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Abstract

This paper describes the design, fabrication, and testing of a microfluidic sensor for dielectric 

spectroscopy (DS) of human whole blood during coagulation. The sensor, termed ClotChip, 

employs a three-dimensional (3D), parallel-plate, capacitive sensing structure with a floating 
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electrode integrated into a microfluidic channel. Interfaced with an impedance analyzer, the 

ClotChip measures the complex relative dielectric permittivity, εr, of human whole blood in a 

frequency range of 40Hz to 100MHz. The temporal variation in the real part of the blood dielectric 

permittivity at 1MHz features a time to reach a permittivity peak, Tpeak, as well as a maximum 

change in permittivity after the peak, Δεr,max, as two distinct parameters of ClotChip readout. The 

ClotChip performance was benchmarked against rotational thromboelastometry (ROTEM) to 

evaluate the clinical utility of its readout parameters in capturing the clotting dynamics arising 

from coagulation factors and platelet activity. Tpeak exhibited a very strong positive correlation (r = 

0.99, p < 0.0001) with the ROTEM clotting time (CT) parameter, whereas Δεr,max exhibited a 

strong positive correlation (r = 0.85, p < 0.001) with the ROTEM maximum clot firmness (MCF) 

parameter. This work demonstrates the ClotChip potential as a point-of-care (POC) platform to 

assess the complete hemostatic process using <10μL of human whole blood.
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Blood coagulation; capacitive sensor; dielectric coagulometry; dielectric spectroscopy; 
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I. Introduction

Timely characterization of the coagulation system and platelet function is a critical 

component of caring for patients who are severely injured (and hemorrhaging), undergoing 

surgery, or receiving antiplatelet/anticoagulant therapies. In these scenarios, physicians must 

make time-critical decisions on therapeutic management and transfusion practices, or to 

maintain safe anticoagulant levels [1]. Currently available conventional coagulation tests 

include the activated partial thromboplastin time (aPTT), prothrombin time (PT), and 

international normalized ratio (INR). These in-hospital tests are performed on blood plasma 

and require a central laboratory with trained personnel. However, access to specialized 

coagulation testing in a central laboratory is often limited in community hospitals as well as 

at point-of-injury in remote battlefield or civilian conditions, and the long delay associated 

with such tests means that results are obtained at time points much later than the onset of 

hemostatic imbalance.

On the other hand, several handheld, point-of-care (POC) coagulation devices are currently 

commercially available [2]. However, POC INR devices exhibit variable performance and 

are primarily limited to monitoring patients on warfarin anticoagulant therapy, while other 

devices have low thromboplastin and partial thromboplastin reagent sensitivity (e.g., i-

STAT), resulting in only a crude snapshot of the coagulation process. Furthermore, no 

existing handheld, portable device can provide concurrent information on platelet function. 

Thromboelastography (TEG) and rotational thromboelastometry (ROTEM) are two 

viscoelastic whole blood assays that allow for the analysis of several aspects of clot 

formation and strength, representing a global measure of hemostasis. In fact, TEG and 

ROTEM can be used at the patient bedside, and are increasingly being utilized in the 

diagnosis and treatment of patients at high risk of bleeding, such as those undergoing cardiac 

surgery or suffering from trauma [3]–[6]. However, TEG and ROTEM are not easily 
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miniaturized due to the presence of moving parts and require highly trained technical 

personnel. Additionally, their results are operator-dependent and prone to processing/

sampling errors, and the mechanical force introduced by these assays can interfere with the 

natural coagulation process.

Recently, several microfabricated sensors have been developed for POC blood coagulation 

monitoring. Blood viscosity during coagulation can be measured by monitoring a frequency 

shift when the blood sample is in direct contact with a microfabricated resonant structure 

such as a magnetoelastic transducer [7], piezoelectric quartz crystal [8], thin-film bulk 

acoustic resonator [9], or microfabricated cantilever beam [10], [11]. In other devices, blood 

viscosity as well as platelet retraction forces are measured by using optical methods to 

monitor the deflection of microfabricated pillars in contact with blood during the 

coagulation process [12], [13]. Nonetheless, the force applied when blood is in direct contact 

with a mechanical transducer can potentially interfere with the natural coagulation process. 

Non-contact methods have also been developed; however, they require the use of discrete 

ultrasonic transducers [14] or laser illumination and optical microscopy [15], and require a 

blood sample volume of 100μL to 1mL.

In contrast, dielectric spectroscopy (DS) is a fully electrical, label-free, and nondestructive 

measurement technique that can enable a simple and easy-to-use POC device for extracting 

information on the physiologic properties of blood in real time. DS is the quantitative 

measurement of the complex relative dielectric permittivity, εr, of a material-under-test 

(MUT) versus frequency, and is a well-established method to study the molecular and 

cellular composition of a variety of biomaterials [16], [17]. The main DS response of blood 

in the MHz-frequency range is characterized as a dispersion region that arises from the 

interfacial polarization of cellular components [18], [19]. In fact, DS in the MHz-range has 

been previously used to determine the properties of blood cellular components [20], [21] 

and, in particular, is shown to be sensitive to red blood cell (RBC) aggregation and 

deformation [22]–[24], two critical processes involved in blood coagulation [25]. DS to 

assess the blood coagulation process is termed dielectric coagulometry, and while early 

work on dielectric coagulometry revealed sensitivity to both clotting time and platelet 

activity [26]–[28], this technique has been restricted to studies using laboratory-based 

benchtop measurement equipment and >100μL-volume samples [29]-[31].

In this paper, we present a novel microsensor, termed ClotChip, to perform dielectric 

coagulometry measurements in a low-cost and disposable microfluidic channel using <10μL 

of whole blood. We have expanded our previous work [32], [33] by performing controlled 

experiments with healthy human whole blood samples that are modified in vitro with various 

activators and inhibitors of the coagulation process. We then examine the ClotChip readout, 

defined as the normalized real part of the blood permittivity at 1MHz, and evaluate two 

distinct parameters of the ClotChip readout that are sensitive to two different aspects of the 

coagulation process. Specifically, the time to reach a peak in permittivity is shown to be 

sensitive to coagulation time (i.e., time for a fibrin clot to form), and the maximum change 

in permittivity after the peak is shown to be sensitive to platelet activity. This is 

accomplished by demonstrating a strong positive correlation between the ClotChip readout 

parameters and clinically relevant diagnostic parameters of ROTEM.
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A dielectric microsensor that can extract distinct information pertaining to abnormalities of 

the coagulation process, arising from coagulation factors or platelet activity, from a single 

drop of whole blood paves the way for developing a handheld instrument, as conceptually 

illustrated in Fig. 1, to rapidly provide a comprehensive diagnostic profile of hemostatic 

defects at the POC.

The paper is organized as follows. Section II describes the analysis, design, and fabrication 

of the ClotChip sensor along with the experimental methods. Section III presents our results 

from controlled experiments with healthy human whole blood samples, showcasing the 

ClotChip utility in assessing the blood coagulation time and platelet activity. Finally, Section 

IV draws some conclusions from this work.

II. Sensor Design and Methods

A. ClotChip Design and Analysis

A novel, microfluidic, dielectric sensor with a parallel-plate capacitive sensing structure has 

been developed, as illustrated in Fig. 2A. A microfluidic channel separates a pair of planar 

sensing electrodes from a floating electrode to form two three-dimensional (3D) capacitive 

sensing areas that are connected in series through the floating electrode. As the MUT passes 

through this capacitive sensing area, the sensor impedance changes based on the dielectric 

permittivity of the MUT. At the measurement frequency, ω, the complex impedance, ZS, of 

the capacitive sensing area can be expressed as [34]:

ZS = 1
jωC0(εr′ − jεr") , (1)

where C0 is the nominal, series-connected, air-gap capacitance of the parallel-plate 

capacitive sensing area. εr′ and εr" are the real and imaginary parts, respectively, of εr of the 

MUT and can be calculated from the measurements of ZS using:

εr′ =
imag(ZS

−1)
ωC0

, (2)

and

εr" =
real(ZS

−1)
ωC0

. (3)

The permittivity of human whole blood in a microfluidic dielectric sensor exhibits several 

distinct frequency-dependent regions. For frequencies below a few hundreds of kHz, εr′ is 

dominated by the impedance of the capacitive double-layer (CDL) that forms at the 

electrode-solution interface and is primarily due to the blood ionic content. The CDL is also 
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known to be influenced by other factors, including the electrode geometry and material, 

surface roughness, and temperature, which are unrelated to the biological properties of 

blood, and might exhibit a time-dependent drift. Therefore, measurements within a CDL-

dominated frequency range may be affected by factors not related to the blood coagulation 

process. On the other hand, εr′ exhibits a characteristic dispersion region from a few 

hundreds of kHz to a few tens of MHz that arises from the interfacial polarization between 

the suspended RBCs and the surrounding conducting medium (plasma). Measurements of εr′

within this range are sensitive to the RBC shape and aggregation. Moreover, measurements 

of εr′ at 100MHz and above are close to the permittivity of water and are thus insensitive to 

the effects of RBC interfacial polarization. Finally, εr" is dominated by a combination of the 

CDL effect and the bulk solution conductivity of blood over the entire frequency range. A 

detailed analysis of εr for human whole blood in a microfluidic dielectric sensor and a 

corresponding circuit model is previously reported in [34]. In this work, we aim to capture 

the blood coagulation dynamics, including aggregation of RBCs in a fibrin clot and their 

subsequent shape change as a result of contractile forces from activated platelets. Hence, 

measurements of ZS are performed over the frequency range of 40Hz to 100MHz to capture 

the complete frequency-dependent characteristics of εr′, including the dispersion region 

attributed to the RBC interfacial polarization. The time course of variation in εr′ can then be 

analyzed for blood coagulation monitoring.

B. ClotChip Fabrication and Assembly

Dielectric coagulometry measurements with human whole blood were first performed using 

a first-generation (Gen-1) ClotChip that was based on a commercially available printed-

circuit board (PCB) for the substrate and sensing electrodes, as previously reported in [32], 

[34]. To minimize the potential for artificial contact activation of the coagulation process, we 

subsequently manufactured a second-generation (Gen-2) ClotChip that was based on a 

biocompatible, chemically inert, polymethyl methacrylate (PMMA) plastic substrate and cap 

[33]. The Gen-2 sensor fabrication and assembly process, as shown in Fig. 2B, was based on 

a low-cost (< $1 material cost per chip) batch-fabrication method of screen-printing gold 

electrodes onto PMMA plastic material. Screen-printing is a low-temperature fabrication 

method suitable for biocompatible plastic materials that does not require a cleanroom or 

advanced microfabrication facilities. A 1.5mm-thick PMMA substrate was first cleaned 

using diluted ethyl alcohol. Gold sensing electrodes (3.5mm × 1.3mm with spacing of 

0.5mm) and a floating electrode (4mm × 1.5mm) were screen-printed onto the PMMA 

material using gold ink (E4464, Ercon Inc, Wareham, MA) and then cured in an oven at 

110°C for 15 minutes. The PMMA material was then laser micromachined (Versa Laser, 

Scottsdale, AZ) to form the substrate and microfluidic cap. A microfluidic channel with 

dimensions of 12mm × 3mm was formed by laser micromachining of a double-sided-

adhesive (DSA) film and attaching the PMMA cap to the PMMA substrate using the DSA 

film. The DSA film had a thickness of 250μm that defined the microfluidic channel height. 

The Gen-2 ClotChip had a total sample volume of 9μL, which is less than the volume of 

blood obtained by a finger stick. For all tests, a micropipette was used to inject a sample into 

the microfluidic channel of the ClotChip through inlet/outlet holes in the PMMA cap. Fig. 
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2C shows a picture of the fabricated sensor prototype loaded with human whole blood as the 

MUT. As seen in Fig. 2D, measurements with an impedance analyzer (Agilent 4294A, Santa 

Clara, CA) were performed using 1m-long 4-terminal extension cables and a custom PCB 

test fixture that included spring-loaded contact pins to provide a plug-and-play-type 

connection between the sensor contact pads and measurement equipment. All sensor 

measurements were corrected for parasitic impedances contributed by the cables and the test 

fixture via calibration with standard impedances applied to the contact pins.

C. ClotChip Calibration

The ClotChip was calibrated using five reference materials: 20% isopropyl alcohol (IPA) in 

de-ionized (DI) water, 5% IPA in DI water, 2.5% IPA in DI water, 20% ethanol in DI water, 

and 10% ethanol in DI water. A commercial dielectric probe kit (Agilent 85070E, Santa 

Clara, CA) was first used to obtain a reference permittivity for each material. Next, the ZS 

parameter of the sensor loaded with each reference material was measured using the 

impedance analyzer. A linear least-squares fit between εr′ of the reference materials and ZS 

parameter of the sensor loaded with the reference materials was performed based on (2) to 

find C0. The calibration procedure was performed for five frequencies in 14–100MHz, and 

C0 was found to be frequency-independent with a value of 25fF ± 0.07fF for Gen-1 

ClotChip and 42.8fF ± 0.86fF for Gen-2 ClotChip. After this one-time calibration was 

complete, additional sensors were tested without any further calibration, and εr′ of the blood 

sample in the microfluidic channel was obtained from the sensor impedance measurements 

using (2).

D. Testing with Human Whole Blood Samples

De-identified, healthy, human whole blood samples were obtained from Research Blood 

Components, LLC (Brighton, MA) and the Hematopoietic Biorepository and Cellular 

Therapy Core at Case Western Reserve University under an institutional review board (IRB)-

approved protocol. Following the guidelines of the Clinical and Laboratory Standards 

Institute for blood coagulation testing [35], all blood samples were collected in standard 

vacutainer tubes containing 3.2% sodium citrate anticoagulant. In some tests, the samples 

were treated in vitro to modulate the coagulation time or platelet activity, as described 

further in Section III.

E. Assessment of Blood Coagulation Using ClotChip

A heating chamber (Thermotron, Holland, MI) was used to keep the experimental setup at 

37°C. After pipetting 25.6μL of 250mM CaCl2 in 300μL of citrated blood sample, 9μL of 

the mixture was immediately injected into the microfluidic channel of the ClotChip. Excess 

blood at the inlet/outlet ports was wiped, and the ports were sealed using an adhesive tape to 

prevent dehydration of the sample. The impedance analyzer was used to measure the ZS 

parameter of the sensor over a frequency range of 40Hz to 100MHz. These measurements 

were performed every 30 seconds over 30 minutes.
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F. Assessment of Blood Coagulation Using ROTEM

To determine the correlative power of ClotChip to an existing, clinically relevant, whole 

blood assay of global hemostasis, we carried out studies with the ClotChip and subjected the 

sample to concurrent ROTEM measurements. In ROTEM measurements, a pin is suspended 

into a whole blood sample by a torsion wire. The pin rotates within a stationary cup 

containing the blood sample, and the deflection of the pin is optically measured to determine 

the viscoelastic properties of blood as it clots [36]. The ROTEM readout is defined as the 

deflection of the pin (in mm) and can be used to obtain important information on all stages 

of the coagulation process. The ROTEM clotting time (CT) parameter is the time from the 

start of the measurement to the initial detection of clot formation as determined when the 

ROTEM readout reaches an amplitude of 2mm. The ROTEM maximum clot firmness 

(MCF) parameter is the maximum amplitude of the ROTEM readout, which is a measure of 

clot stability that is influenced by platelet activity. We therefore chose to compare the 

ClotChip readout to the ROTEM CT and MCF parameters that provide distinct information 

on coagulation time and platelet activity, respectively. The ROTEM measurements were 

performed on a quad-channel computerized device (ROTEM Delta TEM International, 

Munich, Germany). Citrated whole blood samples were warmed to 37°C and then 300μL of 

each sample was placed in a disposable cuvette using an electronic pipette. Blood samples 

were re-calcified with 20μL of 0.2M CaCl2 prior to the start of the measurement. All 

pipetting and mixing steps were performed in a standardized way by following an automated 

electronic pipette program. Each ROTEM measurement lasted 60 minutes and was 

performed within 2 hours of the time of blood collection, as recommended in [37]. Hence, 

only two tests were conducted on a given blood sample for all ROTEM measurements.

G. Statistical Analysis

The data obtained in this study are reported as mean ± standard deviation unless stated 

otherwise. The data were analyzed using analysis of variance (ANOVA) with Tukey’s post 

hoc test for multiple comparisons, with the statistical significance threshold set at 95% 

confidence level for all tests (p < 0.05). Statistical analyses were performed with Minitab 17 

(Minitab, State College, PA) and GraphPad Prism (GraphPad Software, La Jolla, CA) 

software suites. Pearson’s correlation was used to obtain correlative statistics between the 

ClotChip readout parameters and ROTEM parameters.

III. Measurement Results and Discussion

A. Variation in εr′ of Human Whole Blood versus Time and Frequency during Coagulation

The surface plot in Fig. 3A shows the variation in εr′ over time and frequency for human 

whole blood (supplemented with sodium citrate as anticoagulant) upon addition of CaCl2 to 

initiate coagulation. The readouts were obtained by the Gen-1 ClotChip and normalized to 

the permittivity values at the start of the experiment (i.e., t = 0). An increase in the 

normalized permittivity was observed in the dispersion region (~ 500kHz to 50MHz), with 

the maximum rise occurring around 1MHz followed by a fall in permittivity values. The 

frequency point at which the normalized permittivity exhibited the highest value was 
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obtained for all the CaCl2-treated blood samples, and is referred to as the peak frequency 

herein.

A histogram of all the peak frequency values is plotted in Fig. 3B, demonstrating that the 

majority of the blood samples exhibited a peak frequency around 1MHz. Subsequently, the 

frequency point of 1MHz was selected to capture the temporal variation in normalized 

permittivity of a given blood sample in order to provide an estimate of its coagulation time. 

Fig. 3C depicts a 2D slice of the surface plot, showing the temporal variation in normalized 

permittivity at 1MHz, whereas Fig. 3D depicts another slice of the surface plot, showing 

variation in normalized permittivity versus frequency at t = 5 minutes.

Fig. 4 shows the temporal variation in εr′ at 1MHz for another CaCl2-treated human whole 

blood sample undergoing coagulation in the ClotChip. Similar to Fig. 3C, the plot (blue 

diamond) revealed a permittivity peak at around t = 4.5 minutes, referred to as Tpeak herein, 

which was taken to be indicative of the coagulation time. The coagulation time was also 

independently assessed visually by periodically dipping a micropipette tip every two minutes 

in a polypropylene tube containing the same blood sample, and was observed to be around 6 

minutes [32]. The same blood sample was also tested in the ClotChip without re-

calcification, as a control measurement in which blood coagulation did not occur. The 

second plot (black square) in Fig. 4 shows the temporal variation in εr′ for the anticoagulated 

blood sample without CaCl2 treatment (i.e., control). No permittivity peak was observed in 

the control blood sample. Furthermore, visual observation of the sample also revealed no 

clot formation even after an hour of monitoring. Collectively, these results showed that the 

ClotChip Tpeak parameter was a plausible surrogate for the coagulation time.

B. Variation in Coagulation Time with Temperature

Earlier studies have shown that temperature variation causes a change in the blood 

coagulation time [38]. In this study, the ambient temperature was changed and its effect on 

the coagulation time of a CaCl2-treated whole blood sample (supplemented with sodium 

citrate as anticoagulant) was investigated. Following temperature equilibration and addition 

of 250mM CaCl2, the blood sample was injected into the ClotChip, and the temporal 

variation in its εr′ was recorded for 30 minutes at four different temperatures of 25°C, 31°C, 

37°C, and 43°C, as shown in Fig. 5A. The experiments were repeated using the same blood 

sample in a polypropylene tube kept at the same temperature for visual observation of the 

coagulation time. Fig. 5B shows the mean coagulation times of human whole blood at each 

temperature obtained with the ClotChip as well as with visual observation of the sample. 

The Tukey’s HSD test was performed, which indicated a statistically significant change in 

coagulation time versus temperature for both the ClotChip and visual observation-based 

procedure. Interestingly, the test also indicated that the ClotChip was capable of detecting a 

statistically significant change in the coagulation time between 31°C and 43°C, which was 

not detectable by visual observation alone. Fig. 5C shows a plot of the ClotChip readout of 

the coagulation time (i.e., Tpeak) versus temperature, illustrating a power relationship 

between the two parameters. Such a relationship has also been previously shown using 

standard laboratory assays (PT) to measure the effect of temperature on the plasma 
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coagulation time [39]. Furthermore, these findings were also in agreement with previous 

reports, which stated that decreasing the temperature results in reduction of enzyme activity 

and platelet function as well as dysregulation of clotting factors, thereby prolonging the 

blood coagulation time [40]. The absence of statistically significant change in the 

coagulation time between 31°C and 37°C in Fig. 5B was also in agreement with previous 

reports, which stated that both platelet function and enzyme activity are only slightly 

reduced in the mild hypothermic range (~ 33°C to 37°C) and vary significantly only when 

the temperature is much lower than that [41]-[43].

C. Variation in Coagulation Time with CaCl2 Concentration

Earlier studies have also reported that the presence of free Ca2+ ions is necessary for the 

blood coagulation process to initiate [44]. As stated previously, to prevent immediate 

commencement of this process, whole blood was collected in tubes coated with 3.2% 

sodium citrate anticoagulant, where the citrate acted as a chelating agent by binding with the 

calcium present in the blood (ratio of blood to anticoagulant = 9:1). To mimic blood 

coagulation in vitro, CaCl2 was then added to the citrated blood so that there would be an 

excess of Ca2+ ions to initiate blood coagulation [45]. The effect of varying the CaCl2 

concentration on the coagulation time was further investigated in this study.

Following temperature equilibration at 37°C, the citrated blood sample was treated with 

CaCl2 solution at 30mM, 40mM, 50mM, and 250mM concentrations, and the temporal 

variation in εr′ was subsequently recorded for 30 minutes by the ClotChip. The experiments 

were repeated using the same blood sample in a polypropylene tube and at the same CaCl2 

concentration for visual observation of the coagulation time. Fig. 6A shows the mean 

coagulation times of human whole blood at each CaCl2 concentration obtained with the 

ClotChip as well as with visual observation of the sample. Similar to the temperature 

studies, the Tukey’s HSD test indicated a statistically significant change in coagulation time 

versus CaCl2 concentration for both the ClotChip and visual observation-based procedure. In 

fact, these measurements revealed that the ClotChip was capable of detecting a statistically 

significant change in the coagulation time between CaCl2 concentrations of 30mM and 

40mM, in contrast to visual observation alone. Fig. 6B depicts a plot of the ClotChip readout 

of the coagulation time (i.e., Tpeak) versus CaCl2 concentration, illustrating a power 

relationship between the two parameters. Such a relationship has been previously reported 

between the coagulation time of citrated human plasma and concentration of free Ca2+ ions 

added to plasma [46]. With lower CaCl2 concentrations of 10mM and 20mM, no coagulation 

was observed even after 30 minutes of visual observation. At such low concentrations of 

CaCl2, a relatively small number of free Ca2+ ions were added into the citrated whole blood 

sample, and hence the coagulation was very weak and not observable. As the CaCl2 

concentration was increased beyond 30mM, the coagulation time rapidly decreased until it 

reached a value of around 5 minutes at a concentration of 50mM. Increasing the CaCl2 

concentration beyond this point had little effect on the coagulation time.
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D. ClotChip Response to Coagulation Defects via Thrombin Inhibition and Comparison to 
ROTEM CT Parameter

Human whole blood samples from three healthy volunteers were subjected to in vitro 
treatment for modulating the ClotChip Tpeak and ROTEM CT parameters. Argatroban is a 

direct thrombin inhibitor that can function as an antithrombotic agent even in the absence of 

any other cofactors. Its selective inhibitory mechanism enables Argatroban to block both 

circulating and clot-bound thrombin, thereby increasing the coagulation time [47]. On the 

other hand, thrombin is a strong pro-coagulant agent that accelerates clot formation. 

Thrombin has multiple functions in the blood coagulation process, including activation of 

platelets through their thrombin receptors, enhancing the conversion of fibrinogen into 

fibrin, and activation of factors V, VIII, XI, and XIII [48], [49]. Each blood sample was 

therefore tested as untreated, treated with Argatroban (Sellcheck, Houston, TX) with a final 

Argatroban concentration of 5μM or 10μM, or treated with human gamma thrombin 

(Enzyme Research Laboratories, South Bend, IN) with a final thrombin concentration of 

150pM or 300pM. Blood samples treated with Argatroban were incubated for an additional 

15 minutes at 37°C before adding CaCl2, whereas no such additional incubation time was 

used with the thrombin-treated samples.

The Gen-2 ClotChip was utilized for these studies in which the Tpeak parameter of the 

ClotChip readout was compared against the ROTEM CT parameter. Fig. 7A shows the 

temporal variation in εr′ at 1MHz for an untreated, anti-thrombin-treated (final Argatroban 

concentration of 10μM), and thrombin-treated (final thrombin concentration of 150pM) 

human whole blood sample from one of the healthy volunteers. As compared to the 

untreated sample, for which the ClotChip Tpeak parameter was found to be 330s ± 30s, the 

ClotChip readout exhibited a prolonged Tpeak of 1,440s ± 120s for the anti-thrombin-treated 

sample. On the other hand, Tpeak was shortened to 45s ± 15s for the thrombin-treated 

sample.

Fig. 7B shows the corresponding ROTEM readouts for the same three blood samples in Fig. 

7A that are overlaid on top of each other. The ROTEM CT parameter for the untreated 

sample was recorded as 346s ± 22s. Similar to the ClotChip results, the ROTEM recorded 

the longest CT (1,328s ± 163s) for the anti-thrombin-treated sample and the shortest CT (75s 

± 5s) for the thrombin-treated sample.

Next, results from all nine untreated, anti-thrombin-treated, and thrombin-treated whole 

blood samples were used to assess the correlative power of the ClotChip Tpeak parameter to 

the ROTEM CT parameter. As shown in Fig. 7C, Tpeak exhibited a very strong positive 

correlation (r = 0.99, p < 0.0001) to the ROTEM CT parameter. The latter is a clinically 

important indicator of a patient’s coagulation status and is prolonged in patients with 

clotting factor deficiencies or on anticoagulant therapy. Hence, the strong correlation 

between Tpeak and CT parameters shows the ClotChip potential to provide clinically 

important information on a patient’s coagulation status.
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E. ClotChip Response to Platelet Activity Inhibition and Comparison to ROTEM MCF 
Parameter

To investigate the effect of platelet activity inhibition on the ClotChip measurements, human 

whole blood samples from four healthy volunteers were subjected to in vitro treatment with 

cytochalasin D (CyD) with various final concentrations in the range of 0μM (i.e., untreated) 

to 10μM. CyD is a potent inhibitor of actin polymerization and hence inhibits platelet 

activation and hemostatic function [50], [51]. Blood samples from three volunteers were 

treated with three different CyD concentrations, whereas the sample from the remaining 

volunteer was treated with four different CyD concentrations, resulting in a total of 13 blood 

samples. All samples were re-calcified with CaCl2 prior to measurements with the Gen-2 

ClotChip and ROTEM.

Fig. 8A shows the temporal variation in εr′ at 1MHz for three samples with final CyD 

concentrations of 0μM, 2.5μM, and 10μM. As can be seen, for increased concentrations of 

CyD (i.e., an increased effect of platelet activity inhibition), the ClotChip readout exhibited a 

decreased Δεr,max parameter, which was defined as one minus the ratio of final permittivity 

(i.e., permittivity at 30 minutes) and peak permittivity (i.e., permittivity at Tpeak). This 

showed that the ClotChip Δεr,max parameter was sensitive at measuring platelet function.

Fig. 8B shows the corresponding ROTEM readouts for the same three blood samples in Fig. 

8A that are overlaid on top of each other. The addition of CyD significantly reduced the 

ROTEM MCF parameter, with blood samples with higher CyD concentrations recording 

lower MCF values. Finally, all thirteen whole blood samples were used to assess the 

correlative power of the ClotChip Δεr,max parameter to the ROTEM MCF parameter. As 

shown in Fig. 8C, Δεr,max exhibited a strong positive correlation (r = 0.85, p < 0.001) to the 

ROTEM MCF parameter.

The results of all these experiments establish that the ClotChip readout is sensitive to 

multiple components of the hemostatic process and can provide a discriminatory readout of 

coagulation time and platelet activity through two independent readout parameters. 

Furthermore, strong positive correlation of the ClotChip readout parameters to those of 

ROTEM demonstrates that monitoring the time course of variation in blood dielectric 

permittivity at 1MHz during the coagulation process has the potential to provide clinically 

important information on the complete hemostatic process from a single drop of whole 

blood on a single disposable sensor. Unlike ROTEM, the ClotChip does not require sensitive 

mechanical components to interact with the blood sample. Leveraging the fully electrical 

technique of DS, the ClotChip can ultimately be developed into a small-sized, handheld 

platform for POC assessment of hemostasis.

IV. Conclusion

This paper reported on the design, fabrication, and testing of a low-cost, microfluidic, 

capacitive sensor, termed ClotChip, for the analysis of blood coagulation process. The 

sensor was shown to measure the real part of the complex relative dielectric permittivity of 

human whole blood in a frequency range of 40Hz to 100MHz, and to provide a readout of 

the blood coagulation process from the temporal variation in dielectric permittivity at 1MHz 
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using <10μL of blood sample volume. Two independent parameters of the ClotChip readout, 

Tpeak and Δεr,max, were shown to provide distinct information related to the coagulation time 

and platelet activity, respectively. Further evaluation of the ClotChip readout and its 

comparison to the clinically important ROTEM assay revealed a very strong positive 

correlation (r = 0.99, p < 0.0001) between the ClotChip Tpeak and the ROTEM CT 

parameters, and a strong positive correlation (r = 0.85, p < 0.001) between the ClotChip 

Δεr,max and the ROTEM MCF parameters. The ClotChip holds potential to be a truly low-

cost, small-sized, disposable microfluidic sensor that enables rapid and comprehensive 

diagnosis of blood coagulation and platelet defects at the POC. Our future work will focus 

on the clinical evaluation of the ClotChip with blood samples from patients with coagulation 

and platelet defects, as well as patients on antiplatelet/anticoagulant therapies.
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Fig. 1. 
Conceptual illustration of a POC dielectric coagulometer utilizing the proposed ClotChip 

microfluidic sensor.
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Fig. 2. 
Illustration of the ClotChip design and fabrication steps along with the experimental setup. 

A) Cross-sectional and top views of the ClotChip. B) ClotChip fabrication and assembly 

procedure. C) Photograph of the fabricated ClotChip loaded with human whole blood as the 

MUT. D) Photograph of the testing setup.
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Fig. 3. 
Variation in εr′ of blood during coagulation. A) Surface plot of the variation in εr′ of human 

whole blood versus time and frequency. B) Histogram plot of the peak frequency for all 

tested blood samples. C) 2D slice of the surface plot showing variation in εr′ versus time at 

1MHz. D) 2D slice of the surface plot showing variation in εr′ versus frequency at 5 minutes.

Maji et al. Page 17

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Time course of variation in εr′ at 1MHz for human whole blood without (black square) and 

with (blue diamond) coagulation initiated by the addition of CaCl2 to a citrated 

(anticoagulated) blood sample [32].
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Fig. 5. 
Variation in coagulation time induced by a change in temperature. A) Time course of 

variation in εr′ at 1MHz for CaCl2-treated human whole blood at various temperatures. B) 

Bar graph comparing the ClotChip readout parameter Tpeak versus visual observation-based 

readings of the coagulation time for various temperatures. Horizontal lines indicate 

statistically significant difference in coagulation time at different temperatures (p < 0.05). C) 

Fitted curve to the ClotChip readout parameter Tpeak showing a power relationship between 

the coagulation time and temperature (R2 = 0.8876). Error bars represent the standard 

deviation of measurements run in triplicate for each temperature.
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Fig. 6. 
Variation in coagulation time induced by changes in CaCl2 concentration. A) Bar graph 

comparing the ClotChip readout parameter Tpeak versus visual observation-based readings of 

the coagulation time for various CaCl2 concentrations. Horizontal lines indicate statistically 

significant difference in coagulation time at different concentrations (p < 0.05). B) Fitted 

curve to the ClotChip readout parameter Tpeak showing a power relationship between the 

coagulation time and CaCl2 concentration (R2 = 0.8344). Error bars represent the standard 

deviation of measurements run in triplicate for each CaCl2 concentration.
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Fig. 7. 
Comparison of ClotChip Tpeak and ROTEM CT parameters. A) Time course of variation in 

εr′ at 1MHz for an untreated whole blood sample and for the same sample treated with anti-

thrombin as well as thrombin. B) ROTEM profiles obtained for the three blood samples used 

in Fig. 7A. The arrow shows the clotting time (CT) of the anti-thrombin-treated blood 

sample, defined as the time taken for the ROTEM profile to reach an amplitude of 2mm. C) 

A very strong positive correlation (r = 0.99, p < 0.0001, n = 9) was observed between the 

ClotChip Tpeak and ROTEM CT parameters. For all plots, error bars indicate duplicate 

measurements and are presented as mean ± standard error of the mean (SEM).
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Fig. 8. 
Comparison of ClotChip Δεr,max and ROTEM MCF parameters. A) Time course of variation 

in εr′ at 1MHz for an untreated whole blood sample (CyD concentration of 0μM) and for the 

same sample treated with CyD concentrations of 2.5μM and 10μM. B) ROTEM profiles 

obtained for the three blood samples used in Fig. 8A. The arrows show the maximum clot 

firmness (MCF) of the 10μM-CyD-treated blood sample. C) A strong positive correlation (r 

= 0.85, p < 0.001, n = 13) was observed between the ClotChip Δεr,max and ROTEM MCF 

parameters. For all plots, error bars indicate duplicate measurements and are presented as 

mean ± SEM.
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