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Plasma-Assisted Surface Modification and Heparin
Immobilization: Dual-Functionalized Blood-Contacting
Biomaterials with Improved Hemocompatibility and

Antibacterial Features

Hatice Ferda Ozgiizar,* Ebru Evren, Ahmet Ersin Meydan, Gozde Kabay,

Julide Sedef Gogmen, Fatih Buyukserin, and Osman Erogul

The inferior hemocompatibility or antibacterial properties of blood-contacting
materials and devices are restraining factors that hinder their successful clinical
utilization. To highlight these, a plasma-enhanced modification strategy is
favored for surface tailoring of an extensively used biomaterial, polypropylene
(PP). The surface activation of the PPs is achieved by oxygen plasma etching
and subsequent surface functionalization through amine-rich precursor medi-
ated coating by plasma glow discharge. After optimum plasma processing
parameters are decided, heparin (anticoagulant and antithrombic drug) is
either attached or covalently conjugated on the PPs’ surfaces. The aminated
films produced at 75 W plasma power with 15 min exposure time are highly
hydrophilic (34.72 £ 5.92°) and surface active (65.91 m} m~), facilitating high
capacity heparin immobilization (=440 pug cm=2) by covalent linkage. The
kinetic-blood coagulation rate and protein adhesion amount on the plasma-
mediated heparinized PPs are decreased about tenfold and 15-fold, and platelet
adhesion is markedly lowered. In addition, heparinized-PP surfaces comprise
superior antibacterial activity against gram-positive/-negative bacteria conveyed
particularly by contact-killing (99%). The heparin-coating did not cause cytotox-
icity on fibroblast cells, instead enhanced their proliferation, as shown by the

1. Introduction

Foreign body reaction refers to the exerted
immune response against the implanted
material that converges multiple reactive
mechanisms, including platelets, coagu-
lation cascade, and complement system
activation, protein adsorption, and bac-
teria accumulation.™! Despite an efficient
host immune system, such mechanisms
can lead to thrombogenesis and infec-
tion persistence in the long term. So far,
numerous substrate materials and surface
coating strategies have been investigated
to overcome these pitfalls and improve
the implanted biomaterials’ blood compat-
ibility and antibacterial performance.®-1%
For instance, owing to remarkable
physicochemical properties such as high
strength, low cost, lightweight, high
thermal and chemical stability, ease of pro-
cessing, and long flex life, polypropylene

(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay. Overall,
this simple methodology is highly proficient in becoming a universal strategy
for developing dual-functionalized blood-contacting materials.

(PP) material plays a vital role in a wide
application area ranging from clinical
apparatus and cardiovascular implants
to medical devices development.
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Nevertheless, the major hurdles in using PP as a biomate-
rial are its long-term thrombogenicity and poor host tissue
adhesiveness, possibly due to inherent surface properties
(low surface energy and lack of polar functional groups) and
poor blood compatibility.l'?l Hence, significant research has
been conducted to improve the surface features and biocom-
patibility of PP.

Immobilizing biomolecules on polymer surfaces proved
to be an effective strategy to improve the host tissue adhe-
sion and biocompatibility features of the substrate mate-
rial of interest. Up to date, several biomolecules, such as
insulin,™! gelatin,™ collagen,™ chitosan,'® lysine,l”18l
and heparin,*971216-26] have been immobilized on various
polymer surfaces. Heparin stands out due to its capability
to bind to and enhance the inhibitory activity of the plasma
protein antithrombin against several serine proteases of the
coagulation system, most importantly factors Ila (thrombin),
Xa, and IXa. Although it has been extensively used in clinics
(particularly in pre- and post-operation stages of blood-con-
tacting materials surgery), several complications, including
bleeding, bruising, and thrombocytopenia, limit its long-
term usage.*” To eliminate such downsides while retaining
the anticoagulant activity of the free-heparin, various con-
jugation methods through attachment or chemical bonding
onto material surfaces have been utilized, particularly after
performing plasma activation and functionalization of the
non-woven PP fabrics or via photografting technology.[?82
For instance, PP surfaces were modified by photo-grafting
hydroxyethyl acrylate and vinyltriethoxysilicane under UV
light irradiation for heparin immobilization. Although hep-
arin’s presence halved the hemolysis ratio compared with
unmodified PP substrates, a detailed investigation of anti-
bacterial features and other hemocompatibility indicators
has not been carried out.?% In another study, PP surfaces
were activated with a cold atmospheric plasma polymeriza-
tion method to facilitate subsequent grafting of acrylic acid
and polyethylene glycol. Following that, not only heparin but
also chitosan and insulin were bound to the modified PP sur-
faces that yielded an increased hemocompatibility (decreased
adhesion and activation of platelets and adsorption of plasma
proteins) compared to unmodified PP.1?  Alternatively,
another group utilized PP surface activation accompanied
by Argon plasma etching and plasma polymerization medi-
ated film formation by acrylic acid grafting to immobilize the
heparin and gentamicin solely or as a biocomplex. Although
both anticoagulant (with hemolysis test) and antibacterial
features (against S. aureus) of the functionalized material
were improved, the developed strategy is only suitable when
the PPs were intended to be used as a non-woven therapeutic
textile material.l’%]

As reviewed above, most studies focused on PP substrates
as non-woven fabrics and evaluated their features within that
perspective. In this study, however, we introduced heparin
immobilized PPs as a blood-contacting material and inves-
tigated its features by conducting serial chemical and phys-
ical analyses and through an extensive biological evaluation
according to the assured criteria.?¥ In addition, although
heparin has been in clinical use for a long time, its anti-
microbial effect and mechanism are not well investigated.
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Therefore, this study revealed the antibacterial mechanism
of heparin against three bacteria strains, gram-negative E.
coli, gram-positive S. aureus, and S. epidermidis. In hemol-
ysis and platelet adhesion studies, heparin’s anticoagulant
activity was investigated further on bare and heparin immo-
bilized PPs.

2. Experimental Section

2.1. Materials

Heparin sodium salt (Grade I-A, 2180 USP units mg™), N-(3-di-
methyl aminopropyl)-N-ethyl carbodiimide (EDC), N-hydroxy-
succinimide (NHS), toluidine blue dye, citrate buffer solution
(0.09 M), bovine serum albumin (BSA), glutaraldehyde (25%
in H,0) polypropylene sheets (10 m length x 0.05 mm depth),
minimum essential medium (MEM), fetal bovine serum (FBS),
sodium pyruvate solution, Dulbecco’s phosphate buffered saline
(DPBS), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) were purchased from Sigma-Aldrich (NJ,
USA). L-glutamine, penicillin-streptomycin, 0.25% Trypsin,
and 0.005% EDTA were acquired from Biological Industries
Ltd. (Haemek, Israel). Normal human BJ skin fibroblast (ATCC
CRL-2522) cell lines were supplied from American type cul-
ture collection (ATCC, VA, USA). Dimethylsulfoxide (DMSO)
and ethanol was obtained from ISOLAB Laborgerite GmbH
(Eschau, Germany).

2.2. Sample Preparation and Plasma Modification

First, the polypropylene (PP) sheets were cut into 1 X 1 cm?
pieces and cleaned with ethanol and ultra-pure water in an
ultrasonic bath for 30 min. The cleaning process was replicated
three times before air drying. Each piece was placed on glass
slides and kept in a desiccator until further use.

A dual-step plasma modification was performed using a
radio frequency/low pressure (RF/LP) (13.56 MHz) plasma
device (Pico, Diener Electronic GmbH, Germany) by individu-
ally placing each substrate material in the middle of a stainless-
steel chamber (150 mm radius/320 mm length). Before each
plasma processing step, first, the evacuation of the plasma
chambers was proceeded by a vacuum pump (Trivac 2.5E, Ley-
bold Vacuum GmbH, Germany) until the pressure went down
to 0.14 mbar. To avoid contamination, the chamber was washed
(100 W discharge power for 15 min) with the same precursor
(O, or amine-rich precursors) to be utilized at the following
modification steps.3133

First, surface activation of bare polypropylene (b-PPs) sub-
strates was carried out by O, plasma-assisted etching at 100 W
discharge power for 15 min.*!l In the second step, the O,-acti-
vated PP substrate (O,—PPs) surfaces were exposed to ethyl-
enediamine (EDA) and ammonia (NHj) precursor mixture
[EDA:NH3;, 1:1 (v:v)] mediated glow discharge. To form amine-
rich thin films on the O,-activated PPs (NH,—O,—PPs), plasma
discharge power was varied between 25 and 100 W, whereas the
exposure time and pressure were kept constant at 15 min and
0.14 mbar.
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2.3. Heparin Immobilization

Heparin is a heterogeneously structured polyanionic mucopoly-
saccharide comprising chemically reactive carboxyl (—COOH),
hydroxyl (—OH), and sulfonate (—SO3") groups. Since system-
atically administrated free dosage of heparin can lead to severe
immunologic reactions, for example, bleeding and shortness of
breath, effective immobilization of heparin to blood-contacting
material is crucial and should be carefully optimized.*’!

In this study, the influence of two immobilization methods
on heparin immobilization capacity and biological activity are
investiagted: Electrostatic adsorption and cross-linking. Phys-
ical adsorption was achieved by directly treating substrates with
varying concentrations of heparin prepared in a citrate buffer
(3, 10, and 30 mg mL™, pH: 4.7). Yet, to form covalent bonding,
EDC and NHS mixture [EDC:NHS, 4:1 (w:w)] were simulta-
neously added to heparin-containing solutions [1:1 (w:w)].134
The mixture was stirred for 3 h at 25 °C to activate carboxyl
groups on heparin, which were later chemically bound to the
amino groups generated on the plasma-modified film’s sur-
face. Moreover, unmodified b-PPs, plasma-modified O,—PPs,
and NH,—0,—PPs were subjected to heparin solutions (hep
refers to conditions for physical binding, and hep* refers to
conditions of chemical bonding) and agitated in a shaking incu-
bator (Innova 40R, New Brunswick, DE) at 37 °C for 24 h. The
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heparin immobilized surfaces were washed with PBS (pH:74)
and UPW to remove excess heparin, which was simultaneously
confirmed by the toluidine blue (TB) method.*” A detailed
representation of all production and biological testing stages is
given in Figure 1.

2.4. Plasma Parameter Optimization and Characterization

For the optimization of plasma processing parameters, first,
the surface topographies of PP substrates were examined
under an atomic force microscope (AFM, Asylum, Asylum
Research, Oxford Instruments, Oxford, UK) using a PPP-type
cantilever (Nanoworld AG, Matterhorn, Switzerland) in a tap-
ping mode. Unmodified b-PPs were taken as a reference, and
measurements were replicated three times. Root mean square
roughness (Rq) of the plasma (un)modified films were evalu-
ated. Following that, an X-ray photoelectron spectroscopy (XPS)
instrument (Thermo K-Alpha (Thermo Fisher Sci., Waltham,
MA, USA) was used to characterize the elemental composition
of bare and plasma-modified PPs. Randomly selected substrate
portions were analyzed using an X-ray beam focused at 400 pm
under 1 x 10~ Torr pressure. The XPS spectra were recorded
with an energy step width of 0.8 eV, an acquisition time of
160 ms per data point, and analyzer pass energies of 18785 eV.
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Figure 1. Schematic representation of the multiple stages performed for plasma-assisted biomaterials production and biological testing.
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After deciding optimal plasma processing parameters
and subsequent heparin immobilization, the functional
groups formed on the b-PPs were analyzed by Fourier trans-
form infrared spectroscopy (ATR-FTIR, Thermo Fisher Sci.,
Waltham, MA, USA) that was performed within the wave-
number range of 4000-1000 cm™. After that, contact angle (CA)
measurements were made using the sessile drop technique to
investigate the wettability features of the plasma-modified PPs
and calculate their associated surface free energies (SFE) by
Fowke’s equation.3¥] A contact angle analyzer (KSV Instru-
ments Ltd., Finland) was used to examine sessile drops (10 uL)
consisting of deionized water (polar) and diiodomethane (dis-
persive) placed on the PPs’ surfaces.

A scanning electron microscope (SEM) (SEM, FEI-Quanta
400 F, TX, USA) imaging was performed to evaluate bacterial
and platelet adhesion features of the heparinized PPs. The
accelerating voltage and spot size were adjusted to 5-10 kV and
2.0 um, respectively.

OriginlLab v.6 (Wellesley Hills, MA, USA) was used for data
evaluation, statistical calculations, and representation. The
One-way ANOVA (Analysis of variance) was performed to
compare the datasets and to determine the statistical signifi-
cance of the selected sample groups (*p < 0.05). The results are
reported as mean * standard deviation (mean £ SD) of repli-
cated measurements.

2.5. Immobilization Capacity and Stability

The substrates were immersed in PBS (pH:74) consisting
of toluidine blue (TB, 2 mL of 75 ppm) dye to determine the
surface density of both physically adsorbed and cross-linked
heparin (hep—NH,—0,—PPs and hep*-NH,—0,—PPs). All
samples were agitated in a shaking incubator at 50 rpm for
20 min, transferred to an ultrasonic bath for 10 min, and sub-
sequently vortexed (1 min). The buffer medium was aliquoted
and tested by UV-vis spectroscopy to screen absorbance values
at 630 nm after substrate removal. Ultimately, the immobilized
heparin amounts were calculated using the calibration curve,
which was previously obtained for varying concentrations of
free-heparin prepared in the TB solution (Figure S1, Supporting
Information).

A similar procedure was followed to investigate immobilized
heparin’s (hep and hep*) stability on the PP surfaces. Briefly,
bare, physically adsorbed, or cross-linked heparin-comprising
samples were dipped into 5 mL of PBS (pH:74) solution and
placed into a shaking incubator for continuous stirring for 30
days (37 °C, 50 rpm). The remaining surface density of the
immobilized heparin hence the stability on the differently pre-
modified PP substrates, was determined by testing the sam-
pled buffer at the predetermined time points (24, 120, 360, and
720 h) at which the PP samples were taken out, washed with
UPW, and dried in the vacuum oven (37 °C, 2 h).

2.6. Protein Adhesion

When a material encounters blood, the first event realized at
the material surface is the adsorption of blood proteins, for
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example, albumin, fibrinogen, and globulin. Subsequently,
adhered proteins initiate the adhesion and activation of plate-
lets, which may lead to the formation of neighboring platelets.
Finally, the thrombi are stabilized by the generation of a fibrin
network at the blood-material interface. Therefore, investigating
its protein adhesion features is critical after a blood-contacting
material development because it plays a significant role in the
living vasculature.’33] Hence, the protein adhesion features of
the PP substrates were tested against the model protein, BSA.
For the evaluation of the influence of bound-heparin on pro-
tein adhesion, unmodified and heparin-immobilized samples
(hep—NH,—0,—PPs and hep*-NH,—0,—PPs) were treated
with BSA solution (1 mg mL™ in PBS (0.1 M, pH: 74)). All sam-
ples were transferred to a shaking incubator (37 °C) and con-
tinuously stirred at 50 rpm for 10 days. At predetermined time
points (0, 24, 48, 120, and 240 h), 500 UL of buffer medium was
collected and substituted with fresh buffer. The surface-bound
protein concentration was then determined by subtracting the
calculated free BSA concentration from the initial BSA concen-
tration obtained from UV-vis spectroscopy analyses at 280 nm.

2.7. In Vitro Antibacterial Testing

It is well documented that implanted materials, such as stents
and vascular grafts, are susceptible to bacterial colonization
formation on their surface due to their inadequate antibac-
terial properties, which can result in severe inflammatory
responses.20404] For example, S. epidermidis (S. epidermidis,
a gram-positive and coagulase-negative bacterium) has been
identified as the primary pathogen responsible for biomate-
rial- and hospital-related infections.*?l Therefore, in this study,
the antibacterial properties of the heparinized PPs and heparin
solutions were tested against three bacteria strains: Gram-
positive S. epidermidis (ATCC 35 984, highly resistant)land S.
aureus (ATCC 25 923), and gram-negative E. coli (ATCC 25 922).

First, the antimicrobial properties of free heparin were
studied. The optimum free heparin concentrations equivalent
to minimum inhibition concentration (MIC) and minimum
bactericidal concentration (MBC)!% were calculated. Detailed
information regarding the MIC and MBC determination
method and the accompanying data are given in Supporting
Information.

In the second stage, the antibacterial features of heparinized-
PPs were analyzed to see the influence of heparin immobili-
zation compared to its free dosage counterpart by following a
previously described procedure.**! Briefly, all bacteria strains
were incubated in a TSB medium, and 10 uL bacteria cells
(1.5 x 10° CFU mL™) were inoculated both on b-PPs (negative
control) and hep*-NH,—0,—PPs and then covered with an
acetate film to limit evaporation of the medium. All PPs were
incubated with each bacteria strain for 24, 48, and 72 h at 37 °C
(=15% humidity). At the end of each incubation period, PPs
were detached from the acetate film, placed in a fresh well con-
taining PBS (pH:74), and gently washed to remove unbound
cells. The concentration of live bacteria in this washing solution
was analyzed after culturing in tryptic soy agar (TSA) plates.
In addition to this analysis, the rinsed PPs were also trans-
ferred to the tubes containing 1 mL of fresh TSB medium and
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vortexed for about 1 min to detach all the remaining bacteria
on the surface of the PPs before the PPs were removed. The
remaining TSB suspensions consisting of bacteria were diluted
(1/10%, 1/10% and 1/10°) by fresh TSB addition and cultured at
37 °C for 24 h in TSA plates, respectively. This approach aimed
to examine the surface behavior, which can either kill the bac-
teria upon contact (contact-killing) or limit them from diffusing
through the material (bacteria-repellent).! Ultimately, bac-
teria viability was analyzed by counting the number of colonies
formed in the agar plates.

2.8. Hemocompatibility Testing

In clinical practice, the typical hemocompatibility of implanted
materials is evaluated by testing the interaction between blood-
contacting biomaterials with blood and blood components,
particularly under kinetic conditions.”! To assess the anticoagu-
lation behavior (hemolysis) and kinetics (kinetic-blood coagula-
tion test) of the developed PPs, whole human blood was treated
with calcium chloride (CaCl,) following a previous method.]
Next, the bare and heparinized PPs were placed into a 24-well
plate, subjected to 100 pL of CaCl,-activated whole blood,
and incubated at 25 °C for 1 h. The UV-vis spectrum of free
hemoglobin (Hb), encapsulated by erythrocyte, has a charac-
teristic absorbance at 540 nm. Therefore, the kinetic data were
obtained from spectrophotometric scanning of the aliquots col-
lected at the predetermined time points (10, 20, 40, and 60 min)
as the measured intensities were directly proportional to the
Hb concentration.

Additionally, hemolysis testing was conducted to evaluate
the kinetic blood coagulation at the blood-material interface.
This procedure measures the absorbance of unbound Hb
(Equation (1)), which corresponds to non-coagulated blood. In
other words, high absorbance values indicate a high amount
of free Hb exists, pointing out lower coagulation.’>?24 The
hemolysis ratio of each solution was obtained from the fol-
lowing equation: The A represents the sample’s absorbance,
A, is the absorbance of diluted blood with PBS and, A, corre-
sponds to the diluted blood with DI water as negative and posi-
tive control groups, respectively.

% Hemolysis Ratio =|::5_¢:|>< 100 (1)

pc — {inc

This study is approved by TOBB-ETU Clinical Research
(KAEK-118/122/18.05.2022).

2.9. Platelet Adhesion Testing

The amino acid sequences of the adsorbed proteins can activate
surface receptors of the platelets, hence initiating the formation
of the aggregates, coagulation, and fibrin formation.?3% This
mechanism determines the lifetime of the blood-contacting
biomaterials, accordingly, examined in this study.

Before platelet adhesion testing, fresh human blood sam-
ples were first centrifuged at 1000 x g for 15 min to separate
platelet-rich plasma (PRP) from the blood. After that, the PPs
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were placed in a 24-well plate, and 1 mL of PRP was introduced
onto the substrate surfaces and incubated for 2 h at 37 °C. Next,
the PRP introduced PPs were washed with UPW, and the sub-
strates were treated with 2.5% glutaraldehyde (GA) at 4 °C for
30 min to fix the platelets adhered to the PPs’ surface. Finally,
the samples were dehydrated by rinsing in ethanol prepared
in various concentrations (ethanol % in UPW, 0%, 25%, 50%,
75%, and 100%) and air-dried.”) The platelets adhered to the
PPs surface were investigated by SEM images (magnifications;
%150, x500; x2500; x5000; x50 000 accelerating voltage and spot
size were adjusted to 5-10 kV and 2.0 pm).

This study is approved by TOBB-ETU Clinical Research
(KAEK-118/122/18.05.2022).

2.10. Cell Viability

In vitro cytocompatibility of free-heparin, b-PPs, and plasma-
modified PPs were performed by the MTT assay tested against
BJ healthy human skin fibroblast (ATCC, CRL-2522) cell line
following a standard protocol. Briefly, the BJ cells were cultured
using MEM supplemented with 10% FBS, 1% sodium pyru-
vate solution, 1% L-glutamine, and 1% penicillin-streptomycin.
Fibroblasts were incubated (Thermo Fisher Scientific, Waltham,
MA, USA) at 37 °C in a humidified 5% CO, atmosphere. The
cells were dissociated with 0.25% trypsin-0.05% EDTA solution,
centrifuged and resuspended in a complete medium before
cell seeding. Within this scope, 10* B cells well™! were seeded
and incubated for 24 h to obtain a monolayer culture. Fol-
lowing medium aspiration and DPBS washing to remove dead/
unbound cells, free-heparin (300 or 400 pug), b-PP surfaces, and
plasma-modified hep*-NH,—O,—PPs were transferred to the
wells and incubated with MEM medium for 24 h. The heparin-
free MEM and b-PPs were used as a negative control for free-
heparin and plasma-modified PPs, respectively. At the end of
24 h, the mediums were removed, and cells were washed gently
with DPBS to remove dead or unbound cells. After subsequent
washing, an FBS-free medium containing 0.5 mg mL™ of MTT
was added to each well. Following 4 h of incubation, mediums
were gently aspirated and washed with DPBS. For evaluating
the cell viability, formazan crystals were dissolved in DMSO,
and optical densities were spectrophotometrically measured
with a microplate reader (Thermo Scientific, Multiskan GO
Microplate Photometer) at 540 nm.

3. Results and Discussion

3.1. Optimization of Plasma Processing Parameters

Polypropylene, which has been extensively used as a blood-con-
tacting material, was dual-functionalized by a plasma-enhanced
modification strategy for increased hemocompatibility and
antibacterial properties. To achieve this, a two-step plasma
modification strategy was followed. First, the bare PP sur-
faces were etched by O, glow discharge to create negatively
charged®! hydrophilic and rough surfaces with higher sur-
face area. Following that, an amine-rich film layer was formed
in an EDA:NH; precursors-generated plasma environment
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Figure 2. 3D AFM micrographs of the a) unmodified (b-PP), b) oxygen-etched PPs (O,—PP), and amine-rich film-modified NH,—O,—PPs under

discharge powers of ¢) 25 W, d) 50 W, e) 75 W, and f) 100 W.

(25-100 W for 15 min). Throughout the optimization process,
detailed surface analyses of the modified PPs were carried out
by CA measurements, AFM, XPS, and ATR-FTIR analyses.

The AFM images (Figure 2) indicated that, after exposing
b-PPs to an O, glow discharge, the surface roughness of the
b-PPs was slightly raised from 2.45 nm £ 0.80 to 5.81 nm 1.92.
Following plasma polymerization using EDA:NH; precursor
at 25 and 50 W discharge powers, the O,—PPs surface became
smoother (1.97 nm + 0.59 and 2.83 nm + 0.69 for 25 and 50 W,
respectively) compared with the O,—PPs, pointing out the accu-
mulation of the amino-rich film within the protrusions and val-
leys of the O,—PPs film matrices. By increasing the power from
75 to 100 W, the Rq of NH,—0,—PPs declined significantly to
1.52 nm #* 0.71, much lower than both O,—PPs (Rq = 5.81 nm
+1.92) as well as, 75 W-treated NH,—0O,—PPs (Rq = 5.84 nm
1+1.92). This reduction in surface roughness is plausibly due
to the formation of C-rich (Table S1, Supporting Information,
see below for more discussion) bulky film on the substrate that
smoothens the surface of the PP-based biomaterial. Therefore,
the NH,—0,—PPs produced with 75 W 15 min plasma pro-
cessing parameters were selected as optimal.

XPS analyses were conducted to identify the chemical com-
position of plasma-modified PPs. After spectral data evaluation
and deconvolution, binding energies corresponding to spe-
cific bonds were found using tabulated values (Figure 3). The
significant contribution of C 1s (Figure 3a) core-level spectra
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at around 285.0 eV was attributed to C—C and C—H single
bonding.P% On the other hand, a single C—O bond at 286.4 eV
arose from the O, pretreatment on the PP substrate, although
the amino group-containing film coating lowered its intensity.
The N 1s (Figure 3b) peak having 400.5 eV binding energy cor-
responds to the C—=NH peak, and also the accompanying con-
tribution of the overlapped peaks (401.4 and 402.8 eV) implies
the existence of protonated primary amine groups (NH;*),l°!
suggesting that the amine-rich film polymerization step was
effective.

Additionally, the elemental contribution of each plasma-mod-
ified film was evaluated (Table S1, Supporting Information). A
reduction in the carbon content, especially for NH,—O,—PPs
produced with 75 W plasma power, is expected to arise from the
deposited amino-containing film onto the C-rich polymeric sub-
strate. Also, the highest amino group formation was achieved at
that power level, as confirmed by its highest nitrogen content
(3.71%). However, the nitrogen percent decreased when the
power was elevated to 100 W. This result implies that lower dis-
charge powers than 100 W were adequate to deposit a higher
number of amino groups on the O,-b-PPs surface,”>*3 and
increasing the power to 100 W disturbed the amine group for-
mation, which can be related to the shielding effect. Due to
increased plasma power, the EDA molecule tends to dissociate
from C-based bonds and deposit C-rich bulky films shielding
the protrusion of NH, groups on the biomaterial surfaces as
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Figure 3. XPS spectra of =NH,—0O,—PPs, a) C 1s, and b) N Ts spectra of NH,—O,—PPs modified under 75 W plasma power for 15 min of exposure

time. c) FTIR spectra of plasma (un)modified and heparinized PPs.

reported by us and others.?>>4 A comparable amount of O con-
tent for the NH,—O,—PPs produced by 50 and 75 W plasma
power can probably be linked to the post oxidation of a similar
number of amino groups deposited.”>>% All in all, 75 W plasma
power was decided as optimum and used for amino-group con-
taining film modification on the PPs’ surface.

3.2. Heparin Immobilization and Stability Testing

Heparin is a type of glycosaminoglycan with a molecular
weight of 15-20 kDa (120-180 USP units mg™!) and has varying
sizes between 1.6 and 2.24 nm. It consists of multiple func-
tional groups (e.g., amino, carboxylic acid, sulfate, and hydroxyl
groups) within its structure and also exhibits the highest net
negative surface charge (=~~50 mV) among biomolecules./”8!
Heparinizing the surface of implant materials is an exten-
sively applied method to avoid blood clotting, sepsis, and/or
infection.**l Therefore, in clinical routine, biomaterials are
subject to heparinization by directly dipping into a heparin-
containing solution before being implanted prior to usage.
Once the biomaterial is implanted, repeated dosages (routinely
three times a day, 20-40 mg dosage™) of heparin must be
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intravenously administered due to the non-specific adsorption
and the low stability of heparin on the polymeric material sur-
face. However, this requirement results in overdosage heparin
administration and several complications (e.g., thrombocyto-
penial®” and abnormal bleeding) may arise that limit the safe
and long-term use of the biomaterial. To overcome these limita-
tions, we followed a plasma-enhanced modification strategy to
tailor the surface-related features of a common implantable mate-
rial, polypropylene, for efficient heparin immobilization. Heparin
immobilization onto surface modified PPs was carried out fol-
lowing either electrostatic interaction or chemical cross-linking.
The effectiveness of each immobilization approach was com-
pared in terms of heparin immobilization capacity and stability.
Toluidine Blue (TB) can irreversibly bind to polyanionic com-
ponents, such as heparin, and forms a biocomplex. TB has a
fingerprint in the UV-vis region at 630 nm; after creating a bio-
complex with heparin or heparin-consisting material, its reg-
ular intensity decreases at the same wavelength, and that reduc-
tion can be used to calculate the amount of the immobilized
heparin.l?l In this study, the same strategy was followed to
determine the surface density of the immobilized heparin after
introducing three different heparin concentrations (3, 10, and
30 mg mL™) onto the NH,—0,—PPs (75 W-15 min) through
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Table 1. The contact angle analyses result for unmodified (b-PP) and modified (O—-PPs, NH,—O,—PPs, hep/hep*-NH,—0,—PPs samples.

Sample Wettability [°] Dispersive component [m) m~?| Polar component [m) m~2] Total SFE [m) m™
b-PP 79.35+6.06 31.89 4.73 36.62
O,—PP 6.50 £0.67 49.04 31.23 80.27
NH,—0O,—PP 34.72+5.92 38.53 27.38 65.91
hep—NH,—0O,—PP 40.58 +2.89 41.65 14.36 56.01
hep*-NH,—0,—PP 3295+2.07 39.13 1n.21 50.34

electrostatic interaction (b-PP, and hep-NH,—0O,—PPs) as well
as covalent bonding (b-PP and hep*-NH,—0,—PPs).

First, the influence of electrostatic interaction formed
between amino-containing films and heparin was evaluated
by TB screening. The adsorbed heparin amounts calculated
were as follows: 20719 * 34.33 pug cm™, 61.48 + 8.03; 28.17 £
5.77 ug cm~ for 30 mg mL7}, 10 mg mL™, 3 mg mL™!, respec-
tively. Due to the highest heparin adsorption achieved at
30 mg mL ! heparin concentration, this concentration was used
for the covalent coupling. The results indicated that when 1:1
(w:w). heparin:(EDC/NHS) was used to couple 30 mg mL™!
of heparin onto the surface of NH,—O,—PPs, and the
immobilized heparin concentration was raised to 440.41 *
69.52 pug cm2 (=27 mg considering the total material surface
area), which is significantly higher compared to the one-time
applied dosage range administered in the clinic (=20-40 mg).
Moreover, as predicted, the covalent binding suggested a much
better heparin immobilization performance than the electro-
statically coupled material (hep—NH,—0,—PPs).

The stability results were carried out by dipping hep*-
NH,—0,—PPs into a PBS (pH:74) buffer and screening ali-
quots drawn at the predetermined time points over 30 days.
Although the hep*-NH,—0,—PPs released almost 90% of
heparin within the first day, the remaining immobilized hep-
arin amount remained constant throughout 29 days at 28.99 *
3.17 ug cm™2, which is much lower than the toxic dose indicated
in the literature.l’!

3.3. Physicochemical Characterization of Heparin-Modified
Materials

Further analyses were carried out to evaluate the resultant
biomaterial and see the influence of each modification step.
ATR-FTIR analysis (Figure 3c) revealed significant changes in
the surface chemistry of the b-PPs. Polypropylene has a finger-
print at around 2700-2900 cm™, corresponding to symmetric
and asymmetric stretching of CH; and CH, groups.?l Upon O,
etching, O—H stretching vibrations appeared on the IR spectra
between the 3550-3700 cm™! range.®” Amine-rich plasma
polymerization resulted in primary amine groups (N=C =0,
N = C = N) formed at about 2300 cm™, confirming the amine-
layer formation onto O,—PPs.[l Followingly, heparin existence
was proved for hep—NH,—0,—PPs, and hep*-NH,—0,—PPs
by the increased sulfur content revealed around 1350 and 1370
cm™l, corresponding to asymmetric SO, and/or N—SO, vibra-
tion of heparin.’% The difference between hep—NH,—0,—PPs
and hep*-NH,—0,—PPs spectra was three peaks. The first peak
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observed at about 1301-1252 cm™! related to —OH and/or C—O
carboxylic acid groups,’®! the second one seen at 1168 cm™
exhibiting the C—O stretching or N-sulphation groups,6263
and most importantly amide II and III peak from beginning
1400-1500 cm™ and, 1250-1350 cm™, respectively, confirming
covalent linkage.[¢4

Static contact angle measurement via a sessile drop tech-
nique is an extensively applied approach that evaluates the wet-
ting characteristics and SFEs; particular interest is given to the
plasma-modified thin films. Therefore, the surface wettability
and SFE of the native substrates, plasma-treated PPs, and hep-
arinized surfaces (Table 1) were examined. The b-PP surfaces
exhibited a hydrophobic (79.35° + 6.06°) nature due to the dom-
inance of C—H/C—C groups within the polymer matrice. Upon
O, treatment, the b-PP surfaces became superhydrophilic
(6.50° £ 0.67°), and the disruption of intermolecular bonds
of PPs by added polar functional groups (e.g., C—O, C = O)
increased the SFE of the b-PPs from 36.62 to 80.27 m] m™.
However, a significant change in wettability was observed
upon amine functionalization. The amine-rich film formation
induced the active surface area (where the immobilization will
occur) of the PPs while retaining its hydrophilicity (34.72° +
5.92°). In addition, due to impinging plasma particles breaking
C—C/C—H bonds in the PP-substrate, highly energetic free
radicals (65.91 m] m™2) were formed that plausibly facilitate
the immobilization of heparin.[°>¢ Subsequently, the contact
angle values were decreased upon heparin incorporation pro-
portionally with the amount of immobilized heparin on the
NH,—0,—PP substrates. The contact angle of surface adsorbed
hep—NH,—0,—PP substrates was 40.58° + 2.89° (56.01 m] m~2),
and hep*-NH,—0,—PPs were 32.95° £ 2.07° (50.34 m] m™2),
both found much more hydrophilic compared with the unmodi-
fied b-PPs. The higher hydrophilicity of the hep*-NH,—0,—PPs
can be attributed to the incorporation of highly polar C—O,
C=0, C—H, and O—C = O groups present on the surface of sub-
strates. The increased hydrophilicity of the hep*-NH,—0,—PPs
can be attributed to the incorporation higher number of polar
and charged —COOH and SO;~ groups for the covalently-modi-
fied surface. Due to such prospects, the hep*-modified samples
were utilized in the remaining part of this report along with the
control groups.

3.4. Protein Adsorption
Protein adsorption to biomaterials’ surfaces significantly

depends on the surface characteristics of the biomaterial,
such as hydrophilicity, roughness, and surface charge. In the
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Figure 4. BSA protein adsorption testing of the unmodified and heparin-
ized PPs (n =9, (**p > 0.005)).

literature, it has been shown that albumin and fibrinogen had
no binding affinity to heparin at physiological pH.>?4 In line
with these reports, we have conducted the adsorption analysis
of albumin on the heparin-modified substrates and native PPs.
Figure 4 shows that the unmodified b-PPs had BSA adsorption
levels of 190 + 13 pg cm™, which drastically decreased to 13 +
3 ug cm™ for hep*-NH,—0,—PPs. The isoelectronic point of
BSA is 4.8, and at physiological pH, it has a net negative charge.
Since heparin is also highly negative at this pH due to carbox-
ylic acid and sulfonate groups, BSA adsorption is significantly
suppressed on the covalently modified surface compared to the
unmodified counterpart.'>-21

3.5. Antibacterial Activity

Bacterial infections caused by the implanted materials can
cause several problems by exhibiting complex adhesion
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mechanisms depending on the strain type, resulting in drug
resistance, implant failure, and even patient mortality.[’! For
instance, implant devices cause approximately 45% of all
nosocomial infections that are highly resistant to antibiotics
and host defenses and frequently persevere until the infected
implanted material is removed.””] Therefore, evaluating the
interaction between a specific biomaterial and different bacteria
strains is essential for ensuring its safe usage in clinics.

The antibacterial characteristics of Db-PP and hep*-
NH,—0,—PP substrates against S. epidermidis, S. aureus, and
E. coli were tested.l®®! Each bacterium colony was quantitatively
studied in terms of a colony forming unit (CFU) per volume
(CFU mL™). Before assay examination, the reproduction of
the bacteria was controlled, and TSA was taken as a negative
control to evaluate the possible contaminations and bacterial
growth.

S. epidermidis is a gram-positive and coagulase-negative bac-
terium that belongs to the Staphylococcus species. When a spe-
cific implant causes nosocomial infection, this bacterium enters
a patient’s bloodstream, causing several unwanted interactions,
such as sepsis, if not diagnosed and treated early.l*%] Because
of these reasons, antibacterial studies were first carried out
against S. epidermidis. Figure 5a shows that S. epidermidis is pre-
sent extensively in the vicinity of the bare PP substrates as they
can colonize if the washing solution of this substrate is utilized.
Moreover, significant colony formation was observed when the
adsorbed bacteria on this substrate were removed and cultivated
(Figure 5b). As expected, the number of colonies increased with
incubation time in both cases. On the contrary, when the hep*-
NH,—0,—PP substrates were employed, the washing solution
and the detached-pathogen-containing medium did not cause
significant colonization. Increased incubation times with the
substrates further lowered the numbers to negligible levels for
both bacterial sources. Similar tendencies were observed when
the bacteria type was altered to another gram-positive pathogen,
S. aureus, or a gram-negative strain, E. coli.

In order to elucidate this observed trend, both substrates
that were incubated with the three strains for 24 h were rinsed,

b
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Figure 5. Bacteria colonization of S. epidermidis, S. aureus, and E. coli. a) Bacterial colonies that were not adhered on the b-PPs and heparinized PPs
surfaces when immersed in a wash buffer (PBS). b) Bacterial colonies adhered to the b-PPs and heparinized PPs surfaces. Bacteria strains were culti-
vated on TSA plates, and each bacteria strain was incubated with the substrate of interest for 24, 48, and 72 h at 37 °C (n =12, *p < 0.05).
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Figure 6. SEM images representing bacteria colonization formed on the unmodified b-PPs and plasma-modified and heparinized PPs (hep*-
NH,—0,—PPs) against gram-positive S. aureus and S. epidermidis and gram-negative E. coli after incubated for 24 h. The SEM images were taken
following 24 h of incubation of each strain with the plasma (un)modified PPs. S. aureus incubated with a) b-PPs and b) hep*-NH,—0,—PPs. E. coli
incubated with c) b-PPs and d) hep*-NH,—O,—PPs. S. epidermidis incubated with e) b-PPs and f) hep*-NH,—0,—PPs. All images were taken at the

magnification of X5000 and x50 000.

and surface electron micrographs were taken. Figure 6 clearly
shows that the b-PP surfaces promote bacterial adhesion for
all strains, whereas the heparin-modified counterpart’s sur-
faces are highly anti-adherent. Such micrographs evidently
explain the extremely poor colonization of vortexed samples in
Figure 5b. Here, the colonized bacteria concentration at the end
of 24 h is almost wholly diminished for 48 and 72 h durations.
The reduction in colonization in extended periods can have two
components: contact-killing and released-heparin influence.
We suspect that these factors, which are not present in b-PP

Adv. Mater. Interfaces 2022, 2202009 2202009 (10 of 14)

samples, are also the main reasons for the absence of bacte-
rial species in the washing solutions of heparin-modified sub-
strates, as displayed in Figure 5a. For the latter samples, hep-
arin modification brought higher polarity and negative charge
by the sulfate groups, which could easily interact or/and chelate
with the cations that play a crucial role in bacterial growth, or
heparin modification might have disturbed the stable hydrogen
bonding in the bacteria environment otherwise via direct
binding to the bacteria and caused their death.>>7*71 Extend
durations here also provide higher chances of contact-killing
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and effective removal of even highly resistant bacteria from the
washing solutions, yielding >99% antibacterial characteristics
compared to bare-PP counterpart. The reduced viabilities may
also be caused by the released heparin, which was quantified to
be 410 ug cm2 after 24 h. Although this amount is below the
MBC levels shown in Figure S1, Supporting Information, much
lower bacterial loadings were employed on the PP substrates. A
simple ratiometric calculation reveals that the released amount
corresponds to heparin concentrations over MBC levels. It is
crucial to note that, in the following sections, the same released
heparin concentrations were found as non-cytotoxic when fibro-
blasts were employed at similar cellular densities (=10* cells
well™).

3.6. Hemocompatibility Testing

Hemolysis can be defined as the distortion of the membrane
structure of the red blood cell, causing the release of hemo-
globin into the plasma. Following such an approach, the interac-
tion between red blood cells with b-PP and hep*-NH,—0,—PPs
was evaluated (n = 6). Within the hemocompatibility tests,
blood samples drawn from four different healthy volunteers
were exposed to the two PP substrates for 1 h. Hemolysis ratios
were calculated as 2.18 £ 0.04% and 0.45 £ 0.02% for the b-PP
and hep*-NH,—0,—PPs, respectively, fulfilling the ISO-10993-5
criteria (Hemolysis ratio (%) < 5%).72) The hemolysis ratio of
erythrocytes exposed to TCPS controls (blank well) was used as
a reference.

A similar approach was applied for the kinetic blood coagu-
lation tests; the only difference is that the screening was con-
ducted at different time points for up to an hour to examine
the coagulation kinetics of the blood when interacted with the
b-PPs, hep*-NH,—0,—PPs, and TCPS control (n = 6, Figure 7).
After the incubation period, blood samples remaining unco-
agulated were exposed to UPW and released free hemoglobin
subjected to spectral measurements. Thus, the absorbance read-
ings in the UV-vis spectra are proportionally linked with the
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Figure 7. Kinetic-blood coagulation testing results of the b-PPs, plasma-
modified PPs (hep*-NH,—0,—PPs), and TCPS controls (n =6, *p < 0.05,
*xp < 0.01).

Adv. Mater. Interfaces 2022, 2202009 2202009 (11 of 14)

INTERFACES

www.advmatinterfaces.de

amount of free hemoglobin. The remaining hemoglobin joins
to the clot formation resulting in coagulation; hence, higher
absorbance values indicate better hemocompatibility results.
The absorbance readings implied an insufficient difference
(p > 0.05) between the blood coagulation behavior of b-PP and
hep*-NH,—0,—PP substrates within the first 40 min of incu-
bation, although the heparin conjugation consistently caused
higher free hemoglobin levels. However, after 60 min of treat-
ment, hep*-NH,—0,—PPs surfaces displayed a discrete dif-
ference compared to unmodified counterparts and the TCPS
controls, reaching fivefold-tenfold higher absorbance values
indicating much lower risks of blood coagulation.

3.7. Platelet Adhesion Test

The aggregation of platelets triggers thrombus formation at
the biomaterial-blood interface that may cause potential risks
to the patient, especially when implanted in vivo. Therefore,
in addition to hemocompatibility analysis, it is vital to investi-
gate platelet adhesion and activation features on the implant
surfaces. Platelet adhesion studies were conducted by testing
the blood samples drawn from four healthy volunteers. The
blood samples were first centrifuged, and the plasma con-
sisting of PRP (1 mL) was incubated with the b-PPs and hep*-
NH,—0,—PPs (n = 3) to analyze the interaction between
platelets and the PPs surfaces. It can be inferred from Figure
8 that unmodified b-PPs stimulated platelet adhesion and accu-
mulation. On the contrary, for hep*-NH,—0,—PPs, platelet
adhesion was drastically reduced due to the incorporation
of reactive functional groups on the immobilized heparin,
including carboxyl and sulfonate moieties that effectively repel
the interacting platelets.”!

3.8. In Vitro Cell Viability

PP is a heavily used polymeric material in clinics, and it was
expected for this material to fulfill the non-cytotoxicity standard
of 1SO 10993-5."21 As the implanted material will be in con-
tact with a physiological environment, it has to fulfill several
quality standards, including biocompatibility and safety,”
before being approved by the health authorities for patient use.
Therefore, to evaluate the biocompatibility of the plasma-modi-
fied PPs, their cytotoxicity against BJ cells was tested. The cells
were incubated with different concentrations of free-heparin,
hep*-NH,—0,—PPs, and b-PPs for 24 h. The in vitro cytotox-
icity results imply that compared to the TCPS control (100.17
* 3.14%), both b-PPs and hep*-NH,—0,—PPs enhance cellular
viabilities, yielding 111.85 £ 8.65% (p > 0.05 vs TCPS) and 141.16
* 6.82% (*p < 0.05 concerning b-PPs), respectively (Figure 9).
The plasma-assisted heparin conjugation improved fibroblast
viabilities compared to the native PP biomaterial.

The final part of this report investigated potential cyto-
toxicity induced by the released free heparin from the hep*-
NH,—0,—PPs. Two different concentrations, 300 and 400 pg
of heparin were selected considering the released amount of
free heparin from hep*-NH,—0,—PPs substrates in section 3.2
(=330.04 £ 70.56 ng). After free heparins were incubated with
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Figure 8. SEM images of a—d) b-PPs and e-h) hep*-NH,—0O,—PPs that were incubated with PRP extracted from human blood. The SEM images were

taken at a,e) x150, b,f) X500, c,g) x2500, d,h) x5000 of magnifications.

the BJ cells, 119.65 + 743% and 111.79 + 5.52% cell viability
were recorded, respectively (*p < 0.05 concerning TCPS). Such
results confirm that the surface-tailored hep*-NH,—0,—PPs
are not only a non-toxic material but can also enhance cellular
viability much more than a previously published work.?273]

4, Conclusions

In summary, the surface of PPs has been activated by oxygen
plasma etching that later functionalized with amine-rich
plasma treatment before subsequent covalent heparin immobi-
lization. The oxygen pretreatment resulted in a rougher surface
compared to the native PPs; meanwhile, its surface area was

150 T T T T T

140 ]
130 i ]

120 - : .
110 - B i

= = _

T T T T T
PP
CPS 40009 4008 PPS “e‘,*.ur\z'm

Cell Viability (%)

Figure 9. MTT cytotoxicity results of BJ cells treated with 300 and 400 ug
of free-heparin and hep*-NH,—0,—PPs compared to TCPS and b-PPs
controls, respectively (n =5, *p < 0.05).
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enhanced with anionic —OH groups. In addition, subsequent
plasma functionalization with the EDA:NH; precursor mix-
ture (at 75 W power for 15 min exposure time) resulted in the
incorporation of highly hydrophilic (34.72° + 5.92°) and ener-
getic (65.91 m] m™2) cationic primary amine groups (N = C =
O, N = C = N), confirming the amine-layer formation onto the
pre-treated PPs’ surfaces. These modifications later facilitated
sufficient heparin loading (=440 g cm™2) by a covalent linkage
confirmed by the amide peak shown in the ATR-FTIR spectra.

In the meantime, hemocompatibility studies were evaluated
to investigate the biomaterial’s kinetic blood-clotting, hemolysis,
protein, and platelet adhesion features. The hemocompatibility
analyses showed that the heparinized PPs surfaces lowered
the hemolysis ratio and protein adsorption about fivefold-ten-
fold and 15-folds concerning the unmodified PPs. Meanwhile,
platelet adhesion was considerably dropped on the heparinized
PPs surfaces due to repelling of carboxyl and sulfonate moieties.
Besides, heparin immobilization provided an anti-adhesive and
antibacterial film layer that reduced the bacterial adhesion, par-
ticularly by contact-killing gram-negative and -positive bacteria
strains up to 99%, as desired from a robust antibacterial coating
that restricts any possible infection once contacted with blood.
More importantly, although the remaining heparin content after
24 h considerably lowered to 30 pg cm™2, the remaining portion
still presented a hydrophilic surface with highly suppressed pro-
tein adsorption and platelet adhesion characteristics but, simul-
taneously, improved antibacterial properties.

Considering the previously published works,|
our facile heparin conjugation approach can render the con-
ventional PPs a safer biomaterial with better antibacterial and
hemocompatibility performance. Ultimately, the offered alter-
native implant modification scheme can become a universally
applied strategy where coagulation-related complexities are
of prime interest during and post-implantation of upcoming
blood-contacting materials.

13,15,19,25,29,30,50]
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