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Abstract: Background: Hemocompatibility of left ventricular assist devices is essential for preventing
adverse events. In this study, we compared the hemocompatibility of an axial-flow (Sputnik) to
a centrifugal-flow (HeartMate 3) pump. Methods: Both pumps were integrated into identical
in vitro test circuits, each filled with 75 mL heparinized human blood of the same donor. During
each experiment (n = 7), the pumps were operated with equal flow for six hours. Blood sampling
and analysis were performed on a regular schedule. The analytes were indicators of hemolysis,
coagulation activation, platelet count and activation, as well as extracellular vesicles. Results: Sputnik
induced higher hemolysis compared to the HeartMate 3 after 360 min. Furthermore, platelet activation
was higher for Sputnik after 120 min onward. In the HeartMate 3 circuit, the platelet count was
reduced within the first hour. Furthermore, Sputnik triggered a more pronounced increase in
extracellular vesicles, a potential trigger for adverse events in left ventricular assist device application.
Activation of coagulation showed a time-dependent increase, with no differences between both
groups. Conclusions: This experimental study confirms the hypothesis that axial-flow pumps may
induce stronger hemolysis compared to centrifugal pumps, coming along with larger amounts of
circulating extracellular vesicles and a stronger PLT activation.

Keywords: left ventricular assist device; in vitro test circuit; Sputnik; HeartMate 3; hemocompatibility;
hemolysis; coagulation; platelet activation; extracellular vesicles

1. Introduction

Due to the worldwide shortage of donor organs, including donor hearts, left ven-
tricular assist devices (LVADs) are increasingly used for the treatment of end-stage heart
failure patients [1]. However, LVADs can induce blood trauma due to mechanical forces,
heat or due to blood contact with the foreign surface material of the pump [2]. Adequate
hemocompatibility of LVADs is a fundamental necessity to prevent adverse events, such
as anemia, thromboembolic events, gastrointestinal bleeding or stroke [3]. To evaluate the
hemocompatibility of LVADs, various parameters need to be investigated.

Hemolysis (the lysis of red blood cells (RBCs)) is one of the most crucial parameters
for assessing the hemocompatibility of blood pumps [4]. LVAD-induced hemolysis is
strongly affected by the pump-induced shear stress and the residence time of blood cells
in high shear stress regions [5]. The extent of shear stress caused by LVADs is dependent
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on its design type [6]. High shear stress regions are more prominent in continuous-flow
rotary LVADs compared to pulsatile hydraulic LVADs, even though their overall number
of adverse events is lower [7-9]. Hemolysis causes the intracellular hemoglobin of RBCs to
be released into the blood plasma. Therefore, the amount of plasma-free hemoglobin is a
classical marker to assess hemolysis [10].

As another important parameter to elucidate hemocompatibility, the activation of
coagulation and platelets (PLTs), as well as general blood cell counts, are used [6]. Like
the white blood cell (WBC) count, the amount of activated PLTs serves as an indicator
of increased inflammation and coagulation [11]. In particular, PLT activation is known
to be induced by high shear stress, indicated by the expression of distinct markers on
the PLT surface, inducing pro inflammatory and procoagulatory cascades [12]. Addition-
ally, PLT count decrease is a clinically well-known reason for accompanying bleeding
complications [13,14]; thus, PLTs play a central and crucial role in the determination of
hemocompatibility. Activation of coagulation is an indicator of clot formation and can be
determined, among others, via thrombin/antithrombin complexes [15].

As a novel biomarker of interest to evaluate the hemocompatibility of LVADs, extra-
cellular vesicles (EVs) are focused on in recent publications [16,17]. EVs are small lipid
structures (<1 um) released by all types of blood cells. Generally, EVs contain cargo, such
as proteins [18] and miRNAs [19], which can mediate physiological changes in their tar-
get cells—beneficial or detrimental. LVADs are known to increase circulating EVs in the
blood [16,17,20,21]. Whether EVs released due to LVADs could be biomarkers of adverse
events needs to be investigated in more detail and, therefore, is included in this study.

The Sputnik pump is an axial-flow LVAD and has been implanted around 50 times by
the beginning of 2020 [10]. Romanova et al. experimentally compared the pump-induced
hemolysis levels of the Sputnik LVAD and its new generation under development [22].
However, in terms of good scientific practice, the Sputnik LVAD should also be compared
to a state-of-the-art LVAD, which is intended for a similar application and flow rate [2].
The axial-flow LVAD HeartMate 2 would be an obvious choice for comparison, as it has
already been implanted more than 27,000 times [23]. However, the HeartMate 3 centrifugal
pump, as the successor of the HeartMate 2, can be regarded as the novel state-of-the-art
LVAD according to the manufacturer [24]. This is justified by lower event-free survival after
2 years of the HeartMate 3 compared to the HeartMate 2 [25]. Furthermore, the HeartMate
3 received approval for the CE mark in 2015 [26] and has been evaluated in long-term
studies in 2200 patients [27,28]. Therefore, the HeartMate 3 LVAD was chosen as the
comparative device.

Especially in the Asia-Pacific region, there is a high interest in lower-cost alternatives
for established LVADs to offer LVAD therapy to a larger patient population [29]. One
potential alternative device is the Sputnik LVAD, which is in clinical use in Russia, but data
on clinical performance or hemocompatibility properties are lacking.

The aim of this study was to compare the hemocompatibility of the Sputnik LVAD
with a gold standard LVAD, the HeartMate 3 in this case, in an in vitro and short-term
experimental study for the first time. Therefore, human whole blood was circulated in
two identical test circuits, and several parameters were determined to assess the hemo-
compatibility of both LVADs. However, this study solely represents the first insight on an
experimental level.

Furthermore, axial-flow LVADs are typically associated with higher pump-induced
hemolysis compared to centrifugal LVADs in in vitro experiments [3,5,7]. This hypothesis
was further investigated in this study as well.

2. Materials and Methods
2.1. Technical Features of Pumps under Investigation

The Sputnik LVAD [30,31] is an axial-flow LVAD with blood flowing in parallel to
the impeller axis (Figure 1A). It was developed by the National Research University of
Electronic Technology (MIET) and others in Russia.
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Figure 1. (A) Picture of Sputnik LVAD; (B) Picture of HeartMate 3 LVAD. For further details on the
internal design of both pumps, refer to Mehra et al. [32].

The Sputnik pump contains an impeller with four blades, which is rotated via coils
inside the stator. The impeller has a diameter of 15.6 mm, and the flow channel has a
diameter of 16 mm, which results in a flow gap of 0.2 mm. The impeller is suspended on
two mechanical needle bearings on the opposite sides of the pump. The bearing material
consists of a cobalt-chromium-molybdenum alloy. A flow straightener with four blades at
the pump input minimizes the eddy flow before entering the impeller. Furthermore, the
pump output is equipped with a diffusor consisting of three blades.

The Sputnik pump is connected to the left ventricle via an inflow cannula and to
the aortic arc via an outflow cannula, felt ferrule and vascular prosthesis (sewed to the
ascending aorta).

The HeartMate 3 LVAD [9,26], on the other hand, is a centrifugal pump, which radially
ejects blood entering axially to the impeller axis. It was originally designed by Thoratec
Corp., which was acquired by Abbott (North Chicago, IL, USA) in 2017 [33].

As shown in Figure 1B, it consists of a fully magnetically levitated rotor with wide
blood flow gaps for increased durability and minimized shear stress. This is achieved
by passive rotor magnets and electromagnetic stator coils for drive and levitation. Blood
flow gaps are 0.5 mm on the side of the rotor and 1 mm on the top and bottom of the
pump, which is much larger compared to the Sputnik LVAD. Therefore, the stasis and
damage of blood components can be assumed to be lower. The levitation is controlled
via distance sensors, and the velocity is controlled via hall sensors. To further improve
hemocompatibility, the pump is textured by a sintered titanium microsphere surface. This
induces the adhesion of circulating cells and the development of a stable biological lining
to reduce anticoagulation requirements and thromboembolism [34].

A special feature of the HeartMate 3 is the artificial pulse it produces 30 times per
minute asynchronously from heart activity. During each artificial pulse, the pump speed
is decreased by 2000 rpm for 0.15 s and subsequently increased by 4000 rpm for 0.2 s.
However, the artificial pulse is only generated for speed levels greater than 4000 rpm.

For HeartMate 3 implantation, the 20 mm inflow cannula is positioned in the apex of
the left ventricle. It is secured in place with an apical cuff and a titanium-locking ring. A
14 mm sealed outflow graft with bend relief is anastomosed to the ascending aorta.

Table 1 summarizes the key features of the Sputnik and the HeartMate 3 pumps,
respectively. Both pumps come with portable control units, including battery supply, which
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are connected to the LVAD via a percutaneous cable passing through the patient’s skin. The
corresponding control units for Sputnik and HeartMate 3 were utilized in this study.

Table 1. Comparison of Sputnik and HeartMate 3 pump characteristics ([9,26,30,31,35,36]).

Sputnik HeartMate 3
Axial-flow pump Centrifugal-flow pump
Pump type (2. generation) (3. generation)
Bearing Mechanical (cup socket) Magnetic

Intrathoracic
>515 (2019)
3000 rpm-9000 rpm
5000 rpm-6000 rpm

Implantation location Extrathoracic/intrathoracic
Patients >50 (2020)
5000 rpm-10,000 rpm

7500 rpm-8600 rpm

Maximum speed range

Clinical speed range

Artificial pulse No Yes
Maximum flow Up to 10 L/min Up to 10 L/min
Weight 246 g 200 g
Size Diameter: 34 mm Diarpeter: 69 mm
Length: 81 mm Height: 30 mm
Flow gap 0.2 mm 0.5 mm-1 mm
Material Titanium alloy Titanium
Textured surfaces No Yes

2.2. Test Circuit Design

For each experiment, two similar test circuits, consisting of an LVAD (Sput-
nik /HeartMate 3), a reservoir (Small pouch, part of CompoSelect® RCC, Fresenius Kabi
AG, Bad Homburg, Germany) and connecting PVC tubes (1/200 and 1/400 RAUMEDIC
AG, Miinchberg, Germany) were assembled to form a closed loop of 75 mL total volume
(Figure 2). The test circuits were constructed in the same way, except for the installed
LVAD. Except for the miniaturization, the test circuits were designed according to the
“Standard Practice for Assessment of Hemolysis in Continuous Flow Blood Pumps” (ASTM
F1841). The reservoirs are mandatory to achieve enough blood volume within the circuits
for multiple blood withdrawals during the experiments. For better handling, the whole
test circuits were fixed in an upright position to a vertical panel.

Blood flow was measured via flow sensors (BioProTTTM Clamp-OnTM Transducer,
em-tec GmbH, Finning, Germany) connected to the PVC tubing. Pressure sensors (Pressure
Probe Xtrans, CODAN pvb Critical Care Inc., Forstinning, Germany) were connected before
and behind the LVADs via Luer connectors for continuous pressure monitoring within
the systems.

A steady temperature of 37 °C within the circuits was assured by using a heating hood
(Certomat HK, Labexcahnge.com, Burladingen, Germany). The specific temperature of
each test circuit was measured at the reservoir via a standard temperature probe (DATEX
AS/3, GE Healthcare, Solingen, Germany).
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Figure 2. Assembly diagram of both test circuits. Large arrows: Direction of blood flow. Small arrow:
Mechanical pressure on reservoirs.

2.3. Circulation and Hemodynamics

In this miniaturized experimental setting, it is not possible to run both devices at
their optimal speed, as the resulting flow patterns would differ between the devices.
Therefore, an experimental setting was chosen, which enables optimal comparison between
the devices, regardless of the optimal conditions for the devices. Hence, the automatically
generated pulsatile waveform, which is the optimal working mode of the HeartMate 3,
was avoided to enable a fair comparison with the non-pulsatile flow of the Sputnik. This
was achieved by limiting the speed of the HeartMate 3 to 4000 rpm, which results in a
constant pump flow of about 250 mL/min. This is equal to a circulation of the whole blood
in the circuit of 3.3 turnovers per minute, and the speed of the Sputnik pump was adjusted
to generate 250 mL /min likewise. In relation to a clinical scenario, with 5 L/min, which
corresponds to one turnover of the whole blood amount of an adult patient, our setting
was 3—4 times higher. In relation to the proposed worst-case clinical operation conditions of
5 L/min proposed by the ASTM F1841 for a 450 mL test circuit, which equals 11.1 turnovers
per minute of the whole blood volume, we were exactly in between these two settings.
Repeated blood sampling during the experiments further decreased the blood volume
inside the miniaturized test loops to 60 mL after 240 min. Therefore, blood circulation rates
within the loops were 3.33 turnovers per minute at the beginning and 4.17 turnovers per
minute after 240 min.

The offset pressure was regulated to >75 mmHg via a custom-made clamp module
to adjust the pressure inside the reservoir bag. The clamp modules were readjusted after
every blood sampling due to volume and subsequent pressure loss. The overall resistance
of the loop resulted in head pressures of 40-50 mmHg.

2.4. Blood Donation and Experimental Groups

For each experiment, 150 mL human blood from a single donor was withdrawn into
three 50 mL syringes, primed with 3.75 IU/mL of heparin (LEO Pharma A/S, Ballerup,
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Denmark). The blood was withdrawn from the median cubital vein of volunteers after
informed consent and approval of the ethical committee of the University Hospital of the
RWTH Aachen (file no EK134/20). In that way, blood donations from 7 healthy volunteers
(4 male, 3 female) were used for seven experiments. Each donation was split into two equal
portions (75 mL) for simultaneous operation of the test circuits and direct comparison of
two experimental groups (Sputnik/HeartMate 3). Shortly after blood withdrawal, both test
circuits were filled carefully, avoiding entrapped air, and started simultaneously.

2.5. Blood Sampling and Analysis

Directly after withdrawal, blood was initially analyzed to determine the patient’s
baseline levels. Subsequently, blood was sampled (3 mL per sample) from the loop after
5 min and after 1, 2, 3, 4 and 6 h, respectively. Due to the limited sample volume, no sample
was collected after 5 h. Immediately after each sampling, a hemogram was measured
on an automated cell counter (MEK-6550K, Nihon Khoden Inc., Rosbach, Germany), and
blood gas analysis was performed on an ABL800 analyzer (Radiometer Inc., Fichtenhain,
Germany). Blood for subsequent measurements was collected into citrate collection tubes
(S-Monovette, Sarstedt Inc., Ntimbrecht, Germany). To obtain plasma, the blood was cen-
trifuged at 2000 x g for 10 min at room temperature, then aliquoted and stored at —80 °C.
The levels of thrombin/antithrombin complex (TAT) in the plasma were determined from
these samples in accordance with the manufacturer’s instructions by an enzyme immunoas-
say using a TAT ELISA Kit (Thrombin/Antithrombin Complex (TAT) ELISA Kit (Human),
SEA831Hu, Cloud-Clone Corp, Katy, TX, USA).

2.6. Fluorescence-Activated Cell Sorting

The ratio of activated platelets was determined by detecting the platelets’ cell surface
expression of P-selectin (CD62P+). An amount of 20 uL citrated whole blood from the
test circuit was diluted 1:50 and incubated with fluorescein isothiocyanate-conjugated
and phycoerythrin-conjugated CD61 and CD62P (MCA2263F, MCA2418PE, BioRad Inc.,
Feldkirchen, Germany) or their isotype controls (MCA928F, MCA 928PE, BioRad Inc.,
Feldkirchen, Germany) at room temperature for 15 min. The platelets were fixed (Cell Fix;
BD Biosciences, Heidelberg, Germany) after staining and subsequently analyzed using a
flow cytometer (BD FACSCanto, BD Biosciences, San Jose, CA, USA).

2.7. Isolation of Extracellular Vesicles

Extracellular vesicles were isolated by precipitation, using the commercial ExoQuick
Ultra Kit (System Biosciences, Palo Alto, CA, USA). Plasma samples were centrifuged at
4 °C for 10 min at 12,000 x g, and 200 pL supernatant was transferred into a new reaction
tube. The isolation of EVs was performed according to the manufacturer’s protocol. Briefly,
the appropriate volume of ExoQuick was added to the plasma samples, mixed by inverting,
and incubated for 30 min at 4 °C. The mixture was centrifuged at 4 °C for 10 min at 3000 g.
Supernatants were aspirated and discarded without disturbing the precipitated EVs. The
pellets were resuspended in Buffer B and added to the resin of prepared columns and mixed
at RT for 5 min on a rotation shaker. Columns were centrifuged at 4 °C for 30 s at 1000x g
to obtain the purified EVs. EVs were aliquoted and stored at —80 °C until further analysis.

2.8. Western Blot Analysis

Antibodies for the detection of specific proteins, which are associated with EVs and
specific for platelets or red blood cells, were purchased from BD Biosciences (Flotillin-1:
BD610821, BD Biosciences inc., Heidelberg, Germany), Cell Signaling Technologies (CD9:
#13403, Integrin a2b: #13807, Cell Signaling Technologies, Danvers, MA, USA), Abcam
(Band3/AE1l: ab108414, Abcam, Cambridge, UK) and Bio-Techne (ApoB100: AF3260,
Bio-Techne, Wiesbaden, Germany). As secondary antibodies, anti-mouse- (#Na931V, GE
Healthcare, Munich, Germany), anti-rabbit- (#7074, Cell Signaling Technologies, Danvers,
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MA, USA) and anti-goat antibodies (sc-2354, Santa Cruz Biotechnology, Heidelberg, Ger-
many) were used.

An amount of 40 pL of each sample, respectively, 20 pL for ApoB100 detection were
separated by gel electrophoresis using 12% (4-20% for ApoB100) Acrylamide Stainfree-gels
(#1610175/#4561095, BioRad, Feldkirchen, Germany), as described previously [37]. The
samples for the detection of Band3, Integrin a2b, ApoB100, Flotellin-1, CD63 and CD9
were prepared as described previously [37]. The normalization of the single EV markers
was performed using the total protein amount of the corresponding sample, visualized
within the Acrylamide Gel after electrophoresis and prior to the blotting procedure by the
Stainfree technology, as described previously [3].

Subsequently to gel electrophoresis, the separated proteins were transferred to a PVDF
membrane (#1704150, BioRad, Feldkirchen, Germany), blocked, washed and incubated [35].
Chemiluminescent signals were detected after incubation of the membrane with Super-
Signal West Femto Substrate (34094, Thermo Fisher Scientific, Langerwehe, Germany),
using the ChemiDoc Imaging System (BioRad, Karlsruhe, Germany). Densitometrical
analysis of the protein bands’ intensity was performed using the image lab Software (Bio-
Rad) and displayed as relative units normalized to the stain-free images and referenced to
baseline values.

2.9. Nanoparticle Tracking Analysis (NTA)

The size and concentration of isolated EVs were quantified by NTA using the NanoSight
NS300 (Malvern Panalytical Ltd., Malvern, UK) equipped with a sSCMOS camera and a
Blue488 laser module. All samples were diluted 1:50-1:100 in DPBS (D8662, Sigma Aldrich,
Taufkirchen, Germany) to a final volume of 1 mL. Capture settings were used according to
the manufacturer’s manual; camera focus was adjusted by autofocus; and the camera level
was set to 14. For each measurement, three 60 s videos were captured. The videos were
analyzed by the NanoSight Software NTA 3.2 Dev Build 3.2.16 with a detection threshold of 7.

2.10. MiRNA Isolation and Quantification

MiRNA was isolated by spin column purification, using the commercial miRNeasy
Advanced Kit (217204, Qiagen, Hilden, Germany). The isolation was performed according
to the manufacturer’s protocol. Briefly, 200 uL of purified EVs were lysed with 60 pL Buffer
RPL, vortexed for 5 s and incubated for 3 min at RT. After lysis, 60 uL Buffer RPP was
added, vortexed for 20 s, incubated for 3 min and centrifuged for 3 min at 12,000 x g to
precipitate proteins. Afterward, the supernatant was transferred to a new reaction tube and
mixed with isopropanol. The mixture was transferred to a column and centrifuged for 15 s
at 8000 x g, followed by subsequent washing steps. RNA was eluted with RNase-free water.
MiRNA was quantified using a eukaryotic total RNA Pico chipset (#5067-1513 Agilent
technologies, Santa Clara, CA, USA).

2.11. Transmission Electron Microscopy (TEM)

Isolated EVs were incubated for 5 min on glow discharged formvar carbon-coated
grids (Nickel Grid 200 mesh, Electron Microscopy Sciences, Hatfield, PA, USA). The grids
were washed three times with H,O. Negative staining was performed with 0.5% uranyl
acetate (Electron Microscopy Sciences, Hatfield, PA, USA). Excess liquid was removed
using filter paper. The grids were air dried for 10 min. Samples were imaged using an LEO
906 EM transmission electron microscope (Zeiss, Oberkochen, Germany), operated at an
acceleration voltage of 60 kV.

2.12. Statistical Analysis

All data, except for EVs, are presented as mean + SEM. The normality of the data was
checked by a Shapiro-Wilk normality test. A two-way ANOVA with Sidak correction for
multiple comparisons and a confidence interval of 95% was performed to verify differences
at single time points between the two paired groups (Sputnik/HeartMate 3), using the
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GraphPad Prism software (GraphPad Prism version 9.2.0 for MacOS, GraphPad Software,
San Diego, CA, USA). If the calculated p-value was <0.05, the results were regarded as
significantly different. GraphPad Prism was also used to design the graphs.

3. Results
3.1. Operating Parameters

Figure 3 compares the operating conditions of the Sputnik and HeartMate 3 test circuits
shortly before each sample collection. The flow (Figure 3B) follows the preset of constant
250 mL/min throughout the experiments, with minimal variations and no differences
between the groups. However, the pump speed (Figure 3A) needed to generate equal flow
in both test circuits was significantly higher at every time instant in the Sputnik group
(5000 rpm) in comparison to the HeartMate 3 (3750 rpm) group. Furthermore, the head
pressure (Figure 3C) reveals no significant differences between the groups.
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Figure 3. (A) Pump speed (rpm), (B) pump flow, (C) head pressure and (D) temperature over time.
Significance: ** p < 0.01.

The temperature (Figure 3D) strongly increased over the first hour in both groups.
This occurred due to the initial heating of the blood inside the heating hood. Comparing
both groups, the temperature was significantly higher in the Sputnik group after 60 min.
This significant difference could be explained by the stronger self-heating of the Sputnik
pump due to higher pump speed and heat generation in its mechanical bearings [3].

3.2. Indicators of Hemolysis

The concentration of fHGB (Figure 4A) and potassium (Figure 4B) increased gradually
during circulation in the Sputnik group. Potassium was statistically significantly higher
after 180 min, whereas fHGB was statistically significantly higher after 360 min in the
Sputnik group compared to the HeartMate 3 group. As fHGB and Potassium are indicators
of hemolysis, these results seem to indicate increased hemolysis in the Sputnik group
toward the end of the experiments in comparison to the HeartMate 3 group.
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Figure 4. (A) Plasma free hemoglobin (fHGB) and (B) potassium over time. Baseline (BL). * p < 0.05;
*** p < 0.001.

3.3. Platelet Count and Activation

PLT activation (Figure 5B) in the HeartMate 3 group showed an increase after 5 min
and afterward declined to baseline levels. The PLT activation in the Sputnik group showed a
statistically significant increase starting at 120 min in comparison to the HeartMate 3 group.
Despite this PLT activation, the PLT count (Figure 5A) in the Sputnik group persisted at
baseline levels. In sum, we saw a higher activation of PLTs by the impeller of the Sputnik
pump, without relevant clot formation or PLT deposition.
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Figure 5. (A) Platelets (PLTs), (B) platelet activation, and (C) thrombin/antithrombin complex (TAT)
over time. Baseline (BL). * p < 0.05; ** p < 0.01; *** p < 0.001; # p < 0.05.

Platelet count decreased in the HeartMate 3 test circuit from 244 + 49 x 103/uL to
177 + 67 x 103/ uL after 60 min of circulation. In the further course, the PLT count in the
HeartMate 3 group remained lower in comparison to the Sputnik group. For the Sputnik
group, PLT remained almost constant all the time.

3.4. Coagulation Activation

Coagulation activation was closely evaluated via measurement of the thrombin/
antithrombin complex (TAT) concentration. TAT concentration is depicted in Figure 5C,
and it increased statistically significantly over the time of the experiment in both groups.
However, no statistically significant differences in TAT concentrations were observed
between the groups.

3.5. Cell Counter

Baseline white blood count WBC was 5.4 4+ 2.4 x 10%/uL. WBC showed a slight de-
crease until the end of the experiments without differences between the groups (Figure 6C).
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Figure 6. (A) Total hemoglobin (HGB), (B) white blood cell count, (C) pH value and (D) lactate
concentration, (E) calcium concentration and (F) glucose concentration over time. Baseline (BL).
*p <0.05.

The mean total hemoglobin (HGB) concentration (Figure 6A) of the blood donation
was 14.2 + 1.5 g/dL. HGB in the HeartMate 3 group increased slightly after 60 min, whereas
HGB remained at baseline levels in the Sputnik group. The increase in the HeartMate
3 group was statistically significant in comparison to the Sputnik group at 180 and 240 min.

3.6. Blood Gas Analysis

Glucose (Figure 6F) and pH (Figure 6C) declined gradually in both groups during
the experiments. Mean lactate (Figure 6D) increased gradually from 1.3 & 0.0 (baseline)
to 10.8 &= 0.4 at the end of the experiments. There were no differences between the groups.
Mean calcium levels showed an initial drop, which was stronger in the Sputnik group, and
an increase until the end of experiments in both groups.

3.7. Release of Extracellular Vesicles
As another potential damage marker, we isolated EVs from plasma samples at baseline

and after 6 h of circulation by precipitation. The quality was assessed by TEM (Figure 7A)
and revealed small vesicular structures in the baseline sample with a size <100 nm. How-
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ever, in the Sputnik and HeartMate 3 samples, visualization of EVs was difficult due to the
excessive amount of cell debris, most likely derived from hemolysis. (Figure 7B). Since EVs
are known to carry miRNAs, total miRNA content was quantified.
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Figure 7. (A) Representative TEM images of EVs isolated by precipitation from the baseline in both
Sputnik and HeartMate 3 test loops after 6 h. (B) MiRNA was isolated from EVs and quantified using
a eukaryotic total RNA Pico chip. (C) Representative Western blot images of common EV markers
in EVs isolated at baseline and after 6 h of circulation using the Sputnik and HeartMate 3 pumps.
(D,E) Western blot bands were quantified and normalized to the corresponding total protein amount
visualized in the acrylamide gels by stain-free technology and then compared to baseline. Data
represent means + SEM of six independent samples. Significance: * p < 0.05; ** p < 0.01.

Using a eukaryotic total RNA Pico chip, we could detect a statistically significant
increase in miRNA content in the Sputnik EVs (483.30 £ 113.60 pg/pL) compared to
baseline (116.20 £ 27.31 pg/uL) and HeartMate 3 EVs (283.8 & 114.30 pg/uL) (Figure 7B).

EVs were further analyzed by SDS-PAGE and Western blot using antibodies for
typical EV markers (Flotilin-1, CD9) (Figure 7C-E), as well as a non-vesicular marker
(Apolipoprotein B) (Supplemental Figure S1). A drastic increase in typical EV proteins
was detected in Sputnik and HeartMate 3 EVs (Figure 7C-E). Flotilin-1 was statistically
significantly increased in both circulation settings (Figure 7D) compared to baseline EVs,
whereas CD9 was only increased in Sputnik EVs (Figure 7E).

Since all blood cells can secrete EVs, we wanted to identify the origin of our isolated
EVs. Therefore, we probed the membrane for band 3 anion transport protein, also known
as anion exchanger 1 (AE1), which is found in the erythrocyte membrane. As a marker
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of platelets, we used CD41, which plays a crucial role in coagulation (Figure 8). For Band
3/AE1l, no significant differences were detected between baseline and Sputnik or HeartMate
3 EVs, which indicates that erythrocytes are not the parental cells. However, we could
detect a statistically significant increase in CD41 in the Sputnik EVs and, to a lesser (not
statistically significant) extent, in the HeartMate 3 EVs.
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Figure 8. (A) Representative Western blot images of common EVs markers in EVs isolated at baseline
and after 6h of circulation using the Sputnik or HeartMate 3 pump. (B,C) Western blot bands were
quantified and normalized to the corresponding total protein amount visualized in the acrylamide
gels by stain-free technology and then compared to baseline. Data represent means & SEM of six
independent samples. Significance: ** p < 0.01.

4. Discussion

In this study, in vitro test circuits were used to compare two different LVADs (Sput-
nik/HeartMate 3) in an equal flow scenario, regarding their hemocompatibility and opera-
tional parameters, with special attention to their impact on PLTs, coagulation and hemolysis,
inspired by Zayat et al. [38]. Therefore, heparinized blood from healthy human volunteers
was circulated in two similar test circuits for six hours.

The main significant findings are stronger hemolysis, greater PLT activation and
pronounced EV release in the Sputnik group in comparison to the HeartMate 3 group. The
HeartMate 3 LVAD induced a significant PLT count decrease in comparison to the Sputnik
LVAD. Both LVADs induced significant, time-dependent activation of coagulation. Further
assessed parameters do not indicate differences regarding hemocompatibility between
the pumps.

4.1. Hemolysis

This study reveals that the Sputnik axial-flow LVAD causes more hemolysis, indi-
cated by a time-dependent increase in fHGB and potassium, compared to the HeartMate
3 centrifugal-flow LVAD. The tendency of axial-flow LVADs to cause more hemolysis
than centrifugal LVADs is in accordance with previous publications [3,5,7]. For example,
Bourque et al. [39] compared the hemolysis levels of the HeartMate 3 to the HeartMate
2 pump. The corresponding experiments according to the ASTM F1841 demonstrate lower
hemolysis for the HeartMate 3 compared to the HeartMate 2 for pump flow levels of
2 L/min, 5 L/min and 10 L /min, respectively. A pump flow of 2 L/min in an ASTM loop
with 450 mL filling volume corresponds to a blood circulation rate of 4.44 turnovers per
minute, which is only slightly higher compared to the circulation rate of 3.33—4.17 turnovers
per minute in our study. In the study of Bourque et al. [39], the fHBG of the HeartMate
2 loop increases by 92 mg/dL over 6 h, whereas the fHBG of the HeartMate 3 loop only
increases by 38 mg/dL. In our investigation, the HeartMate 3 pump induced an fHGB
increase of 30 mg/dL, whereas the Sputnik pump induced an fHBG increase of 90 mg/dL.
Taking the slightly lower circulation rate of our study into account, the HeartMate 3 in-
duced comparable hemolysis in both studies, and the Sputnik LVAD induced comparable
hemolysis compared to the HeartMate 2. Bourque et al. [39] also demonstrated a higher
fHGB increase in the HeartMate 2 (103 mg/dL) compared to the HeartMate 3 (54 mg/dL) at
a more clinically relevant operation condition of 5 L/min. Due to the comparable structure
of the HeartMate 2 and the Sputnik pump and the similar hemolysis rates at 2 L/min, the
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HeartMate 3 will most likely outperform the Sputnik pump for the more clinically relevant
operation condition of 5 L/min as well.

The stronger hemolysis in the Sputnik group can be explained by its higher required
pump speed and its smaller blood flow gaps, which result in higher shear stress. The
higher pump speed can be attributed to distinct hydraulic pump properties, which reveal
typical differences between centrifugal and axial-flow LVADs [34]. The direct comparison
of the pressure-flow field for Sputnik [30] and HeartMate 3 [40] confirms this argument.
Furthermore, the frictional heat generated in the mechanical cup-socket bearings might
also increase blood damage [7]. Cooling systems, such as Cool-Seal, applied in Evaheart
(Evaheart Inc., Houston, TX, USA) have proved effective in preventing amplified hemolysis
and the denaturation of blood proteins due to temperature rise in previous studies [38,41].

4.2. Platelet Count and Activation

PLTs adhesion to foreign surfaces, such as the blood-contacting inner surface of LVADs,
is preceded by the adsorption of various plasma proteins, such as fibrinogen [42,43]. The
extent of protein adsorption and subsequent PLT adhesion is strongly determined by the
texture and topography of the blood-contacting surface [44]. Superhydrophobic surfaces
with nanoscale topography suppress protein adsorption, while surfaces with micrometer-
sized roughness increase the adsorption of proteins [45-47]. The titanium-textured surface
of the HeartMate 3 on the inlet graft [34] thus facilitates the formation of a robust biological
lining, consisting of PLTs, red blood cells, fibrin and other blood-borne materials [48]. The
significant decrease in the PLT count, within the first hour of circulation in the HeartMate
3 test circuit, as well as the increase in PLT activation at 5 min, can be explained by the
initiation of such a stable, biological lining on the inlet graft of the HeartMate 3. After
one hour, the PLT count does not further decrease, and PLT activation decreases back to
baseline levels. This indicates that the lining is already functional within the first hour
of circulation and prevents further PLT activation in HeartMate 3, as PLT activation is
significantly lower compared to Sputnik LVAD after 120 min.

PLT activity state in patients without thromboembolic events has been compared
previously for the HeartMate 2 and HeartMate 3 LVAD [49]. In accordance with our results,
the axial-flow pump (HeartMate 2) induced more PLT activation.

The time-dependent increase in PLT activation in the Sputnik group is in line with time-
dependent hemolysis. Released fHGB from the destructed erythrocytes can encourage PLT
activation by direct activation of PLTs via binding to glycoprotein (GP)1bx on PLTs surface
or indirectly, via inhibition of nitric oxide bioactivity, resulting in decreased activation of
guanylate cyclase (sGC) in PLTs, leading to enhanced activation [50]. This indirect influence
mechanism of fHGB on PLT activation could be an explanation for time-dependent PLT
activation, in addition to direct PLT activation related to the pump-induced shear stress [12].

4.3. Coagulation Activation

Increased activation of coagulation, which is sensitively indicated by elevated TAT con-
centrations [51], is known in patients with LVADs and was previously described in various
clinical studies [15,52,53]. In accordance with previous experimental LVAD studies [54,55]
utilizing an in vitro test circuit, our study likewise demonstrated a time-dependent acti-
vation of the coagulation system. Nevertheless, TAT concentrations did not significantly
differ between both groups. Consequently, these findings cannot attest differences between
axial or centrifugal LVAD pumps concerning the activation of coagulation.

This is in contrast to Schibilsky et al. [54] who demonstrated the superiority of a
levitated centrifugal blood pump to the HeartMate 2 axial-flow pump with regard to
the activation of coagulation. However, in that study, the equal flow settings resulted in
even greater differences in rotational speed levels (axial-flow 9000 rpm/ centrifugal-flow
2200 rpm) as compared to our present study (axial-flow (Sputnik) 5000 rpm/centrifugal-
flow 3750 rpm), which could explain the studies’ contradictory findings.
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4.4. Release of Extracellular Vesicles

EVs have been described to be increased in the circulation of LVAD patients [16,17,20,21].
However, to our knowledge, no study has yet investigated the influence of the LVAD pump
itself on EV release. So far, it could also not be differentiated between EVs released due to
the device and EVs that are disease related. We are the first group to compare EV generation
by two different LVADs in an in vitro circuit with the blood of healthy volunteers. With our
short-term in vitro model, we therefore focus solely on the device-related release of EVs
from blood cells.

We could successfully isolate EVs by precipitation from baseline samples and after 6 h
of circulation. When we performed Western blot analysis of our isolated EVs, we detected
a significant increase in two common EV markers: Flotillin-1 and CD9 [18], which were
both increased after LVAD circulation, using the Sputnik pump.

As an additional marker of EVs, we measured vesicular miRNA content, which was
also significantly increased in the Sputnik samples. In pediatric patients with heart failure, it
was shown that the level of six circulating miRNAs involved in the regulation of hemostatic
events changed after 30 days of VAD treatment. They detected a downregulation of miR-
409, which could reflect a pro-thrombotic state after VAD implantation. We have not yet
analyzed the specific miRNA content from our EVs, but we are planning this analysis in
future studies [56]. Taken together, our results indicate that the Sputnik pump triggers
a more pronounced EV increase than the HeartMate 3 pump. This is in line with the
literature, where high shear stress (<300 N/ m?) was associated with EV formation in
platelets [57]. Another study compared a roller-head pump with a centrifugal pump using
pig blood and also detected higher levels of platelet EVs in the centrifugal pump, which
produced more shear stress [58]. The impact of the pump on EV secretion depends on the
cell type. Platelets are shown to be more susceptible to elevated shear stress environments
than erythrocytes or leukocytes [59,60]. This is also supported by our experiments, as we
could detect higher platelet marker (CD41) expression in Sputnik EVs than in HeartMate
3 EVs, which corresponds with our findings on PLT activation via FACS analysis, as it
indicates more PLT activation in the Sputnik group. Nevertheless, as mentioned before, no
differences in the general coagulation activation (TAT) between both groups were evident
after 360 min of circulation. No difference in erythrocyte marker Band3/AE3 expression
was detected, which leads to the conclusion that erythrocytes are not the source of EVs.

Due to the small sample volume, the physiological role of these platelet-derived EVs
could not be investigated. Future experiments are needed to identify target cells and
identify miRNA that could either be beneficial or detrimental. Additionally, the role of
these EVs on coagulation should be studied.

4.5. Limitations, Outlook and Conclusions

This study was based on a miniaturized in vitro test setup for short-term blood circu-
lation, and therefore, it has a strictly limited validity for in vivo translation or application.
The test setting lacks organs and cells, which is associated with the impossibility of the
regeneration or renewal of blood components, such as erythrocytes, PLTs, plasma proteins
or coagulation factors. The degradation of interfering intermediate products, such as fHGB
or lactate, is impossible as well, leading to their accumulation. The use of heparin as an
anticoagulant, which is not used in the clinical setting, is another limitation.

The miniaturized setup, as well as the restricted pump speed to avoid speed pulsatility
of the HeartMate 3, does not allow for clinically typical pump flow levels. However, blood
circulates with about 1 turnover per minute in LVAD patients compared to 11.1 turnovers
per minute in the ASTM F1841 test loop. Therefore, the four turnovers per minute in the
miniaturized test loops appear to be a good tradeoff. The high head pressure in conjunction
with low pump speed levels outside of the nominal operating range of the pumps might
yield recirculation zones, leakage flows or other unfavorable flow conditions inside the
LVADs specific to this operating condition. This may limit the translation of the results to
some extent. However, both pumps are operated under the same conditions, and relative
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comparability is maintained. Therefore, future studies need to be carried out to compare
the pumps under more clinically relevant operating conditions, e.g., in a standard test loop
according to ASTM F1841. To allow for a head-to-head comparison, in this alternative
setup, it may be necessary to implement a comparable pulsatility mode for the Sputnik
pump in an experimental controller. However, due to the high filling volume of the ASTM
circuit, the use of human blood may not be feasible.

Blood temperature differences between the pumps were undesired as well. These
would be less pronounced inside the human body, as blood circulation would keep the
inflowing blood temperature at constant levels. Furthermore, the history of the individual
test pumps is unknown (they were not factory new), and only one specimen of each was
used. Therefore, the results might not account for the HeartMate 3/Sputnik pumps in
general. Furthermore, short-term circulation of 360 min strictly limits the validity regarding
any clinical long-term application. The number of experiments (n = 7) is a further possible
limitation. Nevertheless, significant differences regarding relevant parameters, such as
fHGB levels or PLT count, could be shown.

In conclusion, the Sputnik LVAD device is technically less complex and more robust
in comparison to the Heartmate 3 device. However, it seems to induce higher shear forces,
resulting in stronger blood cell damage, respectively, activation and higher concentration
of circulating extracellular vesicles. For clinical translation, further research is needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm11123431/s1, Figure S1: Quantification of EVs and Analysis
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Author Contributions: Conceptualization, P.B., PW., M.W. and C.B. (Christian Bleilevens); methodol-
ogy, P.B., PW. and C.B. (Christian Bleilevens); software, P.B. and PW.; validation, P.B., PW., M.W. and
C.B. (Christian Bleilevens); formal analysis, P.B., PW. and C.B. (Christian Bleilevens); investigation,
PB., PW.,, C.B. (Christian Beckers) and C.B. (Christian Bleilevens); resources, S.L.., M.W., T.B. and C.B.
(Christian Bleilevens); data curation, P.B., PW. and C.B. (Christian Bleilevens); writing—original draft
preparation, P.B. and PW.; writing—review and editing, P.B., PW.,, S K, S.L., RR.,, M.W.,, T.B. and
C.B. (Christian Bleilevens); visualization, P.B., PW. and E.M.B.; supervision, M.W., R R., T.B. and C.B.
(Christian Bleilevens); project administration, M.W., R.R. and C.B. (Christian Bleilevens); funding
acquisition, S.L., M\W,, R R,, T.B. and C.B. (Christian Bleilevens). All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the German Research Foundation, grant numbers LE 817/37-1,
RO 2000/23-1 and BR-5308/3-1.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the University Hospital of the RWTH Aachen (file no
EK134/20, 29 April 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Miller, L,; Birks, E.; Guglin, M.; Lamba, H.; Frazier, O.H. Use of Ventricular Assist Devices and Heart Transplantation for
Advanced Heart Failure. Circ. Res. 2019, 124, 1658-1678. [CrossRef] [PubMed]

2. ASTM F1841-19; Standard Practice for Assessment of Hemolysis in Continuous Flow Blood Pumps. ASTM International: West
Conshohocken, PA, USA, 2019.

3. Mehra, M.R. The Burden of Haemocompatibility with Left Ventricular Assist Systems: A Complex Weave. Eur. Heart |. 2019, 40,
673-677. [CrossRef] [PubMed]

4. Fraser, K.H.; Zhang, T.; Taskin, M.E,; Griffith, B.P.; Wu, Z.]. A Quantitative Comparison of Mechanical Blood Damage Parameters in

Rotary Ventricular Assist Devices: Shear Stress, Exposure Time and Hemolysis Index. J. Biomech. Eng. 2012, 134, 0810021-08100211.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jcm11123431/s1
https://www.mdpi.com/article/10.3390/jcm11123431/s1
http://doi.org/10.1161/CIRCRESAHA.119.313574
http://www.ncbi.nlm.nih.gov/pubmed/31120817
http://doi.org/10.1093/eurheartj/ehx036
http://www.ncbi.nlm.nih.gov/pubmed/28329374
http://doi.org/10.1115/1.4007092
http://www.ncbi.nlm.nih.gov/pubmed/22938355

J. Clin. Med. 2022, 11, 3431 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Moazami, N.; Fukamachi, K.; Kobayashi, M.; Smedira, N.G.; Hoercher, K.J.; Massiello, A.; Lee, S.; Horvath, D.J.; Starling, R.C.
Axial and Centrifugal Continuous-Flow Rotary Pumps: A Translation from Pump Mechanics to Clinical Practice. J. Heart Lung
Transplant. 2013, 32, 1-11. [CrossRef] [PubMed]

Nalezinkovd, M. In Vitro Hemocompatibility Testing of Medical Devices. Thromb. Res. 2020, 195, 146-150. [CrossRef]
Papanastasiou, C.A.; Kyriakoulis, K.G.; Theochari, C.A.; Kokkinidis, D.G.; Karamitsos, T.D.; Palaiodimos, L. Comprehensive
Review of Hemolysis in Ventricular Assist Devices. World ]. Cardiol. 2020, 12, 334-341. [CrossRef]

Ravichandran, A.K,; Parker, J.; Novak, E.; Joseph, S.M.; Schilling, ].D.; Ewald, G.A.; Silvestry, S. Hemolysis in Left Ventricular
Assist Device: A Retrospective Analysis of Outcomes. . Heart Lung Transplant. 2014, 33, 44-50. [CrossRef]

Burke, E.J.; Parker, C. Novel HeartMate Cardiac Assist Systems (Thoratec). In Mechanical Circulatory Support in End-Stage Heart
Failure: A Practical Manual; Montalto, A., Loforte, A., Musumeci, F,, Krabatsch, T., Slaughter, M.S., Eds.; Springer International
Publishing: Cham, Switzerland, 2017; pp. 557-563. ISBN 978-3-319-43383-7.

DIN EN ISO 10993-4:2017-12; Biologische Beurteilung von Medizinprodukten_-Teil_4: Auswahl von Priifungen Zur Wechsel-
wirkung Mit Blut (ISO_10993-4:2017). Deutsche Fassung EN_ISO_10993-4:2017. Beuth Verlag GmbH: Berlin, Germany, 2017.
Krishnamoorthy, P.; Naranjo, M.; Koshkelashvili, N.; Gopalakrishnan, A.; Tuluca, A.; Rangaswami, J.; Figueredo, V.; Anderson,
M.; Morris, D. White Blood Cell Count to Platelet Ratio: A Novel Biomarker of Outcomes in Patients with Circulatory Support on
Left Ventricular Impella Assist Devices. ]. Am. Coll. Cardiol. 2017, 69, 1252. [CrossRef]

Chen, Z.; Zhang, J.; Li, T.; Tran, D.; Griffith, B.P.; Wu, Z.J. The Impact of Shear Stress on Device-Induced Platelet Hemostatic
Dysfunction Relevant to Thrombosis and Bleeding in Mechanically Assisted Circulation. Artif. Organs 2020, 44, E201-E213.
[CrossRef]

Scott-Burden, T.; Tock, C.L.; Bosely, J.P.; Clubb, E]J.; Parnis, S.M.; Schwarz, J.J.; Engler, D.A.; Frazier, O.H.; Casscells, S.W.
Nonthrombogenic, Adhesive Cellular Lining for Left Ventricular Assist Devices. Circulation 1998, 98, 11339-11345.

Menconi, M.].; Pockwinse, S.; Owen, T.A.; Dasse, K.A.; Stein, G.S.; Lian, J.B. Properties of Blood-Contacting Surfaces of Clinically
Implanted Cardiac Assist Devices: Gene Expression, Matrix Composition, and Ultrastructural Characterization of Cellular
Linings. J. Cell. Biochem. 1995, 57, 557-573. [CrossRef] [PubMed]

Spanier, T.; Oz, M.; Levin, H.; Weinberg, A.; Stamatis, K.; Stern, D.; Rose, E.; Schmidt, A.M. Activation of Coagulation and
Fibrinolytic Pathways in Patients with Left Ventricular Assist Devices. . Thorac. Cardiovasc. Surg. 1996, 112, 1090-1097. [CrossRef]
Wang, S.; Griffith, B.P.; Wu, Z.J. Device-Induced Hemostatic Disorders in Mechanically Assisted Circulation. Clin. Appl. Thromb.
Off. ]. Int. Acad. Clin. Appl. Thromb. 2021, 27, 1076029620982374. [CrossRef] [PubMed]

Kramser, N.; Oehler, D.; Saeed, D.; Aubin, H.; Akhyari, P.; Kelm, M.; Westenfeld, R.; Horn, P. Thromboembolic Events in Patients
With Left Ventricular Assist Devices Are Related to Microparticle-Induced Coagulation. ASAIO J. Am. Soc. Artif. Intern. Organs
1992 2021, 67, 59-66. [CrossRef]

Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.; Tkach, M.; Théry, C.
Proteomic Comparison Defines Novel Markers to Characterize Heterogeneous Populations of Extracellular Vesicle Subtypes.
Proc. Natl. Acad. Sci. USA 2016, 113, E968-E977. [CrossRef]

Zhang, ].; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and Exosomal MicroRNA: Trafficking, Sorting, and Function.
Genom. Proteom. Bioinform. 2015, 13, 17-24. [CrossRef]

Diehl, P.; Aleker, M.; Helbing, T.; Sossong, V.; Beyersdorf, F.; Olschewski, M.; Bode, C.; Moser, M. Enhanced Microparticles in
Ventricular Assist Device Patients Predict Platelet, Leukocyte and Endothelial Cell Activation. Interact. Cardiovasc. Thorac. Surg.
2010, 11, 133-137. [CrossRef]

Nascimbene, A.; Hernandez, R.; George, ].K.; Parker, A.; Bergeron, A.L.; Pradhan, S.; Vijayan, K.V.; Civitello, A.; Simpson, L.;
Nawrot, M.; et al. Association between Cell-Derived Microparticles and Adverse Events in Patients with Nonpulsatile Left
Ventricular Assist Devices. J. Heart Lung Transplant. 2014, 33, 470-477. [CrossRef]

Romanova, A.N.; Pugovkin, A.A.; Denisov, M.V.; Ephimov, I.A.; Gusev, D.V.; Walter, M.; Groth, T.; Bockeria, O.L.; Le, T.G.;
Satyukova, A.S.; et al. Hemolytic Performance in Two Generations of the Sputnik Left Ventricular Assist Device: A Combined
Numerical and Experimental Study. |. Funct. Biomater. 2022, 13, 7. [CrossRef]

About the HeartMate II LVAD | Abbott. Available online: https://www.cardiovascular.abbott/us/en/hcp/products/heart-
failure/left-ventricular-assist-devices /heartmate-2 /about.html (accessed on 24 January 2022).

Tinnemans, A. Linksventrikuldres Herzunterstiitzungssystem (LVAD) HeartMate 3. Available online: https://dam.abbott.com/
de-de/documents/Mediathek /2021- Abbott-Factsheets-LVAD.pdf (accessed on 12 June 2022).

Mehra, M.R.; Goldstein, D.].; Uriel, N.; Cleveland, J.C.; Yuzefpolskaya, M.; Salerno, C.; Walsh, M.N.; Milano, C.A_; Patel, C.B,;
Ewald, G.A.; et al. Two-Year Outcomes with a Magnetically Levitated Cardiac Pump in Heart Failure. N. Engl. J. Med. 2018, 378,
1386-1395. [CrossRef]

Chatterjee, A.; Feldmann, C.; Hanke, ].S.; Ricklefs, M.; Shrestha, M.; Dogan, G.; Haverich, A.; Schmitto, ].D. The Momentum of
HeartMate 3: A Novel Active Magnetically Levitated Centrifugal Left Ventricular Assist Device (LVAD). J. Thorac. Dis. 2018, 10,
51790-51793. [CrossRef] [PubMed]

Mehra, M.R; Cleveland Jr, ].C.; Uriel, N.; Cowger, J.A.; Hall, S.; Horstmanshof, D.; Naka, Y.; Salerno, C.T.; Chuang, J.; Williams, C.;
et al. Primary Results of Long-Term Outcomes in the MOMENTUM 3 Pivotal Trial and Continued Access Protocol Study Phase:
A Study of 2200 HeartMate 3 Left Ventricular Assist Device Implants. Eur. J. Heart Fail. 2021, 23, 1392-1400. [CrossRef] [PubMed]


http://doi.org/10.1016/j.healun.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23260699
http://doi.org/10.1016/j.thromres.2020.07.027
http://doi.org/10.4330/wjc.v12.i7.334
http://doi.org/10.1016/j.healun.2013.08.019
http://doi.org/10.1016/S0735-1097(17)34641-7
http://doi.org/10.1111/aor.13609
http://doi.org/10.1002/jcb.240570320
http://www.ncbi.nlm.nih.gov/pubmed/7768989
http://doi.org/10.1016/S0022-5223(96)70111-3
http://doi.org/10.1177/1076029620982374
http://www.ncbi.nlm.nih.gov/pubmed/33571008
http://doi.org/10.1097/MAT.0000000000001200
http://doi.org/10.1073/pnas.1521230113
http://doi.org/10.1016/j.gpb.2015.02.001
http://doi.org/10.1510/icvts.2010.232603
http://doi.org/10.1016/j.healun.2014.01.004
http://doi.org/10.3390/jfb13010007
https://www.cardiovascular.abbott/us/en/hcp/products/heart-failure/left-ventricular-assist-devices/heartmate-2/about.html
https://www.cardiovascular.abbott/us/en/hcp/products/heart-failure/left-ventricular-assist-devices/heartmate-2/about.html
https://dam.abbott.com/de-de/documents/Mediathek/2021-Abbott-Factsheets-LVAD.pdf
https://dam.abbott.com/de-de/documents/Mediathek/2021-Abbott-Factsheets-LVAD.pdf
http://doi.org/10.1056/NEJMoa1800866
http://doi.org/10.21037/jtd.2017.10.124
http://www.ncbi.nlm.nih.gov/pubmed/30034854
http://doi.org/10.1002/ejhf.2211
http://www.ncbi.nlm.nih.gov/pubmed/33932272

J. Clin. Med. 2022, 11, 3431 17 of 18

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kanwar, M.K,; Pagani, FD.; Mehra, M.R.; Estep, ].D.; Pinney, S.P; Silvestry, S.C.; Uriel, N.; Goldstein, D.J.; Long, J.; Cleveland,
J.C.; et al. Center Variability in Patient Outcomes Following HeartMate 3 Implantation: An Analysis of the MOMENTUM 3 Trial.
J. Card. Fail. 2022. [CrossRef] [PubMed]

Sivathasan, C.; Lim, C.P.;; Kerk, K.L.; Sim, D.K.L.; Mehra, M.R. Mechanical Circulatory Support and Heart Transplantation in the
Asia Pacific Region. J. Heart Lung Transplant. 2017, 36, 13-18. [CrossRef] [PubMed]

Telyshev, D.; Selishchev, S. Ventricular Assist Device Sputnik: Description, Technical Features and Characteristics. Trends Biomater.
Artif. Organs 2015, 29, 207-210.

Selishchev, S.; Telyshev, D. Optimisation of the Sputnik-VAD Design. Int. ]. Artif. Organs 2016, 39, 407—-414. [CrossRef]

Mehra, M.R.; Naka, Y.; Uriel, N.; Goldstein, D.].; Cleveland, J.C.; Colombo, P.C.; Walsh, M.N.; Milano, C.A.; Patel, C.B.; Jorde,
U.P; et al. A Fully Magnetically Levitated Circulatory Pump for Advanced Heart Failure. N. Engl. ]. Med. 2017, 376, 440-450.
[CrossRef]

Our Heritage | about Abbott | Abbott U.S. Available online: https://www.abbott.com/about-abbott/our-heritage.html (accessed
on 10 April 2022).

Hosseinipour, M.; Gupta, R.; Bonnell, M.; Elahinia, M. Rotary Mechanical Circulatory Support Systems. J. Rehabil. Assist. Technol.
Eng. 2017, 4, 2055668317725994. [CrossRef]

Gautier, S.V.; Shevchenko, A.O.; Itkin, G.P.; Zakharevich, V.M.; Poptsov, V.N.; Drobyshev, A.A ; Telyshev, D.V. Artificial Heart in
Russia: Past, Present, and Future. Artif. Organs 2021, 45, 111-114. [CrossRef]

Heatley, G.; Sood, P.; Goldstein, D.; Uriel, N.; Cleveland, ].; Middlebrook, D.; Mehra, M.R. Clinical Trial Design and Rationale of
the Multicenter Study of MagLev Technology in Patients Undergoing Mechanical Circulatory Support Therapy with HeartMate
3 (MOMENTUM 3) Investigational Device Exemption Clinical Study Protocol. ]J. Heart Lung Transplant. 2016, 35, 528-536.
[CrossRef]

Borosch, S.; Dahmen, E.; Beckers, C.; Stoppe, C.; Buhl, M.; Denecke, B.; Goetzenich, A.; Kraemer, S. Characterization of
Extracellular Vesicles Derived from Cardiac Cells in an in Vitro Model of Preconditioning. J. Extracell. Vesicles 2017, 6, 1390391.
[CrossRef] [PubMed]

Zayat, R.; Moza, A.; Grottke, O.; Grzanna, T.; Fechter, T.; Motomura, T.; Schmidt-Mewes, C.; Breuer, T.; Autschbach, R.; Rossaint,
R.; et al. In Vitro Comparison of the Hemocompatibility of Two Centrifugal Left Ventricular Assist Devices. J. Thorac. Cardiovasc.
Surg. 2019, 157, 591-599.e4. [CrossRef] [PubMed]

Bourque, K.; Cotter, C.; Dague, C.; Harjes, D.; Dur, O.; Duhamel, J.; Spink, K.; Walsh, K.; Burke, E. Design Rationale and Preclinical
Evaluation of the HeartMate 3 Left Ventricular Assist System for Hemocompatibility. ASAIO J. Am. Soc. Artif. Intern. Organs 1992
2016, 62, 375-383. [CrossRef] [PubMed]

Thoratec Corporation. HeartMate 3 Left Ventricular Assist System: Instructions for Use; Thoratec Corporation: Pleasanton, CA,
USA, 2017.

Yamazaki, K.; Litwak, P.; Tagusari, O.; Mori, T.; Kono, K.; Kameneva, M.; Watach, M.; Gordon, L.; Miyagishima, M.; Tomioka, J.;
et al. An Implantable Centrifugal Blood Pump with a Recirculating Purge System (Cool-Seal System). Artif. Organs 1998, 22,
466-474. [CrossRef]

Packham, M.A. The Behavior of Platelets at Foreign Surfaces. Proc. Soc. Exp. Biol. Med. 1988, 189, 261-274. [CrossRef]

Gorbet, M.B.; Sefton, M.V. Biomaterial-Associated Thrombosis: Roles of Coagulation Factors, Complement, Platelets and
Leukocytes. Biomaterials 2004, 25, 5681-5703. [CrossRef]

Koh, L.B.; Rodriguez, I.; Venkatraman, S.S. The Effect of Topography of Polymer Surfaces on Platelet Adhesion. Biomaterials 2010,
31, 1533-1545. [CrossRef]

Xu, L.-C.; Bauer, ].W,; Siedlecki, C.A. Proteins, Platelets, and Blood Coagulation at Biomaterial Interfaces. Colloids Surf. B
Biointerfaces 2014, 124, 49-68. [CrossRef]

Mirelli, C.; Kikuta, A.; Tsud, N.; Ball, M.D.; Yamamoto, A. A Micro-Fluidic Study of Whole Blood Behaviour on PMMA
Topographical Nanostructures. J. Nano Biotechnol. 2008, 6, 3. [CrossRef]

Koc, Y.; de Mello, A J.; McHale, G.; Newton, M.L; Roach, P.; Shirtcliffe, N.J. Nano-Scale Superhydrophobicity: Suppression of
Protein Adsorption and Promotion of Flow-Induced Detachment. Lab Chip 2008, 8, 582-586. [CrossRef]

Zapanta, C.M.; Griffith, ].W.; Hess, G.D.; Doxtater, B.].; Khalapyan, T.; Pae, W.E.; Rosenberg, G. Microtextured Materials for
Circulatory Support Devices: Preliminary Studies. ASAIO J. Am. Soc. Artif. Intern. Organs 1992 2006, 52, 17-23. [CrossRef]
[PubMed]

Consolo, F; Sferrazza, G.; Motolone, G.; Contri, R.; Valerio, L.; Lembo, R.; Pozzi, L.; Della Valle, P.; De Bonis, M.; Zangrillo, A.;
et al. Platelet Activation Is a Preoperative Risk Factor for the Development of Thromboembolic Complications in Patients with
Continuous-Flow Left Ventricular Assist Device. Eur. |. Heart Fail. 2018, 20, 792-800. [CrossRef] [PubMed]

Mahdi, A.; Cortese-Krott, M.M.; Kelm, M.; Li, N.; Pernow, J. Novel Perspectives on Redox Signaling in Red Blood Cells and
Platelets in Cardiovascular Disease. Free Radic. Biol. Med. 2021, 168, 95-109. [CrossRef]

Deguchi, K.; Noguchi, M.; Yuwasaki, E.; Endou, T.; Deguchi, A.; Wada, H.; Murashima, S.; Nishikawa, M.; Shirakawa, S.; Tanaka,
K. Dynamic Fluctuations in Blood of Thrombin/Antithrombin III Complex (TAT). Am. . Hematol. 1991, 38, 86-89. [CrossRef]
[PubMed]

Tanaka, K.; Sato, T.; Kondo, C.; Yada, I.; Yuasa, H.; Kusagawa, M.; Nasu, M.; Okada, Y.; Shomura, T. Hematological Problems
during the Use of Cardiac Assist Devices: Clinical Experiences in Japan. Artif. Organs 1992, 16, 182-188. [CrossRef]


http://doi.org/10.1016/j.cardfail.2022.04.006
http://www.ncbi.nlm.nih.gov/pubmed/35504508
http://doi.org/10.1016/j.healun.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28029573
http://doi.org/10.5301/ijao.5000518
http://doi.org/10.1056/NEJMoa1610426
https://www.abbott.com/about-abbott/our-heritage.html
http://doi.org/10.1177/2055668317725994
http://doi.org/10.1111/aor.13860
http://doi.org/10.1016/j.healun.2016.01.021
http://doi.org/10.1080/20013078.2017.1390391
http://www.ncbi.nlm.nih.gov/pubmed/29479396
http://doi.org/10.1016/j.jtcvs.2018.07.085
http://www.ncbi.nlm.nih.gov/pubmed/30414772
http://doi.org/10.1097/MAT.0000000000000388
http://www.ncbi.nlm.nih.gov/pubmed/27195742
http://doi.org/10.1046/j.1525-1594.1998.06156.x
http://doi.org/10.3181/00379727-189-42807A
http://doi.org/10.1016/j.biomaterials.2004.01.023
http://doi.org/10.1016/j.biomaterials.2009.11.022
http://doi.org/10.1016/j.colsurfb.2014.09.040
http://doi.org/10.1186/1477-3155-6-3
http://doi.org/10.1039/b716509a
http://doi.org/10.1097/01.mat.0000189726.87077.ad
http://www.ncbi.nlm.nih.gov/pubmed/16436885
http://doi.org/10.1002/ejhf.1113
http://www.ncbi.nlm.nih.gov/pubmed/29282819
http://doi.org/10.1016/j.freeradbiomed.2021.03.020
http://doi.org/10.1002/ajh.2830380203
http://www.ncbi.nlm.nih.gov/pubmed/1951313
http://doi.org/10.1111/j.1525-1594.1992.tb00291.x

J. Clin. Med. 2022, 11, 3431 18 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Zayat, R.; Khattab, M. A; Grottke, O.; Honickel, M.; Goetzenich, A.; Moza, A.; Stoppe, C.; Autschbach, R.; Tewarie, L. Survival of
HeartMate II Patients Despite Cessation of Anticoagulation—Outcomes and Hemostatic Analysis. Circ. J. 2018, 82, 1309-1318.
[CrossRef]

Schibilsky, D.; Lenglinger, M.; Avci-Adali, M.; Haller, C.; Walker, T.; Wendel, H.P.; Schlensak, C. Hemocompatibility of Axial
Versus Centrifugal Pump Technology in Mechanical Circulatory Support Devices. Artif. Organs 2015, 39, 723-728. [CrossRef]
Schibilsky, D.; Takatani, S.; Schibilsky, B.; Graf, T.; da Silva, D.M.; Wendel, H.P.; Avci-Adali, M.; Schlensak, C. Hemocompatibility
of New Magnetically-Levitated Centrifugal Pump Technology Compared to the CentriMag Adult Pump. Sci. Rep. 2020, 10, 22055.
[CrossRef]

Ragusa, R.; Di Molfetta, A.; D’Aurizio, R.; Del Turco, S.; Cabiati, M.; Del Ry, S.; Basta, G.; Pitto, L.; Amodeo, A.; Trivella, M.G;
et al. Variations of Circulating MiRNA in Paediatric Patients with Heart Failure Supported with Ventricular Assist Device: A
Pilot Study. Sci. Rep. 2020, 10, 5905. [CrossRef]

Ding, J.; Chen, Z; Niu, S.; Zhang, ].; Mondal, N.; Griffith, B.; Wu, Z. Quantification of Shear-Induced Platelet Activation: High
Shear Stresses for Short Exposure Time. Artif. Organs 2015, 39, 576-583. [CrossRef]

MEyER, A.D.; GELFOND, J.A.L.; WILES, A.A; FREISHTAT, R J.; RAIS-BAHRAMI, K. Platelet-Derived Microparticles Generated
by Neonatal Extracorporeal Membrane Oxygenation Systems. ASAIO J. Am. Soc. Artif. Intern. Organs 1992 2015, 61, 37-42.
[CrossRef] [PubMed]

Brown, C.H.; Leverett, L.B.; Lewis, C.W.; Alfrey, C.P.; Hellums, J.D. Morphological, Biochemical, and Functional Changes in
Human Platelets Subjected to Shear Stress. J. Lab. Clin. Med. 1975, 86, 462—471. [PubMed]

Nomura, S.; Tandon, N.N.; Nakamura, T.; Cone, ].; Fukuhara, S.; Kambayashi, ]. High-Shear-Stress-Induced Activation of Platelets
and Microparticles Enhances Expression of Cell Adhesion Molecules in THP-1 and Endothelial Cells. Atherosclerosis 2001, 158,
277-287. [CrossRef]

Veerman, R.E.; Teeuwen, L.; Czarnewski, P; Giicliiler Akpinar, G.; Sandberg, A.; Cao, X.; Pernemalm, M.; Orre, L.M.; Gabrielsson,
S.; Eldh, M. Molecular Evaluation of Five Different Isolation Methods for Extracellular Vesicles Reveals Different Clinical
Applicability and Subcellular Origin. J. Extracell. Vesicles 2021, 10, €12128. [CrossRef]

Brennan, K.; Martin, K.; FitzGerald, S.P.; O’Sullivan, J.; Wu, Y.; Blanco, A.; Richardson, C.; Mc Gee, M.M. A Comparison of
Methods for the Isolation and Separation of Extracellular Vesicles from Protein and Lipid Particles in Human Serum. Sci. Rep.
2020, 10, 1039. [CrossRef]

Sodar, B.W; Kittel, A.; Paléczi, K.; Vukman, K.V.; Osteikoetxea, X.; Szabo-Taylor, K.; Németh, A.; Sperlagh, B.; Baranyai, T.; Giricz,
Z.; et al. Low-Density Lipoprotein Mimics Blood Plasma-Derived Exosomes and Microvesicles during Isolation and Detection.
Sci. Rep. 2016, 6, 24316. [CrossRef]

Comfort, N.; Cai, K.; Bloomquist, T.R.; Strait, M.D.; Ferrante, A.W.; Baccarelli, A.A. Nanoparticle Tracking Analysis for the
Quantification and Size Determination of Extracellular Vesicles. J. Vis. Exp. JoVE 2021. [CrossRef]


http://doi.org/10.1253/circj.CJ-17-0897
http://doi.org/10.1111/aor.12544
http://doi.org/10.1038/s41598-020-78709-0
http://doi.org/10.1038/s41598-020-62757-7
http://doi.org/10.1111/aor.12438
http://doi.org/10.1097/MAT.0000000000000164
http://www.ncbi.nlm.nih.gov/pubmed/25303795
http://www.ncbi.nlm.nih.gov/pubmed/1151161
http://doi.org/10.1016/S0021-9150(01)00433-6
http://doi.org/10.1002/jev2.12128
http://doi.org/10.1038/s41598-020-57497-7
http://doi.org/10.1038/srep24316
http://doi.org/10.3791/62447

	Introduction 
	Materials and Methods 
	Technical Features of Pumps under Investigation 
	Test Circuit Design 
	Circulation and Hemodynamics 
	Blood Donation and Experimental Groups 
	Blood Sampling and Analysis 
	Fluorescence-Activated Cell Sorting 
	Isolation of Extracellular Vesicles 
	Western Blot Analysis 
	Nanoparticle Tracking Analysis (NTA) 
	MiRNA Isolation and Quantification 
	Transmission Electron Microscopy (TEM) 
	Statistical Analysis 

	Results 
	Operating Parameters 
	Indicators of Hemolysis 
	Platelet Count and Activation 
	Coagulation Activation 
	Cell Counter 
	Blood Gas Analysis 
	Release of Extracellular Vesicles 

	Discussion 
	Hemolysis 
	Platelet Count and Activation 
	Coagulation Activation 
	Release of Extracellular Vesicles 
	Limitations, Outlook and Conclusions 

	References

