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Enhancing Hemocompatibility in ECMO Systems With a
Fibrinolytic Interactive Coating: in Vitro Evaluation of Blood
Clot Lysis Using a 3D Microfluidic Model
Lena Witzdam, Samarth Sandhu, Suji Shin, Yeahwa Hong, Shanzeh Kamal,
Oliver Grottke, Keith E. Cook,* and Cesar Rodriguez-Emmenegger*

Blood-contacting medical devices, especially extracorporeal membrane
oxygenators (ECMOs), are highly susceptible to surface-induced coagulation
because of their extensive surface area. This can compromise device
functionality and lead to life-threatening complications. High doses of
anticoagulants, combined with anti-thrombogenic surface coatings, are
typically employed to mitigate this risk, but such treatment can lead to
hemorrhagic complications. Therefore, bioactive surface coatings that mimic
endothelial blood regulation are needed. However, evaluating these coatings
under realistic ECMO conditions is both expensive and challenging. This
study utilizes microchannel devices to simulate ECMO fluid dynamics and
assess the clot-lysis efficacy of a self-activating fibrinolytic coating system.
The system uses antifouling polymer brushes combined with tissue
plasminogen activator (tPA) to induce fibrinolysis at the surface. Here, tPA
catalyzes the conversion of blood plasminogen into plasmin, which dissolves
clots. This positive feedback loop enhances clot digestion under ECMO-like
conditions. This findings demonstrate that this coating system can
significantly improve the hemocompatibility of medical device surfaces.

1. Introduction

Blood-contacting medical devices with large surface areas, such
as extracorporeal membrane oxygenators (ECMOs), rapidly
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trigger surface-induced coagulation, result-
ing in device failure and thromboembolic
complications.[1–3] To mitigate these issues,
antithrombotic surface coating strate-
gies have been developed to enhance the
hemocompatibility of such devices,[4–7]

including surface passivation,[8–23] heparin
coatings,[24–28] immobilization of throm-
bin inhibitors,[29–33] and NO-releasing
substrates.[34,35] A notable example is the
design of an endothelium-inspired strategy
that activates the body’s own fibrinolytic
system, thereby reducing clot formation.[36]

This interactive coating system is inspired
by the endothelium’s natural antithrom-
botic mechanisms.[37–40] This system is
designed to be non-thrombogenic in its
dormant state but can detect fibrin from a
thrombus and switch to an active state. In
the active state, it utilizes the body’s fibri-
nolytic pathway to locally disintegrate the
thrombus, then returns to its dormant state
without disrupting overall hemostasis.[36]

The non-thrombogenic state is achieved by antifouling poly-
mer brushes based on N-(2-hydroxypropyl) methacrylamide
(HPMA) and carboxybetainemethacrylamide (CBMAA) that pre-
vent plasma protein and cell adsorption.[36] Fibrinolytic activity
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Figure 1. Experimental design utilized to test the hemocompatibility of the fibrinolytic nanocoating in conditions mimicking ECMO. Left: Scheme of
3D printed microchannel devices. The grey dots depict small pillars that force changes in flow and increase of tortuosity for blood. The arrow on top
indicates the flow direction of blood. Right: Scheme of the surface, illustrating the coating and its principle of action, based on the local activation of the
fibrinolytic system by tPA covalently attached to brushes.

is introduced by decorating these brushes with tissue plasmino-
gen activator (tPA) that converts plasminogen into plasmin, the
enzyme that breaks down fibrin.[41,42] The coating system incor-
porates feedback mechanisms that regulate fibrinolysis. The im-
mobilization of tPA on the surface protects it from inhibitors
and enhances its activity in the presence of fibrin.[36] This in-
teraction significantly increases tPA’s affinity for plasminogen,
switching the coating to its active state.[37,38,41,42] In this state,
plasmin production is continuous, favoring fibrin digestion over
inhibition due to plasmin’s high affinity for fibrin.[41] This sys-
tem ensures the complete digestion of thrombi and a return to
the dormant state, with residual plasmin being neutralized to
avoid affecting hemostasis.[37,38,41] While this coating strategy has
shown promising results in contact with human blood under
static conditions,[36] its performance under fluid-dynamic con-
ditions that closely mimic real ECMO environments remains
untested. The challenge lies in the requirement for large volumes
of blood to accurately assess hemocompatibility in ECMO-like
conditions, which is impractical for routine testing. Long-term
experiments to determine clot formation are time-consuming,
costly, and require numerous animals due to variability. There-
fore, further research is needed to understand clot initiation and
progression in fiber bundles under controlled conditions. These
insights could aid in examining the efficacy of surface coatings
in reducing clotting and extending device functionality. Lai et al.
investigated the effects of fiber bundle path length, packing den-
sity, and blood flow velocity on clot formation and platelet/fibrin
localization.[43,44] In this work, we use a 3D-printed microchan-
nel device that mimics fiber bundle fluid mechanics, and high-
throughput, cost-effective experiments were conducted. This set-
up consists of a small chamber (20 mm x 7.3 mm x 3 mm)
that has pillars that break the flow of blood. This design, while
very different than hollow fibers, best accounts for the different
changes in direction and tortuosity that can be found in oxy-
genators and it is superior to a scale-down mini-ECMO. Human
blood was pumped through these devices for 15min, monitoring
clot formation via blood flow resistance testing and quantifying
clot volume with post-experiment imaging.[44] While the device
material differs from the typical fiber material, it is similar to
polyurethanes used in artificial lung housings. This setup can
be used to evaluate the impact of the tPA-coating on clot forma-

tion in low-shear stress environments without the need for high
volumes of blood. This innovative approach allows for a more
feasible and practical assessment of hemocompatibility.
In this study, we investigate the effectiveness of tPA-decorated

polymer brushes in enhancing hemocompatibility and promot-
ing clot lysis within these microchannel devices. We achieved
this by functionalizing the surfaces of the microchannel de-
vices with tPA-decorated polymer brushes, subsequently perfus-
ing blood through the devices, and evaluating clot formation us-
ingmicro-computed tomography. This approach provides amore
accurate simulation of ECMO conditions, enabling a better as-
sessment of the coating’s performance in real-world applications
(Figure 1).

2. Results and Discussion

2.1. Modification of Microchannel Device with tPA-Coating

The successful modification of the microchannel devices with
poly(HPMA-co-CBMAA) brushes was confirmed by X-ray pho-
toelectron spectroscopy (XPS) analysis as illustrated in Figures 2
and S1 (Supporting Information) and Table S1 (Supporting Infor-
mation). The spectra obtained from the C1s region show C─C,
C─H components at 285.0 eV, primarily attributed to the device.
The C1s spectrum of the bare device additionally displays signals
for the C─O component at 286.7 eV and O─C═O component at
289.3 eV, corresponding to the acrylate composition of the bare
device. In contrast, the C1s spectrum of the device functional-
ized with polymer brushes exhibits additional peaks indicative
of the incorporation of HPMA and CBMAA moieties. Specifi-
cally, contributions from C─N bonds at 285.7 eV and C─O bonds
at 286.6 eV were observed, reflecting the presence of HPMA
and CBMAA, respectively. Moreover, the methacrylamide back-
bone of HPMA and CBMAA arises at 288.1 eV. The carboxylic
group of CBMAA was represented by the O─C═O component at
289.3 eV. Additionally, as anticipated, only the device functional-
ized with polymer brushes displayed signals in the N1s region.
A peak at 399.0 eV was assigned to the amide group of HPMA
and CBMAA, while another peak at 401.4 eV originated from
the positively charged nitrogen of the quaternary ammonium
group in CBMAA. Notably, the intensity of the signal at 399.0 eV
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Figure 2. High-resolution XPS a) C1s and b) N1s spectra of i) bare microchannel devices and ii) microchannel devices functionalized with poly(HPMA-
co-CBMAA) brushes.

exceeded that at 401.4 eV, indicating a higher proportion of
HPMA in the copolymerization compared to CBMAA. The thick-
ness of the brushes is in the range of 30–40 nm, which allows for
sufficient antifouling properties without impairing the shape of
the microchannel devices.
Additionally, the immobilization of tPA onto a microchannel

device functionalized with polymer brushes and the remaining
antifouling properties were evaluated by surface plasmon reso-
nance spectroscopy (SPR) on a model surface. The model sur-
face was generated by spin-coating the resin, which is used for
3D printing, on a SPR-chip followed by UV irradiation to allow
cross-linking. The resin layer exhibits a thickness of 10± 1.7 nm.
The producedmodel surface is then functionalized with polymer
brushes and the immobilization of tPA is followed in real-time by
SPR (Figure 3a). The SPR sensogram shows a successful immo-
bilization of tPA with ΓtPA = 35.7 ng·cm−2 (Table S2 in the SI,
n = 3). It should be noted that tPA is immobilized by an amide
bond that is stable under the shear conditions. The contact of
blood plasma (BP) with the tPA-functionalized brushes resulted
in a fouling ΓBP proteins = 65.5 ng·cm−2 (Figure 3b and Table S3
in the SI) which is only 20% of the fouling on the bare resin
ΓBP proteins = 324 ng·cm−2 and represents less than 6% difference
to the fouling observed on brushes without tPA.

2.2. Evaluation of Enzymatic Activity in Microchannel Devices

Bare microchannel devices, devices modified with polymer
brushes, and devices modified with tPA-functionalized polymer
brushes were contacted with undiluted BP for 30 min to de-
termine the fibrinolytic activity through the formation of D-
Dimers as a byproduct during clot lysis (Figure 4a). This exper-
iment is independent. Bare devices and devices modified with
polymer brushes had comparable levels of D-Dimer concentra-
tion, but the devices modified with tPA-functionalized polymer
brushes showed an increase in the D-Dimer concentration by
239% (Figure 4b). This indicates that immobilized tPA can di-
gest fibrin clots that are formed during contact with BP in themi-
crochannel device, demonstrating the enzymatic activity of tPA.

2.3. Clot Formation in Microchannel Devices

Clot formation was evaluated using slightly heparinized whole
human blood (0.06 U·mL−1), which was pumped through
the microchannel devices at a flow rate of 3 mL·min−1 for
15 min. This time is sufficiently long for fouling and activa-
tion events to occur (see section of fouling) while not requiring

Figure 3. a) Selected SPR-sensogram of the immobilization of tPA on model surface followed in real-time by SPR confirming the successful modification
of microchannel devices with tPA-functionalized brushes. b) Evaluation of antifouling properties before and after tPA-functionalization. n = 3.
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Figure 4. Evaluation of fibrinolytic activity by tPA. a) Scheme of the fibrin digestion by plasmin and the corresponding degradation products. b) D-
Dimer concentration of BP samples after contact (30 min) with the bare device, the device coated with polymer brushes, and the devices coated with
tPA-functionalized brushes. n = 3.

stronger anticoagulation as needed for longer experiments and
that would otherwise obscure the evaluation of the antifouling
and fibrinolytic activity of the coating. Simultaneously, flow re-
sistance data was recorded versus time. Figure 5a demonstrates
that clot formation is mildly delayed in microchannel devices
modified with polymer brushes compared to the bare device.
An even greater delay is observed in devices modified with tPA-
functionalized polymer brushes. Device resistance was signifi-
cantly lower in devices with tPA-functionalized brushes when
compared to the devices with polymer brushes (p < 0.05) as well
as the bare devices (p << 0.001). This behavior is supported by
the corresponding survival curves, where device failure was de-
fined as a 3-fold increase in baseline device resistance (Figure 5b).
In 15 min, 83% of the bare devices and 67% of the devices mod-
ified with polymer brushes reached the failure criterion, while
only 50% of the devices modified with tPA-functionalized poly-
mer brushes failed.
These results are further supported by the quantification of

the clot volume using micro-computed tomography (micro-CT,
Figure 6a), wherein the mean clot volume is lowest in the devices
with the tPA-coating system compared to the bare devices and
the devices modified with polymer brushes (Figure 6b). These

results demonstrate that the tPA-coating system shows a notable
improvement in the unwanted formation of clots even in more
realistic 3D structures mimicking the geometry and blood flow
patterns within oxygenators containing hollow fiber bundles.

3. Conclusion

This study demonstrated the development of a smart hemocom-
patible surface coating for blood-contacting medical devices that
mimics the endothelial regulation of fibrinolysis. This coating
system remains dormant in the absence of thrombi but activates
in their presence, initiating the fibrinolytic pathway. When ap-
plied to 3D printed microchannel devices mimicking the geome-
try of oxygenator membranes, the coating effectively reduced clot
formation. Theminimal density of tPA required and the safety of
this approach suggest that this strategy is a promising avenue to
improve the hemocompatibility of membrane oxygenators and
other blood-contacting devices. This self-regulated coating em-
ulates the hemostatic regulation of the endothelium, opening a
new paradigm for developing hemocompatible surfaces that au-
tonomously modulate coagulation.

Figure 5. a) Averaged resistance in the microchannel devices during the blood study (15 min) visualizing the difference between the bare device, the
device coated with polymer brushes, and the devices coated with tPA-functionalized brushes. (n = 6, each) b) Corresponding survival curves. The
threshold is set to 3 times the baseline resistance (≙ 2.46 mmHg·mL·min−1).
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Figure 6. Micro-CT analysis of clot formation. a) Representative micro-CT images of bare device i) before and ii) after blood contact. Scale bars represent
10 mm. b) Clot volume in the bare device, the device coated with polymer brushes, and the devices coated with tPA-functionalized brushes after the
blood study. *p-value < 0.05 is considered significant. n = 6.

4. Experimental Section
Materials: All chemicals were used as received and stored appro-

priately. Plasminogen, chromogenic substrate S-2288 (CS-05(88))
were obtained from CoaChrom Diagnostica GmbH, Austria. N-
(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC,
≥99.0%), and N-Hydroxysuccinimide (NHS, >98.0%) were purchased
from TCI GmbH, Germany. Citrated BP, copper(II)bromide (CuBr2,
99%), phosphate buffered saline tablets (PBS), boric acid (≥99.5%),
and glutaraldehyde were obtained from Sigma Aldrich Chemie GmbH,
Germany. Tris(2-dimethylaminoethyl)amine (Me6TREN, 99+%) was
obtained from ThermoFisher GmbH, Germany. DMSO (99.7%), and
ethanol (99.8%) were purchased from Acros Organics, Germany.
Acetone (99.9%) and sodium hydroxide (pellets) were obtained from
Merck KGaA, Germany. SPR-gold-chips were purchased from Cenibra
GmbH (BioNavis), Germany. Saline solution (0.9%) was obtained
from Fresenius Kabi, Germany. Sodium heparin (25000 I.E per 5 mL)
was purchased from ratiopharm GmbH, Germany. 11-(trichloro silyl)
undecyl-2-bromo-2-methylpropanoate was synthesized according to
literature procedures.[45] N-(2-Hydroxypropyl) methacrylamide (HPMA)
and (3-methacryloylamino-propyl)-(2-carboxy-ethyl) dimethylammonium
(carboxybetaine methacrylamide, CBMAA), were synthesized according
to procedures from literature.[46,47]

MethodsX-ray Photoelectron Spectroscopy (XPS): An Ultra AxisTM
spectrometer (Kratos Analytical, Manchester, United Kingdom) with a
monochromatic A1-K𝛼 source (1486.6 eV) with a total power of 144 W
(12 kV x 12 mA) was used to record the XPS spectra. The evaluation of the
spectra was performed with the software CasaXPS Version 2.3.22 and the
C1s peak of the aliphatic carbon (C─C, C─H) was set to 285.0 eV.

Surface Plasmon Resonance (SPR): SPR measurements were con-
ducted on a two-channel MP-SPR Navi 210A VASA (BioNavis, Tampere,
Finland) with BioNavis SPR gold sensor slides using the SPRNavi Control
software (Version 4.3.5.2). The results at 670 nm were analyzed via SPR-
Navi Data Viewer (Version 4.3.5.2). A conversion factor of 0.0518 ng∙cm−2

per 𝜇RIU was utilized to determine the amounts of proteins.
Initiator Immobilization: Microchannel devices were rinsed three

times with ethanol and Milli-Q water and dried with N2. Subsequently,
oxidation with oxygen plasma was performed for 5 min to generate nucle-
ophilic groups at the surface. Afterward, the devices were immersed in a
solution of 11-(trichlorosilyl) undecyl-2-bromo-2-methylpropanoate in dry
toluene (1 μL·mL−1) for 1 h at 25 °C in an anhydrous atmosphere. The
devices were rinsed with toluene, acetone, ethanol, and Milli-Q water and
dried with N2. SPR-Au-chips were rinsed twice with absolute ethanol and
Milli-Q water and dried with N2. Subsequently, the SPR-gold-sensor-slides
were spin-coated with the same resin that was used for the fabrication of
the microchannel devices and irradiated with UV-light for 30 min. After-

ward, the initiator immobilization was carried out in the same way as for
the devices.

Grafting of Poly(HPMA-co-CBMAA) Brushes on Microchannel Devices:
The copolymerization of HPMA and CBMAA was performed via photoin-
duced SET-LRP. First, a stock solution of CuBr2 (8.7 mg, 3.9 μmol) and
Me6TREN (62.5 μL, 23.4 μmol) was prepared in 10 mL DMSO. Addition-
ally, HPMA (4.27 g, 30.0 mmol) and CBMAA (1.27 g, 5.27 mmol) were dis-
solved in DMSO (20.0 mL) in another flask. The stock solution (890 μL)
was added to the monomer solution and the obtained polymerization so-
lution was degassed by bubbling with N2 for 60 min. The microchannel
devices were placed in crimped vials and degassed by bubbling with N2 for
60 min. The degassed polymerization solution (5 mL per vial) was trans-
ferred to the vials and the polymerization was conducted by irradiation
with a UV-light source (4 × 9 W, 𝜆max = 365 nm) at room temperature. Af-
ter irradiation for 40min, the vials were opened and quenched with 5mL of
DMSO to stop the polymerization. The microchannel devices were rinsed
with DMSO, ethanol, andMilli-Q water and dried withN2. The synthesis of
the poly(HPMA-co-CBMAA) brushes grafted from SPR-gold-sensor-slides
was prepared in the same way.

Preparation of Brushes on SPR-Chips: First, a 10 nm-thick resin layer
was formed on the SPR-chips by spin-coating the resin followed by 30 min
of UV-light irradiation. This step ensures that the surface properties were
consistent with those of the devices. Subsequently, the SPR-chips under-
went the same procedure as the microchannel devices, including the im-
mobilization of the initiator and the grafting of polymer brushes.

Quantification of the Immobilization of tPA via SPR: Solutions of EDC
(76.7 mg, 0.4 m) and NHS (11.5 mg, 0.1 m) were prepared in PBS and only
mixed prior to themeasurement. The EDC/NHS solution was flushed over
the surface for 10min to activate the carboxylic groups. After activation tPA
solutions (20 μg·mL−1) in sodium borate (pH 8.5) were flushed over the
surface for 80min and subsequently washed with PBS or sodium borate to
quantify the amount of tPA. The experiments were carried out in triplicate
(n = 3).

Antifouling Measurements: The antifouling measurements were car-
ried out using undiluted BP. The surfaces were contacted with BP for
60 min at a flow rate of 10 μL·min−1 and the refractive index change was
followed by SPR spectroscopy to quantify the amount of adsorbed BP pro-
teins. The experiments were performed in triplicate (n = 3). For the sam-
ples with brushes and tPA, the immobilization of tPA was performed di-
rectly in the SPR and it was followed by the studies of fouling.

Determining D-Dimer Concentrations in Plasma Samples: To determine
theD-Dimer concentration a focused experiment was performedwhere cit-
rated BP was pumped through the devices with and without surface mod-
ification for 30 min with a flow rate of 3 mL·min−1. Afterward, the plasma
samples were assayed with an ELISA Kit (ab260076, abcam, Germany) The
measurement was carried out in triplicate (n = 3).
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Fabrication of Microchannel Devices: The microchannel devices de-
signed in CAD were fabricated using a DLP 3D printer (PR-110, CAD-
works3D, ON, Canda). The devices had a 2 cm path length with a right-
circular cylinder 380 μm in diameter so as to mimic an oxygenator’s fiber
bundle achieving 50% packing density. A clear microfluidic resin was used
(Photopolymer resin Ver. 7.0a, CADworks3D), which was most similar to
urethane acrylate plastic with the acrylate monomer constituting over 85%
by weight. The printedmicrochannel devices were rinsed with 60mL of iso-
propyl alcohol from both the inlet and outlet barb connectors to remove
uncured resin. The device was then post-cured with a UV curing chamber
for onemin. The volume of the device is 438 μL (20mm x 7.3mm x 3mm).

Microchannel Device Blood Flow Studies: A total of 250mL of bloodwas
drawn from healthy, non-child-bearing adults weighing over 110 lbs. The
blood was slightly anticoagulated upon blood draw with 0.06 U·mL−1 hep-
arin and immediately transferred to three 60 mL syringes. Each syringe
was connected to an independent flow circuit through 1/16 inch Tygon
tubing (Saint-Gobain, Malvern, PA) connected to the microchannel de-
vice in a single pass utilizing a syringe pump (New Era Pump Systems
Inc., NY, USA). All three circuits were pumped simultaneously at a flow
rate of 3 mL·min−1. This allowed using the same donor’s blood to test
one device of each of the three coating groups, hence mitigating donor-
induced variability. Digital manometers (CR410, Ehdis, China) were used
to measure the pressure difference across the devices every 30 s for a to-
tal of 15 min for blood flow resistance measurements. Immediately af-
ter the blood draw, plasma-activated partial thromboplastin time (aPTT)
was measured (Hemochron Signature Elite, Werfen, Spain) and 350 μL
blood was collected in a microtainer coated with K2EDTA (BD, NJ, USA)
for complete blood count measurements (Genesis, Oxford Science). Ex-
perimental data was not used if plasma aPTT was not between 30–45 s or
if hematocrit was below 40%. The devices were detached from the circuit
and promptly flushed with heparinized saline (2 U·mL−1) to arrest further
clot formation. Fixation of the clot was performedwith 4w%paraformalde-
hyde for 2°h at room temperature following which they were imaged with
μ-CT. Since the volume of the device is small compared to the syringe that
serves as a blood container and the residence time is only 8.8 s, this ex-
periment was focused on the device itself and not on the different mark-
ers in blood. The microchannel flow studies were approved by the Insti-
tutional Review Board of Carnegie Mellon University, Pittsburgh (IRB ID:
STUDY2021_00000488), and informed written consent of all participants
was obtained. This experiment was repeated six times using a different
donor for each experiment.

Clot Volume Quantification with Micro-CT: All three devices from each
blood study were scanned concurrently in a purpose-built device holder
after the fixation step. Micro-CT scans for four of the six studies were
conducted using Skyscan 1172 (Bruker-Skyscan, Contich, Belgium) while
devices from two studies were imaged using Xradia CrystalCT (Zeiss,
Oberkochen, Germany). Imaging with SkyScan 1172 was done with a
source voltage of 40 kV at 250 μA and a 0.5s exposure, 6 frame averag-
ing with 2 × 2 binning resulting in a 13.45 μm voxel size. Scans with the
Xradia Crystal CT were carried out with a 0.4s per frame exposure, 5 frames
averaging at 50 kV and 4 W with no pixel binning achieving a 10 μm voxel
size. No source filter was used while capturing the projections from either
instrument. The obtained 16-bit data was analyzed for clot volume using
Dragonfly (Object Research Systems, Québec, Canada).

Statistical Analyses: The measured clot volume and flow resistance
data were analyzed with SPSS (International Business Machines Corpo-
ration, NY, USA) to study statistical significance amongst the coating
groups. Device clot burden was studied using a linear mixed effects model
wherein the natural logarithm of clot volume was the dependent vari-
able. The donor ID was the subject variable, coating (i.e., device type)
as a fixed effect and plasma aPTT was a covariate. The model also ac-
counted for the interaction of device type and aPTT. Resistance time series
data was analyzed using a generalized linear mixed effects model. Mea-
sured resistance was the dependent variable with time as the repeated
measures condition. The model incorporated device coating, time, aPTT,
and their interactions while the Donor ID was specified as a random ef-
fect. Bonferroni correction was used to adjust the p values of both model
outcomes.
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