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Abstract: Thrombosis can cause the occlusion of implantable medical devices, leading to the rejection
of the device and subsequent mortality. Thrombosis is primarily induced by red blood aggregation
and coagulation. The administration of anticoagulant drugs is generally used as a treatment to
avoid these processes. Adverse effects such as bleeding in the event of an anticoagulant overdose,
osteoporosis associated with prolonged use, hypersensitivity, and hives have been reported. New
strategies such as biomolecule surface functionalization have recently been studied to overcome
these problems. In this study, we report a novel coating composed of polydopamine (PDA) and
proanthocyanidins (PACs) from blueberry extract to avoid red blood aggregation in short-term use
medical devices such as silicone catheters. We showed that PDA formed stable films on silicone
surfaces and PACs could be immobilized on PDA layers using laccase as a catalyst. The PDA-
PAC:s films decreased surface hydrophilicity, increased surface roughness, and decreased plasma
protein adsorption. The films were stable in phosphate buffer saline (PBS) and cell culture media.
Furthermore, red blood cell adsorption and aggregation decreased. These effects are attributed to
changes in the membrane fluidity that influences adhesion, the steric hindrance of the layers, and the
low adsorption of plasma proteins on the PAC layer.

Keywords: implantable medical devices; thrombosis; red blood cell morphology; polydopamine
films; agglutination; blueberry; urinary infections; proanthocyanidins

1. Introduction

The use of medical grade silicone has increased over the years, and its market value
is projected to reach USD 16.04 billion by 2022, at a compound annual growth rate of
6.1% between 2017 and 2022 [1]. However, blood-contact silicone-based devices present a
significant challenge due to their hydrophobic nature, since they promote the adsorption of
nonspecific proteins, leading to platelet adhesion and the eventual formation of thrombi,
which can cause blood flow obstruction and facilitate bloodstream infections, one of the
leading causes of patient death [2,3]. Thrombi can also migrate to pulmonary circulation,
causing a pulmonary embolism [4]. Venous thromboembolism is a global problem, with
about 10 million cases annually, representing the third most crucial vascular disease after
myocardial infarction and cerebrovascular events [5]. Thrombus formation is a common
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cause of failure of medical devices exposed to blood; it is believed that the rapid adsorption
of plasma proteins on artificial surfaces initiates thrombus formation, as they provide
continuous stimuli for platelet adhesion and activation [6,7]. Virchow’s triad describes the
three main conditions for medical device-induced thrombosis to occur: blood hyperco-
agulability, hemodynamic factors, and medical device materials. In medical devices, the
amount and conformation of adsorbed plasma proteins depend on the material’s surface
properties, such as wettability, surface charge, chemistry, and topography [8].

The interaction of plasma proteins with artificial surfaces activates an intrinsic clotting
pathway known as contact activation, which occurs through three serine proteinases and
non-enzymatic cofactors, von Willebrand factor (vWF), immunoglobulins, and complement
proteins, leading to complex protein-biomaterial and protein—protein interactions [8,9].
Circulating blood platelets irreversibly bind to adsorbed proteins through highly expressed
receptors, including integrin membrane glycoprotein (GP) and the GPIb and GPIIb-IIla
(«IIb33) complexes bind to fibrinogen, one of the first plasma proteins to be deposited
on artificial surfaces, as well as fibronectin, vitronectin, and vWF [6,7]. Red blood cells
(RBC) passively adhere to proteins adsorbed on the material and contribute to platelet
activation by releasing a low molecular weight compound that acts as a platelet agonist
identified as adenosine diphosphate (ADP) [7,10,11]. It is believed that fibrinogen is the
most potent aggregator of RBCs in plasma, while some studies describe the enhancement
of fibrinogen-induced RBC aggregation by albumin [6,7].

The techniques historically used to prevent thrombosis include the administration
of anticoagulant drugs such as heparin or warfarin and acetylsalicylic acid, which inhibit
platelet aggregation [11-13]. Although oral anticoagulants have been used to prevent
thrombosis, they cause adverse effects such as fever and bleeding, among others [13-15].
To reduce the side effects derived from the oral consumption of anticoagulants, alter-
natives such as the creation of venous catheters with anticoagulant coatings have been
proposed [16]. Even so, these are commonly used in conjunction with oral or injectable co-
agulants prophylactically to increase their effectiveness and reduce the risk of bleeding and
clot formation at the catheter site [17]. Another recent modification of catheters involves
superhydrophilicity of their surface, which prevents RBC adhesion [18]. As therapeutic
measures, other mechanisms have been developed, such as filters designed to collect the
thrombi and experimental drugs injected into the bloodstream that have the capacity to
undo the thrombi [19]. Various studies have linked the consumption of polyphenols in
the diet with low platelet activation induced by oxidative stress due to the high oxidative
activity of these compounds [20,21]. Grape seed extracts contain polyphenols such as gallic
acid, falvan-3-ols, and proanthocyanidins (PACs) that interact with various platelet activa-
tion pathways [22]. Nevertheless, the consumption of PACs, anthocyanins, and tannins has
produced inconsistent effects in investigations on platelet aggregation, showing, in some
cases, the inhibition of ADP-induced platelet aggregation and the formation of arterial
thrombi [23], with no effect on platelet aggregation, or even an increase in ADP-induced
platelet aggregation by almost 10% [21].

A more recent strategy to introduce plant polyphenols such as PACs in devices in con-
tact with blood is the direct impregnation of polyphenols on the polymer’s surface [24,25].
Recently, a new platelet repellent surface was reported. Tannic acid (TA) was used to
represent the polyphenol and the Fe3* ion as a metal cross-linking agent through the metal
coordination interaction (Fe** ions)-AT. The results showed lower platelet adhesion events
on the silicon substrates with the coating compared to the original substrate, demonstrating
that platelet adhesion on the Fe-TA film surfaces can be effectively repelled. Furthermore,
the repellent effect was significantly better than that of the more commonly used poly
(ethylene glycol) (PEG) [26].

Proanthocyanidins (PACs) are the primary polyphenols present in berries. PACs are
biopolymers of flavanols-3 and are also known as condensed tannins [27]. In this study, a
commercial silicone-coated catheter is functionalized with the PAC from blueberry from
Vaccinium corymbosum. For this purpose, the catheter surface must be modified or activated
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before further functionalization due to the low stability of the PACS on the silicone surface.
Polydopamine (PDA) has proven itself to be a feasible coating for catheters and acts as
a platform for different binding agents [27,28]. PDA is a highly versatile, bio-inspired
material due to its catechol and amine-adhesive functional groups, which mimic the natural
bioadhesion properties of the mussel [29,30].

The immobilization of the PACs using laccase on the catheter-polydopamine surface
is also studied. The laccase enzyme (polyphenol oxidase, EC 1.10.3.2) catalyzes various
phenolic compounds such as PAC and polyphenols in aerated solutions [29]. In this
study, an ethanolic extract was obtained and characterized by attenuated total reflection
Fourier Transform infrared spectroscopy (FTIR), its polyphenol content was measured
using the Folin-Ciocalteu method [31], and proanthocyanidins content was established
using the butanol-HCl method [32]. The enzymatic reaction of the laccase from Trametes
versicolor and the natural extract was evaluated using isothermal titration calorimetry
(ITC). The formation of thin films on the catheter surface was studied by FTIR, contact
angle, and atomic force microscopy (AFM). The FTIR, contact angle, and AFM analyses
were performed again after washing the substrates with phosphate-buffered saline (PBS)
and physiological medium for four hours; these washes were performed to characterize
the stability of the coatings. We evaluated the effect of the coating on the agglutination of
red blood cells on the surface by quantifying the number of plasma proteins and bovine
serum albumin (BSA) adhering to the surface of the catheters using a BCA test [33], as well
as by studying the adhesion of RBC after contact with a human blood solution for one
hour and under shaking. We prepared a SYLGARD™ 184 silicone elastomer model [Dow
Corning., USA] to mimic the catheter surface and to measure the Young’s Modulus of the
cells adhered to the surface by AFM.

2. Materials and Methods

The extract was produced from Vaccinium Corymbosum blueberries (BerryTico brand,
Costa Rica). The sterile Catheter FOLEYCATH®NR Latex Balloon, composed primarily of
natural rubber latex with a silicone coating, was used. This product meets the conformities
of BS EN 1616: 1997, ASTM F623, and MS1369: 1995. Dopamine hydrochloride (98%, Sigma
Aldrich, Darmstadt, Germany) was used to form the PDA film. The laccase enzyme from
Trametes versicolor was purchased from Sigma Aldrich, Germany. 99.7% Iron ammonium
sulfate (II) (98.5% Merck, Darmstadt, Germany), 99.8% butanol, and 99.37% iron oxide
(IIT) (Sigma Aldrich, Darmstadt, Darmstadt, Germany) reagents were used to carry out
the Folin-Ciocalteu method for polyphenol quantification and to carry out the butanol-
HCl assay to detect proanthocyanidins. Sodium acetate, acetic acid, and Tris-base were
purchased from Sigma Aldrich, Germany. Voluntary donors donated the blood used in this
research (Project protocols revised and approved by the ethical commission of the UCIMED
Costa Rica, CEC-0488-2021).

2.1. Blueberry Extract Preparation

Frozen Vaccinium corymbosum blueberries were crushed using a mortar and pestle
and then extracted using ethanol (70%) at room temperature for eight hours. The super-
natant liquid was filtered, and the filtration was concentrated under a vacuum by a rotary
evaporator. The resulting solid extract was dried on the stove for five days at 45 °C.

2.2. Extract Characterization
2.2.1. Total Polyphenol Content

Solutions with a concentration of 400 pug/mL were prepared to perform a calibration
curve. Each standard solution was prepared by mixing 0.25 mL of Folin-Ciocalteu reagent
previously diluted with distilled water (1:10) with an aliquot of the tannic acid solution.
Then, 0.85 mL of Na,CO3-10H,O (20% m/v) solution was added to the mixture and placed
in a 4 mL volumetric flask. The flask was filled with distilled water. The mixtures were
incubated for 20 min at room temperature in the dark. After the reaction period, the
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absorbance of the solutions was measured at a wavelength of 735 nm in a Shimadzu
UV-Vis spectrophotometer (model UV-1800, Shimadzu Corporation, Kyoto, Japan). Three
replications were performed with three independent replicas.

2.2.2. Butanol-HCl Assay for Detection of Proanthocyanidins

Extract samples were dissolved in methanol to obtain 1 mL of solution with a concen-
tration of 0.1 mg/mL of polyphenols (according to previous results of the Folin-Ciocalteu
method for each extract sample) and then mixed with 6 mL of a butanol-HCl solution (95:5
v/v), and 0.2 mL of iron reagent solution (2% w/v NH4Fe(SO4), 12 HoO in 2M HCI). The
resulting solution was heated in a boiling water bath for 40 min and then cooled down to
room temperature. The UV-Vis spectrum was recorded from 400 to 700 nm. Proanthocyani-
dins were detected with a characteristic absorbance maximum around 550 nm. For the
specific detection of proanthocyanidins present in the extract, the method of Liu et al., 2007
was used, in which the proanthocyanidins were isolated and then quantified by means of a
butanol-HCl assay through ultraviolet-visible spectrophotometry (UV-Vis).

2.2.3. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

A Nicolet 6700 ATR-FTIR spectrophotometer (Thermo Scientific, Waltham, MA, USA)
was used, scanning through wavenumbers from 4000 to 400 cm ™! with a standard reso-
lution of 0.09 cm~! and a scanning speed of 32 cm~!/s. The peak intensity ratios were
calculated using the absorbance values.

2.2.4. Isothermal Titration Calorimetry (ITC)

ITC experiments were performed with a NanoITC2G (T. A. Instruments, New Castle,
DE, USA). An extract solution of 15.3 mg/mL was titrated over a laccase solution of
0.1 mg/mL. A volume of 1200 uL solution was loaded in the cell and titrated with 19 titrant
aliquots of 5 uL, the temperature was kept constant at 25 £ 0.1 °C during the experiments,
and the system was continuously stirred (250 rpm) with the syringe. Blank experiments
were carried out by titrating water on the extract and the laccase suspension on water. All
experiments were carried out at least in triplicate.

2.3. Catheter Surface Modification and Stability Test

Catheter substrates of 1 cm x 0.5 cm were introduced into 1.5 mL Eppendorf tubes
containing 160 uL of 0.5 mg/mL of dopamine hydrochloride in Tris Buffer (pH 8.0) for
30 min or 3 h to form PDA films. Then, the samples were gently rinsed with Milli-Q water.
Then, 160 puL of 30 mg/mL Vaccinium Corymbosum extract and 20 pL of a 0.3 mg/mL
solution of Lacasse enzyme sodium acetate (pH 5.0) were added to the Eppendorf, and
the reaction was carried out for 24 h. Finally, the samples were gently rinsed with Milli-Q
water. Figure 1 shows the samples preparation diagram. The stability test was performed
by submerging the samples in phosphate buffer 1 mM and physiological medium for 24 h.

80 pl
solution of e a
160 pl " g \ 80 ui Rinsing and

Dopamine

Blueberry N (1mg/mi) in T sfl:‘fns‘ e
gxt'a:t at Tris BLTfer. with (0.3mg / ml)
100 mg/mL pH8.0 Enzyme In
‘ — ‘ — \ Sodium
\ Acetate
\ & Substrate or ' \ pH 5.0 Treated '
catheter without “ substrate

preparation
Figure 1. Scheme of the samples’ functionalization protocol.

2.4. Contact Angle Measurements

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

2.5. Protein Adsorption Assay

To make the calibration curve, diluted BSA standard solutions were prepared from
the stock solution, a 100 uL aliquot was taken from each solution and 1 mL of the BCA
reagent was added; each standard was incubated for 10 min at 60 °C in the oven, and the
absorbance was measured at 562 nm. For the treatment of substrates, a 250 pg/mL BSA
(Sigma Aldrich, Darmstadt, Germany) solution was prepared, 400 uL of BCA solution was
added in each vial (prepared as shown in Section 3) and left to stand for three h, an aliquot
of 100 uL of each vial was taken and mixed with 1 mL of the BCA reagent (Sigma Aldrich,
Darmstadt, Germany), each one was incubated for 10 min at 60 °C in an oven, and the
absorbance was measured at 562 nm in a Shimadzu UV-Vis spectrophotometer (model
UV-1800, Shimadzu Corporation, Kyoto, Japan). Three replications were performed with
three independent experiments. Plasma proteins were isolated by centrifugation of the
two-times diluted blood in PBS at 5000 rpm. The supernatant diluted 45 times with PBS
was used for the protein adsorption quantification analysis.

2.6. Red Blood Cells” Agglutination on the Catheter Surface

To evaluate effects on red blood cells” agglutination, the catheter was exposed to
human blood for 30 min. The application methodology of this experiment was formulated
with reference to [33-35]. The procedure was performed on sterilized catheter fragments
with a1l cm X 1 cm area (or substrate). Therefore, three replicates of each sample and
three independent experiments were produced. The cells were fixed in Karnovsky solution
(5% glutaraldehyde, 4% paraformaldehyde, 0.1 M phosphate buffer) for 15 min. Then,
they were dehydrated through an increasing gradient of 30%, 50%, 70%, 90%, 95% v /v,
and 100% ethyl alcohol for 15 min each. The samples’ surfaces were imaged by SEM.
A flat A model substrate was prepared using a SYLGARD™ 184 silicone elastomer to
determine the changes in the Young’s modulus of cross-linked red blood cells adhered on
the functionalized and non-functionalized surface substrate.

2.7. Scanning Electron Microscopy (SEM)

The samples were analyzed using a SEM JSM-5900 LV (JEOL, Tokyo, Japan), voltage
20 kV, pressure of 1 x 10~% Pa. The samples were coated with a 5 nm gold layer by
sputtering. The images were analyzed using Inca JEOL software.

2.8. Amplitude-Modulated Atomic Force Microscopy (AFM)

The substrates were dried under environmental conditions. The sample topography
was analyzed using an AFM operated in tapping mode (Asylum Research, Santa Barbara,
CA, USA) in air. Silicon probes (Nanosensors with Al-covered cantilever backsides) with
a resonance frequency of 13 kHz and force constant of 0.2 N/m were used. Nanoscope
software (version AR 16.26.229) was used to analyze the data. The cantilever’s deflection
and spring constant was calibrated before each measurement using the Thermal Get Real
tool (tutorial https://www.youtube.com/watch?v=Wp-U5HXbMys, access on 9 December
2021). The data obtained during retraction were used to model and estimate the Young's
modulus. The cells adhered to the surface after contact for one hour with the surface were
fixed using Kartnosky and dehydrated using an ethanol series. The fitting of slope of the
force-distance curve was performed using the Hertz model. Five cells per substrate were
analyzed. Six substrates of each type—sample or control—were analyzed.

3. Results

A purple ethanolic extract from blueberries was obtained; the amount of solid extract
obtained was 2.8 ug/mg of fresh blueberry and the amounts of quantified polyphenols and
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proanthocyanidins were 34 ug/per mg of dried purple extract and 0.2 mg/mg of dried
purple extract, respectively.

Figure 2a shows the FTIR spectra of the blueberry extract. The peak at 3361 cm ™!
corresponds to the O-H stretching vibrations of the CH,~OH groups, at 2935 cm ™! to the
antisymmetric stretching vibrations C-H of the CHj groups, and the bending vibrations
C-H of the same functional group at 1408 cm~!. The peaks at 1640, 1275, and 1716 cm ™!
are associated with the vibration of the C—C bonds of the phenolic groups, C-O, and C=0
bonds of the aromatic groups, respectively. The peaks at 817 and 1050 cm ! correspond to
the C-O stretching vibrations of the aromatic group -O-. According to the FTIR spectra,
peaks corresponding to the characteristic functional groups of phenolic compounds such
as condensed tannins were observed in the extract spectra [36,37]. Figure 2b shows the
multiple injections of ITC enzyme kinetic data. The displacement, following each injection,
of the horizontal baseline relative to the initial baseline (dQ/dt), is associated with an active
enzyme, and this value is proportional to the enzyme velocity [38].

(a) (b)
110

- 1350,00
=3 <)
w ~

Heat rate (p/s)
e o
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=
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% Transmittance {a.u.)

0.1

4000 3500 3000 2500 2000 1500 1000 1000 1500 2000 2500 3000 3500

Wavenumber (cm ™) Time (s)

Figure 2. (a) ATR-FTIR spectra of the dried Vaccinium Corymbosum extract. (b) Multiple injections
of ITC laccase enzyme kinetic data.

Figure 3a shows the extract, catheter, and dopamine FTIR spectra with their character-
istic peaks highlighted. The silicone-coated catheter presents distinct peaks at 824 cm~!,
1097 cm~1, 1737 cm~1, and 2960 cm™1, corresponding to the Si—C bond of Si—-CHj stretch-
ing vibrations, 5i-O, C=0 bonds, and the stretching vibrations of the CH bonds of CHjz
functional groups, respectively [39,40]. The dopamine spectra show peaks at 3340, 1598,
1280 cm !, corresponding to the symmetric stretch mode of NH,, the bending vibrations of
NHj, and the OH stretching vibrations, respectively. The peaks at the 1315 and 1186 cm ™!
bands correspond to the O-H bending [41,42]. Figure 2 also shows the spectra of the
functionalized catheter. The intensity decreases in the silicone represent peaks of 800 and
2900 cm ™!, with the intensity of the bands close to 1100, 1400, and 3500 cm ™!, suggesting a
successful functionalization and film formation with PDA and PDA extract. Figure 3b—d
show a plot of the values obtained from the peak intensity correlation within 800 cm~! in
each spectrum, with their respective peaks close to 1000-1100, 1400, 2900 cm—1, and 3000 to
2500 cm !, when the substrates were lightly washed with PBS, rinsed 24 h with PBS, and
rinsed 24 h with medium, respectively. This correlation was calculated according to the
following formula: (peak intensity (x cm~!))/(Peak intensity (800 cm~1)).
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Figure 3. (a) FTIR and representative peaks and functional groups of dopamine hydrochloride,
catheter, extract, and the catheter with the thin layer of PDA and extract. (b) Peak intensity cor-
relation between 800 cm ™! of FTIR spectra of the pristine catheter/representative peaks when the
substrates were lightly washed with PBS. (c) Peak intensity correlation between 800 cm ™! of each
FTIR spectra/representative peaks when the substrates were rinsed for 24 h with PBS. (d) Peak
intensity correlation between 800 cm~! of each FTIR spectra/representative peaks close when the
substrates were rinsed 24 h with physiological medium.

The greater values are attributed to the contribution of the aromatic- CH,, OH, and
CH; groups, as highlighted in Figure 3 [43]. The greater intensity of the bands in the
rinsed substrates may be due to the contribution of proteins present in the physiological
medium, and to the elimination of contaminants on the surface that are not removed with
light washing.

Figure 4a,c, show the AFM images of the pristine catheter surface in 2D and 3D,
respectively; likewise, Figure 4b,d, show the surface of the functionalized catheter. When
comparing the 2D images, it is not possible to observe changes due to the irregularities
of the surface at the microscale. However, at the nanoscale and analyzing areas of 1 pm,
the functionalized surface showed that there were significant changes in the root mean
square roughness (RMS) [44,45]. An average RMS was 9.2 nm for the pristine catheter and
24.6 nm for the functionalized catheter, suggesting a thin layer formation due to an increase
in roughness. Figure 4c shows a water drop on the pristine catheter and functionalized
substrate surfaces. There is a reduction in the surface hydrophobicity and a decrease in the
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contact angle when the surface is coated with PDA; the change from 80° & 4° to 63° + 3°
suggests PDA coating formation. The presence of the extract compounds on the surface
is suggested by a further increase in the hydrophilicity of the surface with respect to that
of the substrate functionalized only with PDA from 63° + 3° to 20° & 3°. The aromatic
—OH and aromatic-O groups could improve the affinity of the surface with the water and
change its wettability [46]. To test the stability of the PDA-Ext coating, the functionalized
surfaces were rinsed with PBS and physiological medium for 24 h, the apparent contact
angles on the surface were 40° £ 3° and 16° £ 3°, respectively, the permanence in reducing
wettability on the surface suggests that the coating is stable.

(a) nm (b)
200 50nm

-25

-50

(c)
50nm

Catheter Catheter + PDA C+PDA + Extract C+ PDA +Ext C+ PDA + Ext
Lightly rinsed Lightly rinsed Lightly rinsed rinsed 24h with PBS rinsed 24h with
80°%3° 63°t3° 20°t3° 40°t 3° medium

16°t3°

Figure 4. AFM images of (a,b) pristine catheter in 2D and 3D images, respectively; (c,d) the functionalized
catheter; (e) photographs of 10 puL drop of water on the pristine catheter and the functionalized catheter.

We performed a BCA test to quantify the amount of BSA and plasma proteins once
the solution was exposed to samples of pristine catheter and catheter functionalized with
the PDA-Ext; the initial BSA concentration was 0.250 mg/mL and, after contact with
the surfaces, it was 0.187 mg/mL and 0.228 mg/mL, respectively. This is the result of
the amount of protein remaining in the solution supernatant. The difference in BSA
concentrations shows that protein adsorption on the catheter surface functionalized with
PDA-Ext was lower. This result may be due to the polymeric forms of tannins, such
as macromolecular-condensed tannins, which exhibit greater steric hindrance, and their
available reactive sites are widely separated; therefore, BSA protein would interact less
with the surface due to steric effects [47]. Similar results were obtained for plasma proteins,
as can be seen in Figure 5.
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Figure 5. (a) Plasma protein and albumin adsorption quantification on the pristine catheter (called
C in the graphic), C+ PDA and C + PDA + Ext surface. (b) Quantification of the number of RBC
adhered to the pristine and functionalized catheter. (c) Quantification of the number of RBC adhered
to the model PDMS surface in contact with the dopamine solution after 30 min and 3 h and next, in
contact with extract for 24 h.

BSA is used as a fouling agent to be adhered to surfaces and to be able to make a
quantification of the adhesion of proteins to the surface. However, in the literature it is
described that BSA can be an adhesion inhibitor agent. Increased surface roughness can
increase dirt by trapping dirt in the valley formed on the surface of the membrane. Soiling
can be trapped in the valleys of the membrane. In addition, the masking of the by the
polymer chain during the membrane precipitation can also cause the fouling decrease by
minimizing the nanocomposite membrane to 5% by weight due to the high concentration
of antifouling filler on the surface of the membrane [48].

In Figure 5b, to determine the amount of red blood cells adhered to the catheter alone
and to the catheter modifying the surface, SEM images were taken; the red blood cell count
was performed by counting an area of 10 pm X 10 pm. Figure 5¢ shows the amount of RBC
adhered on the surface of PDA-Ext films with different PDA thicknesses. The roughness
of the PDA film formed on the PDMS surface after 30 min and 3 h in contact with the
dopamine solution were 5.7 nm and 9.9 nm, respectively.

As can be seen in the graph, the amount of RBC adhered to the surface in the PDA +
extract samples decreased. While in contrast to what was found by Dang et al. 2015, it is
observed that with a greater thickness of PDA, the amount of RBC that adheres is less. [49].

The changes in the roughness of the surface are not significant, so another type
of analysis must be done to measure the thicknesses because it may be that instead of
thickening the thickness of the layer, only the spaces available on the surface have been
filled. and there are not as many sites of interaction due to the roughness of the surface [49].
PDA increases the hydrophilicity of the surface by exposing more -OH groups on the
surface, forcing the RBCs to adhere to the surface, forming hydrophilic interactions, which
makes it easier for red blood cells to adhere less strongly.

Figure 6a shows a graphical distribution of adhered RBC on the samples. Figure 6d
which corresponds to the functionalized catheter exposed to red blood cells, it can be clearly
seen that there is a smaller number of clusters of red blood cells on the surface compared to
the catheter only corresponding to Figure 6b.



Coatings 2022, 12,172

10 0of 18

o “ “Agglomerates dn flatareas,
: (b) ‘<~ notonly on cracks

\ ]

Figure 6. Comparison of the images corresponding to the catheter surface with adhered RBC before
and after functionalization with PDA-Ext: (a) pristine catheter at 300 x, (b) pristine catheter at 2000 %,
(c) 300x functionalized catheter, and (d) 2000 x functionalized catheter.

The adhesion of the RBCs occurs in the flattest parts as we can see in the SEM mi-
croscopies, while the cracks are exposed and do not promote the adhesion of the RBCs.
Additionally, as occurs in circulation, platelets and other blood components adhere to colla-
gen, fibronectin, laminin, vitronectin, and thrombospondin in the subendothelium to form
conglomerates of RBC on the surface. In addition, RBC adhesion can occur between them,
or it can be mediated by macromolecules or there is intervention of the extracellular matrix
as can be seen in Figure 6. The morphology of the red blood cells in Figure 6 is described
as discocyte, which corresponds to the normal form of RBCs. Additionally, spherocytes
can be seen that can be caused by a hypotonic environment that could be caused by the
treatment that was given to the sample [50].

We prepared a SYLGARD™ 184 silicone elastomer model in an attempt to mimic a flat
catheter surface for a better measurement by AFM and to avoid the influence of roughness.
Contact angle measurements were carried out to verify that the model and the catheter had
similar wettability. They were also verified to have similar functional groups by FTIR. The
model substrate was functionalized under the same conditions as the catheter.

Figure 7a,b shows the morphology of the RBC adhered to the control, and functional-
ized substrate, respectively. Figure 7c,d shows the line cross-section shown in Figure 7a,b,
respectively. Figure 7e,f shows the area where the indentation was done and a representa-
tive force vs indentation curve obtained for the cells adhered to the control surface. The
RBC attached to the control surface shows a flat discoid morphology and a diameter and
height average of of 6.8 £ 1 um and 1.5 £ 5 um, respectively. The RBC adhered to the func-
tionalized surface shows a rounder morphology than the adhered to the control surface and
a diameter and height average of 7.6 £ 0.8 pm and 1.7 &= 5 pum, respectively. In Figure 7g h,
it is possible to notice the frequency distribution of the EC values in the RBCs found on the
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pristine surface and functionalized substrate model substrate, respectively. It is possible to
observe a decrease in the EC values of the RBCs presented on the functionalized model
surface compared to the RBCs presented on the model surface without treatment.
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Figure 7. AFM height image of RBC adhered to (a) control and (b) functionalized surface. (c) Three-
dimensional AFM image of the RBC cells on the model substrate. (d) and (e) Line cross-section of
the RBC cell highlighted in a and b, respectively. (f) Representative force vs indentation curve of a
point on the central area of the RBC adhered to control surface; (g,h) distribution of values according
to the frequency of the RBC elastic modulus of the cells adhered to the control and functionalized
surface, respectively.

4. Discussion

Previous studies identified and quantified anthocyanins, flavonoids, and PACs in blue-
berry crops and have suggested that ethanolic extractions are highly capable of solubilizing
tannins covalently attached to the fruit’s cell wall [51,52], as also demonstrated in this study.
According to the FTIR spectra, peaks corresponding to the characteristic functional groups
of phenolic compounds such as condensed tannins were observed in the extract spectra.

For stabilizing the PACs on the catheter surface, phenol oxidizing laccase was added
to the reaction media to improve the formation of covalent bonds. For this purpose, a calori-
metric study was carried out to determine whether the enzyme could oxidize polyphenolic
compounds in the extract. The results shown in Figure 2b suggest that the enzyme could
oxidize the phenolic compounds of the extract that could further react with the PDA coating.
The presence of new functional groups on the surface is corroborated by measuring the
increase in roughness and decrease in water contact angle in comparison with the control
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surface. The aromatic -OH and aromatic-O groups could improve the affinity of the surface
with the water and change its wettability [47]. Polydopamine (PDA) is produced from the
oxidative polymerization or self-assembly of catecholamines in alkaline aqueous solutions;
it is characterized by a strong adhesion on varied substrates through covalent bonds and
intermolecular interactions. This property has been used as an interfacial adhesion medium
for biomedical applications. [53,54]. PDA treatment has been applied to PDMS substrates,
as well as PDMS-based closed microfluidic systems that are used in in vitro studies of cell
physiology. [53] Park et al. performed a chemical modification on the surface of a poly-
dimethylsiloxane (PDMS) substrate using polydopamine (PDA), which was spontaneously
deposited through an immersion process coating to form a thin, biocompatible film that
favored adhesion of the extracellular matrix (ECM) hydrogel scaffolds. Under dynamic
conditions, the hydrogel matrix in the PDA-treated substrate remained intact without gel
shedding [54]. Chuah et al. modified the surface of a PDMS substrate with PDA to improve
biocompatibility for the culture of bone marrow stromal cells (BMSC), determining that the
modification of the PDMS surface chemistry due to PDA could have predominant effects
in BMSC culture regardless of surface hydrophobicity changes. [55] Similarly, Dabaghi
et al. compared a static and dynamic PDA coating for PDMS microfluidic devices. These
PDA coatings were used to bind collagen within devices and enhance cell adhesion of
human bronchial epithelial cells. [55] PDA’s adhesion strength is provided by these catechol
groups that form hydrogen bonds with the silicone surface [30]. Generally, PDA films
are heterogeneous and encompass oligomeric segments and supramolecular aggregates
assembled by van der Waals interactions and hydrogen bonds [31]. The deposition and
adhesion behavior of the polydopamine on different surfaces is not yet well understood.
Zhang et al. reported that the wettability has a significant influence on the adhesion and
that hydrophobic surface enhances the PDA adhesion [56]

When it comes to interfacial applications between components and tissues for the
medical industry, the interfaces are often weak, which can lead to delamination during
long-term implantation and biological sequelae. Within efforts to improve this problem,
Xue et al. designed and manufactured a hydrogel bio adhesive that is capable of instant
and robust adhesion and enables release triggered by on-demand stimuli. This adhesion of
the hydrogel arises from the fact that it is given by biomimetic interfacial water drainage,
synergistic hydrogen bonds and chemical crosslinking. [57] Similarly, Liu et al. developed
a strategy for fatigue-resistant adhesion of hydrogels on various engineering materials by
joining ordered nanostructures in hydrogels from engineering materials. [58] We believe
that our coating can also serve as a possible base for low tack hydrogels that are used in
removable hydrogel adhesives for bioelectronics.

After the PDA layer formation, the extract was in contact with the surface substrate for
24 h for PAC immobilization. There is an increase in the hydrophilicity of the surface with
respect to that of the substrate functionalized only with PDA from 63° + 3° to 20° £ 3°.
When the functionalized substrate was rinsed for 24 h with PBS and culture media, the
functionalization partially remained due to the lower contact angle and ATR-FTIR peak
intensity changes. The higher hydrophilicity in the substrate rinsed with cell culture
media-enriched BSA may be due to the protein adsorption on the surface.

Figure 6 shows the RBC agglomerates formed on the pristine and functionalized
catheter. Figure 6¢,d shows fewer clusters of RBC are found on the functionalized surface
than in the pristine catheter. The adhesion of the RBCs on the catheter surface occurred
on the flat areas and within the cracks. However, few clusters of RBC were found on
the functionalized catheter. The organic material surrounding the cells suggests that
platelets and other blood components such as collagen, fibronectin, laminin, vitronectin, and
thrombospondin adhered to the surface and form part of the clusters as it happens during
blood circulation Figure 6b shows cell-cell binding and cells bound by an intermediary
macromolecule or intervention of the extracellular matrix. The morphology of the red blood
cells in Figure 6 is described as discocyte, which corresponds to the normal form of RBCs.
Additionally, spherocytes can be seen that can be caused by a hypotonic environment that
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could be caused during the cross-linking of the cells or even due to the friction during the
blood pipetting [50].

Adhesion of thrombocytes to the surfaces of materials and coagulation cascade are
mediated by surface-bound proteins, including Von Willebrand factor (vWB), fibrinogen,
vitronectin, and albumin. These proteins present in the extracellular medium (ECM)
are immediately adsorbed on the surface of materials to form a layer that promotes cell
adhesion [59]. Lower adsorption of blood proteins may represent the higher capacity of
the functionalized catheter to inhibit RBC and thrombocytes” adhesion to the surface [60].
Lower albumin adsorption means that adhesive proteins such as fibrinogen could interact
more directly with the substrate and be de-natured, decreasing the probability of fibrin
formation [61].

To analyze the adhesion behavior of RBC on the catheter surface, we followed the
experiment proposed by Leslie D et al. [35]. We added a 3% RBC solution on different
samples of the catheter for one hour and then rinsed. When the catheter is functionalized
with PDA-Ext, the amount of RBC adhered to the surface decreases when compared to the
catheter with extract alone. This result suggests that the coating is effective against blood
agglutination on the catheter surface.

Dang et al. showed that the platelet adhesion was dependent on the PDA layer
thickness due to the formation of aggregates that increase the surface contact area and,
consequently, protein adsorption. However, further immobilization of these layer with
phosphorylcholine copolymer decreased platelet adhesion by 99%. To determine whether
the PDA film influences the coating performance, we produced PDA films with two
different roughness, and then these samples were in contact with the extract for 24 h,
as described previously. The results suggest that PDA thickness does have an influence
RBC adhesion. Our results show that thicker PDA layers were formed on the catheter
surface when the contact time with the dopamine solution increased. Furthermore, thicker
PDA layers decreased the RBC adhesion. Dang et al. 2015 reported an opposite result for
adhesion on thicker PDA layers for platelets [49]. We hypothesize that the RBC adhesion
reduction with PDA is due to higher interaction with the cell membrane inhibiting the
interaction between cells and other blood cell components as suggested by the antigenic
shielded effect of the PDA on RBC [62]. A layer roughness increased indicates a thicker
layer. Thicker layers could increase the density of the OH groups on the surface, enhancing
the interfacial adhesion of the proteins and cells based on hydrophilic interactions, making
it easier for red blood cells to adhere less strongly than when they profit from hydrophobic
interactions. The film maintained similar morphology, and no other nanostructures that
increased the surface area were detected. Further studies are necessary to determine the
reason for PDA film thickness on the RBC adhesion.

This research has focused on evaluating changes in the membrane of red blood cells
caused by polyphenols and how these changes can modify the mechanical properties of
the cell membrane. The polyphenolic structure of flavonoids gives them the ability to
interact with biological membranes, eliminating free radicals; thus, they also act directly
as transition metal chelators on the membranes. Such interactions could result in an
alteration in the arrangement of the lipids of the membrane at different depths of the
lipid bilayer. This interaction has been shown to be concentration dependent, increasing
the fluidity of the membrane near the surface [63]. This result is also reaffirmed in the
research proposed by Visser, | et al. in which it was shown that the protective antioxidant
properties of PACs increased the elasticity of the membrane [63]. It was experimentally
verified that blueberry extract in solution can agglomerate RBC, but only at very high
concentrations (>160 mg/mL). Additionally, at low concentrations (<80 mg/mL), this
effect was not observed.

The fluidity of the membrane has been shown to play a decisive role in the efficiency
of the cell’s binding to the ligand; this fluidity depends on the freedom of mobility of
the membrane components [64]. Several studies have suggested a direct proportional
correlation between red blood cell deformability and membrane fluidity [65]. In this sense,
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greater deformability of the membrane is correlated with a lower elastic modulus (EC) and
greater fluidity in the membrane. Classical studies have revealed that surfactants fluidized
the cell membrane, weakening cell adhesion. Recently, polyphenols such as tannic acid
(TA) have been used as surfactants for different purposes due to environmental concerns
and the high availability of polyphenols in nature [66,67]. Research proposed by Takahisa
M et al. used natural polyphenols as surfactants to modulate the membrane fluidity of
stem cells and reduce cell adhesion without toxic effects relative to their early differentiated
progeny [68].

Morphological AFM analysis of the cells adhered to the samples showed that the few
cells adhered to the PDA-Ext were larger in height and width than the cells adhered to
the native surface, suggesting that the larger cells adhered to the catheter by increasing
the adhesion points with the surface [51]. Nanoindentation has become a useful tool to
determine properties such as the elastic modulus (EC) of biological samples. Cantilevers
serve as nano-introducers that allow for the testing of small, inhomogeneous samples
such as cells. Various models are used to calculate EC, but most of them are based on the
Hertz model [69]. For our indentation experiment, we performed measurements to obtain
force-distance curves in the central region of the RBC. This information is provided by
mechanical mapping using AFM, in which curves are obtained in each pixel of the image
of the central cell region. The quantification of the elasticity of the cells was measured
from a central region. Central and peripherals regions of the cell show elasticity differences
of up to four orders of magnitude, from tens of Pa to hundreds of kPa [70], and the area
should be set before the experiment. Cell adhesion determines cell elasticity; consequently,
the structures formed by cells differ and the actin cytoskeleton reorganizes in a pattern-
dependent manner. Non-adherent cell areas are generally softer than adherent cells [70].
It is possible to observe a decrease in the EC values of the RBCs presented on the treated
model’s surface compared to the RBCs presented on the model’s surface without treatment.

Other studies reported that red blood cells loosely attached to the substrate show a
decrease in EC given the presumption of the Hertz model [69]. The lower EC could be
associated with the membrane state [71]. The cell adhesion determines the cell elasticity
that is correlated with the reorganization of the actin cytoskeleton. Non-adherent cell areas
are generally softer than adherent cells [72]. Our results suggest that the blueberry extract
coating can repel the adhesion of red blood cells to the surface due to changes in the fluidity
of the RBC membrane, which influences adhesion to the substrate.

5. Conclusions

The ethanolic extract of blueberry contained polyphenols and PACs. We consider that
the use of ethanol is a viable option for the extraction of PACs, as described by previous
research. We achieved a stable functionalization of the silicone catheter with the PDA + Ext
on the originally hydrophobic surface. The RMS on the surface of the functionalized
catheter was greater than that of the original. This finding, paired with an increase in
surface wettability and the presence of hydroxyl groups, demonstrates the presence of the
PDA + Ext coating on the surface. Furthermore, functionalization prevails after rinsing with
bacteria and cell culture media. The PDA + Ext coating on the catheter surface was able to
reduce blood protein adhesion compared to the original catheter surface; the percentage of
reduction in albumin and plasma protein adhesion to the surface was approximately 15.2%
and 7.65%, respectively. We suggest that the decrease in the adhesion of blood proteins to
the surface could have a decreasing effect on the adhesion and aggregation of red blood
cells on the surface. In this regard, we observed a reduction of approximately 60% in the
adhesion of RBC when the catheter surface had the PDA + PAC coating, compared with
the adhesion of RBC to the original surface; furthermore, the SEM images showed an RBC
agglutination effect on the surface of the pristine catheter, which was not observed on the
functionalized surface. We also consider that the molecular size of the PACs may cause
a steric hindrance effect that could contribute to the RBC repellent effect of the coating.
AFM indentation experiments showed a distribution of Young’s modulus measurements of
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red blood cells adhered to the original catheter, in which most of the values were between
55.45 and 655.45 MPa, while the few RBCs found adhered to the PDA-PAC-coated catheter
showed that most of the measurements shifted between 6.76 and 116.76 MPA. This lower
Young’s modulus indicates that the RBCs were not well adhered to the coated surface.
Since a decrease in the fluidity of the RBC membrane is directly related to a decrease in its
stiffness, and a low stiffness is correlated with a lower Young’s modulus, we suggest that
PACs are capable of modifying adhesion to the functionalized surface, first modifying the
RBC membrane in contact with the hydroxyl groups and thus changing the biomechanical
properties of the cell toward the substrate.

Our findings on changes in the adhesion of RBC to a silicone surface due to PDA + Ext
coating could be important in the development of surfaces that inhibit thrombus formation
in silicone medical devices that come into contact with blood. For further experiments, it
might be useful to expose the substrates to autoclaving processes, emulating the sterilization
that medical devices would undergo at the industrial production level, and thus evaluate
the stability of the coating after exposure to higher temperatures.
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