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Abstract: Background: According to the International Standard (ISO10993-4), a test model using
human blood must be used for blood compatibility evaluation of medical devices. However, various
safety investigations have reported outcomes from animal models simulating clinical conditions.
Additionally, the validation of animal blood in blood compatibility assessment models is limited. In
this study, the differences in the reactivity of different species to coagulation and complement, as
well as the main mechanisms governing blood clot formation upon contact with medical devices,
were examined. Moreover, it aimed to acquire information required to design a hemocompatibility
evaluation model and interpret the results. Results: Rabbits, porcine, thesus monkeys, and cynomol-
gus monkeys were exposed to one negative and two positive control substances, and variations in
the partial thromboplastin time (PTT) were observed. The activity of the complement system was
observed in accordance with the test method in ISO 10993-4. Although the PTT absolute values varied
across animal species, the normalized PTT values—61% for rabbits, 66% for pigs, 63% for rhesus
monkeys, and 65% for cynomolgus monkeys—exhibited no statistically significant differences. After
reacting human and porcine sera with the material, the test model using human serum distinguished
the positive and negative control candidates, whereas the test model using porcine serum could
not discriminate them. Conclusions: These results suggest similar reactivity in blood coagulation
across species after substance contact. However, complement system activity indicated a significant
difference in reactivity between human and porcine blood. This finding will be useful in the design
of a blood compatibility evaluation model for medical devices and interpretation of the results.
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1. Introduction

Hemocompatibility testing provides information about whether a medical device or
medical-device material can come in contact with human blood without adverse clinical
effects. The standard for evaluating blood contact medical devices, ISO 10993-4 (2017) [1],
is crucial in selecting potential tests. However, the tester must determine the specific testing
methods and protocols. Two types of tests exist for evaluating thrombosis: (1) static tests to
examine material-mediated thrombosis and (2) dynamic tests to evaluate flow-mediated
thrombosis. Static tests are easier to perform and produce more consistent test results
than dynamic tests. The ISO 10993-4 standard lists several potential static-test methods.
However, the standard does not contain detailed testing protocols. Only two complete test
methods have currently been standardized and approved by the FDA, namely (1) ASTM
F2382-18: partial thromboplastin time (PTT) and (2) ASTM F2888-19 [2]: standard practice
for platelet leukocyte count. The selection of an appropriate animal study design and
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blood parameters (species, anticoagulation, and collection method) in the design of tests to
identify thrombosis is crucial for in vitro thrombotic studies. Considering the differences
between species, human blood must be used, if possible; however, a large amount of blood
is required and the use of human blood is limited [1].

However, safety studies involving artificial blood vessels (ISO 7198:2016) and blood
gas exchangers (ISO 7199:2016) require the use of animal models that simulate clinical envi-
ronments and animal blood in in vitro environments. A few studies on blood compatibility
evaluation of medical devices using animal blood have been reported [3,4].

The standard (ISO 10993-4:2017) requires that the differences in the responsiveness of
different species should be considered during blood contact when using animal blood and
models [1]. However, only limited studies have been conducted on the validation of animal
blood use in tests to confirm platelet activity, hematology, coagulation, and complement
system activity, which are the main mechanisms inducing thrombogenesis due to contact
between blood and substances [5,6].

According to previous studies that confirmed the interaction between animal blood
and biomaterials, the platelet activity and hematology patterns for different species are
similar [7-14].

This study was conducted to determine the information required to design and in-
terpret the results of the hemocompatibility evaluation model for the safety evaluation of
in vivo, in vitro, and implantable medical devices. The coagulation system (PTT) (ASTM
F2382-18) and complement system activation (ISO 10993-4:2017) confirmed the differences
in the responses of different animal species [1,15].

2. Materials and Methods
2.1. Material and Reagents

A high-density polyethylene (HDPE) film was purchased from Kemidas (Suwon-si,
Republic of Korea). Black rubber and high-purity Tygon tubing were purchased from Saint
Gobain (Courbevoie, France). Latex was purchased from Korea Ace Scientific (Hankook
Latex Pvt. Ltd., Perumbavoor, India). The PTT reagent (rabbit brain cephalin without
additional activators) was purchased from BioData (Horsham, PA, USA). Calcium chloride
solution was acquired from Sigma-Aldrich (St. Louis, MO, USA). Cobra venom factor (CVE),
normal human serum, SC5b-9, and a C3a ELISA kit were purchased from Quidel. Porcine
SC5b-9 and C3a ELISA kits were purchased from MyBioSource (San Diego, CA, USA).

2.2. Blood Sampling and Preparation

Animal blood from healthy adult donors was obtained according to the protocols
approved by the Institutional Review Board. Rabbit (Oryctolagus cuniculus) blood from
healthy adult donors was obtained from the Korea Testing Certification Institute (Cheongju,
Republic of Korea) in accordance with the protocol approved by their Institutional Review
Board. Monkey (Rhesus macaque, Cynomolgus macaque) and porcine (Jeju native black
pig, Sus scrofa) blood were purchased from the Korea Research Institute of Bioscience
and Biotechnology (Daejeon, Republic of Korea) and Cronex (Hwaseong, Republic of
Korea), respectively (Table 1). To separate plasma and serum, venous blood was drawn
into polypropylene tubes with or without 3.2% sodium citrate (blood to sodium citrate
solution volume ratio 9:1), respectively. Thereafter, plasma and serum were separated via
centrifugation at 3000 x g for 15 min for analysis. All the samples were processed within
2 h of the blood draw.
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Table 1. Summary of experimental animals.

Parameters Conditions

Rabbit (Oryctolagus cuniculus, Female, 16 weeks),
Monkey (Rhesus macaque and Cynomolgus macaque, Male, 5 months)
Porcine (Sus scrofa, Female, 3 months)

Species
(strain, sex, age)

Anticoagulant 3.2% sodium citrate
(final ratio with blood) (blood: sodium citrate solution volume ratio = 9:1)
Test materials HDPE, Black rubber, Latex rubber, PVC

2.3. Traditional Coagulative Parameters

The PTT (seconds) was evaluated for plasma in accordance with ASTM F2382. The
entire blood was centrifuged at 3000 g for 15 min to obtain platelet-poor plasma, which
was used fresh or frozen at —80 °C for later use. To prepare the test samples for both assays,
we incubated the test materials (4 cm?) in 1 mL of plasma at 37 °C for 15 min. Thereafter,
the samples were chilled and kept on ice. The PTT clotting times were measured using the
ACL ELITE coagulation analyzer (Werfen, Hartwell Road Bedford, MA, USA) following
the typical test procedures provided by the reagent and instrument manufacturers.

2.4. Testing Methods: Enzyme-Linked Immunosorbent (ELISA) Assay

A serum that is functionally intact and retains the ability to activate its complement
is used, and testing of devices or materials is always conducted using the direct contact
method. A positive liquid control, such as the CVF, is inconsistent but can be used as a
potent liquid complement activator to demonstrate that the test system is operating under
specified conditions. Because complement activation is generally proportional to the blood
contact surface area, it was tested according to ISO 10993-12 [16]. The MicroVue C3a Plus
and MicroVue SC5b 9 Plus Enzyme Immunoassays measure the amounts of C3a and SC5b
9 present in human plasma and serum. The C3a and SC5b 9 Enzyme Immunoassays of
MyBioSource measure the amounts of C3a and SC5b 9 present in porcine plasma and
serum. The absorbance at 450 nm was determined using a spectrophotometer.

2.5. Statistics

Statistical analyses were performed using one-way ANOVA, followed by Dunnett’s
multiple comparisons test where appropriate, and the obtained values were recorded as
mean = standard deviation (SD). Differences were considered significant when p < 0.05.

3. Results
3.1. PTT of Polymeric Materials in Animal Plasma of Rabbit, Porcine, and Monkey

Plasma obtained from animal blood was reacted with the substance described in
Table 1, and the PTT was subsequently determined. In rabbit plasma, the HDPE, Latex,
and PVC test groups did not show any significant changes in PTT compared with the blank
test group, whereas the black rubber test group showed a significant shortening of PTT
(Figure 1A). In porcine and primate (Rhesus, Cynomolgus macaque) plasma, HDPE, which is a
negative control material for hemocompatibility, and PVC, which is commercially available
for medical use, did not show significant changes in PTT compared with the blank test
group. In contrast, significant PTT shortening was observed in the positive control material
candidates such as the black rubber and latex test groups (Figure 1B-D).
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Figure 1. PTT in animal plasma such as rabbit, porcine, and monkey. The PTT measured with the
plasma reacted with the materials. (A) Plasma obtained from rabbits, (B) plasma obtained from
porcine, (C) plasma obtained from Rhesus macaque, and (D) plasma obtained from Cynomolgus macaque.
* Statistical significance (* p < 0.05; *** p < 0.0005; **** p < 0.0001, one-way ANOVA) compared with
the blank control.

3.2. Comparison of Normalized PTT between Species

Figure 2 shows the result of reanalyzing Figure 1 with the normalized PTT. The
normalized PTT was obtained by dividing the PTT measurement value of the test group by
that of the blank control group, and the normalized PTT of each substance was compared
for each plasma origin. The absolute value of the PTT of the blank control group was similar
in primates regardless of species. Furthermore, the absolute PTT values of rabbits were
higher than those of primates, and the porcine values were lower than those of primates. In
contrast, no differences in the normalized PTT of the material were observed for different
species (Figure 2).
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Figure 2. Comparison of the normalized PTT. The normalized PTT of each material was compared
for the animal plasma of rabbit, porcine, and monkey.
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3.3. Comparison of the Complement System Activities by Substances in Human and Porcine Sera

In human serum, HDPE serves as a hemocompatibility negative control, and com-
mercially available PVC for medical use did not show significant changes in complement
system activity compared with the blank test group. In contrast, significant increases in
complement system activity were observed in the positive control candidates of the black
rubber and latex test groups, except for some test groups (black rubber, C3a) (Figure 3A,B).
In contrast to the results of complement system activity in human serum, the substances in
porcine serum showed no significant increase in complement system activity compared
with the blank test group (Figure 3C,D).
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Figure 3. Comparison of complement activity in human and porcine sera. (A) Effects of test substances
on SC5b-9 production in normal human serum. (B) Effects of test substances on C3a production
in normal human serum. (C) Effects of test substances on SC5b-9 production in porcine serum.
(D) Effects of test substances on C3a production in porcine serum. The mean =+ SD values of the three
independent experiments are shown. * Statistical significance (* p < 0.05; ** p < 0.005; *** p < 0.0005;
*** p < 0.0001, one-way ANOVA) compared with the blank control.

3.4. Comparison of Complement System Activity in Human and Porcine Sera Reacted with
the CVF

To compare the levels of complement system activity of human and porcine sera, CVE,
which is a strong complement system activator, was reacted with human and porcine sera,
and the degree of complement system activity in each serum was observed. When porcine
serum was reacted with CVFE, SC5b-9 and C3a exhibited basal levels (50-354 ng/mL),
whereas high levels of SC5b-9 and C3a (26,296-33,390 ng/mL) were observed in the case of
human serum (Figure 4A,B).
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Figure 4. Comparison of complement activity in human and porcine sera reacted with the CVE.
(A) Effects of test substances on SC5b-9 production. (B) Effects of test substances on C3a production.
The mean =+ SD values of the three independent experiments are shown.

4. Discussion

Static tests to evaluate thrombosis are relatively simple and yield more consistent
results. However, device thrombogenicity related to blood flow and surface topography
cannot be evaluated and limit the prediction of the long-term outcomes of implantable
medical devices. In addition, distinguishing subtle differences in thrombosis between
biomaterials may not be possible.

This study confirmed the blood coagulation potential in various animal species based
on the ASTM F2382-18:PTT, a test method standardized and approved by the FDA, and
identified the differences in reactivity of different species for complement. Furthermore,
a hemocompatibility evaluation model was designed, and the information required to
interpret the results was obtained.

The PTT assay is a modification of the activated partial thromboplastin time (APTT)
assay. The APTT assay includes active agents such as kaolin, celite, or ellagic acid [17],
which must be avoided when evaluating the effects of blood contact devices or device
materials because it interrupts coagulation caused by the materials or device [18]. Unlike
the APTT assay, the PTT assay evaluates whether the test material acts as an activator using
reagents (rabbit brain cephalin) without activating substances such as kaolin, celite, or
ellagic acid. The time it takes for citrate plasma exposed to the test material when exposed
to phospholipid particles and calcium chloride suspension to form a clot is measured.
Shortening the PTT after contact with a substance indicates activation of the intrinsic
coagulation pathway of blood coagulation, whereas heparin and other anticoagulants
induce prolonged PTTs [1,15]. Despite variations in coagulation factors, such as F-IX,
F-X, and F-VII, across species, the coagulation pathway may essentially be similar among
mammals [19-21]. Many studies have been conducted using different animal species for
blood coagulation, and the degree of coagulation has been reported to differ depending on
the animal species [5,6,22]. The applicability of using animal blood instead of human blood
with the test blood of PTT assay was examined to determine the blood clotting potential in
various animal species.

PTT changes were observed with one negative and two positive control candidate
materials as the test material and plasma from rabbits, porcine, rhesus monkeys, and
cynomolgus monkeys. The absolute value of the PTT reaction in the plasma of rabbits,
porcine, and primates that reacted with the material showed slight differences among
animals. However, the normalized values—61% for rabbits, 66% for pigs, 63% for rhesus
monkeys, and 65% for cynomolgus monkeys—did not show any statistically significant
differences. The evaluation of thrombosis using PTT demonstrated the possibility of
replacing human blood if an appropriate animal model is selected.

The complement is activated by the surfaces of external materials, including blood-
contacting medical devices, and usually occurs in the early stages [23,24]. The amount of
complement proteins in the blood can be evaluated using ELISA assays, and the comple-
ment proteins that can be used in ELISA assays include, but are not limited to, C3a, C5a,
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and SC5b9; C3a is considered a general indicator of complement activation, and SC5b-9 is
generally considered a marker representing the full extent of complement activation [25-27].
An increase in complement components indicates that the complement system is activated.
Only complement components in plasma can be measured, and measuring complement
components that attach to the material surface is difficult. Commercially available ELISA
kits are species-specific, and a suitable control group needs to be included for comparison.
The typical CH-50 assay is useful for human, bovine, porcine, and rabbit sera; however,
the sensitivity is too low to detect complement activation after contact with the material.
Another functional method is complementing production of C3- or C5-converting enzymes
as measured via substrate conversion assays.

The ISO 10993-4 standard (2017) provides information about complement testing of
medical materials and devices. No standard blood or blood product is currently used
for complement testing, and when serum and plasma are used, they must be carefully
selected so as not to reduce or increase complement activation [1]. In this study, to select
standard blood and blood products used for complement testing, human and porcine sera
were reacted with the material using the direct contact method, and then complement
activation was assayed. By observing complement activation with human serum and one
negative and two positive control candidate materials as the test materials, negative and
positive control candidate materials could be effectively distinguished. In contrast, they
were difficult to distinguish in porcine serum. Tests with strong activators, such as CVE,
confirmed that it works under specific conditions. Complement activation was measured
in CVF, a potent activator, and human and porcine sera. Complement activation was
significantly increased in human serum but showed a basal level of activation in porcine
serum. This indicates significant differences between humans and porcine in their potential
to activate the complement system [28,29]. Porcine ex vivo and implantation models are the
preferred preclinical models for hemocompatibility evaluation of blood-contacting medical
devices owing to their anatomical similarity to human organs [30-32].

Despite porcine blood exhibiting high sensitivity in the coagulation reaction after con-
tact with biomaterials, the result showing a basal reaction in the activity of the complement
system must be considered in the design of the preclinical test model and interpretation of
the results.

The results revealed that the normalized values of PTT in substance-reacted plasma
exhibited similarities regardless of the animal species, and the blood coagulation potential
was confirmed in various animal species. In addition, the results of complement activation
for a material indicate that the reactivity differs between species and provide important
clues in the interpretation of the results of preclinical testing of blood-contacting medical
devices and in the design of experiments. In addition, the selection of an appropriate
animal model for thrombosis evaluation indicates the potential to substitute human blood
and may correlate with in vivo and clinical thrombosis data for thrombosis evaluation.

5. Conclusions

Under the conditions of this study, the complement system activity induced in the
blood in contact with the substance differed for different species, whereas the normalized
PTT response values for the cases of animal species in the plasma induced after reaction
with the substance were similar. These results demonstrate the feasibility of evaluating
thrombosis using PTT if an appropriate animal model is selected. In addition, this informa-
tion is crucial in the design of in vitro and in vivo hemocompatibility evaluation models
and interpreting the results.
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