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Dynamic in vitro hemocompatibility of
oligoproline self-assembled monolayer surfaces†

Aldona Mzyk,*a,b Gabriela Imbir,a Yuri Noguchi,c,d Marek Sanak, e

Roman Major, a Justyna Wiecek,a Przemyslaw Kurtyka,a Hanna Plutecka, e

Klaudia Trembecka-Wójciga,a Yasuhiko Iwasaki, c,d,f Masato Uedac,d and
Sachiro Kakinoki *c,d,f

The blood compatibility of self-assembled monolayers (SAMs) of

oligoproline, a nonionic antifouling peptide, was investigated using

the cone-and-plate assay imitating arterial blood flow conditions.

End-capped oligoprolines composed of 6 and 9 proline residues

(Pro6 and Pro9) and a Cys residue were synthesized for preparing

SAMs (Pro-SAMs) on Au-sputtered glass. The surface of Pro-SAMs

indicated hydrophilic property with a smooth topology. The

adsorption of blood components and the adhesion of blood cells,

including leukocytes and platelets, were strongly suppressed on

Pro-SAMs. Moreover, Pro9-SAM did not trigger the activation of

platelets (i.e., the conformational change of GPIIb/IIIa and

P-selectin (CD62P) expression on platelets and the formation of

aggregates). Our results demonstrate that Pro9-SAM completely

inhibited acute thrombogenic responses and the activation of

platelets under dynamic conditions.

An in-depth characterization of blood-contacting surfaces and
a good understanding of dynamic hemocompatibility assays
are essential for the successful development and clinical appli-
cations of cardiovascular implants.1–3 The artificial vessels,
stents, or elements of heart assist devices with antiadhesive
properties that will reduce the risk of coagulation and inhibit

soft tissue ingrowth are highly demanded.4,5 Currently, the
most popular antithrombotic implants and devices available
on the market are modified by heparin.6,7 The main dis-
advantage of heparinization is an increased risk of bleeding.8

Among the antiadhesive coatings, segmented polyurethane
(SPU)-containing polyethylene glycol (PEG) soft segments are
used for vascular grafts in clinical practice.9,10 PEG is gradually
removed due to the hydrolysis of SPU, resulting in platelet acti-
vation and the induction of immune response.11,12 The above-
mentioned approaches present the main concepts in surface
engineering, where the first relies on selective binding of pro-
teins and the second on the nonselective antifouling mode of
action.13–17 As many parameters influence protein adsorption
and material interaction with blood, it is very difficult to
design bioinert surfaces, which can prevent the adsorption of
plasma proteins and thrombosis. Although some platelet acti-
vation and aggregate formation pathways are well-described,
little is known about how they are modulated by various types
of biomaterials.18,19 The understanding of the mechanism of
blood–material interactions at the molecular scale can lead to
the utilization of surfaces with a well-defined structure. Self-
assembled monolayers (SAMs) on gold are useful to model sur-
faces since they form such highly ordered systems.20–22 We pre-
viously reported a novel low fouling surface, an oligoproline-
based SAMs (Pro-SAMs).23 Oligoprolines were inspired by the
backbone of the amino acid chain of collagen and elastin, pro-
teins of the extracellular matrix. Bioactive short sequences are
dispersed within collagen and elastin chains, and the proline-
rich backbone does not interfere with their interaction with
integrin cell receptors. In our previous work, we demonstrated
that Pro-SAMs strongly prevent the adsorption of serum pro-
teins and the adhesion of fibroblasts. Therefore, we hypoth-
esized that Pro-SAMs can be used to obtain a new type of
antithrombotic surface. This study resulted in the preparation
of Pro-SAMs immobilized with two oligoproline variants of
different chain lengths (Ac-Cys-(Pro)n-CONH2 (n = 6 (Pro6) and
9 (Pro9)) on the Au-coated glass surface and an evaluation of
their interactions with morphotic blood elements under
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in vitro dynamic conditions using the cone-and-plate analyzer
(Fig. S1†).24,25

The surface topography of Pro-SAMs was evaluated based
on atomic force microscopy images (Fig. 1A). The average
roughness (Ra) of the Au-coated coverslip was about 3.2 ±
1.0 nm. After the immobilization of Pro6 or Pro9, the Ra value
slightly increased to around 6.0 nm. The water contact angle
measurements showed that the Au-coated surface (unmodified
Au) was the most hydrophobic among the tested materials
(Fig. 1B). The water contact angle of the unmodified Au-coated
surface was about 72.5° ± 5.0°. The immobilization of Pro6

and Pro9 decreased the water contact angle to around 40°.
Pro6-SAM and Pro9-SAM surfaces showed wettability similar to
that of PU. The chain length of oligoprolines did not signifi-
cantly influence the wettability of the surface.

Using the cone-and-plate assay, the surface coverage by
morphotic blood elements was determined for the studied
materials (Fig. 2A and B). The highest number of adhered
blood cells was found on PU. Activated platelets and leukocytes
were found at the center of the PU surface more substantially
than on the edge of PU. In the case of the Au substrate, the
number of morphotic blood elements, which adhered to the
central region of the surface, was comparable to what was
observed for PU. In comparison to PU, the number of blood
cells was lower at the edge. The surface coverage of Pro6-SAM
and Pro9-SAM was homogenous. The expression of CD62P
(P-selectin), which is a membrane glycoprotein in alpha gran-
ules of platelets, was slightly higher on Pro-SAM surfaces than
on the Au surface.26 A similar trend was found for hematopoie-
tic cells, including leukocytes with the expression of
CD45.27–29 The lowest level of vWF, which is secreted by endo-
thelial cells and platelets, was observed on the Pro9-SAM
surface (Fig. 2C and D). The surface coverage analysis and the
expression levels of the investigated markers showed that the
Au surface was covered in the center by a significantly higher
number of blood elements compared to oligoproline-based
coatings; however, many of them were not activated.

Fig. 1 Surface properties of unmodified Au, Pro6-SAM, Pro9-SAM, and
PU surfaces. (A) Water contact angle. (B) Roughness (Ra). The data rep-
resent mean ± S.D., n = 6; *p < 0.05 vs. PU.

Fig. 2 Coverage of morphotic blood elements on unmodified Au, Pro6-SAM, Pro9-SAM, and PU. (A) Observation of surface coverage at the center
and edge of sample surfaces using confocal laser scanning microscopy (scale bar = 100 µm). (B) Surface coverage by morphotic blood elements.
The data represent mean ± SD, n = 6; *p < 0.05 vs. PU (center), **p < 0.05 vs. PU (edge). (C) Contribution of CD62P+ platelets, CD45+ leukocytes,
and vWF determined by immunostaining analysis. The data represent mean ± SD, n = 6; *p < 0.05 vs. PU.
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The changes in blood quality upon contact with the studied
surfaces were presented as the expression levels of P-selectin
(CD62P) and PAC-1 platelet activation markers, platelet aggre-
gates, as well as the concentration of microparticles (MP),
which are fragments of platelets and cell membrane vesicles
released during exocytosis in blood plasma (Fig. 3 and 4).30,31

The number of activated platelets after contact with Pro-SAMs
did not increase significantly compared to the level obtained
for the baseline control (BASE) (Fig. 3A). The percentage of
platelets expressing P-selectin in blood after its activation with
ADP was 59.0% ± 1.2% (Fig. 3B). The same marker expression
was equal to 0.8% ± 0.3% and 27.9% ± 1.6% for BASE and PU,
respectively. The lowest P-selectin level among the selected sur-
faces was found for Pro9-SAM. The ADP activation changed the
number of PAC-1 positive objects in comparison with the
donor’s blood state. PAC-1 positive platelets were observed at
the lowest level in BASE (Fig. 3C). The highest PAC-1
expression was reported for PU (48.0% ± 2.7%). The contact of
Pro9-SAM with blood resulted in a lower PAC-1 level compared
to the values obtained for PU and Pro6-SAM. The ADP blood
treatment did change the MP level in comparison with the
donor’s blood state, likely due to the rapid aggregation of
platelets in the presence of excess ADP. When the shear stress
was applied, the MP number slightly increased (Fig. 3D). The
concentration of MP also increased on the studied surfaces

upon contact with blood. The lowest MP values were found for
Pro6-SAM and Pro9-SAM. The trends for aggregate formation
were similar to those observed for platelet activation (Fig. 4A–
D). The lowest number of platelet–platelet, as well as platelet–
monocyte aggregates, was observed for oligoproline-based
coatings.

Despite significant advancement in the design of bioinert
coatings, a better understanding of the phenomena that occur
on the blood–material interface is needed under in vitro blood
flow conditions. Herein, for the first time, we show that the
immobilization of oligoprolines triggers significantly lower
platelet adhesion and activation and aggregate formation than
the commercially used PU surface, although both surface types
demonstrate similar roughness and wettability, indicating that
the structure and chemistry of the oligoprolines dictate the
antithrombic properties of the oligoproline-immobilized
surface.

Our previous study demonstrated that Pro6-SAM and Pro9-
SAM form hydrophilic surfaces with a homogenous layer on
the Au substrate like the alkane-thiol SAM due to the closely
packed oligoprolines having a rod-like structure.23 Pro6-SAM
and Pro9-SAM that were used in this study, indicated a low
water contact angle similar to the surface immobilized with
ethylene oxide.32 The surface of Pro-SAMs was very smooth.
The average roughness was around 6.0 nm. The topology of

Fig. 3 Surfaces ranked based on the number of (A) CD61 positive platelets; (B) P-selectin positive platelets; (C) PAC-1 positive platelets, and (D)
microparticles (MP) in the blood after the cone-and-plate test. All values are plotted against the percentage of remaining platelets after the shear
stress (PLT). The data represent mean ± SD, n = 6.
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Pro-SAMs might not affect their blood compatibility because
Scopelliti et al. reported that the increased nanoscale rough-
ness from 15 nm to 30 nm induced an increase in the adsorp-
tion of fibrinogen and albumin.33

Pro-SAMs demonstrated low protein adsorption. The
human fibrinogen adsorption on Pro6-SAM and Pro9-SAM was
101.82 and 35.23 ng cm−2, respectively.23 We did not observe
the adsorption of blood components, including fibrin clots, at
both the center or edge of Pro6-SAM and Pro9-SAM surfaces
upon contact with whole blood under dynamic conditions, as
shown in Fig. 2. Tsai et al. reported that a low level of fibrino-
gen adsorption (ca. 4.6 ng cm−2) is sufficient for mediating
platelet adhesion.34 However, the orientation of adsorbed fibri-
nogen on material surfaces influences platelet adhesion and
activation more than its amount.35 Zhang et al. reported that
the αC region of fibrinogen is preferentially adsorbed on
hydrophilic surfaces, thereby exposing the D and E regions
containing the platelet biding sequence. In the case of Pro9-
SAM, very low platelet adhesion and activation were found
even though the amount of fibrinogen adsorption was ade-
quate for mediating platelet adhesion. The results suggested
that the orientation of adsorbed fibrinogen on Pro9-SAM may
be different than that typically observed on hydrophilic
surfaces.

Studies on SAMs functionalized with specific functional
groups have shown that, after whole blood incubation, sur-
faces with methyl groups showed increased platelet adhesion,
whereas leukocytes adhered to only hydroxyl-terminated
SAMs.36,37 In contrast, neither platelets nor leukocytes adhered
to carboxyl-terminated surfaces.38 We observed that Pro-SAMs
exposing noncharged C-terminal amide groups prevented plate-
let and leukocyte adhesion. Moreover, the effect of inhibition
was related to the length of the peptide chain. Pro9 formed a
highly packed SAM layer with higher hydration compared to
Pro6 due to the stabilization of the rod-like polyproline-II
structure.39,40 Water molecules, then, might mediate adsorbed
blood plasma proteins based on their type and
conformation.41,42 Interestingly, a previous study reported that
stable hydration networks are constructed around the polypro-
line-II structure.43 The rod-like polyproline-II structure facilitates
water molecules to directly access the carbonyl oxygen atoms of
Pro residues, which is incorporated into a sheath comprising
hydration shells. Hence, the interfacial water molecules might
play a crucial role in antifouling properties of Pro-SAMs.

This is the first study to investigate the in vitro blood com-
patibility of Pro-SAMs under dynamic conditions. Surfaces of
Pro-SAMs with a smooth topology were prepared by oligopro-
lines with different chain lengths, the end-capped Ac-Cys-

Fig. 4 Surfaces ranked based on the number of (A) platelet aggregates (PLT-AGG), (B) small platelet aggregates, (C) big platelet aggregates, and (D)
platelet–monocyte aggregates (PLT-MON-AGG) in the blood after the cone-and-plate test. All values are plotted against the percentage of remain-
ing platelets after the shear stress (PLT). The data represent mean ± SD, n = 6.
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(Pro)6-CONH2 (Pro6) and Ac-Cys-(Pro)9-CONH2 (Pro9). The
adsorption of blood components and platelet adhesion were
suppressed on Pro-SAMs compared to the Au substrate and the
commercially used PU. Interestingly, the platelets remained
nonactivated after contacting with Pro-SAMs, and this ten-
dency was more pronounced for Pro9-SAM than Pro6-SAM.
The results demonstrated that excellent blood-compatible sur-
faces can be fabricated via Pro9 immobilization. Further ana-
lyses are needed to elucidate the detailed mechanisms of the
antifouling characteristics of the Pro9-SAM surface, for
example, the interaction with water molecules and small free
fatty acids.
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