical
creams reaching a phase III clinical trial for the treatment of mild in-
fections in diabetic foot ulcers; however, it has not surpassed the efficacy
of conventional antibiotics, requiring additional clinical studies,
including assessment of its effectiveness in treating surgical wounds,
burns, and decubitus ulcers [7]. Thus, a molecular-level understanding
of protein/peptide adsorption and cell response on polymeric surfaces
will be helpful in developing novel and efficient scaffolding systems (i.e.,
drug delivery platforms, dressing systems, etc.) [14].
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Quartz crystal microbalance with dissipation monitoring (QCM-D) is
a technique used to quantify the amount of peptide bound to the surface
of biomaterials and to examine events of molecule-surface interaction in
real-time [15]. In QCM-D, the deposition of a substance on the surface of
a sensor decreases its resonating frequency and, depending on the
viscoelastic properties of the tested molecules, changes the energy
dissipation [16]. With 10 and 5 MHz resonant frequency, a frequency
change of 1 Hz corresponds to a change in mass of 4.4 and 17.7 ng,
respectively. Thus, a QCM-D system is about 100 times more sensitive
than a typical precise analytical balance, enabling observation of mass
changes at a nanogram level and giving the ability to distinguish even
atomic monolayers [17]. Dissipation refers to the oscillation energy that
is lost when a molecule is adsorbed onto a substrate, and depends on the
rigidity of the deposited layer, with dissipative losses are higher with
soft layers than with rigid layers [18].

To study the affinity and the adsorption kinetics of peptides to a
polymer, the substrate is generally prepared by spin coating the polymer
from a solution onto the QCM-D sensor. Spin-coating technique has been
widely used to modify the surface of a QCM-D sensor due to its
simplicity, availability, quick coating/film production, and cost-
effectiveness [19]. The centrifugal forces generated by spinning,
spread the solution to form a thin, uniform film [20]. Synthetic polymers
are easily processed via this approach. Polymers can endow a substrate
of choice with tunable mechanical and chemical properties for many
biomedical purposes, including mapping protein and peptide adsorption
kinetics via QCM-D [21]. Poly(vinyl alcohol) (PVA), for example, is
known for its high hydrophilic, non-toxic and biocompatible nature. Its
physicochemical properties, such as high capacity for deformation and
flexibility, low rigidity, and slow degradation kinetics are highly suited
for wound dressings. However, many synthetic polymers, including
PVA, lack protein affinity leading to poor cell attachment [22]. To
overcome this limitation, PVA can be blended with bio-based polymers
derived from natural resources, such as the acetate ester of cellulose
(CA) and cellulose nanocrystals (CNC). Different ratios of PVA/CA and
PVA/CNC were selected: 100/0, 90/10 and 80/20% w/v with the
objective of integrating the cytocompatibility and the low immunoge-
nicity of CA and the large surface area of CNC with the well-established
flexibility, mechanical resilience, and biodegradability of PVA, and
through that enhance peptide adsorption. Overall, the aim of this study
was to assess the adsorption affinity of the cyclic Tiger 17 and the linear
Pexiganan peptides onto polymeric composites containing cellulosic
compounds. Their mutual influence by sequential adsorption experi-
ments was also analyzed. Peptides adsorption was monitored in
real-time using the QCM-D technique. To the best of the authors’
knowledge, the affinity between structurally different peptides and
cellulosic reinforcements in spin-coated substrates subjected to a
glutaraldehyde vapor crosslinking directly over the sensor surface has
yet to be explored via QCM-D.

2. Materials and methods
2.1. Materials

Polyvinyl alcohol (PVA, Mw 78,000 g/mol and 88% hydrolysis) was
obtained from Polysciences, Inc. (USA), cellulose acetate (CA, Mw
30.000 g/mol and 39.8 wt% acetyl content) from Sigma-Aldrich (USA),
and cellulose nanocrystals (CNC, diameters of ~ 75nm and poly-
dispersity index of 0.181) from CelluForce (Canada). Acetic acid
(glacial, > 99%), glutaraldehyde (GA, 25% aqueous solution, > 98%)
and 11-amino-1-undecanethiol hydrochloride (AUT, > 98%) were ob-
tained from Sigma-Aldrich. The reagents for cleaning the sensors,
namely dimethyl sulfoxide (DMSO, > 99.5%), Milli-Q ultrapure water,
ammonium hydroxide (30%), and hydrogen peroxide (30%) were also
obtained from Sigma-Aldrich. Gold-coated QCM-D sensors (QSX301,
14mm diameter and AT-cut, with nominal resonant frequency of
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4.95 MHz) were purchased from Biolin Scientific (Sweden). Tiger 17 (c
[WCKPKPKPRCH-NH2], 1376.9Da, purity > 95%) and cysteine-
modified Pexiganan (cys-GIGKFLKKAKKFGKAFVKILKK-NH,,
2581.1 Da, purity > 95%) peptides were provided by Isca Biochemicals
(UK). All reagents were used without further purification.

2.2. QCM-D sensor preparation

Gold QCM-D sensors were cleaned with DMSO for 1h in an ultra-
sonic bath, followed by soaking in a 5:1:1 v/v/v mixture of Milli-Q ul-
trapure water, ammonia (25% w/w), and hydrogen peroxide (30% w/
w) at 80 °C for 15 min. The sensors were then rinsed with Milli-Q ul-
trapure water and dried with filtered nitrogen, and finally irradiated for
20 min with UV/ozone (UVO-Cleaner model #42, Jelight, USA). To in-
crease the adhesion of the polymeric layer to the sensors’ surface during
coating, droplets of an ethanolic solution containing 1 mM of AUT were
placed over the sensors and left overnight at 4 °C. Afterwards, the excess
AUT was removed by rinsing with Milli-Q ultrapure water before spin
coating.

2.3. QCM-D sensor coating

Sensors were spin-coated with 2% (w/v) solutions of PVA/CA and
PVA/CNC at three ratios: 100/0 (or 100% PVA), 90/10 and 80/20% (w/
v), covering the entire surface (without impairing the sensors sensibility
during QCM-D measurements). The PVA/CA solutions were prepared in
75/25% (v/v) acetic acid/distilled water (dH2O) at 70 °C for 3 h, while
the PVA/CNC were prepared in dH3O for 4 h at 70 °C. Before spin-coating,
the viscosities of the polymeric solutions were determined at room tem-
perature (RT) using a Viscometer (Brookfield DV — II+ Pro with a 21
spindle). Spin-coating was conducted inside a glovebox flushed with
filtered, dry air, using a Headway Research EC101DT-R485 Photo-Resist
spin coater (30 s at a spin speed of 3000 rpm). 150 puL of polymer solution
were dispensed on the surface, ensuring complete coverage. The spin-
coated sensors were dried overnight at 60 °C. The stability of the PVA
film on the sensors was achieved via crosslinking process with GA vapor
at 80 °C for 6 h. Each sensor was subjected to 0.750 mL of GA vapor inside
a vacuum-sealed desiccator. Before QCM-D experiment, any excess GA
was removed from the surfaces by drying the sensors overnight at 80 °C.
Uncrosslinked sensors were labelled as 100/0, 90/10 and 80/20, and the
crosslinked sensors as C100/0, C90,/10, and C80/20.

2.4. Surface characterization

2.4.1. Scanning electron microscopy (SEM)

SEM micrographs of the spin-coated sensors before and after cross-
linking were obtained using NOVA 200 Nano SEM (FEI Company) with
an accelerating voltage of 10 kV, without a gold ultra-thin coating being
applied. Images at 16,000x magnification were taken to analyze the
surface morphology.

2.4.2. Fourier-transform infrared spectroscopy in attenuated total
reflectance mode (ATR-FTIR)

The chemical structure of the spin-coated polymeric films, the
effectiveness of the crosslinking process, and the presence of residual GA
were assessed via ATR-FTIR spectra collected using a NicoletTM iS10
FTIR Spectrometer (Thermo Fisher Scientific, USA), equipped with a
diamond crystal. Data were collected at a spectral resolution of 8 cm ™2,

by performing 45 scans from 4000 to 550 cm ™.

2.4.3. Contact angle measurements

Water contact angle measurements were made using the OCA 20
DataPhysics apparatus (Filderstadt, Germany), equipped with a video-
based drop shape analyzer OCA15 and associated software (version
1.2) following the ASTM-D7334-08 protocols. Droplets of 5 pL of dH,0
and a dosage rate of 1 uL/s were used to evaluate the films wettability

Colloids and Surfaces A: Physicochemical and Engineering Aspects 687 (2024) 133490

via the sessile drop measuring method at 23 °C and a humidity of ~ 50%.
Angles were recorded immediately after the drop contacted the surface.
Each spin-coated sensor was analyzed for its wettability on at least three
randomly selected spots and the data were averaged.

2.5. Peptide adsorption studies

2.5.1. QCM-D analyses

A QCM-D system (Q-Sense E4 instrument, Biolin Scientific, Sweden)
was used to monitor the frequency (AF) and dissipation (AD) shifts
associated with peptide adsorption onto the PVA/CA and PVA/CNC
spin-coated sensors, overtime. Coating thickness was also determined.

2.5.1.1. Single-peptide adsorption studies. An initial baseline was ob-
tained with Milli-Q ultrapure water for 20 min. Afterwards, Tiger 17 and
Pexiganan were individually introduced into a QCM-D module. Peptide
solutions were prepared in Milli-Q ultrapure water according to their
minimum inhibitory concentrations (MICs): Tiger 17, because of its
antimicrobial limitations, was prepared at 40 ug/mL (twice the con-
centration required for inducing regenerative effects on CW, as deter-
mined by Tang et al [6]); Pexiganan was prepared at 128 ug/mL
(2xMIC) [7]. The flow was maintained until equilibrium (peptide
saturation) was reached and then, it was stopped. In the end, a rinsing
procedure was performed to remove the weakly bound peptides by
flowing Milli-Q ultrapure water for 10 min. All QCM-D experiments,
including baseline, rinsing and peptide adsorption, were performed at a
constant flow rate of 5 pL/min and at RT.

2.5.1.2. Sequential peptide adsorption studies. Sensors coated with PVA/
CA and PVA/CNC polymeric films were exposed sequentially to the two
peptides: (1) Tiger 17 + Pexiganan, and (2) Pexiganan + Tiger 17.
Sensors without any coating were used as control. Peptide solutions
were prepared as described in the previous section. The adsorption of
the first peptide was followed until saturation, and then the second
peptide was flown into the module until a new adlayer reached equi-
librium. Between peptide injections and at the end of the second peptide
introduction, Milli-Q ultrapure water was introduced for 10 min to
perform a rinsing procedure to remove poorly bound molecules.

2.5.1.3. QCM-D data analysis. Since the shifts in dissipation in response
to peptide adsorption were less than 1x10~ Hz ! per 20 Hz drop in
frequency, the Sauerbrey equation, Eq. (1), was used to determine the
absorbed mass (expressed in ng/crnz) [16]:

Am = _ AF(Hz) *C (€D)]

n

where Am is the adsorbed mass, AF is the shift in frequency, n is the
overtone number, and C is the mass sensitivity of a sensor with a
fundamental frequency of 4.95 MHz (17.7 ng/cm®Hz). Data from the
3rd to the 11th overtones were collected. Peptide adsorption data was
analyzed using QTools software (Biolin Scientific, Sweden).

AUT, PVA/CA and PVA/CNC layers thicknesses on top of the sensors
were also determined.

To determine the AUT layers and PVA/CA and PVA/CNC films
thicknesses, a clean QCM-D sensor was mounted in the QCM-D module
and a stable baseline data was recorded and saved in individual files.
Then, the AUT layer and the different PVA/CA and PVA/CNC films were
deposited on these clean QCM-D sensors. Each one of these sensors was
remounted and a stable baseline data was recorded again and saved in
another file. The two collected frequency data files for each layer/film
(those from the clean, uncoated QCM-D sensor and that of the same sensor
but after coating) were stitched using the “Stitch Data Files” function
provided in QTools software and the layers thicknesses were determined
by dividing Am, obtained from the Sauerbrey equation, using AUT and
polymeric density of 0.9 g/cm® and 1.2 g/cm?, respectively.
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2.6. Statistical analysis

All experiments were conducted in triplicate. Numerical data were
reported as mean + standard deviation (S.D.). Statistical significance
was determined by One-Way ANOVA via Kruskal-Walli’s test using
GraphPad Prism 9.0 software. Multiple comparisons were obtained via
Dunn’s test. Significance was defined as having p<0.05.

3. Results
3.1. Characterization of solutions and polymeric films’ surface

100/0, 90/10 and 80/20% w/v PVA/CA and PVA/CNC spin-coated
films were successfully deposited onto the QCM-D sensors. The viscosity
of solutions, spin speed, spin-time, solvent evaporation rate and surface
wettability are factors which define film’ thickness produced by a spin-
coater [20]. Here, CA-containing films shown thicker than
CNC-containing films (Table 1). As spin speed and spin-time of pro-
duction of films were the same for all films produced, these differences
in thickness appear to be related to the viscosity values of the solutions.
Solutions’ viscosity increased with CA incorporation, in contrast with
CNC-containing solutions.

To ensure the stability of the films in aqueous media, the spin-coated
films were subject to a crosslinking process with GA vapor. The effec-
tiveness of the crosslinking was corroborated by achieving a stable
baseline during Milli-Q ultrapure water introduction. During these
initial 20 min, no variation in frequency and dissipation were detected
(Fig. 2 and Fig. 4). PVA-coated sensors exposed to vapors generated by
0.750 mL of GA inside a vacuum-sealed desiccator at 80 °C, for 6 h were
deemed effective conditions to attain the stability needed. After cross-
linking, films’ thickness increased by ~ 15, 106 and 171% for C100/0,
C90/10, and C80/20 PVA/CA, respectively; the corresponding values
for PVA/CNC spin-coated films, were ~ 56, 41 and 76% (Table 1).

Since peptides’ adsorption kinetics is influenced by the topography,
morphology, chemical composition and wettability of the substrates,
SEM, ATR-FTIR and contact angle evaluations were made on the
crosslinked spin-coated films.

Figure S1 shows the uncrosslinked and crosslinked spin-coated 80/
20% w/v PVA/CA surface on the QCM-D sensors (example used to
represent the results obtained on all films produced). However, SEM
micrographs were inconclusive since no morphology differences could
be highlighted. Techniques such as ATR-FTIR and contact angle mea-
surements were used to confirm the presence of these films on the QCM-
D sensors and better uncover their properties. In this way, the effec-
tiveness of blending of PVA with CA/CNC and the crosslinking processes
were verified by ATR-FTIR (Fig. 1). The uncrosslinked films showed
poorly defined spectra (with the exception of the thicker 80/20 spin-
coated PVA/CA film) due to the smaller thickness of the film. It may
be related with the depth readability of the equipment which ranges
between 0.7 and 2.0 pm, with the spectra showing the contributions
from the Au coating on the crystal.

All spectra showed PVA characteristic bands (highlighted on the PVA
powder spectrum in Figure S2): -O-H stretching vibration (at around ~

Table 1
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3346 cm™!), the C-H stretching of the alkyl groups (~ 2941 and
2921 crn_l), the C=O0 stretching bond of acetate groups (=~ 1738 cm_l),
the C-H; bending vibrations (~ 1436 cm ! and ~ 1374 cm’l), the C-C
skeletal vibration (=~ 1248 cm™!), the C-C and G-O groups stretching
vibrations (=~ 1090 cm‘l), the rocking vibration of CH; (=~ 903 cm_l),
and the C-C stretching vibrations, and the O-H out-of-plane bending
vibrations (=~ 856 cm 1) [23,24]. Even though not all these character-
istic peaks were seen in all spectra, many were evident even in those
thinner, uncrosslinked films. For example, in the spectra of PVA/CA
100/0 and 90/10, peaks around 3356 cm ' did not appear but peaks at
1374 and 1253 cm ™ are present (highlighted in the graph). The same is
true for the PVA/CNC combination.

Regarding the presence of cellulosic compounds, CA was mainly
noted on the 80/20 PVA/CA spectrum by the presence of well-defined
CA characteristics peaks at 1739 (vC=0), 1253 (vC-O) and 1051 cm !
(stretching of glycosidic units -C-O-C-) [25]. In Figure S2, this last
characteristic peak is detected at 1033 cm ™}, with the shift being justi-
fied by the CA bonding to PVA. In CNC-containing films, no significant
difference was found on the spectra to confirm its presence. This may be
related to the reduced thicknesses of the uncrosslinked and crosslinked
films. The effectiveness of the crosslinking process is shown by the
occurrence of bands at 1154 cm™* and 1196 cm ™' in the spectra of
PVA/CA and PVA/CNC crosslinked films, respectively, due to the for-
mation of acetal bonds -O-C-O between both polymeric formulations
and the crosslinker, GA [26]. Despite the C=0 stretching bond of ace-
tate groups from PVA at ~ 1739 cm™ Y, its intensification and its slight
shift on PVA/CA crosslinked films demonstrated the presence of GA. It
was also confirmed by its characteristic C=O stretching of aldehyde
groups (Fig. 1 (A)) [27]. On its turn, the emergence of the band at ~
1700 cm ! on the crosslinked PVA/CNC films was only possible because
of the films’ thickness improvement resultant from the crosslinking,
which confirmed its effectiveness. From the observations, it is possible to
conclude that the uncrosslinked PVA and cellulosic compounds did not
undergo chemical reaction but formed a physical blend, while in
crosslinked spin-coated films new bond formation could be discerned by
the occurrence of new peaks.

The wettability of crosslinked films was measured via sessile drop
method by applying a droplet of dH,O over the films’ surface and
measuring the contact angle formed between the surface, the droplet,
and the surrounding atmosphere. All crosslinked spin-coated films dis-
played a hydrophilic character as shown by the contact angles < 90°
(Table 1). As CA content increased in the polymeric films, the wettability
of the surfaces reduced, while with the presence of higher CNC content
on the films, the wettability increased.

3.2. Single-peptide physical adsorption studies

Adsorption measurements performed via QCM-D technique provided
information about the affinity of peptides towards the tested substrates.
In QCM-D, increased mass adsorptions on the sensors’ surface results in
negative relative frequency shifts, AF, and mass reduction to positive
shifts, assuming that the adsorbed layer is rigid, as is the case with our
samples [18]. The adsorption kinetics of Tiger 17 (40 pg/mL) and

Polymeric solutions viscosities and thickness of AUT layer of spin-coated PVA/CA and PVA/CNC films before and after crosslinking, and wettability of the crosslinked

films. Data is reported as mean + S.D. (n = 3).

Polymer Ratio Viscosity (cP) Thickness (nm)

Contact angle (°)

%6 w/v) AUT Layer Uncrosslinked Films Crosslinked Films

PVA/CA 100/0 20.9 £ 0.4 13.2+ 4.6 147.8 + 8.2 172.8 + 6.9 72.8 £7.0
90/10 32.1+0.8 6.4+ 27 1523+ 5.6 3141 +1.9 73.6 £ 6.4
80/20 32.0+1.0 19.6 + 5.2 162.5 +£ 2.5 439.0 +£ 7.0 75.4 + 4.7

PVA/CNC 100/0 299 +1.3 3.1+0.8 124.5 + 4.5 194.0 + 9.0 70.5 + 2.9
90/10 26.9 £ 0.8 53+3.2 119.3 + 8.2 167.4 + 4.5 61.5 £ 5.0
80/20 13.0 £ 0.2 41403 106.5 + 8.5 186.1 + 8.9 56.5 + 3.2
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Fig. 1. : ATR-FTIR spectra of the uncrosslinked and crosslinked (A) PVA/CA and (B) PVA/CNC spin-coated films. In (A), the arrow in the 80/20 combination
highlights the C-O-C of glycosidic units present in cellulosic substrates, verifying the presence of CA in the film.

Pexiganan (128 pg/mL) peptides was monitored in situ on QCM-D sen-
sors without any polymeric film (control sensors) and on sensors
spin-coated with C100/0, C90/10 and C80/20 PVA/CA and PVA/CNC

(Fig. 2).

Between the two peptides, Tiger 17 showed the highest AF drops in
all substrates (Fig. 2), particularly on those containing cellulosic com-
pounds, namely the CNC (Table S1). Rinsing with dH>0 showed negli-
gible change in AF, indicating an irreversible attachment of the peptides
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to all substrates. Changes in AF were translated into adsorbed peptide
masses (ng/cmz) and the respective times (min) for reaching saturation
(Fig. 3 and Table S1).

Despite being at a lower concentration, Tiger 17 achieved the highest
adsorption rates on the studied substrates and took the longest time to
reach equilibrium (Fig. 3 and Table S1). The dissipation, AD, with Tiger
17 remained at zero, in most cases, with only a slight increase in C90/10
and C80/20 PVA/CNC. Pexiganan adsorption showed higher AD shortly
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after the peptide’s introduction and decreased slightly before reaching
equilibrium (Fig. 2).

3.3. Sequential-peptide adsorption studies

The influence of one peptide on the adsorption profile of another was
monitored on control and PVA/CA and PVA/CNC spin-coated sensors.
Fig. 4 shows the changes in frequency and dissipation associated with
the peptides’ sequential adsorption onto the sensors. As expected, the
adsorption profiles of Tiger 17 and Pexiganan introduced as first pep-
tides in the sequences Tiger 17 + Pexiganan and Pexiganan + Tiger 17
were very similar to those reported in Fig. 2, both in AF and equilibrium
times. As such, only the absorption of the second peptide onto an
existing pre-adsorbed peptide layer is discussed here. With Tiger 17 as
the second peptide, AF was larger than Pexiganan on all substrates; and
AD decreased slightly. The only two exceptions were observed for the
C100/0 and C80/20 PVA/CA films, where AD increased. In contrast,
with Pexiganan as the second peptide in the sequence, AF decreased and
AD increased. Changes in AF translated into adsorbed peptide masses
(ng/cm?) and the time required to reach equilibrium are shown in Fig. 5
and listed in Table S2.

4. Discussion

Immobilizing regenerative and antimicrobial peptides onto bioma-
terial surfaces can be a useful strategy to develop healing-inducing
therapies for chronic wound care [8]. Towards this goal, two poly-
meric combinations containing cellulosic compounds, C100/0, C90/10
and C80/20 PVA/CA and PVA/CNC, were used to coat QCM-D sensors
by spinning. Their influence on the adsorption kinetics of Tiger 17
(immunomodulatory peptide) and Pexiganan (antimicrobial peptide)
presented to the surfaces in single or sequential modes was explored.
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QCM-D sensors were modified with AUT to enhance the adhesion of the
polymer films to the sensors’ surface. AUT possesses thiol groups that
bind to the gold coating of the sensors by strong metal-sulfur in-
teractions (i.e., chemisorption), forming close-packed self-assembled
monolayers, leaving the amine groups (-NHj, the other end of n-alka-
nethiols) free [28]. Most of these amine groups are protonated under
neutral conditions (pKa ~ 7.5), thus establishing electrostatic in-
teractions with the weakly negatively charged acetate groups of PVA (~
12%) [29].

4.1. Characterization of solutions and polymeric films’ surface

Presence of the AUT layers on top of the sensors was confirmed by
thickness measurements (Table 1). PVA/CA and PVA/CNC films were
deposited via spin-coating onto the AUT layer on the sensor surface.
Films’ thickness was determined after drying at 80 °C overnight. CA-
containing films resulted in a thickness increase, in contrast with the
PVA/CNC films (Table 1). This result may be related to the higher vis-
cosity values of the CA-containing solutions due to a higher entangle-
ment between the polymeric chains, in contrast with those CNC
containing solutions that appear to interrupt the PVA chains entangle-
ment. As the viscosity increases on CA-containing solutions more than
CNC-containing solutions, the applied radial force easily loses the ability
for the PVA/CA combination to spread across the surface and, hence,
resulting in highest thicknesses [30]. To accomplish the structural sta-
bility of films during the peptide’s adsorption test, GA, a
well-established chemical crosslinker, was employed due to its effec-
tiveness, low cost, and facile processing. Compared to its liquid-based
strategies, the vapor phase crosslinking has been found to induce little
cytotoxic effects [31]. After crosslinking, the average thicknesses of the
PVA/CA and PVA/CNC films increased (Table 1); this could be due to
the formation of acetal bonds between the aldehyde groups of GA and
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Fig. 3. (A, C) Tiger 17 and Pexiganan adsorbed mass on control sensors (without any polymeric film; yellow bars) and on C100/0, C90/10, and C80/20 PVA/CA
(green bars) and PVA/CNC (blue bars) spin-coated sensors. (B, D) Time required for Tiger 17 and Pexiganan to reach surface saturation. Experiments were conducted
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the hydroxyl groups of PVA, CA and CNC, as well as the swelling induced
by the water molecules present in the GA solution [32].

The morphology, state of blending between polymers, crosslinking
effectiveness, and wettability of the films was evaluated to understand
their influence on the adsorption of the peptides. SEM micrographs of
80/20 and C80/20 films on top of the QCM-D sensors were inconclusive
(Figure S1) in proving the presence of any film on the sensors’ surface. In
addition, no detectable differences in morphology were observed be-
tween all ratios of uncrosslinked and crosslinked films. Therefore, to
demonstrate the presence of films on top of QCM-D sensors, ATR-FTIR
and contact angle measurements were performed. The blending of
both polymeric combinations and the effectiveness of the crosslinking
process was confirmed by analyzing the ATR-FTIR spectra of the films on
the QCM-D sensors (Fig. 1). Even though the ATR-FTIR spectra of the
thin uncrosslinked films, with the exception of the thicker 80/20 PVA/
CA film, showed the influence of the Au coating on the crystal, all
spectra revealed characteristic PVA bands [33,34]. The presence of both
cellulosic compounds was also seen in 90/10 and 80/20 spin-coated
films. The emergence of a band at 1051 cm™! (highlighted on Fig. 1),
mainly in the 80/20 PVA/CA spectrum, indicated the stretching and
deformation vibrations of glycosidic units -C-O-C- from the pyranose
ring present in cellulosic substrates [25]. This band would be expected
to be present in the spectra of CNC-containing films; however, it was not
detected, most likely because of the small thickness of the films.
Nevertheless, the presence of CNC could be confirmed by a reduction in
the intensity of the band at ~ 1700 cm ™! that is attributed to the residual
acetate groups of the PVA matrix, and by a less accentuated band at
1240 cm ™! ascribed to the C-O stretching vibration of PVA (Fig. 1). The
reduction of both bands is related with the shield effect caused by the
presence of CNC; though, the reduction of the band at 1240 cm™! has
also been associated with the formation of hydrogen bonds between PVA

and CNC [35]. The effectiveness of the crosslinking process was also
verified (Section 3.1).

The films’ surface wettability, which affects protein/peptide
adsorption, cell adhesion and, generally, the surface’s anti-fouling ca-
pacity was also investigated. Several studies have shown the importance
of material composition, roughness, and surface energy on this property
[36]. All crosslinked spin-coated films displayed a hydrophilic char-
acter. These findings are in accordance with previous reports [37]. As
the CA ratio increased in the blend, the contact angle also increased,
since more hydrophobic acetyl groups (= 40%) were present in the film
[33]. This reduction in wettability emphasizes the formation of
hydrogen bonds between PVA and CA, with fewer -OH groups remaining
available. In the CNC-containing films, as the CNC ratio increased in the
blend, the contact angle decreased, possibly due to an increase in the
number of hydroxyl groups of CNC. Since highly hydrophilic and hy-
drophobic surfaces cannot promote cell adhesion and proliferation,
maintaining wettability at moderate levels could be advantageous for
wound healing applications (i.e., prevent excessive moisture absorption)
[38].

4.2. Individual peptide adsorption studies

The adsorption of any molecule onto a biomaterial surface depends
on the affinity and topography of that surface, contact duration, con-
centration, composition and dimensions of the molecules, ionic strength,
presence of competing molecules in the solution, and the orientation the
molecules adopt once bonded to the surface [38,39]. The peptide’s
structure has also been considered as another key factor influencing the
interaction of peptides with biomaterials [40,41]. For instance, Choe
et al. reported that the linear version of a CuyO-binding peptide does not
bind to Cuy0, whereas the cyclic version displays great affinity [41].
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Also, varying degrees of electrostatic interactions have been found be-
tween cyclic peptide STB1 (-CHKKPSKSC-) and SiO; and TiO surfaces,
while the binding behavior and the strength of interactions of its linear
form (LSTB1) is similar towards both surfaces [40]. In this study, the
adsorption of the small cyclic Tiger 17 peptide resulted in the highest
drop in AF, on all tested substrates, and AD remained unchanged at zero,
indicating that the Tiger 17 molecules adsorbed in the form of a rigid
laterally homogeneous film [42]. This may be due to its cyclic structure
and small chain dimensions. According to several studies, the cyclic
structure may confer Tiger 17 with a rigid conformation, as consequence
of the constraints exerted by the presence of the covalent C-C loop [8].
Its compact structure imposes restrictions on the peptide motion and the
binding dynamics, contributing to a side-chain accessibility and orien-
tation at the target surface, hence promoting a superior surface affinity
[43]. Pexiganan, being a 22-amino acid linear peptide with large degree
of conformational freedom, may promote multi-site binding [44]. In
addition to their structural differences, the interaction of the peptides
with the surfaces is also dependent on the chemical composition (e.g.,
charges) [10,45]. Peptide adsorption was greater on films with higher
content in cellulosic compounds, namely on CNC-containing films
(Figs. 3a and 3c). Between the peptides, Tiger 17 attained the highest
adsorption rates (Figs. 3a and 3c). Cellulosic compounds might play a
role in enhancing hydrophobic and electrostatic interactions between
the surfaces and the peptides, and thus improving the adsorption of both
peptides [46].

Hydrophobic interactions may play a larger role in PVA/CA films due
to the inherent hydrophobicity of the CA acetate groups. Additionally,
PVA chains contain acetate groups arising from the polymer incomplete
hydrolysis. Hydrophobic interactions can occur between these acetate
groups and the hydrophobic amino acids present on the peptides: three
cyclic prolines distributed along the Tiger 17 chain and a tryptophan
positioned at the N-terminus, and the leucine, isoleucine, and phenyl-
alanine amino acids present in the Pexiganan chain [46]. Also, elec-
trostatic interactions play an important role, especially when charged
groups in the peptide chains move close to a solid surface with an
opposite charge [47]. Generally, PVA-based material surfaces are
negatively charged when in contact with physiological media. Positively
charged amino acids like lysine, arginine and histidine can be found on
Tiger 17, whereas lysine is widely present on the Pexiganan chain.
Therefore, peptide adsorption may also be influenced by electrostatic
attraction [48]. Enhanced adsorption on CNC-containing films may be a
result of the larger number of strong and negatively charged groups, the
sulfonates, which are generated during the CNC’s extraction process
[49]. CA and PVA also display negative acetate groups at physiological
conditions; yet the sulfonate groups on the CNC surfaces are numerous,
enhancing the ability of the PVA/CNC combination to establish elec-
trostatic bonds with the peptides [50]. The small number of negative
charges on the PVA chains may explain the reduced peptide adsorption
on films composed only of PVA compared to those reinforced with
cellulosic compounds. Regardless, peptide adsorption on PVA films was
greater than on control gold surfaces that are negatively charged at high
pH and weakly negatively charged at low pH, and thus being hydro-
philic (= 77°) [51]. Hajiraissi et al modified the structure of gold
QCM-D sensors with different self-assembled alkanethiol monolayers
(SAM) and noted that the negatively charged carboxylic acid-terminated
SAM led to more effective adsorption rates than the hydrophobic, hy-
drophilic, and positively charged surfaces [52]. Thus, peptide adsorp-
tion onto the polymeric films may have originated from the strength and
number of the negative charges available.

Peptides’ concentration is another fact that influences the surface
adsorption kinetics. Peptides at high concentrations and with high
diffusion coefficients adsorb onto polymer surfaces rapidly due to their
higher collision frequency [53]. This may explain why Pexiganan,
introduced at a higher concentration (128 ug/mL) than Tiger 17
(40 png/mL), reached equilibrium faster on all substrates. Also, consid-
ering its small and cyclic structure, a greater number of Tiger 17
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molecules would be required to cover the surface, and thus the equi-
librium time would be longer for Tiger 17 than for Pexiganan.

4.3. Sequential-peptide adsorption studies

The influence of PVA/CA and PVA/CNC spin-coated sensors, with
varying cellulosic compounds contents, on the adsorption profile of one
peptide after another was also assessed (Fig. 4). Here, the first peptide
was introduced into the system and allowed to reach surface saturation,
any poorly bound peptide molecules were removed from the surface by
rinsing with distilled water, and subsequently a second peptide was
added until equilibrium was again reached. As expected, the adsorption
profiles of the first peptide in the sequences were very similar to those
reported in the individual adsorption studies. Therefore, when the Tiger
17 was introduced as first peptide on the sequence Tiger 17 + Pex-
iganan, the decrease in AF was larger than that for Pexiganan for all
substrates, as was reported in the individual adsorption results. The
introduction of Tiger 17 as the first peptide significantly reduced the
adsorption of Pexiganan as second peptide in relation to its individual
rates (Fig. 4 and 5): =~ 99% on the control samples, between ~ 78 and =~
97% on PVA/CA films and between ~ 85 and ~ 100% on PVA/CNC
films. Similarly, Tiger 17 as the second peptide also experienced re-
ductions of ~ 69% on the control, between ~ 29 and ~ 76% on PVA/CA
films and between =~ 80 and =~ 90% on PVA/CNC films. With Tiger 17 as
the first peptide that forms very rigid layer with a large number of
molecules present on the substrates, the adsorption of Pexiganan, as
second peptide, was hindered. Data also showed Pexiganan’s inability to
displace the pre-adsorbed Tiger 17 indicating this peptide’s affinity to
the surface, as well as its need for a larger surface area available for
adsorption. In the sequence Pexiganan + Tiger 17, greater AF drops
were seen for Tiger 17 as second peptide in comparison to the results
with Pexiganan introduced as second peptide. This could be due to the
soft layer that enabled Tiger 17 molecules to be absorbed in between the
Pexiganan chains.

The highest rate of peptide absorption in the sequence studies were
on films reinforced with cellulosic compounds (Fig. 4 and Fig. 5). Since
both peptides are essential for a successful CW therapy, it is interesting
to note Fig. 5 C that shows the Pexiganan + Tiger 17 sequence on PVA/
CA films. Despite the low mass of the first peptide, the second peptide
(Tiger 17) showed a greater mass compared to PVA/CNC films. In fact,
the percentages obtained for Tiger 17 in relation to the total mass of
peptides adsorbed on the sensors at the end of the sequential study were
found between ~ 19 and ~ 50% for PVA/CA films and between ~ 15 and
~ 21% for PVA/CNC films. In contrast, Pexiganan, as a second peptide,
reached a maximum of only ~ 14% on PVA/CA films and ~ 11% on
PVA/CNC films. Once again, Tiger 17 was slower than Pexiganan in
reaching equilibrium, even though the surface was already pre-loaded
with peptide molecules. These analyses showed that larger amounts of
peptide can be adsorbed onto polymeric surfaces by choosing the order
in which the peptides are introduced, and by optimizing the materials’
wettability and electrostatic features.

5. Conclusions

PVA reinforced with 10 and 20% w/v of CA and CNC were effectively
deposited on QCM-D sensors. The presence of the polymers, namely PVA
and CA, on the spin-coated films was confirmed by ATR-FTIR and con-
tact angle measurements, confirming the blending. All films were hy-
drophilic, with small reductions in wettability observed at higher CA
contents and small improvements with larger CNC amounts. Cross-
linking by GA did not compromise the QCM-D measurements.

Peptides’ adsorption was highest on cellulosic compounds-
containing films, confirming the initial hypothesis. CNC-containing
films contributed the most for the single adsorption of the peptides,
highlighting its effectiveness in attracting Tiger 17 towards films with
20% w/v of CNC. Hydrophobic and electrostatic interactions between
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surfaces and peptides were established more easily in the presence of
cellulosic compounds, contributing to a greater and more effective
adsorption.

The rigid cyclic structure and size of Tiger 17 contributed to superior
drops in AF, taking longer to reach saturation. The affinity and rigidity
of Tiger 17 was further demonstrated by the limited adsorption of
Pexiganan in the sequence Tiger 17 + Pexiganan. In sequential-peptide
adsorption studies, the highest peptide mass was detected on PVA/CA
spin-coated sensors, namely in those with higher CA content. The
inherent hydrophobicity associated with these films appeared to have
influenced the distribution of the peptide molecules (also containing
hydrophobic amino acids), promoting conformational rearrangements.
The sequence Pexiganan + Tiger 17 promoted the highest adsorption
rates, with Pexiganan flexible structure facilitating Tiger 17 adsorption
in between the available spaces of its chains.

Data contributed to understanding the role of cellulosic compounds
in the adsorption of structurally different peptides. More importantly, it
was found that the presence of certain cellulosic compounds, as well as
their quantity, are great effectors in peptide adsorption and to their
optimal conformation arrangement, thus influencing peptide exposure
along the biomaterial surfaces and, ultimately, their mechanisms of
action fundamental for an effective wound treatment.
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