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ABSTRACT 

The dynamic mechanical properties of blood clots are 
important for diseases such as thrombosis and cancer. The 
gel point is the moment at which blood becomes a solid. 
This parameter is physically better defined then the 
currently used clinical measure; clotting time. In this 
research the gel point is determined using rheology and 
visualized using microscopy. The gel point is measured 
by imposing an oscillatory deformation on a developing 
blood clot. Fluorescently labeled fibrinogen is used to 
make the gel point microscopically visible. It is 
concluded that the gel point can be measured and could 
be related to visible signs of network formation. 
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INTRODUCTION 
Blood coagulation is the formation of blood clots. This is 
one of the processes of hemostasis, which prevents blood 
loss after damage of a blood vessel.  Simultaneously the 
formation of blood clots can cause many problems. 
Thrombotic problems are encountered for instance at 
prosthetic devices such as heart valves,	 ventricular assist 
devices, and stents, due to the unphysiological flow 
patterns present. In order to prevent these devices from 
failing, models are needed that predict the formation of 
blood clots in order to prevent this (Robertson et al., 
2008). Previous studies have shown that viscoelastic 
properties have an influence on different pathological 
conditions such as myocardial infarction, peripheral 
vascular disease, cancer and diabetes (Evans, 2008). 
Therefore it is necessary to conduct extensive research on 
the biochemical, physical and rheological factors of blood 
clot formation. 
 
In general a blood clot behaves as a viscoelastic solid 
(Evans, 2008). However, it originates from blood, which 
is a fluid. The moment where it transforms from fluid to 
solid is known as the gel point. The main component in 
this process is fibrin usually present in blood in an 
inactivated state. Under influence of several coagulation 
factors the protein fibrin forms a fibrous network within 

the clot and thereby increases the stiffness of the clot. The 
point in time where the fibrin network is formed is the gel 
point. The gel point can be seen as the mechanical 
equivalent of the clotting time that is used in clinical 
settings to study blood clot formation. However, the 
clotting time is not mechanically defined and not suitable 
to be used in models. Therefore the goal of this study is to 
determine the gel point of coagulating blood. The gel 
point is studied using rheology and microscopy. In this 
study the measurements are performed on blood and 
fibrin samples. Fibrin represents the most simplified 
representation of coagulating blood. 

METHODS & MATERIALS 

RHEOLOGY 
The gel point is measured by imposing an oscillatory 
deformation on the coagulating blood. The phase angle is 
the shift between the imposed deformation and the 
resulting stress. This is shown in figure 1. 

 
Figure 1: Oscillatory strain and stress waves with a phase 

difference δ. 

Due to the transformation from a fluid to a solid the phase 
angle changes over time. This provides a way of 
determining the gel point since at this moment the phase 
angle is independent of the frequency (see figure 2).  

 
Figure 2: Illustration of the phase angle related to time 

measured at different frequencies. The intersection 
represents the gel point. 

In the viscoelastic fluid part the phase angle lowers with 
the frequency, and in the viscoelastic solid part the phase 
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angle increases with the frequency (Macosko 1994). The 
gel point is the moment at which the phase angle is 
independent of the frequency.  

MEASUREMENTS  
To measure the phase angle, small strain experiments are 
carried out using a rheometer with a parallel plate 
geometry (See figure 3). To obtain the results with as less 
variation as possible between measurements, the used 
measurement protocol is fourier transform mechanical 
spectroscopy (FTMS). The major advantage of this 
method is that it combines multiple harmonic test 
frequencies in a composite waveform, such that multiple 
frequencies can be tested in a single measurement. The 
course of the phase angle of each frequency is resolved 
separately by Fourier analysis providing time-resolved 
data over a range of frequencies, in a single measurement.  

 
 

Figure 3: Parallel plate geometry with the sample between 
the plates. 

A composite waveform is set, together with a fixed strain, 
which are the parameters for the test. The lower plate of 
th geometry oscillates with the given strain amplitude and 
frequency. The torque is recorded and the phase angle 
calculated. The evolution of the phase angle is used to 
compute a gel point. An output similar to the graph in 
figure 2 is obtained.  

The measurements are repeated for different samples. 
Since blood is a complex material with various different 
components three different types of samples are analyzed. 
First experiments were conducted on whole blood, with 
all its components. To simplify the experiments and 
reduce noise, experiments were conducted on blood 
plasma as well as pure fibrin, to relate this to the 
microscopy results. Multiple blood samples of different 
pigs are measured and analyzed. In the results section 
representable results will be represented. 

Besides the rheometric experiments the visualization of 
the formation of a fibrin network is studied as well. The 
network is visualized using microscopy with 
fluorescently labeled fibrin. The goal is to visualize the 
formation of the fibrin fibers and to relate this to the gel 
point. The novelty of this study is that measurements of 
the mechanically well-defined gel point are combined 
with microscopy to study the structure of the clot.  

SAMPLE PREPARATION 
Various experiments are conducted in this research. The 
rheology experiments where partly conducted on porcine 
blood and partly on fibrin from human plasma. This last 
part was done to make the bridge with the microscopy 
experiments, which were all conducted on pure fibrin.  

Blood sample preparation 
The porcine blood used for rheology experiments was 
obtained from a local slaughterhouse in cooperation with 

lifetecgroup (lifetecgroup.nl). The blood is collected and 
mixed with 1:10 ratio of 0.109M trisodiumcitrate, which 
prevents coagulation until the experiments are 
started (Turgeon, 2005).  The whole blood samples were 
centrifuged (English, 1974) to remove the red blood cells 
and obtain plasma. Just prior to the experiment 40µL 
0.5M calcium chloride is added to 1 mL anticoagulated 
blood to start the coagulation.  

Fibrin sample preparation 
For a part of the rheology experiments fibrin samples 
were used.	   These samples contained a varying fibrin 
concentration of 1 to 3 mg/mL, 50 µl 0.1M CaCl and 90 
µl 1.5M NaCl to keep the ionic strength at physiological 
conditions (0.15). This mixture was dissolved in 0.1M 
Hepes to a total volume of 800 µL. Prior to starting the 
experiment the sample was kept in a water bath for 10 
minutes at 37 °C. To initiate coagulation 200 µl 0.1U/mL 
thrombin was added to the sample. 

To visualize the fibrin network fibrinogen from human 
plasma Alexa Fluor® 546 Conjugate (invitrogen.com) 
was used. This is fluorescently labeled fibrinogen that can 
be visualized by exciting it with the right wavelength. To 
prepare the samples the fluorescent fibrinogen is mixed 
with unlabeled fibrinogen in a mass ratio of 1:5, creating 
samples of 150 µL with a total of 1 mg/mL fibrinogen. 
The fibrinogen is dissolved in the same buffer as above 
with a total volume of 100 µL. The sample is kept in a 
water bath of 37°C prior to the experiment. To initiate 
coagulation moments before the experiment 0.1 U/mL 
thrombin is added to the sample. 

RESULTS RHEOMETRY 
The rheometry measurements were conducted on various 
samples of blood plasma of different pigs. Due to low 
torque in the beginning of the measurements the data 
contained high amounts of noise, which disturbed the 
analysis of the data and was therefor omitted. At the end 
of the measurements the graph becomes negative in some 
cases, which is physically unreasonable. This would mean 
that the sample becomes fluid again, which is not the 
case. These parts of the graph are omitted in the analysis.  

Firstly there were experiments conducted with whole 
blood. These results were too noisy to detect a clear gel 
point. By removing the red blood cells   from the sample 
and hence creating blood plasma, the noise was highly 
reduced. In figure 4 output of an experiments conducted 
on blood plasma is shown. The gel point in this 
experiment is after 486 seconds. The variation between 
samples from different pigs was relatively large.  

Some measurements were performed with only fibrin to 
test if the disturbance and noise decreased even more. In 
figure 5 a fibrin sample with 2mg/mL fibrin and 0.1 U/ml 
thrombin is shown. 



 
Figure 4: Output of a blood plasma sample measured with 

10% strain 

The gel point is at 256 seconds. This is different from the 
output obtained by plasma but it has to be noted that the 
concentration of fibrin in the used blood plasma is not 
known, so they cannot be compared directly. The noise is 
reduced, the courses of the graphs are the same but the 
process goes faster. The graph of the phase angle still 
becomes negative after the gel point. 

 
Figure 5: Output of a 2 mg/mL fibrin sample with 10% 

strain 

RESULTS MICROSCOPY 
In this section the results of the microscopy are presented. 
In figure 6 a sample output of a coagulated fibrin sample 
under the microscope is shown (around 10 minutes after 
the start of coagulation). When looking closely a 
network-like structure can be detected. There is a lot of 
background signal, which seems to be from underlying 
layers of fibrin. The used microscope cannot filter the 
light from a single layer and therefor it is difficult to 
create a detailed image of the network. Fibrin without the 
addition of thrombin has also been examined under the 
microscope. As expected no network of fibrin could be 
detected because there was no coagulation initiated.  

 

Figure 6: Fibrin network visualized with microscopy. The 
arrows indicate network formation. 

DISCUSSION  
The aim of this study was to detect and visualize the gel 
point of blood and fibrin. This was done by imposing an 
oscillatory deformation and measuring the change in 
phase angle over time. The intersection of multiple graphs 
at different frequencies is the gel point. This gel point 
could be detected and recorded. It seems that there is 
variation between the gel points of different samples. The 
fibrin samples have a similar course as blood plasma 
samples, but the process is faster.  
 
Multiple frequencies were measured at the same time, 
which is done by a composite waveform. Using this 
technique the variation between samples is reduced 
tremendously. The disadvantage of this method is that 
there is summation of the waves, which results in a higher 
strain on the sample. The high strain could possibly result 
in damage of the sample. Therefore the strain was kept as 
low as possible, though there had to be enough strain to 
detect the torque. 
 
The results of the microscopy indicate that there is a 
formation of a fibrin network after the coagulation is 
initiated. It was not yet possible to make clear images of 
the process during the coagulation. This was due to the 
large amount of background noise. With a confocal 
microscope this might be resolved, looking at the sample 
layer by layer. The microscopic samples were not related 
to their gel point yet, so coagulation could only be 
detected by eye. The confocal microscope can be used to 
visualize the total coagulation in time. For further 
research it will be a possibility to view the coagulation 
process in the rheometer, combined with a microscope. 
This way the gel point can be directly related to the 
microscopic images. The process that occurs in the 
rheometer also can be better understood. 
 
By optimizing the results that were obtained up until now 
there lies great potential in these techniques. If the gel 
point can be determined more accurately this will provide 
much more insight to the coagulating behavior of blood. 
Relating this to microscopic images in time will also 
provide the physical proof of the fibrin network formation 
and thus the gel point. When a standard for the gel point 
can be obtained this will provide the information that can 
be used to create better models of coagulation. These 
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models can be used to enhance the prediction and 
treatment of medical issues relating to coagulation. 

CONCLUSION 
It can be concluded that the gel point of coagulating 
blood can be measured using rheometry experiments. 
Removal of blood components reduces the amount of 
noise, but maintains the important properties. The clots 
have been visualized using microscopy. 
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