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Abstract

With an increasing number of patients relying on blood thinners to treat medical conditions, there 

is a rising need for rapid, low-cost, portable testing of blood coagulation time or prothrombin time 

(PT). Current methods for measuring PT require regular visits to an outpatient clinic, which is 

cumbersome and time-consuming, decreasing patient quality of life. In this work, we developed 

handheld point-of-care test (POCT) to measure PT using electrical transduction. Low-cost PT 

sensors were fully printed using an aerosol jet printer and conductive inks of Ag nanoparticles, Ag 

nanowires, and carbon nanotubes. Using benchtop control electronics to test this impedance-based 

biosensor, it was found that the capacitive nature of blood obscures the clotting response at 

frequencies below 10 kHz, leading to an optimized operating frequency of 15 kHz. When printed 

on polyimide, the PT sensor exhibited no variation in the measured clotting time, even when the 

device was flexed to a 35 mm bend radius. In addition, consistent PT measurements for both 

chicken and human blood illustrate the versatility of these printed biosensors under disparate 

operating conditions, where chicken blood clots within 30 minutes and anticoagulated human 

blood clots within 20-100 seconds. Finally, a low-cost, handheld POCT was developed and used to 

measure PT for human blood, yielding 70% lower noise compared to measurement with a 

commercial potentiostat. This POCT has the potential to dramatically improve the quality of life 

for patients on blood thinners and, in the long term, could be incorporated into a fully flexible and 

wearable sensing platform.
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1. Introduction

Heart failure is a major public health problem affecting over 6.4 million individuals in the 

United States alone, with over 550,000 new cases emerging annually (Benjamin et al., 

2018). Despite therapeutic advances, the disease frequently becomes refractory to 

medications and eventually requires long-term mechanical circulatory support with 

ventricular assist devices (VADs), either as a bridge to transplant or destination therapy 

(Braunwald, 2015; Delgado et al., 2009). Nearly two decades of clinical experience have 

shown that VAD support leads to significant improvements in survival, functional status, and 

quality of life (Kirklin et al., 2015). Despite these successes, the persistence of 

complications currently limits long-term outcomes (Kilic et al., 2015). In particular, the 

thrombogenic nature of VAD therapy requires long-term anticoagulation treatment, most 

commonly with the blood thinner warfarin. (Morgan et al., 2012) While this reduces the risk 

of complications that may arise from activation of the coagulation cascade (the most feared 

being pump thrombosis), chronic anticoagulation inevitably risks bleeding events, which are 

the most common complication associated with VADs. Several factors can contribute to a 

change in PT/INR including activity levels, health issues, and medications.(Milligan et al., 

2002) Periodic blood-based testing is therefore required to measure patients’ prothrombin 

time/international normalized ratio (PT/INR) values to ensure that warfarin levels are within 

the therapeutic window, which reflect the clotting tendency of blood and hence the extent of 

anticoagulation. Thus, a monitoring system to ensure adequate coagulation time is a 

medically dire requirement.

Evidence suggests that earlier identification of potential complications leads to better 

outcomes, which is the basis for frequent and scheduled monitoring of PT/INR (Birati and 

Rame, 2015; Blitz, 2014; Kilic et al., 2015; Starling et al., 2013; Stulak et al., 2015). 

Monitoring typically occurs once every 1-4 weeks, requiring clinic visits in the outpatient 

setting to obtain blood via venipuncture for testing in centralized laboratories (Bazaev et al., 

2015), which is burdensome and costly to the patient. Yet, due to warfarin’s narrow 

therapeutic window and the unique hematological changes induced by VADs over time, 

from a management perspective it is possible that patients may benefit from more frequent 

testing intervals (Blitz, 2014; Görlinger et al., 2012; Starling et al., 2013; Stulak et al., 

2015). Recent studies indicate that patient self-testing of PT/INR at home using point-of-

care tests (POCTs) can improve outcomes for VAD patients (Psotka et al., 2016; 

Svetlichnaya et al., 2016, 2016).

While patient self-testing of PT/INR with home devices is not a new concept and likely less 

cumbersome for both patients and the healthcare system, only a small percentage of VAD 

patients perform self-testing due to the high cost associated with the devices and reagent 

cartridges (limiting insurance coverage to once-weekly testing) as well as inconsistences in 

device performance (Potapov et al., 2006; Wittkowsky et al., 2005; Wurster, 2008). For these 

reasons, an alternative device that offers portable, low-cost, facile, and accurate surveillance 

of PT/INR may provide significant benefit in the chronic management of advanced heart 

failure patients on VAD support.
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Numerous techniques have been developed for measuring PT/INR, including optical (Lin et 

al., 2014; Tripathi et al., 2017), viscometric (Northoff et al., 2009; Yao et al., 2018), and 

electrical transduction (Lei et al., 2013; Ramaswamy et al., 2013; Ur, 1977, 1971, 1970). 

While each mechanism has its benefits and drawbacks, the simplicity of both the 

measurement chip and the platform in an electrically transduced sensor enables the 

development of a robust, low-cost coagulometer for in-home or POC use. To this end, a 

potential strategy that lends itself to portability is a very low frequency (VLF) impedance 

measurement, which was initially proposed by Ur et al. (Ur, 1970). Several recent 

publications have significantly improved upon this original concept of an impedimetric 

coagulometer. Examples include incorporating microfluidics to minimize the equipment 

footprint and adding a reference chamber to more readily and reliably visualize the clotting 

time. Yet, these methods are resource- and time-intensive due to their reliance on 

lithography-based microfabrication processes in cleanroom environments, which ultimately 

increase cost and complexity (Lei et al., 2013; Ramaswamy et al., 2013).

Printing electronics has recently gained substantial traction as a promising route for low-cost 

electronic device fabrication that circumvents the need for cleanroom processing (Adib et 

al., 2018; Cinti et al., 2017; Khan et al., 2016; Kumar et al., 2019; Lee, 2018; Scheideler and 

Subramanian, 2019; Shoaie et al., 2017; Song et al., 2018). In addition, nanomaterials can be 

a powerful tool for highly performance sensors (Cuniberto et al., 2020). Of the available 

printing techniques, aerosol jet printing (AJP) has attracted interest due to its ability to print 

on non-planar surfaces, print high aspect-ratio nanomaterial based inks (allowing for the 

printing of conductive traces at low printing temperatures), and print inks with a broad range 

of viscosities (Eckstein, 2016; Goodall et al., 2002; Jordan et al., 1996; Seifert et al., 2015; 

Williams et al., 2019). In brief, AJP functions by aerosolizing ink in an enclosed cartridge 

using ultrasonic transduction. Aerosolized ink is then delivered to the printer nozzle and 

eventually the substrate surface by flowing inert gases. Thus far, AJP has been used 

successfully to fabricate numerous devices, including basic electronic components such as 

transistors (Cao et al., 2017; Cardenas et al., 2019, 2018; Jabari and Toyserkani, 2015; Jones 

et al., 2010), sensors (Andrews et al., 2018; Liu et al., 2012; Parate et al., 2020), and even 

biological materials (Williams et al., 2020).

Here, a fully printed, handheld, impedimetric coagulometer for PT/INR measurement is 

demonstrated. In order to create a robust device, the electrodes are printed onto a flexible 

substrate and tested under strain, yielding consistent clotting times under all tested scenarios 

(glass substrate, polyimide substrate, polyimide substrate bent to a 35 mm bending radius). 

The operating frequency was optimized at 15 kHz, providing a consistent clotting time to 

within 2%. The functionality of the device is demonstrated in whole blood derived from both 

animal and human subjects, lending credence to the ability of this method to function as a 

broad testing platform. Finally, a handheld sensor with low-cost electronics was designed 

and shown to have a measurement accuracy to within a standard deviation of the costly, 

stationary, computer-based testing system. Taken together, these results lay the groundwork 

for fully printed impedimetric coagulometers, which addresses the unmet need for a low-

cost, robust POC device, potentially improving outcomes for VAD patients (and other 

populations on chronic warfarin) by early detection of derangements in PT/INR.
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2. Methods

2.1 Device Fabrication and Design

An impedance-based device, consisting of two parallel electrodes connected to conductive 

pads, was printed onto a glass slide. A schematic representation of the device fabrication 

method is depicted in Figure S1. All substrates were first cleaned by ultrasonicating in 

acetone for 5 minutes, rinsing with deionized (DI) water, and drying using nitrogen. Then 

the substrates were ultrasonicated in isopropyl alcohol (IPA) for 5 minutes, rinsed with DI 

water, and dried with nitrogen.

Silver nanoparticle (AgNP) traces were printed as the conducting electrodes and contact 

pads (Figure 1a). Silver nanoparticle (AgNP) ink was prepared by mixing commercial AgNP 

solution (Ag40×, UT Dots Inc., USA) with terpinol in a 9:1 ratio to optimize the viscosity 

for ease of printing and to achieve small line widths. The ultrasonic atomizer mode of an 

Optomec AJ300 printer was used for printing. 1 mL of the prepared AgNP ink was added to 

the AJ printer and printed using a 150 μm nozzle. The platen temperature was held at 60 °C 

during printing, while a sheath gas flow rate of 25 SCCM, an atomizer gas flow rate of 20 

SCCM, and an ultrasonic atomizer current of 350 mA were used to print the conductive 

traces. A print speed of 8 mm s−1 was used for all AgNP printing. An image taken with a 

scanning electron microscope (SEM) of the printed AgNP electrodes can be seen in Figure 

1b – left. After printing, the AgNP traces were annealed in an oven at 200 °C for 1 hour to 

increase conductivity. A spacing of 150 μm between the two electrodes was selected for ease 

of printing; a labeled schematic of the device can be seen in Figure 1c.

In order to avoid electrical current measurement range limitations of the computer-tied 

measurement system, a resistive bridge was printed using either silver nanowires (AgNWs) 

or unsorted carbon nanotubes (CNTs) (Figure 1b - right). These inks were selected because 

of their relatively high conductivity and ease of fabrication with an AJ printer. Neither the 

AgNWs nor the unsorted CNTs required any post-processing to achieve high conductivities 

(Williams et al., 2019). Both inks were found to behave in an identical manner and thus were 

used interchangeably (Figure S2). High aspect ratio AgNWs (2-6 μm long and 30-50 nm in 

diameter) were synthesized using the polyol method as described elsewhere (Stewart et al., 

2017). 1 mL of ink was added to the ultrasonic atomizer of an Optomec AJ300 and a 200 μm 

nozzle was used. The platen temperature was held at 80°C. During printing, a sheath gas 

flow rate of 40 SCCM, an atomizer gas flow rate of 40 SCCM, and an ultrasonic atomizer 

current of 350 mA were used.

P3 single-walled unsorted CNTs (Carbon Solutions Inc, USA) were suspended in water at a 

concentration of 0.1 mg mL−1. 1 mL of ink was added to the ultrasonic atomizer of an 

Optomec AJ300 using a 150 μm nozzle. The platen temperature was held at 50 °C. During 

printing, a sheath gas flow rate of 25 SCCM, an atomizer gas flow rate of 40 SCCM, and an 

ultrasonic atomizer current of 350 mA were used.

2.2 PT Testing of Chicken Blood

All reagents were stored in a refrigerator at 4 °C before use and removed directly before 

measurement to ensure all reagents were at the same temperature during testing, as previous 
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reports indicate that clotting time is affected by blood temperature (Valeri et al., 1995). A 

PalmSens 3600 analyzer, which has a minimum detection current of 1 mA for impedance 

measurements, was used as a driver and as a measurement unit. A silicone well was placed 

around each device to contain all liquid volumes during testing. 250 μL of K2-

ethylenediaminetetraacetic acid (EDTA) chelated whole chicken blood (Innovative 

Research, USA) was added to a vial, along with 500 μL Dade Innovin Derived Fibrinogen 

(Siemens, USA) human clotting factor, and 3 mM of Ca2+ in the form of an aqueous calcium 

chloride solution. The vial was shaken for 5 seconds to mix thoroughly and 100 μL of 

solution was added to the device well. Then 0.2 ± 0.1 V voltage was applied to the device 

and the impedance response was monitored for 2000 seconds to observe a clotting response.

2.3 PT Testing of Human Blood

All reagents were stored in a refrigerator at 4 °C before use and removed directly before 

measurement. A PalmSens 3600 analyzer was used as driver and measurement unit. A 

silicone well was placed around each device to contain all liquid volumes during testing. 

Before any liquid was added, voltage was applied to the device. 66 μL of Dade Innovin 

Derived Fibrinogen (Siemens, USA) human clotting factor and 3 mM Ca2+ were added to 

the well and allowed to settle for 30 seconds. Afterward, 33 μL of single donor whole human 

blood (Innovative Research, USA) was added to achieve a total volume of 100 μL in the 

well. A voltage of 0.2 ± 0.1 V was applied, and the impedance response was continuously 

monitored for a clotting response for a total of 300 seconds.

2.4 Calculation of Normalized Impedance

Due to the varying initial impedances of each device, normalized impedance is calculated 

and plotted against PT. Plotting normalized impedance standardizes the data allowing for 

comparison between tests. Normalized impedance is calculated using the following 

equation:

Inorm =
It − Imin

Imax − Imin

Where Inorm is the normalized impedance, It is the measured impedance at a given time 

point, Imin is the minimum impedance in the data set, and Imax is the maximum impedance 

in the data set.

2.5 Handheld Device Design and Testing

A plastic housing case was 3D printed using an Ultimaker 3S 3D printer from Polylactic 

Acid (PLA). The electronic components consisted of a TFT FeatherWing 2.4” 320x240 

touchscreen (Adafruit, USA), a Feather M0 Bluefruit LE development board (Adafruit, 

USA), a PSoC 5LP Development Board (Cypress, USA), and a 3.7 Volt LiPo battery, along 

with external resistors and wiring. The majority of the functionality was implemented on the 

PSoC 5LP chip, utilizing programmable routing between on-chip analog components. In 

addition to analog signal processing, digital filters were implemented alongside firmware 

that manages the measurement process. Many implementation details paralleled those of 

similar systems described by our group previously (Noyce et al., 2019).
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3. Results and Discussion

3.1 Device Characterization

It was first discovered in 1971 that the impedance magnitude of blood increases during 

coagulation events, with the peak impedance corresponding to the point at which clotting 

occurs (Ur, 1971). There have been numerous reports on electrical transduction of PT/INR 

since then, and some results have demonstrated less well-defined signal responses indicating 

clotting end points than the original impedance curvature (Lei et al., 2013; Zilberman-

Rudenko et al., 2018). In this work, the original impedance curvature, with a turning point 

defining the clotting end point, was replicated and shown to yield a consistent, reproducible 

response using a fully printed sensor. A representative measurement produced with this 

printed biosensor can be seen in Figure 1d, which shows an impedance curve with a distinct 

impedance maximum corresponding to the clotting time. Before the impedance maximum, 

the blood has a low viscosity and behaves as a liquid (Figure 1e (top)); at the maximal 

impedance, the blood has coagulated to such an extent that it is completely gelatinous 

(Figure 1e (bottom)). The impedance change is caused by the sedimentation of red blood 

cells (RBCs) as the blood shifts from fluidic to gelatinous (Figure 1d (left insert)); the RBCs 

have conductivities 30–40 times lower than that of blood plasma (Ur, 1977). As the 

coagulation pathway progresses, an increasing number of red blood cells deposit onto the 

electrodes, displacing the conductive plasma and increasing the impedance (Figure 1d (right 

insert)). Accordingly, the blood achieves complete coagulation at the moment of maximal 

impedance as the deposition rate of red blood cells decreases to an insignificant rate. As 

soon as the blood achieves complete coagulation, clot retraction dominates and the curvature 

of the graph begins declining again, eventually reaching a nadir at the time of complete clot 

retraction. (Ur, 1971)

It should be noted that the impedance curvature of these devices is the inverse of the original 

Ur et al. tests. (Ur, 1970) This difference is caused by electrode placement. In the original 

test, the electrodes were at either end of a glass tube filled with the coagulating blood. As the 

blood clotted, RBCs deposited at the bottom/walls of the tube, leaving an unperturbed 

pathway of the highly conductive plasma between each electrode. In contrast, the printed 

biosensor design herein consists of electrodes deposited onto a flat substrate with the blood 

placed atop the electrodes. As the blood clots, the RBCs displace the plasma, thus increasing 

the impedance. While the resulting curve is the inverse of that seen in the original 1971 

report, the mechanism remains consistent and the resulting accuracy and reliability remain 

unchanged or potentially improved based on the smaller and more controlled area being 

electrically monitored for coagulation.

This impedimetric transduction mechanism makes the electronic method an ideal choice as 

it is highly sensitive and more reproducible than mechanically based tests due to the lack of 

moving components (Ur, 1977). Impedance-based measurements have also been shown to 

yield results that correlate with the standard clinic detection method (optical absorbance), 

and are more advantageous due to the simplicity and compactness of the measurement 

apparatus (Blair et al., 1987). Optical techniques often suffer from the inability to measure 

coagulation with specific clotting factors, which decreases their universal utility (Yang et al., 
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2013). In addition, the output of impedance measurements can be analyzed by a compact 

electrical circuit making it an ideal method for the development of a POCT, which would be 

a major improvement in the measurement of blood coagulation (Berney and Riordan, 2008; 

Lei et al., 2013).

To realize an electrical POCT, the ability to determine the impedance maximum with 

precision is key. Moreover, given that a normal PT for humans is less than a minute, a sharp 

signal and a defined impedance maximum are also required for accurate measurement. Thus, 

optimization of the device frequency is necessary to develop an impedance-based POCT PT 

device. To determine the optimal frequency for maximizing impedance response during a 

clotting event, a frequency sweep was performed from 50 kHz to 1 kHz once every 60 

seconds over the course of a clotting test with chicken blood (Figure 2a). The 50 kHz 

maximum was set by a commercial potentiostat testing platform, which has a maximum 

operating frequency of 50 kHz. As evidenced by the surface plot, the chicken blood clotting 

time occurred at roughly 1000 seconds during this test and the impedance response is similar 

over the majority of the frequency range, indicating that prothrombin time can be accurately 

measured over a broad frequency range. Cross-sections of the 3D plot provide impedance 

values over the course of the clotting event at 1 kHz, 10 kHz, 25 kHz, and 50 kHz, shown in 

Figure 2b. Ziblerman-Rudenko et al. report high fidelity measurement of clotting time 

utilizing direct current measurement of blood capacitance (i.e., a response at frequencies 

below 10 kHz). (Zilberman-Rudenko et al., 2018) We were unable to replicate these results 

and observed neither a distinct impedance maximum below 10 kHz nor a shift in capacitor 

time constants, and thus observed no signal response to clotting. Whereas, at frequencies at 

or above 10 kHz, a distinct impedance maximum can be observed in consistent fashion all 

the way to 50 kHz.

The 10 kHz minimum frequency limit is attributed to the ionic capacitance of the blood. A 

circuit diagram representing blood on the impedimetric sensor can be found in Figure S3a. 

At frequencies below 10 kHz, the capacitive response of the blood increases in an inverse 

power relation (Figure S3b), which overwhelms the impedance response of the clotting 

event, nullifying the test. While high frequencies were not investigated in this study, 

previous reports have explored the impedance of blood at higher frequencies (Abdalla et al., 

2010). These results found that blood is dispersive, meaning that its dielectric properties 

become frequency dependent. At high enough frequencies (MHz range), the dielectric 

constant of blood decreases precipitously, which would obscure the clotting event due to the 

relatively low impedance from the settling of red blood cells and plasma displacement 

(Schwan, 1983). Thus, the ideal operating window for an impedance-based coagulometer is 

between 10 kHz and 1 MHz. All further testing was performed at 15 kHz.

The repeatability of this fully printed PT biosensor was verified along with the dependence 

of measured PT on the initial impedance of the sensor. As can be seen in Figure S4a, the 

response of the sensors when measured using the commercial potentiostat exhibited a strong 

correlation between initial impedance magnitude and ability to measure clotting time. At 

impedance magnitudes that were too high, the majority of the current was transduced 

through the blood, which does not provide sufficient conductivity to reach an impedance 

value within the detectability range of the commercial potentiostat. As previously 
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mentioned, AgNWs and CNTs were printed as a resistive bridge to increase the baseline 

signal to within the range of measurement. Representative images of the impedance behavior 

of a non-responsive device can be found in Figure S4b. The resistor increases the 

background current of the device, thus eliminating the need to measure ultralow currents that 

are outside of the measurement range of mid-priced sensing platforms, such as the 

PalmSense3, which has a minimum limit of detection for impedance spectroscopy of 1mA.

In printing the resistive bridge, the resistance must be tuned appropriately. While the 

resistance must be lower than 200 Ω across the gap, it must also be high enough to detect a 

clotting signal. This testing revealed that at initial impedance values lower than 50 Ω, only a 

small fraction of the devices functioned. The high background conductivity of the resistive 

bridge occludes the impedance modulation caused by the coagulation effect. Thus, the 

device behaves as a blank and no clotting effect can be measured (Figure S4c).

Multiple tests at various initial impedance values were performed to test the device 

functionality and repeatability within this determined 50–200 Ω window. Figure S4d shows 

impedance spectra from a selection of eight of the tests with various impedance values 

between 50 and 200 Ω. Figure S4e shows all eight of the tests overlaid and normalized, 

demonstrating very similar impedance maximum times. Based on these data, the initial 

impedance value does not affect the time at which the impedance maximum is observed, and 

thus does not interfere with the clotting time measurement. Intuitively, this finding is 

understandable, as the initial impedance value measures the resistive bridge, whereas the 

impedance maximum measures a magnitude change due to the deposition of RBCs. 

Furthermore, the consistency of the biosensors with varying initial impedance values also 

suggests that the morphology difference between printed batches does not make an 

appreciable impact on the PT. In addition, it can be seen in Figure S4e that the curvature of 

the impedance plots both before and after the clot time vary from device to device. We have 

found that this does not affect the measured clot time but a mechanism for these pre-to-post 

PT sensor-to-sensor variations is not yet understood.

3.2 Robust and Flexible Device Testing

In order to make a truly viable POCT PT/INR test, the single-use measurement chip must be 

disposable and thus low-cost and robust (Gubala et al., 2012). Fabricating a robust chip 

decreases the likelihood of damage during both transportation and operation. To fabricate a 

robust POCT PT/INR device, 125 μm thick Kapton polyimide film is an ideal choice due to 

its innate flexibility and history as a robust substrate for flexible, printed electronics (Wong 

and Salleo, 2009). Clotting tests were performed on devices fabricated on a polyimide film 

and compared to results from a glass slide (Figure 2c). The results indicated that Kapton-

based devices in an unstrained state performed consistently, indicating both that the use of a 

polyimide film as a robust substrate has no negative impact of the clotting time nor on the 

ability to measure an impedimetric change and that the measurement of clotting time is 

substrate agnostic. To further test the flexible device, a clotting test of a printed biosensor on 

polyimide under a strained state with a 35 mm bend radius was performed (Figure 2c). This 

resulted in a consistent clotting time to a device fabricated on a glass slide. Furthermore, the 
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results from the bending test demonstrate that a bent device provides identical performance 

to an unstrained device, provided that the bend radius is large enough.

While large bending radii do not cause issues with testing, errors may arise at smaller 

bending radii. Previous reports have explored the impact of bending strain on the electrical 

resistance of printed conductive traces (Ahn et al., 2009; Valentine et al., 2017; Williams et 

al., 2019; Zheng et al., 2013). While there is no observable change to the PT/INR when the 

device is bent to a set radius before the beginning of a test, use cases that involve large 

modifications to the bending radius during testing could add sufficient impedimetric noise, 

due to the resistance change in the printed trace, to obscure the clotting result. This is an area 

that warrants further, more focused study on the impedance-based response noise limits 

under actively changing strain.

An additional potential for error with bending could be blood pooling away from the device 

electrodes. If the device is flexed to a small enough bend radius in a tensile state (substrate 

bent away from the device), the RBCs may pool at the edges of the well and deposit away 

from the device electrodes (Figure S5 (left)). This pooling would obfuscate the clotting 

result, as the impedimetric response requires deposition of the RBCs directly onto the 

electrodes. If a large fraction of the blood deposits away from the electrodes, the deposited 

volume of RBCs over the electrode may not be voluminous enough to accurately measuring 

the clotting event. On the other hand, if the device was bent in a compressive manner around 

the device, the blood would most likely pool directly onto the electrodes, which would have 

no negative effects (Figure S5 (right)).

Finally, with the addition of a flexible component, this chip has the potential for 

incorporation into a wearable medical device akin to the wristband smartwatch, which is 

largely unused real estate. With this incorporation, a PT/INR POCT has the potential for 

integration into a consumer electronic device, which could have a revolutionary impact on 

PT testing by allowing for a low-cost and low-effort testing platform that could facilitate 

testing with almost no decrease in quality of life caused by trips to an outpatient clinic.

3.3 Validation with Human Blood

While testing the device with chicken blood enabled device development and validation of 

functionality, the intended use of this device is with whole human blood. Thus, it was 

imperative to test whether the impedimetric response of the device performed similarly with 

human blood. The normal clotting time for fresh, whole human blood is on the order of 5-8 

minutes (Lee and White, 1913); however, PT tests are performed by adding a clotting agent 

to previously anticoagulated blood (Ts’Ao et al., 1979), which has had anticoagulation 

agents added to it at the time of draw. The coagulation time in a PT test on such 

anticoagulated blood is on the order of seconds to tens of seconds, which is substantially 

faster than the 900–1000 seconds for chicken blood. A representative impedance profile of 

the clot time for anticoagulated human blood with added Innovin clotting agent (and added 

calcium to assist with the progression of the clotting pathway) is compared to the clot time 

of anticoagulated chicken blood with added clotting agent in Figure 3a.
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The error inherent to the procedure developed for chicken blood (mixing the reagents 

offline, then adding an aliquot of the mixture to the device well) is on the order of ten 

seconds (~ 1% of the PT for chicken blood), which is similar to the full prothrombin time for 

anticoagulated human blood. Thus, a new procedure was developed to decrease the 

measurement error for human blood. The impedance measurement was started without any 

solution on the device, then 66 μL of Innovin and 0–3 mM calcium were added sequentially 

to the well and allowed to stabilize for 30 seconds. Finally, 33 μL blood was added to the 

well and the impedance was monitored for another 200 seconds. These volumes were 

selected to achieve a total addition of 100 μL of liquid to the device. Future research will 

concentrate on miniaturization of the electrode to decrease the required blood volume down 

towards the ~3 μl of blood that the average finger prick achieves. (Grady et al., 2014) A 

schematic of this testing procedure can be seen in Figure 3b. Mixing occurred during the 

application of the blood due to the small total volume of reactants and the agitation energy 

from pipetting in the blood. This mixing was enough to give highly repeatable clotting 

results with a standard deviation of 0.2% for chicken blood (less than 2 seconds). Only 

minor changes in PT can be seen in chicken blood with the new procedure as the clotting 

time is overwhelms the minute change between on-chip and off-chip mixing (Figure S6).

Given that the clotting time for recombinant tissue factor induced coagulation of K2-EDTA 

anticoagulated human blood is significantly more rapid than that of chicken blood, further 

experimentation was required to ensure that the impedance maximum corresponded to the 

clot time as opposed to an impedance modulation caused by the addition of the blood. 

Therefore, we found it pertinent to investigate the relationship between an anticoagulant and 

blood. Given that Dade Innovin volumes were determined by manufacturer 

recommendation, calcium concentration was used as a proxy for anticoagulation effect. Four 

concentrations of calcium were tested (0, 45, 90, and 110 mM) to explore the impact on PT 

(Figure 3c). All blood tested was anticoagulated with K2-EDTA, which chelates divalent 

calcium cations and, through this chelation, prohibits the coagulation pathway from 

progressing (Marjorie and Borrelli, 1958). The addition of calcium back into the solution 

overwhelms the chelating ability of the K2-EDTA and thus allows the progression through 

the coagulation pathway with the addition of Dade Innovin human clotting factor. Previous 

reports have found a linear correlation between activated partial thromboplastin time and 

calcium concentration (Strobl et al., 2017), an inverse power relationship between activated 

clotting time and calcium concentration (Kreuzer et al., 2010; Quick, 2017; Strobl et al., 

2017), and a parabolic and decreasing relationship between the PT and calcium (Jaques and 

Dunlop, 2017). While each of these methods differs in scope, all demonstrate that varying 

the calcium concentration can alter the kinetics of the clotting reaction. We observed a 

decreasing, linear relationship between the calcium concentration and the clotting time in the 

calcium concentrations tested with anticoagulated human blood. While the curvature found 

was different from that reported in previous studies, the decreasing relationship is similar. 

The differences may be due to the smaller range observed in this study. The linear trend 

observed here warrants further, more focused study based on a wider range of calcium 

concentration and mixing strategies. Regardless of the inconsistencies between this and 

other studies, the linear relationship indicates that, even at the short clot times associated 

with PT, this printed biosensor is highly sensitive and accurate, thus demonstrating a 
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universal correlation between calcium concentration and clotting time over multiple 

detection methods.

From these PT measurements, the INR of a patient can be calculated. Given that different 

laboratories may have slightly different reagents and procedures, this may lead to variations 

in recorded PT. Hence, INR is used to ensure that deviations in measured PT are due to a 

shift in the patient’s coagulation time as opposed to differences in operating procedures. INR 

is determined using the following formula:

INR =
PTpatient
PTnorm

ISI

Where PTnorm is the average clotting time for a healthy population, PTpatient is the measured 

clotting time, and international sensitivity index (ISI) is a function of the thromboplastin 

reagent. This equation assumes that all reagents are maintained at a constant 37 °C during 

testing. There is a strong correlation between PT and reagent temperature which could 

greatly affect INR and, correspondingly, treatment plans if the patient’s blood and the 

reagents are tested at a non-standard temperature. (Lei et al., 2013) In addition, a difficult or 

traumatic phlebotomy could increase coagulation and provide false readings. (Ranucci and 

Simioni, 2016) Given these variables, standardization in measurement conditions is a critical 

concern and could lead to errors if not properly controlled. These are all critical points that 

warrant more focused study using this fully printed PT sensor.

3.4 Handheld point-of-care test

Finally, given the dire clinical need for a low-cost, POCT for PT/INR, we developed a self-

contained, impedance measurement unit in a 3D-printed case to replace the computer-based 

method (Figure 4a) for controlling our fully printed PT sensor. Originally, the AD5933 fully 

integrated single chip analyzer was considered for use; however, even with the modifications 

recommended in Berney et al., the sensitivity of the device was too coarse to achieve any 

modulation with the impedance changes caused by coagulation (Helen Berney and 

O’Riordan, 2008). Therefore, we designed a new circuit (Figure 4b) to achieve the required 

sensitivity with low-cost components (see Methods). All needed measurement and control 

capabilities were integrated into the system, along with a user-interface display, packaged 

into a handheld unit.

The handheld device consists of a 3D-printed holder, the measurement and interface boards, 

a touchscreen, and a battery (Figure 4d). The circuit makes use of a Cypress PSoC 5LP Dev 

Board for impedance measurement and digital filtering and is controlled by an Adafruit 

Feather M0 Bluefruit LE for impedance maximum determination and data communication 

with a TFT FeatherWing - 2.4" 320x240 Touchscreen for visualization. While there are 

significant considerations in developing such a system beyond the bill of materials (Wilson 

et al., 2019), the cost of all parts even at low volume was less than $50. When economies of 

scale are considered, the component cost for the handheld reader would be below $20. 

Meanwhile, the printed PT sensor could be transferred to a roll-to-roll printing process 
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compatible with a flexible substrate, making the biosensing component cost sufficiently low 

for easy accessibility and widespread deployment.

Using this custom handheld unit, the PT for anticoagulated human blood was tested with a 

printed PT sensor. The result, shown in Fig. 4c, reveals a considerable reduction in the 

measurement noise with a measured PT that is consistent with that obtained from the 

computer-based setup. There was less than 2% standard deviation between the tests, which is 

expected even if the systems were identical, due to differences in blood age, testing 

temperature, and mixing speed. In addition, with the onboard filtering achievable with the 

POCT device, the root mean square noise is 70% lower than with the commercial 

potentiostat, which allows for a more exact determination of the impedance maximum and 

hence the clotting time. The ability to test our fully printed PT/INR sensors using such a 

low-cost, handheld unit opens the way for broad dissemination of such a system to patients. 

Hence, the fabrication of a handheld POCT system, capable of accurately measuring the 

PT/INR human blood, as demonstrated herein, has the potential to revolutionize the quality 

of life for patients with an implanted VAD and moreover any patient that is on warfarin.

4. Conclusion

In conclusion, this work demonstrates the first fully printed biosensor for the low-cost, POC 

measurement of PT/INR. The testing frequency was optimized at 15 kHz to overcome the 

high blood capacitance below 10 kHz; no significant improvements in performance were 

observed at frequencies between 10 and 50 kHz. In addition, a resistive bridge was found to 

enhance the baseline signal, which enabled significant reduction in the cost of the testing 

platform, allowing for characterizing the sensors with a simple, low-cost device analyzer. An 

initial impedance magnitude between 50-200 Ω ensured the signal from the clotting event 

was not masked or too weak for detection. In addition to optimizing the sensor itself, 

flexible, robust devices fabricated on a polyimide substrate were shown to measure the same 

clotting time as on a glass slide, even when the polyimide surface was bent to a radius of 35 

mm. In addition, we tested the device with both chicken blood and anticoagulated human 

blood and observed an impedance maximum corresponding to the clotting time of each, 

despite the disparate times to achieve complete coagulation between the two. Finally, a low-

cost, handheld, impedance-based POCT was developed, which could potentially facilitate 

the at-home PT/INR testing by VAD patients and, more broadly, all patients who need to 

monitor their PT/INR.
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Figure 1: 
Printed prothrombin time device fabrication and testing. a) AJ printing of AgNPs for 

PT/INR device. b) SEM images of (left) AgNP electrode and (right) unsorted carbon 

nanotube conductive resistive bridge. c) Schematic of device design. d) Representative 

impedance curve illustrating coagulation test for chicken blood with e) a parallel visual 

clotting test. The dashed line represents the clotting time as determined by the impedance 

maximum and the gelatinization of the blood. Before the blood clots, the red blood cells are 

floating in solution (d – left insert, e - top) and thus the impedance is low; as the blood clots, 

the red blood cells deposit onto the device and cause the impedance to increase (d – right 

insert, e - bottom), maximizing at the point of clotting. (f) Picture of testing setup showing 

blood addition to the sensor and schematic of computer-based impedimetric testing 

interface.
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Figure 2. 
Impedance-based coagulation testing of chicken blood with printed biosensors. a) Response 

from sensors tested at frequencies ranging from 1 to 50 kHz over the course of a complete 

clotting test, revealing the unstable response at sub-10 kHz frequencies. b) Single frequency 

cross-sections of the full data in a) at 1 kHz (top left), 10 kHz (top right), 25 kHz (bottom 

left), and 50 kHz (bottom right). c) PT tests using printed biosensors on various substrates: 

glass (blue), a Kapton polyimide substrate (orange), and a Kapton polyimide substrate bent 

at a radius of 35 mm (yellow) with a photo insert of the clotting time test performed while 

under strain.
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Figure 3. 
PT measurements of anticoagulated human blood with printing biosensors. a) Impedance-

based PT measurements for human blood (red) and chicken blood (blue). b) Schematics of 

procedure for testing human blood: fabricate devices and begin impedance test (top), 

sequentially add Innovin then calcium (middle), wait 30 seconds for mixing of previous 

solutions and add human blood (bottom). c) Clotting time for human blood as a function of 

added calcium concentration. Average ± standard deviation of 3 separate chips is shown with 

a strong linear correlation fit.
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Figure 4. 
Handheld POCT system for controlling the printed PT/INR sensor. a) Photo of fully 

assembled, handheld unit with screen showing results from a PT test. b) Schematic of 

electronics layout for the handheld measurement system and display. c) PT test comparing a 

clotting experiment on the commercial potentiostat and the handheld POCT. d) Exploded 

view of all components in the device with a bill of materials cost of < $50, scalable to < $20.
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