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ABSTRACT

Ideal wound dressings should be biocompatible, exhibit high antibacterial activity, and promote
blood coagulation. To impart these imperative functions, carboxymethyl-kappa-carrageenan was
incorporated into poly(vinyl alcohol) nanofibers (PVA-CMKC). The antibacterial activity of the nanofibers
was evaluated. Adsorption of two important blood proteins, fibrinogen and albumin, was also assessed. The
adhesion and activation of platelets, and the clotting of whole blood were evaluated to characterize the
ability of the nanofibers to promote hemostasis. Adhesion and morphology of both Staphylococcus aureus
and Pseudomonas aeruginosa were evaluated using fluorescence microscopy and scanning electron
microscopy. CMKC-containing nanofibers demonstrated significant increases in platelet adhesion and
activation, percentage of coagulation in whole blood clotting test and fibrinogen adsorption, compared to
PVA nanofibers, showing blood coagulation activity. Incorporating CMKC also reduces adhesion and
viability of S. aureus and P. aeruginosa bacteria after 24 h of incubation. PVA-CMKC nanofibers show
potential application as dressings for wound healing applications.

KEYWORDS

Keywords: Carboxymethyl-kappa-carrageenan; Polysaccharides; Platelet adhesion; Protein interaction;
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1. INTRODUCTION

Skin is an important barrier, providing protection from bacterial infection and environmental
damage (Mogosanu & Grumezescu, 2014). Skin damage caused by burns, chemicals, and accidents can
lead to wounds with delayed healing and elevated risk of infection. (Dumont et al., 2018). However, wound

healing is a complex sequence involving multiple cell types, which is coordinated by dynamic cytokine
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signalling. Wound dressings that promote wound healing and prevent infection are an essential resource for

wound treatment.

Wound dressings represent a significant component of the healthcare market. (Homaeigohar &
Boccaccini, 2020). Ideal wound dressings should be biocompatible and should support the healing process,
while preventing bacterial infection. Wound dressings should also provide stable coverage, promote
coagulation of the blood to accelerate closure of the wound, absorb wound exudate while maintaining
moisture, and exhibit low adherence to the wound surface, enabling removal without causing additional

trauma (Chattopadhyay & Raines, 2014).

Many currently available wound dressings are films, foams, and hydrogels (Almodoévar et al., 2013;
Bajpai & Daheriya, 2014; da Cruz et al., 2020; Das et al., 2019; Fujiwara et al., 2012; Yegappan et al.,
2018; Zia et al., 2017). Nanofibrous materials have emerged as new wound dressings, due to their notably
large exposed surface area and nanoporosity, normally on the scale of nanometers. These characteristics
can mimic the extracellular matrix (ECM) structure, facilitating interactions with cells in the wound bed
(Bhattacharjee et al., 2020; Guo et al., 2016; Sadeghi et al., 2019; Truong et al., 2012; Unnithan et al., 2015;
Xu et al., 2015). Electrospinning is a well-established technique for the production of nanoscale fibers.
Electrospun nanofibers comprise highly porous 3D structures, that enhance cell-material and cell-cell
interactions, while maintaining or enhancing the biological properties of the material used for nanofiber
preparation. Moreover, the simplicity and low operating cost make electrospinning a compelling method
for production of nanostructured materials (Madruga et al., 2021; Mogosanu & Grumezescu, 2014).
Electrospun nanofibers can be modified to incorporate biological signals that promote healing. However,
incorporation of all functions necessary to promote wound healing into synthetic polymers increases the
complexity and cost of the process, reducing manufacturability. On the other hand, natural polymers with
inherent biocompatibility and biological activities, combined with the favorable wound healing properties
introduced via electrospinning can overcome many of these challenges (de Oliveira et al., 2021; do

Nascimento Marques et al., 2020; Miguel et al., 2018; Zahedi et al., 2010; R. Zhao et al., 2014).



61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

Nanofibers can be prepared from natural polymers that possess similar chemical compositions to
components of the extracellular matrix, facilitating the manufacture of fibers similar to the ECM (Young
et al., 2017). Nanofiber-based dressings for wound healing should possess favorable biological properties,
including cytocompatibility, moisture retention, blood coagulant activity, antibacterial activity, non-
toxicity, and low cost (Abrigo et al., 2014; Fahimirad & Ajalloueian, 2019; Felgueiras & Amorim, 2017;

Haider et al., 2018; Trinca et al., 2017; Zia et al., 2017).

Carrageenan and derivatives of carrageenan are attractive biomaterials. Carrageenans are sulfated
polysaccharides, affording the opportunity to introduce biochemical functionality of sulfated polymers,
without requiring harsh and hazardous sulfation/sulfonation chemistries. Previous work from our labs has
shown that carboxymethyl kappa-carrageenan (CMKC) exhibits high cell viability, no cytotoxicity toward
human adipose-derived stem cells (ADSCs), and no hemolytic activity toward human red blood cells.
Furthermore, these materials exhibit increased antioxidant activity and they inhibit Staphylococcus aureus,

Bacillus cereus, Escherichia coli, and Pseudomonas aeruginosa (Madruga et al., 2020).

Electrospinning of CMKC is difficult because it is a strong polyelectrolyte. Therefore, we blended
CMKC with poly(vinyl alcohol) (PVA) to form PVA-CMKC aqueous solutions, to improve the spinnability
of CMKC, and successfully produced nanofibers. Both PVA and CMKC are hydrophilic, making the
electrospun fibers water soluble as well, and therefore unsuitable for wound dressing applications, since
they need to be able to absorb the exudate of the wounds. Thermal crosslinking for 8 h at 180 °C induces
ester bond formation between carboxyl groups in CMKC and hydroxyl groups in PVA making them
insoluble in water (Madruga et al., 2021). The CMKC-containing nanofibers exhibit high cytocompatibility,
cell growth and cell adhesion of ADSCs, biodegradability in a lysozyme solution, and enhanced ADSC
response with respect to osteogenic differentiation (Madruga et al., 2021). These properties suggest that
CMKC-containing nanofibers are excellent candidate biomaterials for tissue engineering. However, the
hemostatic property and antibacterial activity of these nanofibers, which are important properties for wound

healing, have not been reported.
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Based on our previous work, we hypothesize that antimicrobial activity and procoagulant activity
can be introduced into nanofibers by blending CMKC with PVA. In this work, we evaluated the
antibacterial activity and blood protein interactions with PVA-CMKC electrospun nanofibers (0, 25, 50 and
75% wt. CMKC). In this work, the nanofibers were exposed to protein solutions (fibrinogen and albumin),
platelet-rich plasma (PRP), human whole blood, and bacteria inocula. Protein adsorption was evaluated by
X-ray photoelectron spectroscopy (XPS). The amount of adhered platelets and blood clotting index were
analysed by, scanning electron microscopy (SEM), fluosrescence microscope images and absorbance
measures. The adhesion and cellular integrity of S. aureus and P. aeruginosa on the nanofibers were
evaluated by SEM images and fluorescence microscope images using live/dead staining. PVA-CMKC
nanofibers may have improved features and functions compared to other wound dressing formulations (e.g.,
hydrogels), such as increased surface area, nanoscale topographic features, the ability to absorb the exudate
of the wounds, hemostatic activity, and antibacterial activity. PVA-CMKC nanofibers may therefore be

used as dressings for wound healing applications.

2. EXPERIMENTAL SECTION

2.1. Materials

Poly(vinyl alcohol) 87-89% hydrolyzed (PVA) of M, 1.46-1.86 x 10° g mol !, kappa-carrageenan
(KC) of My 3.9 x 10° g mol' [determined previously by our group (Madruga et al., 2018)] and
monochloroacetic acid (MCA) were purchased from Sigma-Aldrich (USA). LB broth (Miller) was

purchased from Fisher (USA). Millipore water was used in the preparation of all aqueous solutions.
2.2. Carboxymethylation of kappa-carrageenan

Williamson’s ether synthesis procedure was followed to carboxymethylate KC, according to
previous protocols (Madruga et al., 2020, 2021). Briefly, KC (10 g) was suspended in an aqueous solution
(200 mL) containing 80% (w/v) of 2-propanol in a three-necked glass flask coupled with a reflux condenser.

A 20% (w/v) NaOH aqueous solution (20 mL) was added dropwise over 15 min. The reaction mixture was
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kept at 40 °C for 1 h with vigorous stirring. A solution of monochloroacetic acid (8.75 g in 20 mL of 20%
NaOH aqueous solution) was added dropwise with a syringe over 20 min to the KC solution, and the
temperature was maintained at 55 °C for 4 h with stirring. The product was recovered through vacuum
filtration and washed three times with 80% 2-propanol aqueous solution and pure 2-propanol. The
precipitate was dissolved in deionized water (300 mL) overnight. The solution was dialyzed against water
through a membrane (7000 Da maximum molecular weight cutoff) until the conductivity was below 20
mS.cm™!, measured with a conductivity meter from Thermo Orion, model Orion 145A+, with conductivity
cell Orion 011510 (USA). Finally, the material was freeze-dried in a ModulyoD lyophilizer from
ThermoSavant. The reaction was conducted with the molar ratio of MCA:KC monomer of 3.5:1, yielding
CMKC with a degree of substitution (DS) of 1.1 (My4.3 x 10° g mol"). This DS was chosen based on our
previous evaluation of different CMKC DS and biological assays (Madruga et al., 2020, 2021). The

modified KC is referred to as carboxymethyl-kappa-carrageenan (CMKC).
2.3. Electrospinning of PVA-CMKC nanofibers

Nanofibers were fabricated by electrospinning following procedures from our previous report
(Madruga et al., 2021). Briefly, the solutions were prepared by blending PVA and CMKC at different
weight ratios in water (5.0 mL) and stirring overnight. The CMKC content (wt.%) is reported relative to
the total polymer concentration (which is 5% w/v for all samples) in the final solution. Four compositions
were used in this study, with 0, 25, 50 and 75 wt. % CMKC. The blend solutions were pumped (at 1.0 mL
h™! for 5 hours), using a syringe pump (Genie Plus, Kent Scientific, Torrington, CT), through a 19-gauge
needle (1.07 mm diameter). Electrospinning was carried out at ambient conditions (19 £ 1 °C and 18%
relative humidity), at a field strength of 1 kV ¢m™! provided by a DC power supply (Gama High Voltage
Research, Ormond Beach, FL). Nanofibers were collected on aluminum foil on a copper plate. The nozzle-
to-collector distance was set as 15 cm. The nanofibers were cut into 8-mm diameter circles for all
subsequent assays. For crosslinking, heat treatment of the nanofibers in a vacuum oven at 180 °C for 10 h

was performed (Madruga et al., 2021).
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2.4. Characterization of PVA-CMKC nanofibers

Nanofiber chemical composition was characterized by X-ray photoelectron spectroscopy (XPS)
(5800 spectrometer, Physical Electronics, Chanhassen, MN) using. Survey spectra were collected from 0
to 1100 eV, with a pass energy of 187 eV. The Cls peak (284.8 eV) was used as reference. High-resolution
spectra of the Cls envelopes were also acquired with 0.1 eV steps and an X-ray spot of 800 um. Origin and

Multipak Software were used for performing the curve fitting of all presented spectra.

2.5. Hemostatic activity

2.5.1. Protein adsorption on the nanofibers

The adsorption of fibrinogen (FIB) and albumin (ALB) to nanofibers was investigated following
the procedure reported on literature (da Camara et al., 2020; Sabino et al., 2020; Sabino et al., 2019). The
nanofibers were sterilized by immersion in 70% ethanol for 15 min and washed 3 times with sterile
phosphate-buffered saline (PBS). Sterilized nanofibers were incubated in a 48-well plate with 100 ug mL™
solution of human fibrinogen or albumin at 37 °C for 2 h with 100 rpm shaking. All samples were rinsed
with PBS and water before analysis. The surface composition of adsorbed samples before and after protein
adsorption was characterized by the Cls envelope using high-resolution XPS spectra, by evaluating the C—

N peaks.

2.5.2. Platelet adhesion and activation

For this study two healthy individuals consented to donate blood via venous phlebotomy, using
procedures approved by the Colorado State University Institutional Review Board, in accordance with the
National Institutes of Health’s “Guiding Principles for Ethical Research.” Blood was drawn by a
phlebotomist (into 10 ml EDTA-coated vacuum tubes). Whole blood was centrifuged (100xg for 15 min).
The plasma containing the platelets and leukocytes was removed and allowed to rest for 10 min before use,
to obtain platelet-rich plasma (PRP). Fluorescence microscopy was used to evaluate the platelet adhesion

on the nanofibers (da Camara et al., 2020; Sabino et al., 2020). Six separate samples of each nanofiber were

6
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used for fluorescence microscopy. Each sample was placed in the well of a 48-well plate and incubated
with 500 puL of PRP (37 °C for 2 h with 100 rpm shaking). Following incubation with PRP, samples were
rinsed with PBS and water before analysis, to remove non-adhered platelets. The samples were then stained
with calcein-AM live stain (Invitrogen) solution in (2 uM, in PBS) for 30 min with 100 rpm shaking at
room temperature, protected from light. The samples were imaged using a Zeiss Axiovision fluorescence
microscope using a 493/514 nm filter and five images from randomly selected locations were taken from
each of three samples per condition. ImagelJ software was used to calculate the percentage of the area with

adhered platelets.

Platelet activation was also characterized by scanning electron microscopy (SEM) on three separate
samples of each nanofibers. The nanofibers were incubated for 2h in PRP, then rinsed twice with PBS and
were fixed with primary fixative (3.0% glutaraldehyde, 0.1 M sodium cacodylate, and 0.1 M sucrose) for
45 min. Primary fixation was followed by a 10-min secondary fixation (using primary fixative without
glutaraldehyde). After fixation, the nanofibers were dehydrated with consecutive solutions of ethanol (35,
50, 70, and 100%, respectively) for 10 min each. All samples were sputter-coated with gold (15 nm) and
imaged via SEM (JSM-6500F JEOL, Tokyo, Japan) using an accelerating voltage of 15 kV. Five images
of randomly selected locations were taken from each of three samples per condition. The SEM images

were used to visualize platelet adhesion and morphology, indicative of platelet activation.

2.5.3. Whole blood clotting

Human blood from healthy donors was drawn into 3 ml vacuum tubes with no anticoagulants by a
trained phlebotomist. To evaluate whole blood clotting kinetics, sterilized nanofiber samples were placed
in a 24-well plate and 5.0 uL of whole blood was dropped on each sample and allowed to clot for 15 and
30 min. In a different 24-well plate, with 500 uL DI water, the nanofibers were gently agitated for 5 min
on a shaker to lyse the red blood cells and release free hemoglobin. The absorbance of free hemoglobin was

measured using a plate reader (Molecular Devices Spectra Max M3) at 540 nm. The control for 100% free
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hemoglobin was obtained from a sample solubilized in water and measured immediately after collection (0

min) (da Camara et al., 2020; Sabino & Popat, 2020).
2.6. Antibacterial activity

A standardized inoculum of each strain (Pseudomonas aeruginosa P01 and Staphylococcus aureus
ATCC 6538) was prepared by suspending colonies directly in a nutrient broth media solution (LB-Miller -
25 mg mL™") diluted to obtain a concentration of 10° CFU/mL. To evaluate the antibacterial activity, 500

uL of bacteria solution were added to the sterilized nanofibers for 6 and 24 h.

2.6.1. Bacteria adhesion and morphology on the nanofibers

The adhesion of live and dead bacteria adhered on the nanofibers was evaluated using a live/dead
stain (3 puL/mL of propidium iodide and Syto 9 stain 1:1 in PBS), following the protocol of the
manufacturer, and quantified from fluorescence microscope images. The nanofibers were rinsed with PBS
three times after the incubation period, and the stain solution was added and allowed to react with the
samples for 20 minutes. Then the nanofibers were rinsed with PBS and imaged on a Zeiss Axiovision
fluorescence microscope. The percentage of live and dead bacteria on the nanofibers was determined by
analyzing the fluorescence microscopy images in ImagelJ. Five images from randomly selected locations

were taken from each of three samples per condition.

Scanning electron microscopy was used to investigate the morphology of the adhered bacteria and
biofilm formation on the nanofibers. After incubation for 6 and 24 h in bacteria broth, the nanofibers were
rinsed with PBS to remove non-adhered bacteria. The samples were fixed and dehydrated as described

above for the platelet SEM images (section 2.5.2).

2.7. Statistical analysis
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At least three different samples of each nanofiber type were used in all experiments; results are
presented as mean =+ standard deviation. Differences were determined using one-way ANOVA (p = 0.05)

with a post-hoc Tukey's honest significant difference test.
3. RESULTS AND DISCUSSION
3.1. Characterization of PVA/CMKC Nanofibers

The SEM images agree with the fiber morphology of our previous study, showing that the thermal
crosslinking maintains the morphology of all nanofibers and makes them insoluble in water (Figure S1 in

the supplementary information).

XPS data confirm the chemical composition of the crosslinked nanofibers. Survey spectra of the
nanofibers have oxygen (Ols) and carbon (C1s) peaks, and CMKC-PVA nanofiber spectra also have sulfur
(S2s and S2p) peaks, from the sulfate groups in CMKC (Figure S2 — supplementary information). From
survey XPS scans, elemental composition of the nanofibers was obtained, and the data are shown in Table
1. The CMKC-containing nanofibers have increasing sulfur content with increasing concentration of
CMKC on the samples. High-resolution XPS Cls spectra were also collected (Figure 1a). The CMKC-
containing nanofibers have a significant increase in —COOH groups, compared to the PVA nanofibers, due
to the presence of the carboxymethyl group on CMKC. The crosslinked nanofibers contain ether and ester
bonds resulting in peaks in the region of 286 eV and overlap with the bonds C—OH. However, previously
reported infrared spectra confirmed the presence of the crosslinked sites with peaks between 1700 and 1750
cm’' (Madruga et al., 2021). The incorporation of CMKC is therefore confirmed by the XPS spectra and

agrees with the FTIR data from our previous study.
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Table 1. Elemental composition of the nanofibers.

% Cls % Nl1s % Ols % S2p
PVA 70.53 0.00 29.47 0.00
PVA-CMKC 25% 66.78 0.00 32.79 0.43
PVA-CMKC 50% 60.99 0.00 38.50 0.51
PVA-CMKC 75% 65.15 0.00 34.18 0.67

3.2. Hemostatic activity

3.2.1. Protein adsorption on the nanofibers

Blood clot formation results from the activation and aggregation of platelets, and a multistep
coagulation cascade, culminating with the polymerization of fibrinogen and formation of a network of
crosslinked fibrin fibers (Hedayati et al., 2019). The monolayer of proteins that adsorbs on the surface of a
biomaterial is a mediator to the formation of a clot, and its composition can dictate subsequent biological
protein processes (Prawel et al., 2014). Albumin (ALB) is one of the most abundant proteins in the blood.
Albumin adsorption can block or promote coagulation, depending on whether it is in its native conformation
or denatured (Paar et al., 2017). Fibrinogen (FIB) is spindle or rod-shaped protein that is converted to the
polymerizable form, fibrin, in the blood coagulation cascade. As the precursor of the polymerizable fibrin,
FIB is essential for the formation of blood clots and provides binding sites for platelets (da Camara et al.,

2020; Sabino et al., 2019).

High-resolution XPS spectra of the Cls envelope and survey spectra were obtained for the
nanofibers after incubation in human albumin and fibrinogen solutions. The amount of proteins adsorbed
to the nanofibers was estimated by the elemental composition. Since the nanofibers have no nitrogen in
their structure (Table 1), the increase in nitrogen elemental composition obtained from the XPS survey
scans on the fibers is evidence of protein adsorption (Table 2). The adsorption of FIB and ALB on the
fibers was evaluated from the high-resolution spectra for the Cls envelope by analysing the increment of

the amide carbonyl (N-C=0) peaks (Figure 1b).

10



246
247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

Table 2. Nitrogen content in the surface of the nanofibers before and after protein adsorption
experiments, obtained from XPS survey scans.

% N (before) % N (fibrinogen) % N (albumin)
PVA 0.00 5.28 3.03
PVA-CMKC 25% 0.00 3.38 1.83
PVA-CMKC 50% 0.00 4.69 0.17
PVA-CMKC 75% 0.00 3.13 0.61

FIB promotes platelet adhesion and activation, by exposing binding sites to platelets and allowing
the clotting formation. Thus, an increase in the adsorption of fibrinogen on the nanofibers can be correlated
with increasing pro-coagulant capacity. ALB, on the other hand, can block or promote the formation of
clots, depending on the conformation adopted or denaturation. The high-resolution XPS spectra of the Cls
envelope (Figure 1b) shows similar amide peak (N-C=0) increases following adsorption of both proteins
to PVA nanofibers. PVA-CMKC nanofibers all exhibit larger nitrogen content increases following
fibrinogen adsorption compared to albumin adsorption. PVA nanofibers have the highest nitrogen content
following both FIB and ALB adsorption. The same trend is observed when comparing the amide peak in
the Cls spectra for both the PVA-CMKC 25% and 75% (Figure 1b). This suggests that adding CMKC to
nanofibers may promote higher coagulation and blood clot formation, due to higher protein adsorption.
Even after crosslinking, all nanofibers still present some hydrophilicity, however, the nanofibers containing
CMKC present more crosslinking sites, due to presence of the carboxymethyl groups, which make them a
little more hydrophobic when compared to pure PVA. The pure PVA nanofibers had the highest amount of
proteins adsorbed, which can be associated to the high surface area of this fiber and due to the hydroxyl
and ester groups that can promote protein adsorption and changes in protein conformation (Sivaraman &
Latour, 2010; Yang et al., 2017). The high adsorption of albumin in PVA nanofibers might block platelet
adhesion decreasing clot formation, and the hydrophilicity can lead to a decrease of the platelet binding
sites of the fibrinogen adsorbed (Zhang et al., 2017). On the other hand, increasing the concentration of

CMKC on the nanofibers up to 50% decreases the albumin adsorption and increases the fibrinogen

11
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adsorption, which promotes more sites for platelets to bind and form clots. The chemical similarity of
CMKC to biological molecules, such as glycosaminoglycans, found in the human body as well as the large
number of hydrogen-bonding groups present on the molecule may promote protein-material interactions
(Rodrigues et al., 2006). The PVA-CMKC 75% nanofibers had less fibrinogen and more albumin adsorbed
when compared to the PVA-CMKC-50% nanofibers, which could lead to reduced platelet adhesion and
activation. The smaller amount of proteins adsorbed can be correlated to the higher dispersity in the fiber
diameter, due to the higher instability when electrospinning a high charge-density solutions (Haider et al.,

2018; Merkle et al., 2015a).
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Platelet adhesion on the surfaces of biomaterials is an indicator of thrombogenicity and pro-
coagulant activity, leading to platelet activation, which can initiate the coagulation cascade (Hedayati et al.,
2019). Figure 2 illustrates the adhesion of platelets (green) on the surface of the nanofibers and tissue
culture polystyrene (control) following 2 h incubation in human PRP. Nanofibers exhibit a significant
increase in platelet adhesion compared to the control, which increases with increasing CMKC content. The
difference in the number of adhered platelets between the fibers and the control can be attributed partially
to the relatively high specific surface area and nanoscale topography of the nanofibers compared to the two-
dimensional control surface. Because they have a three-dimensional structure and a rough surface with
pores, nanofibers tend to have a higher deposition of platelets and proteins on their surface (Zeng et al.,
2016). Moreover, when compared with PVA nanofibers, CMKC-containing nanofibers also have higher
platelet adhesion (Figure 2). This suggests that CMKC enhances platelet adhesion. The formation of ester
groups by crosslinking with PVA may also contribute to increased platelet adhesion (Ma et al., 2015;

Madruga et al., 2020).

Platelet adhesion to surfaces can lead to rapid platelet activation. Activated platelets undergo a
series of morphological changes, including spreading, dendrite formation and then aggregation (da Camara
et al., 2020; Sabino et al., 2019). While non-activated platelets are spherical, platelets undergoing activation
exhibit long, finger-like extensions. Fully activated platelets are characterized as having a “fried egg”
appearance (Simon-Walker et al., 2017; Vlcek et al., 2021). The morphology of the platelets adhered on
the nanofibers was evaluated by SEM images (Figure 3). The high number of adhered platelets on the
CMKC-containing nanofibers seen in the SEM images confirms the observations in the fluorescence
micrographs, demonstrating that CMKC promotes platelet adhesion. All platelets show dendrite formation
and a very small number are in a round (unactivated) morphology. Heparin, another sulphated
polysaccharide can have anticoagulant activity, through interactions with antithrombin III and other
components of the coagulation cascade. Nonetheless, when adsorbed to a surface heparin can also promote

platelet activation on nanostructured surfaces, as its negatively charged sulfate groups form complexes with
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positively charged platelet factor 4, which can result in immune complexes that activate platelets (Krauel

etal., 2012; Vlcek et al., 2021).
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Figure 2. Percentage area of adhered platelets on nanofibers, and fluorescence microscopy images of
adhered platelets stained with calcein-AM on the nanofibers after 2 h of incubation in platelet-rich
plasma. CMKC-containing nanofibers have significantly higher platelet adhesion compared to control.
*EEE p <0.0001, ** p<0.01, * p<0.05 and “ns” p > 0.05.

Platelets have negatively charged membranes. Since the CMKC is also negatively charged,
electrostatic forces alone would cause CMKC to repel platelets from the nanofibers. However, this is not
what is observed from the results on Figure 2. In fact, studies have shown that carboxyl groups, which are
also present in CMKC, have relatively little impact on platelet adhesion and aggregation (Dorahy et al.,
1997; Wilner et al., 1968). However, studies have shown that a negatively charged surfaces can activate
factor XII and platelet factor 3, leading to intrinsic blood coagulation (Tranquilan-Aranilla et al., 2016).
We suggest that the processes that lead to platelet adhesion and activation on CMKC-containing nanofibers
are related to attachment of plasma proteins and interactions of the platelets with these proteins attached to

the nanofibers (Rodrigues et al., 2006). Since this work used PRP, all the proteins present on the plasma

15



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

(such as fibrinogen and complement proteins) can attach to the nanofibers and provide sites for the platelets
to interact and attach. The presence of fibrinogen on the nanofibers shown on Figure 1 and Table 2
corroborates these results. Data from the literature shows that fibrinogen adsorption is related to high
platelet adhesion and activation and the conformation of the protein is relevant to this mechanism
(Chiumiento et al., 2007; Rodrigues et al., 2006). Zhang et al (2017) observed that on hydrophilic surfaces
the y400-411 platelet-binding dodecapeptide on the D region of fibrinogen is exposed, leading to formation
of uniform monolayers of activated platelets on the surface (Zhang et al., 2017). Similar phenomena could
be responsible for the observed platelet activation on the CMKC nanofibers reported here. In addition, the
similarity of CMKC to biological molecules can promote biochemical signals and sites for the deposition
and activation of platelets (Merkle et al., 2015b). Increasing the amount of CMKC to 75% made the fibers
more unstable, due to the high presence of charges in solution when electrospinning, resulting in the highest
fiber roughness and fiber porosity, and perhaps lower surface area for protein adsorption and subsequent
platelet adhesion. This explains why the nanofibers with 75% CMKC presented lower number of platelets
adhered, when compared to the ones with 50% CMKC. This trend also correlates to the higher amount of
albumin and lower amount of fibrinogen on the 75% CMKC samples, compared to the 50% CMKC
samples. Nonetheless, the difference in area of adhered platelets between the 50% and 75% CMKC

nanofibers is not statistically significant.
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Figure 3. SEM micrographs of adhered platelets on the nanofibers after 2 h of incubation in platelet-rich
plasma.

3.2.3. Whole blood clotting

Blood clotting tests using human blood (plasma and erythrocytes) characterize the biochemical
reactions involved in the hemostatic response. Although the investigation of single components of the
coagulation cascade can provide information on specific interactions between blood components and the
biomaterial, whole blood clotting offers the most accurate and clinically relevant thrombogenicity index,

presenting the combined effects of all components (Sabino & Popat, 2020).

Human blood droplets were applied to the nanofibers and the clot formation after 15 and 30 min
were analysed by absorbance measurements of the samples for the free hemoglobin released from the un-
clotted blood (Figure 4). The blood clotting index (BCI) was calculated for all samples and the values of a
blood sample in water at time 0 (as soon as the blood is collected) (Barba et al., 2018; X. Zhao et al., 2018).

Absorbance measurements were scaled from 0% to 100% free hemoglobin. Accordingly, the absorbance
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values the percentage of free hemoglobin for each sample were calculated and reported as blood clotting
index, as shown in Figure 4. A reduction in the free hemoglobin indicates an increase in the procoagulant
activity. These results agree with the results from serum protein adsorption and from platelet adhesion and
activation. All nanofiber samples exhibit some non-zero pro-coagulation activity; nanofibers with higher
CMKC content (50 and 75%) resulted in significantly lower BCI than PVA nanofibers, reaching values
close to 20%, with no statistically significant difference between the two. Therefore both the nanoscale
features of the fibers and their chemistry promote coagulation (Vogtle et al., 2019; Xu et al., 2015). The
hemostatic effects of CMKC hydrogels are similar to the ones observed in CMKC nanofibers in terms of
BCI and platelet adhesion, confirming the contribution of CMKC to the hemostatic behavior (Tranquilan-
Aranilla et al., 2016). CMKC-containing nanofibers with greater than 50% CMKC are strong candidates

for application in wound dressings based on the observed pro-coagulant activity.
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Figure 4. Whole blood clotting measured by the normalized amount of free hemoglobin in human whole
blood incubated with nanofibers for 15 and 30 min. Reduced blood clotting index indicates increased
clotting. * p <0.05 and “ns” p > 0.05 compared to the PVA control.
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3.3. Antibacterial activity

3.3.1. Bacteria adhesion on the nanofibers

Exposed wounds are viable environments for the colonization of bacteria, especially those present
on the skin. Wound dressings that can repel or kill bacteria can help obviate the overuse of antibiotics
(Vallet-Regi et al., 2019). Fluorescence images were used to assess the bacteria that were deposited on the
nanofibers. The green dye (SYTO9) permeates the bacterial membranes, indicating live bacteria, while the
red dye (propidium iodide), does not permeate live bacteria, only staining the bacteria that have some defect
or failure in their membrane, staining only dead bacteria (Stiefel et al., 2015). Quantifying bacterial
adhesion is preferable over zone-of-inhibition tests on the nanofibers, due to the similarity with the
conditions in a wound bed. The antibacterial effect observed here is not due to the release and diffusion of
an antibacterial agent (measured by the zone-of-inhibition test). Rather, the antimicrobial activity is present
on the fiber surface, making the evaluation of live/dead bacteria on the surface and bacterial morphology
ideal for this material. Figures 5 and 6 show fluorescence microscopy images and percentage coverage of
live and dead S. aureus and P. aeruginosa, respectively, on the nanofibers after 6 h and 24 h. S. aureus is a
coccal (round) Gram-positive bacterium, with a thick peptidoglycan-rich cell wall. Conversely, P.
aeruginosa is a Gram-negative, bacillus (rod-shaped), with a complex and thin cell wall. In general, higher
adhesion of P. aeruginosa bacteria is observed in all nanofibers, compared to S. aureus, which can be
explained by the greater mobility of the bacteria, due to their flagella (Fredua-Agyeman et al., 2018).
Despite the higher adhesion on the nanofibers, after 6 h of growth, almost all the P. aeruginosa adhered to
the CMK C-containing nanofibers were stained red, which characterizes dead bacteria. After 24 h, the PVA
nanofibers have a significant increase in the amount of live bacteria for both bacteria types. The CMKC-
containing nanofibers with higher CMKC content have reduced live bacteria compared to the PVA
nanofibers after 24 hours for both types of bacteria. Furthermore, the 50% and 75% CMKC nanofibers have
an increased number of dead bacteria compared to the PVA nanofibers after 24 hours for both bacteria.
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398 Therefore, the CMKC-containing nanofibers do not provide a favorable environment for bacteria, even in

399 a nutrient-rich broth condition.
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401 Figure 5. Fluorescence microscopy images of S. aureus on the nanofibers. Live bacteria are represented

402 in green (SYTO 9 stain) and dead bacteria in red (propidium iodide stain) (a). Percentage of coverage for
403 live and dead S. aureus adhered to the nanofibers. **** p <(0.0001, *** p <0.001, ** p <0.01, and “ns”

404 p >0.05 compared to the PVA control.
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408 Figure 6. Fluorescence microscopy images of P. aeruginosa on the nanofibers. Live bacteria are
409 represented in green (SYTO 9 stain) and dead bacteria in red (propidium iodide stain) (a). Percentage of
410 coverage for live and dead S. aureus adhered to the nanofibers. **** p <0.0001, ** p <0.01, * p <0.05

411 and “ns” p > 0.05, compared to the PVA control.

412

413 3.3.2. Bacteria morphology and biofilm formation

414 SEM images of the nanofibers after 6 and 24 h of incubation in bacteria broth were used to evaluate

415  the morphology of adhered bacteria and biofilm formation. The images agree with the results from
416  fluorescence microscopy. After 6 h, adhered S. aureus on the nanofibers (Figure S4 — supplementary
417  information) have a spherical morphology similar to “grape bunches,” characteristic of Staphylococcus,
418  and CMKC-containing nanofibers show a lower number of bacteria attached compared to PVA. Moreover,
419  some bacteria on CMKC 75% nanofibers begin to exhibit morphological changes. After 24 h, PVA

420 nanofibers show a high number of adhered S. aureus (Figure 7), as well as colony formation and
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aggregation. PVA-CMKC nanofibers show a low number of adhered bacteria and few colony formations,
except on 50% CMKC, which may be due to the higher hydrophilicity. Confirming the fluorescence
microscopy data, some bacteria on CMKC-containing fibers have an elliptical shape, and some defective

membranes. These bacteria are probably dead. No biofilm formation was observed on any of the fibers.

_PVA-CMKC 25%
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Figure 7. False colored SEM images of S. aureus on the nanofibers after 24 h of incubation.

It is important to note that P. aeruginosa is a biofilm-forming bacteria, a defense mechanism that
makes it a pathogen that is difficult to fight (Madruga et al., 2020; Reynolds & Neufeld, 2016). After 6 h,

adhered P. aeruginosa on the nanofibers (Figure S5 — supplementary information) have a bacillus

22



431

432

433

434

435

436

437

438

439

440

441

442

443

morphology, and all nanofibers have a high number of bacteria attached. However, some disruptions of the
morphology can be observed, indicating dead bacteria. After 24 h, PVA nanofibers show a higher number
of adhered P. aeruginosa (Figure 8), as well as colony formation and some biofilm formation. PVA-CMKC
nanofibers also have bacteria attached, but with defective morphology and no biofilm formation,

corroborating the fluorescence microscopy and indicating significant antimicrobial activity.

CMKC-containing nanofibers have multiple features that may impart antibacterial activity.
Because they have rigid cell walls, gram-positive and gram-negative bacteria cannot adapt easily to the
nanoscale features, which can lead to cell death on nanostructured surfaces (Vallet-Regi et al., 2019). The
increased hydrophilicity introduced by crosslinking the PVA with CMKC can promote the formation of a
water layer on the surface, generating a physical and energetic barrier for the deposition of bacteria (Wang
et al., 2017). The charged carboxylate and sulfate groups in CMKC can also interact with the bacterial cell
wall and membrane, affecting ion channels and respiratory enzymes, as well as the integrity of the

membrane itself, causing the death of the bacteria (Pajerski et al., 2019).
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Figure 8. False colored SEM images of P. aeruginosa on the nanofibers after 24 h of incubation.

4. CONCLUSIONS

In this study, electrospun PVA-CMKC nanofibers show enhanced blood coagulation and
antibacterial activity, compared to PVA nanofibers. PVA-CMKC nanofibers preferentially adsorb
fibrinogen compared to albumin, promote platelet adhesion and activation, and promote coagulation in
contact with human whole blood. CMKC-containing nanofibers also exhibit superior antibacterial activity
against both Staphylococcus aureus and Pseudomonas aeruginosa compared to PVA nanofibers. These

favorable biological properties can be modulated by tuning the CMKC content. These properties are

24



454

455

456

457

458

459

460
461
462
463

464
465

466
467
468

469
470
471

472
473
474

475
476
477
478

479
480
481

482
483

484
485

486
487
488
489

achieved due to a combination of the nanometer-scale features of the fibers and the biologically active
biopolymer containing carboxyl, ether, and sulfate groups. PVA-CMKC nanofibers are non-cytotoxic,
biodegradable, low-cost, and prepared following green manufacturing methods. PVA-CMKC nanofibers

show potential for application as dressings for wound healing applications.
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