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LIST OF ABBREVIATIONS

CPD - critical-point-dried

DFP - Davidon-Fletcher—Powell

FWHM - Full Width at Half Maximum

J-PET - Jagiellonian-positron emission tomography
0-Ps — ortho-positronium

PALS - positron annihilation lifetime spectroscopy
PET - positron emission tomography

PPP - platelet-poor plasma

p-Ps — para-positronium

Ps — positronium

SEM - scanning electron microscopy

BRIEF DESCRIPTION OF THE WORK

This study shows that nanoscale structural differences in blood
clots critical for understanding thrombosis and treatment response
can be quantitatively detected using positron annihilation lifetime
spectroscopy (PALS). By revealing how common preparation
methods alter fibrin architecture, the work advances the
development of reliable nanoscale biomarkers for future diagnostic
and clinical imaging applications.

INTRODUCTION

Blood clot formation is a fundamental biological mechanism that
maintains haemostasis and prevents excessive bleeding following
vascular injury. Central to this process is fibrin, the structural protein
that polymerises into an intricate three-dimensional network providing
the clot with mechanical strength and stability. The architecture of
this fibrin network, including fibre thickness, branching, density,
porosity and interconnectivity, plays a decisive role in determining
clot stability, mechanical behaviour and susceptibility to fibrinolysis
[1-7]. Variations in these micro- and nanoscale structural features
influence clot deformation, fluid transport and enzymatic degradation,
underscoring the importance of fibrin network organisation in both
physiological coagulation and thrombotic disease.

Alterations in fibrin network structure have been implicated
in pathological conditions such as venous thromboembolism,
cardiovascular disease and impaired fibrinolysis. Studies by Undas,
Stepien and collaborators have demonstrated that biochemical
and clinical factors, including dyslipidaemia, inflammation, and
inherited coagulation abnormalities can modify fibrin density
and pore architecture, resulting in stiffer, less permeable clots
that are more resistant to lysis [1, 8, 9]. These findings highlight
the need for analytical techniques capable of resolving nanoscale
structural differences within fibrin matrices.

PALS is a powerful, non-destructive technique widely applied
to investigate free-volume and nanoscale voids in polymers,
semiconductors and biological materials [10, 11]. PALS is uniquely
sensitive to sub-nanometre to nanometre-sized free-volume
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regions through the measurement of positronium (Ps) lifetimes.
Ps exists as either para-positronium (p-Ps), with a vacuum lifetime
of 0.125 ns, or ortho-positronium (0-Ps), which exhibits a much
longer intrinsic lifetime of 142 ns [12]. In condensed matter, o-Ps
becomes trapped in regions of low electron density, where pickoff
annihilation reduces its lifetime in proportion to local free-volume
dimensions [13, 14]. This makes PALS ideally suited for probing
nanoscale voids within fibrin networks.

Beyond materials science, recent breakthroughs have demon-
strated the potential of Ps measurements for biomedical and
clinical imaging. Moskal and collaborators have shown that total-
-body positron emission tomography (PET) systems can detect
Ps-related signals in vivo, enabling nanoscale characterisation of
tissue microstructure [10], and Ps has emerged as a promising
biomarker for disease detection and tissue characterisation [15,
16]. Proof-of-concept studies by Moyo, Moskal and Stepien have
demonstrated that PALS can distinguish fibrin clots of different
biological origins [17], while recent subsequent work extended
Ps-based imaging to cardiac tumours, enabling simultaneous
acquisition of PET and Ps-specific parameters [18]. Additional
studies have shown that PALS parameters differentiate healthy
and neoplastic tissues [19] and can characterise lipid membranes,
vesicles, and skin barrier structures [20-22].

Despite these advances, the influence of sample preparation
protocols on PALS measurements of biological tissues remains
insufficiently characterised. Common preparation methods such
as chemical fixation, dehydration or critical-point-dried (CPD) can
alter water content, protein conformation and network architecture,
thereby changing nanoscale free-volume distributions [23, 24].
Glutaraldehyde fixation stabilises fibrin structure through covalent
cross-linking and may preserve or modify native pore geometry
[25]. In contrast, dehydration techniques variably preserve
ultrastructure and can induce structural compaction due to
surface tension effects during drying [26]. Such preparation-
-induced changes may significantly affect measured Ps lifetimes
and intensities, complicating the interpretation of PALS data
obtained from biological samples [27, 28].

Understanding how fibrin network structure relates to clot
function is essential in thrombosis research [5]. Fibrin clots exhibit
diverse architectures depending on fibrinogen and thrombin
concentrations, ionic conditions, pH and the presence of blood
cells [29, 30]. Low-thrombin clots typically form thick, loosely
connected fibres with high permeability and rapid fibrinolysis,
whereas high-thrombin conditions favour thin, densely packed
networks that are more resistant to degradation [29, 31-33].
Clot mechanical properties, including stiffness, elasticity and
rupture resistance, are governed by fibre diameter, protofibril
packing and pore organisation [31, 34, 35]. Altered fibrin network
characteristics have been linked to pathological states such as
thrombosis, embolism and coagulopathy [1, 5-7, 9, 36-38].

Given the sensitivity of PALS to nanoscale free-volume environ-
ments and the complexity of fibrin architecture, it is essential
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to clarify how preparation protocols influence PALS-derived pa-
rameters. The primary aim of this study is methodological: to
systematically assess how different preparation states, fresh,
chemically fixed, desiccator-dried and CPD, affect o-Ps lifetimes
and intensities in plasma blood clots. We hypothesise that each
preparation method produces a distinct Ps signature reflecting
preparation-induced modifications of the nanoscale free-volume
environment. By comparing PALS parameters across these four
physical states, this work evaluates the impact of fixation and
dehydration on nanoscale measurements and, to the best of our
knowledge, provides a systematic assessment of preparation ef-
fects in fibrin-based materials.

MATERIALS AND METHODS

Preparation of Plasma Blood Clots
in Different Physical States

Fresh plasma blood clots were prepared using platelet-poor plasma
obtained from the Regional Centre for Blood Donation and Blood
Treatment in Krakéw. Plasma was obtained from three independent
human donors, and all reported measurements corresponding to
n = 3 independent plasma clots, each prepared from a separate
plasma aliquot under identical conditions. The plasma was first
separated from red blood cells by centrifugation and then thawed.
To induce clot formation, calcium chloride and thrombin were
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added to the plasma, and the mixture was incubated at 37°C
until clotting occurred. All clots were prepared using identical
plasma volumes (500-1000 pL) and within identical cylindrical
geometries defined by the preparation wells. Once formed, the
clot was gently separated from the serum using a sterile spatula
and washed three times with Tris-HCI buffer (pH 7.4) to remove
residual serum components. Fresh clots were measured by PALS
within 1 hour of preparation, following a brief equilibration period
at 37°C. Fig. 1. illustrates each step in the preparation of the four
clot states analysed in this study.

To preserve clot structure, a fixation solution was prepared
by mixing 1 mL of 2.5% glutaraldehyde with 4 mL of Tris-HClI
buffer. The plasma clot was submerged in this fixative and left to
incubate at room temperature for 24 hours. The previously stated
30-60-minute interval corresponds to preliminary optimisation
experiments; all samples reported in this study were fixed for
24 hours to ensure complete cross-linking and methodological
consistency. After incubation, the clot was removed and washed
thoroughly with fresh Tris-HCI buffer to eliminate any residual
glutaraldehyde, ensuring compatibility with subsequent analyses,
such as PALS or imaging.

For desiccator drying, clots were placed on sterile glass slides
and transferred into a vacuum desiccator containing activated
anhydrous calcium sulphate as the desiccant. The desiccator
maintained a relative humidity of approximately 2%. Initial clot
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Fig. 1. Preparation workflow for fresh, fixed, desiccator-dried and CPD plasma blood clots. Platelet-poor plasma (PPP) was obtained by centrifuging whole
blood at 2500 x g for 15 minutes. Thawed PPP (500-1000 uL) was mixed with a thrombin working solution (final activity 1-2 U/mL) in 50 mM
Tris—HCI buffer (pH 7.4), supplemented with CaClz (final concentration 10-20 mM), and incubated at 37°C for 30-45 minutes to form clots. Fresh
clots were washed three times with Tris-HCI buffer. Fixed clots were treated with 2.5% glutaraldehyde for 24 hours. Dried clots were obtained
either by desiccator drying or critical-point drying following ethanol dehydration.
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weights were recorded to monitor dehydration progress, and the
clots were left to dry for four days. The four-day drying period
was selected based on mass stabilisation, defined as less than
1% change in mass over 24 hours, indicating completion of
dehydration. Afterward, they were gently removed for further
structural or spectroscopic evaluation.

The CPD technique was used to preserve the ultrastructure of
plasma clots, especially for scanning electron microscopy (SEM).
Clots were first fixed in 4% paraformaldehyde and then dehydrated
through a graded ethanol series (50%, 60%, 70%, 80%, 90%,
99% and 100%), with each step lasting 30 minutes. Following
dehydration, the clots were transferred into a CPD chamber, where
ethanol was replaced with liquid COz2. The drying process occurred
at 31°C and 74 bar, the critical point of COz2, allowing the sample
to dry without structural collapse due to surface tension. CPD-
-treated clots were measured by PALS immediately after drying,
without additional storage or equilibration.

All four clot preparation methods — fresh, fixed, desiccator dried
and critically dried — are illustrated in Fig. 2., which provides a visual
comparison of the physical states analysed in this study.

PALS Setup

PALS measurements were conducted using a high-resolution
two-detector fast-coincidence system. Clots in each preparation
state were bisected and positioned symmetrically around a 22Na
positron source inside a custom aluminium chamber with paired
200 pL cavities. Measurements were performed at 37°C to mimic
physiological conditions. Temperature stability was maintained
within + 0.5°C using a thermostated sample holder. The 22Na
source, encapsulated in thin Kapton foil, provided the 1274 keV
prompt y-ray for lifetime start timing and the ensuing 511 keV
annihilation photons for stop signals.

Detection used two BaF2 scintillators coupled to Hamamatsu
H3378-51 PMTs [39]. The system recorded the 1274 keV prompt
photon and 511 keV annihilation photons with high temporal
resolution. Constant fraction discriminators improved time pickoff,

and timing signals were digitised with a DRS4-based waveform
digitiser [40] for sub-nanosecond timing resolution. Coincidence
logic synchronised events and data were collected and monitored
on a dedicated acquisition computer [39, 40]. The overall time
resolution of the system was approximately 230 ps Full Width
at Half Maximum (FWHM,). Each spectrum contained (2-4) x 108
counts, and identical acquisition times were used for all samples.
Background measurements using a source-only configuration
were performed and treated as a constant offset during fitting.

All measurements were conducted under ambient laboratory
atmosphere; humidity was not actively controlled but remained
stable during acquisition.

Lifetime Spectrum Analysis

The acquired PALS spectra were analysed using the PALS
Avalanche software package developed by Kamil Dulski and
collaborators within the Jagiellonian-positron emission tomography
(J-PET) project [41]. This ROOT-based C++ framework is optimised
for multicomponent decomposition of complex lifetime spectra
and performs the fit by convolving exponential decay components
with the detector’s Gaussian time-resolution function.

This approach enables stable extraction of p-Ps and o-Ps lifetime
components even in heterogeneous biological samples. In addition,
the Ps lifetimes were independently determined using Origin software
(OriginLab, Northampton, MA) by fitting the experimental data with
a composite model comprising a superposition of convolutions
between Gaussian and exponential functions, expressed as:
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Fig. 2. Representative pictures showing different types of plasma blood clots used in this study: fresh, chemically fixed with glutaraldehyde, desiccator-
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dried and critical point dried. The images illustrate the macroscopic appearance of clots in each physical state.
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Tab. I. Summary of positron annihilation components, their characteristic lifetimes and fitting constraints. Fixed components were constrained according

to literature values.

COMPONENT LIFETIME (ns) INTENSITY (%) ACTION COLOUR CODE
p-Ps intrinsic [8] 0.125 0.045 Fixed Green
Kapton foil (source encapsulation) [33] 0.386 0.10 Fixed Yellow
Aluminum chamber [34, 35] 0.166 0.25 Lifetime Fixed Dark Green
Air gap (interfacial free positron) [8, 36] 0.210 0.10 Lifetime Fixed Blue Green
Direct annihilation (non-Ps positrons) 0.500 0.30 Not Fixed Turquoise / Cyan
0-Ps in sample (free volume) 2.000 0.15 Not Fixed Blue
FRESH Pusm '10‘]. [ —_— Histogram from the data FIXED Pum ‘101‘ [ Histogram from the data
10 ~— Fitted function | == Fitted function
E Component with lifetime 0.125 10 Component with lifetime 0.125
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Fig. 3. A combined spectrum of Ps lifetimes for fresh, fixed, desiccator-dried and critical-point dried plasma clots is shown in the extended scale. The
black histogram represents the measured data, while the red curve shows the fitted multicomponent decay function. The superimposed coloured
lines indicate the distributions of individual components: green corresponds to intrinsic p-Ps (t = 0.125 ns), which is fully fixed; yellow denotes
annihilations in the Kapton source material (t = 0.386 ns), also fully fixed; dark green represents annihilations in the aluminium chamber (t = 0.166 ns),
with lifetime fixed; blue-green corresponds to the air-gap/interfacial component (t = 0.210 ns), also lifetime-fixed; turquoise represents direct free-
-positron annihilation which is not fixed showing the following results, 0.39 ns (fresh clot), 0.42 ns (fixed), 0.39 ns (desiccator-dried clot) and 0.41 ns
(critical-point dried clot); blue indicates the long-lived o-Ps component associated with nanoscale free volumes, with the following results: 1.95 ns
(fresh clot), 2.11 ns (fixed clot), 2.15 ns (desiccator-dried clot) and 1.94 ns (critical-point dried clot); purple denotes the background; and red

represents the total fitted multicomponent function.

Here, y, denotes the constant background, A, represents the area
of the it convolution component, w is the standard deviation of
the Gaussian resolution function, x_is the offset position of the
instrumental response and t, corresponds to the Ps lifetime of
the i*" exponential component [41].
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In PALS Avalanche, the experimental spectrum is modelled as
a weighted sum of exponential decay components corresponding
to different annihilation environments, each convolved with the
detector-resolution function. The background was treated as
a constant offset, and the Gaussian resolution parameters were
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determined directly during the fitting procedure. Initial fitting
parameters for nonfixed components were selected based on prior
literature values and preliminary unconstrained fits, and identical
fitting constraints were applied consistently across all samples.
Parameter minimisation was performed using the Minuit package
via the Davidon-Fletcher—Powell (DFP) algorithm [41].

Fitting stability was assessed by the inspection of residuals, consistency
of extracted parameters across repeated fits and evaluation of
parameter correlations, in addition to reduced y? values. To stabilise
the fits and ensure the accurate separation of overlapping components,
several short-lived annihilation components were fixed to well-
-established literature values. These fixed parameters correspond to
annihilation occurring in materials external to the biological sample
(e.g., Kapton source foil, aluminium window, air) and are summarised
in Tab. |. Fixing these components improves the robustness of the
extraction of the biologically relevant p-Ps and o-Ps lifetimes.

RESULTS
Lifetime Spectra Analysis

Representative positron lifetime spectra for each clot preparation
state are shown in Fig. 3. Experimental data (black histograms)
are overlaid with multicomponent decay fits. Each spectrum
contained (2-4) x 106 total counts, ensuring reliable multicomponent
decomposition. Fit quality was evaluated using reduced chi-squared
values (x2/v), which are expected to lie close to unity (typically 1.0b
+ 0.2) for a well-resolved PALS spectrum [42]. The obtained values,
1.2474 (fresh), 1.1839 (fixed), 1.1648 (desiccator-dried) and 1.2454
(CPD), all fall within this accepted range, confirming excellent
agreement between the fitted model and the experimental data.

The lifetime spectra reveal preparation-dependent differences in
the relative contributions of 12 and t3 components across the four
clot states. Quantitative values extracted for these components
are summarised in Tab. Il.

Ps Lifetime Measurements showing
Non-Fixed (free) Components

The Ps lifetime measurements obtained for plasma blood
clots in four different physical states are summarised in Tab. Il.
All measurements were performed at 37°C. Reported values

represent mean * standard deviation derived from n =3
independent plasma clots. The standard deviations primarily
reflect variability between independently prepared clots rather
than those fitting uncertainty.

The lifetime spectra were modelled using multiple exponential
components corresponding to distinct annihilation processes [43].
The shortest component (11 = 0.125 ns) [12, 44] was assigned to
p-Ps decay, and its intensity (1) was fixed at 5% for all samples
to stabilise fits and reduce parameter correlations, consistent
with prior PALS studies of hydrated biological materials. The
intermediate component 12 (=0.39-0.42 ns) corresponds to free-
-positron and pickoff annihilation processes and is treated here
as a mixed, nonspecific component rather than a direct structural
descriptor. The longest-lived component t3 is attributed to o-Ps
annihilation in nanoscale free-volume environments.

Fresh clots exhibited 12 = 0.39 + 0.001 ns with an intensity of
49+ 0.07%, and 13 = 1.95 + 0.01 ns with an intensity of 11 + 0.07%.
Fixed clots showed increased 12 and 13 lifetimes (0.42 + 0.002
ns and 2.11 + 0.02 ns, respectively), accompanied by
higher 12 and 13 intensities. Desiccator-dried clots exhibited
12 = 0.39 + 0.002 ns with the highest 12 intensity (62 + 0.11%),
while 13 increased to 2.15 + 0.04 ns with a markedly reduced
intensity of 6 + 0.11%. CPD-treated clots showed intermediate
values for both 12 and t3 components.

DISCUSSION

PALS measurements revealed that plasma clot nanostructure is
strongly modulated by preparation method. Fresh clots exhibited
moderate 0-Ps lifetimes and low intensities, consistent with
hydrated nanoscale free-volume environments within the fibrin
network, and with known effects of water on protein packing
and Ps formation [45]. Fixation with glutaraldehyde increased
both o-Ps lifetime and intensity, reflecting stabilisation of fibrin
architecture through covalent cross-linking and associated
modifications of the average free-volume environment, rather
than a direct change in pore size [46, 47]. Desiccator drying
produced the longest 13 values but markedly reduced intensities,
a combination characteristic of dehydration-induced compaction
and chemical quenching effects that reduce Ps formation
probability, commonly observed in dried biological materials [48].
Critical-point drying generated intermediate o-Ps parameters,
consistent with partial preservation of nanoscale free-volume

Tab. Il. Ps lifetime parameters for plasma blood clots in different physical states measured at 37°C. Values represent mean + standard deviation (n = 3).

Bél(_)Oql'D TEMP. SAMPLE ID T1 [ns] I1 [%] Tz [ns] 12 [%)] Ts [ns] Is [%]
Fresh Clot 37°C FRBCLOT 0.125 5 0.39+0.001 49+0.07 195+ 0.01 11 +£0.07
Fixed Clot 37°C FXDBCLOT 0.125 5 0.42+0.002 b56+0.16 2.11+0.02 16 £0.16
Dry Clot 37°C DRYBC 0.125 5 0.39+£0.002 62+0.11 2.15+0.04 6+0.11
CriDry Clot 37°C CbryBC 0.125 5 0.41+0.002 40+0.07 195+ 0.01 9+0.07

Note: 11 = para-positronium (p-Ps) lifetime; |1 = p-Ps intensity; t2 = free-positron or pickoff annihilation lifetime; I2; 13 = ortho-positronium (o-Ps) lifetime; Is = 0-Ps intensity.
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environments through the elimination of surface-tension-driven
collapse during drying [49].

These nanoscale alterations correspond to the multilevel
architecture of fibrin networks, which consist of protofibrils
bundled into fibres that branch to form a porous, three-dimensional
matrix [3, 30, 50]. The 13 lifetimes observed here (=2 ns) reflect
average free-volume environments at the sub-nanometre scale,
as described by the Tao—-Eldrup model, rather than discrete pore
sizes or network connectivity [13, 14].

The observed 13 differences between preparation states (0.2 ns)
fall within the sensitivity range of PALS for heterogeneous
biological and soft-matter systems and reflect changes in
average nanoscale free-volume environments, rather than direct
measurements of pore size distributions, connectivity, or network
functionality [13, 14, 23, 43]. According to established Ps models,
13 represents an ensemble-averaged free-volume parameter
governed by Ps pickoff annihilation in regions of reduced electron
density [13, 14].

Similarly, variations in Is represent changes in Ps formation
probability, which depends not only on the availability of free
volume but also on the chemical composition, presence of
quenching species and hydration state of the material [11, 23, 44].

Consequently, changes in Is should be interpreted cautiously,
particularly in dehydrated or chemically modified biological
samples. No formal inferential statistical testing was performed
due to the limited sample size and the primarily methodological
focus of this study; therefore, all reported differences should be
interpreted descriptively rather than as statistically significant.
Overall, within the present dataset, 13 was more sensitive
to preparation-induced modifications of the nanoscale free-
-volume environment, whereas |z showed stronger dependence
on dehydration and chemical modification.

The nanostructural differences detected by PALS should not be
interpreted as direct predictors of clot permeability or fibrinolysis.
Clot permeability and susceptibility to fibrinolysis are governed
primarily by micron-scale fibrin architecture, fibre thickness and
network connectivity [32, 36, 51, 52]. However, nanoscale free-
-volume properties may indirectly influence mechanical behaviour
and molecular interactions within fibrin fibres, particularly
under deformation, by modulating local packing density and
intermolecular mobility.

At the molecular level, fibrin exhibits complex nanomechanical
behaviour, with elasticity and extensibility governed by
conformational rearrangements within fibrin monomers and
protofibrils at length scales on the order of 108 m? [2, 31, 53,
54]. During the deformation of fibrin polymers, secondary
structural transitions have been observed, including a-helix-
to—f-sheet conversion detected using Fourier-transform infrared
spectroscopy and Congo red staining [55, 56]. Such subtle
nanoscale and molecular-scale rearrangements may influence

WWW.BAMSJOURNAL.COM

local free-volume environments and, in principle, be detectable
by PALS, providing complementary information to spectroscopic
and mechanical techniques.

Reduced free volume in dehydrated clots corresponds to
increased stiffness and decreased molecular transport,
consistent with the behaviour of dried biological tissues [48,
57]. Preservation of nanoscale free-volume environments in
fixed and CPD clots suggests improved retention of native-like
structural features, supporting the use of these preparation
methods for imaging and nanoscale characterisation where
maintenance of ultrastructure is critical [49].

COMPARISON WITH PREVIOUS
PALS STUDIES

The present findings are consistent with and extend previous
PALS investigations of biological tissues. Moyo et al. demonstrat-
ed the feasibility of using PALS to characterise fibrin clots and
showed that o-Ps lifetimes differ between various clot types [17].
This study extends work on the systematic analysis of the impact
of various preparation protocols on structural measurements of
biological samples [24]. The use of PALS provides a more com-
prehensive understanding of the physicochemical phenomena
occurring in biological samples during preparation, which deter-
mine Ps lifetime in fibrin networks.

CONCLUSIONS

This study demonstrates the high sensitivity of PALS to
preparation-induced nanoscale changes in plasma blood
clots. By comparing fresh, glutaraldehyde-fixed, desiccator-
dried and CPD clots, we show that variations in 0-Ps lifetimes
and intensities are strongly influenced by sample preparation
protocols, reflecting changes in average free-volume
environments, hydration state, and chemical modification, rather
than direct measures of fibrin pore size or network connectivity.
The clear distinctions observed across preparation methods
highlight that sample handling is a critical methodological
factor that must be carefully controlled when applying PALS
to biological tissues.

Overall, these results establish the methodological value of
PALS as a quantitative tool for probing nanoscale free-volume
characteristics in fibrin-based biomaterials and underscore
the importance of protocol selection for ensuring meaningful
and reproducible measurements. By systematically assessing
preparation effects, this work provides a reference framework
for future PALS studies of biological samples. Extending this
approach to pathological clots and integrating PALS with
complementary structural and imaging techniques may further
enhance nanoscale characterisation of clot microstructure and
support the continued development of Ps-based approaches in
biomedical research.
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