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Abstract: Positron-electron annihilation in living 
organisms occurs in about 30% via the formation of a 
metastable ortho-positronium atom that annihilates into 
two 511 keV photons in tissues because of the pick-off and 
conversion processes. Positronium (Ps) annihilation 
lifetime and intensities can be used to determine the size 
and quantity of defects in a material's microstructure, 
such as voids or pores in the range of nanometers. This is 
particularly true for blood clots. Here we present pilot 
investigations of positronium properties in fibrin clots. 
The studies are complemented by the use of SEM Edax 
and micro-computed tomography (µCT) to evaluate the 
extracted thrombotic material's properties. µCT is a 
versatile characterization method offering in situ and in 
operando possibilities and is a qualitative diagnostic tool. 
With µCT the presence of pores, cracks, and structural 
errors can be verified, and hence the 3D inner structure of 
samples can be investigated. 
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Introduction 

 
Spontaneous intravascular blood clot formation has been 
a problem and a potential cause of fatal events in patients 
with cardiovascular risk over the years. It is a common 
complication and the root cause of many diseases and 
conditions, including thrombosis, atherosclerosis, 
trauma, stroke, and cancer amongst others [1,2]. Clot 
formation is intended to achieve hemostasis and tissue 
repair. However, there are some factors which accelerates 
fibrin clot formation such as genetic predispositions and 
environmental factors [2]. 

Positron annihilation lifetime spectroscopy 
(PALS) is widely recognized as a method to analyze free 
volume and defects in functional and other materials like 
microstructure of condensed matter, biological matter, 
and nanocomposite [3]. PALS provides for the 
examination of material structure at the nano and sub-
nanometer scales. The lifespan and intensity of ortho-
positronium atoms in free volumes of specific structures 
are used in this technique. Recently a method of 
positronium imaging was introduced [3] that combine the 
PALS and positron emission tomography (PET) enabling 
imaging of positronium properties in the human body 
during the PET diagnosis [4–8]. Positronium is 
considered as a potential biomarker of hypoxia [9–11], 
uterine cancer [13] and cardiac masses.  Here we perform 
pilot studies aiming at testing whether it can also be 
considered as a diagnostic parameter for the vascular 
masses [3, 5]. The purpose of the presented study is to 
evaluate the protocol for fibrin clot examination with the 
use of PALS technique and be able to characterize the 
produced blood clot with scanning electron microscopy 
techniques (SEM) and micro computed tomography 
(µCT). PALS allows the examination of the structure of 
materials at nano and sub-nanometer scales and µCT at 
the micrometer scale. 
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Figure 1: (Figure 1.1) Schematic diagram of the Blood Clot formation using 9:1 ratio of Blood Plasma and thrombin working 
solution respectively, (Figure 1.2) Schematic diagram showing (1.2a) Blood Clot suspended in a open plate and being measured 
by a ruler, (1.2b) Blood clot being fitted into 100μm aluminum chambers, (Figure 1.3) Photograph showing the experimental 
setup used in performed PALS measurements. Two scintillator detectors with BaF2 crystals were used. 
 

Materials and methods 

 

Blood clot formation 
 
Human blood plasma for clot formation was obtained 
from Regionalne Centrum Krwiodawstwa I 
Krwiolecznictwa (RCKIK) w Krakowie. For clotting 9 parts 
of plasma and 1 part of thrombin working solution 
(10IU/mL) dissolved in Tris-HCl 7.4 pH buffer ware used. 
Figure 1 shows a summarized process of how blood clot is 
formed. Blood clots formed were then washed 3 times by 
working Tris-HCl buffer. 
 

PALS measurement 
 
The fresh blood clot of around 10 mm in size (Figure 1.2a) 
was measured with the PALS within 1 hour of ex-vivo 
production. The blood clot sample was cut into two pieces 
to fit to the two, 100 μl aluminum chambers equipped 
with the 22Na radioactive positron source with the activity 
of approximately 1.3 MBq. The radioactive source was 
wrapped in a 0.6 μm Kapton foil and the detectors used 

are made up of two BaF2 scintillators (Figure 1.3). The 
PALS measurement uses the digitizer and data 
acquisition system (DAQ) [12]. Temperatures used for this 
experiment were 22°C and 37°C (Figure 1. 3). 

PALS Avalanche program [12] was applied to 
decompose positron annihilation lifetime spectra in the 
form of a set of exponential functions convoluted with the 
experimental resolution that correspond to the 
contributing positron lifetime components. 
 

Micro Computed Tomography (µCT) 
 
Blood clot produced was fixed with 2.5% Glutaraldehyde 
buffered with Tris-HCL and subsequently washed in Tris-
HCL 3 times for 30 minutes. The fixed blood clot was then 
dehydrated in a subsequent concentration of Ethanol 
from 10% to 99%. In solutions of ascending 
concentrations of ethanol 10,20, 30, 50, 70, 80, 99% for 15 
min each time, and were dried using critical point drying. 
Dried samples were then put in a desiccator containing 
silica gels to avoid any wet environment and structural 
change. Finally, the prepared sample was then sent for 
µCT  and  measurements  were  done  under  32kV  voltage, 
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Figure 2: Results from fitting simulated PAL spectra (a) Blood Clot  positronium lifetime spectrum, (b) Residual of the model of 
the fit to the distribution from (a) where the goodness of the fit was measured by the chi squared value divided by degrees of 
freedom χ2

v. (c) Blood Clot analysis via Micro-computed tomography (micro-CT; µCT) showing 3D color visualization of a Blood 
Clot which was stained with lugol’s solution for 24 hours before and scanned via SkyScan 1172. NRecon (Bruker, Kontich, 
Belgium) software was used for the reconstruction of the projections. (d) SEM micrographs for the structure and composition 
of the Blood Clot, showing the exterior of morphology of the blood clot. 
 
100Ua current, with 13.1μm image pixel size. 
 

Scanning Electron Microscopes Energy 
Dispersive X-ray Analysis (SEM Edax) 
 
The Blood clot which was dehydrated and kept in a 
Desiccator for 24 hours was taken to SEM analysis at the 
Solid-state Physics laboratories at Jagiellonian 
University. The samples where mounted on SEM stubs 
and measurements were performed at 10 keV 
acceleration voltage with working distance of 7.2 μm. 
 

Results 

 
Figure 2 (a) is showing a exemplary experimental lifetime 
spectra for fixed Blood Clot with black histogram 
indicating data and supposed curves result from the fit of 
the sum of the exponential function convoluted with the 
detector resolution performed by PALS Avalanche 
program [12]. The spectrum shows different parameters 
with the first one represented by a (yellow line) showing 

the contribution of p-Ps (with mean lifetime of 0.125ns), 
second component (green line) originates from 
annihilation in source (Kapton foil) (0.34 ns). Third 
component (dark blue line) indicates the free 
annihilation (0.392 ns), the fourth component 
represented by a (purple line) illustrates contribution 
from o-Ps (with mean lifetime of 2.118 ns) and the fifth 
line which is in (light blue color) indicates contribution 
from annihilations in the parafilm covering the Kapton 
foil and source (2.350 ns). Red curve indicates model 
fitted to the positron lifetime distribution. The differences 
in the o-Ps mean lifetime will determine which blood 
clots has the smaller free inter-molecular voids. 
 

Discussion 

 
This research shows that it is possible perform the 
measurements of positronium properties in fibrin clots. It 
paves the way for testing the hypothesis that positronium 
lifetime differentiates fibrin clots and blood clots of 
different origin, and will also allow the study of raw and 
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fixed blood clots under various environmental 
conditions, such as temperature, etc. 

By using µCT we have seen that it is an imaging 
technique currently used in biomedical research to 
visualize the structure of calcified and soft tissues 
without damaging the sample [14]. It provides the 
methodology, based on the attenuation of X-rays 
enabling to achieve micrometric resolution and 
generating 3D anatomical and morphological data with 
micron resolution to characterize very small cell clusters 
like cell spheroids [15]. µCT has been used as an X-rays 
based imaging techniques, to characterize blood clot 
composition, its etiology and its amenability for 
pharmacological treatment, and a better understanding 
of thrombus structure and composition. In this study, we 
stained the blood clot with Lugol’s iodine solution which 
increases and enhance µCT to evaluate blood clot 
imaging [16]. 

SEM imaging of blood fibrin network provides 
critical information about a clot structure including fiber 
orientation, branching diameter, length, fiber density, 
and the pore size or porosity [2]. Thrombi that occur on 
the surface of atherosclerotic plaques primarily include 
fibrin. Their development is aided by the deposition of 
fibrin because of local blood coagulation activity [17]. 
These microscopic characteristics are related with the 
macroscopic clot properties such as permeability 
resistance to lysis or viscoelasticity which are associated 
with the diseases [18]. 

Clots with thinner fibers, fewer pores and more 
branch points have a stiffer network reduced 
permeability and are more resistant to fibrinolysis. In 
contrast, clots formed from thicker fibers tend to have 
looser and less stiff networks which are more permeable 
and more susceptible to fibrinolysis [1]. 

Arterial and venous thrombotic diseases have 
been associated with plasma clots with increased 
mechanical stiffness and resistance to fibrinolysis and 
the structure and stability of clots may also be used to 
diagnose and treat bleeding disorders such as 
hemophilia A and B [19]. 
 

Conclusion 

 
In conclusion we strike the feasibility that positronium 
can be used to analyze fibrin and blood clot structure in 
vitro. We hope to translate our research to in vivo studies 
for positronium imaging to introduce the new biomarker 
in cardiovascular research. 

 

Acknowledgements 

 
The authors thanks Mr. Dominik Panek for his help in µCT 
images and Dr. Konrad Szajna for his expertise in ESEM 
analysis. The authors acknowledge support by the 
Foundation for Polish Science through the TEAM 
POIR.04.04.00-00-4204/17 program, the National Science 
Centre of Poland through grants no. 
2019/33/B/NZ3/01004, 2021/42/A/ST2/00423 as well as 
the SciMat and qLife Priority Research Areas budget 
under the program Excellence Initiative - Research 
University at the Jagiellonian University, and 
Jagiellonian University project no. CRP/0641.221.2020. 
 

References 
 
[1] Stępień E, Miszalski-Jamka T, Kapusta P, Tylko G, 
Pasowicz M. Beneficial effect of cigarette smoking 
cessation on fibrin clot properties. J Thromb 
Thrombolysis. 2011;32(2):177–82.  
 
[2] Stȩpień E, Plicner D, Branicka A, Stankiewicz E, 
Pazdan A, Śniezek-Maciejewska M, et al. Factors 
influencing thrombin generation measured as thrombin-
antithrombin complexes levels and using calibrated 
automated thrombogram in patients with advanced 
coronary artery disease. Pol Arch Med Wewn. 
2007;117(7):297–305.  
 
[3] Moskal P, Dulski K, Chug N, Curceanu C, Czerwiński E, 
Dadgar M, et al. Positronium imaging with the novel 

multiphoton PET scanner. Sci Adv. 2021; 7:eabh4394. 
 
[4] Moskal P, Jasińska B, Stępień E, Bass SD. Positronium 
in medicine and biology. Nat Rev Phys. 2019;1(9):527–9.  
 
[5] E. Stępień E. Kubicz, G. Grudzień, K. Dulski, B. 
Leszczyński, P. Moskal, Positronium life-time as a new 
approach for cardiac masses imaging. European Heart 
Journal  2021 Supp.1; 42:3279 
 
[6] Moskal P, Kisielewska D, Curceanu C, Czerwiński E, 
Dulski K, Gajos A, et al. Feasibility study of the 
positronium imaging with the J-PET tomograph. Phys 
Med Biol. 2019 Mar 7;64(5):055017. Available from: 
https://iopscience.iop.org/article/10.1088/1361-
6560/aafe20 



 Moyo et al.: Study of positronium in fibrin clots     167 
 

[7] Moskal P, Kisielewska D, Shopa RY, Bura Z, Chhokar J, 
et al. Performance assessment of the 2 γ positronium 
imaging with the total-body PET scanners. EJNMMI Phys. 
2020;7:44. 
 
[8] Moskal P, Stępień EL. Perspectives on translation of 
positronium imaging into clinics. Front Phys. 2022; 
10:969806.  
 
[9] Stepanov PS, Selim FA, Stepanov S V., Bokov A V., 
Ilyukhina O V., Duplâtre G, et al. Interaction of 
positronium with dissolved oxygen in liquids. Phys Chem 
Chem Phys. 2020;22(9):5123–31.  
 
[10] Moskal P, Stȩpień E. Positronium as a biomarker of 
hypoxia. Bio-Algorithms and Med-Systems. 
2021;17(4):311–9. 
  
[11] Shibuya K, Saito H, Nishikido F, Takahashi M, 
Yamaya T. Oxygen sensing ability of positronium atom 

for tumor hypoxia imaging. Commun Phys. 2020; 3:173 
http://dx.doi.org/10.1038/s42005-020-00440-z 
 
[12] Dulski K. PALS avalanche - A new PAL spectra 
analysis software. Acta Phys Pol A. 2020;137(2):167–70.  
 
[13] Jasińska B, Zgardzińska B, Chołubek G, Gorgol M, 
Wiktor K, Wysoglad K, et al. Human tissues investigation 
using PALS technique. Acta Phys Pol B. 
2017;48(10):1737–47.  
 
[14] Panek D, Leszczyński B, Wojtysiak D, Drąg-Kozak E, 
Stępień E. Micro-computed tomography for analysis of 
heavy metal accumulation in the opercula. Micron. 
2022;160:103327.  
 
[15] Karimi H, Leszczyński B, Kołodziej T, Kubicz E, 
Przybyło M, Stępień E. X-ray microtomography as a new 
approach for imaging and analysis of tumor spheroids. 
Micron. 2020; 137:102917.  
 
[16] Xia CW, Gan RL, Pan JR, Hu SQ, Zhou QZ, Chen S, et 
al. Lugol’s Iodine-Enhanced Micro-CT: A Potential 3-D 
Imaging Method for Detecting Tongue Squamous Cell 
Carcinoma Specimens in Surgery. Front Oncol. 
2020;10:1867.  
 
[17] Ząbczyk M, Natorska J, Undas A. Fibrin Clot 
Properties in Atherosclerotic Vascular Disease: From 
Pathophysiology to Clinical Outcomes. J Clin Med. 

2021;10(13):2999. Available from: 
/pmc/articles/PMC8268932/ 
 
[18] Undas A, Ariëns RAS. Fibrin Clot Structure and 
Function. Arterioscler Thromb Vasc Biol [Internet]. 
2011;31(12). Available from: 
https://www.ahajournals.org/doi/abs/10.1161/atvbaha.1
11.230631 
 
[19] Daraei A, Pieters M, Baker SR, de Lange‐Loots Z, 
Siniarski A, Litvinov RI, et al. Automated fiber diameter 
and porosity measurements of plasma clots in scanning 
electron microscopy images. Biomolecules. 
2021;11(10):1–20. 


