
Artificial Organs. 2021;00:1–10.	 		 		 |	 1wileyonlinelibrary.com/journal/aor

Received:	15	July	2021	 |	 Revised:	21	October	2021	 |	 Accepted:	7	December	2021

DOI:	10.1111/aor.14146		

M A I N  T E X T

The porcine abattoir blood model— Evaluation of platelet 
function for in- vitro hemocompatibility investigations

Johanna C. Clauser1  |   Judith Maas1 |   Ilona Mager1 |   Frank R. Halfwerk2,3 |   
Jutta Arens1,2

©	2021	The	Authors.	Artificial Organs	published	by	International	Center	for	Artificial	Organ	and	Transplantation	(ICAOT)	and	Wiley	Periodicals	LLC.

1Department	of	Cardiovascular	
Engineering,	Institute	of	Applied	
Medical	Engineering,	Medical	Faculty,	
RWTH	Aachen	University,	Aachen,	
Germany
2Chair	of	Engineering	Organ	Support	
Technologies,	Department	of	
Biomechanical	Engineering,	Faculty	of	
Engineering	Technology,	University	of	
Twente,	Enschede,	The	Netherlands
3Thoraxcentrum	Twente,	Medisch	
Spectrum	Twente,	Enschede,		
The	Netherlands

Correspondence
Johanna	C.	Clauser,	Department	of	
Cardiovascular	Engineering,	Institute	
of	Applied	Medical	Engineering,	
Medical	Faculty,	RWTH	Aachen	
University,	Aachen,	Germany.
Email:	clauser@ame.rwth-aachen.de

Abstract
Background: The	major	obstacle	of	blood-	contacting	medical	devices	is	 insuf-
ficient	hemocompatibility,	particularly	thrombogenicity	and	platelet	activation.	
Pre-	clinical	in-	vitro	testing	allows	for	the	evaluation	of	adverse	thrombogenicity-	
related	events,	but	 is	 limited,	among	others,	by	the	availability	and	quantity	of	
human	blood	donations.	The	use	of	animal	blood	is	an	accepted	alternative	for	
several	 tests;	 however,	 animal	 and	 particularly	 abattoir	 blood	 might	 present	
species-	specific	 differences	 to	 human	 blood	 as	 well	 as	 elevated	 blood	 values,	
and	pre-	activated	platelets	due	to	stressed	animals	and	non-	standardized	blood	
collection.
Material & Methods: To	 this	 end,	 we	 investigated	 porcine	 abattoir	 blood	 in	
comparison	to	human	donor	blood	with	the	focus	on	platelet	pre-	activation	and	
remaining	activation	potential.	By	means	of	light	transmission	aggregometry,	ag-
gregation	kinetics	of	platelet	 rich	plasma	after	stimulation	with	 three	different	
concentrations	of	each	adenosine	diphosphate	(ADP)	(5 µM,	10 µM,	20 µM)	and	
collagen	(2.5 µg/ml,	5 µg/ml,	10 µg/ml)	were	monitored.
Results: The	 activation	 with	 collagen	 revealed	 no	 significant	 differences	 in	
platelet	behavior	of	the	two	species.	In	contrast,	stimulation	with	ADP	resulted	
in	a	lower	maximum	aggregation	and	a	high	disaggregation	for	porcine	abattoir	
blood.	The	latter	is	a	species-	specific	phenomenon	of	porcine	platelets.	Variations	
within	each	study	cohort	were	comparable	for	human	and	abattoir	pig.
Conclusion: The	 similarities	 in	 platelet	 activation	 following	 collagen	 stimula-
tion	and	the	preservation	of	the	porcine-	specific	reaction	to	ADP	prove	a	general	
functionality	of	the	abattoir	blood.	This	finding	provides	a	first	step	towards	the	
complete	validation	of	the	porcine	abattoir	blood	model.
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1 	 | 	 INTRODUCTION

A	 growing	 percentage	 of	 elderly	 people	 in	 combination	
with	 a	 rising	 life	 expectancy	 increases	 the	 need	 for	 bet-
ter	and	advanced	medical	care.	Especially	in	the	field	of	
cardiovascular	 and	 respiratory	 diseases,	 developments	
are	required	since	they	caused	38%	of	deaths	worldwide	
between	2016	and	2017.1,2	Treatment	of	such	diseases	in-
volve	 coronary	 stents,	 artificial	 heart	 valves,	 ventricular	
assist	devices,	and	extracorporeal	lung	assist	devices.	Since	
these	devices	are	all	blood-	contacting	devices,	hemocom-
patibility	of	 the	artificial	surfaces	 is	 the	major	challenge	
in	 their	 application.	 Therefore,	 appropriate	 in-	vitro	 and	
in-	vivo	testing	of	hemolysis,	thrombogenicity,	and	platelet	
activation	is	required	for	both	the	used	artificial	materials3	
as	well	as	the	complete	device4–	6	to	ensure	device	safety.

In	contrast	to	in-	vivo	animal	trials,	 in-	vitro	tests	offer	
the	opportunity	to	perform	a	large	variety	and	number	of	
tests	without	ethical	concerns.	However,	a	general	limita-
tion	of	in-	vitro	tests	is	the	replication	of	the	physiological	
environment	and	thereby	the	type	of	used	blood.	Whereas	
small	test	setups	for	material	testing	require	only	a	small	
volume	of	blood	that	can	be	provided	by	human	donors,7	
several	larger	test	setups	require	more	than	500 ml	blood	
such	as	oxygenators4,8	or	mechanical	circulatory	support	
systems,6,9	which	cannot	be	provided	by	a	single	human	
blood	 donation.	 In	 these	 cases,	 the	 according	 ISO	 and	
ASTM	standards	allow	for	the	use	of	animal	blood	from	
species	that	are	similar	to	human	blood	physiology,	mainly	
pig/porcine,	 calf/bovine	 and	 sheep/ovine.3,4,6	 However,	
the	availability	of	suitable	donor	animals	and	the	possible	
blood	donation	volume	are	limited	as	well.

A	possible	alternative	presents	the	use	of	abattoir	blood.	
Animals	have	to	be	healthy	since	they	enter	the	food	chain	
and	 the	 majority	 of	 the	 blood	 is	 only	 a	 waste	 product.	
Nevertheless,	the	slaughtering	process	including	transpor-
tation	to	the	abattoir	bears	stress	for	the	animals,	which	in	
turn	might	lead	to	elevated	lactate	and	potassium	values	and	
potentially	activated	platelets.10	Especially	the	latter	would	
severely	influence	and	distort	hemocompatibility	and	plate-
let	 activation	 investigations.	 Nonetheless,	 blood	 damage	
evaluation	with	the	focus	on	red	blood	cell	rupture	in	medi-
cal	devices	is	regularly	performed	with	abattoir	blood.8,11	In	
contrast,	abattoir	blood	is	only	rarely	used	for	thromboge-
nicity	tests,12–	14	since	it	is	suspected	to	present	high	platelet	
pre-	activation	levels	already	prior	to	the	in-	vitro	test	and	as	
a	consequence	too	little	remaining	platelet	functionality.

Only	 few	 studies	 investigated	 the	 platelet	 activation	
properties	 of	 animal	 blood	 and	 abattoir	 blood	 in	 partic-
ular	 so	 far.	 Most	 studies	 agree	 on	 porcine	 blood	 as	 the	
most	similar	to	human	blood	in	terms	of	platelet	activa-
tion	 due	 to	 shear	 stress,15	 artificial	 material	 contact16,17	
or	 thromboelastometry.18	 The	 latter	 study	 revealed	 a	

hypercoagulability	of	porcine	blood,18	which	might	serve	
as	 a	 “worst-	case	 scenario”	 for	 coagulation	 experiments.	
Additionally,	 porcine	 von  Willebrand  Factor	 (vWF)	 was	
found	to	be	more	resistant	to	shear	exposure	than	human	
or	 other	 species’	 blood.17	 Nevertheless,	 general	 porcine	
platelet	reaction	closely	mimics	human	platelet	response.	
Only	Chan	et	al.	found	bovine	blood	to	be	most	suitable	
for	 blood	 damage	 evaluation.19	 Additionally,	 they	 inves-
tigated	 the	 difference	 between	 ovine	 abattoir	 and	 ovine	
donor	blood	and	found	the	abattoir	blood	to	be	more	he-
molytic	than	the	donated	blood.19	However,	the	usability	
of	 porcine	 abattoir	 blood	 for	 platelet	 activation	 analyses	
was	not	investigated	so	far.

The	aim	of	the	present	study	is	to	investigate	the	por-
cine	 abattoir	 blood	 model	 with	 regard	 to	 platelet	 pre-	
activation	after	blood	donation	and	remaining	activation	
potential	in	comparison	to	human	donor	blood	as	a	con-
trol	group.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Blood collection and preparation

Porcine	blood	(n = 30)	from	the	jugular	vein	of	the	ani-
mals	was	collected	at	 the	abattoir	 into	a	bottle	prepared	
with	3.18%	sodium	citrate	 (Eifelfango	GmbH	&	Co.	KG,	
Germany)	in	a	ratio	of	1:9.	The	age	of	the	animals	generally	
ranges	between	5–	6 months	but	there	are	no	information	
on	the	exact	age	and	sex	of	the	animals	used	in	this	study.	
For	transportation,	blood	bottles	were	placed	in	an	isola-
tion	container	to	avoid	massive	cool	down.	Transportation	
to	the	laboratory	took	approximately	30–	45 min.	After	ar-
rival,	 the	bottles	were	gently	mixed	for	5 min	and	blood	
was	transferred	to	14 ml	polypropylene	tubes	(Sarstedt	AG	
&	Co.	KG,	Germany).

Human	blood	(n = 30)	was	drawn	from	healthy	donors	
free	of	any	platelet-	affecting	substances	for	at	least	10 days	
from	the	cubital	vein	without	stowing.	The	study	cohort	con-
sists	of	68%	male	and	32%	female	donors	with	a	mean	age	
of	(32.2 ± 6.1)	years.	The	study	was	conducted	according	to	
the	guidelines	of	the	Declaration	of	Helsinki	and	approved	
by	the	RWTH	Aachen	University	Hospital	Ethics	Committee	
(reference	number	EK 033/18).	The	blood	was	immediately	
anticoagulated	with	1.6 mg/ml	tripotassium	EDTA	(Ethylene	
Diamine	Tetraacetic	Acid)	or	3.2%	citrate	(both	S-	Monovette,	
Sarstedt	AG	&	Co.	KG,	Germany)	for	blood	count	and	light	
transmission	aggregometry	(LTA),	respectively.	Citrate	blood	
was	transferred	to	14 ml	PP	tubes	after	arrival	at	the	labora-
tory,	approximately	10 min	after	withdrawal.

Tubes	 with	 either	 blood	 type	 rested	 in	 the	 dark	 for	
15 min	with	gentle	agitation	on	a	 tumbler	at	room	tem-
perature	(22	°C)	before	further	processing	to	platelet	rich	
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(PRP)	 and	 platelet	 poor	 plasma	 (PPP).	 Blood	 count	 (XT	
2000i	 Vet,	 Sysmex,	 Germany)	 of	 human	 EDTA	 samples	
and	porcine	blood	samples	was	checked	and	samples	with	
blood	values	out	of	normal	range	were	discarded	for	fur-
ther	analysis.	Table 1	presents	reference	values	and	means	
plus	standard	deviation	from	our	study	cohort.

PRP	and	PPP	were	obtained	by	centrifugation	at	22	°C	
with	140	×   g	 for	15 min	and	4 000	×   g	 for	15 min,	re-
spectively.	The	supernatant	was	carefully	removed,	trans-
ferred	to	another	tube	and	blood	count	was	measured.	If	
the	limits	of	10 000	RBCs/µl	and	500 WBCs/µl	were	not	
exceeded,	PRP	and	PPP	were	mixed	to	achieve	a	platelet	
concentration	of	200 000 PLTs/µl	–		250 000 PLTs/µl	in	the	
final	PRPinvest.

2.2	 |	 LTA

LTA	 was	 performed	 according	 to	 the	 Born	 method20	
at	 740  nm	 wavelength	 (APACT	 4004	 Hemochrom	
Diagnostica	GmbH,	Germany).	Collagen	I	(HB-	5504-	FG,	
Hart	 Biologicals	 Ltd.,	 UK)	 and	 adenosine	 diphosphate	
(ADP)	 (HB-	5502-	FG,	 Hart	 Biologicals	 Ltd.,	 UK)	 were	
used	 as	 activators	 with	 three	 different	 concentrations	
each	(cf. Table 2).	For	the	measurements,	30 µl	of	 these	
activation	solutions	were	added	to	270 µl	of	PRPinvest;	for	
the	 reference,	 30  µl	 of	 saline	 (B.	 Braun	 Melsungen	 AG,	
Germany)	was	added	 instead.	After	1 min	of	 incubation	
time,	measurements	were	performed	for	10 min	while	re-
cording	the	maximum	extent	of	aggregation,	the	slope	of	
the	curve,	the	lag	phase	and	the	disaggregation	(APACT	
LPC-	Software,	Version	1.21c;	LABiTec	GmbH,	Germany).

2.3	 |	 Statistical analysis

Statistical	 analysis	 of	 the	 data	 was	 performed	 with	
Graphpad	Prism	9	(GraphPad	Software,	USA).	A	two-	way	

repeated	 measures	 ANOVA	 was	 performed	 with	 the	
Geisser-	Greenhouse	 correction	 for	 missing	 sphericity.	
The	effect	of	species,	the	inner-	species	effect	of	concentra-
tions	and	the	effect	of	concentration	×	species	were	cal-
culated	with	significant	results	for	p < 0.05.	If	applicable,	
post-	hoc	analyses	were	performed	with	Šidák's	correction	
or	Tukey's	test	for	species	or	inner-	species	concentration	
comparisons,	respectively.

3 	 | 	 RESULTS

Results	 for	all	 single	parameters	and	both	activators	are	
depicted	in	the	following	sections.	Exemplary	aggregation	
curves	 for	both	species	after	ADP	(Figure S1)	and	colla-
gen	 (Figure  S2)	 activation	 are	 shown	 in	 the	 Supporting	
Information.	The	complete	statistical	analysis	data	can	be	
found	in	the	supplementary	as	well	(Tables S1–	S5).

3.1	 |	 ADP activation

The	 maximum	 aggregation	 with	 ADP	 activation	 shows	
higher	values	for	human	(63%–	77%)	compared	to	porcine	
blood	 (48%–	63%)	 (cf.	 Figure  1).	 All	 species	 comparisons	
are	 rated	 significant	 as	 well	 as	 inner-	species	 differences	
for	0 µM versus 5 µM	and	5 µM versus 10 µM	 for	both	
human	 and	 porcine	 blood.	 Additionally,	 the	 concen-
tration	 ×	 species	 effect	 is	 rated	 significant	 as	 well.	 All	
p-	values	 are	 <0.01.	 Of	 interest,	 standard	 deviations	 are	
larger	for	human	samples	(up	to	± 24%)	than	for	porcine	
(up	to	± 10%).

The	 slope	 of	 the	 aggregation	 curve	 (Figure  2)	 shows	
a	similar	behavior	with	slightly	higher	values	for	human	
blood.	Whereas	all	concentration	pairs	show	a	significant	
increase	in	slope	for	human	blood,	only	the	first	two	pairs	
do	for	porcine	(all	p < 0.01).	Species	comparisons	(#)	re-
veal	significant	differences	only	for	10 µM	(p = 0.03)	and	

Unit
Reference 
human

Human
Reference 
pig

Pig

n = 30 n = 30

RBC,	106/µl 4.0–	5.2 5.0 ± 0.42 5.5–	9.2 7.4 ± 0.66

WBC,	103/µl 3.9–	9.1 5.8 ± 1.4 9.4–	30 21 ± 3.2

PLT,	103/µl 150–	350 243 ± 33 190–	400 305 ± 67

Hb,	g/dl 12–	18 15 ± 1.3 9.8–	16 12 ± 1.0

Hct,	% 37–	50 42 ± 4.0 31–	51 40 ± 3.4

MCV,	fl 83–	98 85 ± 2.6 48–	64 55 ± 3.0

MPV,	fl 7–	12 10 ± 0.71 7–	11 8.5 ± 0.65

Note: Numbers	depict	range,	or	mean	±	standard	deviation.
Abbreviations:	HB,	hemoglobin;	Hct,	hematocrit;	MCV,	mean	corpuscular	volume;	MPV,	mean	platelet	
volume;	PLT,	platelet;	RBC,	red	blood	cell;	WBC,	white	blood	cell.

T A B L E  1 	 Reference	range	and	study	
cohort	blood	values	for	human	and	pig
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20 µM	(p < 0.01),	which	also	applies	for	the	concentration	
×	species	effect	(p < 0.01).

The	lag	phase	(cf.	Figure 3)	shows	a	similar	behavior	
for	both	species,	only	differing	in	the	reaction	with	no	ac-
tivation,	which	is	considerably	higher	than	the	following	
concentration	 effects	 that	 are	 nearly	 stable	 around	 13  s.	
Consequently,	solely	inner-	species	concentration	present	
sporadic	significant	differences.

The	disaggregation	data	show	extreme	outliers	(>1.5	
interquartile	 ranges)	 for	 both	 species	 at	 several	 con-
centrations	 (cf.	 Figure  4A).	 Porcine	 values	 range	 from	
57%	 to	 over	 10  000%	 without	 activation	 (0  µM).	While	
human	median	values	do	not	exceed	2%	for	neither	ADP	
concentration,	porcine	values	reach	92%	for	5 µM	ADP	
and	 drop	 to	 51%	 for	 the	 highest	 ADP	 concentration.	
Variation	in	human	values	is	highest	at	5 µM	ADP	(0%–	
290%);	 consequently,	 no	 significant	 species	 differences	
were	calculated	here	 in	contrast	 to	 the	remaining	con-
centrations	(cf. Figure 4B).	The	mixed	concentration	×	
species	effect	is	significant	(p < 0.01)	as	well	as	pairwise	
concentration	 comparison	 for	 human	 and	 porcine	 at	
5 µM	versus	10 µM	(p = 0.01)	and	10 µM	versus	20 µM	
(p < 0.01),	respectively.

3.2	 |	 Collagen activation

The	 maximum	 aggregation	 after	 collagen	 activation	 (cf.	
Figure 5)	presents	comparable	values	for	both	human	and	
porcine	blood	(80%–	90%).	There	are	no	significant	differ-
ences	 despite	 of	 concentration-	wise	 comparisons	 within	

T A B L E  2 	 Collagen	and	ADP	concentrations	for	aggregometry

Collagen/(µg/ml) ADP/µM

Concentration	1 2.5 5

Concentration	2 5 10

Concentration	3 10 20

FIGURE 1 Maximum	aggregation	after	ADP	stimulation	for	human	
(straight	line)	and	porcine	(dashed	line)	blood.	#	presents	significant	
differences	between	species.	Significant	concentration	differences	
are	marked	with	*	for	human	and	‡	for	porcine	blood,	respectively.	
Combined	concentration	×	species	effects	are	marked	with	+

FIGURE 2  Slope	of	aggregation	after	ADP	stimulation	for	human	
(straight	line)	and	porcine	(dashed	line)	blood.	#	presents	significant	
differences	between	species.	Significant	concentration	differences	
are	marked	with	*	for	human	and	‡	for	porcine	blood,	respectively.	
Combined	concentration	×	species	effects	are	marked	with	+

F I G U R E  3  Lag	phase	of	aggregation	after	ADP	stimulation	
for	human	(straight	line)	and	porcine	(dashed	line)	blood.	Note	
that	the	error	bars	at	0 µM	are	clipped	away	at	the	axis	limits.	
Significant	concentration	differences	are	marked	with	*	for	human	
and	‡	for	porcine	blood,	respectively
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each	species	for	the	first	two	pairs	(0 µg/ml	vs.	2.5 µg/ml	
and	2.5 µg/ml	vs.	5 µg/ml;	p ≤ 0.01).

The	 slope	 of	 aggregation	 presents	 the	 same	 signifi-
cant	 concentration-	pairs	 as	 the	 maximum	 aggregation	
(cf.	Figure 6).	Furthermore,	species	differ	significantly	at	
2.5 µg/ml	and	5 µg/ml	(all	p < 0.01)	and	the	concentration	
×	species	effect	is	rated	as	significant	(p < 0.01)	as	well.

Lag	phases	are	very	similar	for	both	species	after	collagen	
activation,	 becoming	 lower	 with	 increasing	 collagen	 con-
centration	(cf.	Figure 7).	Hence,	only	single	concentration	
pairs	 show	 significant	 differences	 for	 human	 and	 porcine	
blood.	Of	note,	both	species	present	several	outliers	without	
collagen	addition	(0 µg/ml)	and	consequently	high	standard	
deviations	(human:	50.27 s ± 57.26 s;	pig:	55.59 s ± 97.71 s).

The	 disaggregation	 without	 addition	 of	 collagen	
(0 µg/ml)	reveals	extreme	outliers	that	are	up	to	30	times	

higher	 than	 the	 median	 values	 (Figure  8A).	 This	 is	 in	
line	with	the	porcine	control	measurements	in	the	ADP	
series.	In	contrast,	single	human	outliers	were	detected	
as	well.	The	disaggregation	in	human	blood	stays	nearly	
constantly	 below	 1.5%,	 while	 porcine	 disaggregation	
slightly	 drops	 with	 increasing	 collagen	 concentrations	
from	 13.8%	 to	 3.6%.	 However,	 there	 are	 no	 significant	
differences	for	either	species	or	concentration	compari-
sons	(cf. Figure 8B).

4 	 | 	 DISCUSSION

The	aim	of	the	presented	study	was	to	evaluate	the	usabil-
ity	of	porcine	abattoir	blood	for	in-	vitro	platelet	activation	
and	hemocompatibility	assessment.	To	this	end,	abattoir	

F I G U R E  4  Disaggregation	after	
ADP	activation	as	boxplot	(A)	(whiskers	
show	the	25th	and	75th	percentile	±	1.5	
times	interquartile	range;	outliers	exceed	
this	range)	and	concentration	course	(B)	
for	human	(straight	line)	and	porcine	
(dashed	line)	blood.	Note	that	the	error	
bars	at	0 µM	are	clipped	away	at	the	axis	
limits.	#	presents	significant	differences	
between	species.	Significant	concentration	
differences	are	marked	with	*	for	human	
and	‡	for	porcine	blood,	respectively.	
Combined	concentration	×	species	effects	
are	marked	with	+

(A)

(B)
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porcine	blood	was	compared	to	human	blood	in	terms	of	
platelet	activation	characteristics	by	means	of	LTA.	LTA	
presents	the	gold	standard	for	platelet	aggregation	meas-
urements	and	is	often	used	in	clinical	practice	to	evaluate	
platelet	disorders	or	anticoagulation	therapy	response.21–	24	
Although	there	were	efforts	in	the	last	years	to	standardize	

activators	and	concentrations	for	the	clinical	application,	
there	is	still	no	consensus	on	this	topic.25–	27	Furthermore,	
investigations	of	animal	blood	in	general28–	30	and	porcine	
blood	in	particular31	are	rare;	therefore,	no	reliable	stand-
ards	exist.

In	 our	 human	 control	 group,	 results	 are	 generally	 in	
line	 with	 data	 from	 literature.25,26,32	 In	 contrast	 to	 the	
International	 Society	 on	 Thrombosis	 and	 Hemostasis	
(ISTH)	 working	 group	 recommendation,	 our	 activator	
concentrations	 were	 slightly	 higher	 but	 correspond	 to	
concentrations	used	in	recent	studies.25,32	With	regard	to	
activator	 concentrations,	 we	 did	 not	 find	 significant	 dif-
ferences	at	concentrations	above	10 µM	ADP	and	5 µg/ml		
collagen	 for	 most	 parameters,	 which	 is	 slightly	 above	
ISTH	analyzed	concentration	pairs.32

The	stimulation	of	porcine	abattoir	blood	with	either	
ADP	or	collagen	showed	considerable	activation	of	plate-
lets.	This	proves	that	abattoir	blood	is	not	maximally	pre-	
activated	and	 therefore	gives	evidence	 to	our	hypothesis	
that	this	blood	model	is	suitable	for	in-	vitro	thrombogenic-
ity	testing	in	general.	However,	there	are	some	differences	
to	human	donor	blood.	Interestingly,	interquartile	ranges	
are	smaller	for	all	ADP	groups	for	pig,	revealing	less	vari-
ations	despite	 the	 less	 standardized	donation	procedure.	
The	majority	of	activator	concentration	comparisons	did	
not	show	any	significant	changes	above	10 µM	ADP	and	
5  µg/ml	 collagen,	 respectively,	 which	 is	 in	 line	 with	 the	
human	results.	This	 is	another	hint	 that	 the	porcine	ab-
attoir	blood	is	comparable	to	human	donor	blood,	at	least	
in	terms	of	platelet	activation	following	ADP	stimulation.

F I G U R E  5  Maximum	aggregation	after	collagen	stimulation	
for	human	(straight	line)	and	porcine	(dashed	line)	blood.	
Significant	concentration	differences	are	marked	with	*	for	human	
and	‡	for	porcine	blood,	respectively

FIGURE 6 Slope	of	aggregation	after	collagen	stimulation	for	
human	(straight	line)	and	porcine	(dashed	line)	blood.	#	presents	
significant	differences	between	species.	Significant	concentration	
differences	are	marked	with	*	for	human	and	‡	for	porcine	blood,	
respectively.	Combined	concentration	×	species	effects	are	marked	
with	+

F I G U R E  7  Lag	phase	of	aggregation	after	collagen	stimulation	
for	human	(straight	line)	and	porcine	(dashed	line)	blood.	Note	
that	the	error	bars	at	0 µg/ml	are	clipped	away	at	the	axis	limits.	
Significant	concentration	differences	are	marked	with	*	for	human	
and	‡	for	porcine	blood,	respectively
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For	 both	 species,	 ADP	 induced	 parameters	 tend	 to	
slightly	 lower	 values	 compared	 to	 collagen	 activation,	
which	might	be	due	to	the	different	activation	pathways	of	
the	two	substances.	Whereas	ADP	is	known	as	a	“weak”	
agonist	solely	triggering	platelet	aggregation,	collagen	as	
a	“strong”	platelet	activator	additionally	inducing	throm-
boxane	A2	synthesis	and	platelet	granule	secretion,	which	
amplifies	the	platelet	aggregation	response.33

Despite	the	similarities	of	the	species’	behavior,	porcine	
platelets	 show	 a	 different	 activation	 profile	 than	 human	
platelets	following	ADP	activation.	Most	striking	are	the	
lower	 maximum	 aggregation	 and	 a	 significantly	 higher	
disaggregation.	The	reduced	maximum	aggregation	might	
be	due	to	the	pre-	activation	of	the	abattoir	platelets	caused	
by	animal	transportation	and	the	slaughtering	process	but	
also	 the	 longer	 transportation	 time	 of	 the	 blood	 to	 the	
lab.	 It	 is	 a	 well-	known	 phenomenon	 that	 platelets	 loose	

functionality	during	storage,	described	as	the	platelet	stor-
age	lesion.34	Therefore,	the	ISO 10993-	4	defines	that	blood	
has	 to	be	used	 for	hemocompatibility	 testing	within	4 h	
after	withdrawal3	to	avoid	any	influence	of	storage-	related	
changes	 in	platelet	characteristics.	We	assume	no	severe	
impact	of	the	longer	transportation	time	(~30 min)	of	the	
abattoir	 blood	 compared	 to	 human	 donations	 since	 all	
measurements	were	performed	within	the	defined	period.	
The	high	disaggregation	of	up	to	70% reveals	that	platelet	
activation	is	not	stable	and	thus	reversible.	The	same	phe-
nomenon	 was	 already	 reported	 for	 pigs	 as	 well	 as	 other	
species	earlier.35	Thus,	the	reversible	ADP-	activation	is	a	
porcine	platelet	characteristic,	which	is	present	in	abattoir	
blood	as	well,	indicating	a	normal	platelet	behavior	in	that	
special	 blood	 model.	 Therefore,	 it	 is	 not	 surprising	 that	
apart	of	some	exceptions	all	porcine-	human	comparisons	
were	rated	as	significantly	different	after	ADP	activation.	

F I G U R E  8  Disaggregation	after	
collagen	activation	as	boxplot	(A)	
(whiskers	show	the	25th	and	75th	
percentile	±	1.5	times	interquartile	
range;	outliers	exceed	this	range)	and	
concentration	course	(B)	for	human	
(straight	line)	and	porcine	(dashed	line)	
blood.	Note	that	the	error	bars	at	0 µg/ml		
are	clipped	away	at	the	axis	limits.	
Statistical	analysis	revealed	no	significant	
differences
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This	difference	has	to	be	considered	when	using	porcine	
blood	for	 in-	vitro	 thrombogenicity	 testing	 in	general,	 re-
gardless	of	the	donation	procedure.

Collagen-	induced	 platelet	 activation	 reveals	 more	
similarities	 of	 human	 and	 porcine	 blood	 and	 generally	
presents	 a	 higher	 degree	 of	 activation	 of	 porcine	 plate-
lets	 compared	 to	 ADP	 stimulation.	 In	 terms	 of	 maxi-
mum	aggregation,	slope	and	 lag	phase,	only	single	pairs	
present	 significant	 differences,	 whereas	 the	 majority	
does	not	present	significances.	Although	the	disaggrega-
tion	 presents	 slightly	 higher	 values	 for	 porcine	 than	 for	
human	blood,	neither	comparison	reveals	any	significant	
difference	 between	 species	 or	 concentrations.	 Collagen	
stimulation	 thus	seems	 to	 trigger	an	 irreversible	platelet	
activation	also	for	porcine	abattoir	blood	that	is	stronger	
compared	 to	 the	 activation	 with	 ADP.	 Interestingly,	 the	
slope	is	the	only	parameter	that	presents	a	significant	con-
centration	×	species	effect	for	collagen	activation	despite	
all	the	similarities.	This	might	indicate	the	slope	to	be	the	
most	sensitive	parameter	for	species-	related	differences	in	
the	reaction	on	different	activator	concentrations.

Drawing	a	general	comparison	between	the	platelet	ac-
tivation	properties	of	human	blood	and	porcine	abattoir	
blood,	our	data	proves	 that	 the	abattoir	blood	still	bears	
an	activation	potential	between	60%–	90%,	depending	on	
the	 activator.	 Porcine	 characteristics,	 which	 particularly	
differ	from	the	human	blood	behavior,	are	preserved	and	
activation	kinetics	remain	in	a	reasonable	range.	Outliers	
are	 present	 in	 both	 study	 cohorts,	 highlighting	 the	 vari-
ability	of	biological	material	although	at	least	human	do-
nors	were	healthy	without	any	known	platelet	disorders	
and	blood	withdrawal	was	performed	according	to	clinical	
standards.	With	regard	to	the	abattoir	blood,	no	informa-
tion	about	age,	sex	or	any	pre-	medication	of	the	animals	
is	 available	 and	 might	 be	 a	 further	 source	 of	 variation.	
However,	variability	was	not	higher	in	the	animal	cohort	
compared	to	the	human	donors,	so	we	expect	those	influ-
ences	 to	 be	 negligible	 and	 not	 decisive	 for	 the	 observed	
differences.

Since	there	are	no	similar	studies	with	LTA	evaluation	
of	porcine	blood	available	in	literature,	no	direct	compar-
isons	can	be	drawn.	Although	Heringer	et	al.	performed	
platelet	 aggregation	 assays	 with	 pig,	 they	 used	 a	 whole	
blood	impedance	aggregometer,31	which	does	not	allow	for	
a	direct	comparison	with	the	here-	in	applied	LTA	method.	
Additionally,	they	analyzed	the	maximum	aggregation	by	
means	of	 the	area	under	 the	curve	 (AUC),	which	 is	not	
transferable	to	the	maximum	aggregation	measured	in	our	
study.	However,	Heringer	et	al.	draw	the	conclusion	that	
ADP	as	well	as	arachidonic	acid	are	suitable	reagents	 to	
examine	platelet	function	in	pig.	Interestingly,	they	found	
the	TRAP	(thrombin	receptor	activating	peptide)	test	un-
suitable	for	pig,	which	is	in	contrast	to	human	blood36	and	

gives	evidence	to	certain	differences	between	porcine	and	
human	blood	composition.	Nonetheless,	the	results	from	
Heringer	et	al.	support	our	study	design	and	the	reliability	
of	our	results.

System	differences	as	well	as	variations	in	the	labora-
tories’	protocols	were	 topic	of	 several	papers	and	guide-
line	proposals	in	the	last	years.	By	now,	there	is	no	general	
agreement	on	particular	controversies	such	as	the	adjust-
ment	of	PRP	or	the	activator	concentrations.	Whereas	es-
pecially	 the	 ISTH	 working	 group	 published	 studies	 that	
show	an	impaired	aggregation	after	PRP	adjustment	com-
pared	to	pure	PRP,31,37	the	American	Society	for	Clinical	
Pathology	highly	recommends	the	use	of	adjusted	PRP.27	
In	our	study,	we	decided	to	adjust	the	PRP	to	remain	within	
the	thresholds	of	our	LTA	device	and	to	maintain	compa-
rability	between	the	two	species.	However,	this	might	be	a	
limitation	of	the	study	design	but	can	be	neglected	due	to	
the	 different	 existing	 guidelines.	 A	 comparison	 between	
the	 impact	 of	 PRP	 adjustment	 for	 the	 two	 species	 may	
be	 of	 interest	 in	 the	 future,	 since	 all	 testing	 recommen-
dations	are	based	on	human	data	and	not	porcine	blood.	
Furthermore,	 comparison	 of	 aggregometry	 techniques	
such	as	 light	 transmission	and	 impedance	aggregometry	
may	provide	further	insights	since	impedance	aggregome-
try	is	performed	with	whole	blood	and	therefore	does	not	
require	any	PRP	fabrication	and	cell	count	adjustments.38

For	 a	 complete	 validation	 of	 the	 porcine	 abattoir	
blood	 model,	 further	 tests	 are	 required	 since	 this	 study	
only	 covers	 the	 platelet	 response	 to	 ADP	 and	 collagen.	
Platelet	activation	markers	such	as	P-	selectin,	 the	glyco-
proteins	IIb/IIIa	and	Ib/IX/V	or	coagulation	markers	such	
as	thrombin-	antithrombin	(TAT)	or	fibrinogen,	as	well	as	
the	effect	of	mechanical	forces	on	platelet	activation	that	
occur	in	medical	devices	have	to	be	considered.	Based	on	
the	results,	comparative	in-	vitro	thrombogenicity	studies	
with	 human	 and	 porcine	 abattoir	 blood	 should	 then	 be	
performed	for	a	complete	validation	of	the	porcine	abat-
toir	blood.	This	will	be	subject	of	future	studies.

However,	the	presented	results	are	promising	and	give	
first	evidence	to	porcine	abattoir	blood	to	be	a	suitable	test	
medium	 for	 in-	vitro	 thrombogenicity	 tests	 and	 particu-
larly	platelet	activation	evaluation.

5 	 | 	 CONCLUSION

LTA	was	performed	with	human	donor	and	porcine	abat-
toir	blood.	Different	concentrations	of	the	activators	ADP	
and	collagen	were	applied,	and	intra-	species	comparisons	of	
concentrations	and	inter-	species	differences	were	analyzed	
with	the	focus	on	the	usability	of	abattoir	blood	for	in-	vitro	
platelet	 activation	 and	 thrombogenicity	 testing.	 Human	
results	were	in	line	with	data	from	literature,	proving	our	
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methods’	 robustness	 and	 reproducibility.	 ADP	 activation	
of	 porcine	 abattoir	 platelets	 revealed	 a	 reversible	 platelet	
activation	 that	 is	 typical	 for	pig,	whereas	collagen	activa-
tion	resulted	in	a	stable	and	irreversible	platelet	activation.	
Despite	generally	lower	values	of	maximum	aggregation	in	
the	 abattoir	 blood,	 no	 severe	 differences	 or	 malfunctions	
were	obvious	for	the	abattoir	blood.	The	results	prove	por-
cine	abattoir	blood	to	be	comparable	to	human	donor	blood	
at	least	in	terms	of	ADP	and	collagen	activation.	This	is	an	
important	first	step	towards	the	complete	validation	of	the	
porcine	abattoir	blood	model,	which	opens	a	wide	range	of	
possible	 in-	vitro	 thrombogenicity	 tests	 with	 ethically	 ac-
ceptable	and	easily	available	blood	in	the	future.
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