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Abstract—This paper reports on capturing the morphological 

changes in red blood cells (RBCs) during platelet-driven blood 
clot retraction using a microfluidic dielectric sensor, termed 
ClotChip. The sensor is based on the technique of dielectric 
spectroscopy and incorporates screen-printed, gold, sensing and 
floating electrodes embedded into a microfluidic channel with a 
total sample volume of < 10µL to form a 3D, parallel-plate, 
capacitive sensing area. The ClotChip readout parameter, r,max, 
is shown to be sensitive to the degree of deformation in the shape 
of RBCs caused by either impairing the contractile forces acting 
on the RBCs via a depletion of activated platelets or altering their 
membrane rigidity. Furthermore, a baseline range for r,max 
parameter is established using 95 healthy whole blood samples, 
and the ClotChip is shown to detect weak clot formation, when 
the platelet count drops below 15,000 per µL. This work 
highlights the potential of ClotChip as a platform technology for 
rapid assessment of platelet loss during traumatic hemorrhage at 
the point-of-injury. 
 

 Index Terms–Blood coagulation, capacitive sensor, dielectric 
coagulometry, dielectric spectroscopy, microfluidics, platelet, 
point-of-injury diagnostics, trauma. 

I. INTRODUCTION 

Traumatic hemorrhage and trauma-induced coagulopathy 
(TIC) account for a major part of potentially preventable 
mortalities in both military personnel and civilian settings [1]. 
Detrimental effects of hemorrhage and TIC can happen within 
minutes to hours of injury, and need to be treated with 
hemorrhage control strategies, transfusion medicine, and 
resuscitative surgeries. TIC is a complex multi-factorial process 
involving the dysregulation of the entire hemostatic process due 
to endothelial, platelet, and coagulation factor dysfunctions [2], 
[3]. In the event of a trauma injury, platelet-driven clot 
retraction plays a crucial role in thrombus formation and 
hemostasis stabilization. Platelets contribute toward the 
formation of the primary platelet plug, which aided by fibrin 
formation subsequently retracts under contractile forces into a 
smaller volume to act as a seal at the site of the vascular injury. 

Platelet loss in the event of a trauma injury results in 
impaired contractile forces acting on red blood cells (RBCs) 
during the clot retraction process, thereby resulting in the 
formation of a weak fibrin clot to prevent bleeding [4]. 
Therefore, rapid diagnosis of depletion in platelet numbers and 
its effect on the overall hemostatic status is of tremendous value 
in guiding TIC-mitigation strategies. 

 
 

Fig. 1.  Photograph of a fabricated sensor prototype (26mm  9mm  3mm) 
with human whole blood filling the microfluidic channel with a total sample 
volume of < 10µL. 
 

This is evident from current methodologies in the clinic that 
utilize viscoelastic techniques, such as thromboelastography 
(TEG) and rotational thromboelastometry (ROTEM), in parallel 
with functional assessments such as platelet aggregometry. 
However, these assays are rarely field-deployable and thus not 
widely usable at the point-of-injury (POI). Moreover, in many 
cases, access to a central laboratory for concurrent access to 
such analytic capabilities is not possible in a timely manner. 

Dielectric spectroscopy (DS), which is the quantitative 
measurement of the complex relative dielectric permittivity of a 
material-under-test versus frequency, has been shown to be 
sensitive to the aggregation of RBCs into a fibrin clot [5]. The 
most important aspect of DS measurements on whole blood is a 
dispersion region that typically occurs in the MHz-frequency 
range and arises from the interfacial polarization between the 
suspended RBCs and the surrounding plasma [6]. In fact, we 
have shown the feasibility of a miniaturized DS system based 
on a small-sized, disposable, microfluidic sensor (termed 
ClotChip) to sensitively detect both cellular (i.e., platelet) and 
non-cellular (i.e., coagulation factor) abnormalities in the 
hemostatic process, thus highlighting the potential of 
miniaturized DS as an enabling platform for fully electrical, 
label-free, and noninvasive assessment of hemostasis [7], [8]. 

In this work, we demonstrate that the ClotChip is also 
sensitive to the deformation of RBCs during coagulation due to 
the contractile forces from the activated platelets. Changes in 
the RBC morphology due to and in the absence of these 
contractile forces are studied and aided by visual observations 
using scanning electron microscopy (SEM) imaging. The 
ClotChip ability to detect a weak clot retraction process 
resulting in decreased thrombus stability, such as might occur 
due to platelet loss in trauma injury, is also assessed. This work was supported by the American Heart Association Grant-in-Aid 

17GRNT33661005 and NIH Grant 5R01 HL121212. 



II. STUDY DESIGN WITH CLOTCHIP 

ClotChip employs the DS technique and incorporates screen-
printed, gold, sensing and floating electrodes that are integrated 
into a microfluidic channel to form a three-dimensional (3D), 
parallel-plate, capacitive sensing area. Details of ClotChip 
design, fabrication, and operation principles have been 
previously reported in [7], [8]. Figure 1 shows a photograph of 
a fabricated sensor prototype with human whole blood in the 
microfluidic channel with a total sample volume of < 10µL. 
Using an impedance analyzer (Agilent 4294A) interfaced with 
a custom printed-circuit board, ClotChip has been shown to 
measure changes in the real part of complex relative dielectric 
permittivity of human whole blood undergoing coagulation in a 
frequency range of 10kHz–100MHz. Specifically, the temporal 
variation in the real part of blood permittivity at 1MHz is taken 
as the ClotChip readout, providing information on the 
coagulation time and strength of the fibrin clot via two readout 
parameters, namely, Tpeak and r,max, respectively [7], [8]. 
More pertinent to this work, r,max quantifies maximum change 
in the normalized permittivity after Tpeak is reached. 

A study was designed to observe the changes in ClotChip 
readout arising from the geometric changes in RBCs during the 
clot retraction process. The study aimed at modulating the 
contractile forces acting on the RBCs by altering the number of 
activated platelets required to generate the forces necessary to 
compress RBCs into a tightly packed array during clot 
formation. To establish that any observed changes in ClotChip 
readout were indeed due to morphological changes in RBCs 
during clot formation, and not a byproduct of changes in 
platelet numbers, a secondary study was also performed. 
Specifically, the intrinsic elasticity of RBCs membrane was 
altered by treating RBCs with glutaraldehyde ex vivo, and the 
resulting ClotChip readout was compared against that from 
untreated RBCs in reconstituted whole blood samples 
undergoing coagulation. The number of platelets in this case 
was kept the same for both samples, ensuring equal contractile 
forces acting on RBCs having different mechanical rigidity. 

III. MEASUREMENT RESULTS 

De-identified human whole blood samples were collected 
from healthy volunteers, who were not on any medications for 
at least 7 to 10 days, under an institutional review board (IRB)-
approval protocol. Blood was collected into standard 
vacutainer tubes containing 3.2% sodium citrate anticoagulant. 
Experiments were performed inside a thermostatic chamber set 
to 37°C, with coagulation initiated by adding CaCl2 (final 
concentration of 20mM) and tissue factor into the blood 
samples. In addition to ClotChip measurements, clot samples 
were processed for SEM imaging using the protocol in [9]. 

To assess the effect of RBCs deformation on ClotChip 
readout based on diminishing contractile forces acting on them, 
reconstituted whole blood samples were prepared either high in 
or almost devoid of platelets [10]. As seen in Fig. 2A, upon 
coagulation, the ClotChip readout exhibited a large difference 
in r,max parameter between the two samples, with the sample  
 

 
 

Fig. 2.  A) ClotChip readout exhibiting a change in r,max parameter between 
human whole blood samples undergoing coagulation with contrasting platelet 
numbers. Also shown are SEM images of blood clots from (B, C) sample 
devoid of platelets revealing that the biconcave structure of RBCs remained 
unaffected and from (D, E) normal sample revealing severely deformed RBCs. 
 

 
 

Fig. 3.  A) ClotChip readout exhibiting a change in r,max parameter between 
human whole blood samples undergoing coagulation having contrasting RBC 
membrane elasticity. Also shown are SEM images of blood clots with (B, C) 
glutaraldehyde-treated RBCs revealing that their biconcave structure remained 
unaffected and with (D, E) untreated RBCs revealing severe deformation. 
 

devoid of platelets exhibiting lower r,max. The absence of a 
sufficient number of activated platelets resulted in weak 
contractile forces acting on the RBCs, which in turn caused an 
inappreciable change in their typical biconcave structure (Fig. 
2B, C). In contrast, the RBCs were severely deformed in the 
normal blood sample undergoing coagulation (Fig. 2D, E). 



To further ascertain that the change in r,max parameter was 
a consequence of shape alteration in RBCs, lightly fixed RBCs 
were prepared using glutaraldehyde (final concentration of 
0.08%) [11]. Glutaraldehyde is a non-specific fixative that 
induces solidification of both the cytoplasm hemoglobin and 
the membrane cytoskeleton, thereby increasing the mechanical 
rigidity of RBCs. ClotChip measurements with reconstituted 
whole blood samples having glutaraldehyde-treated RBCs were 
carried out alongside those with samples having untreated 
RBCs. As seen in Fig. 3A, upon coagulation, the ClotChip 
readout exhibited a large difference in r,max parameter 
between the samples with glutaraldehyde-treated RBCs and 
untreated RBCs. 

Further inspection of the blood clots using SEM imaging 
revealed that in spite of similar contractile forces acting on the 
RBCs in both clots, the increased membrane rigidity of 
glutaraldehyde-treated RBCs enabled them to preserve their 
original discoid shape (Fig. 3B, C), whereas the untreated 
RBCs underwent severe deformation and lost their discoid 
shape (Fig. 3D, E). Collectively, these results established that 
the ClotChip is sensitive to the morphological changes in RBCs 
during the clot formation process and can be used to obtain 
information regarding clot retraction driven by platelet-
generated contractile forces acting on the RBCs. 

Finally, the ClotChip ability to detect diminished clot 
strength by sensing tempered RBC deformation due to the 
depletion of platelets was investigated. A baseline normal range 
of r,max parameter was established for 95 healthy whole blood 
samples using Gaussian distribution and calculated as mean ± 2 
× standard deviation (S.D.), as shown in Fig. 4. Thereafter, 
using a Coulter Counter for platelet count, reconstituted whole 
blood samples having a wide range of predetermined platelet 
numbers were created ex vivo using blood samples from 3 
healthy volunteers [10]. As seen above in Fig. 2, a depletion in 
platelet numbers would result in a decrease of the ClotChip 
r,max parameter due to impaired contractile forces acting on 
the RBCs. Figure 5 shows the ClotChip r,max parameter 
measured for reconstituted whole blood samples undergoing 
coagulation, with a final platelet count of 2500, 7500, 10000, 
12500, 15000, and 50000 per µL of blood. The dotted red line 
represents the lower limit of the normal range (0.0593–0.1189) 
for the ClotChip r,max parameter established from Fig. 4. As 
can be seen, the ClotChip r,max parameter decreased with 
reduced platelet count to the point that the measured values 
were below the lower limit of its normal range, when the 
number of platelets in whole blood fell below 15,000 per µL. 
This downward trend in r,max versus the platelet count 
confirmed that the ClotChip readout is sensitive to the strength 
of blood clot retraction and thrombus stability, which are 
weakened in the event of a trauma injury due to platelet loss. 

IV. CONCLUSION 

This paper reported on the use of a microfluidic sensor, 
termed ClotChip, to assess the dielectric permittivity response 
of human whole blood to morphological changes in the RBCs 
during coagulation. The degree of deformation in the shape of 
 

 
 

Fig. 4.  Normal distribution of r,max parameter for 95 healthy samples. 
 

 
 

Fig. 5.  Decrease in ClotChip r,max parameter with decreasing platelet count 
in reconstituted whole blood samples undergoing coagulation. The dotted red 
line represents the lower limit of the normal range for r,max  parameter. Error 
bars represent mean  standard error of the mean (SEM) of measurements 
obtained with 3 different blood samples. 
 

RBCs was altered by influencing the contractile forces arising 
from activated platelets or by increasing the mechanical rigidity 
of the RBCs. The geometric variations in RBCs, which were 
also verified visually using SEM imaging, resulted in 
significant changes in the ClotChip readout parameter, r,max. 
Moreover, changes in the r,max parameter owing to reduced 
platelet numbers were compared against a baseline normal 
range of r,max to showcase the ability of ClotChip to 
potentially provide diagnostically relevant information in the 
event of a trauma injury, where rapid platelet loss due to 
traumatic hemorrhage can cause aberrant coagulation and 
hemostatic imbalance. In the future, these results will be 
benchmarked against clinically relevant assays such as ROTEM 
in order to provide better insights into how the ClotChip can be 
deployed for guiding TIC-mitigation strategies at the POI. 



REFERENCES 
[1] E. G. Krug, G. K. Sharma, and R. Lozano, “The global burden of 

injuries,” Am. J. Public Health, vol. 90, no. 4, pp. 523-526, 2000. 
[2] M. J. Cohen, et al., “Clinical and mechanistic drivers of acute traumatic 

coagulopathy,” J. Trauma Acute Care Surg., vol. 75, pp. S40-S47, 2013. 
[3]  D. Frith, et al., “Definition and drivers of acute traumatic coagulopathy:  

clinical and experimental investigations,” J. Thromb. Haemost., vol. 8, pp. 
1919-1925, 2010. 

[4] D. Bolliger, M. D. Seeberger, and K. A. Tanaka, “Principles and practice 
of thromboelastography in clinical coagulation management and 
transfusion practice,” Transfus. Med. Rev., vol. 26, no. 1, pp. 1-13, Jan. 
2012. 

[5] Y. Hayashi, et al., “Dielectric inspection of erythrocyte morphology,” 
Phys. Med. Biol., vol. 53, no. 10, pp. 2553-2564, 2008. 

[6] M. A. Suster, N. H. Vitale, D. Maji, and P. Mohseni, “A circuit model of 
human whole blood in a microfluidic dielectric sensor,” IEEE Trans. Circ. 
Syst. – Part II: Exp. Briefs, vol. 63, no. 12, pp. 1156-1160, Dec. 2016. 

[7] D. Maji, et al., “ClotChip: A microfluidic dielectric sensor for point-of-
care assessment of hemostasis,” IEEE Trans. Biomed. Circ. Syst., vol. 11, 
no. 6, pp. 1459-1469, Dec. 2017. 

[8] D. Maji, et al., “Assessment of whole blood coagulation with a 
microfluidic dielectric sensor,” J. Thromb. Haemost., vol. 16, pp. 2050-
2056, Oct. 2018. 

[9] V. Tutwiler, et al., “Shape changes of erythrocytes during blood clot 
contraction and the structure of polyhedrocytes,” Scientific Reports, vol. 8, 
no. 1, 17907, Dec. 2018. 

[10] D. Maji, U. D. S. Sekhon, A. Sen Gupta, M. A. Suster, and P. Mohseni, 
“Toward point-of-care assessment of platelet count-induced changes in 
whole blood coagulation with a dielectric microsensor,” in Proc. IEEE 
Biomedical Circuits and Systems Conf. (BioCAS), pp. 427-430, Oct. 2018. 

[11] D. B. Cines, et al., “Clot contraction: compression of erythrocytes into 
tightly packed polyhedra and redistribution of platelets and fibrin,” Blood, 
vol. 123, pp. 1596-1603, 2014. 


