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Chapter 1  Introduction 

The Discrete-to-Integrated Electronics group (D2In), at the University of Barcelona, in partnership 

with the Department of Hemotherapy and Hemostasis, at Hospital Clínic of Barcelona, and the 

Bioelectronics and Nanobioengineering Group (SICBIO), is researching on PoC solutions for 

cellular detection, quantification and monitoring relying on label-free sensing. Our interest is 

focused on the development of custom built electronic and sensing solutions for versatile tools on 

the field of bio-medical applications, from discrete devices to ASIC solutions. 

The integration of biological, medical and electronic technologies allows the development of 

biomedical devices for cellular monitoring, able to diagnose and/or treat pathologies by detecting, 

quantifying and monitoring cellular species in different media. The development of such devices 

enables advances in various areas such as microelectronics, microfluidics, microsensors and bio-

compatible materials which open the door to developing human body LoC implantable devices, 

PoC n vitro devices, protocols for enhanced health and biohazard control, etc. 

In today’s healthcare landscape, there is a great need for multipurpose and reliable tools that aim 

to improve patient quality of life while reducing manufacturing costs [1].  Rapid advances are 

already being achieved at remarkably low cost with modest investments. Accessible prices of final 

devices represent a significant advantage, particularly in the underdeveloped world, where the 

health domain is underfunded. Moreover, low investments in improved health have shown a 

significant return in reduced morbidity and mortality [2, 3]. PoC technologies can be defined as 

immediately actionable healthcare information outside the clinic laboratory in applications from 

diagnosis, to monitoring and therapy adjustment. In this context, PoC devices could not only 

improve the diagnosis and control of high prevalence diseases, but also reach difficult scenarios 

where clinics are often many miles away from villages, where there is an absence of laboratory 

facilities and trained staff, or where there are hostile environmental conditions [4]. For example, 

nowadays, automated haematology counters provide the necessary information about red blood 

cells with a high degree of precision [5]. However, they are huge, complex and expensive pieces 

of equipment, making them inappropriate as PoC portable devices [6].  Micro-HCT is the standard 

method for HCT determination. This technique uses anticoagulants as a prior step before 

separating red blood cells from the plasma by centrifugal force. The height of the separated red 

blood cell column is compared to the height of the entire sample column to determine the packed 

cell fraction (i.e., the HCT). Besides being a method that reduces HCT below its value in-vivo, 

the HCT can also be altered by the anticoagulant. Furthermore, this technique overcomes some of 

the complications related to blood extractions used in conventional methods, including 

haematoma formations, nerve damage, pain, haema-concentration, extra-vasation, iatrogenic 

anaemia, arterial puncture, petechiaes, allergies, infection, syncope and fainting, excessive 

bleeding, edema or thrombus [7]. 

Furthermore, PoC technologies are a useful tool in the environmental field. The air and water 

pollutants are affecting the health of living beings (humans, animals, and plants), agriculture, 

fisheries and physical infrastructures [8-10]. Water pollution is present in all these fields, where 
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bacteriological contamination are contained in the drinking water, oceans, lakes and food. In the 

past years, it has become a global concern of associations such the U.S. and Scottish 

Environmental Protection Agency (EPA), American Water Resource Association (AWRA), the 

World Water Council, the European Environment Commission and others organizations. In 

response of the actual necessities, the research in systems designed to detect and monitor 

pollutants is exponentially increased. Devices able to detect in less time, in the point of care, 

handled by non-qualified personal and with lower cost in the fabrication process are the main aim 

of these research groups. In this way it is expected for example the detection of contaminated 

drinking water that could cause health problems and in many cases the dead of living beings. 

The requirements of laboratory-based tests are often incompatible with the constraints of resource-

limited settings and are difficult to access in developing countries because of their high costs. 

Generally, tests are clinic-based and trained personnel are often required. Access to electricity to 

power the instrumentation is also assumed [11]. Therefore, traditional diagnosis for prevention, 

identification, and treatment of diseases is labour and time consuming as well as expensive; and 

laboratory methods are currently being replaced by PoC technologies, so PoC testing promotes a 

shift away from traditional diagnostic tests in the clinical laboratory setting to near-patient 

settings, providing physicians with timely diagnostic information so as to make informed 

decisions regarding diagnosis and treatment. As laboratory methods are currently being replaced 

by PoC technologies, PoC testing has a high growth rate market. It constitutes 31% of the 

diagnostics market (18% glucose testing, 11% professional PoC products, and 2% over-the-

counter) [2]. The total PoC based biochip market was US$2.4 billion in 2009 and was projected 

to increase to US$5.9 billion in 2014. This should be a powerful incentive for commercial efforts 

to move toward true global health solutions [4]. 

The first PoC device was the urine dip-stick to measure urinary protein, developed in 1957 [12, 

13].  Nowadays, the most common PoC device is used for glucose monitoring in diabetes 

management [14]. Since 1962, glucose devices have been significantly improved, from its original 

design for home self-monitoring [15], to non-invasive glucose monitoring systems [16]. The first 

generation of glucose biosensors measured either oxygen consumption or hydrogen peroxide 

production by the enzyme glucose oxidase in the presence of glucose [16, 17]. Second generation 

biosensors replaced oxygen, the enzyme natural electron acceptor, with non-physiological 

compounds (called redox mediators) that were able to shuttle electrons from the enzyme to the 

working electrode in in-vitro sensing [18, 19]. Last, third generation biosensors avoid redox 

mediators and rely on the direct transfer of electrons between the enzyme and the electrode [20, 

21]. These sensors have led to be implantable and needle-type devices [16],[22]. Significant 

efforts have been made also in non-invasive glucose analysis through optical or transdermal 

approaches [23]. MEMS-based glucose level measurement techniques include the use of 

electrochemical, impedance, electrophoretic, thermal, optical, and colorimetric principles [24]. 

Currently, the accuracy and robustness of glucose monitoring is being improved through the use 

of algorithms. Approaches in this field include Electrical Impedance, reported as in vivo and ex 

vivo approaches [25-27],  Electrochemical Impedance Spectroscopy (EIS) [28], and color-based 

diagnostics [29]. Commercially available PoC diagnostic tests have low manufacturing cost and 

accessible prices. Examples include the microfluidic manipulator devices, such as AnaemiaCheck 
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(Express Diagnostics), the photometry hemoglobin detection, such as STAT-Site (Stanbio 

Laboratory), and the HemoPoint H2 (Alere). In most cases these are fast assays, ranging from 60 

seconds to 15 minute. Some other analytes such as triglyceride can also be sensed through 

composite porous silicon/polysilicon micro-cantilevers [23], and cholesterol, which can be 

detected with microfluidic systems using nanoparticles with cholesterol oxidase immobilized  on 

their surface [30]. 

1.1. Application of PoC technologies to biomedical cellular detection and 

monitoring applications: HCT. 

HCT is a major control determinant of several diseases, diagnoses and treatments. HCT 

concentration is an indicator of thrombosis, haemostasis and bleeding time, and an increased HCT 

level has proven to be an indicator of myocardial infarction, angina pectoris and cerebral 

infarction. Other diseases, such as colon cancer or gastrointestinal lesions, can cause a decrease in 

HCT due to internal bleeding or lack of nutrients. Moreover, anaemia is considered a worldwide 

problem by the World Health Organization, being a widespread disease affecting nearly one-third 

of the world's population (1620 million people). Therefore, there is a great need for multipurpose 

and reliable telemetric tools and PoC devices that aim to improve patient quality of life while 

reducing manufacturing costs. 

1.1.1. Anaemia 

According the WHO, data collected from 1993 and 2005 shows that the global prevalence of 

anaemia for the general population is nearly one-third of the world's population and it is estimated 

that 1620 million people are affected by it. In particular, anaemia has the highest prevalence in the 

developing world with Africa (67.6%) at the top and South-East Asia (65.5%) ranked in second 

place. In the Eastern Mediterranean, the prevalence is 46% and around 20% in the other WHO 

regions, the Americas, Europe and Western Pacific [31, 33]. Anaemia is known to be very 

extensive, especially in women; half of them are affected in the under-developed countries, 

especially in Asia and Africa, but even in South America and the Caribbean one-quarter of women 

are anaemic. This contributes to increased maternal mortality risks, ill health and debilitation. 

Anaemia in the general (non-pregnant) female population is assessed as haemoglobin less than 

12g/dl, and this leads to anaemia in pregnancy, estimated as < 11 g/dl [33,34]. Another population 

group with high prevalence of anaemia is children, especially in poor countries. In pre-school-age 

children, the anaemia prevalence is 47.4%, affecting 293 million children globally [34]. In the 

United States, iron deficiency anaemia (IDA) affects approximately 3% of young children. 

Globally, approximately half of the world’s children may have IDA, and millions of adults are 

affected as well [35].  
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1.1.2. Erythrocytosis 

On the other hand, if the increase in the number of red blood cells is higher than normal, then this 

anomaly is known as erythrocytosis, which is present in Polycythemia Vera (PV), a bone narrow 

disease. This rare disorder has a prevalence of 44-57 per 100,000 people in the United States, and 

is often observed in women [36]. In this context, the HCT value has been suggested as a surrogate 

marker for an increased red cell mass (RCM) for the diagnosis and control of PV [37]. 

1.1.3. Other HCT related diseases. 

Current studies also have associated a positive correlation between high levels of HCT in non-

alcoholic steato-hepatitis or fatty liver disease (NAFLD). Moreover, it has been shown that HCT 

levels increased with the severity of hepatic fibrosis. Therefore, HCT levels may have potential 

interest as a clinical marker also in NAFLD severity [38]. High levels of HCT are also present in 

renal cell carcinomas, congenital heart diseases, pulmonary fibrosis, hypoxia and dehydration.  

Additionally, in some clinical procedures such as cardiac surgery, HCT/haemoglobin 

measurements are also useful because clinicians need to determine their patient's level of haemo-

dilution, as well as their transfusion threshold [39]. 

Finally, HCT is a main factor in athletic performance in sports. Blood doping is the process of 

artificially increasing HCT to improve athletic performance. Procedures such as blood transfusion 

before an athletic competition or drugs like Erythropoietin (EPO) [40], a hormone protein 

produced by the kidney that stimulates the production of RBCs, have been banned from sports not 

only due to ethical issues but because of serious health risks for athletes [40,41]. Therefore, HCT 

detection and monitoring is considered a useful tool with many fields of application. Some of the 

related complications and diseases are summarized in figure 1.1. 

Commercial devices for PoC anaemia detection from quantitative HCT results are: AnaemiaCheck 

(Express Diagnostics, Blue Earth, Minnesota); HemoPoint H2 (Alere, Waltham, Massachusetts) 

which is based on photometry; and i-SAT System based on conductometry.  These three devices 

have short ranges of HCT measurement, and also are slow methods. In particular, the i-STAT 

analyser, despite providing lab-quality results for patient PoC testing, turns out to be less specific, 

involving a much more expensive and slower device. Harter et al., (2014) have also shown that 

the fairly basic HCT measurement performed by the i-STAT system was consistently and 

significantly lower than the values measured with the standard micro-capillary tubes and it was 

sensitive to the concentration of other non-conductive elements in the plasma, i.e. proteins and 

lipids [42]. 
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Figure 1.1: General overview of health complications and diseases related to red blood cell concentration. 

As seen in the table, the proposed device has the lowest test time compared with the commercial 

PoC devices for anaemia detection, and is the only one that generates HCT values in a wide range 

and in a direct way. However, the sample size is still high compared with the rest of the devices, 

this being a property susceptible to be improved in future works.  

The AnemoCheck device uses a colorimetric principle for anaemia detection based on 

haemoglobin measurement [43]. This could give subjective results because of its visual 

interpretation by using a colour scale, which probably could not be used by a colour-blind person. 

Also, numeric values obtained through its optional smartphone app for automated analysis, 

besides being an additional step, generates values that are predisposed to have errors due to light 

variations. AnemoCheck and AnaemiaCheck, do not use high-tech instrumentation, which is an 

advantage regarding manufacturing and maintenance costs. However, they are single-use 

disposable devices and this could increase the price budget for continuous anaemia control 

patients. 
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Table 1.1: Comparison of Point-of-care  devices for HCT and haemoglobin detection. 
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On the market, there are also non-invasive PoC devices. Advantages of these technologies include 

reduced pain and discomfort for patients and a decrease in exposure to potential bio-hazards. Like 

haematology analyzers, co-oximeters do not measure HCT directly. A fixed relationship between 

haemoglobin and HCT is used to calculate HCT through spectrophotometry [44]. The 

disadvantages of this type of device includes less strong data which is also subject to error due to 

skin colour and device motion [45-47].  

Recently, other PoC anaemia devices have been published, such as a color-based diagnostic test 

for self-screening/self-monitoring of anaemia presented by Tyburski et al. [29], a novel PoC 

diagnostic test for self-screening, self-monitoring of anaemia. The device measures hemoglobin 

(Hgb) levels, which are estimated via visual interpretation by the user using a color scale. This 

system presents several performance drawbacks. First of all, the readout stage, based on a color 

scale, relies on the visual interpretation of the user, which could introduce errors on the Hgb levels 

data interpretation, and reduces considerably the system resolution. Furthermore, the principle of 

operation of the color-based PoC device is based on biochemical reactions, where the blood comes 

into contact with a reagent solution initiating a redox reaction, which is a slow and destructive 

procedure. 

1.2. Whole blood multiparametric PoC devices. Diabetes case. 

The World Health Organization, WHO, included diabetes mellitus among the top 10 causes of 

death in 2014. Type-2 diabetes mellitus, which accounts for over 90% of all cases, is the most 

common form of diabetes. According to the latest national study [48], in Spain alone this disease 

has a prevalence up to 13.8%, despite the fact that only about half the people who suffer from it 

have been diagnosed, and therefore are aware of it. Consequently, new screening tools that 

facilitate its early diagnosis are needed so that the complications related to this disease can be 

prevented, mitigated, or effectively controlled, with the resulting life quality improvement of those 

suffering from the disease. Among these complications, cardiovascular diseases are one of the 

leading causes of morbidity and mortality among patients with type-2 diabetes [49]. Dyslipidemia 

is characterized by high triglyceride concentration, and high cholesterol levels composed of a low 

concentration of high-density lipoprotein (HDL) cholesterol and a high concentration of dense 

low-density lipoprotein (LDL) cholesterol particles. Anaemia is an additional risk factor for 

cardiovascular disease and other adverse outcomes in diabetic patients, especially when chronic 

kidney disease is present [50, 51].  

More recently, multi-parametric PoC devices are able to detect different pathogens [52] or to target 

different metabolites such as glucose, cholesterol, triglycerides, creatinine, lactate, ammonia, and 

urea [53], being the first and the best-known metabolite [54] (Table I). An example is a compact 

sensor developed for fast and reagent-free PoC determination of glucose, lactate and triglycerides 

in blood serum based on a tuneable external-cavity quantum cascade laser (EC-QCL) [55]. 

Additionally, paper-based colorimetric biosensors are highly being suited for blood samples 

analysis [56] used for of bilirubin or cholesterol detection [57].  Sample volumes range between 

10 and 100 µl, and the systems operate on a time scale of minutes, often containing a disposable 

part with miniaturized elements [58]. Most clinical applications of multiplexing devices include 
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the diagnosis and prognosis of disorders such as cancer, diabetes, AIDS, tuberculosis, Alzheimer’s 

disease and other communicable diseases cancer detection [59, 60]. Even though multiplexing is 

becoming increasingly important [61], the number of multi-analyte PoC devices is relatively few 

[62]. In terms of value, the annual European market related to diabetes is about 3900 million euros, 

of which personal glucose self-monitoring devices accounted for nearly 80%. It is estimated that 

by 2018 this market be around 5000 million euros [58]. 

Although the diagnosis of diabetes involves complex blood analysis in a clinical laboratory, 

PoCket glucose meters are routinely used for screening and in awareness campaigns. Such glucose 

meters are easy to use and can work with tiny sample volumes ranging from 0.3 – 1.5µL. However, 

multi-parametric devices that measure glucose and other parameters such as cholesterol and 

triglycerides can offer accurate information in less than 5 minutes, but they require larger blood 

sample volumes to operate (15-20 µL). Besides, some devices pose a major safety issue: the risk 

of infection if the devices become contaminated and are shared between users without proper 

cleaning and disinfection [63]. In contrast single use, fully disposable analytical devices would 

avoid such risks completely. This approach to diabetes screening is challenging due to the 

comparatively high cost of such devices (ranging in the low tens of euros) compared to the cost 

of disposable glucose strips (ranging in the cents of euro). However, the technology may have an 

opportunity in multi-parametric measurements, as the current cost of multi-parameter disposable 

strips is also in the range of a few euros. 
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Table 1.2: Multiparametric Point-of-care  devices summary. 
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1.3. Impedance analysis for cellular detection. 

As it has been seen in the previous sections, PoC testing devices for different diseases have long 

been available and have become common diagnostic tools in such a variety of different income 

countries [72]. However, the vast majority of PoC testing relies on chemical biomarkers, which 

often needs of sophisticated microfluidics, microelectronics and optical systems to be functional 

and reliable. However, this technological complexity, the use of chemical biomarkers, or the PoC 

output data management are issues that must be addressed. The technological complexity of such 

devices entails some operational challenges, such as human resources and training, quality 

assurance, and equipment maintenance. This issue leads sometimes to the inability of patients self-

screening and decentralization of testing, increasing the clinic visits to ensure the access to the test 

and the proper results recording. This fact is exacerbated as high percentage of PoC testing devices 

outputs visual or colour-based results, which are subject to user interpretation and need of human 

personnel to record the results on a specific database for follow-up of patients. The PoC devices 

complexity and the use of chemical biomarkers results on a limited device, sub-optimal cost-

effectiveness, and issues related to the product regulation and the supply chain. In addition, 

samples under analysis are usually destroyed during the process, lacking the versatility to be 

integrated in other medical equipment and environments for increased functionality as monitoring 

device or medical actuator. 

In that scenario, it is necessary to develop truly PoC devices that addresses the presented issues of 

current PoC devices and steps forward as a new generation of PoC devices and technology, where 

it is presented a reliable, sensitive and robust detection, while relying in a much less complex 

technique that does not require any user interpretation or chemical agent, while enabling different 

functionalities for data management, such as a monitoring device for real telemedicine 

applications for patients self-screening and easy database follow-up, or as a controller of other 

clinical actuators. 

Several studies have reported that cellular detection, quantification and monitoring can be 

accurately monitored by means of its inherent BioZ [26-28, 72-77] in different environments, in-

vivo or ex-vivo experiences. One example of such work is the paper presented by Pop et al. (2013) 

[26], where blood HCT was continuously in-vivo monitored in the human right atrium by a 

dedicated central venous catheter equipped with an impedance measuring device. Pradhan et al. 

(2012) [28] studied ex-vivo the electrical properties of blood and its constituents using 

Electrochemical Impedance Spectroscopy (EIS) and three-electrode sensors. Ramaswamy et al. 

(2013) [27] performed a blood coagulation test based on a custom microfluidic device and the 

electrical impedance detection of whole blood samples. Li et al. (2012) [73] monitored Legionella 

serogroups in clinical and environmental samples by means of EIS. Dweik et al. (2012) [74], 

where bacterial presence was rapidly detected measuring the antibody/antigen bonding analysing 

its BioZ between 100 Hz and 10 MHz. Also, in the work developed by Grossi et al. (2010) [75], 

the quantity of bacteria during a culture process was detected by impedance measured at 200 Hz 

sinusoidal with a 100mV peak-to-peak signal. Furthermore, other studies have reported the 

detection of cell-derived microparticles [78] and insulin in blood serum [79] based on an EIS 

technique.  
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1.3.1. Biological Electrical Impedance 

Typical cellular electrical model for dilute cell suspensions can be described as network of 

electrical passive components, so the BioZ is the response of applying an electrical stimulus to a 

biological material through a sensing system and measuring its electrical response defined by the 

Ohm’s law [80]. The analysis of the BioZ is defined as the IA. The electrical response is frequency 

dependant, and depending on the samples under examination and the sensing system there are 

different frequency working ranges where an appropriate electric response can be found, so a 

frequency sweep is needed to evaluate the electrical response of the whole designed system 

(biological sample along with the sensing system). The response variation of a cell model at 

various frequencies, and the effect of cell parameters, such as cell membrane resistance and 

capacitance, made electrical models of cellular species very complex and diverse. 

There are different sensing electrodes topologies to be considered depending on the number of 

electrodes used. A simple and typical cellular electrical model for dilute cell suspensions can be 

described as network of electrical components [81] (figure 1.2.). Injected current can flow through 

external media (RE resistance) or flow through the cell across the membrane (RM║CM) and the 

intracellular medium (RI resistance). Considering that RM resistance is nearly negligible a 

simplified model is considered. 

ZCELL =
RE(1+jωCMRI)

1+jωCM(RI+RE)
 (1) 

 
Figure 1.2: Cellular electrical model. Sensing system based on 3 electrodes and 4 electrodes approach. 

A two electrodes topology is defined by the working electrode (WE), where the sample is placed 

and the electrical signal is applied, in addition to the auxiliary electrode (AE), which tracks the 

solution potential and supplies the current required for experience. This topology brings some kind 

of problematic behaviour by the AE polarization effects causing a distortion of the applied 

electrical signal. The three electrodes configuration is defined as follows: the working electrode 



Impedance analysis for cellular detection. 

 _____________________________________________________________________________  

12  

 

(WE), where is the object under investigation, the reference electrode (RE), which tracks the 

electric signal and the counter or auxiliary electrode (CE), which supplies the required current. 

This topology avoids the distortion of the applied electrical signal. 

Finally, the four electrodes configuration avoids the measurement distortion due to the WE 

impedance polarization, as in the three electrodes topology, the electric signal is directly applied 

where the single-ended voltage measurement signal is read. The four electrode topology is 

composed of two current injection electrodes and two voltage reading electrodes avoiding the 

electrode polarization distortion in IA due to a complete differential voltage measurement [82]. 

BioZ technique allows the use of different sensing topologies and systems, making possible the 

integration of such electrodes in a great variety of devices and environments, such as biosensors 

and microfluidic devices for increased functionality and performance. Moreover, the simplicity of 

the technique implementation makes it possible to accomplish the experience objectives with very 

simple sensing systems. Hernández et al. (2011) [77] obtained the electric impedance spectrum of 

human blood using reactive strips of the Bayer’s portable glucometer. The electronics 

instrumentation involved on customized PoC devices are implemented as a front-end electronics 

depending on the sensing topology. 

1.3.2. Instrumentation electronics for 3 electrodes configuration sensing 

system. Potentiostat. 

A potentiostat amplifier is a useful tool in many fields of investigation and industry performing 

electrochemical measurements [83-85], so the quantity and variety of them are very extensive, 

having different characteristics. However this electronics instrumentation based on a 3 electrodes 

driving potentiostat amplifier, is a very useful configuration in wide variety of applications, 

ranging from voltametric electrochemical test, such as amperometry, cyclic voltammetry, chrono-

amperometry, pulse voltammetry, etc., to IA ,such as electrochemical impedance spectroscopy. 

This features establish the potentiostat as a straight-forward electronics instrumentation with a 

wide variety of applications and huge state-of-the-art technology.  

In that way, two different approaches can be followed in the design and implementation of a 

potentiostat amplifier: a discrete or integrated solution. In order to design a portable system for 

standard electrochemical assays, a discrete implementation is an extremely good solution in terms 

of portability, accuracy and economy being a standard on electrochemical experiments. But 

demand for increased functionality, reduced system size, reduced size of the electrodes, defining 

complex arrays of sensors, ultra-low current detection and versatility, are introducing a major 

interest in LoC solutions, to be implemented in advanced CMOS processes. The scaled supply 

voltages in these processes [86-90], however, seriously limit the chemical analysis range. Driving 

voltages of amperometric chemical sensors do not scale with electrode size, but are instead defined 

by the reduction/oxidation (redox) potentials of the analyses being investigated, as stated in [91] 

many analysis are undetectable using standard potentiostats in a 0.18µm CMOS process due to its 

maximum supply voltage of 1.8V. 
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The main tasks of these kind of structures are the measurement and recognition of some kind of 

particles in a media (or the media itself), through the application of an electric signal and the 

readout and conditioning of an output signal. The main functionalities envisaged for a potentiostat 

amplifier are: a) driving the sensor electrodes with the desired electrical signal, ensuring that the 

electrical signal remains invariable and supplies the current necessary for the experience, and b) 

be able to extract an output signal. Different approaches are conceived to fulfill this last objective.  

One of the main tasks of a potentiostat is the control of voltage difference between working and 

reference electrodes of the electrochemical cell and supplying the required current from or into 

the electrochemical cell through the counter electrode. This task can be realized with two different 

circuit configurations, grounded working electrode and grounded counter electrode, the first being 

the most popular configuration depicted in figure 1.3 which illustrates the basic implementation 

of this configuration. As shown, the working electrode is kept at the ground potential and an 

operational amplifier, called the driving amplifier, controls the cell current ICELL, so the cell 

potential VCELL is at the desired potential VIN. 

The system operation is very simple, but, like other electronic instrumentation circuits, we get 

potentiostat functionality limitations due to its own driving amplifier limitations. Since current 

flow in the reference electrode changes the potential of the reference electrode due to polarization 

effects, driving amplifier input bias current should be small and input resistance should be very 

large. Depending on the target, you must consider several limitations on the driving amplifier 

parameters. Voltage gain and input offset voltage of the driving amplifier define the accuracy and 

linearity of the potential control. Other important parameters to be considered are the output 

voltage swing, input referred noise, bandwidth and slew rate, considering the stability as a 

sensitive issue due to the fact that the electrochemical cell is the load and feedback network of the 

amplifier. 

 
Figure 1.3: a) Potential control. General scheme. b) Usage of voltage buffers to isolate driving amplifier and 

reference electrode. 

In previous section, a typical electrical cell model has been depicted, where frequency dependent 

impedances like capacitors are present, the frequency and transient simulations of these 

impedances being quite complex to study. For this reason, it is necessary that the potentiostat 

provides stability over wide operation ranges, being able to carry out diverse electrochemical 

experiences for different biochemical species. 
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Some circuits used to fix the electrochemical cell’s driving signal have been reported. The next 

stage concerns circuits related to the flowing current readout. Different approaches can be adopted 

and are presented in this section. 

1.3.2.1. Transimpedance amplifier stage. 

In the present configuration the measurement is based on the direct conversion of the current 

generated in the electrochemical cell into a voltage signal using a transimpedance configuration, 

depicted in figure 1.4 dotted rectangle. 

In order to read the faradic current generated by the reaction ICELL, a transimpedance ance stage 

amplifier (TIA), converts it to a voltage signal by means of a single resistor, as is indicated in (2), 

so the output signal Vout,TR is equivalent to the faradic current through working electrode.  

𝑉𝑜𝑢𝑡,𝑇𝑅 = −𝐼𝐶𝐸𝐿𝐿 · 𝑅𝑇𝐼𝐴(2) 

The system operation it is simple, but, as is stated in the previous section, we get functionality 

limitations due to transimpedance amplifier limitations. VIN voltage will be tracked to the 

electrodes if WE electrode is ground referenced, assuming operational amplifier virtual ground.  

In that case, input offset voltage and input referred noise must be considered in order to provide a 

steady virtual ground. Since generated current must flow through trans-impedance amplifier 

resistor RTIA, trans-impedance amplifier TIA input bias current should be small and input 

impedance should be very large in order to minimize any current losses through this stage. 

 
Figure 1.4: Basic grounded working electrode driving control configuration with a transimpedance amplifier 

readout stage. 

As is shown on the operational amplifier equivalent circuit in figure 5, the input impedance is the 

equivalent impedance between the positive and negative inputs. This impedance is linked to some 

leakage currents (Ioffset), which could cause problems both in ICELL current readout and VCELL 

tracking, especially when extremely low faradic currents are generated on the reaction in which 

case a very high transimpedance resistor is required. This error in both cases can be minimized by 

reducing amplifier offset and bias current by means of very high input impedance. 
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Figure 1.5: Operational amplifier in transimpedance configuration. General Scheme. 

Other parameters to be considered are the amplifier’s flicker and thermal noise or inherent current 

and voltage offset. Flicker and thermal noise are inherent to electronics and are characterized as 

an output voltage (Vnoise) (3) or as an input current (4) defining the transimpedance amplifier stage 

resolution, establishing a minimum SNR (5). 

𝑉𝑂𝑈𝑇 = 𝑉𝑜𝑢𝑡,𝑇𝑅 + 𝑉𝑛𝑜𝑖𝑠𝑒(3) 

𝐼𝑛𝑜𝑖𝑠𝑒 =
𝑉𝑛𝑜𝑖𝑠𝑒

𝑅𝑇𝐼𝐴
(4) 

𝑆𝑁𝑅 =
𝐼𝐶𝐸𝐿𝐿

𝐼𝑛𝑜𝑖𝑠𝑒
(5) 

There are different solutions to maximize resolution of the measurement, increasing the SNR, and 

sensitivity, reducing thermal and flicker noise. For instance, one of the best solutions is based on 

chopper modulation, which implies more complexity on the design.  A simplest solution is to just 

place a bandwidth filter. The capacitor on transimpedance amplifier feedback loop should remove 

the inherent 50 Hz network or any other frequency noise and harmonics but does not permit to 

avoid flicker noise problems. Depending on the application, if the system is required to work in a 

limited range of frequencies, like amperometric and voltametric experiences where you apply DC 

signals, or potential sweeps with an scan-rate of less than 1000 mV/s [83], it is useful to filter low 

frequencies to remove network powering noise, typically 50Hz and harmonics, and reduce thermal 

and flicker spectra to improve the SNR. 

 
Figure 1.6: Transimpedance amplifier stage. Low-pass noise reduction capacitor configuration. 
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1.3.2.2. Instrumentation amplifier stage. 

This kind of current measurement topology consists in the direct conversion of the current in to a 

voltage signal by means of a resistor on the counter electrode, and an instrumentation amplifier 

that measures the voltage difference in the resistance, as it is depicted in figure 1.7. 

 

 
Figure 1.7: Basic grounded working electrode driving control configuration with a instrumentation amplifier 

readout stage. 

We assume that the current through resistor R, is equal to the faradic current developed by the 

electrochemical reaction (ICELL), and it is considered that voltage between reference and working 

electrode (VCELL) is more steady than in the transimpedance amplifier stage due to the direct 

connection of working electrode to ground. An instrumentation amplifier transfer function is 

theoretically described by this equation: 

𝑉𝑂𝑈𝑇 = 𝐴 · (𝑉+ − 𝑉−)(6) 

 

Where A is the amplifier’s gain and (V+ - V-) is the voltage difference on the amplifier’s positive 

and negative, so we can determine that if the voltage (V+ - V-) is (7) the output signal is equivalent 

to the faradaic current through working electrode (8). 

(𝑉+ − 𝑉−) = 𝐼𝐶𝐸𝐿𝐿 · 𝑅(7) 

𝑉𝑂𝑈𝑇 = 𝐴 · 𝐼𝐶𝐸𝐿𝐿 · 𝑅(8) 

 

There are some parameters to be considered as a source of noise errors; input impedance, offset 

current, and bias current. Amplifiers are a source of noise and non-idealities that are critical, 

mainly if very low current resolution, such as nanoamperes or picoamperes is desirable. It will be 

assumed that all the amplifiers have an input bias current that interferes with the current readout 

system. In order to minimize these effects we need to use an amplifier with very high input 

impedance, as is depicted in the previous section. There are other parameters to be considered, 

such as resistor tolerance and resistor thermal noise. This stage is very dependent on resistors, the 

conversion of the flowing current to a measurable output voltage it depends on the stability of 
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three different resistors. There is a very high probability of getting an error source, making 

impossible to get a very precise measurement, if the system depends on the tolerance and thermal 

noise of three different resistors, but it’s possible to minimize output voltage dependence of this 

large number of resistors, as it is depicted in figure 1.8. 

 
Figure 1.8: Modified instrumentation amplifier. 

The modified instrumentation amplifier transfer function is theoretically described by the 

following equations: 

(𝑉𝐴 − 𝑉−)

𝑅1
=

(𝑉− − 𝑉+)

𝑅𝑔
=

(𝑉+ − 𝑉𝐵)

𝑅1
(9) 

(𝑉𝐵 − 𝑉𝐶)

𝑅2
=

(𝑉𝐶 − 𝑉𝑂𝑈𝑇)

𝑅3
(10) 

(𝑉𝐴 − 𝑉𝐶)

𝑅2
=

(𝑉𝐶 − 𝑉𝐷)

𝑅3
(11) 

 
Combining these three equations and considering that R3 = R2 

𝑉𝑂𝑈𝑇 = 𝐼𝑂𝑈𝑇 · 𝑅𝑂𝑈𝑇(12) 

(𝑉𝑂𝑈𝑇 − 𝑉𝐷) = (𝑉𝐴 − 𝑉𝐵) = (𝑉+ − 𝑉−) (1 +
2𝑅1

𝑅𝑔
) = 𝐼𝑂𝑈𝑇 · 𝑅𝑟𝑒𝑓(13) 

And if we consider   

𝑅𝑟𝑒𝑓 = 𝑅𝑂𝑈𝑇 (1 +
2𝑅1

𝑅𝑔
) (14) 

𝐼𝑂𝑈𝑇 =
(𝑉+ − 𝑉−)

𝑅𝑂𝑈𝑇
(15) 

We found that the output current signal is the same current as through electrodes and the evaluation 

only depends on the value of one resistor. Regarding other error sources, the fact that there are no 

active components in the flowing current path, and being both flowing current and measured 
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voltage referenced directly to ground, gives the system better stability than in the transimpedance 

amplifier stage. 

1.3.2.3. Switching capacitors solution.  

Another feasible solution to current readout is the switching capacitors transimpedance stage 

avoiding the use of resistors. This topology needs a clock control signal, but, assuming the 

possibility of using a microcontroller for a later signal processing or data transmission this should 

not be a problem. The basic circuit approach is depicted in figure 1.9.   

 
Figure 1.9: Switching capacitors transimpedance stage. 

This stage has a very simple operation system, on the first clock semi cycle the switch is closed 

and electrochemical cell current, ICELL, charges capacitor CS to a concrete output voltage VOUT as 

depicted in equation 16, where TCLK is the clock period. 

𝑉𝑂𝑈𝑇 =
𝐼𝐶𝐸𝐿𝐿𝑇𝐶𝐿𝐾

2𝐶𝑆
(16) 

On the second clock semi cycle the switch is opened, and VOUT is directly connected to ground 

and the capacitor is discharged. Depending on the measurement range, the capacitor or the clock 

cycle can be modified to a larger or smaller value, giving the possibility of a more versatile stage. 

The system operation it is simple, but, as stated in the previous section, we get functionality 

limitations due to transimpedance amplifier limitations. First of all the WE electrode is ground 

referenced through amplifier virtual ground.  In that case, input offset voltage and input referred 

noise must be considered in order to provide a steady virtual ground. Since generated current must 

flow through transimpedance stage, TIA amplifier input bias current should be small and input 

impedance should be very large in order to minimize any current losses through the stage. 

Another important consideration is that the capacitance of the flowing current source, that is the 

electrochemical cell, must be of a few orders of magnitude higher than the capacitor CS. If not, 

the errors due to charge injection will be larger than desirable for any designed application. 

This kind of topology is widely used in CMOS processes and microelectronics development due 

to the difficulty of realizing large resistors at small scales. The fact of using small capacitance 

values provides the possibility of developing multichannel sensor arrays [92-94] on ASIC 

structures, due to the high degree of integration of small size capacitors.  
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A more complex development of the switching capacitors technique makes it possible to perform 

direct A/D conversion by converting the current to variables such as frequency [91,95] or direct 

current input sigma-delta converter [96,97]. 

1.4. Back-end electronics data processing for IA. 

The electrochemical cell and its theoretical electrical approximation by circuit modeling it is 

extremely complex and depends on several factors, with just the simpler models, or even complex 

ones, being a vague approximations to reality [98]. A direct measurement of the impedance in a 

range of frequencies, usually from 1mHz to 1MHz [99], is fitted afterwards to an electrical model 

and its IA, with different elements, that are used to fit the data. This process is called Impedance 

Spectroscopy (IS). 

Nowadays, IS, the response of an electrochemical cell to small amplitude sinusoidal electrical 

signal as a function of frequency, is the most prominent solution to check and test the sensors 

development in current research in biosensor technology, and has helped to developed better 

transducers that demonstrate superior sensitivity, portability, accuracy and throughput. IS is an 

effective method to probe the interfacial properties of the modified electrode, through measuring 

the change of electron transfer resistance at the electrode surface, caused by the adsorption and 

desorption of bio-chemical molecules and the antibody-antigen (Ab-Ag) interactions. The 

measured signal, in this case the signal generated (voltage or current signal) in the experiment, 

differs in time (phase shift) with respect to the perturbing (voltage or current) wave, and the ratio 

VCELL(t)/ICELL(t) is defined as the impedance (ZCELL), and accounts for the combined opposition 

of all the components within the electrochemical cell to the flow of electrons. The key electronic 

component for these measurements, as it is stated before, is the electronic instrumentation that 

bias the sensor and read the electrical response produced by the experiment. It is the interface 

between the biological elements and the post-processing stage.   

The key component of a post-processing IS experiment is the Lock-in Amplifier (LIA) which 

generates the real and imaginary components for the IS solution rejecting undesirable harmonics 

and noise interferences [100-103] even in the presence of high noise level. The block diagram of 

a whole system, including the front-end electronics, is depicted in figure 1.10, where a general 

schematic view of a lock-in amplifier is shown. 
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Figure 1.10: Block diagram view of a complete system of a front-end instrumentation (Potentiostat in this case), 

sensing system and LIA. 

The basic operation of the LIA is very simple. Vout,POT represents the potentiostat amplifier output 

signal, so 

Vout,POT = ICELL · R (1) 

where R is the relation in ohms between the current on the cell and the output potentiostat signal 

(like RTIA on transimpedance amplifier based potentiostats). Considering the Vout,POT function as 

a frequency dependant, we get: 

Vout,POT(t) = VOUTsin (2πft + ϕOUT)

= VOUT[sin(2πft) cos(ϕOUT) + cos(2πft) sin(ϕOUT)](2) 

So, our functions Vreal and Vim are represented by the following equations. 

Vreal = Vout,POT · VIN sin(2πft)

=  VOUT · VIN · (sin2(2πft) cos(ϕOUT)

+ 
1

2
sin(2πft)cos(2πft)sin(ϕOUT)(3) 

Vim = Vout,POT · VIN cos(2πft)

=  VOUT · VIN · (cos2(2πft) sin(ϕOUT)

+  
1

2
sin(2πft)cos(2πft)cos(ϕOUT(4) 

Vreal =  
1

2
VOUT · VIN · [cos(ϕOUT) − cos(4πft)cos(ϕOUT)

+ sin(4πft) sin(ϕOUT)](5) 
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Vim =  
1

2
VOUT · VIN · [cos(ϕOUT) + cos(4πft)sin(ϕOUT)

+ sin(4πft) cos(ϕOUT)](6) 

Taking into account only the DC component, 

Vreal =  
1

2
VOUT · VIN · cos(ϕOUT)(7) 

Vim =  
1

2
VOUT · VIN · sin(ϕOUT)(8) 

The magnitude and phase of Vout,POT are 

|Vout,POT| =
2

VIN

√Vreal
2 + Vim

2 ; ΦVout,POT = arctg(
Vim

Vreal
)(9) 

Being the magnitude and phase of impedance ZCELL: 

|ZCELL| =
VIN·VCELL·R

2√Vreal
2+Vim

2
 ; ΦZCELL = arctg(

Vim

Vreal
)(10) 

1.4.1. The Lock-in amplifier analog approach. 

In the previous section have the idea of a whole system based on a potentiostat and a lock-in 

amplifier as a complete solution for an electrochemical impedance spectroscopy experiment was 

introduced. In this section, it is presented the configuration of a lock-in amplifier that generates 

the real and imaginary components of the impedance (ZCELL) based on an analog instrumentation 

implementation is presented. 

The lock-in amplifier architecture based on an analogue approach [101-103], consists in different 

modules, which are two Synchronous Demodulated Channels which generates DC voltage signals 

which are proportional to the real (Vreal) and imaginary (Vim) components of the input signal (front-

end instrumentation). The circuit schematic, with the demodulator and the low pass filter, is 

depicted figure 1.11, where Vout,POT represents the potentiostat amplifier output signal (equation 

19). 

The lock-in amplifier provides real and imaginary components through the DC values Vreal and 

Vim, respectively, after filtering the rectified signals from the demodulator stage, getting a 

complete characterization of potentiostat output signal and an accurate estimation of ZCELL 

(electrochemical reaction characteristics).  
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Figure 1.11: Full schematic view of the implemented lock-in module [58]. 

Special attention is given to the reference signal used by the demodulator channels which is 

multiplied by the signal to be measured. The reference (VREF) signal is an ac voltage, of the same 

frequency of the input signal, which can be either generated by an oscillator, locked to the input 

signal by a phase locked loop or mainly using the same polarization signal of the previous stages 

(VIN). A phase shifter allows the reference signal to be trimmed at the following phases: phase 

ReClk1 = 0º, phase ReClk2 = 180º, phase ImClk1 = 90º, phase ImClk1 = 270º. The clock signals 

generator is depicted on figure 1.12. 

 
Figure 1.12: Clock generation module. 

Clock signals are generated by two hysteretic comparators, one for the 0º phase clock and the 

other one for 90º phase clock signals, previously generated by an integrator. It’s desirable that the 

different four clock signals be generated with a dead time, DT in figure 1.13, between them for 

each channel, ReClk1 and ReClk2 for VREAL channel and ImClk1 and ImClk2 for VIM channel. 

The dead time must be implemented in order to avoid undesired spikes at the generated clocks 

and harmonic distortion coupling on the demodulator channels. Dead time values must be several 

orders of magnitude less than the clock period to not interfere with the clocks phase shift. 
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Figure 1.13: Dead time conceptionClock generation module. 

Finally, the demodulation stage consists of two simple wave rectifiers. On each rectifier, when the 

input signal to be measured and the reference signal are of the same frequency, the demodulator 

output has a dc component proportional to the input signal amplitude. By adjusting the phase of 

the reference signal using the phase-shifters present in the reference channel, the phase difference 

between the input signal and the reference can be brought to zero (null shift procedure). If we get 

all the four phases; 0º, 90º, 180º and 270º; considering the two different channels on demodulation 

stage, we have a complete data spectrum to evaluate the whole input signal.  

A low pass filter characterized by a low cut-off frequency is necessary to reject the noise and 

harmonics superimposed to the output demodulation stage and acquire the dc component 

proportional to the signal. A very interesting architecture is based on a trans-conductance amplifier 

(OTA), due to the very small trans-conductance values, in the order of nano-siemmens, that can 

be defined [104].  The basic structure is based on a source degenerated trans-conductance 

amplifier (OTA) to define the filter. The source degeneration increases the input range of the 

amplifier and also decreases the equivalent trans-conductance of the OTA amplifier. The ratio 

between the current mirrors decreases the current level at output, which results in an even minor 

value [105]. These current mirrors are based on composite transistors, used to reach greater copy 

factors. The typical transfer equation and cut-off frequency are the following 

|HFILTER| =

gm1 · gm2
C1 · C2

s2 +  s ·
gm2
C2 +

gm1 · gm2
C1 · C2

(11) 

ω0 = √
gm1 · gm2

C1 · C2
 (12) 

Then, integratable capacitors can be implemented, defining cut-off frequencies in the range of 

0.1Hz to 30Hz. The LP Filter on Figure 13. is depicted as a Gm-C second-order low pass-filter in 

figure 1.14. 
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Figure 1.14: Gm-C Second order filter configuration. 

Once we get both real and imaginary components of the measured signal from the analogue lock-

in amplifier, we need to process these raw dc values to obtain reliable information about our 

system to perform an EIS experiment with them. In order to develop a complete system for EIS 

experiments, the dc raw data on lock-in output must be digitalized in order to carry out the 

mathematical post-processing, equation 31 to 34, on a microcontroller, DSP or computer. The 

digitalization of the output data is easiest than in other devices due to the acquisition of only DC 

signals. The theoretical expression of the module and phase of Vout,POT, in figure 13, using the 

Randles model, are found in following equations:    

|𝑉𝑜𝑢𝑡,𝑃𝑂𝑇| =
𝜋

2
√𝑉𝑟𝑒𝑎𝑙

2 + 𝑉𝑖𝑚
2(13) 

Φ𝑉𝑜𝑢𝑡,𝑃𝑂𝑇 = 𝑎𝑟𝑐𝑡𝑔(
𝑉𝑖𝑚

𝑉𝑟𝑒𝑎𝑙
)(14) 

|𝑍𝐶𝐸𝐿𝐿| =
2

𝜋
· 𝑉𝐶𝐸𝐿𝐿 · 𝑅·

1

√𝑉𝑟𝑒𝑎𝑙
2+𝑉𝑖𝑚

2

(15) 

Φ𝑍𝐶𝐸𝐿𝐿 = 𝑎𝑟𝑐𝑡𝑔(
𝑉𝑖𝑚

𝑉𝑟𝑒𝑎𝑙
)(16) 

Where 2/pi is the mean absolute value of the sine function [101]. 

Obtaining with equation 33 and 34 a direct measurement of both ZCELL module and phase and 

ZCELL real and imaginary components and obtaining reliable data for Electrochemical Impedance 

Spectroscopy experience. In figure 1.15 the behavior of the demodulation stage for both channels 

is shown. 
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Figure 1.15: Caption of the rectified signals for the real and imaginary channels before the active filters. Upper 

trace (A) represents the reference clock signal for the synchronous demodulated channel for the real component, 

before the filter (Vreal); next figure (B) is the rectified signal. The third signal (C) is the reference clock signal for 

the synchronoys demodulated signal for the imaginary component (Vim), and the last trace (D) at the bottom, is 

the trace of the rectified signal at the imaginary channel. These traces are obtained for a 180º condition. 

1.4.2. The Lock-in Amplifier digital approach. 

Some potentiostat solutions employ an output digital signal in order to facilitate the data 

processing and transmission. Since the use of analogue instrumentation processing usually leads 

to a final data digitalization, the possibility of a direct embedded processing is an interesting 

approach to developing a lock-in amplifier. The digital lock-in (DLIA) approach is based on an 

embedded mathematical processing on a microprocessor or DSP device [106,107]. The block 

diagram of the lock-in software is depicted in figure 1.16.  

In order to proceed with the signal processing there are two main approaches: a) the Fast Fourier 

Transform (FFT) [108], and b) the Frequency Response Analyser (FRA) [106]. In the case of the 

FFT, a pulse, or a step, -the approach to be followed is the ideal Dirac function-, is applied to the 

sample because it contains a wide frequency content. Then, the response of the sample is 

digitalized and processed in a digital processor, for instance a DSP, and using the FFT algorithm, 

the different frequency components are obtained for their analysis. Another possibility is the 

logarithmic sampling in the DFFT calculus, reducing the data required in the process [108]. This 

appears to be simple, but there are several problems in the implementation. First of all, it is very 

difficult to generate a fast step function and a very fast electronics capable of driving this step on 

the electrodes and extracting the resulting current signal. If the sensing system and front-end 

electronics rising time is too slow, the resulting frequency components will be distorted. Since the 

important information is contained in a short period of time after the step is applied, in addition to 

a very fast front-end electronics, very fast ADC with a high precision bit resolution is also required 
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Figure 1.16: Digital lock-in block diagram. 

A simpler solution is based on the FRA approach. In this case a sine and cosine signals are adopted 

and by means of two multipliers and a filter stage the real and imaginary components of the 

response are obtained. This measurement must be done for each frequency. Working with just one 

sensor and in terms of the size of the final product, the FFT option could be adopted, although 

high speed hardware and heavy algorithm implementation is required, because the response for 

several frequencies is obtained. The FRA solution is more oriented to multi-sensor approaches but 

is also a good option in the case of single sensors, in terms of the trade-off between complexity 

and speed, if not too low frequencies are to be measured.  

This lock-in approach is more feasible. The digital lock-in FRA approach [107] is based on the 

principle that there is no correlation between noise and measured signal. In contrast to the analogue 

approach, an orthogonal arithmetic multiplying between the incoming potentiostat signal and 

reference signal are used to get the real and imaginary components, coming close to the theoretical 

behavior of a LIA. A digital lock-in has no low frequency limitations, being capable of working 

properly at the sub-hertz region. The upper frequency limitation is mainly limited by the ADC 

conversion time, being able to develop a wide frequency range IS system. On the other hand, the 

DLIA is limited by area and power consumption. The area and power consumption levels depend 

on the electronics involved. If a microprocessor is needed, we get typical power consumption, for 

commercial solutions, of several hundreds of mW, which is far from the desired power waste. But 

in the recent years a step forward in microprocessors field has been presented in [109, 110]. [109] 

present a microprocessor, in a 180 nm technology, with a power consumption of 226 nW, and area 

of 915x915 mm2. It evolved from [110], where the sub-threshold operating region is explored. In 

the same way there has been an evolution in microprocessor development, in terms of area and 

power consumption. [111], present an evolution of the digital lock-in algorithm based on an 

oversampling solution, simplifying the orthogonal vector arithmetic cutting off all the multiplying 

operations. 

In that way, evolution of both microprocessor hardware and lock-in algorithm software, leads to 

a whole post-processing embedded system with great throughput, functionality and versatility 

without involving a high area or power consumption. 
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1.5. Contribution of this Thesis. 

The aim of this research is to design, fabricate and test a novel device / technology for PoC 

instantaneous screening and monitoring of cellular analytes. The method used is based on direct 

measurement from samples by means of its inherent electrical IA in order to overcome the 

operational challenges present on the actual PoC devices on the market.  

The state of the art of PoC devices have been analysed (Chapter 1) to study their strengths and 

weakness, and determine the necessary improvements. This is, the development of 

instrumentation electronics, sensing systems as well as design protocols for truly PoC devices, 

relying on straight forward standards for economic, low power consumption, versatile, safe and 

reliable devices. The development of such technologies and devices is entailed to the evolution of 

these systems as implantable LOC devices for in vivo continuous monitoring of the patients. In 

this case, the development of simplified low-power electronics and sensing systems, leads to its 

miniaturization and integration in a single microchip with multiple functionalities. 

A discrete bench-top system for IA have been designed, fabricated and tested. In Chapter 2 it is 

presented the design and validation of different instrumentation electronics and sensing systems, 

as well as design protocols for truly PoC  devices. The device has been designed to perform an 

Impedance Spectrometry (IS) experiment in order to validate the whole device electronics as well 

as to characterize the sensing system and its interface accurately. 

In Chapter 3, the first experiments for cellular detection by means of IA are exposed. A first 

approach to a portable and compact device for PoC early instantaneous detection of anaemia, 

relying on HCT screening, is described. This device has been designed to work directly with fresh 

whole blood samples. An experimental set-up and protocol of operation have been defined for 

instant impedance detection to determine the system detection accuracy, sensitivity and coefficient 

of variation. As you will notice, the device has been developed using prototyping tools from 

National Instruments for fast development and validation, as well as application functionalities.  

In chapter 4 is validated the possibilities of the integration of this technology within other devices 

for increased functionalities. The experiments were carried out with different instrumentations 

front-end as well as different sensing systems typologies, and the same back-end electronics for 

signal processing and system control. The analysed samples and its environment were 

dramatically different: laboratory sample formed by E. coli 5K strains working as a monitoring 

functionality of a DEP-enhanced concentrator for automated detection and concentration of 

bacteriological species.     

In chapter 5, the development of a specific PoC  device for HCT detection and a clinical test from 

whole blood samples is presented. The design is based in the previously presented device’s 

electronic instrumentation and sensing system with the addition of an economic and low power 

back-end solution. A clinical study has been performed and the results obtained during the 

experimental procedures are shown, analysed and discussed.   
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Finally, in chapter 6 we summarize the conclusions obtained after this research and recommend 

future developments that could be done to develop truly last generation PoC devices and integrated 

LOC single-chip devices. 
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Chapter 2 

 

Design, test and validation of PoC device instrumentation. 

This chapter presents in detail the design and validation of instrumentation electronics and sensing 

systems, as well as design protocols for truly PoC devices. The device has been designed to 

perform an Impedance Spectrometry (IS) technique in order to validate the whole device 

electronics as well as to characterize the sensing system and its interface accurately. It is focused 

on the development of such devices relying on straight forward standards for economic, low power 

consumption, versatility, safety and reliability. The first section presents different sensing 

topologies regarding the actual state-of-the-art. Subsequently, the following section presents the 

different designs of an electronic instrumentation prototype to address the different sensing 

typologies previously described. Finally, the back-end for system control and signal processing 

will be presented, and its very functionalities described. 

2.1. Front-end electronics depending on the sensing topology. 

As it has been stated in the introduction, there are different electrodes topologies for the sensing 

system implementation, depending on the system and applications requirements. Different 

configurations must be designed for the front-end electronics architecture depending on the 

sensing topology.  

In case of a three electrodes sensing topology, the potentiostat is the key electronic component for 

these sensing configuration, which is the interface between the biological elements and the 

instrumentation electronics. The potentiostat can be implemented in different ways, especially in 

terms of electrodes current, which can be designed as an instrumentation amplifier current readout 

stage or a trans-impedance amplifier readout stage. 

In figure 2.1.A it is depicted a simple potentiostat with an instrumentation amplifier readout stage. 

It consists on an operational amplifier (OA), which tracks the input signal (VIN) on to electrodes, 

and an instrumentation amplifier that senses the current through the electrodes (1). 

ICELL =
VIN

ZCELL
 (1) 
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Figure 2.1: Cellular model, sensing system and front-end electronics. A: 3 electrodes approach. B: 4 electrodes 

approach. 

The current measurement consists on the direct conversion of the current through the biological 

specie (ICELL) into a voltage signal by means of a resistor on the counter electrode (RSENSE), and 

an instrumentation amplifier that measures the voltage difference in the resistance. We assume 

that the current through resistor RSENSE, is equal to the current through the electrodes, and it is 

considered that the voltage between reference (RE) and working electrodes (WE) is more steady 

due to the direct connection of working electrode to ground. Instrumentation amplifier transfer 

function is described by equation 2, where (V+ - V-) is the voltage difference on the amplifier’s 

input voltage pins and G is the amplifier’s gain which has been set to 1 to optimize the amplifier’s 

Total Harmonic Distortion. 

VOUT = G · (V+ − V−) = 𝑅𝑆𝐸𝑁𝑆𝐸 · 𝐼𝐶𝐸𝐿𝐿 (2) 

ZCELL = RSENSE · (
VIN

VOUT
) (3) 

In case of a four electrode configuration, a voltage to current converter is implemented. In figure 

2.1.b, the voltage to current converter is a modified Howland cell based on operational amplifiers 

(OA1 and OA2), which must guarantee a wide bandwidth and a high slew-rate while maintaining 

a low spectral noise and a low offset performance. The Howland cell uses RSET and the input signal 

(VIN) amplitude to define a stable current signal (IOUT) at the output of the circuit regardless the 

connected load related to the biological specie. 

ICELL = (
1

RSET
)VIN (4) 
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The differential voltage between ER1 and ER2 electrodes is acquired by means of the 

instrumentation amplifier (IA in figure 2.1). The measured voltage (signal VIS) is related to the 

differential voltage between the reading electrodes (ER1 and ER2), G being the instrumentation 

amplifier gain. 

VOUT = G · (VER1 − VER2) = 𝐺 · (𝑍𝐶𝐸𝐿𝐿 · 𝐼𝐶𝐸𝐿𝐿) (5) 

ZCELL = RSET · (
VOUT

G·VIN
) (6) 

2.2. Back-end electronics for data Impedance Spectrometry post-processing 

and user interface. 

The sensing topology and front-end electronics chosen for the implementation of the PoC device 

outputs a voltage signal related to the biological impedance, which is a complex magnitude. The 

purpose of the back-end electronics, independently of the front-end electronics and sensing 

system, is to supply the proper voltage signal to bias the instrumentation electronics, depending 

on the biological sample, sensor, and experimental set-up; process de output data, and present a 

proper user interface. 

Two different approaches can be considered for the Impedance Spectrometry method; the Fast 

Fourier Transform (FFT) [1] method and the Frequency Response Analyzer (FRA) [2]. In the case 

of the FFT method, a pulse is applied, ideally a Dirac function, to the sample, and considering that 

it contains a wide frequency content, the response provides a full spectrum data of the analysed 

sample impedance. The front-end electronics response is analysed with a Fourier Transform 

algorithm in order to extract the frequency components of the impedance spectra [1]. This method 

is simple and fast solution for the IS, but there are several drawbacks in the implementation. It is 

very difficult to generate a fast step function and a very fast electronic instrumentation capable of 

driving this step on the electrodes and extracting the resulting signal, producing a distortion in the 

measurement. Moreover, the important impedance information is contained in a short period of 

time after the step is applied so, in addition to a very fast electronic instrumentation, a very fast 

analog-to-digital converter (ADC) with a high precision bit resolution is also required, resulting 

in a high speed hardware and heavy algorithm implementation device. Considering the PoC 

characteristics of the device, the FRA approach is a simpler and more efficient solution based on 

a Lock-in Amplifier (LIA). This method is much slower, as every frequency component is 

analysed separately, to obtain the Bode plot of the measured impedance. The FRA solution is a 

good solution in terms of the trade-off between speed and complexity, particularly if not too low 

frequencies need to be measured, as it actually happens on biological cellular samples [3-6]. 

Moreover, the implementation of a LIA is useful to reject undesirable harmonics and noise 

interferences [7-9], which are predominant on biological environments, such as bacteria culture, 

saline solution buffers, blood plasma, etc.  
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Taking into account these considerations, a first approach for Impedance Spectroscopy (IS) 

analysis, has been a complete back-end electronics designed to perform the Frequency Response 

Analyzer (FRA) solution based on a real-time mathematical processing Digital Lock-in Amplifier 

(DLIA) [1,2]. It has been embedded on a real-time platform sbRIO9632 (National Instruments, 

Austin, TX, USA), which has been used for fast software prototype development and versatility. 

To perform the FRA analysis based on a DLIA, the biasing signal of the front-end electronics 

(VIN) is adopted as a reference signal to analyze the response of the sensing system (VOUT). A sine 

and cosine signals are derived from VIN, and by means of two multipliers and a filter stage the real 

and imaginary components of VOUT are obtained. This measurement must be done for each 

frequency and front-end electronics output signal bode plot is composed of its magnitude |VOUT| 

and phase φOUT, where VREAL and VIM are the real part and imaginary part of the output signal. 

 

Figure 2.2: Lock-in software diagram. VOUT is the input signal coming from the front-end electronics, VIN is the 

reference signal and VREAL, VIM are the real and the imaginary part of the sensing system response. 

|VOUT| =
4√(VREAL

2 +VIM
2 )

|VIN|
 (7) 

φOUT = arctan (
VIM

VREAL
) (8) 

VREAL =
1

2
VOUT · VIN · cos(φOUT) (9) 

VIM =
1

2
VOUT · VIN · sin(φOUT) (10) 

In figure 2.3 is depicted the back-end electronics architecture for the IA device. It is composed by 

the the sbRIO 9632 real time platform that allows us to develop different back-end functionalities, 

an oscillator (OSC in figure 2.3) that provides the desired biasing signal (VIN) for the front-end 

electronics, and the signal conditioning for dual analog to digital conversion of both VIN and VOUT 

signals needed for the FRA approach. The oscillator is based on a signal generator AD9833 

(Analog Devices, Norwood, MA, USA) that provides a stable voltage signal with a wide variable 

frequency range, 0 MHz to 12.5 MHz, which is controlled by an SPI communication protocol. 

The signal conditioning consists in a 12-bit dual, low power ADC (ADC in figure 2.3) 

ADC12D040 (Texas Instruments, Dallas, TX, USA), capable of converting both analog input 

signals at 40 MSPS simultaneously. The analogic inputs are converted from single ended to 

differential with a differential amplifier (DA in figure 2.3) AD8138 (Analog Devices, Norwood, 
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MA, USA). Finally, a software for system control, data processing and user interface is embedded 

on the real-time platform, which offers several functionalities.  

First of all, it provides steady clock signals as needed that can be automatically real-time adjusted, 

allowing complete parallel signal acquisition for all the frequency ranges and more precise control 

of the oscillator, enabling the development of a signal generator automatic frequency sweep for 

an automated and complete FRA. 

 

Figure 2.3: Back-end electronics based on a real time platform sbRIO9632. 

Furthermore, some functionalities on the front-end electronics, like RSENSE or RSET multiplexed 

auto-scale, are basic features for a precise FRA method and can be implemented by means of 

additional digital control as it is depicted in figure 2.3 (Front-end Control Signals). The real-time 

platform allows the system configuration and data display, with a user-friendly front-end user 

panel using Labview (National Instruments, Austin, TX, USA), by means of an external computer 

connected to the platform with a standard Ethernet connection. 

2.3. Back-end electronics test. 

Digital lock-in (DLIA) is the key component of the whole back-end electronics system, and must 

be capable to extract information from high contaminated signals provided by the sensing system, 

usually electrical signals buried in noise.  
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Figure 2.4: System response to a resistor IA. A: 50Hz low frequency noise signal. B: 200kHz high frequency noise 

signal. 

To estimate the SNR of the DLIA; the parameter that quantifies the ability of the DLIA to extract 

information of highly contaminated signals; a signal of 10 mV amplitude had been injected at the 

back-end electronics input VOUT, as the information signal to be processed, for different 

frequencies ranging from 10 Hz to 100 kHz. Different noise signals representing different noise 

amplitude values had been added to the information signal for two different frequencies, 50 Hz 

and 200 kHz. Figure 2.4 shows the error and standard deviation when recovering the information 

from the different noise contaminated 10mV electrical signal. Measurement errors are below 10% 

for SNR up to -45 dB, noise levels 200 times higher than the signal amplitude, which means a 

great environmental noise rejection for both lower (50Hz) and higher frequencies (200 kHz). 

2.4. Combined front-end and back-end electronics test using passive 

components. 

The complete PoC device combining both front-end instrumentation for sensing system driving, 

and back-end electronics for data processing and device control, have been tested using passive 

components (figure 2.5). The 3 electrode front-end architecture, based on a potentiostat, has been 

selected for these studies, as three electrodes commercial sensors will be used later. Moreover, the 

passive components used on the study are in the ranges of typical blood impedance values [4, 10-

13], as the PoC device will be later applied to particular blood analysis. 

The operational amplifier to bias the sensor is the AD825 (Analog Devices, Norwood, MA, USA), 

a dual supply high speed Junction Gate Field Effect Transistor (JFET) amplifier with low leakage 

current and low distortion capable of high output driving. The instrumentation amplifier, is the 

AD8421 (Analog Devices, Norwood, MA, USA), a dual supply high speed instrumentation 

amplifier with low noise and ultralow bias current. The amplifier’s gain has been set to 1 in order 

to optimize the amplifier’s THD. This stage has been designed with 4 different multiplexed 

sensing resistors (RSENSE) taking into account the expected impedance values shown in the 

literature between 100Ω and 100kΩ [4, 10-13], as was subsequently confirmed in the system 

validation experiments. These resistors are automatically multiplexed with an auto-scale function 

controlled by the embedded software. 
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Figure 2.5: PoC IA device. Schematic view. A: Front-End Electronics. B: Back-End Electronics. 

 
Figure 2.6: System response for a different resistor values. A: Impedance magnitude. B: Impedance phase. 

First of all, we analyse a single resistor of different values as an electrode load in both impedance 

magnitude, figure 2.6.A, and phase, figure 2.6.B. Results demonstrate a great performance and 

reliability with an impedance magnitude standard deviation of 1%, maximum error of 12.3% in a 

100kHz bandwidth for loads inferior to 10 kΩ. For loads greater than 10kΩ the system 

performance declines with an impedance magnitude standard deviation of 3% and maximum error 

of 14% and bandwidth less than 10 kHz. In terms of impedance phase, figure 2.6.B, the system 

performance shows a standard deviation of 3.7º in a 10 kHz bandwidth except for higher load 

values. The potentiostat topology causes a bandwidth limitation, as the instrumentation amplifier 

current readout system introduces an extra load (RSENSE) on the main amplifier feedback loop, 

especially when the load increases. 

A transimpedance amplifier topology, may solve this problem, as the current readout system, as 

well as the sensing resistor (RSENSE) are placed outside the feedback loop of the main amplifier. 

However, the generation of a voltage reference on the electrodes is based on a virtual ground 
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provided by the transimpedance amplifier (TIA on figure 2.7.B), leading to possible errors on 

electrodes biasing. 

 
Figure 2.7: Potentiostat topologies. A: Instrumentation amplifier current readout topology. B: Transimpedance 

amplifier current readout topology. 

Moreover, presence of stray capacitances creates a high frequency measurement deviation called 

“Hook Effect”. It is caused by leaking currents on the instrumentation [14], producing an IA error 

that can be observed above the 100kHz. This error is frequency and load dependant, as leaking 

current paths through parasitic capacitances is more conductive at high frequencies and loads. 

Even though these limitations, it is not a major drawback to the PoC device application, because 

the typical impedance and working frequency values for HCT analysis found in literature are 

below the described limitations. 

Finally, the whole PoC device has been tested adopting a parallel resistor and capacitor as a load 

configuration. In figure 2.8 it is shown the impedance magnitude and phase, compared with the 

theoretical load behavior. Three different resistor and capacitor values have been tested: 

 

Table 2.1: Parallel resistor and capacitor values. 

 
Figure 2.8: System response for a different parallel resistor and capacitor values. A: Impedance magnitude. B: 

Impedance phase. 
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Results shows a great performance with an impedance magnitude standard deviation of 1.5%, a 

mean error of 3.5% with a defined 100 kHz bandwidth. 

2.5. Combined front-end and back-end electronics test using a 

ferrocyanide/ferricyanide solution. 

Finally, the whole PoC device have been validated for different sensors topology and compared 

the device measurements with a commercial equipment SP-150 (BioLogic Science Instruments, 

Grenoble, France) using a ferrocyanide/ferricyanide solution, a commonly used substance on 

sensor and equipment characterization [15-17]. 

Two different sensors have been used: a disposable commercial three screen printed electrode 

C223AT (DropSens, Llaneras, Spain); and a standard three electrodes laboratory sensor composed 

by three different probes. Figure 2.9.A and 2.9.B shows the impedance magnitude and phase 

comparison between the developed device and the commercial equipment SP-150, using the same 

disposable three screen-printed electrodes (C223AT sensor). 

 
Figure 2.9: Comparative results with commercial equipment SP-150. A: Commercial sensor C223AT impedance 

magnitude. B: Commercial sensor C223AT impedance phase. C: Standard laboratory probe impedance 

magnitude. D: Standard laboratory probe impedance phase. 

Figure 2.9.C and 2.9.D shows the impedance magnitude and phase comparison between the 

developed device and the commercial equipment SP-150 using the same standard laboratory three 

probe electrodes sensor for all the experiments. The system has a proper IA response in the 
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frequency operating range from 10 to 100 kHz, working within the ranges described before, with 

an impedance magnitude standard deviation of 1% and a maximum error of 1.5%. In terms of 

phase, maximum error is under 12.1º and the electrodes electrical pole positions represented are 

at accurate position. A final system characteristics summary is reported in Table 2.2: 

 

Table 2.2: System characteristics summary. 

2.6. Conclusions. 

In this chapter  it is described a first-approach device based on a full-custom electronics composed 

by a front-end sensing interface instrumentation, and a back-end electronics for IA composed by 

a digital lock-in. The different electronics have been developed and evaluated for portable, low 

cost, PoC analysis device. The apparatus is validated by means of several IA, using different 

passive electrical elements and well-known state-of-the-art chemical compounds used for 

equipment characterization, in the typical whole blood impedance and frequency detection ranges.  

Experimental results show a reliable performance for biomedical PoC experiences, resulting in a 

cheap, fast and portable equipment electronics for biochemical and cell concentration analysis 

relying on IAs. 

Next steps will be focused on the study of different whole blood samples, system capability for 

HCT detection and other cellular species. 
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Chapter 3 

 

A study of IA for cellular detection. HCT detection 

approach. 

This chapter describes the experimental analysis performed in order to validate the IA for 

detection, quantification and monitoring of diluted cells suspensions. A compact, portable and 

user-friendly solution, for early detection of anaemia through whole blood HCT monitoring is 

studied, as a first approach for a PoC device relying on cellular detection. The experiments were 

carried out with a three electrode sensor and a potentiostat instrumentation front-end with a digital 

lock-in post-processing and Ethernet data transmission back-end. The element under analysis was 

HCT from different whole blood samples. 

The purpose of this study and its relevancy are framed on the following points: 

1. Once the system has been validated for different passive electrical elements and well-known 

chemical compounds, study the feasibility of detecting a cellular specie such as HCT. 

2. Study the influence in the IA technique and the whole device performance of different 

sensors sensors using laboratory modified blood samples. 

3. Study the impact of the buffer of the cellular cell suspensions on the IA technique using 

laboratory modified blood samples. 

4. Validate the system using non-modified whole blood samples and calibrate the device for 

whole blood HCT screening. 

5. Define a protocol for HCT detection. 

3.1. HCT screening. Focus on Anaemia disease and PoC screening devices. 

The World Health Organization (WHO) defines anaemia as the stage at which the amount of 

haemoglobin in blood drops below a certain WHO threshold for specified population groups, 

being considered a worldwide problem associated with many factors [1]. According to the WHO, 

1.62 billion people, which correspond to 24.8% of the global population, are affected by anaemia 

[2]. Measurement of Hb concentration is considered the most reliable anaemia indicator and it is 

widely utilized in national demographic health surveys and by national governments surveying 

populations [1]. Also, evaluation of the Hb concentration in possible blood donors is a required 

condition in most countries to prevent blood collection from a donor with significant anaemia 

being, generally, the only laboratory control test performed before donation [3]. Blood donation 
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is the only source of support to patients who require blood transfusion but, on the other hand, 

frequent donations may lead to iron deficiency in blood donors, especially females [4]. Hb is an 

iron-containing protein responsible for transporting oxygen in the blood and it is the main 

component of red blood cells (RBCs). HCT is the proportion of blood volume occupied by RBCs 

and is determined by cell number and size, so HCT numbers below a certain reference range may 

indicate anaemia or abnormal cell development [5, 6]. 

New non-invasive methods are being studied and developed for Hb screening but have been 

demonstrated to have lower precision and sensitivity level [3]. These different factors are drivers 

for the development of PoC  anaemia equipment providing an easy to use, reliable and sensitive 

test with a short response time in a portable device relying on 50 µL blood sample, which can be 

capillary collected by standard medical procedures [7], providing reduced disposition decision 

time [8] and replacing current venipuncture based laboratory test and improving patient 

satisfaction [9]. Moreover, low volume blood samples analysis represents a means of avoiding 

inducing anaemia or making it worse, as phlebotomy is reported to induce anaemia in hospitalized 

patients [10]. 

Currently, commercial bench top and non-specific huge laboratory devices are utilized for EIS 

based applications, involving complex experimental setups and significant expenditure of time. 

Furthermore, whole blood PoC specific sensing systems also rely on complex microfluidic devices 

[11], [12] entailing a low environmental integration-level to develop autonomous PoC 

applications [13]. 

In the present study, we evaluated the feasibility of HCT detection, as well as the sensing system 

and cells buffer influence on the analysis, applied as an early anaemia detection PoC device. 

3.2. Biological Electrical Impedance applied to HCT, electrodes and IA. 

As it has been stated before, the electrical model of a diluted cellular specie can be very complex; 

however, it can be defined as very simple one, for device development purposes, as a biological 

impedance (ZCELL) defined by simple Ohm’s law [14], being the current response (ICELL) to 

applying an alternating voltage signal (VCELL) to a biological material by its corresponding sensing 

system (1).  

ZCELL =
VCELL

CCELL)
 (1) 

Although a two electrodes configuration is the basic sensor topology; defined by the working 

electrode (WE), where VCELL is applied, and the auxiliary electrode (AE), which tracks VCELL and 

supplies ICELL, this topology entails some problematic behaviour related to VCELL signal distortion 

due to the AE polarization effects. In order to avoid this effect, the current is supplied using an 

extra, third, electrode (figure 3.1.a). A three electrode sensor is also a commonly used 

configuration on blood characterization [15], [16] and is defined as: a) the working electrode 

(WE), where VCELL is applied, b) the reference electrode (RE), which tracks VCELL and c) the 

counter or auxiliary electrode (CE), which supplies ICELL. 
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In figure 3.1.a is depicted the typical electrical model for dilute cell suspensions in a three 

electrode sensor, which can be described as an electrical components network [17]. ICELL can flow 

through an external cellular path (RE resistance) or across the cell membrane (RM║CM) and go 

through the intra-cellular medium (RI resistance). Since RM resistance is nearly negligible [18] the 

electrical model of the whole system can be extremely simplified as noted before. 

Considering this electrical cell model, the close relation between HCT and impedance at low 

frequencies (up to 100 kHz) has been confirmed [19]. At this frequency range the response current 

ICELL flow outside the RBCs across RE impedance. HCT increment makes the current flow path 

larger between the reference and working electrodes, becoming an increment on ZCELL impedance 

due to an increment of RE impedance (figure 3.1.b). This phenomenon occurs at the 10 Hz to 100 

kHz frequency range [20]. As the IA depends on the quantity of RBCs in the sample, we used the 

IA of whole blood plasma as a reference value, so as to be able to determine the HCT according 

to the impedance increment to that reference value. This relationship between impedance and 

RBCs will be studied in section III. 

IA measurements were performed at alternating biasing voltage of 10 mVrms, in order to prevent 

undesired effects like electroporation or irreversible electrical breakdown, which will damage 

blood cells membranes [21], so unlike actual clinical equipments for blood analysis, whole blood 

samples are not destroyed on the measurement process. 

3.3. Sensing system 

To develop a PoC device, the sensing system must be a low-cost disposable commercial sensor, 

it must be easy to manipulate by clinical laboratory technicians using standard clinical laboratory 

tools. Additionally, the sensing system must work with 50 µL blood samples, the standard volume 

for a whole blood drop and easily collected by capillarity [7], and must be made of gold, an 

acknowledged bio-compatible material. Different commercial sensors have been evaluated, such 

as AC1 sensor (BVT Technologies, Brno, Czech Republic) or the G-AUG sensor series (Bio-

Logic SAS, Claix, France), and the commercial sensor that best meets the defined specifications 

is the C223AT and 220AT (Dropsens, Llaneras, Spain). These sensors have screen-printed 

electrodes based on gold and are specifically designed to work with 50 µl samples (figure 3.1.c). 

Since they have two different working areas; 1.6mm diameter for C223AT and 4mm diameter for 

220AT, both of them will be studied to evaluate how much impact have the electrode size on the 

IA, and the ability of the device ability to work with different sized electrodes. To ensure that the 

50 µl blood samples remains stable on the electrodes during the experimental procedure, the 

electrodes are covered with a polydimethylsiloxane (PDMS) reservoir placed on top of the sensor 

to retain the sample (figure 3.1.c). PDMS is a widely used polymer in industry and is an inert and 

non-toxic material, resulting in a good bio-compatible material for our sensing system. The PDMS 

polymer is a result of mixing Sylgard® silicone base and curing agent in a 10:1 ratio by weight. 

The mixture is degassed under vacuum to remove air bubbles, poured into a petri dish and remains 

at room temperature until cured. Afterwards, the PDMS polymer was peeled off and cut into small 
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squares (about 1 cm2). A through-hole was punched in each PDMS square to get the biocompatible 

reservoir. The clean PDMS surface is sticky enough to adhere to the sensor surface by itself; 

therefore, it is important to keep the surface clean by soaking and washing the polymer in ethanol 

and/or removing any fibre with adhesive tape. The device has a plug-and-play sensor system inside 

a Faraday cage and it is connected to the electronics with a custom made three wire coaxial 

insulated cable in order to provide an easy to use set-up and reliable performance. Blood samples 

were put on top of the sensor with an automatic pipette (Labopette Manual 10 - 100 µL; 

Hirschmann Laborgeräte, Eberstadt, Germany). 

 

Figure 3.1: Sensor and RBC electrical model. a) Red Blood Cell electrical model. Three electrodes model for RBC 

sample. b) Current flow path through different blood samples with different HCT. c) Sensing system: commercial 

disposable sensor with PDMS reservoir wit with a 50 µL whole blood drop sample. 

3.4. PoC device Front-end and Back-end electronics description. 

A full custom electronic circuit was specifically designed to carry out the FRA approach with a 3 

electrode sensor topology. The device architecture has two modules: a) an Electrodes Biasing and 

Instrumentation module (EBI in figure 3.2.a) which provides a frequency configurable voltage 

signal and an instrumentation amplifier based potentiostat; and b) a Signal Digitalization and Post-
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Processing  module (SDPP in figure 3.2.a), which adapts both signals needed for the FRA analysis, 

Reference Signal (VRS in figure 3.2.a) and Impedance Signal (VIS in figure 3.2.a), from a bi-polar 

single-ended to an uni-polar differential signal to be processed by a 12-bit parallel output analog-

to-digital converter. Finally, a digital lock-in amplifier (DLIA) carries out the FRA approach that 

provides the Bode diagrams for both impedance magnitude and phase. 

 

Figure 3.2: PoC device prototype and set-up. (a) Prototype electronics schematic, A: Electrodes Biasing Module; 

B: Signal Digitalization and Post-Processing. (b) Device prototype electronics: Two custom PCB and a sbRIO 

9632 board (National Instruments) on a faraday cage. Experimental set-up: Disposable sensor; Electronic 

instrumentation; External computer with control and data displaying software. 

The first module (EBI), Electrodes Biasing and Instrumentation, is based on a signal generator, 

OSC in figure 3.2.a (AD9833; Analog Devices, Norwood, USA), and an instrumentation amplifier 

based potentiostat. The signal generator provides a stable voltage signal with a wide variable 

frequency range, 0 MHz to 12.5 MHz, which is controlled by an SPI communication protocol. 

The instrumentation is based on a potentiostat with an instrumentation amplifier current readout 

stage [22], which consists of an operational amplifier to bias the sensor and an instrumentation 

amplifier as an electrode current readout. The operational amplifier, OA in figure 3.2.a (AD825; 

Analog Devices, Norwood, USA), is a dual supply high speed JFET amplifier with low leakage 

current and low distortion capable of high output driving, which tracks the signal on to the 

electrodes. The instrumentation amplifier, IA in figure 3.2.a (AD8421; Analog Devices, Norwood, 

USA), is a dual supply high speed instrumentation amplifier with low noise and ultralow bias 

current. The instrumentation amplifier converts the current through the electrodes into a voltage 

signal (VIS) by means of a sensing resistor on the counter electrode (RSENSE in figure 3.2.a) between 
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the amplifier’s non-inverting and inverting inputs. The amplifier’s gain has been set to 1 in order 

to optimize the amplifier’s THD. 

This stage has been designed with 4 different multiplexed sensing resistors (RSENSE) taking into 

account the expected impedance values shown in the literature between 100Ω and 100kΩ [15, 16, 

23-25] as was subsequently confirmed in the system validation experiments. These resistors are 

automatically multiplexed with an auto-scale function that will be explained below. 

The second module (SDPP), Signal Digitalization and Post-Processing, consists in a 12-bit dual, 

low power ADC, ADC in figure 3.2.a (ADC12D040; Texas Instruments, Dallas, USA), capable 

of converting both analogue input signals at 40 MSPS simultaneously. 12-bit resolution does not 

represent a significant drawback in the final system resolution, as VRS is scaled to the full range 

ADC analogue input and the system provides a real time gain auto scale for the RSENSE gain factor. 

The analogue inputs are converted from single ended to differential with a differential amplifier, 

DA in figure 3.2.a (AD8138; Analog Devices, Norwood, USA), with a high slew rate with low 

distortion and input noise. Finally, a DLIA based on real-time mathematical processing is 

embedded on a 400 MHz microprocessor from a real-time platform, sbRIO 9632 in figure 3.2.a 

(sbRIO9632; National Instruments, Austin, USA). Final impedance bode plot is composed of 

sample impedance magnitude |ZCELL| (6) and impedance phase φCELL, where VREAL and VIM stand 

for real part and imaginary part of the measured impedance. In addition, real-time platform 

sbRIO9632 has a FPGA (Xilinx Spartan-3; Xilinx, San Jose, USA), which allows us to provide 

steady clock signals as needed on the instrumentation that can be automatically real-time adjusted, 

allowing complete parallel signal acquisition for all the frequency ranges. Furthermore, embedded 

hardware control, like RSENSE multiplexed auto-scale and signal generator automatic frequency 

sweep can be developed. This real-time embedded hardware control represents the basic features 

for an automated and complete FRA approach. 

The real-time platform allows the system configuration and data display, with a user-friendly 

front-end user panel, by means of an external computer connected to the platform with a standard 

Ethernet connection. The user panel, depicted in figure 3.3, has two different configurations that 

can be selected from a menu (A label). Each option allows the system to perform different 

experiments when the start button (D label) key is pressed. The first one is a complete EIS that 

provides the Bode diagrams for both impedance magnitude (F label) and phase (G label), where 

the user could choose the number of points per decade (C label). EIS frequency ranges are fixed 

to the defined bandwidth on previous section and RSENSE values are auto-scaled. The second is an 

automatic HCT analyzer, where the blood sample HCT is displayed with four significant numbers 

(B label).  

Moreover, the front panel has several displays for user control and error monitoring. The two 

signals needed for the FRA analysis, Reference Signal (VRS in figure 3.2.a) and Impedance Signal 

(VIS in figure 3.2.a), are real-time monitored and shown on a graph (E label). Errors in electronics 

connection with the remote computer are displayed (H label) and generic Labview errors are 

explained (J label). 
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Figure 3.3: Software front-panel for experiments control and data displaying. 

3.5. HCT screening studies. First study. 

3.5.1. Objectives 

This first test will validate the system capabilities to detect a diluted cellular specie, in particular 

HCT. Moreover, the influence of different sensors and the impact of cellular buffer in the IA 

technique and the whole device performance will be studied. A complete impedance spectrometry 

experiment have been performed in order to get a full impedance spectrum analysis of 4 different 

blood samples, means to represent different degrees of anaemia. These samples came from the 

manipulation and dilution of a single whole blood sample extracted from a healthy donor. The 4 

blood samples have the following HCT: 14.8%, 19.6%, 30.1% and 40.4%. 

3.5.2. Blood samples 

Blood samples were obtained in 4-mL tubes containing ethylenediaminetetraacetic acid (EDTA 

7.2 mg; BD Vacutainer®; BD, Madrid, Spain) from a healthy donor. The whole blood sample was 

centrifuged (Jouan CR412; DJBlabcare, Buckinghamshire, England) at 2200 rpm for 15 min in 

order to separate blood plasma from red blood cells (RBC). To obtain 4 different samples with 

different anaemia degree (Table I), whole blood samples where diluted in different volumes of a 

saline solution, as a well-known clinical biocompatible material, using an automatic pipette 
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(Labopette Manual 10 - 100 µL; Hirschmann Laborgeräte, Eberstadt, Germany). Blood plasma 

was used as a reference value in order to correlate the results and study the influence of different 

buffers for the RBCs on the IA. We performed a complete blood count (CBC) of the resulting 

blood samples with a haematology analyzer (ABX Micros 60; Horiba, Madrid, Spain), which 

reported the haemoglobin and HCT results as g/dL and percentage (%), respectively. This analyzer 

used electrical impedance technology to perform the CBC. With this methodology, whole blood 

is aspirated into the system, the sample stream is split, one portion is used for haemoglobinometry 

and one portion is used for RBC counting and size. Haemoglobinometry is based on RBC lysis 

and measurement of haemoglobin concentration by absorbance of spectrophotometry. RBC 

counting and size analyses are performed by passing the RBCs singly through a small direct 

current. The temporary increase in impedance caused by the passage of the cell provides 

information about RBC number and RBC volume. HCT is calculated from the measured 

haemoglobin, RBC number and RBC volume [25]. 

Therefore, the obtained HCT, haemoglobin and anaemia diagnose for the different blood samples 

was (Table I): Sample 1 had a 14.8% HCT with 5.7 g/dL haemoglobin, critical anaemia; sample 

2 had a 19.6% HCT with 6.8 g/dL haemoglobin, severe anaemia; sample 3 had a 30.1% HCT with 

10.5 g/dL haemoglobin, moderate anaemia; and sample 4, had a 40.4% HCT with 14.0 g/dL 

haemoglobin, absence of anaemia. 

 

Table 3.1. Blood samples description. 

3.5.3. First study results 

The designed device was validated through EIS experiences with the specified sensors described 

in section II.B for each sample described in section II.C. Experimental set-up is depicted in figure 

3.2.b. All the measurements have been performed at clinical laboratory room temperature. First 

of all, we measured a complete impedance spectrum with both sensors. As an example, in figure 

3.4 is depicted the obtained impedance magnitude (figure  3.4.a) and phase (figure  3.4.b) bode 

diagram for whole blood plasma, sample 2 (19.6%) and sample 4 (40.4%) blood samples for both 

sensors.  
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Figure 3.4: Whole blood impedance magnitude and phase comparison between sensor C223AT and sensor 

220AT. a) Impedance magnitude over full frequency spectra.  b) Impedance phase over full frequency spectra. c) 

Impedance magnitude over frequency working range.  d) I Impedance phase over frequency working range. 

We observed that, both in impedance magnitude and phase, there exists a clear difference between 

impedance results for different samples in specific frequency ranges. Furthermore, these 

differences must be related to whole blood HCT, as the response current ICELL flow outside the 

RBCs. When HCT is higher, the current flow path becomes larger between the reference and 

working electrodes, which represents an increment on measured ZCELL impedance. Therefore, 

measured impedance differences must be defined as impedance increments related to HCT 

increments. However, this phenomenon is not present on the whole frequency range defined 

previously, 10 Hz to 100 kHz, but on a more specific one depending on the sensor. So, we have 

defined working ranges, depending on the sensor and the correlation between IA and HCT, as 

shown in figure 3.4. 

In terms of impedance magnitude (figure 3.4.c) the frequency working range is on the 10 kHz to 

100 kHz range for sensor C223AT and on the 1 kHz to 100 kHz range for sensor 220AT; for 

impedance phase (figure  5.d) it is on the 1 kHz to 10 kHz range for sensor C223AT and on the 

100 Hz to 10 kHz range for sensor 220AT. It is interesting to be able to determine impedance 

magnitude and phase differences for different HCT samples on a wide frequency working range. 

It gives flexibility and data redundancy to the system as long as it is not single frequency response 

dependant, which makes simple statistical data analysis techniques, like linear fit, feasible, turning 

out to be a more robust and reliable device.  
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Hence, once we have assumed that measured impedance increments, on the defined frequency 

working range, are related to blood samples HCT increment, we must determine the system ability 

for HCT detection, resolution and sensitivity. For a simpler analysis, we have defined this relation 

to be approached by a linear dependence between measured impedance and blood samples HCT. 

Linear fit technique has been used to study the relation between impedance data collected with the 

EIS experiments and blood samples. With this study we want to determine the system HCT 

detection resolution and sensitivity, on the defined frequency range, in both terms of impedance 

magnitude (|Z|) and phase (Δφ). 

 

Figure 3.5: Whole blood impedance magnitude and phase comparison between sensor C223AT and sensor 

220AT. a) Impedance magnitude as a function of HCT.  b) Impedance phase as a function of HCT. Error bars 

represent the standard deviations across ten repeats. 

The measured impedance data, collected with the IS experiments, and the blood samples HCT 

have been analysed with a linear regression, as we have assumed a linear dependence between 

them, and highlight the system detection abilities in terms of resolution and sensitivity. First of 

all, we have calculated the mean value and standard deviation of |Z| for every blood and blood 

plasma sample for all the measurements on the frequency working range. The defined frequency 

working range for impedance magnitude (|Z|) is on the 10 kHz to 100 kHz range for sensor 

C223AT and on the 1 kHz to 100 kHz range for sensor 220AT. The mean value and standard 

deviation of |Z| are shown on Table III for the C223AT sensor and Table IV for the 220AT sensor. 

220AT sensor provides a wide working frequency range with low frequency dependence, as 

relative standard deviation percentage is smaller than sensor C223AT, which frequency working 

range must be more bounded as standard deviation percentages are relatively high. 

Finally, the relation of |Z| mean value and blood samples HCT had been analysed as a linear 

dependence approach (10), where the slope (βZ) defines the sensitivity, in terms of ohms per HCT 

percentage (Ω/%), meanwhile the HCT detection resolution (%) is the relation between the linear 

fit standard deviation and βZ. In figure 3.5.a the |Z| for the different HCT percentages is depicted. 

|ZCELL|(Ω) = α𝑍 + β𝑍 · 𝐻𝐶𝑇(%) (2) 

220AT sensor has a 1.36 Ω/% sensitivity and a 3.21 % accuracy error with a linear correlation of 

0.984; meanwhile the C223AT sensor gives us a 6.19 Ω/% sensitivity and a 1.66 % accuracy error 

with a linear correlation of 0.995. In summary, 220AT sensor, with a working electrode diameter 

of 4mm, gives a wider working frequency range. On the other hand, C223AT sensor, with a 
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working electrode diameter of 1.6mm, provides better sensitivity, accuracy and correlation. Both 

sensors provide low frequency dependence as the standard deviation is below 5%. High 

correlation values, for both sensors, support the evidence that impedance magnitude measurement 

have a strong dependence on HCT. 

 
Table 3.2. |Z| mean value and standard deviation. sensor C223AT 

 
Table 3.3. |Z| mean value and standard deviation. sensor 220AT 

The same study for impedance magnitude had been done for impedance phase. As impedance 

phase values have great frequency dependence through the frequency working range, the 

impedance phase had been normalized. It had been defined as an increment (Δφ) between blood 

samples and blood plasma measurements to remove the frequency dependence from the data. We 

have calculated the mean value and standard deviation of Δφ for every blood and blood plasma 

sample for all the measurements on the frequency working range. The defined frequency working 

range for impedance phase increment (Δφ) is on the 1 kHz to 10 kHz range for sensor C223AT 

and on the 100 Hz to 10 kHz range for sensor 220AT. 

The mean value and standard deviation of Δφ are shown on Table V for the C223AT sensor and 

Table VI for the 220AT sensor. In this case, C223AT sensor provides impedance phase 

measurements with less frequency dependence, although 220AT sensor has a wide frequency 

working range. The relation of Δφ mean value and blood samples HCT had been analysed as a 

linear dependence approach (11), where the slope (βφ) defines the sensitivity, in terms of degrees 

per HCT percentage (º/%),  meanwhile the resolution is the relation between the linear fit standard 

deviation and βφ. In figure 3.5 the Δφ for the different HCT values is depicted. 

Δφ(deg) = α𝜑 + β𝜑 · 𝐻𝐶𝑇(%) (3) 

 

220AT sensor has a 0.55 º/% sensitivity and a 1.87 % accuracy error with a linear correlation of 

0.994, while C223AT sensor has a 1.12 º/% sensitivity and a 2.59 % accuracy error with a linear 

correlation of 0.989. 
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So, 220AT sensor, with a working electrode diameter of 4mm, gives a wider working frequency 

range with better accuracy and correlation. On the other hand, C223AT sensor, with a working 

electrode diameter of 1.6mm, provides better sensitivity. Despite high correlation values for both 

sensors, impedance phase measurements are more frequency dependant than impedance 

magnitude measurements, as the standard deviation is much higher, regardless of being 

normalized to a blood plasma measurement. Even so, it must be considered as a reliable 

measurement parameter to develop a post-processing system with redundant data to provide more 

flexibility, effectiveness and robustness to the system. 

3.5.4. First study conclusions 

The device has been proved to exhibit reliable, robust and effective results using label-free 

disposable commercial sensors using 50µL whole blood samples. Blood samples, collected from 

a single healthy donor, were used to demonstrate the IA technique feasibility to perform an easy, 

fast and sensitive HCT study using two different label-free commercial sensors with low voltage 

biasing. Although only 4 whole blood samples, collected from 4 different donors with different 

degrees of anaemia, were analysed, it must be considered as an initial approach data of low 

population analysis, but with promising results for a significant HCT difference between whole 

blood samples. The device has a linearity of 1.07 and an accuracy error of 1.83% with a correlation 

of 0.988. Coefficient of variation is below 5%, with a worst case resolution of 1.22%. Deformation 

in linearity is caused by deviation in donor 1 whole blood sample HCT measurement and the 

absence of a higher sample population. 

As it was supposed, differences have been found on the impedance results when different sensors, 

with different sizes, are used. Sensor C223AT, with a working electrode diameter of 1.6mm, 

shows better sensitivity and accuracy, meanwhile sensor 220AT, with a working electrode 

diameter of 4mm, provides a wider frequency range and less IA dependence on frequency. As it 

proved to deliver better sensitivity and accuracy, sensor C223AT will be used on the following 

studies. 

Finally, the use of saline solution as a buffer for the RBCs dilution has no influence on the 

measurement, as it proved when compared with the blood plasma. This fact indicates that, as the 

state-of-the-art indicates, the current flow (ICELL) path across the blood sample is through the cells 

membrane. This is a very important fact, as the different elements found on blood plasma; such as 

proteins, glucose, etc., can be very different in quantity from one patient to another, and therefore, 

distorting the measurements performed. 
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3.6. HCT screening studies. Second study. 

3.6.1. Objectives 

To validate the anaemia early detection system based on HCT screening, 48 different blood 

samples have been studied. These samples were randomly obtained from hospitalized patients in 

Hospital Clínic. First of all, whole blood samples were distributed in two different groups, the first 

one (group I), has been used for system calibration; and the second one (group II) has been used 

for system validation. With the group I whole blood samples, we measured a complete impedance 

spectrum to define a frequency working range, where measured impedance values are well 

differentiated and related to the blood sample HCT. Afterwards, we defined a protocol for instant 

impedance detection on the defined working range, and we studied the relation between IAs and 

whole blood samples HCT. With these studies we have found the detection resolution and system 

sensitivity and we have calibrated the system for an instantaneous HCT detection. Finally, the 

HCT detection algorithm, based on previous calibration, has been implemented and validated 

through the group II whole blood samples randomly obtained. The different studies will be done 

with sensor C223AT as it delivers better sensitivity and accuracy. 

3.6.2. Blood Samples 

 

Figure 3.6: hole blood samples groups and experimental procedure. 

We used 48 whole blood samples obtained from hospitalized patients in Hospital Clínic. However, 

personal data of the patients was not available to the investigators and samples were randomly 

selected. Whole blood samples were obtained in 4-mL tubes containing 

ethylenediaminetetraacetic acid (EDTA 7.2 mg; BD Vacutainer®; BD, Madrid, Spain). We 

performed a complete blood count (CBC) of the blood samples with a haematology analyser 

(Advia 2120, Siemens AG, Madrid, Spain), which reported the haemoglobin and HCT results as 

g/dL and percentage (%), respectively. These 48 whole blood samples were distributed in two 

different groups (figure 3.6). The first one (group I), composed of 10 samples, was used to 

calibrate the system, whereas the second one (group II), composed of the other randomly collected 

38 whole blood samples, was used to validate the whole system performance. The samples in 

group I have been selected to cover the entire possible HCT range present in human blood. 

Therefore, the obtained HCT (HCT(%)), haemoglobin (Hb (g/dL)) and anaemia diagnosis for the 

different blood samples in group I was as shown in table 3.4:  
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Table 3.4.   Group I Whole blood samples for system calibration. 

Obtained HCT and haemoglobin for the remaining 38 whole blood samples defined as a validation 

group (group II) are shown in table 3.5: 

 

Table 3.5.   Group II Whole blood samples for system validation. 

3.6.3. System calibration: Impedance spectrometry HCT analysis 

The designed device was validated through impedance spectrometry experiences for each whole 

blood sample described. Experimental set-up is depicted in figure 3.2.b. All the measurements 

have been performed at clinical laboratory room temperature.  

First of all, we measured a complete impedance spectrum for the group I whole blood samples. In 

figure 3.7 shows the obtained impedance magnitude (figure 3.7.a) and phase (figure 3.7.b) bode 
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diagram for whole blood samples. We observed that, both in impedance magnitude and phase, 

there exists a difference between impedance results for different samples in specific frequency 

ranges, as the previously study, with manipulated samples, already highlighted, as well as the 

differences for different buffers has no influence in it. 

 
Figure 3.7: Whole blood impedance magnitude and phase measurement for group I whole blood samples. a) 

Impedance magnitude and b) impedance phase over full frequency spectra.  c) Impedance magnitude and d) 

impedance phase over frequency working range. 

Therefore, measured impedance differences must be defined as impedance increments related to 

HCT increments. However, this phenomenon is not present on the whole frequency range defined 

on the literature, 10 Hz to 100 kHz, but on a more specific one. So, we have defined working 

ranges depending on the correlation between IA and HCT. In terms of impedance magnitude 

(figure 3.7.c) the frequency working range is in the 10 kHz to 100 kHz range and for impedance 

phase (figure 3.7.d) it is in the 1 kHz to 10 kHz range. Despite being working with whole blood 

samples, the frequency ranges are invariably the same found on the previous study. 

It is interesting to be able to determine impedance magnitude and phase differences for different 

HCT samples on a wide frequency working range. It gives flexibility and data redundancy to the 

system as long as it is not single frequency response dependant, which makes simple statistical 

data analysis techniques, such as linear fit, feasible, turning out to be a more robust and reliable 

device. 

Hence, once we have assumed that measured impedance increments, on the defined frequency 

working range, are related to blood samples HCT increment, we must determine the system’s 

capacity for HCT detection, resolution and sensitivity. 



HCT screening studies. Second study. 

 _____________________________________________________________________________  

60  

 

3.6.4. System calibration: automatic HCT detection. 

In this section, linear fit technique has been used to study the relation between impedance data 

collected and whole blood samples HCT, as we have assumed a linear dependence between them. 

With this study we want to determine the system HCT detection accuracy, sensitivity and 

coefficient of variation. We have implemented a software, embedded on the microprocessor from 

the real-time platform sbRIO 9632, to instantly measure impedance on the previously defined 

frequency working range. As a first approach to the detection system, only the impedance 

magnitude measurements will be evaluated. Although impedance phase measurements may be 

related to HCT, as it is shown in figure 3.7.d, these values, unlike the impedance magnitude, are 

strongly frequency dependant, so more complex data analysis is needed, resulting in a more 

complex and slower system. To calibrate the system, the impedance magnitude measurements of 

the whole blood samples from group I will be compared with the HCT values (HCT (%)). 5 

repetitions have been done for each whole blood sample using different sensors and sub-samples 

from the original sample. Table 3.6 shows the impedance magnitude values, the standard deviation 

and coefficient of variation for each whole blood sample. 

 

Table 3.6. System calibration measurements 

|ZCELL|(Ω) = α𝑍 + β𝑍 · 𝐻𝐶𝑇(%) (4) 

The relation of impedance magnitude (|Z|) mean value and whole blood samples HCT had been 

analysed as a linear dependence approach (4), where the slope (βZ) defines the sensitivity, in terms 

of ohms per HCT percentage (Ω/%). Meanwhile the HCT detection accuracy (%) is the relation 

between the linear fit standard deviation and βZ. Precision can be evaluated with the coefficient of 

variation: that is, the standard deviation divided by the mean value of the 5 repetitions 

measurements. In figure 3.8 the impedance magnitude for the different HCT (HCT (%)) is 

depicted. 



 

 

A study of IA for cellular detection. HCT detection approach. 

 _____________________________________________________________________________  

61 

 

 

Figure 3.8: Measured impedance magnitude as a function of whole blood samples Haematocrit (HCT (%)). 

Calibration curve. 

The HCT detection system has a 10.46 Ω/% sensitivity and a 1.13 % accuracy error with a linear 

correlation of 0.987. Precision can be evaluated with the coefficient of variation (CV), which is 

the standard deviation (SD) divided by the mean value of the 5 repetitions. Acceptable values in 

quality control procedures in clinical haematology measurements show a coefficient of variation 

less than 5% [30] 

3.6.5. Whole blood HCT detection 

In previous sections, we have analysed the HCT (HCT (%)) relation with IA, in both magnitude 

and phase, defining the frequency working range. An embedded software has been developed to 

instantly measure impedance magnitude on the defined working range, and we have studied the 

sensitivity, accuracy and coefficient of variation of the device. With the data from these previous 

studies, we have implemented an automatic real-time anaemia detection device that provides 

instantaneous HCT (HCT (%)) measurement. An HCT (%) evaluation algorithm, based on 

impedance magnitude measurement, has been embedded on the microprocessor from the real-time 

platform sbRIO 9632. The accuracy, precision and repeatability of the detection device will be 

evaluated using 38 whole blood samples from the validation group, described in section II.C 

(group II), which were randomly collected. 5 repetitions have been done for each whole blood 

sample, using different sensors and sub-samples, to evaluate the precision of the device. The 

predicted HCT from the detection device (DHCT (%) in Table IV) is the mean value of the 5 

measurements performed with each whole blood sample, and it was compared with the HCT 

measurement (CHCT (%) in Table IV) of the complete blood count (CBC) performed with the 

haematology analyser (Advia 2120, Siemens AG, Madrid, Spain). HCT measurement and its 

standard deviation (SD) results are depicted in table 3.7. 
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Table 3.7. Device validation with group II whole blood samples. 

 
Figure 3.9: Whole blood HCT measurement (DHCT (%)) compared with HCT measurements obtained with a 

CBC performed by a haematology analyzer (CHCT (%)). Error bars represent the standard deviations across 

five repetitions. 

In figure 3.9 a comparison between detected HCT and HCT calculated with a clinical haematology 

analyser is shown. The proposed device presented great accuracy in detecting HCT, with a 

linearity of 0.93 and an accuracy error of 1.75% with a correlation of 0.98. The coefficient of 

variation has a mean value of 3.27% for the whole samples, without any particular case above 5%. 

In quality control procedures in clinical haematology measurements, coefficient of variation of 

less than 5% for a test is considered acceptable [19].  
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As a first approach, which only contemplates impedance magnitude to a HCT analysis algorithm 

for anaemia detection, as previously stated, it would be interesting to develop a more complex 

algorithm involving both impedance magnitude and phase on a wide frequency working range, 

for more precision and better performance on detection. 

3.6.6. Second study conclusions. 

As a first approach for cellular detection and monitoring, a PoC  device for anaemia detection, 

based on HCT screening, has been designed, fabricated and tested for instantaneous anaemia 

detection based on custom instrumentation electronics, IA technique and disposable sensing 

systems. The system performs real time instrumentation control, data acquisition and results 

display by means of an external computer and user-friendly software. The device has been proved 

to exhibit reliable, robust and effective results using label-free disposable commercial sensors 

using 50µL whole blood samples. Furthermore, unlike actual clinical equipment for blood 

analysis, whole blood samples are not destroyed in the measurement process.  

48 whole blood samples, randomly collected from hospitalized patients in Hospital Clínic, were 

used to demonstrate the feasibility of the IA technique to perform an easy, fast and sensitive HCT 

study using disposable label-free commercial sensors with low voltage biasing. A first approach 

for a HCT evaluation algorithm for anaemia detection, based on whole blood IA, is presented and 

validated. The system has been evaluated through comparison with complete blood count (CBC) 

using a clinical haematology analyser (Advia 2120, Siemens AG, Madrid, Spain). The anaemia 

detection device has a linearity of 0.93 and an accuracy error of 1.75% with a correlation of 0.98. 

Coefficient of variation is below 5%, with a worst case resolution of 1.63%. Considering this as a 

first approach algorithm for anaemia detection, the development of a more complex algorithm and 

a more accurate clinical assay with higher testing population will lead to more accurate results to 

assess the device performance. Additionally, as the system is based on straightforward standards 

on instrumentation electronics and sensing, it represents an economic, portable, safe and reliable 

system of anaemia detection with a high degree of integration for the clinical environment.  

Further development must be considered for future stages: real-time platform sbRIO9632 

(National Instruments) has been used for fast software prototype development and versatility, but 

it is a major drawback in terms of power consumption, size and price. It must be replaced by a 

low-cost microcontroller for instrumentation control, data acquisition and post-processing. 

Commercial devices for PoC anaemia detection, based on microfluidics devices, such as 

AnaemiaCheck (Express Diagnostics, Blue Earth, Minnesota), or on photometry haemoglobin 

detection, such as STAT-Site (Stanbio Laboratory, Boerne, Texas) or HemoPoint H2 (Alere, 

Waltham, Massachusetts), are much slower presenting similar detection performance results (table 

3.8). Moreover, getting digitalised information provides the possibility of remote care, monitoring 

and implementation of other clinical actuators. Other commercial PoC devices, like the i-STAT 

analyzer (Abbott Point of Care, Princeton, New Jersey), despite providing lab-quality results for 
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patient PoC testing, turn out to be less specific involving a much more expensive and slower 

device. 

In summary, the feasibility of cellular monitoring by means of IA is proved, and an instantaneous 

PoC device for anaemia detection has been designed, developed and tested. The device presents 

instantaneous, reliable, sensitive and robust HCT detection, relying on low-cost straightforward 

electronic equipment and sensing systems. 

 

Table 3.8. Commercial devices comparison 
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Chapter 4 

 

A study of IA for cellular detection on LoC devices. 

Increased functionalities for an Escherichia Coli 

concentrator and detector. 

This chapter describes the experimental analysis performed to validate the IA, for detection and 

monitoring of diluted cells suspensions, with a different cellular specie, Escherichia Coli, other 

than the HCT used on the previous chapter. Moreover, the experiments were carried out as a 

complementary part of a LoC device for cellular microfluidic manipulation along with 

dielectrophoresis technique. The purpose of this study and its relevancy are framed on the 

following points: 

1. Analyse the versatility of the whole electronic system, aiming for the screening of another 

diluted cellular specie in different buffer, as well as its applications and possibilities of 

integration on other LoC devices to add new functionalities. 

2. Highlight the problems of using laboratory modified samples as a model for actual cellular 

samples when testing biomedical devices. 

3. Present a miniaturized and compact LoC solution to concentrate bacteria in a controlled 

manner, using a fully automated instrument combining dielectrophoresis and IA.  

4. Address the issues associated with the combination of these techniques by simplifying the 

equipment but also by trying to solving some issues generally avoided, to the best of the 

knowledge in the actual state-of-the-art. 

5. Provide the scientific community with a rapid tool for bacteria presence detection, by 

avoiding previous slow preparations in pre-concentration and culture processes, reducing 

procedure times for a faster diagnosis and treatment. 

4.1. LoC devices: combination of dielectrophoresis and IA for cellular 

manipulation. 

Beside the aforementioned IA, the electrical properties of cells and pathogens have been used to 

explore new methods of manipulation and characterization, such as DEP [1]. DEP has been 

recently used to control stem cells to form embryonic bodies in shorter time [2] and H.O. 

Fatoyinbo et al. [3] have measured biophysical parameters of cells (cytoplasmic conductivity, 

membrane conductivity and cell wall conductivity) by analysing its cells DEP behaviour.   
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Bacteria concentration is a time consuming procedure in regular microbiology laboratory practices 

that involves cell culturing processes [4,5] to obtain a significant sample. This could be improved 

by using DEP as a mean of concentration in tiny fluidic spaces. DEP, refers to the force 

experienced by a particle inside a non-uniform electric field [6, 7] and is a convenient, rather 

selective, handling method that has been applied in many biological fields and in LoC  devices 

[8–10]. An example of this is the work reported by Lapizco-Encinas et al. (2004) [11], where 

several types of bacteria in water were concentrated and separated by DEP induced by insulator-

based structures (iDEP), or in the paper presented by Braff et al. (2012) [12], where bacteria were 

successfully DEP trapped in poly(methyl methacrylate) PMMA constructs. DEP selectivity has 

also been repeatedly reported as a benefit for sample preparation, since it allows isolatation of the 

desired cell or pathogen based on their electric and geometric properties [13–15]. As an example, 

Moon et al. (2011) [15] used DEP to separate and detect circulating tumour cells (CTCs), whose 

size and resistance to filtering shear stress presented significant differentiating properties, from 

regular blood cells. This also becomes an advantage in the case of environmental samples, where 

soil particles with the same bacteria size are also present and couldn’t be eliminated by filtration 

or centrifugation. This has also been solved by using DEP [16], taking advantage of its selectivity 

by cell electrical properties. Hence, we used DEP here for concentration purposes. 

On the other hand, current bacteria detection protocols are expensive in terms of equipment and 

time, typically requiring several days to obtain results [17,18]. Techniques like pathogenic-

specific antibody coated magnetic beads [19,20] or hybridization of DNA fragments of bacteria 

[21], have shown to improve the analysis time down to several hours, but they still need complex 

equipment. This could be improved by using IA technique. 

The combination of DEP and IA  [22, 23] in a single equipment based on LoC and micro-fluidic 

technologies allow to develop a practical bench-top device. In recent years several biosensors and 

applications aiming for the successful combination of both technique have been presented. 

Hamada et al. (2013) [22] presented a bacterial detection device combining both positive and 

negative DEP with DEPIM. The biosensor relied on a pair of interdigitated electrodes (IDE) for 

separate DEP concentration and DEPIM measurement, while using commercial devices to operate 

the application. The cellular solution conductivity varies through time, which affects the IA, which 

has not been considered, and measurement instability produced by the magnitude of DEP voltage 

has been reported. Dastider et al. (2013) [23] have designed an impedance biosensor for the 

specific detection of E. coli O157:H7 combining DEP and IA techniques at 2µL/min flow rate, 

which is relatively low. This work used different IDE for cellular separation and detection 

purposes. The detection IDE was functionalized with polyclonal anti-E. coli antibodies for specific 

detection of E. coli O150:H7, removing versatility of the device. Moreover, the presented results 

for cells concentration detection, based on IAs, did not consider the solution conductivity 

variations, as well as the influence of DEP voltages on the IA. 

In that context, it is very interesting to develop a completely customized LoC equipment for a 

quick and easy way to concentrate bacteria with DEP technique at relatively high flow rates [24, 

25], while monitoring its concentration by means of IA technique in a real-time scenario. The 

device, with its main components, is presented in Fig. 1. It is composed of a customized electronic 

module and a LoC. The flowing bacteria sample is pre-concentrated through the generated DEP 

generation and concentration is measured through IA monitoring, with a four-electrode sensor 
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topology, embedded on a single micro-fluidic chamber. The electronic module is supported by a 

real-time platform for continuous concentration monitoring, connected to a remote computer 

through a standard Ethernet connection, which enables the system configuration and data display. 

First, it allows automated functionalities, such as multiplexing signals between the DEP generator 

and the IA analyzer in the micro-fluidic chip, in order to avoid DEP voltages disturbance of IA 

measurement, and auto-scale of the electronic instrumentation gains when necessary, for better 

signal acquisition. Second, it is connected to a remote computer with a user-friendly front-end 

user panel, where the system user can configure the experiment variables, such as measurement 

time for signal multiplexing, signal operation frequency and output gain, while displaying the IAs 

related to actual bacteria concentration level. 

 

Figure 4.1: Combined system overview 

The solution presented controls, in an automated way, the bacteria concentration and monitoring 

process, and has been validated for E. coli, which presents pathogenic variants that cause 

morbidity and mortality worldwide [26] being therefore a topic of interest. E. coli is one of the 

main antimicrobials resistant pathogens for healthcare-associated infections reported to the 

National Healthcare Safety Network [27], being the primary cause of widespread pathologies such 

as significant diarrheal and extra-intestinal diseases [26] or urinary tract infections [28]. 

Furthermore, E. coli can be found as a bacterial food contamination [17] and causes avian coli-

bacillosis, one of the major bacterial diseases in the poultry industry and the most common avian 

disease communicable to humans [29]. 
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4.1.1. The dielectrophoretic effect 

Dielectrophoresis [7] defines the movement of an electrically neutral particle when a non-uniform 

electric field is applied. If the particle is considered homogeneous and isotropic and is polarized 

linearly, then the dielectrophoretic force is defined by (1) [30, 31], where V is the volume of the 

particle, E is the electric field, and α is the effective polarizability, which is defined by the 

expression (2): 

〈𝐹DEP〉 =
1

2
𝑉 · 𝑅𝑒[𝛼∗(𝜔)∇|�⃗⃗� |

2
] (1) 

α = 3ε0εmFCM (2) 

where ε0 and εm are the vacuum permittivity and the medium permittivity respectively and FCM is 

the Clausius-Mosotti Factor. The FCM sign describes the force direction: if FCM is positive, the 

particle is attracted to an electrical field maximum (which is called positive DEP or p-DEP) and 

if negative, to an electrical field minimum (negative DEP or n-DEP). Hence, the DEP force allows 

control of the movement of a particle by varying the applied signal, by changing the electrode 

shape, by placing dielectric structures or by modifying media properties. In the specific case of 

this LoC, we used a pair of interdigitated gold electrodes to pre-concentrate E. coli cells. In order 

to define the suitable trapping frequency, an E. coli geometry model is considered. This bacterium 

is approximated to an ellipsoid shape with two dielectric layers [6], which modifies the Clausius 

– Mosotti factor expression: 

𝐹𝐶𝑀𝑖
(𝜔) =

1

2
   (

𝜀𝑝
∗ −𝜀𝑚

∗

𝜀𝑚
∗ +𝐴𝑖(𝜀𝑝

∗ −𝜀𝑚
∗ )

) (3) 

where εm is the medium permittivity, εp is the particle permittivity and Ai is the depolarization 

factor of an individual ellipsoid axe (i =x,y,z), where e is the eccentricity that involves the ellipsoid 

dimensions (where ‘b’ is the height and ‘a’ the width): 

Ax =
(1−e2)

(2e3)
log (1 +

e

(1−e)−2e
) (4) 

Az = Ay =
(1−Ax)

2
 (5) 

e = √1 − (
b

a
)
2

  (6) 

The representation of expression (3) showed that the optimal frequency to manipulate E. coli cells 

by p-DEP is at 1 MHz as we know from previous studies of the group [32, 33]. This frequency 

was therefore chosen for the pre-concentrating stage. 
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4.1.2. Micro-fluidic chip design and fabrication 

 

Figure 4.2: A: 4 electrode IA method. B: Designed micro-fluidic chip. ECI1-ECI2 are the current injection 

electrodes, ER1-ER2 are the reading electrodes and DEP1-DEP2 are referred to electrodes where DEP is applied. 

The 3 electrodes topology used in the previous chapter, although is a perfectly viable electrode 

architecture, can distort the IA if the electrodes are not well geometrically designed, due to the 

working electrode impedance polarization, as the current bias signal is directly applied where the 

single-ended voltage measurement signal is read. As the microfluidic device must include a pair 

of interdigitated electrodes for DEP technique, the geometry of the electrodes for a 3 electrodes 

solution IA cannot be optimized. So, in order to include the IA as part of the device, the micro-

fluidic chip was designed with an extra pair of electrodes (ECI1 and ECI2), in order to use a 4 

electrode topology (figure 4.2.a, electrodes ER1, ER2, ECI1, ECI2). This configuration is 

composed of two current injection electrodes (ECI1 and ECI2) and two voltage reading electrodes 

(ER1 and ER2), avoiding electrode polarization distortion in IA due to a complete differential 

voltage measurement [34].  

The designed micro-fluidic chip design is showed in figure 4.2.b. This had two interdigitated 

electrodes, which were shared between the dielectrophoresis generator and impedance analyzer 

readout electronics, and 2 lateral electrodes, which were used to inject the necessary current so as 

to obtain the impedance measure. The interdigitated electrodes were formed by 40 pairs of 6 mm 

x 50 µm electrodes separated by 50 µm. The lateral electrodes (6 mm x 300 µm) were separated 

by 200 µm from the interdigitated ones. These electrodes were attached to a PDMS micro-fluidic 

chamber with a volume of 4.8 µl. The fabrication of the micro-fluidic chips followed a protocol 
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based on three main steps: micro-channel moulding, electrode fabrication, and micro-fluidic chip 

bonding. 

First, SU8 50 (MicroChem™) masters were fabricated over glass slides (Deltalab™) and 

Polydimethylsiloxane (PDMS) replicas were created. In order to do this, the glass slide was 

cleaned and activated by Piranha attack for 15 minutes. Then a 50 μm high SU-8 50 

(MicroChem™) was spun over the slides. They were later exposed and developed so as to obtain 

the desired micro-channels. Afterwards, a 10:1 ratio of PDMS pre-polymeric solution (Dow 

Corning™ Sylgard®184) was mixed, degassed and poured into the mould to replicate the 

microchannels. Finally, the PDMS was cured at 70ºC for 1 h and peeled from the master. 

Secondly, in order to fabricate the microelectrodes over a set of the LoC sealing glass slides 

(Deltalab™), a lift-off soft lithographic process was used. AZ 1512 (AZ Electronic Materials™) 

photoresist was chosen as a sacrificial layer in this process. First, a Piranha cleaning procedure 

was performed over the glass slides. Later, AZ 1512 was spun on these slides, exposed and 

developed. Then, two metal layers, 20 nm of Ti and 80 nm of gold, were vapour-deposited 

sequentially. The electrode structures were finally obtained by removing the AZ photo-resist. 

As a final micro-fluidic chip fabrication step, once the PDMS replica and the microelectrodes 

were finished, both parts were assembled to create a sealed structure. First, the surfaces were 

cleaned using an oxygen plasma process. Hereinafter, the PDMS channels were aligned and 

attached to the glass substrate. Later, cables were welded to each electrode pad using conductive 

silver paint and mechanically strengthened using an epoxy glue mix, later cured at room 

temperature for 60 minutes. Finally, two NanoPort Assemblies were attached in order to set the 

inlet and outlet fluidic connections. 

4.2. Impedance analysis front-end and back-end electronics. 

A fully customized electronic circuit was specifically designed to carry out the IA experiments. 

As previously stated, the micro-fluidic device IA is based on the 4 electrode topology. A 4 

electrode method is composed of two Current Injection (ECI1 and ECI2) electrodes and two 

voltage Reading (ER1 and ER2) electrodes. The main advantage of this system is that electrode 

impedances are cancelled, obtaining a more reliable measure. The circuit specifications were 

defined taking into account the sample media impedance, and considering the micro-fluidic device 

characteristics and the frequency ranges where bacterium could be discriminated [35, 36]. 

The impedance analyser architecture consists of two modules: the front-end electronics Current 

Injection module (CI in figure 4.3.b) that provides a frequency configurable voltage sinus signal 

(VRS) that is converted to a current signal (voltage-to-current converter circuit) to bias/drive the 

Current Injection electrodes ECI1 and ECI2. An Instrumentation Amplifier  senses the differential 

voltage between the Reading electrodes ER1 and ER2 (VIS). The second module for back-end 

electronics, Signal Digitalization and Post-Processing (SDPP in figure 4.3.a), calculates the IA 

through the voltage signals provided by the previous stage, and automatically controls the 

hardware configuration.  
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Figure 4.3: chematic of the IA module. a) Signal Digitalization and Post-Processing module (SDPP). b) Current 

Injection Module (CI). c) Front-end user panel for experiments control and data displaying. 

This module is composed of a real time platform sbRIO9632 (National Instruments) with an 

embedded software for data processing and hardware control. A signal conditioning stage converts 

voltage signals from a bi-polar single-ended to a unipolar differential signal to be processed by an 

analog-to-digital converter (ADC). 
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The first module (CI), Current Injection, is based on a signal generator AD9833 (Analog Devices) 

and a voltage to current converter. The signal generator AD9833 provides a stable voltage signal 

with a wide variable frequency range, 0 MHz to 12.5 MHz, which is controlled by an SPI 

communication protocol. The voltage to current converter is a modified Howland cell based on 

AD8066 (Analog Devices) operational amplifiers (OA1 and OA2) which guarantee a wide 

bandwidth and a high slew-rate while maintaining a low spectral noise and a low offset 

performance. The Howland cell uses RSET and the Reference Signal (VRS) amplitude to define a 

stable current signal (IOUT) at the output of the circuit (7) regardless the connected load. 

IOUT = (
1

RSET

) VRS (7) 

The differential voltage between ER1 and ER2 electrodes is acquired by means of the 

instrumentation amplifier  INA163 (Texas Instruments) which allows a wide bandwidth with a 

low spectral noise and low Total Harmonic Distortion. The measured voltage (signal VIS) is related 

to the differential voltage between the reading electrodes (ER1 and ER2), G being the 

instrumentation amplifier gain. This VIS signal is then adapted and processed by the SDPPM 

module in order to extract the impedance of the media. 

VIS = G · (VER1 − VER2) (8) 

The second module (SDPP), Signal Digitalization and Post-Processing, consists in a 12 bit, dual, 

low power analogue to digital converter ADC12D040 (ADC) (Texas Instruments), capable of 

converting both analogue input signals at 40 MSPS simultaneously. 12 bit resolution does not 

represent a significant drawback in the final system resolution, as VRS is scaled to the full range 

ADC analogue input and the system provides a real time gain auto-scale for the instrumentation 

amplifier gain G. The analogue inputs are converted from single ended to differential with a 

differential amplifier (DA) AD8138 (Analog Devices), with a high slew rate with low distortion 

and input noise. The IA is carried out with a digital lock-in (DLIA) based on the Frequency 

Response Analyzer (FRA) approach. The FRA is a real-time mathematical processing system, 

embedded in the 400 MHz microprocessor from the real time platform sbRIO9632, which adopts 

sine and cosine signals related to VRS, and by means of two multipliers and a filter stage, the real 

(VREAL) and imaginary (VIM) components values (9) of the measured signal VIS are obtained 

(figure 4.3.c.). The key measurement in our work is the impedance magnitude (|ZCELL|) (10). This 

value is calculated based on the VREAL and VIM components. 

VREAL =
1

2VRS
· VIS · cos(φIS) ;  VIM =

1

2VRS
· VIS · sin(φIS) (9) 

|ZCELL| = (
2√VREAL

2+VIM
2  

|VRS|
2

) · RSET (10) 

For accurate hardware control, the real time platform sbRIO9632 has a FPGA Spartan-3 (Xilinx), 

which allows us to provide steady clock signals, needed on the instrumentation, which can be 

automatically adjusted, allowing complete real-time control of the chip electrodes multiplexing. 

As stated in section 2.1, the micro-fluidic chip had two interdigitated electrodes, which were 

shared between the DEP generator and the IA readout electronics. When an IA measurement was 
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done the DEP generator was disconnected, suspending the trapping process. If this process was 

not properly timed, bacteria already trapped  would be lost in the process, so the real-time control 

allowed an optimized timing process minimizing the bacteria loss. Moreover, the disconnection 

of DEP voltage signals contributes to a better bacterial concentration monitoring avoiding 

distortion and instability on the IA measurement. The IA process had been programmed and tested 

to last for a period of the applied current signal, plus 1 ms for multiplexor switching times and 

stabilization. In addition, real-time platform allows complete parallel signal acquisition for all the 

frequency ranges, and the development of an embedded hardware control, such as RSET 

multiplexed auto-scale, instrumentation amplifier gain G auto-scale and signal generator 

automatic frequency sweep. This real-time embedded hardware control represents the basic 

features of an automated and complete FRA approach. The real-time platform allows the system 

configuration and data display, with a user-friendly front-end user panel (figure 4.3.c), by means 

of an external computer connected to the platform with a standard Ethernet connection. 

4.3. Experimental setup 

The micro-fluidic chip was placed over an inverted microscope stage (Olympus™ IX71) 

connected to a digital camera (Hamamatsu™ Orca R2). Moreover, the micro-fluidic chip was 

connected to a 6-port manual valve (Valco™). This valve was also connected to a 5 mL syringe 

filled with de-ionized water (8.2·10-5 S/m) and placed on an infusion micro-pump (Cetoni™ 

NEMESYS) so as to obtain a continuous flow rate. The micro-fluidic chip’s gold electrodes were 

connected to the custom combined DEP and IA device. 

4.3.1. Bacteria culture 

A laboratory sample formed by E. coli 5K strains (Genotypes: F-, hdsR, hdsM,thr, thi, leu, lacZ) 

was grown overnight in 10 mL of Luria–Bertani (LB) broth at 37 °C. The achieved cell 

concentration (estimated by performing viable cell counts in LB agar) was 109 cells/mL. Then, 

the E. coli culture was pelleted by centrifugation at 5000 rpm for 5 minutes. Bacteria were then 

re-suspended in 10 mL of deionized water. Finally, the samples were diluted (final concentration 

of 2·107 cells/mL) and frozen in 1 mL collecting tubes for storage purposes.  

4.3.2. Conductivity measurements 

As E. coli concentration was measured by means of IA, bacteria samples’ conductivity was 

monitored while in vitro a major factor in IA reliability, using a commercial bench top 

conductivity meter Corning 441. Prior to the experiments, bacteria samples were diluted in de-

ionized water with a conductivity of 8.2·10-5 S/m, but the conductivity of the samples at the time 

of the experiment, after the process of storage and thawing, was subject to variations. A sample 

conductivity analysis had to be done at the beginning of the experiment. The conductivity meter 
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probe was calibrated and introduced into the 1 mL collecting tubes until it was totally covered by 

the bacteria sample. 

4.4. Results and discussion. 

 

Figure 4.4: a) Impedance magnitude measured during the trapping operation. b) Experimental versus estimated 

impedance magnitude relative incremental changes. c) Comsol Multiphysics simulation of a single diluted cell on 

high conductivity buffer (0.5 •10-3 S/m to 2.5 ·10-3 S/m). Schematic modelization of current flow path and 

contribution to IA of both buffer and trapped bacteria. d) Comsol Multiphysics simulation of a single diluted cell 

on low conductivity steady buffer (Milli-Q water; 8.2 ·10-5 S/m). Schematic modelization of current flow path and 

contribution to IA of both buffer conductivity and trapped bacteria. 
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The designed combined device was validated by a series of E. coli concentration and IA tests. 

First of all, so as to validate the system as an autonomous bacteria concentrator, and study the 

effect of real-time monitoring by means of IA measurement, E. coli was continuously injected 

through the valve to the micro-fluidic chip at a 5 µL/min flow rate, and pre-concentrated by DEP 

by two counter-phased signals of 15Vpp. In addition, the impedance module was programmed to 

proceed with a 3 milliseconds IA every 30 seconds meanwhile DEP module was continuously 

trapping bacteria. As a first approach, the conductivity of the solution has not been corrected to 

study the effect its variations over time on the IA measurement. Different tests for different applied 

current signal frequencies were done. Taking into consideration the electronics and micro-fluidic 

chip design, IA was performed at continuous alternating current of 10 µA in the 500 Hz to 5 kHz 

frequency range, where bacterium could be discriminated [35, 36] and evaluated using 100 Hz 

spaced sampling intervals. 

The measured bioimpedance (|Z|), depicted in figure 4.4.a, clearly shows a decreased impedance 

as the trapped bacteria concentration increases, regardless of the frequency. This behaviour was 

clearly explained by the conductivity changes taking place in bacteria samples over time. 

Measured conductivity was recorded periodically in-tube during the experiments showing a rise 

from 0.5·10-3 S/m to 2.5·10-3 S/m until it stabilized. This conductivity change, related to the 

original sample prior to the trapping process, may be translated into a theoretical variation in 

impedance. This estimated impedance, related to measured bacteria sample in-tube conductivity, 

was calculated considering the micro-fluidic chip electrodes’ geometric characteristics. In figure 

4.4.b, impedance variation (Δ|Z|) through time for the measured on-chip impedance, during the 

trapping process, and for the estimated on-tube impedance are shown.  

Results show a very similar behaviour through time of both measurements. Acquired data 

variations through time for the first 40 minutes, before conductivity stabilization, were -52.41 

Ω/min for measured impedance and -54.79 Ω/min for conductivity related impedance, which 

confirms that the first IAs are related to bacteria sample conductivity rather than trapped bacteria 

concentration, underlining the need for a media conductivity correcting protocol.   

A 2-D finite element method (FEM)-based study with Multiphysics software (Comsol) further 

shows the dominating effect of sample conductivity changes on the bioIAs when left uncontrolled. 

E. coli 5K physical and electrical properties were defined for the different model layers (σwall= 

0.68 S/m, εr_wall=74, σmembrane= 5 x 10-8 S/m, εr_membrane=9.5, σcytoplasm= 0.19 S/m, εr_cytoplam=49.8). 

Then different medium conductivities were defined, as well as the applied potential to the external 

lateral electrodes. Current conservation and an initial state of potential 0 were applied for all the 

layers. After, an adaptive physical controlled and extra fine mesh was applied. Finally, a frequency 

domain analysis at 1.7 kHz was performed.  Thus, surface current density (ec.normJ) of bacteria 

was obtained (figure 4.4.c and figure 4.4.d). From the analysis of the obtained simulations we 

could assure that in case of a single bacteria diluted on a buffer with a conductivity which varies 

from 0.5·10-3 S/m to 2.5·10-3 S/m, current density is 99.9% located outside the bacteria. Hence, 

measured impedance is totally related to sample buffer conductivity rather than bacteria 

concentration (figure 4.4.c). 
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Controlling buffer conductivity to be stable and at the levels of Milli-Q water, around 8.2·10-5 

S/m, current density is mainly located in the cell membrane (figure 4.4.d) and impedance variation 

related to the quantity of trapped bacteria. 

Hence, when the cells’ media is not controlled by cleaning processes, impedance variations are 

strongly related to changes in the conductivity of the media due to bacteria [37, 38]. To solve this 

issue, which is not confronted in other works to the best of our knowledge, an automated periodic 

cleaning process was implemented as part of the device working protocol assuring a reliable IA. 

In the resulting protocol the micro-fluidic chip was first filled with Milli-Q water media to obtain 

the threshold IA. Afterwards, a 50 µL sample of E. coli were injected through a controlled valve 

to the micro-fluidic chip and trapped by DEP forces while flowing continuously at 10uL/min, 

higher flow rate compared with other solutions for DEP and IA combination, such as 2-4 uL/min 

[23]. After each 50 µL sample of bacteria was injected into the channel, 50 µL of Milli-Q water, 

with a specified conductivity of 8.2·10-5 S/m, was automatically injected at 10 µL/min to ensure 

a steady media conductivity for the IA. Once the Milli-Q water was injected, the impedance 

electronic module was activated and the DEP generator deactivated by means of multiplexor. 4 

contiguous IAs were performed each time in order to evaluate precision. Afterwards, another 50 

µL sample of E. coli was injected and the process repeated until all the samples were injected. So, 

the IA is always performed after each 50 µL bacteria sample was injected, trapped and cleaned. 

The whole process were performed to scan the 500 Hz to 5 kHz IA frequency range each 100 Hz. 

The DEP was generated by applying two 15 Vpp counter phased signals through the interdigitated 

electrodes. The results of the experimental IAs for three frequencies (500, 1700 and 5000 Hz) are 

depicted in figure 4.5. 

 

Figure 4.5: a) Impedance magnitude measured changes during bacterial sample on-chip concentration at several 

given times. Medium cleaning procedure was performed before each measurement. b) Impedance magnitude 

measurements at 1700 Hz related to estimated bacteria concentrations. 

Results are depicted as the increment (Δ|Z|=|Z|-|Z0|) between the different impedance magnitude 

measurements for every bacteria sample injected (|Z|) and the initial media impedance magnitude 

measurement (|Z0|). Figure 4.5.a depicts Δ|Z| measurements through time for the initial and final 

frequency value, 500 Hz and 5 kHz respectively, as well as the 1.7 kHz frequency Δ|Z| 
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measurements, which seems to be more sensitive and reliable with an accuracy error of less than 

2% of bacteria concentration with a correlation of 0.988 are represented. Precision can be 

evaluated with the coefficient of variation, which is the standard deviation of the 4 experiment 

repetitions divided by the mean value of the 4 repetitions measurement. The mean value of the 

coefficient of variation is 3.1% on the whole range, although the device is more precise for lower 

bacteria concentration levels where the coefficient of variation is below 3%.  

Thus, steady and sensitive Δ|Z| measurement at different frequencies, which is bacteria dependent, 

was observed. Furthermore, bioimpedance control of the achieved sample concentration showed 

a reliable sensitivity for the protocol including a bacteria cleaning step. The controlled and steady 

low media conductivity microenvironment solves issues regarding overall system viability. 

The DEP module had a proven trapping efficiency of 85.65 ± 1.07 %, for a single 50 µl bacteria 

sample injected at continuous flow of 10 µL/min, by measuring the escaped and the collected 

bacteria of a single load by cytometric analysis [33]. Although the whole process trapping 

efficiency had not been tested, each sample load was estimated to increment the bacteria 

concentration 2·108 bacteria/mL inside the micro-fluidic chip. Figure 4.5. B depicts the Δ|Z| 

measurements for each bacteria concentration increment (bacteria/µL) when 1.7 kHz frequency is 

applied. However, our main goal was to verify that the process of bacterial concentration while 

monitoring the concentration is feasible, as it has been proved. The measured impedance values 

were related to the quantity of bacteria concentrated with a correlation of 0.988 and a coefficient 

of variation of 3.1%, avoiding distortion and instability related to undesired effects like media 

conductivity variations and DEP voltage interferences. 

4.5. Conclusions 

Here we have designed a novel LoC device and automated protocol, based on DEP and IA, to 

concentrate bacteria in a controlled manner. The system consists of a microfluidic chip, with 

integrated electrodes, and its associated custom instrumentation electronics. It performs bacteria 

injection, trapping, cleaning, and continuous short-time impedance measuring while achieving the 

desired levels of concentration. As a proof of concept, it has been applied to concentrate E. coli 

and to automatically monitor its concentration. The electronic apparatus was validated using a 

micro-fluidic chip with 4 integrated gold electrodes specifically designed for the application. The 

automated system was tested by trapping and measuring samples of E. coli 5K at a concentration 

of 2·107 cells/mL. Concentration and real-time detection of the trapped bacteria inside the micro-

fluidic chip was proven, working a high flow injection rate, up to 10 µL/min, for different buffer 

conductivities [24, 25]. Bacteria media conductivity, and its variability, was demonstrated to be a 

challenging issue when a there is a continuous monitoring by means of IA, and it must be 

addressed for the correct performance of the technique. An automated protocol integrated in the 

overall system was proposed to solve this problem, strengthening the system versatility and 

robustness. Before each measurement, the designed system cleans the bacteria samples 
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periodically, while trapped on the micro-fluidic chip, with Milli-Q water at a controlled 

conductivity of 8.2·10-5 S/m. To our best knowledge this proposed system is a useful tool to solve 

some current microbiology laboratories shortcomings. Bacteria can be concentrated to given 

specifications while performing analytical procedures. The development of LoC-based 

equipment, removing the need of huge and expensive devices, is an important research field 

aiming for smaller systems with better functionalities, such as the integrated application specific 

integrated system (ASIC) stimulator for electrokinetically-driven micro-fluidic devices presented 

by Gomez-Quiñones et al. (2011) [39]. Nowadays, electronic technology allows further 

miniaturization of devices such as our concentrator.  A SOI technology such as XTO18 from 

XFAB would be suitable to combine digital instrumentation and class E amplifiers inside a unique 

chip. However, some drawbacks must be considered when integrating the full system into the LoC 

device, as it would either increase disposable cost or reduce applicability due to possible 

contaminations. Still, the simplicity of the presented micro-fluidic device and the development of 

the custom electronics on a single ASIC, along with an automated procedure protocol, pushes 

towards the development of robust and reliable LoC automated bacterial concentrator relying on 

DEP concentration and IA monitoring. 

In summary, the technique provides the versatility to be applied in a wide variety of situations and 

applications, and it is extremely promising to increase LoC devices functionalities. However, it 

has been noticed, and it is important to remark, that there are still some issues to be addressed, as 

some conditions can dramatically alter the proper performance of the technique, so the functioning 

protocol for every specific device for every specific specie sample must be specifically designed.   
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Chapter 5 

 

New generation of PoC devices: an HCT detection case.  

In this chapter it will be presented an instantaneous, reliable, and cost-effective new generation 

PoC electronic device for HCT detection and screening that correlates HCT levels with a voltage 

output level, for easy front-end user screening, telemedicine applications and versatile 

functionalities for medical applications. Its operational principle is related to the inherent electrical 

impedance properties of blood cells, avoiding the use of chemical biomarkers, making it more 

cost-effective, easy to operate, and resulting on a non-destructive sample device, enhancing its 

performance and functionalities. This study compared this new device and its principle of 

operation with actual HCT screening devices on the market, and discusses the main advantages 

and addressed issues of actual commercial devices. 

A clinical study has been performed and the results obtained during the experimental procedures 

are shown, analysed and discussed. We tested consecutive whole blood samples from 83 adult 

patients with the new HCT detection device. Accuracy, precision and correlation for the HCT 

screening results were analysed by comparing obtained results with haematology analyzer CBC 

analysis. Collected data were analysed by means of Linear Regression (LR) analysis and Bland-

Altman (BA) statistical methodology. 

5.1. A review on actual PoC devices. 

PoC  devices have become common diagnostic tools in such a variety of different income countries 

[1]. The vast majority of PoC testing often needs of sophisticated microfluidics, microelectronics 

and optical systems to be functional and reliable. However, this technological complexity and the 

use of chemical biomarkers, or the PoC output data entails some operational challenges that must 

be addressed. This fact is exacerbated as high percentage of PoC testing devices outputs visual or 

colour-based results, which are subject to user interpretation and need of human personnel to 

record the results on a specific database for follow-up of patients. The PoC devices complexity 

and the use of chemical biomarkers results on a limited device, increasing the cost-effectiveness, 

the product regulation and the supply chain. In addition, the sample under analysis is destroyed 

during the process, lacking the versatility to be integrated in other medical equipment and 

environments for increased functionality as monitoring device or medical actuator. 

Commercialization of biosensors technology is still delayed compared with research in academia. 

This reduced technology transfer activity could be attributed to technical barriers or cost 

considerations. Therefore, devices must be versatile to allow automation at a competitive cost [2]. 

Additionally, to ensure success in the development, innovation and technology transfer, it is 
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necessary to foster a particular scenario typified by the convergence of technologies and 

disciplines [3]. In this context, one of the main characteristics of the proposed device is its 

multidisciplinarity: in an effort to integrate knowledge from various dimensions, main actors and 

activities. The cross-disciplinary interaction must be examined in the way scientific knowledge 

flows between engineers, researchers and physicians. Currently, there are huge opportunities to 

be exploited by researchers and innovation managers in the development of high-tech products, 

above all in the field of medical devices. As such, the University–Hospital–Industry–

Administration (plus Citizens) system should emerge as an essential five-helix leading to a 

successful technology transfer and commercialization of public-funded medical devices [4]. 

This chapter presents an improvement on the previously reported device for anaemia detection, as 

a compact, economic and portable PoC solution, for instantaneous detection of HCT through 

whole blood samples. The previously developed device relied on full spectrum analysis of blood 

samples by means of a Digital Lock-In Amplifier (DLIA) based on a Frequency Response 

Analyzer (FRA) approach. Full spectrum analysis involved a microprocessor for system control 

and data processing, and further electronics for signal conditioning, such as an SPI controlled 

oscillator AD9833 from Analog Devices (Norwood, MA, USA), and a 12-bit dual ADC 

ADC12D040 from Texas Instruments (Dallas, TX, USA) capable of converting simultaneously 

two analogue input signals at 40 MSPS. Moreover, a real-time platform sbRIO9632 from National 

Instruments (Austin, TX, USA) was used for fast software prototype development and versatility. 

All these electronics were a major drawback in terms of power consumption, size and price, when 

aiming for a specific PoC device. 

The system is composed of an economic and reusable low-cost electronic device and a  plug-and-

play disposable commercial sensor. This sensor is based on three screen-printed electrodes for an 

envisaged sample of 50 µL. In order to validate the instantaneous HCT detection system, different 

blood samples, which came from the manipulation and dilution of whole blood samples extracted 

from 4 healthy donors, have been studied. These samples were randomly obtained from 

hospitalized patients of Hospital Clínic located in Barcelona, Spain. 

5.2. Whole system conception. 

A full custom electronic circuit was specifically designed to carry out IAs using a disposable three-

electrode sensor. Regarding the previous studies, and the specifications needed, the commercial 

sensor that best meets the defined specifications is the C223AT (Dropsens, Llaneras, Spain), as it 

have shown better sensitivity and accuracy. 

The electronic system was designed based on the specifications found in the study previously 

reported. Furthermore, the front-end electronics were redesigned. The previously PoC device for 

HCT monitoring was designed using a front-end electronics based on an instrumentation amplifier 

readout potentiostat. This configuration proved to be reliable and robust, but with the cost of 

increased power consumption, area and complexity. To reduce these factors, the new front-end 

electronics were designed using a potentiostat with a transimpedance amplifier readout 

configuration. Moreover, as the real-time platform sbRIO9632 must be removed, there are some 
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additional electronics to be considered. The architecture of the device is divided in three parts: an 

oscillator that provides the ac voltage signal (VCELL), a sensor driving instrumentation 

(potentiostat) and a rms-to-dc converter (figure 5.1.a).  

 

Figure 5.1: a) Custom electronic instrumentation; b) Commercial C223AT disposable sensor with a 50 µL whole 

blood drop; c) Device prototype electronics and different suitable and functional user readout interfaces (the 

reference coin has a diameter of 25.75 mm); d) Actual user-friendly front-end user interface develop with 

Labview. 

The oscillator is a Wien bridge oscillator, a stable output amplitude with low distortion. The 

operational amplifier (OSC in figure 5.1.a) is the AD8066 from Analog Devices, which is a low-

cost, high speed Junction Gate Field Effect Transistor (JFET) amplifier dual supply with low 

leakage current and distortion, in order to provide a stable sinus voltage signal with low offset 

(VOSC). The oscillator has been configured to provide a voltage sinus signal of 33 kHz, a well-

suited frequency for HCT detection using the C223AT sensor. Moreover, as the AD8066 

commercial integrated circuit provides two isolated amplifiers, the second amplifier has been used 

as a voltage follower (AB in figure 5.1.a), due to its high speed and low distortion specifications 

for isolating the oscillator from the potentiostat. The sensor driving instrumentation is based on a 

potentiostat with a transimpedance amplifier current readout stage, composed of an operational 

amplifier to bias the sensor and an operational amplifier in transimpedance configuration as a 

sensing system current readout. The operational amplifier (OA in figure 5.1.a) is the AD8066 from 

Analog Devices, which is perfectly designed for singly driving the electrodes and track the 

voltage-biasing signal (VIN) to the electrodes (1).  
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𝑍𝐶𝐸𝐿𝐿 =
𝑉𝐼𝑁

𝐼𝐶𝐸𝐿𝐿
 (1) 

𝑉𝑂𝑈𝑇 = −𝑅𝑆𝐸𝑁𝑆𝐸 · 𝐼𝐶𝐸𝐿𝐿 = −𝑅𝑆𝐸𝑁𝑆𝐸
𝑉𝐼𝑁

𝑍𝐶𝐸𝐿𝐿
 (2) 

The JFET high input impedance avoids RE electrode voltage distortion, considering the low load 

impedance on the sensing system, and the high bandwidth and slew-rate provides stability to the 

system. The second amplifier included on the integrated circuit package has been configured as 

the transimpedance amplifier (AT in figure 5.1.a). The transimpedance amplifier converts the 

current through the electrodes (2) into a voltage signal (VOUT) by means of a sensing resistor 

(RSENSE in figure 5.1.a). The main drawback of this configuration, an amplifier with low input 

impedance, is avoided with the JFET input of the AD8066: 

Finally, the rms-to-dc converter is the AD8436 from Analog Devices, which computes a precise 

dc equivalent (VRMS) of the transimpedance amplifier ac signal (VOUT). It is a low cost, low power 

device, with wide dynamic input range and wide bandwidth that provides low distortion with a 

Zero sub-threshold swing Field Effect Transistor (ZFET) input buffer for electronic isolation from 

the instrumentation stage. Considering that the electrodes voltage biasing signal (VIN) and the 

sensing resistor (RSENSE) are stable and well known, the rms dc variations of VOUT are only related 

to the variations of ZCELL. The device dc output voltage (VRMS) is inverse compared to the HCT 

values, so as the HCT increases, VRMS decreases. The device usage is very simple not requiring 

any qualified users. A blood sample is placed on top of the sensor electrodes and, once the power 

supply is connected, the device dc output voltage (VRMS) is ready for reading on the output pin. 

On the presented manuscript, a software interface on an external computer with Labview©, from 

National Instruments, controlled an electric switch to enable the power supply (an external source 

at ±5 V), and presents the resultant data on a user-friendly user interface (figure 5.1.d). The 

electronics and the computer were connected by means of a NI USB-6361 data acquisition (DAQ) 

device from National Instruments. However, the presented device readout stage can be greatly 

improved to address different applications and user skills (figure 5.1.c), such as an integrated 

Liquid Crystal Display (LCD) for an untrained user self-screening, a remote computer connected 

to the electronics by means of an standardized protocol (USB, ethernet, etc…), or a wireless 

communication protocol for self-monitoring device in telemedicine applications. Additionally, the 

presence of an electrical signal directly correlated to HCT allows the device implementation as a 

controller of other clinical actuators in different environments and situations increasing 

functionality.  

The overall low cost and low power system composed of optimized straightforward standards for 

instrumentation electronics, results in a reusable, robust and low consumption device (300 mWh) 

making it completely mobile with a long battery life time. Moreover, it is important to highlight 

that it is an easy to manipulate and economic electronics (less than 10 € per device), providing an 

instantaneous IA. 
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5.3. PoC device performance. First study. 

5.3.1. Objectives 

This first test will validate the designed PoC device capabilities to HCT. In order to validate it, 

different blood samples, which came from the manipulation and dilution of whole blood samples 

extracted from 4 healthy donors, have been studied. These samples were randomly obtained from 

hospitalized patients of Hospital Clínic located in Barcelona, Spain. 

5.3.2. Blood samples 

Four blood samples were obtained in 4-mL tubes containing ethylenediaminetetraacetic acid 

(EDTA 7.2 mg from BD Vacutainer, (Franklin Lakes, NJ, USA) from four random hospitalized 

patients in Hospital Clinic. To obtain a larger sample collection, the initial four whole blood 

samples were centrifuged (Jouan CR412 from DJB Labcare, Newport Pagnell, UK) at 2200 rpm 

for  15 min in order to separate blood plasma from RBCs. Finally, 24 blood samples were obtained 

diluting obtained RBCs in different volumes of blood plasma using a Labopette Manual 10–100 

µL automatic pipette from Hirschmann Laborgeräte (Louisville, KY, USA). We performed a 

complete blood count (CBC) of the 24 blood samples with an ABX Micros 60 haematology 

analyzer (Horiba, Kyoto, Japan) which reported the hemoglobin and HCT results as g/dL and 

percentage (%), respectively. Therefore, the obtained HCT (HCT (%)) and hemoglobin (Hb 

(g/dL)) for the different blood samples are shown in table 5.1. 

 

Table 5.1. Twenty four blood samples obtained in Hospital Clínic from four random hospitalized patients. Blood 

samples were obtained diluting RBCs in different volumes of blood plasma. HCT (HCT (%)) and hemoglobin (Hb 

(g/dL)) values for the different blood samples were obtained by means of a complete blood count (CBC). 
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5.3.3. First study results 

A small, compact and portable device for PoC early instantaneous detection of anaemia was 

prototyped. For its validation, we analysed 24 consecutive blood samples from patients 

hospitalized at Hospital Clínic in Barcelona. We performed a complete blood count (CBC) of the 

blood samples with a haematology analyser, the Advia 2120 from Siemens AG, which reported 

the hemoglobin and HCT results as g/dL and percentage (%), respectively. We tested all samples 

with the prototype within 2 h of blood collection and CBC. As it is an instantaneous detector with 

a time response of several milliseconds, to evaluate system precision and accuracy, every whole 

blood sample was tested 5 times consecutively using fresh sensors and fresh sub-samples. Figure 

5.2 depicts the output dc voltage (VRMS) of the device and compares it with the different whole 

blood samples HCT (HCT (%)). 

 

Figure 5.2: Measured output dc voltage (VRMS (mV)) mean value (n = 5) as a function of blood samples HCT 

(HCT (%)). 

We used the Linear Regression (LR) analysis to measure the Pearson’s correlation coefficient (r) 

and coefficient of determination (r2) between the reference method (CBC method) and the custom 

electronic device method, where the output voltage (VRMS) mean value (n = 5) has been compared 

with whole blood samples CBC HCT. The LR slope (β) defines the sensitivity, in terms of mV 

per HCT percentage (mV/%). Meanwhile the HCT detection accuracy (%) is the relation (3) 

between r2 and β:  

𝑉𝑅𝑀𝑆(𝑚𝑉) = 𝛼 + 𝛽 · 𝐻𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡(%) (3)  

In table 5.2 the experimental results of whole blood samples HCT (HCT (%)), the output voltage 

mean value (VRMS (mV)) of the five measurements performed with each whole blood sample and 

its standard deviation (SD (mV)) are shown. Precision was evaluated with the coefficient of 

variation: the standard deviation (SD (mV)) divided by the mean value (VRMS (mV).  
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The proposed anaemia detector device presented great accuracy at detecting HCT, with a 

Pearson’s correlation coefficient of −0.96, an accuracy error of 2.83% HCT, and a coefficient of 

determination of 92.72%. The mean coefficient of variation is 2.57% without any particular case 

above 5%. Acceptable values in quality control procedures in clinical haematology measurements 

show a coefficient of variation less than 5% [5].  

 

Table 5.2. Device validation with whole blood samples. 

The device presents reliable, sensitive and robust anaemia detection compared with other 

commercial PoC devices for anaemia detection, such as AnaemiaCheck from Express Diagnostics 

(Blue Earth, MN, USA), STAT-Site from Stanbio Laboratory (Boerne, TX, USA), or HemoPoint 

H2 from Alere (Waltham, MA, USA), where its detection performance is similar to the proposed 

prototype but with much slower response.  

Recently, other PoC anaemia devices have been published, such as a color-based diagnostic test 

for self-screening/self-monitoring of anaemia presented by Tyburski et al., [6], a novel PoC 

diagnostic test for self-screening, self-monitoring of anaemia. The device measures hemoglobin 

(Hgb) levels, which are estimated via visual interpretation by the user using a color scale. This 

system presents several performance drawbacks when compared with our device. First of all, the 

readout stage, based on a color scale, relies on the visual interpretation of the user, which could 

introduce errors on the Hgb levels data interpretation, and reduces considerably the system 

resolution. Furthermore, the principle of operation of the color-based PoC device is based on 

biochemical reactions, where the blood comes into contact with a reagent solution initiating a 

redox reaction, which is a slow and destructive procedure. 

5.3.4. First study conclusions  

Twenty four blood samples, obtained from four patients hospitalized at Hospital Clínic, were used 

to demonstrate the feasibility of the IA technique to perform an easy, fast and low-cost HCT study 

using disposable commercial sensors. The system has been evaluated through comparison with 

complete blood count (CBC) using a clinical haematology analyser. The anaemia detection device 

has a Pearson’s correlation coefficient of −0.96 and a coefficient of determination of 92.72% HCT. 

Coefficient of variation is below 5%, with a worst-case accuracy error of 2.83%. In summary, this 

study proves that the developed PoC device for HCT screening, presents reliable, sensitive and 
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robust detection, relying on low power straightforward electronic equipment and sensing systems. 

The next study will evaluate the device with a more complete clinical assessment. 

5.4. HCT screening studies. Clinical assessment. 

5.4.1. Objectives 

In this section is described a complete clinical assay performed with the PoC device, and a more 

complete data analysis of the results. We tested consecutive whole blood samples from 83 adult 

patients with the new HCT detection device. Accuracy, precision and correlation for the HCT 

screening results were analysed by comparing obtained results with haematology analyzer CBC 

analysis. Collected data were analysed by means of Linear Regression (LR) analysis and Bland-

Altman (BA) statistical methodology. 

5.4.2. Clinical assessment results. 

A clinical assessment comparing our PoC HCT quantifying device with a standard haematology 

analyzer was performed using whole blood samples collected from hospitalized patients in 

Hospital Clínic. However, personal data of the patients was not available to the investigators and 

samples were randomly selected. We collected 83 whole blood samples and obtained results were 

compared with haematology analyzer (Advia 2120, Siemens AG, Madrid, Spain) CBC analysis, 

which reported the haemoglobin and HCT results as g/L and percentage (%), respectively. Whole 

blood samples were collected in 4-mL tubes containing ethylenediaminetetraacetic acid (EDTA 

7.2 mg; BD Vacutainer®; BD, Madrid, Spain). We tested all samples with the proposed device 

within 2 hours of blood collection and CBC.  

Collected data were analysed by means of Linear Regression (LR) analysis and Bland-Altman 

(BA) statistical methodology. Our reference for statistical analysis was the CBC count measured 

by the haematology analyzer (Advia 2120, Siemens AG, Madrid, Spain).  
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Figure 5.3: Clinical assessment of electrical impedance based HTC test results. Measured electrical HCT value 

(BIOZ HCT (%)) average value (n=10) plotted against clinical HCT levels obtained via a haematology analyzer 

CBC technique (CBC HCT (%)) for all 83 patient samples, showing strong correlation (r=0.964). Additionally, 

95% prediction limits for the individual values were calculated (dashed lines). 

We used the LR analysis to measure the Pearson’s correlation coefficient (r) and coefficient of 

determination (r2) between the reference method (CBC method) and the proposed device method 

(electrical impedance method), and every whole blood sample was tested 10 times consecutively 

using fresh sensors and sub-samples. We also performed a BA analysis and calculated the mean, 

SDD, and 95% confidence interval (CI) of the differences determined between the electrical 

impedance method and the CBC method to estimate the bias. Statistical analysis was performed 

using the remote computer software (Statistical Package for the Social Sciences [SPSS], Version 

15.0, SPSS, Chicago IL). The obtained HCT measurement (BIOZ HCT (%) in figure 5.3) is high 

correlated to the clinical haematology analyzer measurement (CBC HCT (%) in figure 5.3). LR 

analysis shows that the new HCT quantification device has a linearity of 0.982, a Pearson’s 

correlation coefficient of 0.964 and a coefficient of determination of 92.15% HCT. Coefficient of 

variation is 2.48±1.26% for the whole samples, with a worst-case scenario of 4.82%. In the bias 

analysis (figure 5.4) using BA statistical methodology, the electrical impedance method showed 

a higher HCT count when compared with CBC method. Results showed a very low bias of -0.45%, 

2.46% SDD and 95% CI from -4.51% to 3.61%. 
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Figure 5.4: Bland Altman plot showing concordance of the tested methods with the reference method. Each dot 

represents the mean of difference in HCT values between the reference method and the test method with the x 

axis showing the HCT values of donors measured with the reference method and y-axis showing the variation of 

the mean difference with standard deviation. The two extreme lines mark two standard deviations from the 

central line adjacent to the 0 line, which represents the mean of difference in HCT values. 

According to CBC results, 49 blood samples indicated low HCT levels (<40%); of these, 20 

samples indicated the presence of critical HCT levels (<30%). Considering these limits for the 

detection of low (<40%) and very low (<30%) HCT levels, the device sensitivity and specificity 

values were of 90.0% and 98.4%, respectively, when detecting very low HCT levels (<30%), and 

100% and 82.4%, respectively, when detecting low HCT levels (<40%). 

5.4.3. Clinical assessment conclusions. Market survey. 

The device exhibit reliable, robust and effective results using disposable commercial unlabeled 

sensors. Main advantages of the proposed device include; the facility of use; compactness and 

portability; rapidity and accuracy of results; and low-cost accessibility. The presented device 

outputs instantaneous reliable results based on electric voltage data directly correlated to HCT, 

and unlike actual clinical equipment for blood analysis, whole blood samples are not destroyed in 

the measurement process.  

These system characteristics increase the versatility, functionality and applications, such as a PoC 

detector, a monitoring device for telemedicine applications, or as a controller of other clinical 

actuators. So, considering the increased system functionalities, and HCT being a major control 

determinant in different diseases and conditions, the device presents an increased versatility that 

makes it a very useful tool for different patients and applications, addressing some of the issues 
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related to the principle of operation of actual PoC devices for HCT detection, such as 

AnaemiaCheck (Express Diagnostics, Blue Earth, Minnesota); HemoPoint H2 (Alere, Waltham, 

Massachusetts) which is based on photometry; and i-SAT System based on conductometry.  These 

three devices have shorter ranges of haematorcrit (%) measurement when compared with the 

proposed device (figure 5.5), and also are much slower methods of presenting similar detection 

performance results. In particular, the i-STAT analyser, despite providing lab-quality results for 

patient PoC testing, turns out to be less specific, involving a much more expensive and slower 

device. Harter et al., (2014) have also shown that the fairly basic HCT measurement performed 

by the i-STAT system was consistently and significantly lower than the values measured with the 

standard micro-capillary tubes and it was sensitive to the concentration of other non-conductive 

elements in the plasma, i.e. proteins and lipids [7]. 

 

Figure 5.5: Comparison of commercial devices and their range of HCT detection. 
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Table 5.3: Comparison of Point-of-care devices for HCT and Hb detection 
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Other commercial or prototype stage devices such as STAT-Site (Stanbio Laboratory, Boerne, 

Texas), HemoPoint H2 (Alere, Waltham, Massachusetts), AnemoCheck (University of Georgia 

Tech), HemoCue® Hb 201 DM System (HemoCue), DiaSpect Hb-system (DiaSpect Medical 

GmbH) and HemoSmart™ (Apex Biotechnology Corp) are also used, but they are heavy, slower 

and based on haemoglobin detection (table 5.3). The proposed device has the lowest test time 

compared with the commercial PoC devices for anaemia detection, and is the only one that 

generates HCT values in a wide range and in a direct way. However, the sample size is still high 

compared with the rest of the devices, this being a property susceptible to be improved in future 

works, as the IA technique has been successfully carried out using Bayer glucometer reactive 

strips for 2 µL blood samples [8].  

In summary, a PoC device for instantaneous HCT detection based on custom instrumentation 

electronics, IA technique and a disposable low-cost sensor has been designed, fabricated and 

tested. The device has been proved to exhibit reliable, robust and effective results using 50 µL 

whole blood samples.  

Advantages of the proposed device include: (i) the facility of use; (ii) compactness and small size; 

(iii) portability; (iv) less invasive and less quantity of blood; (v) rapidity and accuracy of results; 

and (vi) low-cost accessibility. These characteristics are valuable for anaemia-risk patients, especially 

for pregnant women, neo-nates, pediatric patients and elderly, but also for chronically anemic patients, 

such as cancer patients receiving chemotherapy, patients with renal failure, patients with chronic 

inflammatory/immunologic disorders, or patients with primary hematologic disorders. The use of 

an ultra-low-cost disposable sensor, implies low manufacturing cost, and the accessible price are 

important advantages, especially in disadvantaged regions where the health domain is 

undervalued. Furthermore, unlike actual clinical equipment for blood analysis, whole blood 

samples are not destroyed in the measurement process and the adverse effects for patients and 

blood samples are being mitigated.  

In summary, the presented device and its principle of operation based on electrical impedance 

show reliable results, while has been proved to address some of the issues of actual HCT PoC 

devices and introduces a new generation of medical PoC devices. 
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Chapter 6 

 

Discussion and Conclusions.  

In this chapter, the results given in previous chapters are used to evaluate the feasibility of IA for 

cellular detection for PoC applications. These results will highlight the developed technology 

advantages as a biomedical device and how it could address the issues present on the actual PoC 

devices on the market, as well as its potential as a very interesting and functional application on 

LoC devices and bench-top biomedical apparatus. 

6.1. Portable bioimpedance HCT monitoring PoC device. 

The principle of impedance analyisis for diluted cell suspension monitoring has been proved using 

HCT as the target under consideration. The device has been proved to exhibit reliable, robust and 

effective results using label-free disposable commercial sensors using 50µL whole blood samples. 

Blood samples, collected from a single healthy donor, were used to demonstrate the IA technique 

feasibility to perform an easy, fast and sensitive HCT study using two different label-free 

commercial sensors. Furthermore, this technique overcomes some of the complications related to 

blood extractions used in conventional methods: haematoma formations, nerve damage, pain, 

haema-concentration, extra-vasation, iatrogenic anaemia, arterial puncture, petechiaes, allergies, 

infection, syncope and fainting, excessive bleeding, edema or thrombus. 

Differences have been found on the impedance results when using different sensors with different 

sizes. However, these differences are minimal, and only related to the sensor size, involving 

different working frequency ranges and sensibilities, but pointing out that the sensing system 

could be very wide shaped, with minimal modifications regarding voltage output and working 

frequency needed for a proper monitoring. 

Finally, the use of saline solution as a buffer for the RBCs dilution has no influence on the 

measurement, as it proved when compared with the blood plasma. This fact indicates that, as the 

state-of-the-art indicates, the current flow path across the blood sample is through the cells 

membrane. This is a very important fact, as the different elements found on blood plasma; such as 

proteins, glucose, etc., can be very different in quantity from one patient to another, and therefore, 

distorting the measurements performed.  

Moreover, the digital lock-in performance, with measurement errors are below 10% for SNR up 

to -45 dB, noise levels 200 times higher than the signal amplitude, which means a great 

environmental noise rejection, as the whole blood samples are regarded as a very electrically noisy 

environment. 
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Finally, as a proof of concept, the device have been calibrated and validated with 48 whole blood 

samples, randomly collected from hospitalized patients in Hospital Clínic, as an instantaneous 

non-destructive anaemia detector device, using disposable label-free commercial sensors with low 

voltage biasing. The system has been evaluated through comparison with complete blood count 

(CBC) using a clinical haematology analyser (Advia 2120, Siemens AG, Madrid, Spain). The 

anaemia detection device has a linearity of 0.93 and an accuracy error of 1.75% with a correlation 

of 0.98. Coefficient of variation is below 5%, with a worst case resolution of 1.63%. When 

compared with actual commercial devices for PoC anaemia detection, it presented similar 

detection performance while being a much faster device, not destroying the whole blood samples. 

Moreover, it presents output data directly correlated to HCT on an external computer, for an easy 

and robust data management as a telemetric tool for patient monitoring both in self-screening and 

hospitalized patient environments. 

6.2. Application on LoC devices. Escherichia coli detector / concentrator 

device. 

The IA have been proved as a very adaptable technique for cellular screening. It has been validated 

through whole blood samples for HCT detection on a standalone monitoring device, but the results 

obtained pointed out the high degree of versatility of the technique, regarding different sensors, 

environments and functionalities. So, the IA technique and the back-end processing electronics 

have been applied to a LoC device for Escherichia coli concentration for real-time monitoring and 

control of the process, while outputting the concentration data for user operation. The IA technique 

and custom electronic were validated using a micro-fluidic chip with 4 integrated gold electrodes, 

specifically designed for the application, and an dielectrophoretic force generator to concentrate 

the samples on the chip, and the concentration and while real-time detection and control of the 

trapped bacteria inside the micro-fluidic chip have been proven, working a high flow injection 

rate, up to 10 µL/min. Moreover, the inclusion of an embedded software on a real-time platform, 

allow to overcome the issues regarding bacteria media conductivity variations, creating an 

automated protocol, integrated in the overall system, strengthening the system versatility and 

robustness. 

These results obtained indicated the ability of the technique to reliably work with two very 

different cellular species in two very different environments; non manipulated whole blood 

samples, and laboratory processed cellular culture. The system's feasibility to interact with a 

microfluidic device and other supporting electronic devices for increased functionalities, pushing 

towards the development of automated LoC devices for cellular monitoring and manipulation. 

6.3. HCT PoC device. 

The proposed PoC device represents a novel device / technology for instantaneous screening of 

HCT, relying on straightforward instrumentation electronics and disposable label-free sensor. The 

method used is based on direct measurement from whole blood samples by means of its inherent 
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electrical bioimpedance and addresses some of the issues present on the actual PoC devices on the 

market, as well as the lack of devices for real HCT screening, as the majority of the available 

devices on the market make an indirect calculation regarding haemoglobin measurement.  

The instantaneous HCT screening device has been studied through consecutive whole blood 

samples from 83 adult patients, and its impact on medical applications has been discussed. 

Accuracy, precision and correlation for the HCT screening results were analysed by comparing 

obtained results with haematology analyser (Advia 2120, Siemens AG, Madrid, Spain) CBC 

analysis. Collected data were analysed by means of Linear Regression (LR) analysis and Bland-

Altman (BA) statistical methodology. As a result, the response, effectiveness and robustness of 

the portable PoC device has been proved, with a Pearson’s correlation coefficient of 0.964 and a 

coefficient of determination of 92.15% HCT. Mean coefficient of variation is 2.48±1.26% for the 

whole samples, with a worst case scenario of 4.82%. Using BA statistical methodology, results 

showed a bias of -0.45%, a standard deviation of the differences (SDD) of 2.46%, and 95% limits 

of agreement from -4.51% to 3.61%. 

On the market of PoC devices for HCT screening, the main principle of operation technique is 

based on biochemical reactions and biomarkers outputting visual based results or indirect 

estimated values. The proposed device outputs reliable results based on electric voltage data 

directly correlated to HCT, which entails several advantages. First of all, results are not open to 

user interpretation, as it is when the readout stages are optically represented, which addresses the 

subjective results due to visual interpretation by using a colour scale, making the device also 

unusable for colour-blind person. This issue leads sometimes to the inability of patients self-

screening and decentralization of testing, increasing the clinic visits to ensure a proper results 

recording. The proposed device provide an easy straight-forward electronics for telemedicine 

applications, as the results could be easily and reliably processed with no interpretation error, in a 

general data base of patient self-screening results, as there is a great need for multipurpose and 

reliable telemetric tools that aim to improve patient quality of life while reducing manufacturing 

costs. 

Moreover, the electrical voltage data can also be very valuable as a part of LoC devices, enabling 

increased functionalities on other biomedical devices as a controller for other biomedical 

actuators, or as a main part of whole blood multi-target detection, as the sample is not destroyed 

in the process, and the measurement is instantaneous, making it much faster than actual PoC 

biomedical devices on the market. 

The use of chemical biomarkers and biochemical reactions, which often needs of sophisticated 

microfluidics, microelectronics and optical systems to be functional and reliable, involve some 

operational challenges due to its technological complexity, such as human resources and training, 

quality assurance, and equipment maintenance. The proposed device is not disposable, only the 

ultra-low-cost sensor is, and its label-free condition make it making it really cost-effective when 

used with chronically ill patients. In this context, the proposed device could not only improve the 

diagnosis and control of high prevalence diseases, but also reach difficult scenarios where clinics 
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are often many miles away from villages, where there is an absence of laboratory facilities and 

trained staff, or where there are hostile environmental conditions.  

6.4. Future steps towards truly PoC devices and health monitoring 

applications. 

The development of a PoC  device, relying on IA, for cellular monitoring that uses straightforward 

electronics and ultra-low-cost disposable sensors, has been shown to be a feasible option after the 

obtained results, addressing some of the operational challenges of actual PoC devices, and the use 

of this type of technology make the next generation of devices for healthcare self-testing a step 

closer to a real implementation.  

However, it must be contemplated the fulfilling of the standards for patient electrical safety 

(International Electrotechnical Commission 2010) or the Medical Devices Directives (European 

Comision 2007), while other types of requirements, such as usability, trustworthiness, system 

maintenance or interoperability must be studied.  

The use of Information and Communication Technologies (ICT) as a tool for enhancing the 

quality, accessibility and efficiency of health care systems has been supported extensively by the 

European Commission since the launch of the action plan eEurope 2002 (European Commission 

2000). As has been described before, in spite of the substantial progress in the field of PoC health 

devices, issues still exist, and they must be addressed to foster the opportunities for healthcare that 

the research contributions offer. The proposed technology envision the use of ICT and other 

technologies to enable a paradigm shift from the traditional hospital-centred healthcare delivery 

model toward a preventive and person-centred model, while addressing the present operational 

challenges of actual commercial PoC devices, conforming the basis of the next generation of 

healthcare devices, defined by:  

a) Portable or implantable devices, which acquire, monitor and communicate physiological 

parameters and other health related context of an individual (e.g., vital body signs, 

biochemical markers, activity, emotional and social state, environment). 

b) Intelligent processing of the acquired information and coupling of it with expert 

biomedical knowledge to derive important new insights about individual’s health status. 

c) Active feedback based on such new insights, either from health professionals or directly 

from the devices to the individuals, assisting in diagnosis, treatment and rehabilitation as 

well as in disease prevention and lifestyle management. 

These defined characteristics are a good approach to identify the different elements that must be 

present in this type of technology. The underlying concept is to empower the individual’s health 

responsibility while reducing the costs of the current healthcare system. 
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Appendix 1 

Resum 

Resum 

L’objectiu de la tesi és la realització d’equipaments electrònics per aplicacions biomèdiques de 

caràcter Point-of-Care (PoC) en entorns d’investigació, control i tractament clínic. Aquest projecte 

es troba en el marc de les activitats de recerca del grup, on el desenvolupament d’electròniques 

d’interface amb el mon biomèdic i la recerca de noves tecnologies i aplicacions d’instrumentació 

són unes de les principals tasques que porten a terme. Donades aquestes consideracions, s’ha 

definit un camí dintre dels sistemes d’instrumentació PoC orientats al control d’agents biològics 

cel·lulars amb tècniques d’anàlisi d’impedància (IA). Aquests dispositius estan basats en dos 

conceptes claus: el disseny d’instrumentació electrònica senzilla, econòmica i de baix consum, 

així com sistemes de sensat versàtils i d’un sol us. D’aquesta manera, és possible desenvolupar 

equipaments versàtils, portables i de baix cost que poden aportar gran rendiment en diferents 

camps de la biomedicina.  

Un dels principals objectius d’aquesta tesis es abordar els diferents problemes i desavantatges que 

presenten els dispositius biomèdics PoC que existeixen actualment al mercat, així com 

desenvolupar les tecnologies necessàries per adreçar aquestes problemàtiques a la vegada que 

s’estableixen una sèrie de tecnologies y protocols encaminats cap al desenvolupament d’un nou 

estàndard de dispositius per al control d’espècies cel·lulars. 

Aquests estàndards venen marcats per dos vessants molt concretes, les quals agrupem de la 

següent manera; millora de l’assistència medicosanitària, i establiment de tecnologies per a la 

integració en futures aplicacions. 

a)  Millora de l’assistència medicosanitària. 

Dintre d’aquest primer grup s’inclouen l’anàlisi i millora dels procediments y dispositius 

actualment en us. En el escenari actual, les tecnologies de diagnòstic clàssiques no són molt 

adequades per satisfer les necessitats de monitorització sanitària. Les proves de laboratori 

requereixen una infraestructura complexa, tècnics especialitzats, i un subministrament estable 

d'electricitat, tots els quals són escassos, especialment a les zones no urbanes. A més a més, un 

anàlisi tradicional es realitza generalment en laboratoris remots, el que augmenta el cost i la 

inconveniència de tenir accés a l'atenció de salut i condueix a un elevat nombre de pacients que 

abandonen el sistema abans d'establir un diagnòstic. 

Aquestes limitacions han de ser solucionades amb la introducció de dispositius PoC cada cop més 

fiables, tot i que encara es necessitaran proves de laboratori convencional i microscòpia, els quals 

tenen un paper cada vegada més gran en l'atenció sanitària de molts països, especialment en 

aquells amb ingressos baixos i mitjans. 
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Tot i això, encara hi ha moltes àrees de millora dintre d’aquest camp, on hi ha quatre àrees clau a 

millorar en els sistemes de salut mitjançant noves generacions de dispositius; sistemes operatius 

millorats, serveis clínics simplificats i estandarditzats, gestió centralitzada de dades per 

monitorització de pacients y millora dels protocols d’assistència i les iniciatives de 

descentralització i promoció de l’autodiagnosi. La millora en aquestes àrees implicaria una millora 

molt important en la qualitat de l’assistència sanitària, la millora de les eines de diagnosi,  

tractaments i controls més freqüents i exhaustius, així com una important reducció en els costos 

de l’assistència mèdica. 

Aquestes àrees de millora clau, son motivades tant per factors administratius, com per les pròpies 

limitacions dels dispositius presents actualment al mercat. En aquesta tesis volem investigar els 

efectes d’aquestes limitacions dels dispositius PoC actuals i a la vegada definir una tecnologia que 

ajudi al desenvolupament d’uns dispositius que ajudin a desenvolupar eines dintre del marc de 

millora que hem descrit abans. 

b) Establiment de tecnologies per a la integració en futures aplicacions. 

Avui en dia, una gran diversitat de camps de treball i investigació convergeixen a la integració de 

les tecnologies mèdiques amb altres disciplines com la microfluídica, la bioquímica, la 

electroquímica, la nanotecnologia, així com la pròpia electrònica, el que permet el 

desenvolupament de dispositius biomèdics capaç de diagnosticar i / o tractar agents patológics 

mitjançant la detecció, quantificació i seguiment d'espècies mòbils en diferents mitjans 

conductors. Aquests avenços en àrees tan diverses obren les portes a una sèrie de dispositius 

diferents, amb aplicacions molt específiques, com son els dispositius point-of-car (PoC), lab-on-

a-chip (LoC), òrgan-on-a-chip (OaC), dispositius d’implantació en el propi cos humà, etc. 

Un objectiu molt important d’aquesta tesi es estudiar noves tecnologies i procediments que 

convergeixin amb els camps d’investigació més importants per tal d’aportar funcionalitats 

avançades als dispositius abans esmenats. Aquestes funcionalitats poden ser molt diverses, però 

es poden dividir de dues maneres, quantitatives i qualitatives. 

Actualment, els dispositius LoC ens permeten realitzar assajos clínics d’una manera molt més 

ràpida i estandarditzada, el qual permet al personal biomèdic realitzar proves i assajos d’una 

manera senzilla i de baix cost, ja sigui per l’estudi d’infermetats, el desenvolupament de fàrmacs 

i tractaments, el control mediambiental d’espècies contaminants, etc. A més a més, la 

implementació de dispositius OaC ens permet emular el comportament biològic y físic de diferents 

òrgans, i poder estudiar d’una manera molt més senzilla econòmica el comportament i influencia 

de certes malalties, així com la eficiència dels medicaments i tractaments dissenyats per la seva 

cura. 

Tot i les grans avantatges que ens aporten aquestes noves tecnologies i dispositius, encara hi han 

grans desavantatges a tenir en compte. Primer de tot, la visualització i monitorització de resultats 

obtinguts de la utilització d’aquest tipus de dispositius, així com la seva validació i manteniment, 

s’han de fer mitjançant eines de laboratori clàssic com microscopis, equips de compte cel·lular, 

equips de citometria, etc. El fet de no tenir un sistema de sortida de dades en temps real, y de 

manera automàtica, implica un desconeixement de l’estat de l’experiment durant la realització del 
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mateix, el que comporta una manca d’informació necessària per a l’estudi complert del experiment 

i una manca funcionalitats automatitzades que aportaria una major autonomia i diversitat 

d’aplicacions al dispositiu, com poden ser la inclusió d’un sistema actuador, com alarmes, el 

control de les bombes per la injecció dels diferents analits i elements necessaris per el test, la 

comunicació de totes les dades necessàries per un anàlisi in situ en un dispositiu intel·ligent extern, 

com un ordinador o una tablet, etc. 

Finalment, s’ha de considerar una tecnologia que sigui fàcilment integrable dintre d’un ASIC el 

que permetria desenvolupar dispositius integrables en el cos humà.  

Per assolir aquests objectius s’han de considerar diversos factors molt importants. Per començar, 

es necessari una tecnologia amb versatilitat per a la detecció de diferents especies cel·lulars, tenint 

en compte, quan integrem diferents tecnologies, la versatilitat en les condicions de treball per 

detectar la espècie cel·lular; hi han diferents ambients i espais sensorials molt petits (de l’ordre de 

nanòmetres), interaccions amb les tecnologies associades, etc. Un altre factor d’extrema 

importància es la no interacció del sistema de mesura, monitorització i control amb la mostra sota 

anàlisi. Finalment, les electròniques i els protocols desenvolupats han de ser senzills, robustos i 

fiables, així com rendibles per a la integració dintre d’aquesta gran varietat de dispositius i 

aplicacions. 

Amb aquestes premisses, s’ha desenvolupat un equipament d’anàlisi d’impedància independent 

del sistema de sensat, el que comporta la possibilitat d’utilitzar multitud de tipus de sistemes de 

sensat així com l’anàlisi de diferents especies cel·lulars. Aquest equipament, consta d’una senzilla 

instrumentació electrònica basada en un sistema de sensat preparat per diferents tipus de sensors, 

tot controlat per un microprocessador encarregat del control automatitzat del hardware, post-

processat de dades i comunicació amb un ordinador remot. El sistema és capaç de treballar en un 

rang de freqüències molt ampli, amb diferent tipus de potència de senyal i diferent tipus d’anàlisi 

i representació, com ara diagrames de Bode i Nyquist, o la selecció de punts de freqüencials 

concrets per un tipus d’anàlisi més específic per a un experiment biomèdic més concret, senzill i 

ràpid. Es tracta d’un equipament econòmic, fiable i senzill, que aporta avenços com la gran 

capacitat d’integració en ambients clínics, la possibilitat de fer un control medico sanitari 

instantani i reportar telemàticament els resultats o la possibilitat d’implementar un sistema de 

control mèdic integrat i automatitzat. També hem considerat diferents sistemes d’instrumentació 

i sistemes de sensat, per així estudiar la tecnologia electrònica, la tècnica de anàlisi d’impedància 

i la capacitat de millorar les diferent limitacions en l’actual assistència medicosanitària.  

D’aquesta manera, s’han obert dos camps d’experimentació i aplicació: 

1.1 Control i sensat d’hematòcrit per detecció d’anèmia. 

Amb el dispositiu descrit anteriorment preparat per a la detecció, mitjançant impedància, d’agents 

biològics cel·lulars, es va utilitzar en una sèrie d’experiències per a la detecció d’anèmia. 

L'Organització Mundial de la Salut ( OMS ) defineix l'anèmia com l'etapa en què la quantitat 

d'hematòcrit a la sang cau per sota de cert llindar definit per a determinats grups de població, sent 

considerat un problema mundial associat amb molts factors. Segons l'OMS, 1620 milions de 

persones, el 24,8% de la població mundial, es veuen afectats per l'anèmia. Els comptadors 
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hematològics automatitzats proporcionen, amb un alt grau de precisió, la informació necessària 

per a la detecció d’anèmia, el que representa una eina molt útil per avaluar els donants tant com a 

rutina com amb situacions complexes de laboratori. No obstant això, l'accés a aquest equipament 

és un problema en els països en desenvolupament, on els equips i tècniques d'avaluació menys 

fiables estan disponibles. D’aquesta manera, l’aplicació d’un equipament Point-of-Care senzill 

amb sensors d’un sol ús i econòmics suposaria un avenç en el control de l’anèmia, una malaltia 

molt estesa i fàcil de contraure. Com l’hematòcrit és el percentatge del volum de la sang que fa 

referència a la fracció dels glòbuls rojos, la quantitat d’hematòcrit es pot discernir a partir de 

l’anàlisi d’impedància. S’ha desenvolupat un equip autònom que consta d’un sensor d’un sol us, 

una instrumentació electrònica senzilla i de baix consum i un software embebit per al 

processament i transmissió de les dades a un ordinador extern. 

 

Figura 1: Prototip del dispositiu i tecnologia de detecció d’impedància i el set-up de mesura. (a) Esquemàtic 

electrònica, A: Electrodes Biasing Module; B: Signal Digitalization and Post-Processing. (b) Prototip dispositiu: 

Dos PCBs i una tarja sbRIO 9632 (National Instruments), tot en una caixa de faraday. Set-up experimental: 

Sensor d’un sol us; instrumentació electrònica i ordinador extern. 

D’aquesta manera, s’han fet una sèrie d’experiències de validació amb l’equipament d’anàlisi 

d’impedància i sensors comercials de 3 elèctrodes i capacitat de 50 µL de mostra de sang 

(l’equivalent a una gota de sang) per evitar grans volums de mostra que puguin agreujar o induir 

l’anèmia. Aquestes experiències s’han dut a terme a l’Hospital Clínic de Barcelona on hem 

comptat amb la col·laboració del personal de recerca de l’hospital que ens ha proporcionat mostres 

de sang de pacients reals. 

El dispositiu dissenyat va ser validat a través d'experiències d' espectrometria d'impedància per a 

cada mostra de sang sencera descrit . Muntatge experimental es representa a la figura 1. Totes les 

mesures s'han realitzat a temperatura ambient de laboratori clínic. 
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En primer lloc , es va mesurar un espectre d'impedància completa per a un grup de 10 mostres de 

sang sencera. A la figura 2 mostra la magnitud obtinguda impedància ( figura 2.a ) i la fase ( figura 

2.b ) en un diagrama de bode. Hem observat que, tant en la magnitud de la impedància com la 

fase, hi ha una diferència entre els resultats d'impedància per a diferents mostres en intervals de 

freqüència específics. 

 

 
Figura 2: Mesura del mòdul i la fase de la impedància. a) Mòdul de impedància i b) fase de la impedància en tot 

l’espectre mesurat.  c) Mòdul de impedància i d) fase impedància al rang de les freqüències de treball. 

Per tant, les diferències d'impedància mesurats han de ser definits com increments de impedància 

relacionats amb increments d'HCT. No obstant això, aquest fenomen no està present en tota la 

gamma de freqüència definit en la literatura, 10 Hz a 100 kHz, però en una més específica. Així, 

hem definit rangs de treball en funció de la correlació entre la IA i HCT. En termes de magnitud 

de la impedància (figura 2c) el rang de treball de freqüència està en el rang de 10 kHz a 100 kHz 

i per a la fase d'impedància (figura 2.d) és en el rang d'1 kHz a 10 kHz. Tot i ser treballar amb 

mostres de sang sencera, els rangs de freqüència són invariablement el mateix es troba en l'estudi 

anterior. 

És interessant poder determinar magnitud de la impedància i de fase per a diferents mostres de 

diferències HCT sobre una àmplia gamma de treball de freqüència. Es dóna la flexibilitat i la 

redundància de dades al sistema, sempre que no és única resposta depenent de la freqüència, el 

que fa que les tècniques d'anàlisi de dades estadístiques simples, com ara ajust lineal, factible, 

resultant ser un dispositiu més robust i fiable. 

Per tant, una vegada que ha suposat que mesura increments de impedància, en el rang de 

freqüència de treball definit, estan relacionats amb la subhasta mostres de sang HCT, hem de 

determinar la capacitat del sistema per a la detecció d'HCT, resolució i sensibilitat. 
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Per tal de calibrar l’equip i la tecnologia s’han estudiat les mostres de sang mitjançant una 

regressió lineal de la mesura d’impedància enfront del percentatge d’hematòcrit present a les 

mostres com es pot veure a la figura 3. 

 

Figura 3: Módul d’impedància mesturat respecte al hematòcrit (HCT (%)) de les mostres de sang recollides. 

Corba de calibratge. 

El sistema de detecció d’hematòcrit, amb el sistema de sensat corresponent, presenta una 

sensibilitat  de 10.46 Ω/% i un error de 1.13 % amb una correlació de 0.987. El coeficient de 

variació es inferior al 5% en tots els casos. Amb aquestes dades de la regressió lineal, hem calibrat 

el sistema i hem fet un software embebit que calcula l’hematòcrit detectat i el mostra per pantalla 

de manera instantània.  

Hem validat aquest sistema mitjançant 38 mostres de sang recollides de manera aleatòria i hem 

valorat el valor d’hematòcrit donat per el nostre equip considerant com a referència un equip 

hematològic homologat de l’hospital clínic (Advia 2120, Siemens AG, Madrid, Spain). 

A la figura 4 podem veure la comparativa de resultats entre el valor d’hematòcrit calculat per el 

nostre equip (DHCT(%)) i el valor donat per l’equip homologat  (CHCT (%)). El nostre equip 

presenta gran precisió al detectar hematòcrit, amb una linealitat de de 0.93, un error relatiu del 

1.75% i una correlació de 0.98. El valor mitjà del coeficient de variació es de 3.27%.  

Els resultats han estat satisfactoris, aconseguint un sistema econòmic, portable, acurat i robust  per 

la detecció d’anèmia dintre dels estàndards de calibratge dels equipaments mèdics per anàlisi de 

sang, que a més a més es un assaig instantani, no destructiu i amb aplicacions telemàtiques 
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Figura 4: Mesura d’hematòcrit del nostre equip (DHCT (%)) comparada amb la mesura d’hematòcrit obtinguda 

mitjançant un anàlisi CBC d’un comptador hematològic (CHCT (%)). Les barres d’error representen la 

desviació estàndard de cinc repeticions. 

  

1.2 Sistema autònom Lab-on-a-Chip per concentració bacteriana. 

Considerant les característiques portables i versàtils del equipament i la seva capacitat d’adaptació 

a multitud de sistemes de sensat diferents, s’han dut a terme unes experiències en sistemes 

microfluidics Lab-on-a-Chip (LoC) amb diverses funcionalitats integrades per al control de 

l’aplicació i la monitorització de resultats en temps real. Aquest sistema global, consta d’un 

dispositiu microfluídic d’atrapament i concentració de bactèries i un mòdul electrònic d’aplicació 

dielectroforètica que combinat amb la lectura de concentració bacteriana i etapa de software 

embebit proporciona un equipament capaç de concentrar i controlar un cultiu bacterià de manera 

autònoma i en temps real, així com detectar de manera autònoma el valor de les concentracions 

bacterianes en suspensió en un medi controlat. 
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Figura 5: Sistema LoC combinat. 

D’aquesta manera, s’ha creat un protocol automatitzat per a la mesura i concentració de poblacions 

de Escherichia coli. En el dispositiu LoC resultant, el dispositiu electrònic controla de manera 

automatitzada la acció del sistema de concentració i el sistema de injecció de mostra en el chip 

microfluídic, mentrestant controla la població dintre del chip mitjançant la lectura de impedància, 

mesura que es reportada mitjançant la pantalla d’un ordinador a l’usuari. Aquest procés de 

detecció i concentració ha demostrat ser viable a diferents freqüències de treball, com es pot veure 

a la figura 6, amb una precisió del 2%, un coeficient de variació de 3.1% i una correlació de 0.988. 

 

Figura 6: a) La magnitud d'impedància mesura els canvis durant la concentració de la mostra 

bacteriana en el xip. b ) Mesures de magnitud d'impedància en 1.700 Hz en relació amb les concentracions de 

bactèries. 
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1.3 Sistema de detecció PoC d’hematòcrit. 

S’ha dissenyat un dispositiu electrònic instantani, fiable i rendible com a principi per una nova 

generació de dispositius PoC per a la detecció i monitorització d'hematòcrit que correlaciona 

directament una senyal de sortida de tensió amb els nivells d'hematòcrit, el qual té una gran 

versatilitat. Pot ser utilitzat com a sistema de control rutinari per pacients a casa, aplicacions 

telemàtiques per estudis clínics y controls centralitzats de seguiment de pacients i una sèrie de 

funcionalitats per a integració en altres dispositius biomèdics i LoC. El seu principi de 

funcionament està relacionat amb les propietats d'impedància elèctrica inherents de cèl·lules de la 

sang, evitant l'ús de biomarcadors químics, pel que és més rendible, fàcil d'operar, i resulta en un 

dispositiu de mesura no destructiu, millorant el seu rendiment i funcionalitats. Aquest dispositiu, 

i el seu principi de funcionament, ha estat comparat amb altres dispositius de detecció hematòcrit 

en el mercat, per tal d’adreçar els problemes que es troben amb la seva utilització.  

Al mercat dels dispositius PoC per a la detecció de l'hematòcrit, el principi fonamental de 

funcionament es basa en les reaccions bioquímiques i biomarcadors, donant els resultats obtinguts 

amb senyals visuals o valors de estimació indirecte. Una sortida amb un valor de voltatge 

directament correlacionat amb hematòcrit proporciona diversos avantatges, com ara que els 

resultats no son oberts a la interpretació de l'usuari, com quan les dades obtingudes són 

representades òpticament, i a més a més obtenim una major versatilitat en termes d'aplicacions, 

quan es compara amb altres dispositius comercials, com ara un detector PoC de hematòcrit, un 

dispositiu de vigilància per a aplicacions de telemedicina, o com un controlador d'altres actuadors 

clínics. A més, a diferència dels equips clínics al mercat i els dispositius PoC relacionat amb 

l'anàlisi de sang, les mostres de sang no són destruides en el procés de mesurament, i aquest procés 

de mesura basat en la detecció d’impedància es realitza de manera instantànea, fent d'aquesta 

tecnologia una solució adequada per a la integració en altres dispositius com dispositius LoC o 

equips clínics de sobretaula per a una major funcionalitat. A més, el dispositiu no és totalment 

rebutjable, només el sistema de sensat d'ultra baix cost, que consisteix en elèctrodes impresos 

sense cap tipus de de biomarcador o microfluídica; pel que és un dels dispositius económics 

disponibles. 

Hem testejat el dispositiu de detecció d’hematòcrit amb mostres de sang consecutives de 83 

pacients adults. La exactitud, precisió i correlació dels resultats de la detecció d'hematòcrit s’han 

analitzat mitjançant la comparació dels resultats obtinguts amb un analitzador de hematologia que 

utilitza la técnica CBC (ADVIA 2120, Siemens AG, Madrid, Espanya). Les dades recollides van 

ser analitzades amb la metodologia estadística de la regressió linial (LR) i de l’anàlisi de Bland-

Altman (BA). Cada mostra de sang es va testejar 10 vegades a fi d'analitzar l'exactitud i precisió. 

L’anàlisi LR mostra que el nou dispositiu detector d'anèmia té una linealitat de 0,982, coeficient 

de correlació de Pearson de 0,964 i un coeficient de determinació de 92,15% d'hematòcrit. El 

coeficient de variació és de 2.48 ± 1.26% per al conjunt de les mostres, amb el pitjor dels casos 

de 4,82%. Utilitzant la metodologia estadística BA, els resultats van mostrar un bias de -0.45%, 

una desviació estàndard de les diferències (SDD) de 2,46%, i 95% els límits d'acord de -4.51% a 

3.61%. 
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Figura 7: Estudi clínic del dispositiu de mesura de hematòcrit (BIOZ HCT (%)) respecte als valors d’hematòcrit 

proporcionats per un comptador hematològic  (CBC HCT (%)) per un conjunt de mostres de sang de 83 pacients 

(n=10). 

 

 

Figura 8: Diagrama de Bland Altman mostrant la concordança dels mètodes provats amb el mètode de referència 

. Cada punt representa la mitjana de diferència en els valors HCT entre el mètode de referència i el mètode 

d'assaig amb l'eix x mostra els valors de HCT de donants mesurats amb el mètode de referència i l'eix i mostra la 

variació de la diferència mitjana amb desviació estàndard. Les dues línies extremes marquen dues desviacions 

estàndard de la línia central adjacent a la línia 0, el que representa la mitjana de diferència en els valors d'HCT. 

. 
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El dispositiu PoC de detecció d'hematòcrit es mostra com una solució econòmica, fiable, sensible 

i robusta. El dispositiu presentat ens permet fer mesures d'hematòcrit instantanis, emetre resultats 

fiables en base a dades de tensió elèctrica, fàcilment representables i fiables per enviar mitjançant 

eines telemètriques; millorant el rendiment dels dispositius actuals per a l’autodiagnosi de 

pacients, la detecció multi-objectiu degut a la no destrucció de les mostres, i les aplicacions de 

telemedicina per al seguiment de pacients amb malalties cròniques, el que representa un avenç 

significatiu cap a una nova generació de dispositius PoC. 
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Abstract— A first approach to a portable and compact device for 

point-of-care early instantaneous detection of anaemia is described. This 

device works directly with whole blood samples relying on haematocrit 

analysis by means of impedance analysis. This device consists of a custom 

electronic instrumentation, post processing software and plug-and-play 

disposable sensor. The designed electronics are connected to a remote 

computer, which allows control of the instrumentation and results 

displaying with a user friendly software panel. The disposable sensor is 

based on a low-cost label-free three gold electrode commercial sensor for 

50µL volume samples. 48 whole blood samples, randomly collected from 

hospitalized patients in Hospital Clínic, were used to validate the device 

capability for anaemia detection. Whole blood samples were distributed 

in two groups; 10 samples for system calibration, and 38 samples for 

system validation. To calibrate the device, a complete EIS experiment has 

been performed to get a full impedance spectrum analysis, defining an 

accurate frequency working range for haematocrit detection. Afterwards, 

we developed a protocol for instant impedance detection to determine the 

system detection accuracy, sensitivity and coefficient of variation. As a 

result, impedance variations between different samples have been 

detected with less than 2% accuracy error for both impedance magnitude 

and phase. A haematocrit detection algorithm, relying on impedance 

analysis, has been developed based on the previous studies. The response, 

effectiveness and robustness of the portable point-of-care device to detect 

anaemia have been proved with an accuracy error of 1.75% and a 

coefficient of variation of less than 5%. 

 

Index Terms—Whole Blood, Haematocrit, Anaemia, Impedance 

Analysis, Electronics, Point-of-Care. 

I. INTRODUCTION 

HE World Health Organization (WHO) defines anaemia 

as the stage at which the amount of haemoglobin in blood 

drops below a certain WHO threshold for specified 

population groups, being considered a worldwide problem 

associated with many factors [1]. According to the WHO, 1.62 

billion people, which correspond to 24.8% of the global 

population, are affected by anaemia [2]. Measurement of Hb 

concentration is considered the most reliable anaemia 

indicator and it is widely utilized in national demographic 

health surveys and by national governments surveying 

populations [1]. Also, evaluation of the Hb concentration in 
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possible blood donors is a required condition in most countries 

to prevent blood collection from a donor with significant 

anaemia being, generally, the only laboratory control test 

performed before donation [3]. Blood donation is the only 

source of support to patients who require blood transfusion 

but, on the other hand, frequent donations may lead to iron 

deficiency in blood donors, especially females [4]. Hb is an 

iron-containing protein responsible for transporting oxygen in 

the blood and it is the main component of red blood cells 

(RBCs). Haematocrit is the proportion of blood volume occu-

pied by RBCs and is determined by cell number and size, so 

haematocrit numbers below a certain reference range may 

indicate anaemia or abnormal cell development. 

   New non-invasive methods are being studied and 

developed for Hb screening but have been demonstrated to 

have lower precision and sensitivity level [3]. These different 

factors are drivers for the development of point-of-care (PoC) 

anaemia equipment providing an easy to use, reliable and 

sensitive test with a short response time in a portable device 

relying on 50 µL blood sample, which can be capillary 

collected by standard medical procedures [7], providing 

reduced disposition decision time [8] and replacing current 

venipuncture based laboratory test and improving patient 

satisfaction [9]. Moreover, low volume blood samples analysis 

represents a means of avoiding inducing anaemia or making it 

worse, as phlebotomy is reported to induce anaemia in 

hospitalized patients [10].  

Electrochemical Impedance Spectroscopy (EIS) technique is 

reported as an effective solution to characterize the electrical 

properties of cells and their behaviour, as well as the sensing 

systems and the buffer media being used to explore new 

methods of monitoring and characterization [11], [12]. 

Considering that EIS technique is related to electrical 

properties of all kinds of particles, it is applied in many 

biological fields and is especially useful in lab-on-a-chip 

(LoC) and point-of-care (PoC) devices. Since one major 

anaemia indicator, haematocrit, consists of RBC suspended in 

plasma, it can be accurately monitored by means of its 

electrical impedance or bioimpedance [11], [13]–[16]. Other 

studies, involving blood impedance analysis, are reported, as 

[17] where two- and four-electrode topologies are compared to 

characterize blood impedance on the frequency range of 100 

Hz to 100 MHz. Or [18] where the impedance variations 

associated to laminar blood flow are studied.  

In order to proceed with EIS method, two different 

approaches have been considered; the Fast Fourier Transform 

(FFT) [19] method and the Frequency Response Analyzer 

(FRA) [20]. In the case of the FFT a pulse, ideally a Dirac 
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function, is applied to the sample providing that it contains a 

wide enough frequency content to get a full spectrum 

response. Then, the sensor system response is digitalized and 

processed in a digital processor and, using the FFT algorithm, 

the different frequency components are obtained for their 

analysis [19]. Although this method appears to be simple there 

are several problems in the implementation. First and foremost 

it is very difficult to generate a fast step function and a very 

fast electronic instrumentation capable of driving this step on 

the electrodes and extracting the resulting signal and, in 

addition, being sensitive without the resulting frequency 

components being distorted. Since the important information 

is contained in a short period of time after the step is applied, 

in addition to a very fast electronic instrumentation, a very fast 

analog-to-digital converter (ADC) with a high precision bit 

resolution is also required, resulting in a high speed hardware 

and heavy algorithm implementation device. Considering the 

PoC characteristics of the device, the FRA approach seems to 

be the simpler and more efficient solution. In this case a 

Reference Signal is adopted and by means of a lock-in 

amplifier (LIA) the Bode plot of the sensor Measurement 

Signal is obtained. The FRA solution is a good solution in 

terms of the trade-off between speed and complexity, 

particularly if not too low frequencies need to be measured: 

above 10 Hz in whole blood haematocrit EIS experiments 

[14], [16].  

Currently, commercial bench top and non-specific huge 

laboratory devices are utilized for EIS based applications, 

involving complex experimental setups and significant 

expenditure of time. Furthermore, whole blood PoC specific 

sensing systems also rely on complex microfluidic devices 

[21], [22] entailing a low environmental integration-level to 

develop autonomous PoC applications [23]. 

In the present work, a compact and portable PoC solution, 

for early detection of anaemia through whole blood 

haematocrit monitoring is studied. The system is composed of 

a portable electronic device, which allows real-time data 

acquisition and control by means of an external computer, and 

a plug and play low-cost disposable commercial sensor. This 

sensor is based on three screen printed electrodes for an 

envisaged sample of 50 µL without involving any microfluidic 

implementation.  

To validate the anaemia early detection system, 48 different 

blood samples have been studied. These samples were 

randomly obtained from hospitalized patients in Hospital 

Clínic. First of all, whole blood samples were distributed in 

two different groups, the first one (group I), has been used for 

system calibration; and the second one (group II) has been 

used for system validation. With the group I whole blood 

samples, we measured a complete impedance spectrum to 

define a frequency working range, where measured impedance 

values are well differentiated and related to the blood sample 

haematocrit. Afterwards, we defined a protocol for instant 

impedance detection on the defined working range, and we 

studied the relation between impedance measurements and 

whole blood samples haematocrit. With these studies we have 

found the detection resolution and system sensitivity and we 

have calibrated the system for an instantaneous haematocrit 

detection. Finally, the haematocrit detection algorithm, based 

on previous calibration, has been implemented and validated 

through the group II whole blood samples randomly obtained. 

Impedance analysis measurements were performed at 

alternating biasing voltage of 10 mVrms, in order to prevent 

undesired effects like electroporation or irreversible electrical 

breakdown, which will damage blood cells membranes [24].  

II. MATERIALS AND METHODS 

A. Haematocrit, Electrodes and Impedance Measurement 

Biological impedance (ZCELL) is defined by Ohm’s law [25], 

being the current response (ICELL) to applying an alternating 

voltage signal (VCELL) to a biological material by its 

corresponding sensing system (1). 

  

CELLCELLCELL IVZ /  (1) 

 

Two electrodes is the basic sensor topology defined by the 

working electrode (WE), where VCELL is applied, and the 

auxiliary electrode (AE), which tracks VCELL and supplies 

ICELL. However, this topology entails some problematic 

behaviour related to VCELL signal distortion due to the AE 

polarization effects. In order to avoid this effect, the current is 

supplied using an extra, third, electrode (Fig. 1.a). A three 

electrode sensor is also a commonly used configuration on 

blood characterization [15], [16] and is defined as: a) the 

working electrode (WE), where VCELL is applied, b) the 

reference electrode (RE), which tracks VCELL and c) the 

counter or auxiliary electrode (CE), which supplies ICELL. 

In Fig. 1.a the electrical model for dilute cell suspensions in 

a three electrode sensor is shown, which can be described as 

an electrical components network [26]. ICELL can flow through 

an external cellular path (RE resistance) or across the cell 

membrane (RM║CM) and go through the intra-cellular medium 

(RI resistance). Since RM resistance is nearly negligible [27], a 

simplified model for the sample impedance (ZCELL) is 

considered in (2). 

 

))(1/()1( IEMIMECELL RRCjRCjRZ    (2) 

 

Considering this electrical cell model, the close relation 

between haematocrit and impedance at low frequencies (up to 

100 kHz) has been confirmed [28], as will be shown in section 

III. At this frequency range the response current ICELL flow 

outside the RBCs across RE impedance. Haematocrit 

increment makes the current flow path larger between the 

reference and working electrodes, becoming an increment on 

ZCELL impedance due to an increment of RE impedance (Fig. 

1.b). This phenomenon occurs at the 10 Hz to 100 kHz 

frequency range [14]. As the impedance measurement depends 

on the quantity of RBCs in the sample, we used the impedance 

measurement of whole blood plasma as a reference value, so 

as to be able to determine the haematocrit according to the 

impedance increment to that reference value. This relationship 

between impedance and RBCs will be studied in section III. 
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B. Sensor 

As previously stated, the sensing system is based on a low-

cost disposable commercial sensor without involving any 

micro-fluidic implementation. Moreover, it must be easy to 

manipulate by clinical laboratory technicians using standard 

clinical laboratory tools. Additionally, the sensing system 

must work with 50 µL blood samples, the standard volume for 

a whole blood drop and easily collected by capillarity [7], and 

must be made of gold, an acknowledged bio-compatible 

material. Different commercial sensors have been evaluated, 

such as AC1 sensor (BVT Technologies, Brno, Czech 

Republic) or the G-AUG sensor series (Bio-Logic SAS, Claix, 

France), and the commercial sensor that best meets the defined 

specifications is the C223AT. This sensor has screen-printed 

electrodes of 1.6 mm diameter based on gold and is 

specifically designed to work with 50 µl samples (Fig. 1.c). 

The device has a plug-and-play sensor system inside a 

Faraday cage and it is connected to the electronics with a 

custom made three wire coaxial insulated cable in order to 

provide an easy to use set-up and reliable performance. Blood 

samples were put on top of the sensor with an automatic 

pipette (Labopette Manual 10 - 100 µL; Hirschmann 

Laborgeräte, Eberstadt, Germany). 

C. Blood Samples 

We used 48 whole blood samples obtained from 

hospitalized patients in Hospital Clínic. However, personal 

data of the patients was not available to the investigators and 

samples were randomly selected. Whole blood samples were 

obtained in 4-mL tubes containing ethylenediaminetetraacetic 

acid (EDTA 7.2 mg; BD Vacutainer®; BD, Madrid, Spain). 

We performed a complete blood count (CBC) of the blood 

samples with a haematology analyser (Advia 2120, Siemens 

AG, Madrid, Spain), which reported the haemoglobin and 

haematocrit results as g/dL and percentage (%), respectively. 

With this methodology, whole blood is aspirated into the 

system, the sample stream is split, one portion is used for 

haemoglobinometry and one portion is used for RBC counting 

and size. Haemoglobinometry is based on RBC lysis and 

measurement of haemoglobin concentration by absorbance of 

spectrophotometry. RBC counting and size analyses are 

performed by passing the RBCs singly through a small direct 

current. The temporary increase in impedance caused by the 

passage of the cell provides information about RBC number 

and RBC volume. Haematocrit is calculated from the 

measured RBC number and volume [29].  

These 48 whole blood samples were distributed in two 

different groups (Fig. 1.d). The first one (group I), composed 

of 10 samples, was used to calibrate the system, whereas the 

second one (group II), composed of the other randomly 

collected 38 whole blood samples, was used to validate the 

whole system performance.  

The samples in group I have been selected to cover the 

entire possible haematocrit range present in human blood. 

Therefore, the obtained haematocrit (HCT(%)), haemoglobin 

(Hb (g/dL)) and anaemia diagnosis for the different blood 

samples in group I was as shown in Table I:  

 

   
(a)                    (b)              (c) 

 
(d) 

Fig. 1.  Sensor and RBC electrical model. (a) Red Blood Cell electrical model. Three electrodes model for RBC sample. (b) Current flow path through different 

blood samples with different haematocrit. (c) Sensing system: commercial disposable sensor with a 50 µL whole blood drop. (d) Whole blood samples groups 

and experimental procedure. 

   TABLE I 

GROUP I WHOLE BLOOD SAMPLES FOR SYSTEM CALIBRATION. 

Sample HCT (%) Hb (g/dL) Anaemia diagnose 
 

Sample 1 21 6.6 Critical  

Sample 2 23 7.4 Critical  

Sample 3 25 8.2 Severe  

Sample 4 27 9.0 Severe  

Sample 5 29 9.2 Severe  

Sample 6 33 10.1 Moderate  

Sample 7 36 11.9 Very Moderate  

Sample 8 40 12.7 Absence  

Sample 9 45 14.5 Absence  

Sample 10 51 16.1 Absence  
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Obtained haematocrit and haemoglobin for the remaining 

38 whole blood samples defined as a validation group (group 

II) are shown in Table II: 

D. System Description 

A full custom electronic circuit was specifically designed to 

carry out the FRA approach with a 3 electrode sensor 

topology. The device architecture has two modules: a) an 

Electrodes Biasing and Instrumentation module (EBI in Fig. 

2.a) which provides a frequency configurable voltage signal 

and an instrumentation amplifier based potentiostat; and b) a 

Signal Digitalization and Post-Processing  module (SDPP in 

Fig. 2.a), which adapts both signals needed for the FRA 

analysis, Reference Signal (VRS in Fig. 2.a) and Measurement 

Signal (VIS in Fig.2.a), from a bi-polar single-ended to an uni-

polar differential signal to be processed by a 12-bit parallel 

output analog-to-digital converter. Finally, a digital lock-in 

amplifier (DLIA) carries out the FRA approach that provides 

the Bode diagrams for both impedance magnitude and phase.  

The first module (EBI), Electrodes Biasing and 

Instrumentation, is based on a signal generator, OSC in Fig. 

2.a (AD9833; Analog Devices, Norwood, USA), and an 

instrumentation amplifier based potentiostat. The signal 

generator provides a stable voltage signal with a wide variable 

frequency range, 0 MHz to 12.5 MHz, which is controlled by 

an SPI communication protocol. The instrumentation is based 

on a potentiostat with an instrumentation amplifier current 

readout stage [30], [31], which consists of an operational 

amplifier to bias the sensor and an instrumentation amplifier 

as an electrode current readout. The operational amplifier, OA 

in Fig. 2.a (AD825; Analog Devices, Norwood, USA), is a 

dual supply high speed JFET amplifier with low leakage 

current and low distortion capable of high output driving, 

which tracks the signal on to the electrodes. The 

instrumentation amplifier, IA in Fig. 2.a (AD8421; Analog 

Devices, Norwood, USA), is a dual supply high speed 

instrumentation amplifier with low noise and ultralow bias 

current. The instrumentation amplifier converts the current 

through the electrodes (3) into a voltage signal (VIS) by means 

of a sensing resistor on the counter electrode (RSENSE in Fig. 

2.a) between the amplifier’s non-inverting and inverting inputs 

   TABLE II 

GROUP II WHOLE BLOOD SAMPLES FOR SYSTEM VALIDATION. 

Sample HCT (%) Hb (g/dL) Sample HCT (%) Hb (g/dL) 

1 25 8,2 20 34 11 

2 26 8,3 21 34 11,1 

3 26 8,5 22 34 11,4 

4 27 8,9 23 35 11,5 

5 28 9 24 35 11,5 

6 28 9 25 36 11,6 

1 28 9,1 26 39 12,5 

2 29 9,2 27 40 12,7 

3 29 9,2 28 41 12,7 

4 29 9,3 29 42 13,3 

5 30 9,4 30 42 13,3 

6 31 9,5 31 43 14,5 

13 31 9,6 32 44 14,5 

14 31 10,1 33 45 14,5 

15 32 10,4 34 45 14,5 

16 32 10,5 35 46 14,8 

17 33 10,5 36 46 15,5 

18 33 10,5 37 47 15,9 

19 34 10,8 38 49 16,1 

   

 

 

 

 
(a) (b)  

 
c) 

Fig. 2.  PoC device prototype and set-up. (a) Prototype electronics schematic, A: Electrodes Biasing Module; B: Signal Digitalization and Post-Processing. (b) 

Device prototype electronics: Two custom PCB and a sbRIO 9632 board (National Instruments) on a faraday cage (c) Experimental set-up: Disposable sensor; 

Electronic instrumentation; External computer with control and data displaying software. 
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(4). The amplifier’s gain has been set to 1 in order to optimize 

the amplifier’s Total Harmonic Distortion (THD) [30]. 

CELLRSCELL ZVI /  (3) 

)/()( CELLSENSERSCELLSENSEIS ZRVIRVVV  
 (4) 

)/( ISRSSENSECELL VVRZ   (5) 

This stage has been designed with 4 different multiplexed 

sensing resistors (RSENSE) taking into account the expected 

impedance values shown in the literature between 100Ω and 

100kΩ [12], [15], [16], [32], [33], as was subsequently 

confirmed in the system validation experiments. These 

resistors are automatically multiplexed with an auto-scale 

function that will be explained below. 

The second module (SDPP), Signal Digitalization and Post-

Processing, consists in a 12-bit dual, low power ADC, ADC in 

Fig. 2.a (ADC12D040; Texas Instruments, Dallas, USA), 

capable of converting both analogue input signals at 40 MSPS 

simultaneously. 12-bit resolution does not represent a 

significant drawback in the final system resolution, as VRS is 

scaled to the full range ADC analogue input and the system 

provides a real time gain auto scale for the RSENSE gain factor. 

The analogue inputs are converted from single ended to 

differential with a differential amplifier, DA in Fig. 2.a 

(AD8138; Analog Devices, Norwood, USA), with a high slew 

rate with low distortion and input noise. Finally, a DLIA based 

on real-time mathematical processing [30] is embedded on a 

400 MHz microprocessor from a real-time platform, sbRIO 

9632 in Fig. 2.a (sbRIO9632; National Instruments, Austin, 

USA). Final impedance bode plot is composed of sample 

impedance magnitude |ZCELL| (6) and impedance phase φCELL 

(7), where VREAL (8) and VIM (9) stand for real part and 

imaginary part of the measured impedance. 

))(2/(
222

IMREALRSSENSECELL VVsqrtVRZ   (6) 

))()/arctan(
22

IMREALREALIMCELL VVtVV   (7) 

2/)cos( ISISRSREAL VVV   (8) 

2/)sin( ISISRSIM VVV   (9) 

 

In addition, real-time platform sbRIO9632 has a FPGA 

(Xilinx Spartan-3; Xilinx, San Jose, USA), which allows us to 

provide steady clock signals as needed on the instrumentation 

that can be automatically real-time adjusted, allowing 

complete parallel signal acquisition for all the frequency 

ranges. Furthermore, embedded hardware control, like RSENSE 

multiplexed auto-scale and signal generator automatic 

frequency sweep can be developed. This real-time embedded 

hardware control represents the basic features for an 

automated and complete FRA approach. 

The real-time platform allows the system configuration and 

data display, with a user-friendly front-end user panel, by 

means of an external computer connected to the platform with 

a standard Ethernet connection. The user panel, depicted in 

Fig. 3, has two different configurations that can be selected 

from a menu (A label). Each option allows the system to 

perform different experiments when the start button (D label) 

key is pressed. The first one is a complete EIS that provides 

the Bode diagrams for both impedance magnitude (F label) 

and phase (G label), where the user could choose the number 

of points per decade (C label). EIS frequency ranges are fixed 

to the defined bandwidth on section II.A and RSENSE values are 

auto-scaled. The second is an automatic haematocrit analyzer, 

where the blood sample haematocrit is displayed with four 

significant numbers (B label).  

Moreover, the front panel has several displays for user 

control and error monitoring. The two signals needed for the 

FRA analysis, Reference Signal (VRS in Fig. 2.a) and 

Measurement Signal (VIS in Fig.2.a), are real-time monitored 

and shown on a graph (E label). Errors in electronics 

connection with the remote computer are displayed (H label) 

and generic Labview errors are explained (J label). The whole 

system and the impedance detection performance has been 

validated using passive components and 

ferrocyanide/ferricyanide solution. These preliminary studies 

have been previously published [34]. 

III. RESULTS AND DISCUSSION 

A. System calibration: EIS haematocrit analysis 

The designed device was validated through EIS experiences 

with the specified sensor described in section II.B for each 

whole blood sample described in section II.C. Experimental 

set-up is depicted in Fig. 2.c. All the measurements have been 

performed at clinical laboratory room temperature.  

 
Fig. 3.  Software front-panel for experiments control and data displaying. 
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First of all, we measured a complete impedance spectrum 

for the group I whole blood samples. In Fig. 4 shows the 

obtained impedance magnitude (Fig. 4.a) and phase (Fig. 4.b) 

bode diagram for whole blood samples. We observed that, 

both in impedance magnitude and phase, there exists a 

difference between impedance results for different samples in 

specific frequency ranges. Furthermore, these differences must 

be related to whole blood haematocrit, as the response current 

ICELL flow outside the RBCs, as introduced in section II.A. 

When haematocrit is higher, the current flow path becomes 

larger between the reference and working electrodes, which 

represents an increment on measured ZCELL impedance. 

Therefore, measured impedance differences must be defined 

as impedance increments related to haematocrit increments. 

However, this phenomenon is not present on the whole 

frequency range defined on the section II.A, 10 Hz to 100 

kHz, but on a more specific one. So, we have defined working 

ranges depending on the correlation between impedance 

measurement and haematocrit. In terms of impedance 

magnitude (Fig. 4.c) the frequency working range is in the 10 

kHz to 100 kHz range and for impedance phase (Fig. 4.d) it is 

in the 1 kHz to 5 kHz range.  

It is interesting to be able to determine impedance 

magnitude and phase differences for different haematocrit 

samples on a wide frequency working range. It gives 

flexibility and data redundancy to the system as long as it is 

not single frequency response dependant, which makes simple 

statistical data analysis techniques, such as linear fit, feasible, 

turning out to be a more robust and reliable device. 

Hence, once we have assumed that measured impedance 

increments, on the defined frequency working range, are 

related to blood samples haematocrit increment, we must 

determine the system’s capacity for haematocrit detection, 

resolution and sensitivity. 

B. System calibration: automatic haematocrit detection. 

In this section, linear fit technique has been used to study 

the relation between impedance data collected and whole 

blood samples haematocrit, as we have assumed a linear 

dependence between them. With this study we want to 

determine the system haematocrit detection accuracy, 

sensitivity and coefficient of variation. We have implemented 

a software, embedded on the microprocessor from the real-

time platform sbRIO 9632, to instantly measure impedance on 

the previously defined frequency working range. As a first 

approach to the detection system, only the impedance 

magnitude measurements will be evaluated. Although 

impedance phase measurements may be related to 

haematocrit, as it is shown in Fig.4.d, these values, unlike the 

impedance magnitude, are strongly frequency dependant, so 

more complex data analysis is needed, resulting in a more 

 
(a)                       (b)            

 
(c)                       (d)            

Fig. 4.  Whole blood impedance magnitude and phase measurement for group I whole blood samples. (a) Impedance magnitude and (b) impedance phase over 

full frequency spectra.  (c) Impedance magnitude and (d) impedance phase over frequency working range. 
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complex and slower system. To calibrate the system, the 

impedance magnitude measurements of the whole blood 

samples from group I will be compared with the haematocrit 

values (HCT (%)). 5 repetitions have been done for each 

whole blood sample using different sensors and sub-samples 

from the original sample. Table III shows the impedance 

magnitude values, the standard deviation and coefficient of 

variation for each whole blood sample. 

The relation of impedance magnitude (|Z|) mean value and 

whole blood samples haematocrit had been analysed as a 

linear dependence approach (10), where the slope (βZ) defines 

the sensitivity, in terms of ohms per haematocrit percentage 

(Ω/%). Meanwhile the haematocrit detection accuracy (%) is 

the relation between the linear fit standard deviation and βZ. 

Precision can be evaluated with the coefficient of variation: 

that is, the standard deviation divided by the mean value of the 

5 repetitions measurements. In Fig. 5 the impedance 

magnitude for the different haematocrit (HCT (%)) is 

depicted. 

 

(%))( HCTZ ZZ    (10) 

 

The haematocrit detection system has a 10.46 Ω/% 

sensitivity and a 1.13 % accuracy error with a linear 

correlation of 0.987. Precision can be evaluated with the 

coefficient of variation (CV), which is the standard deviation 

(SD) divided by the mean value of the 5 repetitions. The CV 

of the system is acceptable as it is normally below 5%. 

C. Whole blood haematocrit detection 

In previous sections, we have analysed the haematocrit 

(HCT (%)) relation with impedance measurement, in both 

magnitude and phase, defining the frequency working range. 

An embedded software has been developed to instantly 

measure impedance magnitude on the defined working range, 

and we have studied the sensitivity, accuracy and coefficient 

of variation of the device. With the data from these previous 

studies, we have implemented an automatic real-time anaemia 

detection device that provides instantaneous haematocrit 

(HCT (%)) measurement. An HCT (%) evaluation algorithm, 

based on impedance magnitude measurement, has been 

embedded on the microprocessor from the real-time platform 

sbRIO 9632. The accuracy, precision and repeatability of the 

detection device will be evaluated using 38 whole blood 

samples from the validation group, described in section II.C 

(group II), which were randomly collected. 5 repetitions have 

been done for each whole blood sample, using different 

sensors and sub-samples, to evaluate the precision of the 

device.  

The predicted haematocrit from the detection device (DHCT 

(%) in Table IV) is the mean value of the 5 measurements 

performed with each whole blood sample, and it was 

compared with the haematocrit measurement (CHCT (%) in 

Table IV) of the complete blood count (CBC) performed with 

the haematology analyser (Advia 2120, Siemens AG, Madrid, 

Spain). Haematocrit measurement and its standard deviation 

(SD) results are depicted in Table IV. 

In Fig. 6. a comparison between detected haematocrit and 

haematocrit calculated with a clinical haematology analyser is 

shown. The proposed device presented great accuracy in 

detecting haematocrit, with a linearity of 0.93 and an accuracy 

error of 1.75% with a correlation of 0.98. The coefficient of 

variation has a mean value of 3.27% for the whole samples, 

without any particular case above 5%. In quality control 

procedures in clinical haematology measurements, coefficient 

of variation of less than 5% for a test is considered acceptable 

[29].  
Fig. 5. Measured impedance magnitude as a function of whole blood 

samples haematocrit (HCT (%)). Calibration curve. 

TABLE III 

SYSTEM CALIBRATION MEASUREMENTS 

HCT (%) 
Mean Impedance 

Magnitude (Ω) 

Standard 

Deviation (Ω) 

Coefficient of 

Variation (%) 

21 343,08 11,13 3,24 

23 382,24 21,82 5,71 

25 396,77 10,76 2,71 

27 421,08 7,11 1,69 

29 453,37 12,97 2,86 

33 511,42 15,26 2,98 

36 536,82 18,09 3,37 

40 566,05 16,94 2,99 

45 606,49 27,28 4,50 

51 645,99 16,05 2,49 

 

   TABLE IV 

DEVICE VALIDATION WITH GROUP II WHOLE BLOOD SAMPLES. 

CHCT 

(%) 

DHCT 

(%) 
SD (%) 

CHCT 

(%) 

DHCT 

(%) 
SD (%) 

35 33,82 1,47 34 33,05 1,19 

36 32,96 1,28 33 30,08 1,11 

33 33,93 1,15 34 35,50 0,62 

39 38,71 0,83 42 40,21 1,39 

34 35,61 1,64 45 41,14 1,77 

49 48,26 1,04 43 40,28 0,94 

45 44,40 0,80 31 29,61 1,42 

28 27,57 0,77 29 27,90 0,44 

32 31,61 1,85 29 28,26 0,41 

46 46,72 1,78 41 38,41 1,17 

29 28,14 1,27 26 25,42 0,40 

31 33,59 1,30 46 42,90 1,21 

28 30,33 1,46 42 39,84 1,30 

42 39,29 0,84 26 26,39 0,40 

28 28,40 1,17 28 26,57 0,54 

32 32,48 0,92 47 41,17 1,35 

30 32,26 1,04 35 34,35 1,05 

34 32,50 1,52 25 24,06 0,30 

44 40,44 1,64 31 34,06 1,18 

    33,05 1,19 
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As a first approach, which only contemplates impedance 

magnitude to a haematocrit analysis algorithm for anaemia 

detection, as previously stated, it would be interesting to 

develop a more complex algorithm involving both impedance 

magnitude and phase on a wide frequency working range, for 

more precision and better performance on detection. 

IV. CONCLUSIONS. 

In this work, a first approach to a novel point-of-care (PoC) 

device has been designed, fabricated and tested for 

instantaneous anaemia detection based on custom 

instrumentation electronics, electrical impedance spectroscopy 

technique and disposable sensor without any microfluidic. The 

system performs real time instrumentation control, data 

acquisition and results display by means of an external 

computer and user-friendly software. The device has been 

proved to exhibit reliable, robust and effective results using 

label-free disposable commercial sensors using 50µL whole 

blood samples. Furthermore, unlike actual clinical equipment 

for blood analysis, whole blood samples are not destroyed in 

the measurement process.  

48 whole blood samples, randomly collected from 

hospitalized patients in Hospital Clínic, were used to 

demonstrate the feasibility of the impedance measurement 

technique to perform an easy, fast and sensitive haematocrit 

study using disposable label-free commercial sensors with low 

voltage biasing. A first approach for a haematocrit evaluation 

algorithm for anaemia detection, based on whole blood 

impedance analysis, is presented and validated. The system 

has been evaluated through comparison with complete blood 

count (CBC) using a clinical haematology analyser (Advia 

2120, Siemens AG, Madrid, Spain). The anaemia detection 

device has a linearity of 0.93 and an accuracy error of 1.75% 

with a correlation of 0.98. Coefficient of variation is below 

5%, with a worst case resolution of 1.63%. Considering this as 

a first approach algorithm for anaemia detection, the 

development of a more complex algorithm and a more 

accurate clinical assay with higher testing population will lead 

to more accurate results to assess the device performance. 

Additionally, as the system is based on straightforward 

standards on instrumentation electronics and sensing, it 

represents an economic, portable, safe and reliable system of 

anaemia detection with a high degree of integration for the 

clinical environment.  

Further development must be considered for future stages: 

real-time platform sbRIO9632 (National Instruments) has 

been used for fast software prototype development and 

versatility, but it is a major drawback in terms of power 

consumption, size and price. It must be replaced by a low-cost 

microcontroller for instrumentation control, data acquisition 

and post-processing. All the future system improvements must 

push towards the development of a truly autonomous, portable 

and versatile device relying on the presented work. 

Commercial devices for PoC anaemia detection, based on 

microfluidics devices, such as AnemiaCheck (Express 

Diagnostics, Blue Earth, Minnesota), or on photometry 

haemoglobin detection, such as STAT-Site (Stanbio 

Laboratory, Boerne, Texas) or HemoPoint H2 (Alere, 

Waltham, Massachusetts), are much slower presenting similar 

detection performance results, Table V. Moreover, getting 

digitalised information provides the possibility of remote care, 

monitoring and implementation of other clinical actuators. 

Other commercial PoC devices, like the i-STAT analyzer 

(Abbott Point of Care, Princeton, New Jersey), despite 

providing lab-quality results for patient point-of-care testing, 

turn out to be less specific involving a much more expensive 

and slower device. 

In summary, this paper describes the design, development 

and test of a novel instantaneous anaemia detection PoC 

device with low-cost disposable commercial sensors and 

instrumentation electronics. The device presents reliable, 

sensitive and robust haematocrit detection, relying on low-cost 

straightforward electronic equipment and sensing systems. 
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Abstract: We present a small, compact and portable device for point-of-care instantaneous 

early detection of anemia. The method used is based on direct hematocrit measurement 

from whole blood samples by means of impedance analysis. This device consists of a 

custom electronic instrumentation and a plug-and-play disposable sensor. The designed 

electronics rely on straightforward standards for low power consumption, resulting in a 

robust and low consumption device making it completely mobile with a long battery life. 

Another approach could be powering the system based on other solutions like indoor solar 

cells, or applying energy-harvesting solutions in order to remove the batteries. The sensing 

system is based on a disposable low-cost label-free three gold electrode commercial sensor 

for 50 µL blood samples. The device capability for anemia detection has been validated 

through 24 blood samples, obtained from four hospitalized patients at Hospital Clínic. As a 

result, the response, effectiveness and robustness of the portable point-of-care device to 

detect anemia has been proved with an accuracy error of 2.83% and a mean coefficient of 

variation of 2.57% without any particular case above 5%. 
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1. Introduction 

According to the World Health Organization (WHO), anemia is defined as a condition in which  

the number of red blood cells (RBCs) or their oxygen-carrying capacity is insufficient to meet 

physiological needs [1]. Anemia affects about two billion people, or 30% of the world’s population. 

Pregnant women and children are the most vulnerable segment, and it is considered a worldwide health 

issue affecting both developed and developing countries [2,3]. The highest prevalence is in Africa 

(67.6%) and South-East Asia (65.5%). In the Eastern Mediterranean, the prevalence is 46% and around 

20% in the other WHO regions, the Americas, Europe and Western Pacific [3]. The major health 

consequences in severe cases are pregnancy disorders, poor physical and cognitive development, and 

increased risk of morbidity, while less severe cases provoke weakness, fatigue and dizziness [3,4]. The 

most common cause of anemia is nutritional deficiencies, especially in developing countries due to 

severe malnutrition [5], or diseases like colon cancer or gastrointestinal lesions [6,7]. Other conditions 

causing anemia are inherited hematologic diseases such as sickle cell anemia or thalassemia causing 

hemolytic anemia [8,9], cancer treatments (chemotherapy and radiation) [10], and indirect causes, such 

as lower erythropoietin (EPO) production due to kidney disease [11]. Also, frequent blood donations 

may induce anemia in blood donors, especially females [12].  

Evaluation of hemoglobin (Hb) concentration is the most reliable indicator for anemia detection; 

being a required condition in possible blood donors in most countries of the world, generically the only 

laboratory control test performed before donation [13]. Hematocrit (HTC) screening is also a reliable 

indicator for anemia, which is the proportion of blood volume occupied by RBCs, and is determined 

by cell number and size. HTC numbers below a certain reference range may indicate anemia or 

abnormal cell development [14]. Automated hematology analyzers provide the necessary information 

about HTC and Hb with a high degree of precision by means of a complete blood count (CBC), which 

represents an extremely useful tool for evaluating anemia [4]. However, hematology analyzers are 

huge and expensive devices which need to be operated by skilled technicians using venous blood 

sample, requiring a phlebotomy practiced by a specialist. Access to electricity to power the 

instrumentation is also required [15,16]. These different factors make the access to these devices very 

limited and often incompatible with the constraints of resource-limited settings [15]. Furthermore, 

access to this equipment is an issue in developing countries, where less reliable equipment and 

evaluation techniques are available [17]. These different factors push towards the development of 

point-of-care (PoC) anemia detecting devices that provide an easy to use, reliable and economic test 

for patients, the general public and first aid personnel screening for anemia. Detection of anemia with a 

short response time in a portable PoC device relying on a blood drop (50 µL sample that can be 

capillary collected [18]), provides reduced disposition decision time [19], improving patient 

satisfaction [20], and avoids inducing anemia or making it worse (phlebotomy is reported to induce 

anemia [21]). 
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Electrical impedance has been reported as an accurate solution for cellular detection, quantification 

and monitoring in different environments both in-vivo and ex-vivo [22–26]. Pop et al., [24] presented a 

continuous in-vivo hematocrit monitoring in the human right atrium by venous catheter equipped with 

an impedance-measuring device. On the other hand, Pradhan et al., [25] studied the electrical 

properties of blood and its constituents using Electrochemical Impedance Spectroscopy (EIS). 

Ramaswamy et al., [26] performed a blood coagulation test based on a custom microfluidic device and 

the electrical impedance detection of whole blood samples. Our group has previously studied this 

technique and has used it in the design of a novel anemia detection device [27]. The device presented 

reliable, sensitive and robust hematocrit detection, relying on low-cost straightforward electronic 

equipment and sensing systems. Moreover, the impedance measurement technique provided an actual 

hematocrit instantaneous measurement, with a wide measuring range oscillating from 0% to 100%, 

while other techniques, such as optical photometry, a slower hemoglobin measurement for a 

subsequent hematocrit indirect calculation. Additionally, considering a truly PoC device, the 

impedance measurement technique is a much less complex technique that does not require any optical 

measurement or chemical agent, resulting in a more economic, longer battery life and environmentally 

safe device. 

This work presents an improvement on the previously reported device [27], as a compact, economic 

and portable PoC solution, for instantaneous detection of hematocrit through whole blood samples. 

The previously developed device relied on full spectrum analysis of blood samples by means of a 

Digital Lock-In Amplifier (DLIA) based on a Frequency Response Analyzer (FRA) approach. Full 

spectrum analysis involved a microprocessor for system control and data processing, and further 

electronics for signal conditioning, such as an SPI controlled oscillator AD9833 from Analog Devices 

(Norwood, MA, USA), and a 12-bit dual ADC ADC12D040 from Texas Instruments (Dallas, TX, 

USA) capable of converting simultaneously two analogue input signals at 40 MSPS. Moreover, a  

real-time platform sbRIO9632 from National Instruments (Austin, TX, USA) was used for fast 

software prototype development and versatility. All these electronics were a major drawback in terms 

of power consumption, size and price, when aiming for a specific PoC device. 

The system is composed of an economic and reusable low-cost electronic device and a  

plug-and-play disposable commercial sensor. This sensor is based on three screen-printed electrodes 

for an envisaged sample of 50 µL. In order to validate the instantaneous hematocrit detection system, 

different blood samples, which came from the manipulation and dilution of whole blood samples 

extracted from 4 healthy donors, have been studied. These samples were randomly obtained from 

hospitalized patients of Hospital Clínic located in Barcelona, Spain. 

2. Materials and Methods 

2.1. Hematocrit, Electrodes, Impedance Measurement and Sensing System 

A typical cellular electrical model for dilute cell suspensions can be described as a network of 

electrical passive components, so the biological electrical impedance is the response to applying an 

electrical stimulus to a biological material through a sensing system and measuring its electrical 

response as defined by Ohm’s law [28] (Equation (1)): 
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=  (1)

In this work we have adopted a configuration of three electrodes, which are defined as follows: the 

working electrode (WE), where electrical response of the object under investigation is measured; the 

reference electrode (RE), which tracks the electric signal and the counter or auxiliary electrode (CE), 

which supplies the current required. With this electrode configuration, the problematic behavior of the 

simpler two electrodes topology is avoided [27]. This configuration is defined by the WE, where the 

sample is placed and the electrical signal is applied, and the CE, which tracks the solution potential and 

supplies the current required for experience, creating a polarization effect causing a distortion of the 

applied electrical signal. With this sensing system topology, the electrical stimulus applied is an ac 

voltage (VCELL), while the electrical response is the current flow through the WE electrode (ICELL). 

Hence, electrical properties can be described as a passive electrical components network [29] 

(Figure 1a), so the current related to the electrical stimulus (ICELL) can flow through an external cellular 

path (RE) or across the cell membrane (RM║CM) and go through the intra-cellular medium (RI). Hill 

and Thompson [30] confirmed the close relation between hematocrit and impedance at low frequencies 

(up to 100 kHz), where ICELL flow path is located outside the RBCs across RE impedance. This 

phenomenon implies a correlation of impedance and hematocrit, so that an increment in RBCs makes 

the current flow path larger between the reference and working electrodes, becoming an increment on 

ZCELL impedance due to an increment of RE impedance (Figure 1b). 

 

Figure 1. (a) Red Blood Cell (RBC) electrical model. Three electrodes topology for RBC 

sample; (b) Current flow path through different blood samples with different hematocrit. 

(Reproduced from [27] with kind permission from IEEE Publishers). 

This phenomenon has been studied previously [27], demonstrating the feasibility of the impedance 

measurement technique to perform an easy, fast and sensitive hematocrit detection, evaluated through 

comparison with complete blood count (CBC) by using a clinical hematology analyzer, the Advia 2120 

from Siemens AG (Munich, Germany). This sensing system is a low-cost disposable three-electrode 

sensor that works with 50 µL blood samples. This is the standard volume for a whole blood drop, 

which is easy to manipulate by clinical laboratory technicians using standard clinical laboratory tools. 

Furthermore, the sensor electrodes must be made of gold, an acknowledged bio-compatible material. 

Different commercial sensors have been evaluated, such as AC1 sensor from BVT Technologies 
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(Brno, Czech Republic), or the G-AUG sensor series from Bio-Logic SAS (Claix, France). The 

commercial sensor that best reaches the defined specifications is the C223AT from Dropsens  

(Llanera, Spain). This sensor is specifically designed to work with 50 µL drop samples and has gold  

screen-printed electrodes of 1.6 mm diameter. Blood samples were easily put on top of the sensor 

electrodes with an automatic pipette. 

2.2. Blood Samples 

Four blood samples were obtained in 4-mL tubes containing ethylenediaminetetraacetic acid 

(EDTA 7.2 mg from BD Vacutainer, (Franklin Lakes, NJ, USA) from four random hospitalized 

patients in Hospital Clinic. To obtain a larger sample collection, the initial four whole blood samples 

were centrifuged (Jouan CR412 from DJB Labcare, Newport Pagnell, UK) at 2200 rpm for 15 min in 

order to separate blood plasma from RBCs. Finally, 24 blood samples were obtained diluting obtained 

RBCs in different volumes of blood plasma using a Labopette Manual 10–100 µL automatic pipette 

from Hirschmann Laborgeräte (Louisville, KY, USA). We performed a complete blood count (CBC) 

of the 24 blood samples with an ABX Micros 60 haematology analyzer (Horiba, Kyoto, Japan) which 

reported the hemoglobin and hematocrit results as g/dL and percentage (%), respectively. This 

analyzer used electrical impedance technology to perform the CBC. With this methodology, whole 

blood is aspirated into the system, the sample stream is split, one portion is used for hemoglobinometry 

and one portion is used for RBC counting and size. Hemoglobinometry is based on RBC analysis and 

measurement of hemoglobin concentration by absorbance of spectrophotometry. RBC counting and 

size analyses are performed by passing the RBCs singly through a small direct current. The temporary 

increase in impedance caused by the passage of the cell provides information about RBC number and 

RBC volume. Hematocrit is calculated from the measured hemoglobin, RBC number and RBC  

volume [31]. Therefore, the obtained hematocrit (HCT (%)) and hemoglobin (Hb (g/dL)) for the 

different blood samples are shown in Table 1. 

Table 1. Twenty four blood samples obtained in Hospital Clínic from four random 

hospitalized patients. Blood samples were obtained diluting RBCs in different volumes of 

blood plasma. Hematocrit (HCT (%)) and hemoglobin (Hb (g/dL)) values for the different 

blood samples were obtained by means of a complete blood count (CBC). 

HCT (%) Hb (g/dL) HCT (%) Hb (g/dL) HCT (%) Hb (g/dL) 

14.2 5.0 25.5 9.0 34.7 12.4 
18.5 6.7 28.4 9.7 37.8 12.5 
18.9 6.6 29.0 9.8 40.0 12.8 
19.3 7.0 29.2 9.7 40.4 14.0 
20.4 6.9 30.0 10.5 40.8 14.0 
23.2 7.8 33.7 11.5 44.5 14.9 
23.4 8.1 33.9 11.8 45.0 15.2 
24.0 8.1 34.5 11.5 50.6 18.0 
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2.3. System Description 

A full custom electronic circuit was specifically designed to carry out impedance measurements 

using a disposable three-electrode C223AT sensor. The electronic system was designed based on the 

specifications found in the study previously reported [27]. The architecture of the device is divided in 

three parts: an oscillator that provides the ac voltage signal (VCELL), a sensor driving instrumentation 

and a rms-to-dc converter (Figure 2a). The oscillator is a Wien bridge oscillator, a stable output 

amplitude with low distortion. The operational amplifier (OSC in Figure 2a) is the AD8066 from 

Analog Devices, which is a low-cost, high speed Junction Gate Field Effect Transistor (JFET) 

amplifier dual supply with low leakage current and distortion, in order to provide a stable sinus voltage 

signal with low offset (VOSC).  

 

Figure 2. (a) Custom electronic instrumentation; (b) Commercial C223AT disposable 

sensor with a 50 µL whole blood drop; (c) Device prototype electronics and different 

suitable and functional user readout interfaces (the reference coin has a diameter of  

25.75 mm); (d) Actual user-friendly front-end user interface develop with Labview©. 

(Reproduced from [27] with kind permission from IEEE Publishers). 

The oscillator has been configured to provide a voltage sinus signal of 33 kHz, a well-suited 

frequency for hematocrit detection using the C223AT [28]. Moreover, as the AD8066 commercial 

integrated circuit provides two isolated amplifiers, the second amplifier has been used as a voltage 
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follower (AB in Figure 2a), due to its high speed and low distortion specifications for isolating the 

oscillator from the potentiostat. The sensor driving instrumentation is based on a potentiostat with a 

transimpedance amplifier current readout stage [32], composed of an operational amplifier to bias the 

sensor and an operational amplifier in transimpedance configuration as a sensing system current 

readout. The operational amplifier (OA in Figure 2a) is the AD8066 from Analog Devices, which is 

perfectly designed for singly driving the electrodes and track the voltage-biasing signal (VIN) to the 

electrodes (2).  

The JFET high input impedance avoids RE electrode voltage distortion, considering the low load 

impedance on the sensing system [27], and the high bandwidth and slew-rate provides stability to the 

system. The second amplifier included on the integrated circuit package has been configured as the 

transimpedance amplifier (AT in Figure 2a). The transimpedance amplifier converts the current 

through the electrodes (3) into a voltage signal (VOUT) by means of a sensing resistor (RSENSE in  

Figure 2a). The main drawback of this configuration, an amplifier with low input impedance [capitol 

intech antic], is avoided with the JFET input of the AD8066: = (2)

= − · = −  (3)

Finally, the rms-to-dc converter is the AD8436 from Analog Devices, which computes a precise dc 

equivalent (VRMS) of the transimpedance amplifier ac signal (VOUT). It is a low cost, low power device, 

with wide dynamic input range and wide bandwidth that provides low distortion with a Zero 

subthreshold swing Field Effect Transistor (ZFET) input buffer for electronic isolation from the 

instrumentation stage. Considering that the electrodes voltage biasing signal (VIN) and the sensing 

resistor (RSENSE) are stable and well known, the rms dc variations of VOUT are only related to the 

variations of ZCELL. The device dc output voltage (VRMS) is inverse compared to the hematocrit values, 

so as the hematocrit increases, VRMS decreases. The device usage is very simple not requiring any 

qualified users. A blood sample is placed on top of the sensor electrodes and, once the power supply is 

connected, the device dc output voltage (VRMS) is ready for reading on the output pin. On the presented 

manuscript, a software interface on an external computer with Labview©, from National Instruments, 

controlled an electric switch to enable the power supply (an external source at ±5 V), and presents the 

resultant data on a user-friendly user interface (Figure 2d). The electronics and the computer were 

connected by means of a NI USB-6361 data acquisition (DAQ) device from National Instruments. 

However, the presented device readout stage can be greatly improved to address different applications 

and user skills (Figure 2c), such as an integrated Liquid Crystal Display (LCD) for an untrained user 

self-screening, a remote computer connected to the electronics by means of an standardized protocol 

(USB, ethernet, etc.), or a wireless communication protocol for self-monitoring device in telemedicine 

applications. Additionally, the presence of an electrical signal directly correlated to hematocrit allows 

the device implementation as a controller of other clinical actuators in different environments and 

situations increasing functionality.  

The overall low cost and low power system composed of optimized straightforward standards for 

instrumentation electronics, results in a reusable, robust and low consumption device (300 mWh) 
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making it completely mobile with a long battery life time. Moreover, it is important to highlight  

that it is an easy to manipulate and economic electronics (less than 10 € per device), providing an 

instantaneous impedance measurement. 

3. Results 

A small, compact and portable device for point-of-care early instantaneous detection of anemia was 

prototyped. For its validation, we analysed 24 consecutive blood samples from patients hospitalized at 

Hospital Clínic in Barcelona. We performed a complete blood count (CBC) of the blood samples with 

a haematology analyser, the Advia 2120 from Siemens AG, which reported the hemoglobin and 

hematocrit results as g/dL and percentage (%), respectively. We tested all samples with the prototype 

within 2 h of blood collection and CBC. As it is an instantaneous detector with a time response of 

several milliseconds, to evaluate system precision and accuracy, every whole blood sample was tested 

5 times consecutively using fresh sensors and fresh sub-samples. Figure 3 depicts the output dc  

voltage (VRMS) of the device and compares it with the different whole blood samples hematocrit 

(Hematocrit (%)). 

 

Figure 3. Measured output dc voltage (VRMS (mV)) mean value (n = 5) as a function of 

blood samples hematocrit (Hematocrit (%)). 

We used the Linear Regression (LR) analysis to measure the Pearson’s correlation coefficient (r) 

and coefficient of determination (r2) between the reference method (CBC method) and the custom 

electronic device method, where the output voltage (VRMS) mean value (n = 5) has been compared with 

whole blood samples CBC hematocrit. The LR slope (β) defines the sensitivity, in terms of mV per 

hematocrit percentage (mV/%). Meanwhile the hematocrit detection accuracy (%) is the relation (4) 

between r2 and β:  = · %  (4)

In Table 2 the experimental results of whole blood samples hematocrit (HCT (%)), the output 

voltage mean value (VRMS (mV)) of the five measurements performed with each whole blood sample 

and its standard deviation (SD (mV)) are shown. Precision was evaluated with the coefficient of 

variation: the standard deviation (SD (mV)) divided by the mean value (VRMS (mV).  
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Table 2. Device validation with whole blood samples. 

HCT (%) VRMS (mV) SD (mV) HCT (%) VRMS (mV) SD (mV) HCT (%) VRMS (mV) SD (mV) 

14.2 1725.92337 31.28 25.5 1152.10028 21.24 34.7 845.70887 25.20 

16.9 1598.31218 24.08 28.4 1043.23605 32.28 37.8 820.04855 10.32 

18.5 1498.75603 8.12 29.0 934.82407 13.08 40.0 816.04674 25.08 

19.3 1491.64678 32.4 30.0 1035.4325 33.88 40.4 773.16798 25.20 

20.4 1358.14206 34.56 32.2 968.69188 20.04 40.8 766.09567 30.36 

23.2 1268.13432 33.00 33.7 869.14198 26.44 44.5 671.69091 18.52 

23.4 1233.56278 34.16 33.9 832.33453 31.32 45.0 707.49377 8.76 

24.0 1109.21312 23.28 34.5 856.91271 30.12 50.6 490.1229 6.32 

The proposed anemia detector device presented great accuracy at detecting hematocrit, with a 

Pearson’s correlation coefficient of −0.96, an accuracy error of 2.83% hematocrit, and a coefficient of 

determination of 92.72%. The mean coefficient of variation is 2.57% without any particular case above 

5%. Acceptable values in quality control procedures in clinical haematology measurements show a 

coefficient of variation less than 5% [30]. The device presents reliable, sensitive and robust anemia 

detection compared with other commercial PoC devices for anemia detection, such as AnemiaCheck 

from Express Diagnostics (Blue Earth, MN, USA), STAT-Site from Stanbio Laboratory (Boerne, TX, 

USA), or HemoPoint H2 from Alere (Waltham, MA, USA), where its detection performance is similar 

to the proposed prototype but with much slower response.  

Recently, other PoC anemia devices have been published, such as a color-based diagnostic  

test for self-screening/self-monitoring of anemia presented by Tybursky et al., [33], a novel PoC 

diagnostic test for self-screening, self-monitoring of anemia. The device measures hemoglobin (Hgb) 

levels, which are estimated via visual interpretation by the user using a color scale. This system 

presents several performance drawbacks when compared with our device. First of all, the readout 

stage, based on a color scale, relies on the visual interpretation of the user, which could introduce 

errors on the Hgb levels data interpretation, and reduces considerably the system resolution. 

Furthermore, the principle of operation of the color-based POC device is based on biochemical 

reactions, where the blood comes into contact with a reagent solution initiating a redox reaction, which 

is a slow and destructive procedure. 

4. Market and Technology Transfer Challenges 

Commercialization of biosensors technology is still delayed compared with research in academia. 

This reduced technology transfer activity could be attributed to technical barriers or cost 

considerations. Therefore, devices must be versatile to allow automation at a competitive cost [34]. 

Additionally, to ensure success in the development, innovation and technology transfer, it is necessary 

to foster a particular scenario typified by the convergence of technologies and disciplines [35]. In this 

context, one of the main characteristics of the proposed device is its multidisciplinarity: in an effort to 

integrate knowledge from various dimensions, main actors and activities. The cross-disciplinary 

interaction must be examined in the way scientific knowledge flows between engineers, researchers 

and physicians. Currently, there are huge opportunities to be exploited by researchers and innovation 

managers in the development of high-tech products, above all in the field of medical devices. As such, 
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the University–Hospital–Industry–Administration (plus Citizens) system should emerge as an essential 

five-helix leading to a successful technology transfer and commercialization of public-funded  

medical devices [36]. 

In biomedical research, there is a great need for multipurpose and reliable telemetric tools. By using 

sensor inputs, such devices allow the automated gathering of information on physiological parameters 

minimizing adverse effects for the patients [35]. In this context the proposed device could improve the 

diagnosis especially in countries where clinics are often many miles away from villages, where there is 

absence of laboratory facilities and trained staff, or there are hostile environmental conditions [15]. 

Additionally, this device could overcome some of the complications related to blood extractions used 

in conventional methods, including hematoma formations, nerve damage, pain, hemoconcentration, 

extra-vasation, iatrogenic anemia, arterial puncture, petechiaes, allergies, infection, syncope and 

fainting, excessive bleeding, edema or thrombus [37]. 

PoC testing promotes a shift away from traditional diagnostic tests in the clinical laboratory  

setting to near-patient situations, improving the timely diagnostic information so as to make informed 

decisions regarding diagnosis and treatment. Rapid advances are already being achieved at remarkably 

low cost with modest investments; therefore there is a high growth rate market [38]. PoC devices 

represent 31% of the diagnostics market, 18% glucose testing, 11% professional PoC products, and 2% 

over-the-counter [39]. It is expected that the global market will increase to US$16.5 billion by 2016 

and $34.6 billion by 2021 [40]. Additionally, the total LoC-based biochip market was US$2.4 billion 

in 2009 and was projected to increase to US$5.9 billion in 2014. This should be a powerful incentive 

for commercial efforts to move toward true global health solutions [15].  

5. Conclusions 

In this work, a novel point-of-care (PoC) device for instantaneous anemia detection based on 

custom instrumentation electronics, impedance measurement technique and a disposable low-cost 

sensor has been designed, fabricated and tested. The device has been proved to exhibit reliable, robust 

and effective results using disposable commercial sensors with 50 µL whole blood samples. 

Advantages of the proposed device include: (i) the facility of use; (ii) compactness and small size;  

(iii) portability; (iv) less invasive and less quantity of blood; (v) rapidity and accuracy of results; and 

(vi) low-cost accessibility. These characteristics are valuable for anemia-risk patients, especially for 

pregnant women, neo-nates, pediatric patients and elderly, but also for chronically anemic patients, such as 

cancer patients receiving chemotherapy, patients with renal failure, patients with chronic 

inflammatory/immunologic disorders, or patients with primary hematologic disorders. Low 

manufacturing cost and the accessible price are important advantages, especially in disadvantaged 

regions where the health domain is undervalued. Commercial devices for PoC anemia detection, based 

on microfluidic manipulator devices, such as AnemiaCheck from Express Diagnostics, or on 

photometry hemoglobin detection, such as STAT-Site from Stanbio Laboratory, or HemoPoint H2 

from Alere, relay on slower hemoglobin measurement for a subsequent hematocrit indirect calculation, 

with results open to user interpretation as the readout stages are optically represented. The presented 

device outputs instantaneous reliable results based on electric voltage data directly correlated to 

hematocrit, the system have further versatility in terms of applications compared with other 
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commercial devices, such as a point-of-care hematocrit detector, a monitoring device for telemedicine 

applications, or as a controller of other clinical actuators. Furthermore, unlike actual clinical equipment 

for blood analysis, whole blood samples are not destroyed in the measurement process and the adverse 

effects for patients and blood samples are being mitigated.  

PoC anemia diagnostic devices recently published, such as a color-based diagnostic test by 

Tybursky et al., [40], present severalby of the user, which could introduce errors on the data 

interpretation, and reduces the system resolution, being a slower and destructive technique, with less 

functionalities in Point-of-Care and Lab-on-a-Chip devices for medical and research applications. 

Twenty four blood samples, obtained from four patients hospitalized at Hospital Clínic, were used 

to demonstrate the feasibility of the impedance measurement technique to perform an easy, fast and  

low-cost hematocrit study using disposable commercial sensors. The system has been evaluated 

through comparison with complete blood count (CBC) using a clinical haematology analyser. The 

anemia detection device has a Pearson’s correlation coefficient of −0.96 and a coefficient of 

determination of 92.72% hematocrit. Coefficient of variation is below 5%, with a worst-case accuracy 

error of 2.83%. Additionally, as the system is based on straightforward low cost and low power 

standards on instrumentation electronics and sensing, it represents an economic, portable, safe and 

reliable system of anemia detection with a high degree of integration for the clinical environment, 

driving the development of a truly autonomous, portable and versatile device relying on the presented 

work. In Table 3 is presented a performance comparison table with different commercial and published 

anemia PoC diagnostic test. 

Table 3. Comparison table with different commercial and published anemia PoC diagnostic test. 

Device 
Test Time  

(s) 
Range (HCT (%)  
and Hb (g/dL)) 

Standard Deviation 
(%) 

Coefficient Variation 
(%) 

Presented 
device. 

Instantaneous  HCT: 0%–100% 2.83% 2.57% 

STAT-Site. 900 HCT: 12%–42% 0.74% 4.10% 

Alere 
HemoPoint  
H2 System. 

120 Hb: 5.6 g/dL–20.6 g/dL NA 4.20% 

Anemia Check. 60 
Hb: 0 g/dL–25.6 g/dL 

HCT: 36%–54% 
NA 1.5% 

Tybursky et al.,  
(2014) [40] 

60 Hb: <9 g/dL–>12 g/dL NA NA 

Once again, this demonstrates the importance of a multidisciplinary team that integrates the clinical 

research with the university, in an effort to obtain a cross-fertilization development that aims to satisfy 

medical but also social needs through R + D + i. With this combined effort and symbiosis, it is 

possible to obtain innovative products and also reduce the time-to-market in medical research settings.  

In summary, this paper describes the design, development and test of a novel instantaneous anemia 

detection PoC device with low cost disposable commercial sensors and instrumentation electronics. 

The device presents reliable, sensitive and robust anemia detection, relying on low power 

straightforward electronic equipment and sensing systems for hematocrit monitoring. 
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Combined dielectrophoretic
and impedance system for on-chip
controlled bacteria concentration:
Application to Escherichia coli

The present paper reports a bacteria autonomous controlled concentrator prototype with
a user-friendly interface for bench-top applications. It is based on a microfluidic lab-on-
a-chip and its associated custom instrumentation, which consists of a dielectrophoretic
actuator, to preconcentrate the sample, and an impedance analyzer, to measure concen-
trated bacteria levels. The system is composed of a single microfluidic chamber with
interdigitated electrodes and an instrumentation with custom electronics. The prototype
is supported by a real-time platform connected to a remote computer, which automatically
controls the system and displays impedance data used to monitor the status of bacteria
accumulation on-chip. The system automates the whole concentrating operation. Perfor-
mance has been studied for controlled volumes of Escherichia coli samples injected into the
microfluidic chip at constant flow rate of 10 �L/min. A media conductivity correcting pro-
tocol has been developed, as the preliminary results showed distortion of the impedance
analyzer measurement produced by bacterial media conductivity variations through time.
With the correcting protocol, the measured impedance values were related to the quantity
of bacteria concentrated with a correlation of 0.988 and a coefficient of variation of 3.1%.
Feasibility of E. coli on-chip automated concentration, using the miniaturized system, has
been demonstrated. Furthermore, the impedance monitoring protocol had been adjusted
and optimized, to handle changes in the electrical properties of the bacteria media over
time.

Keywords:

Autonomous device / Bacteria concentrator / Dielectrophoresis / Escherichia coli
/ Impedance analysis DOI 10.1002/elps.201400446

1 Introduction

In the last few years, the electrical properties of cells and

Q2

pathogens have been used to explore new methods of ma-
nipulation and characterization, such as dielectrophoresis
(DEP) [1] or impedance analysis (IA) [2,3]. For instance, DEP
has been recently used to control stem cells to form embry-
onic bodies in shorter time [4] and Fatoyinbo et al. [5] have
measured biophysical parameters of cells (cytoplasmic con-
ductivity, membrane conductivity, and cell-wall conductivity)
by analyzing its cells’ DEP behavior. Moreover, IA was also

Q3

advantageous to detect ovarian cancer cells SKV3 [6] or to de-
tect insulin levels in blood serum [7] so as to diagnose diabetes

Correspondence: Jaime Punter-Villagrasa, Department of Electro-
nics, University of Barcelona, Martı́ i Franquès 1, 08028 Barcelona,
Spain
E-mail: jpunter@el.ub.edu

Abbreviations: ADC, analog-to-digital converter; DEP, dielect-
rophoresis; FRA, frequency response analyzer; IA, impedance
analysis; IDE, interdigitated electrode; LoC, lab-on-a-chip

or trauma. We present a miniaturized and compact specific
solution to concentrate bacteria in a controlled manner using

Q4

a fully automated instrument combining DEP and IA.
Bacteria concentration is a time-consuming procedure in

regular microbiology laboratory practices that involves cell-
culturing processes [8, 9] to obtain a significant sample. This
could be improved by using DEP as a means of concentration
in tiny fluidic spaces. DEP refers to the force experienced
by a particle inside a nonuniform electric field [10, 11] and
is a convenient, rather selective, handling method that has
been applied in many biological fields and in lab-on-a-chip
(LoC) devices [12–14]. An example of this is the work re-
ported by Lapizco-Encinas et al. [15], where several types of
bacteria in water were concentrated and separated by DEP
induced by insulator-based structures (iDEP), or in the paper
presented by Braff et al. [16], where bacteria were success-
fully DEP trapped in PMMA constructs. DEP selectivity has
also been repeatedly reported as a benefit for sample prepa-
ration, since it allows isolation of the desired cell or pathogen
based on their electric and geometric properties [17–19]. As
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an example, Moon et al. [19] used DEP to separate and detect
circulating tumor cells, whose size and resistance to filtering
shear stress presented significant differentiating properties,
from regular blood cells. This also becomes an advantage
in the case of environmental samples, where soil particles
with the same bacteria size are also present and could not be
eliminated by filtration or centrifugation. This has also been
solved by using DEP [20], taking advantage of its selectivity
by cell electrical properties. Hence, we used DEP here for
concentration purposes.

On the other hand, current bacteria-detection protocols
are expensive in terms of equipment and time, typically re-
quiring several days to obtain results [21, 22]. Techniques
such as pathogenic-specific antibody-coated magnetic beads
[23, 24] or hybridization of DNA fragments of bacteria [25]
have shown to improve the analysis time down to several
hours, but they still need complex equipment. This could be
improved by using IA. Impedance frequency dependence,
which is related to the electrical conductivity and permittiv-
ity properties of the material, was reported as an effective
solution to characterize cells and their behavior, also in LoC
devices [26]. Some publications have reported the use of IA
technique to control bacterial growth or to detect its pres-
ence [27]. One example of such work is the paper presented
by Dweik et al. [28], where bacterial presence was rapidly de-
tected by measuring the antibody/antigen bonding using IA
in the 100 Hz to 10 MHz range. Another example is the work
of Grossi et al. [29], where the quantity of bacteria during
a culture process was detected by impedance measured at
200 Hz using a sinusoidal signal with a 50 mV amplitude.

The combination of DEP and IA [3,30] in a single equip-
ment based on LoC and microfluidic technologies allows to
develop a practical bench-top device. In recent years several
biosensors and applications aiming for the successful com-
bination of both techniques have been presented. Hamada
et al. [3] presented a bacterial detection device combining
both positive DEP and negative DEP with dielectrophoretic
impedance measurement. The biosensor relied on a pair of in-
terdigitated electrodes (IDEs) for separate DEP concentration
and dielectrophoretic impedance measurement, while using
commercial devices to operate the application. The cellular
solution conductivity varies through time, which affects the
impedance measurement, which has not been considered,
and measurement instability produced by the magnitude of
DEP voltage has been reported. Dastider et al. [30] have de-
signed an impedance biosensor for the specific detection of
Esherichia coli O157:H7 combining DEP and IA techniques
at 2�L/min flow rate, which is relatively low. This work used
different IDEs for cellular separation and detection purposes.
The detection IDE was functionalized with polyclonal anti-
E. coli antibodies for specific detection of E. coli O150:H7,
removing versatility of the device. Moreover, the presented
results for cells’ concentration detection, based on impedance
measurements, did not consider the solution conductivity
variations, as well as the influence of DEP voltages on the
impedance measurement.

Our work presents a completely customized equipment
for a quick and easy way to concentrate bacteria with DEP
technique at relatively high flow rates [31,32], while monitor-
ing its concentration by means of IA technique in a real-time
scenario. It addresses the issues associated with the combi-
nation of these techniques by simplifying the equipment but
also by trying to solving some issues generally avoided, to the
best of our knowledge in other scientific works.

The device, with its main components, is presented in
Fig. 1. It is composed of a customized electronic module
and an LoC. The flowing bacteria sample is preconcentrated
through the generated DEP generation and concentration
is measured through IA monitoring, with a four-electrode
sensor topology, embedded on a single microfluidic cham-
ber. The electronic module is supported by a real-time plat-
form for continuous concentration monitoring, connected
to a remote computer through a standard Ethernet connec-
tion, which enables the system configuration and data display.
First, it allows automated functionalities, such as multiplex-
ing signals between the DEP generator and the IA analyzer
in the microfluidic chip, in order to avoid DEP voltages dis-
turbance of IA measurement, and auto-scale of the electronic
instrumentation gains when necessary, for better signal ac-
quisition. Second, it is connected to a remote computer with
a user-friendly front-end user panel, where the system user
can configure the experiment variables, such as measurement
time for signal multiplexing, signal operation frequency, and
output gain, while displaying the impedance measurements
related to actual bacteria concentration level.

The solution presented controls, in an automated way,
the bacteria concentration, and monitoring process and has
been validated for E. coli, which presents pathogenic variants
that cause morbidity and mortality worldwide [33]; there-
fore being a topic of interest. E. coli is one of the main
antimicrobial-resistant pathogens for healthcare-associated
infections reported to the National Healthcare Safety Net-
work [34], being the primary cause of widespread pathologies
such as significant diarrheal and extraintestinal diseases [33]
or urinary tract infections [35]. Furthermore, E. coli can be
found as a bacterial food contamination [21] and causes avian
colibacillosis, one of the major bacterial diseases in the poul-
try industry and the most common avian disease communi-
cable to humans [36].

The aims of our study are (i) to prove the feasibility of
DEP generator and IA analysis combination for controlled
concentration using a single equipment together with a single
microfluidic chip; (ii) to establish a protocol for autonomous
concentration procedure; and (iii) to develop a complete elec-
tronic equipment with an electronic instrumentation, em-
bedded software control, and user interface for a complete
autonomous and reliable bacteria concentrator device, based
on DEP generator and IA technique.

This novel, specific device has been proven as a robust
and reliable automated system and protocol for bacteria con-
trolled concentration. It will provide the scientific community
with a rapid tool for bacteria presence detection, by avoiding
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Figure 1. Combined system overview.

previous slow preparations in preconcentration and culture
processes, reducing procedure times for a faster diagnosis
and treatment.

2 Theory

2.1 The dielectrophoretic effect

DEP [11] defines the movement of an electrically neutral par-
ticle when a nonuniform electric field is applied. If the par-
ticle is considered homogeneous and isotropic and is polar-
ized linearly, then the dielectrophoretic force is defined by
Eq. (1) [37, 38]—where V is the volume of the particle; E is
the electric field; and � is the effective polarizability, which is
defined by the expression (2):

FDEP = 1

2
V · Re [�∗ (�)] ∇| �E |2 (1)

� = 3ε0εm FCM, (2)

where ε0 and εm are the vacuum permittivity and the medium
permittivity, respectively, and FCM is the Clausius–Mosotti
factor. The FCM sign describes the force direction: if FCM is
positive, the particle is attracted to an electrical field maxi-
mum (which is called positive DEP or p-DEP) and if nega-
tive, to an electrical field minimum (negative DEP or n-DEP).

Hence, the DEP force allows control of the movement of a
particle by varying the applied signal, changing the electrode
shape, placing dielectric structures, or modifying media prop-
erties. Here we used a pair of interdigitated gold electrodes to
preconcentrate E. coli cells. In order to define the suitable trap-
ping frequency, an E. coli geometry model is considered. This
bacterium is approximated to an ellipsoid shape with two
dielectric layers [10], which modifies the Clausius–Mosotti
factor expression:

FCMi (�) = 1

2

⎛
⎝ ε∗

p − ε∗
m

ε∗
m + Ai

(
ε∗

p − ε∗
m

)
⎞
⎠ , (3)

where εm is the medium permittivity; εp is the particle per-
mittivity; and Ai is the depolarization factor of an individual
ellipsoid axe (i = x, y, z), where e is the eccentricity that in-
volves the ellipsoid dimensions (where “b” is the height and
“a” the width):

Ax =
(
1 − e2

)
(2e3)

log
(

1 + e
(1 − e) − 2e

)
(4)

Az = Ay = (1 − Ax)

2
(5)

e =
√

1 −
(

b

a

)2

. (6)
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Figure 2. (A) Four-electrode impedance measurement method. (B) Designed microfluidic chip. ECI1–ECI2 are the current injection elec-
trodes, ER1–ER2 are the reading electrodes, and DEP1–DEP2 are referred to electrodes where DEP is applied.

The representation of expression (3) showed that the
optimal frequency to manipulate E. coli cells by p-DEP is
1 MHz as we know from previous studies of the group [39,40].
This frequency was therefore chosen for the preconcentrating
stage.

2.2 Impedance and available measurement methods

The bioimpedance [41, 42] can be measured as the voltage
response of a biological material to the application of a current
bias signal, and is defined by the Ohm’s law. The methods
of impedance measurement are classified by the number of
electrodes used: two-, three-, and four-electrode methods. The
difference among methods resides in how bias current signal
is applied and how the sensor voltage signal response is read.

A two-electrode configuration is the basic topology, de-
fined by the working electrode, where bias signal is applied,
and the reference electrode, which tracks the bias current sig-
nal and provides a reference for the voltage measurement.
However, as the current bias signal flows through the ref-
erence electrode, this topology entails some problematic be-
havior as the voltage reference is distorted due to electrode
polarization. In order to avoid this effect, the three-electrode
topology adds a third electrode to supply the bias current
signal, while the reference electrode remains as a voltage ref-
erence.

Although this is an improvement, the impedance mea-
surement with this topology can be distorted due to the
working electrode impedance polarization, as the current
bias signal is directly applied where the single-ended voltage

measurement signal is read. In this paper, the four-electrode
method was used (Fig. 2A, electrodes ER1, ER2, ECI1, ECI2),
which was composed of two current injection electrodes and
two voltage reading electrodes, as this electrode topology
avoids electrode polarization distortion in impedance mea-
surement due to a complete differential voltage measure-
ment [43].

3 Materials and methods

3.1 Microfluidic chip design and fabrication

The designed microfluidic chip design is showed in Fig. 2B.
This had two IDEs, which were shared between the DEP gen-
erator and impedance analyzer readout electronics, and two
lateral electrodes, which were used to inject the necessary
current so as to obtain the impedance measure. The IDEs
were formed by 40 pairs of 6 mm × 50 �m electrodes sepa-
rated by 50 �m. The lateral electrodes (6 mm x 300 �m) were
separated by 200 �m from the interdigitated ones. These elec-
trodes were attached to a PDMS microfluidic chamber with
a volume of 4.8 �L. The fabrication of the microfluidic chips
followed a protocol based on three main steps: microchan-
nel molding, electrode fabrication, and microfluidic chip
bonding.

First, SU8 50 (MicroChem) masters were fabricated
over glass slides (Deltalab) and PDMS replicas were cre-
ated. In order to do this, the glass slide was cleaned and
activated by Piranha attack for 15 min. Then a 50-�m-high
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Figure 3. Schematic of the DEP module. (A) Square signal generator. (B) Power driver. (C) Class E amplifier.

SU-8 50 (MicroChem) was spun over the slides. They were
later exposed and developed so as to obtain the desired mi-
crochannels. Afterward, a 10:1 ratio of PDMS prepolymeric
solution (Dow Corning Sylgard184) was mixed, degassed, and
poured into the mould to replicate the microchannels. Finally,
the PDMS was cured at 70°C for 1 h and peeled from the
master.

Second, in order to fabricate the microelectrodes over a
set of the LoC sealing glass slides (Deltalab), a lift-off soft
lithographic process was used. AZ 1512 (AZ Electronic Ma-
terials) photoresist was chosen as a sacrificial layer in this
process. First, a Piranha cleaning procedure was performed
over the glass slides. Later, AZ 1512 was spun on these slides,
exposed, and developed. Then, two metal layers, 20 nm of Ti
and 80 nm of gold, were vapor-deposited sequentially. The
electrode structures were finally obtained by removing the
AZ photoresist.

As a final microfluidic chip fabrication step, once the
PDMS replica and the microelectrodes were finished, both
parts were assembled to create a sealed structure. First, the
surfaces were cleaned using an oxygen plasma process. Here-
inafter, the PDMS channels were aligned and attached to
the glass substrate. Later, cables were welded to each elec-
trode pad using conductive silver paint and mechanically
strengthened using an epoxy glue mix, later cured at room

temperature for 60 min. Finally, two NanoPort Assemblies
were attached in order to set the inlet and outlet fluidic
connections.

3.2 Combined DEP and IA device

3.2.1 Dielectrophoretic signal generator electronics

The designed dielectrophoretic signal generator module is
presented in Fig. 3. Four channels with different phases (0°,
90°, 180°, 270°), which could be connected in different ways to
the electrodes DEP1 and DEP2, were defined so as to add ver-
satility to the board in dielectrophoretic terms. Each channel
generates a sinusoidal signal at 1 MHz with variable output
voltage from 1 to 15 Vpp (peak to peak) to control the DEP
force intensity, and is composed of three modules: (i) A square
signal generator that provides four shifted and frequency sta-
ble signals (A); (ii) a power driver that boosts the signal from
the previous module so as to activate the following stage (B);
(iii) a class E amplifier, which generated the DEP sinusoidal
signal (C).

The first module, the square signal generator, is based
on the LTC6902 (Linear Technology). The synchronized
outputs are shifted �1 = 0°, �2 = 90°, �3 = 180°, and
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�4 = 270°, respectively. Their output frequency is selectable
by an external resistor (RSET), following the Eq. (7) where
(N = 10 is related to frequency working range and M = 4 is
the number of active outputs),

fout = 10 MHz

N · M

(
20k�

Rset

)
. (7)

LTC6902 outputs have a supplying limit of 400 �A.
Hence, a power driver is used to increase the current
capabilities. An UCC27424 (Texas Instruments) is chosen
for this purpose. This device boosts the current levels of the
input signal up to 4 A, which is sufficient current to drive the
final module. This module is a class E amplifier that generates
the necessary sinusoidal signals to apply DEP. This amplifier
configuration generates high-frequency signals with stable
output voltages [44– 46] by injecting a square high current
control signal.

The class E amplifier is composed of an inductor Le, a
capacitor Ce, and a resonance tank formed by the inductor
L and the capacitor C. The L–C tank generates a 1 MHz
sinusoidal signal by using the 1 MHz square signal from the
previous modules. The circuit parameters (Le, Ce, C, L) were
configured in function of the necessary output frequency,
the output impedance, and the equivalent resistance of the
microfluidic chip. Thus, four independent channels perfectly
synchronized at �1, �2, �3, and �4 are obtained.

3.2.2 Impedance analyzer electronics

A fully customized electronic circuit was specifically designed
to carry out the IA experiments. As previously stated, the
microfluidic device impedance measurement is based on
the four-electrode topology. A four-electrode method is com-
posed of two current injection (ECI1 and ECI2) electrodes
and two voltage reading (ER1 and ER2) electrodes. The main
advantage of this system is that electrode impedances are can-
celled, obtaining a more reliable measure. The circuit speci-
fications were defined taking into account the sample media
impedance, and considering the microfluidic device charac-
teristics and the frequency ranges where bacterium could be
discriminated [47, 48].

The impedance analyzer architecture consists of two
modules: the current injection module (CI in Fig. 4B) that
provides a frequency configurable voltage sinus signal (VRS)
that is converted to a current signal (voltage-to-current con-
verter circuit) to bias/drive the current injection electrodes
ECI1 and ECI2. An instrumentation amplifier (IA) senses
the differential voltage between the reading electrodes ER1
and ER2 (VIS).

The second module, signal digitalization and post-
processing (SDPP in Fig. 4A), calculates the impedance
measurement through the voltage signals provided by the
previous stage, and automatically controls the hardware con-
figuration. This module is composed of a real-time platform
sbRIO9632 (National Instruments) with an embedded soft-
ware for data processing and hardware control. A signal

conditioning stage converts voltage signals from a bipolar
single-ended signal to a unipolar differential signal to be pro-
cessed by an analog-to-digital converter (ADC).

The first module (CI), current Injection, is based on a
signal generator AD9833 (Analog Devices) and a voltage-to-
current converter. The signal generator AD9833 provides a
stable voltage signal with a wide variable frequency range,
0 to 12.5 MHz, which is controlled by an SPI communi-
cation protocol. The voltage-to-current converter is a modi-
fied Howland cell based on AD8066 (Analog Devices) opera-
tional amplifiers (OA1 and OA2) that guarantee a wide band-
width and a high slew rate while maintaining a low spec-
tral noise and a low offset performance. The Howland cell
uses RSET and the reference signal (VRS) amplitude to define
a stable current signal (IOUT) at the output of the circuit (8)
regardless of the connected load.

IOUT =
(

1

RSET

)
VRS (8)

The differential voltage between ER1 and ER2 electrodes
is acquired by means of the instrumentation amplifier (IA)
INA163 (Texas Instruments), which allows a wide bandwidth
with a low spectral noise and low total harmonic distortion.
The measured voltage (signal VIS) is related to the differential
voltage between the reading electrodes (ER1 and ER2), G
being the instrumentation amplifier gain. This VIS signal is
then adapted and processed by the SDPPM module in order
to extract the impedance of the media.

VIS = G · (VER1 − VER2) (9)

The second module (SDPP), signal digitalization and post-
processing, consists of a 12-bit, dual, low-power ADC
ADC12D040 (Texas Instruments), capable of converting both
analog input signals at 40 MSPS simultaneously. Twelve-
bit resolution does not represent a significant drawback in
the final system resolution, as VRS is scaled to the full-range
ADC analog input and the system provides a real-time gain
auto-scale for the instrumentation amplifier gain G. The ana-
log inputs are converted from single ended to differential
with a differential amplifier (DA) AD8138 (Analog Devices),
with a high slew rate with low distortion and input noise.
The impedance measurement is carried out with a digital
lock-in based on the frequency response analyzer (FRA) ap-
proach [49]. The FRA is a real-time mathematical processing
system, embedded in the 400 MHz microprocessor from the
real-time platform sbRIO9632, which adopts sine and cosine
signals related to VRS, and by means of two multipliers and a
filter stage, the real (VREAL) and imaginary (VIM) components
values (10) of the measured signal VIS are obtained (Fig. 4C).
The key measurement in our work is the impedance magni-
tude (|ZCELL|) (Eq. (11)). This value is calculated based on the
VREAL and VIM components.

VREAL = 1

2V RS
· VIS · cos(�IS) ; VIM = 1

2V RS
· VIS · sin(�IS) (10)

|ZCELL| =
(

2
√

VREAL
2 + VIM

2

|VRS|2
)

· RSET (11)
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Figure 4. Schematic of the IA module. (A) Signal digitalization and postprocessing module (SDPP). (B) Current injection module (CI).
(C) Front-end user panel for experiments control and data displaying.

For accurate hardware control, the real-time platform
sbRIO9632 has a FPGA Spartan-3 (Xilinx), which allows us to
provide steady clock signals, needed on the instrumentation,
which can be automatically adjusted, allowing complete real-
time control of the chip electrodes multiplexing. As stated
in Section 2.1, the microfluidic chip had two IDEs, which
were shared between the DEP generator and the IA readout

electronics. When an IA measurement was done the DEP
generator was disconnected, suspending the trapping pro-
cess. If this process was not properly timed, bacteria already
trapped would be lost in the process, so the real-time control
allowed an optimized timing process minimizing the bacte-
ria loss. Moreover, the disconnection of DEP voltage signals
contributes to a better bacterial concentration monitoring
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avoiding distortion and instability on the IA measurement.
The IA process had been programmed and tested to last for a
period of the applied current signal, plus 1 ms for multiplexor
switching times and stabilization. In addition, real-time plat-
form allows complete parallel signal acquisition for all the
frequency ranges, and the development of an embedded
hardware control, such as RSET multiplexed auto-scale, instru-
mentation amplifier gain G auto-scale, and signal generator
automatic frequency sweep. This real-time embedded hard-
ware control represents the basic features of an automated
and complete FRA approach. The real-time platform allows
the system configuration and data display, with a user-friendly
front-end user panel (Fig. 4C), by means of an external com-
puter connected to the platform with a standard Ethernet
connection.

3.3 Bacteria culture

A laboratory sample formed by E. coli 5K strains (genotypes:
F−, hdsR, hdsM, thr, thi, leu, lacZ) was grown overnight
in 10 mL of Luria–Bertani broth at 37°C. The achieved cell
concentration (estimated by performing viable cell counts
in LB agar) was 109 cells/mL. Then, the E. coli culture
was pelleted by centrifugation at 5000 rpm for 5 min. Bac-
teria were then resuspended in 10 mL of DI water. Fi-
nally, the samples were diluted (final concentration of 2·107

cells/mL) and frozen in 1 mL collecting tubes for storage
purposes.

3.4 Conductivity measurements

As E. coli concentration was measured by means of IA, bac-
teria samples’ conductivity was monitored while in vitro a
major factor in IA reliability, using a commercial bench-top
conductivity meter Corning 441. Prior to the experiments,
bacteria samples were diluted in DI water with a conductivity
of 8.2·10−5 S/m, but the conductivity of the samples at the
time of the experiment, after the process of storage and thaw-
ing, was subject to variations. A sample conductivity analysis
had to be done at the beginning of the experiment. The con-
ductivity meter probe was calibrated and introduced into the 1
mL collecting tubes until it was totally covered by the bacteria
sample.

3.5 Experimental setup

The microfluidic chip was placed over an inverted micro-
scope stage (Olympus IX71) connected to a digital cam-
era (Hamamatsu Orca R2). Moreover, the microfluidic chip
was connected to a six-port manual valve (Valco). This valve
was also connected to a 5 mL syringe filled with DI water
(8.2·10−5 S/m) and placed on an infusion micropump (Ce-
toni NEMESYS) so as to obtain a continuous flow rate. The
microfluidic chip’s gold electrodes were connected to the cus-
tom combined DEP and IA device.

4 Results and discussion

The designed combined device was validated by a series of
E. coli concentration and impedance measurement tests. First
of all, so as to validate the system as an autonomous bacteria
concentrator, and study the effect of real-time monitoring by
means of IA measurement, E. coli was continuously injected
through the valve to the microfluidic chip at a 5 �L/min flow
rate, and preconcentrated by DEP by two counter-phased sig-
nals of 15 Vpp. In addition, the impedance module was pro-
grammed to proceed with a 3-ms impedance measurement
every 30 s meanwhile DEP module was continuously trapping
bacteria. As a first approach, the conductivity of the solution
has not been corrected to study the effect its variations over
time on the IA measurement. Different tests for different
applied current signal frequencies were done. Taking into
consideration the electronics and microfluidic chip design,
impedance measurement was performed at continuous al-
ternating current of 10 �A in the 500 Hz to 5 kHz frequency
range, where bacterium could be discriminated [47, 48] and
evaluated using 100 Hz spaced sampling intervals.

The measured bioimpedance (|Z|), depicted in Fig. 5A,
clearly shows a decreased impedance as the trapped bacteria
concentration increases, regardless of the frequency. This
behavior was clearly explained by the conductivity changes
taking place in bacteria samples over time. Measured
conductivity was recorded periodically in-tube during the
experiments showing a rise from 0.5·10−3 to 2.5·10−3 S/m
until it stabilized. This conductivity change, related to
the original sample prior to the trapping process, may
be translated into a theoretical variation in impedance.
This estimated impedance, related to measured bacteria
sample in-tube conductivity, was calculated considering the
microfluidic chip electrodes’ geometric characteristics. In
Fig. 5B impedance variation (� |Z|) through time for the
measured on-chip impedance, during the trapping process,
and for the estimated on-tube impedance are shown.

Results show a very similar behavior through time of
both measurements. Acquired data variations through time
for the first 40 min, before conductivity stabilization, were
−52.41 �/min for measured impedance and −54.79 �/min
for conductivity related impedance, which confirms that the
first impedance measurements are related to bacteria sam-
ple conductivity rather than trapped bacteria concentration,
underlining the need for a media conductivity correcting pro-
tocol.

A 2D finite element method based study with Multi-
physics software (Comsol) further shows the dominating ef-
fect of sample conductivity changes on the bioimpedance
measurements when left uncontrolled. E. coli 5K physical and
electrical properties were defined for the different model lay-
ers (�wall = 0.68 S/m, εr_wall = 74, �membrane = 5 × 10−8 S/m,
εr_membrane = 9.5, �cytoplasm = 0.19 S/m, εr_cytoplam = 49.8). Then
different medium conductivities were defined, as well as the
applied potential to the external lateral electrodes. Current
conservation and an initial state of potential 0 were applied
for all the layers. Afterward, an adaptive physical controlled
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Figure 5. (A) Impedance magnitude measured during the trapping operation. (B) Experimental versus estimated impedance magnitude
relative incremental changes. (C) Comsol multiphysics simulation of a single diluted cell on high-conductivity buffer (0.5·10−3–2.5 10−3

S/m). Schematic modelization of current flow path and contribution to impedance measurement of both buffer and trapped bacteria.
(D) Comsol multiphysics simulation of a single diluted cell on low-conductivity steady buffer (Milli-Q water, 8.2 10−5 S/m). Schematic
modelization of current flow path and contribution to impedance measurement of both buffer conductivity and trapped bacteria.

and extra fine mesh was applied. Finally, a frequency domain
analysis at 1.7 kHz was performed. Thus, surface current den-
sity (ec.normJ) of bacteria was obtained (Fig. 5C andD). From
the analysis of the obtained simulations, we could assure that

in case of a single bacteria diluted on a buffer with a conduc-
tivity which varies from 0.5·10−3 to 2.5·10−3 S/m, current den-
sity is 99.9% located outside the bacteria. Hence, measured
impedance is totally related to sample buffer conductivity

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 6. (A) Impedance magnitude measured changes during bacterial sample on-chip concentration at several given times. Medium
cleaning procedure was performed before each measurement. (B) Impedance magnitude measurements at 1700 Hz related to estimated
bacteria concentrations.

rather than bacteria concentration (Fig. 5C). Controlling
buffer conductivity to be stable and at the levels of Milli-Q wa-
ter, around 8.2·10−5 S/m, current density is mainly located in
the cell membrane (Fig. 5D) and impedance variation related
to the quantity of trapped bacteria.

Hence, when the cells’ media is not controlled by clean-
ing processes, impedance variations are strongly related to
changes in the conductivity of the media due to bacte-
ria [50, 51]. To solve this issue, which is not confronted
in other works to the best of our knowledge, an auto-
mated periodic cleaning process was implemented as part
of the device working protocol assuring a reliable impedance
measurement.

In the resulting protocol, the microfluidic chip was
first filled with Milli-Q water media to obtain the thresh-
old impedance measurement. Afterward, a 50 �L sample of
E. coli was injected through a controlled valve to the microflu-
idic chip and trapped by DEP forces while flowing continu-
ously at 10 �L/min, higher flow rate compared with other
solutions for DEP and IA combination, such as 2–4 uL/min
[30]. After each 50 �L sample of bacteria was injected
into the channel, 50 �L of Milli-Q water, with a spec-
ified conductivity of 8.2·10−5 S/m, was automatically in-
jected at 10 �L/min to ensure a steady media conductiv-
ity for the impedance measurement. Once the Milli-Q wa-
ter was injected, the impedance electronic module was acti-
vated and the DEP generator deactivated by means of mul-
tiplexor. Four contiguous impedance measurements were
performed each time in order to evaluate precision. After-
ward, another 50 �L sample of E. coli was injected and
the process repeated until all the samples were injected.
So, the impedance measurement is always performed af-
ter each 50 �L bacteria sample was injected, trapped, and
cleaned. The whole process was performed to scan the 500 Hz
to 5 kHz IA frequency range each 100 Hz. The DEP was
generated by applying two 15 Vpp counter-phased signals

through the IDEs. The results of the experimental impedance
measurements for three frequencies (500, 1700, and 5000 Hz)
are depicted in Fig. 6.

Results are depicted as the increment (� |Z| = |Z| − |Z0|)
between the different impedance magnitude measurements
for every bacteria sample injected (|Z|) and the initial media
impedance magnitude measurement (|Z0|). Figure 6A depicts
� |Z| measurements through time for the initial and final
frequency value, 500 Hz and 5 kHz, respectively, as well as
the 1.7 kHz frequency � |Z| measurements, which seem to
be more sensitive and reliable with an accuracy error of less
than 2% of bacteria concentration with a correlation of 0.988.
Precision can be evaluated with the coefficient of variation,
which is the SD of the four experiment repetitions divided
by the mean value of the four repetitions’ measurement. The
mean value of the coefficient of variation is 3.1% on the whole
range, although the device is more precise for lower bacteria
concentration levels where the coefficient of variation is below
3%.

Thus, steady and sensitive � |Z| measurement at differ-
ent frequencies, which is bacteria dependent, was observed.
Furthermore, bioimpedance control of the achieved sample
concentration showed a reliable sensitivity for the protocol
including a bacteria-cleaning step. The controlled and steady
low media conductivity microenvironment solves issues re-
garding overall system viability.

The DEP module had a proven trapping efficiency of
85.65 ± 1.07%, for a single 50 �L bacteria sample injected
at continuous flow of 10 �L/min, by measuring the escaped
and the collected bacteria of a single load by cytometric anal-
ysis [40]. Although the whole process trapping efficiency had
not been tested, each sample load was estimated to increment
the bacteria concentration 2·108 bacteria/mL inside the mi-
crofluidic chip. Figure 6B depicts the � |Z| measurements for
each bacteria concentration increment (bacteria/�L) when
1.7 kHz frequency is applied. However, our main goal was
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to verify that the process of bacterial concentration while
monitoring the concentration is feasible, as it has been
proved. The measured impedance values were related to the
quantity of bacteria concentrated with a correlation of 0.988
and a coefficient of variation of 3.1%, avoiding distortion and
instability related to undesired effects such as media conduc-
tivity variations and DEP voltage interferences.

5 Concluding remarks

Here we describe a novel device and automated protocol,
based on DEP and IA, to concentrate bacteria in bench-
top setups in a controlled manner. The system consists of
a microfluidic chip, with integrated electrodes, and its associ-
ated custom instrumentation electronics. It performs bacte-
ria injection, trapping, cleaning, and continuous short-time
impedance measuring while achieving the desired levels of
concentration. As a proof of concept, it has been applied
to concentrate E. coli and to automatically monitor its con-
centration. The electronic apparatus was validated using a
microfluidic chip with four integrated gold electrodes specifi-
cally designed for the application. The automated system was
tested by trapping and measuring samples of E. coli 5K at
a concentration of 2·107 cells/mL. Concentration and real-
time detection of the trapped bacteria inside the microfluidic
chip were proven, working a high flow injection rate, up to
10 �L/min, for different buffer conductivities [31, 32]. Bacte-
ria media conductivity, and its variability, was demonstrated
to be a challenging issue when monitoring concentration by
means of IA. An automated protocol integrated in the overall
system was proposed to solve this problem, strengthening the
system versatility and robustness. Before each measurement,
the designed system cleans the bacteria samples periodically,
while trapped on the microfluidic chip, with Milli-Q water at
a controlled conductivity of 8.2·10−5 S/m. To our best knowl-
edge, this proposed system is a useful tool to solve some cur-
rent microbiology laboratories shortcomings. Bacteria can be
concentrated to given specifications while performing analyt-
ical procedures. The development of LoC-based equipment,
removing the need of huge and expensive devices, is an im-
portant research field aiming for smaller systems with bet-
ter functionalities, such as the integrated application specific
integrated system stimulator for electrokinetically driven mi-
crofluidic devices presented by Gomez-Quiñones et al. [52].
Nowadays, electronic technology allows further miniaturiza-
tion of devices such as our concentrator. A SOI technology
such as XTO18 from XFAB would be suitable to combine dig-
ital instrumentation and class E amplifiers inside a unique
chip. However, some drawbacks must be considered when
integrating the full system into the LoC device, as it would
either increase disposable cost or reduce applicability due
to possible contaminations. Still, the simplicity of the pre-
sented microfluidic device and the development of the cus-
tom electronics on a single application specific integrated
system, along with an automated procedure protocol, pushes
toward the development of robust and reliable LoC automated

bacterial concentrator relying on DEP concentration and IA
monitoring.
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