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Abstract

Purpose The hemocompatibility of membrane oxygenators remains inadequate in extracorporeal membrane
oxygenation (ECMO), particularly regarding thrombus formation. Adhesion of blood components onto hollow
fiber membrane is considered a major contributor to coagulopathy during ECMO; however, quantitative data
remain limited. To enable quantitative scanning electron microscopy (SEM) evaluation of cellular adhesion
without cutting the oxygenator case, we developed a miniaturized oxygenator with a removable case and
evaluated the hemocompatibility of a newly modified membrane designed to inhibit platelet adhesion.

Methods Two types of miniaturized membrane oxygenators (membrane area: 0.01 M?) were constructed
using OXYPHAN membranes (3M), with or without novel membrane modification (n = 8 each). Two-hour in-
vitro circulation tests were performed using blood from eight volunteers. Hemocompatibility was assessed
by blood testing and by SEM analysis of fiber membrane using ImageJ/FIJI.

Results The increase in thrombin-antithrombin complex (TAT) was significantly lower in the modified
membrane oxygenators than in the non-modified ones (ATAT: 9.7 + 4.0 ng/mL vs 27.5+19.5 ng/mL, p =
0.0477). The modified devices reduced total adhered cell counts and platelet adhesion counts by
approximately 80% (47.3+17.3 vs 228.7+116.8; p =0.00206) and 90% (34.1 +21.1 vs 358.8 +298.8; p =
0.01394), respectively, compared with the non-modified devices.

Conclusion Our miniaturized oxygenator with a removable case enabled easy sampling of flber membranes
and quantitative SEM image analysis. This approach exhibited a marked reduction in platelet adhesion on
the modified membrane and may serve as a useful method for evaluating membrane modifications.

INTRODUCTION

In long-term use of membrane oxygenators, such as during extracorporeal membrane oxygenation (ECMO),
thrombus formation inside the oxygenator has been reported [1-3]. Contact between blood and biomaterials
activates host defense mechanisms and induces inflammatory reactions and thrombogenesis [4, 5]. To
suppress these adverse reactions, several strategies have been adopted, including heparin/polymer coating
of membranes [6, 7], improvement of intradevice hemodynamics [8], and optimization of anticoagulation
dosing and monitoring [9]. However, these measures have not yet provided a complete solution. To evaluate
the extent to which such countermeasures improve oxygenator biocompatibility (hemocompatibility),
numerous studies have employed in-vitro simulated cardiopulmonary bypass modes, clinical studies, and
large-animal cardiopulmonary bypass (CPB) experiments assessing systemic inflammatory response
syndrome (SIRS) and organ injury, as well as analyses of inflammatory and coagulation markers in blood [6,
7,10, 11]. In contrast, although adsorption of blood components onto hollow fiber membranes is considered
a key factor in ECMO-associated coagulopathy, available knowledge remains limited [12]. The importance of
scanning electron microscopy (SEM) analysis for evaluating blood cell adhesion on hollow fiber membranes
has been emphasized [13], but prior SEM studies have mainly provided qualitative assessments of thrombus
and protein/cell deposition [10, 13, 14]. Quantitative evaluation of the number of cells adhered to
membranes has not been reported.
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At the final stage of oxygenator development, regulatory approval requires testing in accordance with ISO
7199 and national regulatory authority requirements [15]. Prior to that stage, large-animal CPB experiments
and ex-vivo simulation of CPB using human blood and clinical oxygenators are commonly used [7, 16].
However, in early development stage without industrial collaboration, manufacturing techniques that are
typically proprietary- such as centrifugal polyurethane potting and precise cutting of potting end faces- are
difficult for non-specialist researchers to implement. This situation represents a barrier to applying novel
academic findings in this field.

In clinical ECMO research, internal observation of exchanged oxygenators often requires cutting open the
case with a power saw, which is labor intensive and produces substantial debris, making SEM analysis
technically difficult [13, 17]. Although the need for research-scale miniaturized oxygenators has recently been
recognized and new models have been proposed, these still rely on industrial cooperation for centrifugal
potting and end-face cutting [18].

We therefore developed a miniaturized oxygenator that can be constructed without industrial technical
support, using a simple adhesive-based hollow fiber end fixation method and a case structure that allows
partial removal for easy sampling of internal hollow fibers.

The purpose of this study was to determine whether this new miniaturized oxygenator enables quantitative
SEM-based evaluation of a newly modified membrane designed to suppress blood cell adhesion. Using this
model, we constructed oxygenators with modified and non-modified hollow fiber membranes, performed
two-hour in-vitro circulation tests with identical human blood, systematically sampled hollow fibers after
partial case removal, and quantitatively evaluated adhered cell counts by SEM image analysis.

MATERIALS AND METHODS

Concept of the Design of a Small Research Oxygenator
Model

The design concept of the new oxygenator had two main features:

(1) Construction of an ultra-small oxygenator with one-quarter the membrane area (0.01m?) of a rat
oxygenator (0.04 m?) without industrial technical support [19]; and (2) use of a highly transparent PMMA
case that allows visual inspection and partial disassembly to enable sampling of hollow fibers from arbitrary
internal locations.

To achieve (1), we selected an adhesive injection method in which a dispenser nozzle is inserted between
follow fiber bundles to apply adhesive. Because fiber mats used in current clinical oxygenators have very
narrow fiber spacing that prevents nozzle insertion, we instead used spool-type hollow fiber membranes, cut
to a specified length and aligned in parallel.

To facilitate fiber alignment and prevent downward adhesive flow, we designed and developed a holding disc
with 169 small holes (perforated disc) (Supplementary Fig. 1). These discs were placed at both ends of the

Page 4/25



oxygenator, and 169 hollow fibers were passed through the holes and fixed by adhesive application on the
disc surface.

To achieve (2), the oxygenator case was divided into four parts assembled with screws. Wide joining
surfaces and external adhesive sealing were used to prevent blood leakage while still allowing later partial
disassembly (Fig. 1A).

Application and Evaluation of the Newly Developed Membrane Surface
Modification

A newly developed surface modification designed to suppress platelet adhesion was applied to
polypropylene hollow fiber membranes (OXYPHAN capillary membrane, 3M Membrana, Germany). The
modification concept is based on controlling the adsorbed water of the membrane surface to reduce
nonspecific interactions with blood components. Detailed chemical composition and fabrication processes
are outside the scope of the present study.

The antithrombogenicity of the modified membrane surface was preliminarily evaluated using a human
platelet-rich plasma (PRP) immersion test. Membrane samples were immersed in 1 ml of PRP for 15
minutes under platelet activation conditions, adding adenosine diphosphate (ADP) stimulation and
centrifugation at 250 g, to assess the robustness of platelet adhesion suppression. Adhered platelets on the
membrane surface were observed by scanning electron microscopy (SEM) and compared with those on non-
modified membranes.

Construction of Membrane Oxygenators

Polypropylene hollow fiber membrane (OD 380 pum, ID 280 pm, OXYPHAN capillary membrane, 3M
Membrana, Germany) was cut into 65-mm lengths. Half of the fibers were modified by the aforementioned
method, while the remaining fibers were left unmodified. A total of 169 fibers (modified and non-modified)
were inserted through the perforations of two discs positioned at the upper and lower ends of the blood
chamber under a surgical magnifying glass.

A dispenser nozzle was inserted aligned fiber rows to apply a light-curing acrylic adhesive (LOCTITE AA3924,
Henkel, Germany; qualified under ISO 10993 protocol), which was cured by LED light irradiation. O-ring and
disc were then placed at both ends of the oxygenator. All parts were fabricated from mirror-polished PMMA
and secured with screws and sealed with adhesives (LOCTITE AA3951, AA3972).

The blood chamber dimensions were 18 mm in diameter and 50 mm in length, with a priming volume of 6.6
ml. Sixteen oxygenators were fabricated. Gas ports were sealed using the same light-curing adhesive. After
washing the blood pathway with 1L of ultrapure water and drying, all oxygenators, circuit components, and
thermocouple sensors were sterilized using ethylene oxide gas. Eight modified and eight non-modified
oxygenators were prepared for comparative experiments.
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Comparative Study of Modified and Non-Modified Membrane
Oxygenators

This study was reviewed and approved by the Medical Ethics Committee of the Shimane University Faculty
of Medicine (approval No. 20200825-1). Written informed consent was obtained from eight healthy
volunteers. Approximately 20 ml of blood was collected from each volunteer using a syringe containing 100
units of heparin. About 6 mL was separated for baseline laboratory testing, and the remaining blood was
used to prime the oxygenator and the simulated circulation circuit. For each volunteer, blood collection was
performed twice on separate days for testing with the non-modified and modified membrane oxygenators.

The oxygenators and PVC tubing were primed with saline solutions. A pair of bead-type K thermocouple
sensors were inserted at the blood inlet and outlet and connected to a data logger. Immediately after blood
priming, circulation was initiated at 10 mL/min using a roller pump (Reglo Digital Pump, Antilia Scientific,
USA) in a closed-loop circuit. Room temperature was maintained at 26°C. Blood temperature at the
oxygenator inlet was controlled at 36°C using a thermostatic bath. Oxygen gas flow was maintained at 0.1
L/min (Fig. 1B).

B Closed-loop in vitro circulation system used for the blood perfusion experiment. T/S denotes insertion site
of a pair of thermocouple sensors and blood sampling. Eight modified and eight non-modified membrane
oxygenators were comparatively evaluated using the same blood obtained from eight volunteers for both
types of oxygenators.

In addition to activated coagulation time (ACT) and blood gas analysis, the following laboratory tests were
performed at baseline and after 2 hours of circulation (SRL, Japan): blood cell count, TAT (thrombin-
antithrombin complex), F1 + 2 (prothrombin fragment 1 + 2), IL-8, B-TG (beta-thromboglobulin), and PF-4
(platelet factor 4).

After 2 hours of perfusion, each oxygenator was rinsed with 1 L of gravity-fed normal saline until the effluent
became clear. A fixative solution (2.5% glutaraldehyde) was then infused via the blood port and stored at 4°C
for 3 hours. After replacement with washing buffer (0.1 mol/L phosphate buffer), the adhesive sealing the
joint of one case component was carefully removed using a No. 10 scalpel. With the oxygenator immersed in
phosphate buffer, the screws were removed and one case component was detached to expose the hollow
fibers. Hollow fiber samples (15 mm length) were then collected (Fig. 2A, B).

Samling sites comprised four regions: proximal to the blood inlet, distal from the blood inlet, proximal to the
blood outlet, and distal from the blood outlet. From each region, two adjacent fibers were collected from
defined layer depths (second-third layers and eleventh-twelfth layers, Fig. 2A).

Samples were dehydrated through graded ethanol (50%, 70%, 90%, 99.5%) followed by tert-butyl alcohol, then
substituted, frozen, and vacuum-dried. Two hollow fiber samples were mounted per specimen stub and
sputter-coated with a thin layer of gold (Eiko VX-10A Multicoater, Japan).
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Quantitative Analysis of Adhered Cells on Membranes from SEM
Images

SEM observation was performed by using a JSM-6510 microscope (JEOL, Japan). Each sample was first
scanned at x50 magnification over its full length to identify the region with the highest cell adhesion,
followed by imaging at x4000, x2000(x1000), x400, and x150 magnifications. Because x400 was the lowest
magnification at with platelet morphology could be reliably identified, subsequent quantitative analyses were
performed using x400 images.

SEM analysis was conducted on samples obtained from eight non-modified and eight modified oxygenators,
with two fibers sampled from each four locations per device, yielding a total of 128 hollow fiber samples.
Counts from adjacent paired samples were averaged for analysis.

Cell counts from SEM images were quantified using ImageJ/FIJI [20, 21]. Images were converted 8-bit,
thresholded using defined algorithms, and segmented. Particle quantification was performed using the
“Analyze Particles” command according to ImageJ particle analysis workflows [21-24].

For platelet counting, the particle size threshold was set to = 20 pixels to exclude smaller particles. The
“Exclude on edge” option was enabled. To avoid analytical bias between comparison groups, the same
threshold algorithm (Otsu or MaxEntropy) was applied consistently to both modified and non-modified
membrane images. When clearly incorrect particle selection occurred, manual correction was performed.

Because “Analyze Particles” provides total particle counts but does not distinguish leukocytes, erythrocytes,
and platelets, manual classification was performed using the ImageJ/FIJI plugin “Cell Counter” [21-23].

Statistical Analysis

Variables with apparent skewness were summarized as median (interquartile range [IQR]), whereas non-
skewed variables were expressed as mean t standard deviation (SD). For paired comparisons between two
devices, paired t-tests were applied to non-skewed data, and Wilcoxon signed-rank exact tests were used for
skewed data.

The validity of counts generated using the ImageJ/FIJI “Analyze Particles” function was evaluated by
assessing agreement with manual counts obtained using the “Cell Counter” plugin [21-23]. After averaging
values at each sample location, concordance was assessed on a logarithm scale using Spearman'’s
correlation, Kendall’s tau, and Lin’s concordance correlation coefficient (CCC) [25, 26]. The association
between SEM-derived cell counts and laboratory parameters were evaluated using both Pearson and
Spearman correlation coefficients, with Pearson correlation performed on log-transformed data. All
statistical analyses were performed using R version 4.5.2 (R Foundation for Statistical Computing, Vienna,
Austria). A two-sided p value < 0.05 was considered statistically significant.

RESULTS
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Comparison of Platelet Adhesion Between Unmodified and
Modified Membranes in Immersion Tests

In the PRP immersion test, platelet adhesion on the modified membranes was markedly reduced compared
with that on the non-modified membranes (Fig. 3). Representative SEM images demonstrated rarely adhered
platelets and aggregation on the modified membrane under ADP- and centrifugation-stimulated conditions.

These results indicate that the surface modification effectively suppressed platelet adhesion in a simplified
in vitro setting.

Comparison of Hematologic, Coagulation, and Inflammatory
Markers

Blood samples were obtained twice from each of eight volunteers (3 men, 5 women, mean age 41.4 years)
and used for both two-hours perfusion experiments with non-modified and modified membrane oxygenators.

At the end of perfusion, oxygenator inlet blood temperature was 36.4 + 0.2°C in the non-modified group and
36.6 + 0.2°C in the modified group, while outlet temperature was 35.5+ 0.4°C and 35.6 + 0.5°C, respectively,
with no significant differences between groups (p = 0.1725 and p = 0.3429). Baseline ACT values were 414
(401,633) s in the non-modified group and 426 (311, 718) s in the modified group (p = 1.0). After perfusion,
ACT values were766 (495, 966) s and 977 (743, 1000) s, respectively, without significant difference (p =
0.158). Pa02 at the end of perfusion was 562.8 + 56.6 mmHg in the non-modified group and 569.8 + 66.8
mmHg in the modified group, without significant difference between groups (p = 0.8162).

Hematologic, coagulation, platelet activation, inflammatory, and complement activation markers before and
after perfusion, together with their changes (A values) and p values, are summarized in Table 1. The
decrease in hemoglobin after circulation was small but significantly greater in the modified membrane group
(p = 0.04967). Among coagulation markers, the increase in TAT was significantly smaller in the modified
group (p =0.0477). F1 + 2 also showed a trend toward a smaller increase in the modified group (p =0.1059).
No significant differences were observed for other markers.
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Table 1 Comparison of blood compatibility data between non-modified and modified
membrane small oxygenators

Timing of Before After Delta
sampling circulation circulation
Membrane non- modified  non- modified  non- modified P-value
type modified modified modified
RBC (x104/  458.5% 460.9 £ 430.6 £ 411.7 £ 32 (25, 40 (25, 0.07969
L) 29.7 19.5 31.5 22.1 37.8) 63)
Hematocrit  42.4+4.1 423+ 39.0+39 37.6% 3.8(2.9, 3.9(209, 0.1953
(%) 3.3 3.2 4.8) 5.8)
Hemoglobin  13.5+15 13.6% 12.7+1.5 121+ 09(0.6, 1.1(0.8, 0.04967
(g/dL) 1.3 1.2 1.2) 1.9)
Platelet 279184 290z 22.6+7.1 24.7 + 53126 43+09 0.2134
(x104/pL) 9.0 9.1
WBC (/L) 5400 + 5800 + 2725+ 3100+ 2675+ 2738 + 0.7256

676 460 792 644 962 619
TAT 2.2(1.9, 1.5(1.2, 320t 10.2 ¢ 27.5+ 9.714.0 0.04777
(ng/mL) 3.3) 2.0) 20.2 4.3 19.5
F1+2 246 (114, 146 481 (286, 182 (13, 157 33149 0.1059
(pmol/L) 489) (104, 586) 236) 146

235)

B-TG 98.5 94 (75.5, 1308.8+ 1167.5 1007.8 9542 + 0.7128
(ng/mL) (62.3, 147) 632.3 +287.4  +459.2  257.1

366.5)
PF-4 35.5(21.8, 33.5 632.8 + 467.3 + 490.0 + 383.2+ 0.2532
(ng/mL) 171.5) (22.3, 243.6 65.1 178.7 54.9

44)
Interleukin- 1.8 (0, 0 (0, 64.6 41.7 59.7 41.7 0.5469
8 (pg/mL) 8.6) 10.9) (17.2, (5.4, (17.2, (4.2,
194.5) 130.5) 168.0) 120.8)

SC5b-9 116.5% 117.4+ 1195.2 1173.9 1078.7 1092.0 0.9373
(ng/mL) 28.6 34.2 206.3 +389.8 +188.7 +376.8

Data are presented as mean + SD or median (IQR). Statistical analyses were performed

by paired t-tests or Wilcoxon signed-rank exact tests.

TAT: thrombin-antithrombin complex; F1 + 2: prothrombin fragment 1 + 2; 3-
TG: beta-thromboglobulin; PF-4: platelet factor 4.

Comparison of Adhered Cell Counts by SEM Image Analysis

There was no macroscopic thrombus inside in all sixteen oxygenators. However, there were four samples
with small thrombus (100-500 pm) out of eight samples in one non-modified oxygenator. Therefore, these
samples were excluded from SEM analysis.

Page 9/25



In the modified oxygenator group, there was no thrombus inside oxygenator or on the membrane samples. A
representative SEM images of hollow fiber membrane from a non-modified oxygenator after two hours of in-
vitro perfusion are shown in Fig. 4A. Numerous activated platelets with pseudopod were scattered across
the membrane surface, with a smaller number of erythrocytes and leukocytes also present.

Using the semi-automatic “Analyze Particles” command in ImageJ/FIJI, the adhered cell count in this field
was 555 (Fig. 4B).

B Semi-automated particle detection of the same image using Image J/FIJI (“Analyze Particles” function);
number of adhered cells = 555. The inset highlights platelets pairs incorrectly identified as a single particle.

However, when platelets were densely distributed, multiple platelets were sometimes counted as a single
particle. Manual counting using the “Cell Counter” plugin yielded a count of 640 in the same image (Fig. 4C).

C Manual counting of the same image using the “Cell Counter” plugin; number of adhered cells = 640. Red
arrows indicate platelet pairs misclassified by the semi-automated method.

Higher magnification images (x 2000) demonstrated activated platelet morphology with pseudopod
formation and spreading, as well as clearly visible membrane pores (Fig. 4A).

In non-modified membranes, pronounced platelet adhesion occasionally resulted in the formation of platelet
aggregates attached to the hollow fiber surface (Fig. 4D).

D Representative SEM image (x400) showing platelet aggregations on a non-modified membrane. Red
arrows are the largest aggregation.

In such cases, semi-automatic analysis identified large aggregates as single particles, leading to
underestimation (n = 360) (Fig. 4E).

E Semi-automated analysis of the same image using Image J/FIJI “Analyze particles” function; number of
adhered cells = 360. The largest platelet aggregate indicated by the red arrow was identified as a single
particle.

In contrast, Manual counting of the same image yielded a total of 1411 particles (Fig. 4F).

F Manual counting of the same image using the “Cell Counter” plugin; number of adhered cells = 1,411.
Numerous platelets with the aggregate (red arrow) were individually counted.

In contrast, modified membranes showed markedly weaker cellular adhesion, with few platelets and
occasional leukocytes (Fig. 5). At high magnification (x4000), membrane pores remained clearly visible

(Fig. 5).

Systemic comparison using the “Analyze Particles” command demonstrated significantly fewer adhered
cells on modified membranes at three of four sampling locations (Table 2). The modified devices reduced
total adhered cell counts by approximately 80% (47.3+17.3 vs 228.7 + 116.8; p = 0.00206) compared with
the non-modified devices. Manual counting using the “Cell Counter” plugin showed similar results, with
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significantly fewer adhered cells on the modified membranes at three of four sites compared with the non-
modified ones (64.2 + 29.8 vs 410.1 £ 280.9; p = 0.01942).

Table 2

Comparison of total adhered cell counts* on either modified membranes or non-modified ones; analyses by
both "Analyze particles" and "Cell Counter" in Image J/FIJI

Count Cell counting by "Analyze Cell counting by "Cell

method particles" Counter”

Site of membrane p-value Membrane p-value

sample type type

excision
non-modified modified non-modified modified

1 101.8 (82, 35.3(15.5, 0.01563 127.5(76.9, 69.8 (21.5, 0.02344
270.9) 66.3) 512) 79.3)

2 176.3 (73.1, 34.8 (12.8, 0.07813 263.8 (81.6, 38.5(15.4, 0.05469
347.3) 59.1) 546.6) 91.3)

3 296.2+178.5 47.6+28.4 0.0044 659.1 £ 642.6 58.4+30.3 0.02966

4 232+172.7 46.1+£29.1 0.0132 144 (452.2, 47.5(21.1, 0.04688

732.5) 109.6)

meanof 1-4  228.7+116.8 47.3+17.3 0.00206 410.1+280.9 64.2+29.8 0.01942

Data are presented as mean + SD or median (IQR). Statistical analyses were performed by

paired t-tests or Wilcoxon signed-rank exact tests. "Analyze particles" function is a semi-

automated segmentation and analysis tool and "Cell Counter" is a plugin tool which is useful

for manual counting in ImageJ/FIJI.

Manual platelet counting demonstrated significantly fewer adhered platelets on modified membranes at
three of four sampling sites (Table 3). The modified devices reduced platelet adhesion counts by
approximately 90% (34.1 +21.1 vs 358.8 + 298.8; p = 0.01394) compared with the non-modified devices.
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Table 3
Comparison of adhered platelet counts on either modified membranes or nhon-modified ones.

Site of sample excision membrane type p-value
non-modified modified

1 64.8 (28.1,438.9) 15.3(10.9,31.9) 0.007813

2 257.4+245.6 32.3+29.1 0.02995

3 274.8 (662.4, 1419.9) 40.3 (14.1, 56.9) 0.02344

4 27 (18.5,718.5) 28 (9,62.3) 0.07161

mean of 1-4 358.8£298.8 3411211 0.01394

Data are presented as mean + SD or median (IQR). Statistical analyses were performed by paired t-tests

or Wilcoxon signed-rank exact tests. Counting of adhered platelets on either non-modified membranes or

modified ones was performed by "Cell Counter”, ImageJ/FIJI plugin.

Agreement Between Semi-Automatic and Manual SEM Cell
Count

To evaluate the validity of cell counts obtained using the semi-automated “Analyze Particles” function in the
ImageJ/FIJI for quantifying cells adhered to membranes in SEM images, we compared these measurements
with counts derived from the manual reference method using the ImageJ/FIJI “Cell Counter” plugin.
Although four samples were excluded due to small thrombus, the counts of adhered cells were averaged
over two fiber samples per each location in device, and thereby only one data point was excluded, leaving 63
data points in the subsequent analyses. After logarithmic transformation, Lin’s concordance correlation
coefficient (CCC) was 0.924 (95% Cl: 0.885 to 0.95) (Fig. 6). In addition, Spearman'’s rank correlation
coefficient was p =0.916 (p <2.2 x 10™'®), and Kendall’s rank correlation coefficient was T = 0.813, further
demonstrating a strong concordance between the two counting methods.

Correlation between SEM-derived platelet counts and
laboratory markers

To investigate the association between morphological changes observed on SEM and alterations in
hematological parameters, linear regression models were fitted with AB-TG values and APF-4 as dependent
variables and the number of platelets adhered to the membranes as the independent variable, all on a
logarithmic scale. A total of ten observations were analyzed, comprising four paired and two unpaired data.
Assuming that AB-TG and APF-4 follow a log-normal distribution, conditional means (with arithmetic means
adjusted by adding half of the residual variance) and 95% confidence intervals (Cls) were estimated and are
presented in Fig. 7. These results demonstrate a clear non-linear relationship that adequately characterizes
the associations.

A correlation between AB-TG and platelet counts (SEM) was 0.870 (95%Cl: 0.531 to 0.969) for Pearson and
0.867 (p =0.00268) for Spearman. APF-4 showed a comparably strong correlation: 0.899 (95%Cl: 0.621 to
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0.976) for Pearson and 0.830 (p = 0.00556) for Spearman.

DISCUSSION

We first developed a miniaturized oxygenator with a partially removable case. Using this model and a novel
hollow fiber membrane modification technique, we evaluated a modified hollow fiber membrane oxygenator
designed to reduce platelet adhesion and improve hemocompatibility. Using a controlled in-vitro circulation
model with human blood, we demonstrated that the modified membrane significantly reduced platelet and
total cell adhesion compared with the non-modified membrane.

To the best of our knowledge, this study is the first to successfully quantify the number of blood
cells—particularly platelets—adhering to hollow fiber membranes in oxygenators. A previous animal study by
Kundu and colleagues established a quantitative SEM-based method that measures “precent area densities”
on the membranes in evaluating thrombosis in ECMO without anticoagulation [27]. Zang and coworker
reported a protocol of quantitative analysis of clot deposition on oxygenator membranes using SEM images
[17]. Both approaches quantified deposition area rather than absolute cell counts. Measurement of coverage
area may be more informative than cell counting when platelet aggregation or spreading is extensive (see
Fig. 4D, Fig. 4E, and Fig. 4F).

These prior studies evaluated deposits or clots across the entire membrane samples and were more
comprehensive than our approach. Nevertheless, the method used in this study—selecting and analyzing
only the most reactive region, not all length of sample—provides high sensitivity for detecting adhesion
reactions while remaining relatively practical in terms of workload.

SEM observations, particularly at high magnification, revealed that platelets on non-modified membranes
frequently exhibited activated morphology, including pseudopod formation, spreading, and aggregation. In
contrast, modified membranes showed minimal platelet adhesion, and the membrane pore structure
remained clearly visible even after perfusion. These morphological findings support the quantitative results
and indicate improved surface biocompatibility.

Laboratory data further supported reduced thrombogenic activation with the modified membrane. In
particular, the increase in TAT3 was significantly smaller in the modified group, and F1 + 2 showed a similar
trend. Platelet activation markers (B-TG, PF-4) were strongly correlated with the number of platelets adhering
to the hollow fiber membranes (Fig. 7). Both are chemokine proteins abundantly stored in platelet alpha
granules and released upon platelet activation, thereby further promoting coagulation [28-30]. In other ex-
vivo simulation models using human blood, B-TG elevation was similarly suppressed in PMEA-coated
oxygenators and heparin-coated oxygenators but markedly increased in-non-coated oxygenators [7, 16]. In
the present study, no significant differences between groups were observed for B-TG, PF-4, likely due to the
small sample size (N = 4).

To evaluate the validity of cell counts obtained using the semi-automated approach (the “Analyze Particles”
function) in ImageJ/F1JI, manual counting was defined as the reference standard [21-23], and agreement
between the two methods was assessed using Lin's concordance correlation coefficient (CCC), a statistical

metric specifically developed to quantify concordance between a novel test method and a reference method.
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Lin's CCC was 0.924 (95% Cl: 0.885-0.95), indicating a high level of agreement [31-33]. Spearman’s and
Kendall's correlation analyses likewise demonstrated strong association with manual counting.

Therefore, although semi-automated analysis is useful for standardized comparative studies,
complementary manual validation remains important, particularly in high-density regions. Manual counting
using the Cell Counter plugin also enables discrimination among cell types, such as leukocytes and
erythrocytes, but is labor intensive for large datasets. Watershed or adjustable watershed-based
segmentation methods may facilitate separation of fused cells (platelets) [34]. However, in the present study,
these approaches did not reliably separate tightly aggregated platelet clusters and occasionally introduced
additional segmentation errors.

ImageJ/FIJI provides a machine learning plugin, Trainable Weka Segmentation, which enables ROI-based
classification of erythrocytes, leukocytes, and background. With sufficient training data, a robust machine
learning model can be developed [35]. We plan to investigate the applicability of this approach for classifying
cell populations adhering to hollow fiber membranes.

The findings of this study may contribute to the development of a novel evaluation method for hollow fiber
membrane modification in membrane oxygenators and suggest that direct analysis of the membrane
surface may provide a more sensitive assessment than measurement of blood components alone. Because
blood components can also be damaged by roller pumps [36], this effect may have obscured the benefits of
membrane modification shown in blood-based assays.

Quantification of cells—particularly platelets—adhering to membranes following in-vitro circulation with
human blood enables objective evaluation of modified membranes and, when combined with coagulation
and inflammatory biomarkers, may support the establishment of a more comprehensive evaluation
framework for membrane oxygenators. Upon contact with artificial surfaces, the contact activation system
is initially triggered, generating factor [a, active kallikrein, and bradykinin, thereby initiating coagulation and
inflammation pathways [28, 37]. Prior to cellular adhesion to hollow fiber membranes, plasma proteins such
as fibrinogen and von Willebrand factor are known to absorb onto the membrane surface [5, 12, 28, 37-39].
Further investigation of these processes on hollow fiber membranes will be necessary to advance
hemocompatibility.

This study has several limitations. First, the circulation model was in vitro and employed low flow conditions
compared with clinical extracorporeal circulation. Second, the sample size was limited. Further in-vivo and
high-flow investigations will be necessary to confirm clinical relevance.

Despite these limitations, the combined approach of controlled circulation testing, SEM surface analysis, and
quantitative image processing provides a practical and reproducible framework for evaluating membrane
surface modifications of oxygenators.

The use of a miniaturized oxygenator with a removable case enabled direct sampling of hollow fiber
membranes and quantitative SEM image analysis. This approach clearly demonstrated a substantial
reduction in platelet adhesion on the newly modified membrane and may serve as a useful method for
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evaluating membrane surface modifications. Reduced surface adhesion was associated with lower
coagulation activation markers, supporting improved hemocompatibility of the modified membrane.
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Figure 1

Three-dimensional design of the newly developed miniaturized oxygenator and experimental setup. A Three-
dimensional schematic of the membrane oxygenator with a partially removal case. The anterior half of the
case can be detached or reattached by removing the screws and adhesive. Color coding indicates the
mating surfaces between components.
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B Closed-loop in vitro circulation system used for the blood perfusion experiment. T/S denotes insertion site
of a pair of thermocouple sensors and blood sampling. Eight modified and eight non-modified membrane
oxygenators were comparatively evaluated using the same blood obtained from eight volunteers for both

types of oxygenators.

Figure 2
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Sampling method for SEM analysis. A Definition of sampling locations and layers depths within the fiber
bundle. Asterisks indicate the blood inflow and outflow regions; A—D denote sampling sites.
BRepresentative photo of hollow fibers sampling. The front case was already detached. No thrombus
formation was observed within the oxygenator after 2 h of closed-loop in vitro circulation.
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Figure 3
Evaluation of the newly developed membrane surface modification in immersion tests. A SEM image of non-

modified membrane (OXYPHAN) demonstrating pronounced platelet adhesion. B SEM image of a modified
membrane showing minimal platelet adhesion.
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Figure 4

Representative SEM images on a non-modified membrane and ImageJ analysis workflow. A SEM image
(x400) of blood cells adhered to a non-modified membrane following perfusion. The higher magnification
inset (x2000) shows numerous activated platelets with pseudopods distributed across the membrane
surface. Red arrows indicate platelets pairs incorrectly identified as a single particle by the “Analyze particle”
function (see panels B and C)
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B Semi-automated particle detection of the same image using Image J/FIJI (“Analyze Particles” function);
number of adhered cells = 555. The inset highlights platelets pairs incorrectly identified as a single particle.

C Manual counting of the same image using the “Cell Counter” plugin; number of adhered cells = 640. Red
arrows indicate platelet pairs misclassified by the semi-automated method.

D Representative SEM image (x400) showing platelet aggregations on a non-modified membrane. Red
arrows are the largest aggregation.

E Semi-automated analysis of the same image using Image J/FIJI “Analyze particles” function; number of
adhered cells = 360. The largest platelet aggregate indicated by the red arrow was identified as a single
particle.

F Manual counting of the same image using the “Cell Counter” plugin; number of adhered cells = 1,411.
Numerous platelets with the aggregate (red arrow) were individually counted.
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Figure 5
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Representative SEM images (x400, x4000) on a modified membrane after perfusion and ImagedJ analysis
workflow. Adhered cells were quantified using the semi-automated “Analyze particles” function in Image
J/FIJI; number of adhered cells = 10. The higher magnification inset (x4000) demonstrates that membrane
pores remain patent after 2 h of in-vitro circulation.
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Figure 6

Lin's concordance correlation coefficient (CCC) comparing cell counts obtained by “Analyze particles”
function (approximate measurement) and the “Cell Counter” plugin (manual counting: reference standard).
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Figure 7

Correlation between SEM-derived platelet counts and laboratory markers. Conditional means and 95% Cls
are shown. A Correlation between adhered platelet counts on membranes (SEM) and changes (A) in blood
B-TG levels. B Correlation between adhered platelet counts on membranes (SEM) and changes (A) in blood
PF-4 levels.
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