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Abstract
Observation of calcium signaling in  

platelets - blood cells designed to be involved in 
stopping bleeding and forming blood clots - is an 
important part of fundamental research in hemostasis. 
However, such a study is possible only with the use of 
calcium fluorophores - small molecules that penetrate 
the platelet membrane due to their hydrophobic -AM 
part, which is then hydrolyzed by cytosol esterases. 
In this work, we consider the phenomenon of 
inhomogeneous loading of calcium fluorophores into 
platelets.

We used platelets from healthy adult donors 
loaded with various fluorescent probes (CalBryte590, 
DiOC6 (3), Fura Red, Fluo-4 and CellTracker Violet 
BMQC) and immobilized on antibodies to CD31 in 
parallel plane flow chambers. Total internal reflection 
fluorescence (TIRF) microscopy was used for 
observations.

We demonstrated that all studied probes are 
loaded heterogeneously, with 30% platelets being 
loaded with a probe 2-6 times higher than the 
population median value. Using the CalBryte590 probe 
as an example, we have shown that a decrease in the 
incubation temperature, the addition of Pluronic 127 
to the incubation medium, or membrane cholesterol 
depletion significantly reduces the heterogeneity of 
the probe distribution in the population. By looking at 
platelet activation from the surface, we have shown 
that the probability of experiencing strong activation, 
as measured by the intensity of calcium oscillations, 
correlates with the amount of probe in the platelet.

Thus, we conclude that the type of fluorophore 
used and the conditions of its loading into platelets 
can significantly affect the results of experiments on 
the observation of calcium signaling in platelets.
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Introduction
Blood is an important component of the human 

body, however, a system for maintaining its integrity 
is needed - a hemostasis system, roughly divided 
into plasma and vascular-platelet links [1]. Platelets, 
small non-nuclear blood cells, are designed to stop 
bleeding when a vessel is damaged by forming an 
aggregate and providing its surface to accelerate the 
work of the plasma hemostasis link [2]. To accomplish 
this task, platelets enter the so-called activated state. 
When activated, platelets adhere to the surface and 
aggregate with each other [3], change their shape, 
secrete the contents of granules [4] and, in some 
cases, become procoagulant [5,6]. Eventually, a 
blood clot forms. [7]. 

A feature of platelet activation is its quick reaction 
to damage - with characteristic times of the order of 
one second [8]. Probably, the platelet intracellular 
signaling system provides such a response rate due 
to calcium ions. In resting cells, the concentration of 
free calcium in the cytosol is maintained at a lower 
level (approximately 10-20 nM) [9] than in blood 
plasma (1-2 mM), and in the endoplasmic reticulum, 
which is considered the main store of calcium in the 
platelet, its concentration is about 100 - 800 μM [10]. 
Platelet activation, like many other cells, is controlled 
by the concentration of calcium ions in the cytosol 
due to the fact that calcium ions are cofactors for 
many enzymes mediating platelet activation [11–13]. 

As such an important component of platelet 
activation, calcium signaling has been studied for 
a long time both in cell suspension [14,15] and 
in single platelets [16–18]. The study of calcium 
signaling is carried out using intracellular fluorescent 
probes - small organic molecules-fluorophores, the 
parameters of excitation and / or fluorescence of 
which significantly change when binding calcium ions 
[19]. However, without damaging the cell membrane, 
fluorescent probes can be introduced into it only by 
diffusion, and for this the molecules are modified 
by the addition of an acetomethyl residue, which is 
hydrolyzed inside the cell by nonspecific esterases 
[20]. 
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In this work, using single human platelets, we 
investigated the issues of the possible influence of 
the used fluorescent probe and the conditions of its 
entry into the cell on the observed calcium signal. As 
a result of this work, we conclude that the intensity 
of calcium mobilization in the platelet in response 
to activation correlates positively with the level of 
fluorescence of the fluorophore in the platelet.

Materials and methods
The following materials were obtained from 

the parenthesized sources: Human Thrombin 
(Hematologic Technologies, Essex Junction, 
Vermont, USA), Calbryte 590 AM, Fura Red AM, Fluo-
4 AM, and DiOC6 (3) (Molecular probes, Eugene, 
State Oregon, USA), CellTracker Violet BMQC Dye 
(Invitrogen), S-Monovette Hirudin 1.6 ml hirudin 
tubes (SARSTEDT AG Co. KG, Germany), 4.5 ml 
citrate (3.8%) tubes (IMPROVACUTER, China). 
Potato apyrase, ADP and solution reagents were 
obtained from Sigma-Aldrich. VM64 antibodies were 
given as a gift to Prof. A.V. Mazurov (Federal State 
Budgetary Institution of National Medical Research 
Center of Cardiology, Moscow, RF). Materials for the 
manufacture of flow chambers were produced by 
GemaKor (Moscow, RF) and MedSil (Mytishchi, RF).

The whole blood of healthy volunteers (11 
persons, 18-45 years of age) within 3 hours of the 
collection was used for all experiments. Blood was 
collected into 9 ml tubes containing 3,8% sodium 
citrate (1:9 v/v), or into 1.6 ml tubes containing 
R-hirudin (S-Monovette®, Sarstedt, Germany). 
Investigations were performed in accordance with 
the Declaration of Helsinki and approved by the 
CTP PCP RAS ethics committee (decision #1 from 
12.01.2018), written informed consent was obtained 
from all donors.

9 different protocols (A-I) for loading calcium 
sensitive probes into platelets were used for this 
study. Protocols A-E are based on the sodium citrate-
anticoagulated (3.8 % v/v) blood, while in protocols 
F-H hirudin (> 525 antithrombin units / ml) was used as 
the anticoagulant. 2 µM of Calbryte590-AM was used 
as a probe for protocols A, B, D, E, and H, protocol C 
used DIOC6, protocol F - Fluo4-AM (2 μM), protocol 
G - Fura Red- AM (2 μM), and protocol I – CellTracker 
Violet BMQC Dye (2 μM and 4 μM). Apyrase (0.3 U/
ml) was used to prevent platelet pre-activation due to 
ADP, secreted by the red blood cells. Protocol D also 
contained Pluronic F-127 (0.04%) and in protocol E, 
5 mM of MβCD (methyl-β-cyclodextrin) was added 
after 15 min of blood incubation with calcium probe. 

Figure 1. Overall scheme of the assay. First, whole pre-processed blood is perfused through the flow chamber for 
2.5 minutes. Then Tyrode’s buffer is perfused through the chamber for 5 minutes to wash away unattached cells. Then, 
depending on the protocol, the microscopy video is recorded for 5-10 minutes.
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The resulting mixture was incubated for 30 minutes 
(A, B, D, E, F, G, H) or for 5 minutes (C) at 37°C (A, D, 
E, F, G, H) or at 25° C (B, C). Thus, protocol A can be 
used as a control for the CalBryte590 dye, protocol 
C for the DiOC6 dye, F for the Fluo4 dye, G for the 
Fura Red dye, and I – CellTracker Violet BMQC dye. 
Protocols A, B, D and E use different conditions for 
loading the CalBryte590 probe into platelets: B is 
characterized by a reduced temperature, D by the 
presence of Pluronic (a reagent to facilitate the entry 
of a hydrophobic AM probe into the cell), and Protocol 
E is characterized by the presence of MβCD (reagent 
for depletion platelet membrane with cholesterol).

Parallel-plate flow chambers, used here, were 
described earlier [21]. Monoclonal antibody to CD31 
covered glass coverslips were used for platelet 
immobilization. Anti-CD31 antibody was isolated 
same as in [22]. Platelets were isolated from the 
whole blood upon perfusion through the flow chamber 
and interaction with the antibody covered glass. 
Unattached cells were washed away using tyrode’s 
calcium buffer and then platelet activation was 
monitored upon perfusion of the buffers, containing 
platelet activators. Nikon Eclipse Ti-E microscope 

with a CFI Apochromat TIRF 100XC Oil objective with 
100-fold magnification and a numerical aperture of 
1.49 was used in this study. Fluorescent probes were 
excited by laser at 405, 488 and 561 nm wavelength. 
Images were recorded using an Andor iXon3 EMCCD 
camera. The scheme of the experiment is given in 
Figure 1.

ImageJ-Fiji was used for the analysis of the 
experimental data. Regions of interest (ROIs) of 
2µm diameter were selected inside of the cells. At 
each timestep averaged fluorescence intensity was 
measured inside these ROIs. Based on this data, 
fluorescence intensity profiles were built (Fig. 2). 
Pre-activation of platelets has been assessed by 
identification of specific platelet types within the field 
of view (FOV) as has been previously described [23]: 
(1) weak activation (less than five random single 
peaks per minute), (2) activation (multiple stochastic 
peaks, which usually do not form clusters ), (3) strong 
activation (clusters of peaks in the profile) and (4) 
a stably high response (changes in fluorescence 
intensity are mainly caused by bleaching or leakage 
of the fluorescent probe) (Fig. 2).

Figure 2. Observed fluorescence intensity profiles of individual platelets and their classification. (A) Group 1: the 
cell shows less than five random single peaks in 60 seconds of observation. The red line shows the baseline fluorescence 
intensity level; (B) Group 2: platelets are weakly activated, there are multiple stochastic peaks, which usually do not 
form clusters; (C) Group 3: platelet activation is intense, peaks are so frequent that individual peaks coalesce into 
clusters; (D) Group 4: Presumably, the cells show a persistently high concentration of calcium, any observed changes 
in fluorescence intensity are mainly caused by bleaching or leakage of the fluorescent dye; Orange boxes are clusters 
of peaks (clusters). Green shaded areas are persistent high calcium levels.
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The amount of fluorophore, “loaded” into the 
platelet, was calculated as the average fluorescence 
of 10% of the points with the lowest fluorescence 
intensity (Fig. 3).

Results and Discussion

Platelets are loaded heterogeneously by different 
fluorescent dyes

Different dyes load to platelets heterogeneously. 
The amount of dye in platelets of the same donor 
varies between the cells. To study this phenomenon, 
we determined the specificity of each probe. Platelets 
were immobilized on VM64 (anti-CD31). The amount 
of the probe in the platelet was assessed by the profile 
in the first 15 seconds of the experiment. Platelets 
from the same donor were loaded with four different 
fluorescent probes: CalBryte 590-AM (Protocol H), 
DiOC6(3) (Protocol C), Fura Red-AM (Protocol F) and 
Fluo-4-AM (Protocol G) (Fig. 4). For all dyes, there 
was a heterogeneity of the base platelet fluorescence 

Figure 3. Example of selecting the 10% of the points 
with the lowest intensity in a fluorescence intensity 
profile.

intensity with a deviation of the fluorescence intensity 
from the median value by 2-6 times for 30% of the 
population. Interestingly, Calbryte 590-AM (Fig. 4А) 
and Fluo-4-AM (Fig. 4C) load more homogeneously 
than DiOC6 (Fig. 4B) and Fura Red-AM (Fig. 4D). 

The observed phenomenon of specific loading of 
different probes may be related to the size and polarity 
of the fluorescent probe molecules. The presence of 
a difference in a potential of the platelets membrane 
[24,25] facilitates the entry of cationic probes and 
hinders the anionic ones. However, heterogeneity of 
potential in a population can lead to heterogeneity of 
loading. Since DiOC6 (3) is a voltage-sensitive probe 
that does not contain the -AM part, its distribution 
in the platelet population precisely reflects this 
property of the platelet. (Fig. 4B). It has already been 
shown that Fluo-4 distributes heterogeneously in the 
platelets [26] and it has been primarily associated with 
the compartmentalization of the dye. However, the 
causes for this heterogeneity are not fully understood. 
Perhaps, the compartmentalization of the dye may 
cause heterogeneity. Furthermore, it is known that 
low temperature of incubation and the usage of 
surfactants reduce the compartmentalization of the 
probes [27].

In order to find out the cause for the uneven 
loading of platelets with fluorescent probes, we used 
the CellTracker Violet BMQC dye (Figure 5). Our 
purpose was to visualize the position of the cell in 
space. This substance is a derivative of coumarin, 
it can freely enter the cell and remain inside it for a 
long time because of binding with glutathione. We 
have no data that the fluorescence intensity of this 
dye depends on the concentration of calcium in the 
cytosol, hence it follows that the state of the plasma 
membrane plays the main role in the ingress of the 
dye into the cell. 

Figure 4. Baseline fluorescence intensity histograms for CalBryte 590 AM, DiOC6 (3), Fluo-4 AM and Fura Red. 
The fluorescence of the probes is normalized to the median. Each histogram is based on data analysis of n = 270 
platelets from m = 3 healthy donors
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Figure 5. Histograms of baseline fluorescence 
intensity for the CellTracker Violet BMQC probe for 2 
μM and 4 μM, normalized to median.

Platelet loading with a fluorescent probe depends on 
the experimental conditions

The loading of the fluorescent dye may be affected 
by the conditions of incubation. To test this, we 
compared the amount of probe in the platelet under 
different loading conditions: at room temperature 
(protocol B, see Methods), in the presence of a 
hydrophobic agent (protocol D) or when cholesterol 
is depleted from the membrane (protocol E) (Fig. 
6). The statistical significance of differences in the 
number of “loaded” probe was calculated using the 
Mann-Whitney and Kolmogorov-Smirnov tests (Table 
1). 

All three samples do not belong to the same 
distribution law as the control one. Samples MβCD 
and 25 ° C for both tests give a p-value of less 
than 0.01, a sample with Pluronic F-127 for the 

Figure 6. Dependence of the level of basic fluorescence 
intensity on the conditions of the experiment. Green 
arrow - mean value, orange bar - median value, “box” - from 
25% to 75% of the population, “wiskers” - 95% confidence 
interval. МβCD increases the fluorescence intensity of 
the Calbryte 590 AM probe compared to the control. A 
decrease in the activation temperature from 37 ° C to 25 ° 
C slows down the loading of cells with the probe. Pluronic 
F-127 forces the probe to spread more evenly throughout 
the cells than under control conditions, but does not affect 
the platelet membrane itself. Data are given for n = 360 
platelets from m = 10 healthy donors.

Kolmogorov-Smirnov test gives a p-value of less than 
0.01, and for the Mann-Whitney test gives a p-value 
of less than 0.05.

Table 1. Comparison of the parameters of the control 
group with the rest.

Incubation at room temperature, compared 
with incubation at 37 ° C, reduces the average and 
median fluorescence intensities of cells by more than 
100%. This result is consistent with the data that the 
permeability of the cell membrane is dependent on 
temperature [28]. 

Pluronic F-127 reduces the average amount of 
the probe in the platelet (by 240%) and the median 
(by 23%). The upper limit of the 95% confidence 
interval is decreased by more than 550%. Pluronic is 
a surfactant that increases the solubility of probes in 
the AM form [29]. Thus, the distribution of the probe 
in the cell becomes more uniform, and the number 
of overloaded platelets decreases (mean value 
decreases, the median value does not change).

Incubation with МβCD increases the mean 
(by 17.7%) and median (by 72.9%) values of the 
fluorescence intensity in comparison with the control 
sample. MβCD increases platelet membrane fluidity 
by decreasing cholesterol concentration [30], while 
not leading to cell activation [31,32]. The observed 
values of the amount of the probe show that MβCD 
promotes the dye to pass into the cell. That leads to a 
suggestion that the amount of the probe depends on 
the state of the membrane.

MβCD shortens the time of loading cells with a 
fluorescent probe

Cholesterol of the membrane affects the loading 
of the platelets with a probe. To investigate this, the 
platelet loading rate was monitored with a Calbryte 
590-AM fluorescent probe without MβCD (Protocol 
A) and in presence of MβCD (Protocol E) (Fig. 7). 
MβCD increases the rate of entry of the probe into 
the cell by approximately 2 times. And the increase 
in fluorescence intensity in the cytosol begins 2 times 
faster than under control conditions.

The amount of the probe in the platelet correlates 
with its response to stimulation

The fluorescent probe does not evenly enter 
platelets in the population regardless of the dye 
and loading conditions. But it remains unclear 
whether this phenomenon is for the study of calcium 
signaling in platelets. To investigate this, we checked 
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Figure 7. Comparison of median fluorescence intensity versus time in the presence and absence of MβCD. 
Orange - with MβCD, blue – without MβCD. Light orange and light blue are the interquartile ranges respectively. Data 
are presented for n = 90 platelets from m = 3 healthy donors.

if the baseline fluorescence intensity of the probe 
and activation of platelet are related (Fig. 8). The 
amount of the probe in the platelet was assessed 
according to the profile in the first 15 seconds of the 
experiment. The division of platelets into groups by 
activation was proceeded according to the profiles 
taken within 5 minutes. Figure 8 shows the obtained 
dependence of the activation group on the amount of 
probe (the “lower limit” of the fluorescence intensity 
of CalBryte590 in the cell). It turned out that platelets 
from the fourth activation group had, on average, 10 
times more probe than platelets from the third group. 
This can be explained by the possible activation 
of platelets of the fourth group at the time of the 
beginning of observation. However, platelets from the 
third activation group also had 7 times more probe 
than platelets from the second group. The second 
group had 1.5 times more probe than platelets from 
the first group. Since platelets of groups 1-3 have a 
pronounced baseline level (Fig. 2), we conclude that 
the degree of platelet activation correlates with the 
amount of fluorophore.

To clarify the observed phenomenon, we decided 
to estimate the probability of obtaining a platelet with 
a given value of baseline fluorescence in each of the 
activation groups using the available sample (Fig. 9). 
A platelet with a high baseline fluorescence intensity 
is more likely to undergo “strong” activation than a 
platelet with a low baseline fluorescence intensity.

Thus, it can be argued that evaluation of 
the response of platelets by measuring calcium 
concentration (by means of flow cytometry or 
spectrofluorimetry) is shifted in suspension. This 
shift occurs because the platelets, that are strongly 
activated, come to the fore. Thus, the overall response 

of the suspension appears to be stronger than under 
physiological conditions.

Conclusion
We have shown that platelets load 

heterogeneously with CalBryte 590 AM. This 
heterogeneity is not accidental. It was found that the 
probability of experiencing “strong” activation for a 
platelet with a high baseline fluorescence intensity 
is higher than for a platelet with a low baseline 
fluorescence intensity. The heterogeneity of platelet 
loading with a probe, as well as the loading process 
itself, can be influenced by various agents and 
experimental conditions. We observed this with the 
CalBryte 590 AM fluorescent dye. Incubation of the 
cells with the probe on 25°C instead of on 37°C slows 
down the loading. Pluronic F-127 makes the probe 
distribute more homogeneously throughout the cells 

Figure 8. Dependence of the cell response group 
number on the intensity of its base fluorescence. 
Green arrow - mean value, orange line - median value, 
“box” - from 25% to 75% of the population, “whiskers” - 
95% confidence interval. In total, n = 122 platelets from m 
= 9 healthy donors were analyzed.
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Figure 9. The probability of a platelet getting into the 
activation group, depending on the “lower limit” of the 
fluorescence intensity. The probability is calculated on 
the basis of data on n = 122 platelets from m = 9 healthy 
donors.

and it does not affect the platelet membrane. MβCD 
increases the fluorescence intensity of the probe in 
the cytosol compared to control. It also increases the 
rate of platelet loading by the probe.

Heterogeneous cell loading is not unique to 
the CalBryte 590 AM probe. We have shown that 
fluorescent probes DiOC6 (3), Fura Red AM, Fluo-
4 AM also load heterogeneously into platelets. The 
heterogeneity of DiOC6 loading is comparable to 
that of other probes and it indicates that there is a 
noticeable heterogeneity of the potential difference 
on platelet membranes. It is assumed that this 
partially explains the phenomenon of heterogeneity 
of cell loading in general.

However, our data are insufficient to determine 
the cause for the heterogeneity of platelet loading to 
occur. A further investigation is required to study the 
combinations of the effects of the parameters that we 
used. Furthermore, size of the probe molecule, its 
quantum-chemical properties are of high interest to 
be investigated. However, it is possible to identify a 
number of factors that significantly affect the amount 
of a fluorescent probe in a living cell. First of all, the 
composition of the plasma membrane is important. 
We showed that hydrophobic low molecular weight 
substances pass through the membrane when it 
contains more unsaturated fatty acids. The amount 
of the loaded dye depends on the temperature of 
incubation. Secondly, the physicochemical state of 
the probe outside the cell has an effect. Moreover, the 
activity of nonspecific esterases, which cut off the AM-
“tails”, is important. There are also two more factors 
that are sensitive to cell activation: the presence of 
nonspecific channels or carriers for both the AM-form 
of the probe and the working form, and the sensitivity 
of one of the probe forms to the potential difference 
on the membrane as a result of its charge.
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