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Abstract 4 
 

Abstract 
The accurate and early diagnosis of traumatic brain injury (TBI) is crucial to prevent chronic neuronal 

injuries and the patient's death. TBI diagnostic techniques demand the use of facilities, equipment, 

complex procedures, and specialized personnel. These resources are generally not available and 

often require more than 24 hours to generate an adequate diagnosis of TBI severity and formulate 

a treatment to follow.  

 

The Biotechnology Research Group is currently working on the development of a Point-of-Care 

(POC) device for detecting and quantifying the S100B protein, a biomarker proven to be useful in 

diagnosis and outcome prediction after TBI. This work is aimed towards the development of 

technologies for sample preparation, biomarker detection, and quantification through an 

electrochemical portable detection device for S100B detection. 

 

Initially, this work describes the development of a microfluidic paper-based analytical device (µPAD) 

for blood plasma separation (BPS) to detect and quantify the S100B biomarker found on peripheral 

whole blood samples. The proposed device provides a simpler manufacturing protocol than previous 

BPS devices found on the literature, with reduced fabrication times and the ability to separate plasma 

for the detection of the S100B biomarker using ELISA. 

 

This work also describes the development of an electrochemical immunosensor to quantify S100B 

by using a zero-length cross-linking approach on cysteamine to immobilize anti-S100B monoclonal 

antibodies onto interdigitated gold electrodes (AuIDEs). By using a single frequency analysis (SFA), 

a faster detection was obtained to find surface capacitance change, an attribute that could be 

employed for performing non-faradaic electrochemical measurements.  

 

Finally, this work describes the development of an open-source, wireless, smartphone-controlled, 

portable potentiostat capable of conducting EIS for the electrochemical detection of the S100B 

protein, validated in a laboratory environment (Technology readiness level 4). The modularity of the 

proposed potentiostat allows easier component changes according to the application demands when 

compared to state-of-the-art potentiostats. In addition, the use of minimal, easy acquirable open-

source hardware and software provides a framework for facilitating EIS analysis for similar POC 



 

applications. To our knowledge, this is the first portable potentiostat entirely built for measuring 

S100B concentration on plasma samples using EIS. 

 

For the above reasons, this work provides relevant contributions to the state-of-the-art of POC 

technologies for early TBI detection and diagnosis.  

 

Keywords: Biosensor, biomarkers, plasma separation, electrochemistry, point-of-care, 

microfluidics, traumatic brain injury, portable potentiostat, open-source, immunosensor, brain injury.   
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1.  Introduction 

In this chapter we find the definition of traumatic brain injury (TBI), its causes, incidence, 

health effects, and diagnosis tools currently employed in clinical settings. In addition, 

current challenges in the diagnosis and outcome prediction of TBI are presented, which 

subsequently allow the definition of the problem statement of this work and the research 

question to be addressed. Current work around this topic inside our research group is also 

described, and the research objectives are defined to answer the proposed research 

question. Finally, the overall organization of this work is briefly described. 

1.1 Traumatic Brain Injury: Causes, incidence, effects, 
and diagnosis  

 

TBI is one of the main causes of mortality and disability in the world, often affecting people 

of reproductive age and economically active [1,2]. The global incidence of TBI is 939 cases 

per 100,000 inhabitants, and only in America, this incidence is greater than 900 cases per 

100,000 people [3] (Figure 1-1). Worldwide, the mortality rate of TBI is 19 per 100,000 

inhabitants, and, in Colombia, it is 125 per 100,000 inhabitants, where approximately 70% 

of the emergency services consultation is associated with TBI [4]. TBI accounts for at least 

half of trauma-related deaths and produces high costs to the health system for the treatment 

and rehabilitation of patients [5]. In the United States, health expenses reach up to one 

billion dollars per year due to loss of labor productivity [6]. It is estimated that between 64 

and 74 million new TBI cases will occur worldwide each year [3]. 
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Figure 1-1. Worldwide incidence of TBI. Adapted from [3]. 

 
 

TBI is produced by impact loads on the skull, known as direct injury, or by the acceleration 

or deceleration of the head without the direct application of load, known as diffuse injury 

(Figure 1-2). However, in most cases, a combination of impact loads and acceleration is 

present [7]. The biomechanical impact on brain structures causes the injury of nervous and 

vascular tissue through two underlying mechanisms, described as primary and secondary 

lesions. The primary lesion is defined as the set of nervous and vascular lesions that appear 

immediately as a consequence of TBI and trigger the transmission of energy to the tissue, 

producing multidirectional deformations in it. These deformations predominantly affect the 

neurons and, to a lesser extent, the glia and cerebral vascular structures, causing 

contusions and lacerations in the superficial tissue and axon and vascular stretching in the 

deeper tissue. The secondary lesion refers to the appearance of new lesions in the nervous 

tissue of a percentage of the patients hospitalized by TBI, which, instead of improving, 

present deterioration of their condition. These lesions are triggered by a limited number of 

biochemical chain reactions that progressively affect brain tissue. Thus, the primary lesion 

tends to get worse, generating a final damage that is more severe than the one directly 

caused by the primitive impact [7]. This cascade of events on a molecular scale ultimately 

determines the appearance of neuronal functional alterations, including damage to the 

blood-brain barrier (BB), the release of pro-inflammatory factors, free radical overload, and, 
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of special consideration, intracranial hypertension (ICH), which is the main cause of death 

from TBI, as it decreases cerebral perfusion pressure, generating ischemia, cerebral 

hypoxia and, consequently, cell death. Therefore, an adequate diagnosis, monitoring, and 

prediction of the severity of the trauma during the entire course of the pathology are 

necessary to make the right decisions in treatment, including the management of ICH and 

control of oxygen supply. 

 

Figure 1-2. Main causes and symptoms of TBI [2]. Modified from [8].  

 

 

Taking into account that the proper management of TBI in the first 48 hours can significantly 

alter the course of the pathology, the diagnosis and clinical classification of the severity of 

TBI is determined according to the Glasgow Coma Scale (GCS ) [9]. This tool assigns a 

numerical score to three parameters: eye-opening (between 1 and 4 points), verbal 

response (between 1 and 5 points), and motor response (between 1 and 6), giving a higher 

score to the best response obtained in each category (Figure 1-3 a). The score obtained 

from the sum of the categories is related to the severity of the TBI, where a score greater 

than 14 is interpreted as mild or absent TBI, between 9 and 13 as moderate, and less than 

9 as severe. 

 

However, although the GCS is designed to allow an objective and reliable neurological 

evaluation to determine the severity of the trauma, it has important limitations. Among them, 

the impossibility of evaluating ocular opening in patients with facial injuries, inability to 

estimate verbal or motor response in patients who consumed psychoactive drugs or are in 
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a high state of intoxication, and those sedated or intubated due to the severity of their 

injuries. Hence, the GCS is often difficult to obtain and interpret and shows inconsistent 

predictive power [10], which leads in many cases to an underestimation of the true 

magnitude of the pathology [11], mainly in cases of mild or moderate TBI, where patients 

initially present a mild TBI with a subsequent decrease in GCS due to secondary injury. In 

these cases, interventions aimed at controlling intracranial pressure and oxygen supply 

may be carried out late, increasing mortality and the appearance of deterioration in the 

weeks following the trauma. 

 

For this reason, the introduction of imaging techniques such as computerized axial 

tomography (CT) and magnetic resonance imaging (MRI) has made it possible to determine 

more objectively the presence and extent of the TBI lesions and guide surgical 

interventions, mainly in cases of severe TBI (Figure 1-3 b and c). Nevertheless, CT has a 

low sensitivity for diffuse brain injury and when TBI is initially mild [12], since it does not 

cause macroscopic alterations or other abnormalities that can be seen on CT, but it does 

cause progressive neurophysiological dysfunction due to secondary lesion, which will be 

persistent in a percentage of patients [12]. On the other hand, the availability and 

usefulness of MR images in the acute stage are limited and expensive and is not usually 

indicated for the initial evaluation of TBI, since they require longer acquisition times and a 

safety evaluation in case of presence of medical devices or metals in the patient's body 

[13]. 
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Figure 1-3. Tools for diagnosis and prediction of severity of TBI. A) The Glasgow Coma 
Scale. B) Computerized axial tomography, C) Magnetic resonance imaging (MRI). D)  
ELISA sandwich test. Adapted from [14]. 

 

 

Therefore, difficulties in monitoring and predicting neurological deterioration after a TBI 

initially classified as mild or moderate are currently present. Although intracranial pressure 

values and imaging data show clinical deterioration and poor response to treatment, either 

due to the presence of ICH or cerebral edema, these exams do not tell us about the 

molecular mechanisms involved in the neuroinflammation process, the existence of 

overproduction of free radicals, or increased neuronal apoptosis, which would represent 

more specific indicators that would better support the implementation of better directed 

pharmacological strategies. In addition, in most cases the follow-up of patients with TBI is 

not cost-effective since it is based on expensive techniques such as CT and intracranial 

pressure monitoring without obtaining a considerable decrease in mortality or neurological 

sequelae. 

 

Alternative methods have been sought to assess and predict the severity of TBI, resulting 

in an increase in the investigation of biomarkers associated with TBI. The Enzyme-linked 

immunosorbent assay (ELISA) has been broadly used in clinical practice for the detection 
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of biomarkers of interest in different kinds of samples (Figure 1-3 d). In spite of its 

advantages, ELISA has certain limitations for TBI diagnosis and severity prediction, such 

as the need for complex equipment and technical personnel, tedious/laborious assay 

procedures, more than 24 hours for getting results, and usually provides an insufficient level 

of sensitivity in bio-recognition of biomolecular entities with concentrations lower than 1 

ng/mL [15].  

 

Various studies have determined the glial and neuronal biomarkers mostly related to TBI, 

whose pathophysiological mechanisms reflect disruption of the blood-brain barrier (BBB) 

and neuronal injury, respectively. Rodríguez et al. [16] conducted a review of the available 

evidence on serum markers on CT. In this study, they concluded that, at present, there is 

no single biomarker capable of predicting, with high sensitivity and specificity, the clinical 

deterioration of patients. However, they suggested the possibility of using a panel of 

biomarkers related to different effects of trauma, including disruption of the BBB and 

neuronal injury. Among these biomarkers, the calcium-binding protein S100B is a central 

nervous system protein predominantly found in astrocytes and corresponds to the most 

studied BBB disruption biomarker. Its detection has been possible 30 minutes after TBI, 

with a half-life of 97 minutes and a peak concentration on day 0, wh decreases towards the 

sixth day in cerebrospinal fluid and serum [16]. This protein has been extensively studied 

in mild TBI, resulting in the determination of baseline concentrations in patients with highly 

differentiable TBIs, independent of alcohol intake, with sensitivities greater than 95%, 

specificities lower than 40%, and high correlation of serum levels, with pathological findings 

on MRI and CT [17–21]. The low specificity of this protein is related to its presence in 

polytraumatized patients since extracranial trauma also causes its release and plasma 

elevation. In the context of mild TBI, the Scandinavian guidelines have included S100B as 

a biomarker for managing TBI, where concentrations of S100B lower than 100 pg/mL 

indicate that the patient may be discharged without a CT, as there is a low risk of Intracranial 

hemorrhage [22]. The protein S100B has also been examined for its role in conditions such 

as Alzheimer’s disease (AD) and melanoma. S100B has been shown to be a relevant 

prognostic marker of survival in a study of 412 melanoma patients, where overall survival 

was significantly longer (14 months) for patients with S100B levels below 0.2
𝜇𝑔

𝐿
 compared 

to patients with levels exceeding 3
𝜇𝑔

𝐿
 (3 months) [23]. Increased central nervous system 

(CNS) expression of S100B in the earlier stages of AD have also been reported. S100B 
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was significantly higher in cerebrospinal fluid of 46 mild/moderate stage AD subjects 

(1.17±0.11 𝑛𝑔

𝑚𝐿
) than in 22 advanced stage AD subjects (0.60±0.12 𝑛𝑔

𝑚𝐿
) or 25 healthy older 

subjects (0.81±0.13 𝑛𝑔

𝑚𝐿
) [24]. Therefore, the presence of other pathologies which could 

induce changes in S100B concentration should be considered when using it as a biomarker 

for TBI prediction and monitoring. 

 

Another important protein is the glial fibrillary acidic protein (GFAP). This is a protein derived 

from glial cells, which is part of the intermediate filament of the cytoskeleton of astrocytes, 

where it is the most abundant protein. This is considered a specific marker for diseases of 

the central nervous system (CNS), and it is also related to several harmful neural processes 

that compromise the integrity of the BBB [25]. Its basal serum concentration is less than 

0.03 ng/mL, where any elevation will indicate disruption of the BBB. Various studies have 

determined that GFAP is highly sensitive in identifying the progression of intracranial 

lesions in mild and moderate TBI, even in the presence of extracranial lesions. Therefore, 

it is indicated as a complement to the measurement of S100B in polytraumatized patients. 

 

As mentioned before, the high morbidity and mortality rates of TBI due to secondary injury 

requires timely decisions, at least in the first 24 hours, for the adequate treatment of the 

pathology and reducing the risk of neuronal injuries, cognitive deterioration, or even the 

death of the patient. For these reasons, there is a need for fast, reliable, and objective 

techniques and mechanisms that allow a quantitative determination of TBI biomarkers to 

accelerate decision-making during the treatment of the condition. 

 

Recent advances in materials science, nanotechnology, and microelectronics have allowed 

the development of biomolecule detection devices with reduced costs, high sensitivity, and 

the use of biological components for analyte detection, resulting in the emergence of Point-

of-care (POC) biosensors [26,27]. POC Biosensors can, in many cases, reach high levels 

of specificity since their designs employ films of biological agents (enzymes, antibodies, 

proteins) whose affinity is highly oriented to the analyte of interest. The changes generated 

by the interaction between the detection element and its counterpart of interest are used to 

generate a signal that is quantified and correlated with concentration levels of the 

biomarkers, which, when used in context, represent an important diagnostic value (Figure 

1-4). The main advantage of these devices lies in their ease of application and immediacy 
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when treating the patient, since they provide the user with a fast and precise reading of the 

variable under study, without the need to use laboratory techniques which imply longer 

times and cost. This way, POC biosensors increase the probability that both patients and 

health professionals receive reliable and rapid results on biological variables of interest 

(such as biomarkers), thus accelerating the decision-making process regarding the clinical 

management of the patient. Among its applications, POC biosensors have been used for 

monitoring blood glucose concentration, cholesterol, rapid diagnosis of cardiac biomarkers, 

drug abuse, rapid pregnancy test, among others [28]. 

 

 

Figure 1-4. Modules that often make up an electrochemical biosensor. Taken from [29].  

 
 

For the above reasons, the Biotechnology Research Group is working on the development 

of a POC biosensor device prototype for monitoring the biomarker S100B, considering that 

currently there is no POC biosensor applied to the management of TBI. This work 

contributes with the development of a passive paper-based microfluidic device for blood 

plasma separation (BPS), considering that S100B is released to the bloodstream after TBI,  

an electrochemical immunosensor using interdigitated gold electrodes (AuIDEs) 

functionalized with anti-S100B monoclonal antibodies by using a zero-length cross-linking 

approach on cysteamine to quantify S100B, and open-source portable instrumentation for 

performing electrochemical and electrical measurements for quantifying S100B 

concentration. The antigen-antibody interaction generates the accumulation or synthesis of 

a biofilm that induces a change in the global capacitance of the biosensor platform that can 

be correlated with the concentration of the biomarker. The health professionals receive a 

direct measurement of the device, which supports the initial diagnosis of TBI, monitors its 

progress, and allows rapid and appropriate decisions to be made for its early treatment, 
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without the need for additional equipment or previous experience in the management of 

TBI.    

 

1.2 Background 
 

This work continues the work done in the development and manufacture of electrochemical 

biosensors of the Biotechnology Research group at Universidad del Norte. Among them, 

studies have been carried out on the synthesis and addition of polymers and 

nanocomposites to the working electrodes (WEs) in biosensors of non-conductive glass 

substrates to increase their porosity and affinity with the analyte to be detected. This 

experience has been achieved through collaborative work with the research groups of 

Professor Venkat Bhethanabotla, Professor Ashok Kumar, and Professor Jing Wang from 

the University of South Florida in the United States.  

 

As a result of this work, publications have been made on the synthesis and implementation 

of nitrogen-doped diamond films as biosensors for the quantification of glucose under 

dynamic conditions [30] and the use of conductive polymers reinforced with diamond 

nanoparticles [31], which demonstrated better electrochemical response due to their 

greater surface area compared to polymer films exclusively. Additionally, in the 

Biotechnology Research Group, the nanocomposite materials “polypyrrole-nanodiamond” 

and “polyaniline-nanodiamond” have been studied and implemented for the measurement 

of analytes such as cholesterol and glucose as proof of concept.  

 

Recent work has been focused on the development of an electrochemical biosensor for the 

detection of S100B, which, as previously described, is thought to be an important and useful 

predictor of functional outcome in moderate to severe TBI [32]. The group developed a 

functionalization protocol to quantify a range of S100B concentrations using 

electrochemical impedance spectroscopy (EIS) on three-terminal planar gold electrodes 

with a cysteamine/anti-S100b modified WE surface [33]. Figure 1-5 shows how the 

impedance of the functionalized WE is directly proportional to the concentration of S100B 

in plasma samples. 
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Figure 1-5. Nyquist Plots Comparison during detection of S100B at 10 pg/mL, 31 pg/mL, 
100 pg/mL and 316 pg/mL, compared to the BSA WE. Taken from [33]. 

 
 

1.3 Research question 
 

Considering the defined problem statement, the following research question arises: 

 

In the development of a POC biosensor for TBI, is it possible to develop a blood separation 

method that allows rapid obtention of plasma for immunosensing, an electrode platform that 

allows S100B capturing from plasma samples, and portable instrumentation for performing 

electrochemical measurements for detection and quantification of S100B to support the 

diagnosis and prediction of the severity of TBI in patients diagnosed with this condition? 

 

If yes, then, 

 

What electro-mechanical-digital configuration should these devices have in order to carry 

out these functions, and how could they be evaluated? 
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1.4 Research objectives 

1.4.1 General objective 
 

To develop separation, measurement and instrumentation components for a Point-of-Care 

device prototype that quantifies the concentration of the S100B biomarker in spiked human 

whole blood samples to support the diagnosis and prediction of the severity of TBI. 

1.4.2 Specific objectives 
• To develop a paper-based passive microfluidic device for obtaining plasma 

from low volume whole blood samples. 
• To characterize a bio-functionalized electrode that binds S100B from plasma 

obtained from low volume whole blood samples. 

• To develop a portable potentiostat for the electrochemical detection and 

quantification of the biomarker S100B bound to the developed electrode 

system. 

• To characterize and propose routes of technological maturation for the 

developed devices, considering their properties, parameters, operating ranges, 

and calibration curves. 

 

1.5 Thesis organization 
This work is divided into six chapters. Chapter one provides an introduction to the topic of 

interest, the problem statement, research question, current work in the research group, and 

the objectives of this work. Chapter two describes the state-of-the-art technologies and 

developments related to the objectives of this work. Chapter three provides the description 

of the development of microfluidic paper-based BPS devices for the detection of the 

biomarker S100B in peripheral blood. Chapter four describes the development of a bio-

functionalized electrochemical system of interdigitated electrodes employed for detecting 

and quantifying S100B through EIS. Chapter five describes the development and 

experimental validation of a low-cost open-source wireless potentiostat for performing EIS 

for the detection of S100B in the proposed biosensor platform. Finally, chapter six details 
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the general conclusions of this work and proposes future work to design strategies for 

advancing the proposed prototypes towards a marketable solution of a POC platform for 

S100B electrochemical detection. 

 





 

2.  State of the Art 

This chapter reviews state-of-the-art techniques and findings related to the following topics: 

Microfluidic paper-based devices for BPS, biosensor design for biomarker detection, and 

portable instrumentation devices for conducting electrochemical detection assays, which, 

together, form the knowledge basis to proposed POC devices aimed at fulfilling the 

objectives of this work. 

2.1 Microfluidic paper-based devices for blood plasma 
separation 

 

In an ideal POC diagnostic device, no user intervention outside sample deposition is 

necessary to run assays [34]. Considering that S100B is released to peripheral blood soon 

after TBI occurs, this fluid is expected to be employed as an input sample for the detection 

of the biomarker. Nevertheless, a BPS step is usually needed as pretreatment of the sample 

for its subsequent use in measuring the analyte of interest [35] since the blood solid 

component (erythrocytes, leukocytes, and platelets) acts as a complex dielectric medium 

that modifies electrochemical interactions during biomarker detection when using 

electrochemical techniques [35]. Conventional methods such as centrifugation for plasma 

separation cannot be easily integrated into a rapid detection platform. Thus, an embedded 

BPS unit is much more suitable for any kind of POC diagnostics demanding plasma. 

 

Paper-based microfluidic devices (µPADs) have been explored extensively in many 

applications, one of them blood-plasma separation [36–49]. µPADs offer many advantages 

over other microfluidic devices made on silicon, glass, or polymer substrates, such as high 

porosity and flexibility given their cellulose microstructure which provides high sample 

volume absorption; passive fluid transport through capillary action (not requiring external 

energy sources or instruments); are biocompatible and easily disposable through 
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incineration; and allow cheap high throughput fabrication [50,51]. Thus, blood-plasma 

separation µPADs provide an ideal platform for designing an inexpensive and efficient POC 

device and are also ideal for emergencies, or remote/developing areas, which are quite 

common in developing countries and, in general, for places with limited resources [49].  

Despite having evident attractive characteristics for its use and a considerable number of 

relevant publications, µPADs have hardly made it into the marketplace [50], as a significant 

fraction of prototypes remains as a proof-of-concept demonstration in academic research 

papers and has yet to prove its usefulness in practical applications. According to Nilghaz et 

al. [52], the missing keys are the need for complicated user operations, insufficient 

examination on long-term stability, and reliance on detection equipment unfamiliar for 

general users. 

Several studies have proposed µPADs capable of separating plasma from blood samples 

(Table 2-1). Plasma separation techniques initially employed anti-A, B, and AB antibodies 

for blood agglutination (Figure 2-1 a). Nevertheless, this technique requires expensive and 

chemically sensitive antibodies which defeat the purpose of POC. Alternate approaches 

relying on cell aggregation have also been used for plasma separation (Figure 2-1 b). 

Nilghaz et al. [43] developed a paper-based salt functionalized plasma filtration prototype 

which, as blood was added, plasma dissolved the salt and placed the red blood cells 

(RBCs) in a hypertonic medium, which created an osmotic pressure across the cells 

membrane, inducing fluid flow to the outside of the cell and its crenation, giving rise to flat-

shaped cells which effectively aggregated, as long as salt concentration was kept below 

0.68 M (4% w/v) to prevent hemolysis. Still, most recent studies have focused on the design 

and employment of patented separation membranes such as Asymmetric Polysulfone 

Membrane (APM), Fusion 5, and others to generate lateral and vertical flow filtration (Figure 

2-1 c). The state-of-the-art also suggests that whole blood volumes should be of at least 

100 microliters to achieve sufficient plasma yield for further biomarker detection. 

Earlier, µPADs were typically manufactured by patterning paper with hydrophobic 

substances or inks, using one of several different printing techniques (such as wax printing 

and dipping) to define hydrophilic channels and test zones bounded by hydrophobic 

barriers, commonly made by wax [43,44,46,48,49]. One common limitation to these 

techniques of patterning paper is that the hydrophobic substances tend to diffuse 

horizontally in the paper and blur the printed patterns, and could also account for alterations 
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in fluid flow at the hydrophilic/hydrophobic interfaces, limiting wiking rates during plasma 

separation [53]. From 2015 onwards (Table 2-1), studies have left behind techniques for 

manufacturing hydrophilic areas using hydrophobic barriers composed of wax, replacing 

them with more straightforward techniques by cutting paper into the desired geometry of 

hydrophilic channels, reducing complexity and cost in device manufacturing. 

Table 2-1. Passive paper-based BPS prototypes found in the literature. 

Reference Capillary 
action Fabrication Paper types 

Plasma 
Yield 
(%) 

Separation 
time (s) 

Hematocrits 
in the 

sample (%) 

Blood 
volume 

(microliters) 

Songjaroen 
(2012) [46] 

Vertical and 
lateral flow by 

membrane 
separation 

Wax dipping 
MF1 and LF1 
and Whatman 

No. 1 
N.R. 100-200 24-55 8-20 

Vella 
(2012) [48] 

Vertical flow 
by membrane 

separation 
Wax printing 

VF1, VF2, 
MF1, Fusion 
5, GX, GR, 

GF, and 
Whatman No. 

1 

N.R. 300-600 N.R. 10-20 

Yang 
(2012) [49] 

Vertical and 
lateral flow by 
agglutination 
with anti-A, B, 

and AB 
antibodies 

Wax printing 
and antibody 
drop-casting 

Whatman No. 
1 N.R. <300 N.R. 7 

Noiphung 
(2013) [44] 

Vertical and 
lateral flow by 

membrane 
separation 

Wax dipping 
VF1, VF2, 

and Whatman 
No. 1 

N.R. 170-270 24-60 200 

Gong 
(2013) [37] 

Vertical and 
lateral flow by 

membrane 
separation 

Laser 
micromachining 

of PMMA 

Polysulfone 
asymmetric 
membrane 
GR VIVID 

80% 300 N.R. 100-800 

Kim (2013) 
[40] 

Vertical and 
lateral flow by 

membrane 
separation 

N.R. 
NOVIPLEX 
separation 
membrane 

12-30 180 20-71 25 

Nilghaz 
(2015) [43] 

Lateral flow 
controlled by 

red blood 
cells 

aggregation 

Wax patterning 

NaCl 
functionalized 

Whatman 
No.4 

N.R. 180 35-55 3-10 
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Kar (2015) 
[39] 

Lateral flow 
controlled by 

H channel 
and changes 

in blood 
rheological 
properties 

Inkjet printing 
followed by 

Origami 
protocol 

Whatman No. 
4 and PBS 

solution 
75 200 37 50 

G. Li 
(2015) [41] 

Vertical and 
lateral flow by 

membrane 
separation 

Paper cutting 

Polysulfone 
asymmetric 
membrane 
GR VIVID, 
Fusion 5 y 

10G 
surfactant 

treated 
nitrocellulose 
membrane 

N.R. 180 40 15-40 

Robinson 
(2016) [45] 

Vertical and 
lateral flow by 

membrane 
separation 

Paper cutting 

Polysulfone 
asymmetric 
membrane 
GR VIVID, 
glass fiber 
membrane 
filter, and 

nitrocellulose 
membrane 

N.R. 360 N.R. 40 

Tiwari 
(2017) [45] 

Vertical and 
lateral flow by 
functionalized 

membrane 
separation 

Paper cutting 

GF/C glass 
fiber paper 

disks, 
Whatman 

No.1, No.2, 
No.5, and 

Zinc nanorods 

N.R. 600 N.R. 3 

Bhamla 
(2017) [36] 

Paper-based 
centrifuge Paper cutting Paper wood, 

Nylon threads N.R. 90 N.R. 20 

Lu (2018) 
[42] 

Vertical and 
lateral flow by 

membrane 
separation 

Papercutting 
bound with 

adhesive tape 

Polysulfone 
asymmetric 
membrane 
GR VIVID, 
FR-1 filter 

pad, Fusion 5 

20-30 600 30-60 50-70 

Guo (2020) 
[38] 

Vertical and 
lateral flow by 
agglutination 
with anti-A, B, 

and AB 
antibodies 

Paper cutting 
N.R. 

Synthetic 
paper 

11 316 45 90 
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This work 

Vertical and 
lateral flow by 

membrane 
separation 
and RBC 

agglutination  

Papercutting 
bound with 

adhesive tape 

MF1, NaCl 
functionalized 

VF2 
30 220 45 300 

N.R. Not reported 

 

Figure 2-1. Techniques for paper-based BPS. A) RBCs agglutination by Guo et al. [38]. B) 
RBCs aggregation from Nilghaz et al. [43]. C) Membrane separation from Lu et al. [42]. 

 

 

One common question regarding paper-based BPS devices for electrochemical 

immunodetection of protein biomarkers is how to achieve a µPAD that yields enough 

plasma which retains the biomarker for further affinity biosensing in a functionalized 

electrode system. Variability in the device manufacturing, assembly, environmental 

conditions, and sample matrix could significantly impact analyte diffusion from the paper 

matrix to the electrodes, its binding ability to receptor antibody, and the rate of redox 

reactions, which could induce higher variance in the measured electrochemical signal. A 

BPS device that accounts for, and diminishes the impact of the former variables, would 
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provide more assurance on the accuracy of the BPS tests [34].  In particular, paper filters 

modified with glass fiber for BPS can sometimes bind analytes on their matrices since 

hydrophobic interactions can occur between proteins and the highly hydrophilic glass fibers. 

One way to avoid this phenomenon has been to coat paper-based BPS devices with 

polymers that make their matrix more hydrophilic, such as Polyvinyl alcohol (PVA), which 

can provide highly hydrophilic matrices that do not interact with most analytes [42].  

Considering the above, BPS devices aimed at POC should use simple manufacturing 

techniques like paper cutting, overlapping, and coupling for shaping hydrophilic channels, 

forgoing wax printing techniques. Similarly, plasma separation should be done by 

integrating various separation techniques such as aggregation and membrane lateral-

vertical filtration, which can provide a synergetic effect on the separation efficiency. Finally, 

the use of design of experiments (DOE) could optimize the device materials and geometry 

to allow adequate plasma volumes with low separation times for subsequent biomarker 

detection, robust enough for its employment in clinical settings. 

2.2 Biosensor design for biomarker detection 
 

After defining the BPS technique, the next step is the development of a contact layer or bio-

functionalized electrode platform for biomarker detection. As explained previously, the 

delay in the clinical identification of neurological impairment during the acute phase of TBI 

leads to higher mortality among patients [54]. This delay could often be related to the 

subjective and qualitative nature of the GCS and the use of imaging techniques which 

require expertise and advanced medical skills, exposition of potentially harmful ionizing 

radiation, and high costs for healthcare systems, limiting their availability in many resource-

constrained environments, as in low-middle income countries, where the clinical 

examination is, in many cases, the only accessible tool for neuromonitoring [55]. 

The limitations above have pushed the research of blood biomarkers to improve prognosis 

in TBI of all severities [56]. Among investigated biomarkers for TBI, the S100B protein is 

perhaps the most extensively studied. S100B is a calcium-binding dimeric protein 

(Molecular weight: 21 KDa) primarily expressed in astrocytes and found in very low levels 

under physiological conditions in human cerebrospinal fluid and serum/plasma. Previous 

studies suggest that, following a TBI, S100B is released from damaged nerve cells into the 
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bloodstream by passing through the BBB, which could be disrupted after head primary 

injury [57]. 

In the clinical context, the measurement of these biomarkers demands a technique that is 

easy to use, readily available, low-cost, and with a rapid response time, as portable and 

POC biosensors. In contrast, the current quantification of TBI-related biomarkers is often 

difficult since standard immunoassays are time-consuming, require extensive expertise and 

instrumentation, and usually represent a higher cost [58].  

Table 2-2 summarizes the main biosensors employed for S100B detection in the last 12 

years. The detection ranges used in these studies vary between concentrations from pg/mL 

to ng/mL, depending on the clinical use of the biosensor, since S100B has been studied as 

a marker of damage in the central nervous system for other illnesses as Alzheimer's 

disease [59–61], stroke [62], spinal trauma [63], and sepsis-associated encephalopathy 

[64], so that its use is not limited to TBI. 

Table 2-2. Summary of S100B biosensors developed in the last 12 years and their 
analytical performances. 

Author (year) Chemistry of 
Functionalization Detection Method Range of 

detection LOD 

Kim et al. (2015) [58] MB-Ab-S100B-Ab-QD 
Sandwiched 

immunocomplex optical 
detection 

0.01–30 ng/mL 10pg/mL 

Mikuła et al. (2014) 
[60]  

Au/(NAC-DPTA)-
Cu(II)/His6-RAGE VC1 

or C2 domains 
Electrochemical 370 pg/mL- 

7,4ng/mL 

193pg/mL* 
(buffer) 

240pg/mL* 
(plasma 

Kurzątkowska et al. 
(2016) [59] 

Au/NAC/DPM–
Cu(II)/His-tagged RAGE Electrochemical 333pg/mL*-

7.4ng/mL* 

963pg/mL* 
(buffer) and 

333pg/mL*(plas
ma) 

Au/MBT/DPM–
Cu(II)/His-tagged RAGE Electrochemical 1-7.4ng/mL* 

 
1,8ng/mL* 

(buffer) and 
1ng/mL* 
(plasma) 

Tabrizi et al. (2019) 
[61] anti-S100ß/rGO-Au/ITO 

Sandwich-type 
photoelectrochemical 

immunoassay 

0.25-
1,000pg/mL 0.15pg/mL 

Harpaz et al. (2019) 
[62] 

Au/MUA-EDC/NHS-anti-
S100ß SPR biosensor 0.25-10ng/mL 

0.75ng/mL 
(water) and 
0.136ng/mL 

(plasma) 
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Khetani et al. (2017) 

[63] 
GSPE/4-NBD/GA/anti-

S100ß 
Electrochemical 
immunosensor 

1pg/mL-
10ng/mL 1pg/mL 

Lee et al. (2009) [65] CNT/PBSE/anti-S100ß Electrical immunosensor 1-100ng/mL Not reported 

Liu et al. (2013) [66] PEI-PMMA/anti-S100ß 
Microchip-based 
electrochemical 
immunosensor 

0.1-100pg/mL 0.1pg/mL 

Cardinell et al. 
(2019) [67] 

GDE/16-MHDA/anti-
S100ß Electrochemical 1-1,000pg/mL 

2–5pg/mL 
(purified 

solution) and 
14–67pg/mL 

(spiked plasma) 
Y.-C. Kuo et al. 

(2018) [68] 
IDZB/Cys/GA/anti-

S100ß Electrochemical 10ng/mL*-
10μg/mL* 10ng/mL* 

Mathew et al. (2018) 
[69] 

SPEs/CNT-nafion-
GA/Ab-S100B-Ab 

Electrochemical 
immunoassay - FEED 

10fg/mL-
10ng/mL 10fg/mL 

Hassanai, et al. 
(2020) [70] 

Au-coated magnetic 
NPs/thiol-ended anti-

S100ß fragments 
Electrochemical 3,7ng/mL*-

37ng/mL* 3,7ng/mL* 

*Converted from the originally reported concentration in pM.  
Abbreviations: rGO-Au: Green reduced graphene oxide and decorated with gold nanoparticles; CNT/PBSE: 
Carbon nanotubes/1-pyrenebutanoic acid succinimidyl ester; PEI-PMMA: poly(ethyleneimine) modified 
poly(methyl methacrylate); (NAC/DPTA)–Cu(II): N-Acetylcysteamine/Thiol Derivative of Pentetic Acid - Cu(II) 
Monolayer; GDE/16-MHDA: Gold Disk Electrodes/16-mercaptohexadecanoic acid; MB-Ab-S100B-Ab-QD: 
antibody-conjugated magnetic beads (for capture), and antibody-conjugated quantum dots (for optical 
detection); GSPE/4-NBD/GA: Graphene screen-printed electrode/4-nitrobenzenediazonium 
salt/glutaraldehyde; SPR: Surface Plasmon Resonance; DPM: dipyrromethene; MBT:4-mercaptobutanol; 
IDZB/Cys/GA: interdigitate-zigzag biochip/cysteamine/glutaraldehyde; SPEs: screen printed electrodes; 
FEED: Field effect enzymatic detection. 
 

The clinical significance of the S100B detection range depends on the type and severity of 

the brain damage [71]. Various cutoff values of S100B have been proposed for identifying 

brain injury [72]. A cutoff level of 100pg/mL [73] has been used in the mild TBI to discard 

the presence of intracranial hemorrhage in the CT scans, and values closer to 30 pg/mL 

have been reported as an indicator of BBB permeability even with no associated symptoms 

[74]. Likewise, patients with moderate to severe TBI could display higher serum/plasmatic 

S100B levels in the order of ng/mL, which correlates to intracranial hypertension, 

neurological worsening, and poor response to treatment [71]. 

Electrochemical-based biosensors are one of the most used systems for detecting 

biomarkers as S100B, primarily through faradaic processes monitoring changes in the 

charge transfer resistance (RCT) of the WE surface. Electrochemical biosensors merge the 

selectivity of biological recognition reactions with the high sensitivity and simplicity of 

electroanalytical techniques [75]. Unlike other quantitative methods such as photometry 

and chemiluminescence, electrochemical detection is less prone to interference and, when 
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using nanostructured materials such as graphene or nanotubes, provides quantitative 

readings with adequate detection limits [51]. 

 

High glass transition temperature plastic materials such as polyimide and polyethylene 

terephthalate have been used as substrates in a large number of commercial 

electrochemical biosensors and research prototypes [76–81]. However, in search of lower 

manufacturing costs, ease of recycling, and reduced environmental impacts, other studies 

have opted for paper as a substrate, particularly Whatman grade 1 or chromatographic 

paper [82–84]. Among their characteristics, these substrates allow high water absorption 

and, unlike plastic substrates, they can be exposed to temperatures higher than 100° C 

without evidence of phase changes, a necessary condition for the subsequent printing of 

the conductive paths corresponding to the electrodes printed on the substrate. A material 

that has regained relevance in recent studies is glass, as it is an inert, recyclable material 

with a low manufacturing cost [85,86]. A particular advantage of glass over paper is its 

hydrophobicity, which ensures that, during electrochemical detection, the sample fluid is 

not absorbed into the substrate matrix, a critical condition when handling small volumes, 

frequently less than 200 microliters. In addition, and, unlike the mentioned plastics, it is 

recyclable, resistant to high temperatures, and maintains its geometry in the presence of 

changes in environmental factors such as temperature, humidity, and pressure. 

Once the substrate is defined, it is necessary to design and manufacture the conduction 

zones corresponding to the electrodes. In general, electrochemical biosensors have a 

system of two or three electrodes: a reference electrode, a counter electrode, and a WE, 

which can be designed with channel, circular, or interdigitated geometries  [51]. Several 

studies have used different materials such as carbon-derived inks or pastes for the counter 

and WEs and Ag-Ag/Cl compounds for the reference electrode. Considering their 

biocompatibility and low toxicity, gold nanoparticles have been used as a material for the 

manufacture of electrodes in electrochemical biosensors, particularly for their ability to 

increase sensitivity in immunosensors [87]. Various manufacturing processes such as 

chemical vapor deposition (CVD), screen printing, injection printing, pencil drawing, and 

photolithography have been used to print the electrodes  [51]. Screen printing and inkjet 

printing have been the most widely used methods due to their ease of manufacture and low 

cost. However, among their disadvantages, they present low geometric precision and high 

variance in the generated layer thickness, which can affect the subsequent detection of the 
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analyte of interest during electrochemical tests. Therefore, several research groups and 

companies are currently working to reduce manufacturing costs of photolithography, 

considering that this, together with CVD, provide excellent dimensional precision and low 

variance in the printing of electrodes. 

Electrode biofunctionalization is a crucial step that determines the ability of the biosensor 

substrate to capture monoclonal antibodies that will later attach to the sample protein or 

analyte of interest. Among the most widely used techniques, the functionalization of gold 

nanoparticle electrodes with cysteamine has emerged as a great alternative. Multiple 

studies have used this chemical platform as a starting point in the development of affinity 

biosensors, better known as immunosensors, due to their ease of production and success 

in obtaining functionalized surfaces with multiple binding sites for the antibody of interest 

[88–94]. Additional functionalization techniques have consisted of making a modification to 

the surface of the WE by introducing nanocomposites with a greater surface area than the 

electrode materials, with the aim of increasing the adsorption of monoclonal antibodies and 

induce a greater number of antigen-antibody binding sites [95], thus guaranteeing a high 

sensitivity and a lower detection limit of the S100B biomarker. 

Currently, large macro electrodes are commonly used with monolayers to fabricate 

biosensors. Nevertheless, various studies have indicated the use of interdigitated 

electrodes (IDEs) [96–99], as they potentially offer several benefits over typical electrodes, 

such as lower sample volumes, lower concentrations of electro-active ions to form double 

layers, low ohmic drop, fast establishment of steady-state, rapid reaction kinetics, increased 

signal to noise ratio, and easier cleaning procedures. IDEs eliminate the need for a 

reference electrode and provide simpler means for obtaining a steady-state current 

response, especially compared to the three and four-electrode set-ups, reducing the need 

for highly-priced instrumentation. Moreover, IDEs are easier to integrate into a complete 

detection system to perform parallel electrochemical assays rapidly. It should be noted that 

IDE-based biosensors could also offer favorable faradic-to-capacitive current ratios that 

lead to an improved biosensor signal-to-noise ratio, higher sensitivity, and lower detection 

limits for enhanced detection of antibody-antigen or aptamer target binding events [75]. 

Finally, recyclable IDEs enable multiple RCT measurements against the same electrode 

system before and after analyte bonding and on each step of surface modification. 
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2.3 Portable devices for conducting electrochemical 
detection assays 

 

The advances in material science, nano-fabrication, molecular biology, and immunology 

have supported the continuous generation of new POC electrochemical biosensors capable 

of detecting a myriad of biological substances of interest in medicine [100–104]. Among 

electrochemical detection techniques, EIS has been one of the most widely used for 

impedance measurements due to its minor system interference, fast response, and 

accurate, reliable results [105]. This method measures the resistive and capacitive 

properties of materials after disturbing the studied system using a small-amplitude 

sinusoidal alternating current excitation signal, typically of 2-10 mV peak (mVp). The 

frequency is varied over a wide range to obtain the impedance spectrum, and the in-phase 

and out-of-phase current responses are then determined to obtain the resistive and 

capacitive impedance components, respectively. EIS has been effectively used for affinity 

biosensors [106–110] since it can monitor events such as antigen-antibody binding (Ag-Ab) 

that occur on the surface of the electrodes, where small changes in impedance are 

proportional to the concentration of the measured antigen.  

 

To fulfill the objectives of POC technology, the development of portable, precise, compact, 

high-quality, and cost-effective instrumentation and techniques that allows the detection of 

the analytes such as S100B are essential [111]. Researchers in need of performing precise 

analytical EIS tests for biosensing applications often employ a benchtop potentiostat, a 

highly-priced (more than USD 10,000), heavy, patented, commercial device. Current 

electronics technology has enabled simplifying the large, heavy, and expensive benchtop 

potentiostats. Several companies, such as Gamry, PalmSens, Ivium, and Metrohm, have 

developed portable variants of their benchtops with similar specifications but with prices still 

above USD 1,000. As explained by Dryden et al. [112], commercial potentiostats function 

like black boxes, as they give limited information about their hardware and software 

technical specifications, which can make the development of new measurement techniques 

and integration with other instruments challenging for researchers, educators, and for 

further product integration [113]. In addition, current potentiostat prices still prohibit their 

widespread use, specifically in resource-limited settings. Still, most efforts in the literature 

have been devoted to biosensor miniaturization, increased sensibility, and reproducibility, 
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whereas commercial potentiostats have remained expensive, requiring time-consuming 

tasks for adequate configuration [114]. 

 

Various research groups have taken the task of developing low-cost EIS-capable portable 

potentiostats which can be available to the general public for their replication and adaptation 

to their own needs (Table 2-3). To our knowledge, potentiostats made by Jenkins et al. 

[111], Jiang et al. [101], Pruna et al. [115], and Zhang et al. [116] are the only ones whose 

functionality allows EIS (Figure 2-2). Even though considerable details have been given for 

the above prototypes, only Jenkins et al. [111] ABE-Stat provides wireless smartphone-

controlled electrochemical detection and fully documented open-source hardware and 

software. A portable potentiostat with wireless connectivity to smartphones would facilitate 

electrochemical analysis at the POC and in emergencies at remote locations, where access 

to a computer or wired connection to a device is unlikely, such as the case of S100B 

detection soon after TBI occurs. In addition, technology developed in an open-source 

format allows researchers to quickly adopt the device's design and develop specific-

purpose potentiostats without the need to design and test the electronics from scratch [113].  
 
 
Table 2-3. Feature comparison of literature reviewed potentiostats with a proposed device. 

Reference EIS 
2-3 

Electrode 
Systems 

Android 
integration 

Independent 
Impedance 
circuit 

Wireless 
Windows/ 

Linux 
Integration 

Fully 
documented 
open-source 
hardware and 

software 
Punter-

Villagrasa 
(2014) 
[117] 

  × × ×  × 

Zhang 
(2016) 
[116] 

    ×  × × 

Pruna 
(2017) 
[115] 

  × × × ×  × 

Ainla 
(2018) 
UWED 
[113] 

×  × ×   × × 
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Jiang 
(2019) 
[101] 

  ×  ×  × 

Jenkins 
(2019) 

ABE-Stat 
[111] 

     ×   ×   

Proposed 
device         ×   

Feature is present on the potentiostat. × Feature is not present on the potentiostat. 
 

Figure 2-2. Portable potentiostats found in the literature. A) Zhang, B) Pruna, C) Ainla, and 
D) Jenkins. Adapted from [111,113,115,116]. 

 
 

It should be noted that the only current truly open-source potentiostat capable of performing 

EIS is the one developed by Jenkins et al. [111]. However, as the authors indicate, there 

are still drawbacks in the precision and generation of reliable results during EIS 

measurements. First, the presence of discontinuities at characteristic frequencies (2 Hz, 60 

Hz, and 2 kHz) is likely due to the way ABE-stat calculates impedance and instabilities 

associated with the control amplifier during small-signal measurements. Authors also 

describe the need for a more robust microcontroller unit (MCU) that provides a higher 
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number of general-purpose input-output ports (GPIOs) and a less noise-prone Bluetooth 

module (BM), ideally a Bluetooth low energy one (BLE). In addition, the use of the AD5933 

as impedance analyzer with a 1024-points single-frequency 16 MHz clock-dependent 

Discrete Fourier Transform (DFT) causes higher noise and lower precision in EIS analyses, 

given its nonlinear nature, and prevents accurate impedance determination at frequencies 

below 1 kHz. Furthermore, higher errors due to spectral leakage are found if evaluated 

frequencies do not correspond to integer numbers of cycles over the sampled period. The 

authors also express the inability of the device to generate coherent results for nonlinear 

non-resistive loads, which is critical when making Nyquist plots of electrochemical systems, 

considering their capacitive nature. Therefore, the definition of circular regions of the said 

diagram is significantly affected, as greater inaccuracies in RCT values might show up. 

RCT depends on the change in the capacitance of the bio-functionalized surface of the WE, 

mainly given by the number of antigen-antibody bonds formed after the sample is applied. 

Thus, increasing the device precision for its use in affinity biosensors, such as a S100B 

detection system, is necessary.  

 

 



 

 
 

3.  Microfluidic Paper-based Blood Plasma 
Separation Device for S100B Detection 

This chapter describes the development of a passive microfluidic paper-based BPS device 

to detect and quantify the S100B biomarker found on peripheral blood samples. The device 

design is based on the salt functionalization technique [43], with microfluidic channels to 

allow capillary force to move the whole blood sample while retaining cellular content [44]. 

Final device assembly uses simple paper cutting and assembly techniques for reducing 

manufacturing variability and complexity [41,42]. The developed BPS µPAD is made up of 

a NaCl modified VF2 bound-glass fiber filter paper used as a sample collection pad and an 

MF1 filter paper for plasma retention, which together are capable of yielding 50 microliters 

of plasma after 3.5 minutes from 300 microliters of whole blood added on the VF2 sample 

collection pad. An inverted light microscope, a scanning electron microscope (SEM) and an 

image processing software were used for assessing plasma separation efficiency. Plasma 

flow over time was modeled by measuring separated plasma volume in the MF1 pad, and 

a DOE assessed the device's efficacy using an S100B ELISA Kit to measure S100B 

concentration in the separated plasma absorbed by the MF1 pad. 

The proposed device provides a simpler manufacturing protocol than previous BPS devices 

found on the literature, with reduced fabrication times and the ability to separate plasma for 

the detection of the S100B biomarker using ELISA, making one step towards the integration 

of technologies aimed at POC testing of clinically relevant biomarkers. To our knowledge, 

this is the first passive paper-based BPS device built for S100B detection from peripheral 

blood samples. 
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3.1 Materials and methods 
The study was conducted according to the guidelines of the Declaration of Helsinki, and 

approved by the Ethics Committee of Universidad del Norte, Barranquilla-Colombia (act 

number 167, approved on 25-01-2018). 

3.1.1 Reagents and manufacturing materials 
An S100B SimpleStep ELISA® Kit (ab234573) was purchased from Abcam. Deionized 

water (DW) (MiliQ®) was employed to prepare all solutions. 0.68 M NaCl solutions were 

prepared using analytical grade NaCl (Sigma-Aldrich). MF1 and VF2 glass fiber filter papers 

were purchased from Sanitas Lab technology. 

3.1.2 Blood sample preparation 
Human whole blood samples with 45% Hematocrit content were obtained from a 

venipuncture of a healthy donor and collected to Gel & EDTA K2 tubes (Improvacuter® 

722350202) and used within two hours for the experimental runs. All experiments were 

performed with the same donor blood to maintain unified experimental conditions. Low 

retention tubes were employed to make 500 microliters aliquots, which were then spiked 

with corresponding amounts of the S100B protein up to the desired concentrations between 

316, 562, and 1000 pg/mL, and vortex mixed during one minute. Plasma was extracted 

either by centrifugation of aliquots for 30 min at 10000 g and pipetting and aliquoting in low 

retention tubes, or by using the paper-based BPS device. 

3.1.3 Device design and fabrication 
The device comprised two zones, a whole blood collection pad in charge of plasma 

separation and a plasma detection pad, where the separated plasma was accumulated and 

later used for S100B biomarker detection (Figure 3-1). Initially, a cardboard mold was 

fabricated with the geometry dimensions of the proposed BPS device. A piece of VF2 PVA 

bound glass fiber filter paper was cut into a rectangle of dimensions 1.7 cm x 2.7 cm. Using 

a craft cutter, the VF2 rectangle was shaped to the geometry of the cardboard mold. Next, 

a 1.7 cm x 1.7 cm square piece of MF1 polyvinyl alcohol-bound glass fiber filter paper was 

cut for the detection pad. MF1 paper was placed on a glass slide, and the VF2 paper was 

horizontally aligned and placed on top of it with approximately 3 mm of overlap. A 
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conventional 2 mm slice of hydrophobic paper tape was attached to the narrow VF2 channel 

right before VF2-MF1 surface overlap and to the glass slide for fixing the BPS device. 150 

microliters of 0.68 M NaCl solution were slowly dropped on the VF2 collection pad and then 

dried for 15 min at 37 °C in an oven. The BPS device dimensions were optimized to allow 

300 microliters of sample addition to the VF2 collection pad and 50 microliters of separated 

plasma in the MF1 detection pad. Finally, the triangular narrowing geometry of the VF2 

microfluidic channels was defined to provide a uniform flow towards the detection pad. 

 

Figure 3-1. Schematic representation of the paper-based BPS device. The whole blood 
sample is added to the VF2 collection pad, which performs vertical and lateral plasma 
separation. The addition of NaCl to the VF2 pad induces RBCs aggregation and higher 
plasma wicking as cells crenate and get stuck in the VF2 matrix due to hypertonic 
conditions. 

 

 
 

3.1.4 Separation efficiency analysis 
Five microliters of whole blood or separated plasma were added between two 0.5 mm thick 

microscope slides and observed in a Zeiss Axio Observer z1 inverted microscope. The 

separation efficiency of the BPS device was initially qualitatively evaluated by comparing 

images at 40x of the whole blood samples and the plasma samples obtained after 

separation with the developed device. Similar to [42], the quantitative separation efficiency 
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of the BPS device was defined as the difference between the number of RBCs in whole 

blood vs. the number of RBCs in the separated plasma, defined as: 

 

 

𝑆𝑒 = 1 −
𝑁𝑝

𝑁𝑤
 (3-1) 

 

where 𝑁𝑝 corresponds to the number of cells counted in plasma, and 𝑁𝑤 is the number of 

cells counted in whole blood. RBC count was performed by taking pictures of the 40x 

amplified images and using java image processing software ImageJ, which allowed the 

segmentation of circular figures corresponding to RBCs in either plasma or whole blood. 

This process was performed on five whole blood samples and five plasma samples 

obtained with the BPS device to capture the mean and standard deviation of the BPS device 

separation efficiency. 

 

The separation efficiency and morphological characterization of the BPS device was also 

qualitatively assessed during plasma separation using a JEOL JSM-5600 SEM. The images 

were captured at a potential difference of 5KV and up to a maximum magnification of 

2,500x. Samples were first dried at room temperature after BPS and placed on a round 

metallic sample holder and fixed using copper tape (3M ™ Copper Foil Shielding Tape 

1181) to make an electrical connection between the sample and the holder.  

 

The observations of possible formed elements of blood on the surface of the VF2 collection 

pad and the MF1 detection pad were made after whole blood samples were deposited on 

the NaCl modified VF2 surface as previously described.   

3.1.5 Plasma flow over time 
Paper-based capillary-driven flow along the paper interfiber passages is usually not 

constant, as it depends on the capillary inhibition caused by the randomly distributed 

cellulose fibers and other components forming the paper matrix [39]. Hence, to model 

separated plasma volume over time, BPS device collection pads were weighted every 20 

seconds to measure plasma content after initial sample addition. Three BPS devices were 
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used for each data point to provide enough statistical power to the assay. Plasma volume 

was calculated using a reference density of 1.025 g/mL for blood plasma. 

3.1.6 Blood sample volume optimization 
To optimize sample volume for extracting 50 microliters of plasma, whole blood samples at 

225, 250, 275, 300, 325, and 350 microliters were applied onto VF2 collections pads. The 

time until plasma separation and fill to cover the detection zone was recorded as well as 

the presence of blood saturation and overflow in the collection pad and whole blood passing 

to the MF1 detection pad. 

3.1.7 S100B detection mechanism 
An S100B SimpleStep ELISA® Kit (ab203359) was used to quantify S100B in human 

plasma samples. All operations were strictly performed according to the manufacturer's 

instructions (sensitivity of 139 pg/mL, range of detection between 0.31 ng/mL and 20 

ng/mL).  200 microliters of whole blood samples containing S100B at 0, 316, 562, and 1000 

pg/mL were centrifuged at 4˚C at 10000 g for 30 min.  50 microliters of the supernatant 

were collected from each centrifuged sample and added to the defined ELISA microplate 

wells. 300 microliters of whole blood samples containing the same S100B concentrations 

were applied to the BPS device collection pads. After 3.5 minutes, BPS device detection 

pads were gently squeezed to obtain 50 microliters of plasma, which were then added to 

the appropriate wells of the ELISA microplate. A Synergy™ 2 Multi-Detection Microplate 

Reader was used to measure absorbance at 450nm.  

3.1.8 Design of experiments 
A DOE was performed to assess the detection of S100B by using the BPS device for 

plasma obtention compared to plasma obtained by centrifugation. Considering the ELISA 

test sensitivity, the biomarker S100B was detected in whole blood concentrations in three 

levels set in a logarithmic scale, using concentrations with clinical utility: 316 pg/mL (log₁₀= 

2.5), 562 pg/mL (log₁₀= 2.75), and 1,000 pg/mL (log₁₀= 3). The optical density (OD) minus 

signal background was selected as the response variable. Eight experimental runs were 

used for obtaining the calibration curve of the ELISA assay. In addition, three randomized 

experimental runs (n=3) were made for each separation method at each S100B 
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concentration, and three additional runs were performed with 0 pg/mL S100B whole blood 

samples for the BPS device, giving a total of 29 experimental runs. An HTC-1 LCD Digital 

Thermometer Hygrometer was employed to measure temperature and humidity during 

each experimental run and test whether there was a significant linear correlation between 

these variables and the OD obtained with the ELISA kit at each biomarker concentration. 

The general design of the ELISA microplate wells is shown in Table 3-1.  

 

 

Table 3-1. Randomized S100B ELISA detection assay with experimental runs according to 
the plate’s geometry. S means standard run, c means centrifugation, d means BPS device. 

 1 2 3 4 

A s1 c316 d1000 d316 

B s2 c562 d562 d0 

C s3 d562 d1000 c316 

D s4 d0 c562 c1000 

E s5 d316 d1000 c316 

F s6 d562 d316  

G s7 d0 c562  

H s8 c1000 c1000  
 

3.1.9 Statistical analysis 
Statistical analysis was done using RStudio and Statgraphics Centurion 18. Statgraphics 

was employed for finding a regression model together with a lack of fit test from the plasma 

flow over time, and the ELISA standardization runs to validate the tests. Model suitability 

was established considering global model significance, coefficient significance, and 

analysis of residuals structure. A statistical T-test was performed between the OD values 

from the ELISA test of plasma samples obtained from the developed plasma separator, and 

those obtained by centrifugation, for each defined S100B concentration. The assumptions 

of normality, homoscedasticity, and independence of residuals were assessed to establish 

the statistical validity of the T-tests. Finally, a Pearson correlation coefficient was calculated 

in RStudio to check for linear correlation between OD values and temperature and humidity. 

All statistical tests were deemed significant with a p-value lower than 0.05.  
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3.2 Results 

3.2.1 Device Fabrication 
Figure 3-2 shows the fabricated paper-based BPS device, which occupies 595 𝑚𝑚2. 

Geometry scaling can be made if lower amounts of plasma are needed and, therefore, less 

sample volume will be required for effective separation. 

Figure 3-2. Fabricated BPS device. The sample is added to the center of the NaCl 
functionalized VF2 collection pad and wicks towards the MF1 plasma reservoir for S100B 
detection on the ELISA immunoassay.   

 

3.2.2 Separation efficiency analysis 
The qualitative evaluation of separation efficiency showed a lower RBC count in the filtrate 

than in whole blood (Figure 3-3), as few cells could be seen on the separated plasma. The 

quantitative separation efficiency using cell segmentation and counting by image 

processing techniques showed an average efficiency of 95% with a standard deviation 

below 4% (Table 3-2), demonstrating that the BPS device could effectively perform RBC 

capture along the VF2 collection pad volume for yielding separated plasma in the MF1 

detection pad.  
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Figure 3-4 a and b of SEM observations show semicircular flattened disks of about 7 𝜇𝑚 in 

diameter which could be RBCs [118], which stick to the glass fibers of the VF2 filter paper. 

Figure 3-4 c and d show signs of smaller particles, possibly the smaller formed elements of 

blood, such as platelets, trapped by the fibers of the MF1 pad. These findings indicate that 

the BPS device could be operating as a gradual filter by possibly trapping RBCs on the 

surface of the first pad (VF2) and the smaller formed elements of blood into the micrometric 

spaces between the fibers of the second pad (MF1). This property represents an efficient 

mechanism to reduce the clogging of the BPS device, facilitating rapid filtration. 

 

Figure 3-3. Visual comparison of RBCs typical content in whole blood versus plasma 
separated with the paper-based BPS device. A) Whole blood sample. B) Plasma sample 
from BPS device. 

A B 

 
 

 

Table 3-2. Separation efficiency of RBCs using the BPS device. 

Experimental run Number of RBCs in 
whole blood 

Number of RBCs in 
separated plasma 

Separation 
efficiency 

1 1208 99 0.92 
2 983 35 0.96 
3 1147 78 0.93 
4 947 24 0.97 
5 1369 18 0.98 

Mean 1130 50 0.95 
Standard deviation  172 35 0.03 
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Figure 3-4. Visual comparison of SEM images of the remaining formed elements of a whole 
blood sample on the surface of the VF2 collection pad at (a) 650x and (b) 2,500x, and on 
the MF1 detection pad at (c) 650x and (d) 1,500x.  RBCs bound to the VF2 paper fibers are 
shown in (b), and the diameter of one RBC is displayed. 

 

3.2.3 Plasma flow over time 
The S100B detection ELISA test requires consistent sample volumes for achieving precise 

and accurate measurements of the biomarker. Hence, adequate control of separation yield 

is a requisite for achieving a successful test. The MF1 detection pad of the BPS device 

could separate more than 50 microliters after 220 seconds of adding the whole blood 

samples to the VF2 collection pad. Figure 3-5 a shows the process of BPS at different times 

after the 300 microliters of whole blood samples are placed on the VF2 collection pad of 

the BPS device. Separation is achieved with minimal RBC breakthrough to the MF2 

detection pad.  
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A regression model was found for the volume of separated plasma as a function of elapsed 

time (Figure 3-5 b). Three experimental runs for each time point were made in a randomized 

order. Each point on the regression model represents each independent measurement, and 

the error bar represents the standard error of the mean. The model was found suitable for 

the experimental results since its coefficients were significant, no structure was found on 

its residuals, and the lack of fit test was not significant.  

Figure 3-5. BPS using the developed BPS device. a) 300 microliters were applied to the 
collection pad. Separation at I) t=0 s. II) t=40 s. III) t=85 s. IV) t=125 s. V) t=170 s. VI) t=210 
s. b) Volume of separated plasma as a function of time. 

 

 

3.2.4 Blood sample volume optimization 
Several experimental runs were made to assess the BPS device limits in applied blood 

sample volume to achieve effective plasma separation without RBC overflow. Using 

volumes equal to or lower than 275 microliters did not yield high enough quantities of 

plasma for ELISA S100B detection (Figure 3-6 a). The addition of volumes of whole blood 

higher than 325 microliters induced RBC overflow towards the MF1 paper (Figure 3-6 b), 

impeding plasma recovery for further S100B detection in the ELISA wells. Therefore, all 

further experimental runs for S100B detection were made with 300 microliters of applied 

whole blood samples in the VF2 collection pads of the BPS device. 



Chapter 3. Microfluidic paper-based blood plasma separation devices 47 

 
Figure 3-6. The behavior of the BPS device with whole blood volumes higher and lower 
than 300 microliters. A) 275 microliters of whole blood. B) 325 microliters of whole blood. 

 

 

3.2.5 S100B detection 
S100B concentration was detected by measuring the OD of each experimental run 

according to the ELISA well plate design. A calibration curve was found for the 

standardization of the ELISA test (Figure 3-7 a). The model was suitable for the 

experimental results since its coefficients were significant, and no structure was found on 

its residuals. The correlation between S100B concentrations using plasma obtained from 

standard centrifugation and the BPS device was equal to 0.98031 (Figure 3-7 b), 

suggesting that the BPS device could be used as an alternative for plasma separation in 

the conditions defined on this work. Environmental factors (temperature and humidity) were 

also measured during plasma separation by both methods. No significant correlations were 

found between OD and temperature (p-value 0.88, Correlation coefficient 0.048) and OD 

and humidity (p-value 0.80, Correlation coefficient -0.078) from separated plasma using the 

BPS device.  

Statistical T-tests were carried out between the S100B concentration results obtained with 

conventionally separated plasma and plasma coming from the BPS device at each defined 

S100B concentration (Table 3-3, 3-4, and 3-5). The standardized skewness for each T-test 

was within the (-2,2) range, so samples could be considered to come from normal 

distributions. No significant differences were found in the sample variances using F tests, 

and no structure was found in the residual plots. Considering that the T-test p-values were 

higher than 0.05, the null hypothesis could not be rejected. Thus, there were no statistically 

significant differences between the means of the two samples at each evaluated S100B 

concentration. 
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Figure 3-7. Regression models for the ELISA test. A) Calibration curve for standard ELISA 
measurements. B) Correlation model for S100B detection values obtained using 
centrifugation and the BPS device. 

a 

 
b 
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Table 3-3. Statistical comparison of conventional and paper-based BPS for measuring 
S100B at 316 pg/mL using ELISA. 

 S100B concentration using ELISA 
Experimental run Centrifugation BPS device 

1 138.474 167.56 
2 126.84 266.451 
3 202.462 91.9369 

Mean 155.925 175.316 
Standard deviation  40.71 87.515 

Skewness 1.11323 0.279786 
 Test P-Value 

F-test 𝑯𝟎: 𝝈𝟏 = 𝝈𝟐, 𝜶 = 𝟎. 𝟎𝟓 4.61913    0.355927 
T-test 𝑯𝟎: 𝝁𝟏 = 𝝁𝟐, 𝜶 = 𝟎. 𝟎𝟓 0.347948 0.745418 

 

Table 3-4. Statistical comparison of conventional and paper-based BPS for measuring 
S100B at 562 pg/mL using ELISA. 

 S100B concentration using ELISA 
Experimental run Centrifugation BPS device 

1 371.159 400.245 
2 417.696 435.148 
3 382.793 347.891 

Mean 390.549 394.428 
Standard deviation  24.2187 43.9184 

Skewness 0.914545 -0.41406 
 Test P-Value 

F-test 𝑯𝟎: 𝝈𝟏 = 𝝈𝟐, 𝜶 = 𝟎. 𝟎𝟓 0.304094    0.466368 
T-test 𝑯𝟎: 𝝁𝟏 = 𝝁𝟐, 𝜶 = 𝟎. 𝟎𝟓 -0.13395    0.899911 

 

Table 3-5. Statistical comparison of conventional and paper-based BPS for measuring 
S100B at 1000 pg/mL using ELISA. 

 S100B concentration using ELISA 
Experimental run Centrifugation BPS device 

1 1237.91 1377.52 
2 1191.37 1080.85 
3 1139.02 1278.63 

Mean 1189.43 1245.67 
Standard deviation  49.4734 151.057 

Skewness -0.12437 -0.6613 
 Test P-Value 

F-test 𝑯𝟎: 𝝈𝟏 = 𝝈𝟐, 𝜶 = 𝟎. 𝟎𝟓 0.107266 0.19375 
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T-test 𝑯𝟎: 𝝁𝟏 = 𝝁𝟐, 𝜶 = 𝟎. 𝟎𝟓 -0.612756    0.573162 

 

3.3 Discussion 
This chapter described the development of a paper-based BPS device for S100B detection 

using an ELISA kit. A two-part BPS was obtained by combining a NaCl functionalized VF2 

collection pad with an MF1 detection pad. The VF2 paper provided quick plasma flow and 

high RBC aggregation along its length and near the sample deposition site while 

maintaining low RBC hemolysis and overflow to the MF1 detection pad. Even though the 

separation efficiency of the developed BPS device was lower than the 99% efficiency 

obtained by Lu et al. [42], it was still sufficient for the purposes of this work, given its easy 

fabrication and high plasma yield. 

POC testing devices using whole blood often demand low volume samples to permit fast 

collection with fingersticks. Albeit the BPS design was optimized for separating up to 50 

microliters of plasma, geometric adaptations could be easily achieved to yield lower 

amounts of separated plasma from lower whole blood sample volumes (lower than 200 

microliters) for POC detection of biomarkers by electrochemical techniques that employ 

microfluidic detection wells with less than 20 microliters of volume. Still, the volume of 300 

microliters was found to be optimal for BPS, as it allowed MF1 plasma filling with minimum 

RBC leakage and provided consistent plasma volumes for further S100B detection through 

ELISA. Furthermore, since plasma flow along the BPS device is driven by capillary forces, 

the incorporation of the MF1 detection pad, which could hold up to 60 microliters before 

saturation, was a way to control sample wicking and plasma volume as it inhibited diffusion 

by reducing capillary pressure once it got saturated.  

The statistical correlation of S100B concentrations obtained using plasma from standard 

centrifugation and the BPS device was close to 1, and no statistically significant differences 

were found in the S100B measurements of plasma obtained with the BPS device and those 

by centrifugation. These results suggest that the BPS device could be used as an 

alternative to centrifugation in the experimental conditions defined in this work. 
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3.4 Limitations and future work 
Various limitations should be discussed for the developed BPS device if optimization of the 

technology for commercial applications is desired. Initially, the BPS devices developed in 

this work were tested with whole blood samples from only one donor and spiked with 

clinically relevant S100B concentrations. The effect of hematocrit percentage and the use 

of a statistically sufficient number of TBI patient's whole blood samples containing a wide 

range of S100B concentrations should be the next step for assessing the developed BPS 

device. Similarly, the effect of nuisance factors, such as temperature and humidity, during 

BPS and subsequent S100B measurements on the developed prototype must be 

established in real settings beyond the laboratory. In addition, the effect of the disruption of 

the BBB and other tissue alterations related to TBI and other conditions should be assessed 

as it could change blood content and affect the BPS and the subsequent measurement of 

the biomarker. Sample evaporation should also be considered and mitigated by 

encapsulating the BPS device in future prototypes. The demonstration of successful S100B 

detection in the proposed conditions using ELISA or alternate protein detection and 

quantification techniques could be a step towards maturing the technology for its use in 

POC Testing (POCT), where conventional plasma obtention through centrifugation cannot 

be performed. 

3.5 Routes of technological maturation 
 

A technology readiness level (TRL) 4 (Alpha prototype of paper-based BPS system tested 

performing detection of plasmatic proteins in laboratory settings) was achieved for the 

proposed BPS technology. Considering that the experiments were performed in spiked 

human whole blood samples from a single donor, a lack of information regarding how a 

range of hematocrit percentages in whole blood plasma affects the efficiency of separation 

and plasma flow is evident. Hence, to achieve TRL level 5 (Alpha prototype of paper-based 

BPS system tested using patient’s blood samples in relevant settings), further studies must 

be done using plasma samples from multiple individuals presenting variable degrees of TBI 

and hematocrits to evaluate and optimize the BPS device performance. More detailed 

studies are currently underway to test the BPS device with the above considerations and 

future work is planned for the determination of the BPS device shelf life. 

 





 

 
 

4.  Development of Thin-film Gold 
Interdigitated Electrodes for 
Electrochemical Detection of S100B 

This chapter describes the development of an electrochemical immunosensor for detecting 

and quantifying S100B in spiked human plasma samples. The manufacture of the biosensor 

is based on a zero-length cross-linking approach using EDC on cysteamine to immobilize 

anti-S100B monoclonal antibodies onto the surface of AuIDEs via a carbonyl-bond.  

 
Background 
 
Previous work on POC biosensors for TBI considered the use of three-terminal planar gold 

electrodes. This section addresses the use of thin-film AuIDEs for the detection of the 

S100B protein. The use of two-terminal AuIDEs over conventional planar gold electrodes 

provides a simpler detection platform which could be used as a framework for the 

development of the commercial biosensor pipeline. 

4.1 Materials and methods 
The study was conducted according to the guidelines of the Declaration of Helsinki, and 

approved by the Ethics Committee of Universidad del Norte, Barranquilla-Colombia (act 

number 167, approved on 25-01-2018). 

4.1.1 Electrodes and reagents 
AuIDEs with 180 pairs of interdigitated gold electrodes (5/5 µm, electrode/gap) were 

obtained from Micrux Technologies, Spain. Bovine Serum albumin (BSA), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), PBS, 30% Hydrogen Peroxide, 30% Ammonium 

Hydroxide, and potassium ferrocyanide (III) powder <10um, 99% (702587) were obtained 

from Sigma-Aldrich (US). Cysteamine >98.0% (30070) was purchased from Sigma-Aldrich 

(Brazil). Potassium chloride (P217500) ACS 99.0 a 100% was obtained from Fisher (US). 
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All reagents used were of analytical grade. DW (MiliQ®) was employed to prepare all 

solutions. Recombinant Anti-S100B antibody [EP1576Y] - astrocyte marker, recombinant 

human S100B protein (ab55570), and recombinant human nitric oxide synthase (nNOS) 

(neuronal) protein (ab159005) were acquired from Abcam (US). 

 

4.1.2 Biosensor Construction 
AuIDEs construction comprised three consecutive processes: cleaning, cysteamine 

modification, and surface functionalization (Figure 4-1). AuIDEs were first thoroughly 

cleaned following RCA-1 cleaning protocol by immersion in a 5:1:1 DW, 27% NH4OH, 30% 

H2O2 solution [119] for one minute, and then generously rinsed with DW and dried using 

N₂. An EIS essay was performed in potassium ferrocyanide to assess the cleaning 

efficiency of AuIDEs working surface, which were again rinsed with DW and dried using N₂. 

Cysteamine modification and surface functionalization protocols were optimized for 

AuIDES following the protocols previously reported by the Biotechnology Research Group 

for three-terminal planar gold electrodes as detection platform [33]. 

For cysteamine formation, ten microliters of 0.5M cysteamine in PBS were drop-casted on 

the AuIDEs WE surface and left covered at room temperature (RT) for one hour on a rotary 

machine to improve Au-cysteamine molecular interactions. AuIDEs were then rinsed with 

DW and dried using N₂. Subsequently, a solution of 0.5 M EDC in 10mM PBS (pH 7.4) with 

anti-S100B at 50ug/mL was prepared and vortex mixed every 15 minutes during two hours 

at RT for anti-S100B carboxyl group activation. The zero-length coss-linking 

functionalization of anti-S100B on cysteamine-modified AuIDEs was performed by 

dropcasting ten microliters of the EDC-anti-S100B solution on the AuIDE WEs surface, 

which were then left covered at RT for 12 hours on a rotary machine for anti-S100B 

conjugation to the Au-cysteamine surface. Electrodes were then briefly dipped in 10 mM 

PBS solution three times and carefully rinsed with DW and dried using N₂. An EIS scan 

was then performed with potassium ferrocyanide to characterize the electrochemical 

behavior of the functionalized WEs. AuIDE WEs were then blocked with 10 microliters of 

0.5% BSA in 10 mM PBS and left covered at RT overnight on a rotary machine. Electrodes 

were then thoroughly rinsed with DW and dried at RT for 15 minutes, and an EIS was done 

in potassium ferrocyanide to set a single reference RCT baseline for each AuIDE.  
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Small reagent concentrations were used in this work to reduce manufacturing costs. In 

addition, to avoid undesirable fixation of reagents to the recipient walls, low retention tips 

and tubes were used to dilute, aliquoting, and drop-casting antibodies and crosslinker 

molecules during functionalization and further S100B tests. 

 

Figure 4-1. Graphical abstract of the covalent immobilization of anti-S100B onto AuIDEs 
platforms using a cysteamine/EDC approach. 

 

 

4.1.3 Surface Characterization 
Physical Characterization with AFM 

WEs of AuIDEs were dried at 4°C and a Nanosurf FlexAFM atomic force microscopy (AFM) 

was used to physically confirm the biofunctionalization of the WE surface. A Tap 190AL-G 

tip was employed for randomly scanning regions of 1.7 𝑥 1.7 𝜇𝑚2 on the WEs using dynamic 

mode operation for each step of functionalization. Resulting AFM images were 

preprocessed using Gwyddion® 2.59 software by subtracting mean plane level and shifting 

minimum data value to zero. Gwyddion was also employed for surface topography analysis 

and estimation of surface roughness parameters.  

 

Chemical Characterization 

FTIR 

WEs of AuIDEs were dried at 4°C and a specular reflectance fourier-transform infrared 

spectroscopy (SR-FTIR) was performed using a Nicolet i50 (Thermo Scientific) with the 

wavenumber ranging from 400 to 4,000 𝑐𝑚−1. FTIR spectra for each surface modification 
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(Au/Cys, Au/Cys/Anti-S100B) was obtained by subtracting background spectrum 

corresponding to bare AUIDEs. 

 

RAMAN 

WEs of AuIDEs were dried at 4°C and a Renishaw inVia Raman microscope in the 500 −

3500 𝑐𝑚−1 Raman shift range was used for obtaining RAMAN spectra. A 1800 l/mm @ 532 

nm laser source with 5% of maximum power was used to excite the WEs and a Renishaw 

Centrus 2PK was employed as spectrometer. Raman spectrum counts were passed 

through a mean plane level subtraction and normalization for each functionalization step of 

the AuIDEs surface using Renishaw proprietary software.  

4.1.4 Electrochemical characterization and S100B test 
performance 

EIS was used to characterize each step of the biosensor construction and quantification of 

the S100B protein. S100B tests were performed by drop-casting a small volume of the 

sample on the WE surface of AuIDEs (10uL) and drying at RT. AuIDEs were then connected 

to an M204 potentiostat/galvanostat (Metrohm®), controlled by the NOVA 2.11 software, 

for the electrochemical measurements (Figure 4-2). EIS was conducted using an Autolab® 

FRA32 module, testing in a frequency range of 1 to 10,000Hz for AuIDEs and applying a 

10 mVp analog excitation signal. Variation of RCT was recorded to evaluate changes in 

impedance after 15 minutes of antigen-antibody binding. Electrochemical measurements 

were carried out using 10uL of 10mM K4[Fe(CN)6] in 0.2M KCl as a support solution. 

Typical semicircular behavior in the range corresponding to high frequencies associated 

with the electrode redox probe was observed. S100B spiked human plasma samples 

ranging in 10 to 1,000 pg/mL were evaluated. In all cases, WEs were rinsed with DW after 

15 minutes of antigen-antibody binding, covered at RT. 

Figure 4-2. (a) Set-up of AuIDEs connection to M204 potentiostat/galvanostat using the 
Micrux technologies Drop-Cell connector for S100B measurement. The 10mM K4[Fe 
(CN)6] in 0.2M KCl solution was added just before the measurement is observed. (b) 
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Picture of AuIDEs during one of the functionalization steps. The circular working area is 
defined by SU-8 resin. 

  

(a) (b) 

 

4.1.5 Preparation of spiked human plasma samples 
Human whole blood was obtained from a venipuncture of a healthy donor. Whole blood, 

collected to Gel & EDTA K2 tubes (Improvacuter® 722350202), was then centrifuged for 

30min at 10,000g to remove proteins with molecular weight (MW) over 30 kDa. Human 

plasma was extracted by pipetting and aliquoting in low retention tubes. Each aliquot was 

spiked with corresponding amounts of the S100B protein to obtain aliquots of 10, 31, 100, 

316, and 1,000 pg/mL and, after resuspended, stored at -20 °C in low retention tubes. Each 

spiked human plasma sample was thawed 15 min before the test and resuspended to be 

drop-casted on the AuIDE WE surface. 

 

4.1.6 Design of experiments 
A single-factor DOE was made to assess the effect of S100B concentration on the RCT 

obtained from the EIS of each biosensor. A pilot test was first carried out to estimate the 

natural variability of the sensor platform. Since the initial estimate of the natural variability 

was too high, cleaning and functionalization protocols were optimized, and a pilot was made 

for calculating sample size.  
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The system variance (S²) was estimated from the pilot test for one factor level ([S100B] = 

31pg/mL), with a type 1 error α equal to 0.05 (Table 4-1). The estimated system variance 

(S²) was 190152.2. Sample size (n = 5) was determined using the confidence interval 

estimation method, and the meaningful difference (d), i.e., the size of the clinically relevant 

effect to detect, was established in 1300 Ω. Operating characteristic curves (OCC) were 

used with an increasing number of degrees of freedom (DOF) (replicates) to obtain type II 

error β probability until a statistical power higher or equal to 0.9 was achieved for the given 

sample size. 

 

 

Table 4-1. Sample size calculation for AuIDEs.  

n 𝝓𝟐 𝝓 𝑶𝑪𝑪 (𝒗𝟏) 𝑫𝑶𝑭 (𝒗𝟐) β Power 

3 2.6662852 1.632876363 4 10 0.36 0.64 

4 3.555047 1.885483216 4 15 0.175 0.82 

5 4.4438087 2.10803432 4 20 0.061 0.935 

 

The biomarker S100B was tested in five levels set in a logarithmic scale, using 

concentrations with clinical utility: 10pg/mL (log₁₀= 1), 100 pg/mL (log₁₀= 2), and 1,000 

pg/mL (log₁₀= 3), and two intermediate points according to the logarithm scale: 31pg/mL 

(log₁₀= 1.5) and 316pg/mL (log₁₀= 2.5). The change in charge transfer resistance (ΔRCT) 

was selected as the response variable, and it was defined as the difference between the 

RCT obtained from EIS for S100B testing (tRCT) and the basal RCT (bRCT) obtained from 

EIS on anti-S100B/BSA functionalized WE surface on the same experimental unit since it 

could be used in successive measurements without deterioration of the signal. An HTC-1 

LCD Digital Thermometer Hygrometer was employed to measure temperature and humidity 

for additional experimental runs to check for significant linear correlations between these 

variables and the ΔRCT obtained from the EIS measurements. The results of this 

experiment are found on Appendix A. 
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4.1.7 Statistical analysis 
Statistical analysis was done using both RStudio and Statgraphics Centurion 18. Initially, 

RStudio was used to assess the assumptions of normality, homoscedasticity, and 

independence of residuals to establish statistical validity graphically and analytically. A one-

way Welch ANOVA was applied to check for differences between treatment groups (S100B 

concentrations), followed by Games-Howell as a post-hoc test, and a Pearson correlation 

coefficient was calculated to check for linear correlation between ΔRCT and temperature 

and humidity. Finally, the regression model was developed using Statgraphics Centurion 

18 together with a lack of fit test to determine model adequacy to the response variable. 

Model suitability was established considering global model significance, coefficients 

significance, and analysis of residuals structure. Contour plots were also created to analyze 

response behavior along the region of experimentation. All statistical tests were considered 

significant with a p-value lower than 0.05. 

4.2 Results 
A simple platform for quantifying S100B, based on a zero-length cross-linking 

functionalization with EDC of a monoclonal antibody anti-S100B onto AuIDEs was 

developed using cysteamine for the carbonyl antibody bond. The electrochemical 

responses to the S100B quantification exhibit sufficient sensibility and reproducibility for the 

purposes of this work. 

4.2.1 Surface characterization 
The AFM images taken on (a) AuIDEs and (b) AuIDEs/Cys and (c) AuIDEs/Cys/anti-S100B 

surfaces are shown in Figure 4-3. The RMS roughness (Sq) increases as the surface is 

modified, from 1.14 nm in the bare AuIDEs to 6.17 nm in the anti-S100B functionalized 

electrode. Antibody immobilization is also evidenced by an increase in the median peak 

height from 5.33 nm to 23.14 nm (Table 4-2). 
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Figure 4-3. 2D and 3D AFM topography (a) AuIDEs, (b) AuIDEs/Cys and (c) 
AuIDEs/Cys/anti-S100B. 

a 

  

b 

  

c 

  
 

Table 4-2. AFM parameters for the topographic characterization of each functionalization 
step of S100B biosensors.   

Surface Sq(nm) 1 Sa(nm) 2 Ssk3 Median peak height 
(nm) 
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Au 1.139 0.901 0.1649 5.33 

Au-Cys 1.179 0.921 0.2874 8.23 

Au-Cys-anti-S100B 6.169 4.686 0.7108 23.14 
1 RMS roughness; 2 Mean roughness; 3 Skew. 
 

The FTIR spectra of AuIDE/Cys (red) and AuIDE/Cys/anti-S100B (blue) are exhibited in 

Figure 4-4. The band at 1,255 𝑛𝑚 is due to the C═N and C─N bonds in cysteamine. 

Successful immobilization of the antibody onto cysteamine can be suggested based on the 

FTIR spectrum of AuIDE/Cys/anti-S100B. A band of amide I at ~1,750 𝑛𝑚 can be seen, 

consisting principally of C═O stretching vibration and many overlapping bands that 

represent different structural elements such as alpha-helices and beta-sheets, twists, and 

irregular structures in no specific order [120]. Antibody immobilization is also demonstrated 

by the amide II bands seen between 1,600-1,650 𝑛𝑚, which consist mainly of N–H 

bendings, and bands of S═O at ~1,150 𝑛𝑚 and C–N at ~1,300 𝑛𝑚 [121].  
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Figure 4-4. Specular reflectance FTIR spectra for (a) AuIDEs/Cys (black) and 
AuIDEs/Cys/anti-S100B (green). Bands at 1,255 cm−1: C═N and C─N bonds in 
cysteamine; 1,600-1,640cm−1: amide II, N–H bending; ~1,750 cm−1: amide I band, 
principally of C═O stretching; S═O at ~1,150 nm and C–N at ~1,300 nm.  Both spectrums 
were normalized, and the background was subtracted before comparisons.  

 

 
 

Figure 4-5 shows the Raman spectra for AuIDEs surface after each functionalization step. 

The curve in the Au/Cys/Anti-S100B spectrum between 1000 and 2000 of Raman shift 

shows the possible presence of various types of covalent bonds, be they N-H, C-H C=N, 

although no clear peaks are seen. This shape could therefore correspond to bands of amide 

III at ~1,200 𝑐𝑚−1, C-H at ~1,400 𝑐𝑚−1 and Amide II at ~1,650 𝑐𝑚−1, which are consistent 

to the results found by Oladepo et al. [122] for elucidating protein and peptide bands on 

Raman spectra. Cysteamine peak at ~1,450 𝑐𝑚−1 is consistent with the one found by Vaka 

on Cysteamine-modified gold nanoparticles [123]. In the 500-1000 Raman shift region, the 

observed curve may correspond to the substrate, in this case gold, which shows lower 

counts as the electrode surface is modified with organic molecules in the Au/Cys and 

Au/Cys/Anti-S100B spectra. 
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Figure 4-5. Raman spectra for each step of functionalization.  

 

 

4.2.2 Electrochemical characterization 
Interface properties of WE surfaces of AuIDEs were also evaluated through EIS. Since anti-

S100B and additional molecular components of the grown biofilm are not highly conductive, 

a steric hindrance blocking the electron transfer of K₃[Fe(CN)₆]³⁻/ ²⁻ is formed, resulting in 

an increment of RCT proportional to the growth of the biofilm layer by layer in AuIDEs, as 

shown in Figure 4-6. There was also an increase in RCT when the anti-S100B 

functionalized surface was blocked using 0.5% BSA, so this value was the one that was 

finally used as basal RCT for subsequent measurements of S100B. These data are 

consistent with the results of surface characterization by FTIR, RAMAN and AFM, 

confirming the correct immobilization of the antibody. The individual bRCT of each AuIDE 

was used as a reference for the S100B tests. 

 

 

Figure 4-6. Nyquist plots for the consecutive steps of functionalization in AuIDES. An 
increment of RCT proportional to the growth of the biofilm is observed in the platform.   

 

Organic molecules 

Inorganic 

substrate  

N-H, C-H and C=N 
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4.2.3 S100B detection 
EIS measurements of S100B were performed in spiked human plasma samples to evaluate 

a possible future application of these biosensors in medical diagnosis. Data collected from 

EIS spectra in the presence of 10mM K₃[Fe(CN)₆] redox probe for the quantification of 

S100B were assessed, exhibiting non-homogeneity of variance, and a normal distribution 

for the response variable (ΔRCT) was observed. The analysis of variance (Welch-ANOVA) 

and the post hoc analysis showed statistically significant differences in the ΔRCT signal 

between each tested concentration (p < 0.05). Non-significant correlations were found 

between ΔRCT and temperature (p-value 0.42, Correlation coefficient 0.31) and ΔRCT and 

humidity (p-value 0.52, Correlation coefficient 0.25).  

 

Figure 4-7 shows the boxplot of ΔRCT for the tested range. Figure 4-8 shows the EIS 

spectra obtained for the quantification of S100B in the same range of detection. The basal 

signal corresponds to the AuIDE/Cys/anti-S100B/BSA without plasma addition, while 

negative control refers to plasma without S100B. A proportional increment was consistently 

observed in the ΔRCT with the successive increments of the S100B concentration.   

Figure 4-7. Boxplot of AuIDEs experimental results in spiked human plasma samples for 
the quantification of S100B in the 10 - 1,000pg/mL range. Significance (Games-Howell 
test): p < 0.01 (*); p < 0.001 (**); p = 0.000 (***). 
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Figure 4-8. Nyquist plots of AuIDEs experimental results in spiked human plasma samples 
for the quantification of S100B in the 10 - 1,000pg/mL range.  

 

The reproducibility of the biosensor was tested by performing five independent 

measurements of [S100B] = 100 pg/mL. The response of electrodes (ΔRCT) was consistent 

and showed a relative standard deviation (RSD) of 23.32%, indicating good reproducibility 

of the S100B detection (Table 4-3). 

Table 4-3. Assessment of the reproducibility of the response variable (∆RCT) in AuIDEs 
through the estimation of the relative standard deviation (RSD). 

Log[S100B] Mean (Ω) SD RSD (%) 

1 1494.6 244.2 16.3 

1.5 2772.2 390.0 14.1 

2 7806.6 1629.0 23.3 

2.5 16781.6 1516.4 9.0 
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4.2.4 Calibration curve 
The response of the platform in the linear detection range between 10 and 316 pg/mL is 

modeled by the regression equation y = 1,593.48+ 49.1927 * x (n = 5), where x is the 

concentration of S100B (pg/mL) in real scale and y the change in RCT (ΔRCT) measured 

in Ohms (Figure 4-9). Each point on the calibration curve represents each independent 

measurement, and the error bar represents the standard error of the mean. The values for 

S100B=1,000 pg/mL were not included since they showed a striking increment of ΔRCT, 

which led to a marked increase in the slope of the calibration curve.  

Figure 4-9. Calibration curve for S100B in spiked human plasma using AuIDEs. y = ΔRCT; 
x = [S100B] (pg/mL). 

 
 

 

4.2.5 Limit of detection 
The LOD was determined by equation (4-1), as follows:  

 

3 31497.8 2384.7 7.6 
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𝐿𝑂𝐷 =
3.3 𝑆𝐷

𝑚
 (4-1) 

 

where SD is the average standard deviation of the response, and m is the calibration 

sensitivity, determined by the slope of the calibration curve. The limit of detection (LOD) 

obtained for AuIDEs was 29 pg/mL. In addition, the results from EIS experiments comparing 

the ΔRCT response at the lower concentration sample in plasma (P1) against blank plasma 

(P0) exhibited a statistically significant difference (p < 0.01) (Figure 4-10). 

4.2.6 Specificity and non-specific binding 
Figure 4-10 exhibits adequate specificity of the biosensor when the EIS is performed using 

the anti-S100B functionalized AuIDEs against a different analyte. For this experiment, the 

nNOS enzyme, another known biomarker for brain injury, was selected as the test analyte 

and spiked to the plasma samples to obtain a concentration of 1,000pg/mL. No significant 

differences between the nNOS tests and the basal signal were found (p = 0.85).  

 

To evaluate the nonspecific bindings of the analyte in plasma samples to the BSA blocked 

surface, a newly prepared AuIDE/Cys/BSA electrode was used and compared against the 

higher concentration of S100B studied in this work. No significant statistical differences 

were found between the RCT in the BSA-blocked surface and the RCT after the addition of 

S100B 1,000pg/mL using AuIDEs (p = 0.98).  

 

Figure 4-10. Control tests comparing the RCT in AuIDEs biosensors; B = basal RCT in the 
anti-S100B functionalized AuIDEs; nNOS = RCT for the nNOS (1,000pg/mL) tests using 
the anti-S100B functionalized AuIDEs, indicating good specificity; P0 = plasma blank, P1 = 
the lowest tested S100B concentration (10pg/mL). NSB1 = the basal RCT signal in the 
AuIDE/Cys/BSA electrode. NSB2 = RCT after the addition of S100B at 1,000pg/mL to the 
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AuIDE/Cys/BSA electrodes, indicating the nonspecific bindings to the blocked platform in 
the absence of anti-S100B. 

 

4.2.7 Single-frequency analysis 
Considering the semicircular behavior observed in the Nyquist plots of EIS experiments for 

the proposed platform, a single frequency analysis (SFA) was developed to facilitate the 

monitoring of the biosensor response. The capacitance at each frequency was determined 

by equation 4-2, which is given by: 

 

𝐶 =
1

2π f Z′′
 (4-2) 

 

Where Z" corresponds to the value of the imaginary portion of the impedance (measured 

in Ohms) obtained from the EIS at frequency 𝑓 for each experimental run. The percentage 

change in capacitance vs. base value (ΔC) was defined as: 

 

ΔC(%) =
|𝐶𝑏 − 𝐶𝑖|

𝐶𝑏
100 (4-3) 

 

where 𝐶𝑏 is the base capacitance obtained after BSA immobilization on the electrode 

surface, and 𝐶𝑖 is the capacitance obtained for each measurement at specified S100B 
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concentrations. Figure 4-11 shows ΔC with the defined S100B concentration using specific 

frequencies between 1 and 10,000 Hz in a logarithmic increment. At 𝑓 =  31.6 𝐻𝑧, we see 

a continuous increase of ΔC as S100B concentration increases.  

 

Figure 4-11. Capacitance analysis of the AuIDEs-S100B biosensors using SFA. 

 
A One-way ANOVA for 𝑓 = 31.6 𝐻𝑧 was performed to check significant differences between 

ΔC means for S100B concentrations between 10 pg/mL and 1,000 pg/mL. The assumptions 

of normality, homoscedasticity, and independence of residuals were assessed before the 

analysis of variance. Significant differences in ΔC at 𝑓 =  31.6 𝐻𝑧 were found between each 

S100B concentration. Thus, ΔC at a single frequency could also be used as a measurement 

for quantifying S100B in AuIDEs.  

A linear regression model was obtained for relating the concentration of S100B (pg/mL) 

and the interface ΔC at 𝑓 =  31.6 𝐻𝑧 (Figure 4-12). As in section 4.2.4, the values for 

S100B=1,000 pg/mL were not included because they showed a non-linear increment of 

capacitance, which led to a marked increase in the slope of the calibration curve.   
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Figure 4-12. Calibration curve for SFA of S100B in spiked human plasma using AuIDEs. y 
= ΔC (%); x = [S100B] (pg/mL). 

 
 

4.3 Discussion 
This work has developed a simple and scalable chemistry for surface modification in a gold 

interdigitated electrode system aimed at providing a more straightforward method to 

fabricate and perform accurate quantifications of TBI-associated blood biomarkers with an 

AuIDE/Cys/anti-S100B biosensor. A simple platform for the immobilization of the 

monoclonal antibody via carbonyl bond was successfully developed following the EDC 

zero-length cross-linking approach onto cysteamine grown on gold electrodes through the 

formation of stable Au-S bonds. 

In general, an acceptable global performance was obtained for AuIDEs constructed S100B 

biosensors in terms of stability, specificity, and reproducibility. As expected, given the 

higher steric hindrance due to the anti-S100B and S100B protein interaction as S100B 

concentration increases, and electrostatic repulsive forces between the S100B and 

negatively charged redox species in support solution (10mM K4[Fe(CN)6] in 0.2M KCl) 

[124], a proportional increment was consistently observed in the RCT to the successive 
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increments in S100B concentration for the tested platform. High specificity was also found 

on the developed biosensor, demonstrated by a non-significant change in the signal when 

a different analyte was tested, most likely associated with the use of monoclonal antibodies.  

The use of AuIDEs offers various advantages to facilitate further industrial development 

and commercialization of electrochemical immuno-biosensors. First, a simple cleaning 

protocol (RCA-1) before functionalization is feasible for AuIDEs, avoiding expensive 

reagents and considerably reducing the time required. Secondly, AuIDEs possess a small 

planar detection area, which allows smaller cell volumes, thus reducing the quantity of 

antibody solution needed for biosensor functionalization without a negative impact on the 

biosensor performance. In third place, the basal signal in AuIDEs can be set for each 

electrode just before the analyte detection. This fact can increase the assays' accuracy and 

reduce the variance and the global error with the AuIDEs approach.  

Higher sensitivity and lower LOD are remarkable advantages of AuIDEs over conventional 

planar gold electrodes (AuEs) based biosensors [33]. In addition, AuIDEs electrodes do not 

require a reference electrode for analyte detection during impedance measurements, 

making the further development of a POC system easier, with fewer operational amplifiers 

as well as a simpler equivalent circuit model, when compared to conventional planar AuEs 

(Figure 4-13). The consistent semicircular behavior of the Nyquist diagram in AuIDEs, 

instead of the typical slope caused by the warburg resistive component at low frequencies 

when using a three electrodes system as in AuEs, also allows a more straightforward 

analysis through semicircle fit to estimate the RCT, or even to perform SFA, either for the 

real component of impedance or for the double-layer capacitance (CDL). 

 

 

 

 

 

 



72 Point-of-care device prototype for the detection, quantification and monitoring of S100B 

 
Figure 4-13. Schematic representation of the equivalents circuits for the Nyquist plots 
obtained from EIS performed using (a) AuEs biosensors, corresponding to a typical 
Randles circuit and using (b) AuIDEs in which a simplified Randles circuit fit the plot. Rs, 
solution resistance; RCT, charge-transfer resistance; CDL, double-layer capacitance; Zw, 
Warburg impedance. 

 

 

(a) (b) 
 

While EIS usually takes between two and four minutes, SFA provides a faster detection, as 

only one frequency point is used to find surface capacitance change. This attribute could 

be employed for performing non-faradaic electrochemical measurements, where sample 

evaporation is usually present with microfluidics. 

Even though many other studies report a wider range of detection and lower LODs (see 

Table 2-2 in section 2.2), this work demonstrates an effective detection of S100B in a 

clinically relevant range in TBI patients, considering that plasmatic S100B concentrations 

lower than a cutoff of 100pg/mL [73] ruled out the presence of bleeding in the CT, while 

levels below 30pg/mL ruled out BBB disruption [74]. Furthermore, many of the sensors 

found in the literature exhibit limitations for a fast analysis due to the requirement of 

sandwich-type immunoassays and fluorescent labels. Label-free and simple 

functionalization chemistry are valuable features of our biosensor, which provides a 

promising alternative for the fast analysis of biomarkers, even for very small sample 

volumes [63].   
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4.4 Limitations and future work 
Further studies are needed to identify nuisance factors affecting the electrochemical 

measurements, such as temperature, humidity, electrical noise, and tests in real settings 

beyond the laboratory. In addition, the inability to measure S100B directly in plasma 

samples without the need for additional redox probes should be circumvented in future 

iterations of the developed biosensor platform so that electrochemical detection can be 

made in a non-faradaic manner. More detailed studies are now underway to implement 

non-faradaic electrochemical measurements using AuIDEs since the use of a redox 

solution could represent a limit for scaling the technology to a marketable stage.  

Similar to the BPS device, proper encapsulation of the biosensor platform should be 

performed and optimized for POCT. Future work is planned to determine the shelf life of 

the biosensor in both real and laboratory settings. 

 

4.5 Routes of technological maturation 
 

A TRL 4 (Alpha prototype of S100B detection system tested with S100B spiked blood 

plasma sample in laboratory settings) was achieved for the proposed technology. 

Considering that the experiments were performed in spiked human plasma samples from 

a single donor, a lack of information about how different plasma components, such as blood 

hematocrit content, affect the biosensor function is evident. Hence, to achieve TRL level 5 

(Alpha prototype of S100B detection system tested with TBI patient’s blood plasma samples 

in relevant settings), it is necessary to develop further studies using plasma samples from 

multiple individuals presenting variable degrees of TBI, both with and without other 

concomitant pathologies, and evaluate the reproducibility and specificity of the developed 

biosensor.  

 





 

 
 

5.  Design and Development of a Portable 
Potentiostat for the Detection of S100B 
using Electrochemical Impedance 
Spectroscopy 

 

This chapter describes the development of a fully open-source modular, low-cost 

potentiostat capable of performing EIS for the electrochemical detection and quantification 

of the S100B protein biomarker captured in a two-electrode platform, referred to from now 

on as TBISTAT. The overall design approach is inspired by the component selection, 

layout, and firmware design of Ainla [113] and Jenkins [111]. However, the design has been 

made modular to allow easy component changes according to the application demands in 

power, frequency excitation ranges, wireless communication protocol, signal amplification 

and transduction, precision, and sampling frequency of the analog-digital converter (ADC), 

among others. TBISTAT features an independent impedance analyzer circuit, using the 

AD5933 exclusively as a signal generator with a programmable external clock, and can be 

interfaced with both Bluetooth B2.0 and BLE modules. In addition, the true 12-bit inbuilt 

ADC of its MCU and active hardware and digital filter reduces current variance during ADC. 

TBISTAT is also controlled by an Android smartphone application that performs a 1000-

point real Fast Fourier Transform (FFT) of a non-integer number of cycles over sample 

periods to achieve low-spectral leakage transformation for logarithmic frequency points.    

 

The TBISTAT functionality is assessed and validated by conducting EIS on three 

experimental systems: An AUTOLAB dummy cell circuit composed of a 100 Ω resistor in 

series with the parallel circuit of a 1μF ceramic capacitor and a 1 KΩ resistor; Bare thin-film 

AUIDEs drop-casted with 10uL of 10mM K4[Fe(CN)6] in 0.2M KCl solution; Anti-S100B 

functionalized thin-film AUIDEs exposed to 316 pg/mL of S100B spiked human plasma 

samples, and drop-casted with 10uL of 10mM K4[Fe(CN)6] in 0.2M KCl as support solution. 
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EIS results from the developed potentiostat were validated with an Autolab/M204 benchtop 

potentiostat by comparing impedance magnitude and phase values along the EIS 

frequency range and through a T-test that compared means of ΔC using SFA.  In addition, 

an experimental design was performed for detecting S100B in spiked human plasma 

samples with S100B concentrations of clinical utility (31pg/mL, 100 pg/mL, and 316pg/mL) 

using the change in charge transfer resistance (ΔRCT) as the response variable. A one-

way Welch ANOVA was applied to check for differences between treatment groups (S100B 

concentrations), followed by Games-Howell as a post-hoc test. A regression model 

(calibration curve) was developed together with a lack of fit test to determine model 

adequacy to the response variable.  

 

The use of minimal, modular, easy acquirable open-source hardware and software, 

together with high-level filtering, low-cost, accurate ADC, smartphone-executed FFT, 

adequate analog/digital ground/power planes, wireless communication, and a simple user 

interface, makes the TBISTAT a framework for facilitating EIS analysis for POC applications 

such as S100B detection and provides new opportunities for the development of affordable 

diagnostics, sensors, and wearable devices. To our knowledge, this is the first portable 

potentiostat entirely built for measuring S100B concentration on plasma samples using EIS. 

The open-source nature of this work encourages users to optimize the proposed design for 

their purposes and needs. 

5.1 Materials and methods 
The study was conducted according to the guidelines of the Declaration of Helsinki, and 

approved by the Ethics Committee of Universidad del Norte, Barranquilla-Colombia (act 

number 167, approved on 25-01-2018). 

5.1.1 Electrodes and reagents 
AuIDEs with 180 pairs of interdigitated gold electrodes (5/5 µm, electrode/gap) were 

obtained from Micrux Technologies, Spain. BSA, EDC, PBS, 30% Hydrogen Peroxide, 30% 

Ammonium Hydroxide, and potassium ferrocyanide (III) powder <10um, 99% (702587) 

were obtained from Sigma-Aldrich (US). Cysteamine >98.0% (30070) was purchased from 

Sigma-Aldrich (Brazil). Potassium chloride (P217500) ACS 99.0 a 100% was obtained from 

Fisher (US). All reagents used were of analytical grade. DW (MiliQ®) was employed to 
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prepare all solutions. Recombinant anti-S100B antibody [EP1576Y] - astrocyte marker and 

recombinant human S100B protein (ab55570) were acquired from Abcam (US). 

5.1.2 Biosensor construction and sample preparation 
Biosensor construction and sample preparation protocols are the same as those described 

in chapter four of this document. 

5.1.3 High-level representation of the system 
Figure 5-1 shows a general representation of the system. The proposed design features a 

lithium-ion polymer battery (LiPo) with a boost circuit that powers a Teensy LC MCU and 

an HC06 Bluetooth 2.0+EDR (B2.0) module. The MCU powers a 3.3 V digital-analog front-

end potentiostat circuit (PC), which interfaces with an Android application running on a 

smartphone (or a tablet) using the BM connected to the MCU. The smartphone provides a 

user interface to wirelessly connect with the MCU via Bluetooth, calibrate the device 

impedance measurements, perform EIS on the electrochemical two-electrode biosensor 

platform, and display the impedance measurements in a real-time Nyquist plot as EIS 

experimental runs take place on the biosensor platform.  During an EIS measurement, the 

PC excites the electrochemical cell, which in turn generates an electrochemical output 

current (EOC) which is transduced and amplified using a transimpedance amplifier (TIA) 

and acquired with the Teensy LC ADC.  The Teensy LC MCU sends digitalized acquisitions 

to the smartphone app via Bluetooth, and a real-time FFT of the incoming data is performed 

in the Android application, which results in amplitude and phase data for each frequency 

point in the EIS frequency spectrum. The Nyquist plot is constructed in real-time as each 

FFT is done during the excitation of the electrochemical biosensor system. The S100B 

concentration is obtained by calculating the ΔRCT from the EIS using a regression model 

which relates ΔRCT to the S100B concentration. Once EIS is completed, the Android 

application shows the value of S100B concentration and information regarding possible 

brain injury related to the found S100B concentration. 
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Figure 5-1. General representation of the system components. 

 

 

5.1.4 Hardware design  
In this section the different hardware elements comprising the developed potentiostat are 

presented.   

LiPo battery boost, charger, protection circuit module 

A 3.7 V, 1000 mAh lithium-ion polymer battery (LiPo) was used as a power supply for the 

BM and MCU. The PC is powered by a 3.3 V low-dropout regulator (LDO) inherent to the 

MCU. Considering that the MCU and BM require a 5 V voltage supply and that LiPo 

batteries are rechargeable and have a significant risk of igniting if a short circuit happens, 

a boost, USB charger, short-circuit protection circuit was employed to fulfill these purposes. 

Additional details are found in Appendix C. 

 



Chapter 5. Portable potentiostat for the detection of S100B 79 

 
Wireless communication with Bluetooth module 

The TBISTAT communicates with a smartphone or a tablet using either the wireless BLE 

protocol or B2.0. A host program in the smartphone receives the input parameters of the 

experiment from the user, communicates the experimental protocol to the TBISTAT, 

receives the raw data (ADC) of the EIS measurement, and visualizes it for the user in a 

real-time Nyquist plot. The modules HC06 and HM-10 were used for performing wireless 

communication between TBISTAT and a smartphone.  

Communication between BMs and MCU is done using the universal asynchronous 

receiver/transmitter (UART) interface, which is a block of circuitry responsible for 

implementing serial communication using two channels, one for transmission (Tx) and one 

for reception (Rx). Both modules permit serial transfer as high as 115200 Bauds. Additional 

details about the BMs technical specifications are found in Appendix C. 

MCU 

A Teensy LC MCU was employed as the control unit for the developed potentiostat. This 

MCU features an ARM Cortex-M0+ processor at 48 MHz, 62K Flash, 8K RAM, 12-bit analog 

input & output, hardware Serial, 400 KHz I2C, USB, and a total of 27 Input-output (IO) pins. 

Teensy LC flash memory programming is achieved by the Teensy Loader application, 

which is compatible with the popular open-source Arduino IDE. Hence, code can be written 

and compiled in Arduino and automatically uploaded using the Teensy loader application, 

requiring only a USB connection between the MCU and a computer. 

Teensy LC processor speed and 12-bit ADC allows interrupt-driven ADC with sampling 

rates as high as 200 KHz, greatly surpassing the sampling criterion defined in the Nyquist–

Shannon sampling theorem for a 10 KHz signal [125]. In addition, the presence of multiple 

Digital IOs and fast UART allows controlling multiple analog switches and fast serial 

transfer. The 8K RAM allows allocation of up to 2000 unsigned 16-bits integers for each 

EIS frequency measurement point for sufficient FFT frequency resolution [126]. I2C 

communication is employed for controlling the SI5351 clock generator IC and the direct 

digital synthesizer (DDS) AD5933 IC. The former capabilities are not fully met by Ainla et 

al. RFDUINO MCU [113] or Jenkins et al. ESP12S MCU [111] without including additional 

ICs (like peripheral ADC IC or addition I/O ports for ESP12S, or MCU change for higher 

processor speeds (RFDUINO)) which increase manufacturing costs and device size. The 
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circuit schematics and design description of the MCU module board are found in Appendix 

C. 

Digital-analog front-end potentiostat circuit 

Figure 5-2 shows an overall circuit schematic of the PC. The digital-analog front-end circuit 

comprises three modules: The AC excitation signal design module made up of the clock 

generator IC, the DDS, and the signal conditioning circuit; The PC module made up of 

analog switch ICs, TIA circuit, and signal filtering circuit; and the mixed-signal grounding 

module. 

Figure 5-2. Potentiostat circuit with TIA circuit. Analog switches (MAX4641 and ADG704) 
are controlled by Teensy LC (not shown) and isolate the electrochemical cell. The TIA gain 
is controlled by one of four resistors selected by the ADG704 switch. 

 

The generation of an AC signal from DC voltage sources relies on the adequate use of a 

DDS IC. Similar to previous studies [111,116], The TBISTAT employs the AD5933 network 

analyzer IC, which consists of a 27-bit direct digital synthesis (DDS) sine excitation voltage 

generator, a digital-to-analog converter (DAC), and a programmable gain amplifier (PGA) 

which determines the AC signal amplitude in four possible ranges [127].  
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The AD5933 can produce 1KHz-100KHz AC signals without any external components. For 

the excitation signal frequency to go below 1 kHz, the clock that drives the AD5933 must 

be scaled down. Similar to the implementation made by Zhang et al. [116], this work uses 

the S5351A IC as a clock generator connected to the external clock pin on the AD5933, 

which allows an excitation bandwidth increase between 1 Hz - 100Khz.  

During EIS, electrochemical systems are commonly perturbed with AC excitation voltages 

of about 5 to 10 mVp to preserve the linear behavior of the EOC [128]. Potentials as small 

as 2 mVp and as large as 20 mVp have been employed [129]. The AD5933 can produce 

AC signals with four preprogrammed AC amplitudes and DC-bias voltages which, if not 

corrected, could induce polarization across the electrochemical cell under test and 

significantly alter the impedance response of the system by inducing a DC component in 

the EOC [127]. Therefore, a high pass filter/amplitude reduction circuit was designed to 

cancel the DC component and achieve a 10 mVp, 3.3/2 VDC, biased excitation signal. This 

circuit induces a DC bias of 3.3/2 V to provide a reference DC voltage via a simple voltage 

divider circuit, also known as virtual ground voltage (VGV). This feature allows the AC signal 

component to swing around the middle of the 0-3.3V range for a unipolar power supply (0 

to 3.3V). An operational amplifier (OAMP) was used as a buffer of the filtered signal and for 

low output impedance (less than 1 Ω).  This way, using the above circuit, only one OAMP 

is needed to attain filtering, amplitude reduction, VGV, and low output impedance of the 

excitation signal. To isolate high-frequency harmonics from wireless communication and 

the AD5933 MCLK itself, a 100 KHz two-pole SKLPF was implemented in a second OAMP 

circuit.  

Two high-speed, low-voltage analog switches (MAX4641 IC) are employed and controlled 

by the EIS digital control signal coming from the MCU for isolating the electrochemical cell 

counter, reference, and working electrodes. During an EIS measurement, EIS output is set 

high, which closes the MAX4641 analog switches, and the AC excitation signal perturbs 

the electrochemical cell. Even though the AD5933 IC is capable of performing transduction 

of the EOC through an embedded TIA and executing a DFT itself for the obtention of phase 

and magnitude values of the analyzed impedance, previous works have noted the presence 

of significant errors arising from DC and AC spectral leakage given by the limitations of the 

AD5933 impedance analyzer implementation [127,130–133]. Among them, discontinuities 

in the test phasor, DC and AC leakage, and overall inability to measure impedance at low-

frequency signals (less than 2 KHz) for nonlinear non-resistive loads have been reported, 
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which are crucial since they usually correspond to circular portions of Nyquist plots in many 

electrochemical systems. AD5933 performs a single-point DFT, meaning that the analysis 

or correlation frequency in its core is always at the same frequency as the current output 

excitation frequency. If the input signal period over the 1024-point sample interval is an 

integer, there will be a smooth transition from the end of one period to the beginning of the 

next one. However, if this condition is not met, there will not be a smooth transition between 

beginning and end, and spectral leakage will ensue. As explained by Matsiev et al. [133], 

the errors reported in the literature are erroneously attributed to spectral leakage and could, 

instead, be the result of the discontinuity in the test phasor, which induces DC and AC 

leakage. The conventional calibration produces a single multiplicative gain factor that leads 

to substantial errors and undue disappointment in the device performance [132], especially 

at the lower end of the operating frequency range, which could explain the unreliability of 

Jenkins et al. ABE-Stat at frequencies below 2 KHz [111].  

For the above reasons, this work discards using the AD5933 impedance analyzer circuit 

and proposes that the EOC is transduced by an electrometer grade amplifier (LMP7721 

IC), whose output voltage amplitude is controlled by one of four resistors selected by the 

analog multiplexer ADG704 IC. Similar to the high-pass filter circuit used in the AC 

excitation signal design module, a 3.3/2 V VGV is fixed on the positive input of the TIA via 

a simple voltage divider circuit. This circuit ensures low DC bias between the input 

excitation signal and output voltage of the TIA, which is a sufficient condition for EIS of the 

ANTI-S100B functionalized AUIDEs to detect S100B, as seen in Rodriguez et al. [33]. The 

TIA voltage signal passes through a fourth-order 10 KHz SKLPF for high-frequency noise 

filtering using an LMP7702 OAMP IC. The cutoff frequency is determined following the EIS 

measurement specifications established by Rodríguez et al. [33] for S100B detection, and 

the ADC conversion is performed using the MCU ADC. Additional details about the PC 

design are found in Appendix C. 
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5.1.5 Software design 
An Android application was developed to interface with the MCU firmware over either B2.0 

or BLE protocols. The used libraries have GNU General Public License v3, which permits 

unrestricted use for software development.    

Using the firmware developed for RFDUINO by Ainla et al. [113] as a reference, the Teensy 

LC main loop is equipped to listen, interpret, and execute the commands sent by the 

smartphone in the string format. The MCU serial module receives serial commands in the 

above format from the Android application for setting AD5933 external clock frequency, 

number of FFT points to acquire, TIA gain resistance, DDS word for AC excitation, sampling 

frequency, and initializing EIS scans. 

The user interface of the Android application comprises only two buttons (connect and 

start), a checkbox for calibration, and a text input space for selecting calibration resistance 

value. The user initially presses the connect button to establish a Bluetooth connection 

between the smartphone and the BM connected to the MCU. When the start button is 

pressed, the smartphone configures MCU for EIS and starts measuring each frequency 

point. If the Calibration checkbox is checked before pressing start, the user must input a 

number corresponding to the calibration resistance to be used. Then, the smartphone 

performs calibration of system phase and magnitude for each EIS frequency for the defined 

calibration resistance. When data coming from BM is received, an FFT is performed. If the 

user is performing calibration, the magnitude and phase are stored on an excel file. If the 

user is performing a conventional measurement to detect the S100B biomarker, a Nyquist 

plot is displayed in real-time as FFT on each EOC received data is performed. Once EIS is 

finished, ΔRCT of the EIS is calculated for finding S100B concentration, which is shown 

together with TBI diagnosis support information. Additional details of the software 

implementation of the EIS measurements, MCU firmware and Android Studio application 

code are discussed in Appendix C. 

5.1.6 S100B regression model and TBI support information 
There is no straightforward way to obtain RCT from a Nyquist plot since it is difficult to 

define an electrochemical model that accurately fits the impedance data. Only proprietary 

software for this purpose is found in the literature, which would restrict TBISTAT use. 

Hence, a simple linear regression model of the lowest three frequency points of the Nyquist 
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plot is automatically performed on the Android application to obtain an approximate RCT at 

y=0 at the end of the EIS. The calibration model of ΔRCT vs S100B using AUIDEs is used 

for determining sample S100B concentration. The value of the S100B concentration is then 

shown together with TBI classification and treatment support information for the health care 

professionals, which is based on previously reported results about the clinical utility of 

S100B for diagnosis and treatment of TBI [134,135]. 

5.1.7 Prototype fabrication 
Circuit schematics and printed circuit board (PCB) designs were made in the free web-

based electronic design automation (EDA) suite EasyEDA. The PCB designs can be found 

in Appendix C. PCB fabrication was done by JLCPCB (China) upon sending the Gerber 

files of each designed PCB.  

A surface mount technology (SMT) screen printing stencil was also ordered from JLCPCB 

for each PCB. Circuit components were acquired from Digikey (USA), LCSC (China), and 

AliExpress (China). PCB passive components assembly was performed via manual 

soldering, while ICs were soldered by screen printing liquid solder using the provided SMT 

stencils, followed by heating with a temperature-controlled hot air gun of a VIVO HOME 

892D solder rework station (USA). The bill of materials (BOM) for each PCB is found in 

Appendix C. 

5.1.8 System calibration 
Calibration of each TBISTAT is done under the assumption that system phase and 

magnitude are properties that depend on the accuracy of the VGV used for EIS (≈ 1.65 V 

for 3.3 V DC supply), the frequency response of the PC for the excitation signal frequency 

range, and the intrinsic variability of the functionality of the passive and active components 

that constitute the PC. In order to find system impedance, the magnitude and phase of the 

EOC produced by a two-terminal cell must be measured with a known resistor value since 

it does not alter the system phase as it is a non-capacitive or inductive load. Using the FFT, 

TBISTAT estimates a signal magnitude and phase of the frequency bin corresponding to 

each AC excitation signal frequency. This magnitude is stored and related to the resistor 

value and the measured phase. Care must be taken to ensure that the signal magnitude 

acquired for the defined resistor is unsaturated (less than 1.6 AC voltage amplitude with 
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respect to reference VGV) and shows a high signal-to-noise ratio (at least 50 mV of AC 

voltage amplitude with respect to VGV). Calibration must be done using as many resistor 

values as possible to achieve high precision throughout the impedance detection range for 

all available settings [111]. In this work, 103.5 Ω,141.9 Ω, 238 Ω, 393 Ω, 601 Ω, 1183 Ω, 

1360 Ω, 1830 Ω, 2960 Ω, 5530 Ω, 11330 Ω, 12980 Ω, 15600 Ω, 18200 Ω, 24300 Ω, and 

33200 Ω resistors were used for calibration. Resistors of 1183 Ω and 11330 Ω are used for 

both the upper and lower limits of impedance measurement ranges of the 10 KΩ and 100 

KΩ TIA resistances, respectively. Hence, a total of 18 resistors were employed for 

calibration. Therefore, calibration of the impedance measurements (system magnitude and 

phase) was done for a total of 18 different settings (one possible AC amplitude peak of 10 

mVp, three different TIA gain resistances for measuring impedances between 100 Ω and 

35 ΩK, and six different resistors for each TIA gain resistance). Figure 5-3 shows the steps 

for performing calibration and impedance measurements using the Android application. 

First, the user must connect the calibration resistor to the potentiostat working and 

counter/reference electrode terminals in a two-electrode configuration, and press connect 

to allow wireless connectivity between the cellphone Bluetooth module and the one found 

on the potentiostat PCB. Then, the user must select calibrate on the application interface 

(Figure 5-3 a), write a number between 1 and 18 corresponding to the calibration resistor 

(Figure 5-3 b), and press start to begin calibration. A message will appear on the Android 

application when calibration for the chosen resistor has finished (Figure 5-3 c). Once 

calibration for the 18th resistor has been done, the Android application will show a message 

confirming that the device has been fully calibrated and is ready for performing EIS on an 

electrochemical cell for S100B detection (Figure 5-3 d). The user can press start on the 

Android application, which will trigger EIS measurements and real-time Nyquist plot 

construction for the electrochemical cell under test. Additional details about TBISTAT 

calibration and EIS measurements can be found in Appendix C. 
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Figure 5-3. Steps for performing system calibration using the Android application. 

 

5.1.9 Electrical Characterization  
Power consumption was estimated by measuring current draw from a fully charged (3.7 V) 

1000 mAh LiPo battery using a Fluke 117 handheld multimeter (USA) for both standby and 

active EIS measurements of a 100 Ω resistor connected between the working and 

counter/reference electrodes in a two-electrode configuration. 

TBISTAT noise was evaluated by performing continuous EIS scans on 500Ω, 5 KΩ, and 15 

KΩ resistors in a two-electrode configuration perturbed with 10 Hz, 100 Hz, 1000 Hz, and 

10000 Hz 10 mV amplitude AC excitation voltages. EOC noise was estimated for 100 

observations recorded using the 10 KΩ, 100 KΩ and 1 MΩ TIA resistors, with the 

appropriate sampling frequency for each defined signal input frequency to decrease 

spectral leakage during FFT, and using the 12-bits default ADC resolution of the Teensy 

LC. Current noise was given by: 

𝐼 [𝑛𝐴] =
𝐹𝐹𝑇 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒. 𝑉𝑆𝑆

𝐴𝐷𝐶𝑟𝑒𝑠. 𝑇𝐼𝐴𝑅
 (5-1) 
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Where 𝑉𝑆𝑆 is the 3.3 VDC voltage source powering the DAFE PC, 𝐴𝐷𝐶𝑟𝑒𝑠 corresponds to 

the ADC resolution equal to 4096, and 𝑇𝐼𝐴𝑅 refers to the value in Ohms of the TIA 

resistance (10 KΩ, 100 KΩ or 1 MΩ).    

5.1.10 System validation 
TBISTAT was employed for performing EIS on three experimental systems: An AUTOLAB 

dummy cell circuit composed of a 100 Ω resistor in series with the parallel circuit of a 1𝜇𝐹 

ceramic capacitor and a 1 KΩ resistor; bare thin-film AUIDEs drop casted with 10uL of 

10mM K4[Fe(CN)6] in 0.2M KCl solution; ANTI-S100B functionalized thin-film AUIDEs 

exposed to 316 pg/mL of S100B spiked human plasma samples, and drop casted with 10uL 

of 10mM K4[Fe(CN)6] in 0.2M KCl as support solution.  

Validation was done using two methods: Visual comparison of impedance magnitude and 

phase responses along the EIS frequency range obtained by TBISAT and an Autolab/M204 

benchtop potentiostat/galvanostat (Metrohm®) equipped with an Autolab® FRA32 module 

controlled by the NOVA 2.11 software, and a T-test statistical comparison between ΔC 

results at 𝑓 = 31.6 𝐻𝑧 obtained by TBISAT and the benchtop potentiostat. Capacitance was 

obtained from EIS scans following the method described in section 4.3.7 of this document. 

The statistical analysis was done using Statgraphics Centurion 18. The assumptions of 

normality, homoscedasticity, and independence of residuals were assessed to establish 

the statistical validity of the T-test. All statistical tests were considered significant with a p-

value lower than 0.05. 

 

5.1.11 S100B detection using TBISTAT  
EIS measurements were performed using the TBISTAT to quantify the S100B protein. A 

single-factor DOE with four replicates was made to assess the effect of S100B 

concentration on the RCT obtained from the EIS of each AUIDEs biosensor platform. The 

biomarker S100B was tested in three levels set in a logarithmic scale, using concentrations 

with clinical utility: 31pg/mL (log₁₀= 1.5), 100 pg/mL (log₁₀= 2), and 316pg/mL (log₁₀= 2.5). 

The ΔRCT was selected as the response variable, and it was defined as the difference 

between the RCT obtained from EIS for S100B testing (tRCT) and the basal RCT (bRCT) 

obtained from EIS on anti-S100B/BSA functionalized working surface, as in chapter four. 
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Ten microliters of the spiked human plasma samples were drop casted on the WEs surface 

of AUIDEs and left to dry at RT. WEs were rinsed with DW after 15 minutes of antigen-

antibody binding and left covered at RT. AUIDEs were then connected to the TBISTAT for 

the electrochemical measurements and tested in a frequency range of 1 to 10,000Hz with 

a 10 mVp analog excitation signal. Electrochemical measurements were carried out using 

10uL of 10mM K4[Fe(CN)6] in 0.2M KCl as a support solution. Variation of RCT was 

recorded to evaluate changes in impedance after 15 minutes of antigen-antibody binding. 

Typical semicircular behavior in the range corresponding to high frequencies associated 

with the electrode redox probe was observed.  

A statistical analysis was done using Statgraphics Centurion 19. Initially, the assumptions 

of normality, homoscedasticity, and independence of residuals were assessed to establish 

statistical validity graphically and analytically. A one-way Welch ANOVA was applied to 

check for differences between treatment groups (S100B concentrations), followed by 

Games-Howell as a post-hoc test. A regression model (calibration curve) was developed 

together with a lack of fit test to determine model adequacy to the response variable. Model 

suitability was established considering global model significance, coefficients significance, 

and analysis of residuals structure. All statistical tests were considered significant with a p-

value lower than 0.05. The limit of detection (LOD) was determined using equation 4-1 

described in chapter 4. 

5.2 Results 

5.2.1 Fabrication  
Figure 5-4 shows the fabricated hardware modules connected for EIS measurements and 

the developed Android application running on an Android 7.1 OnePlus 5T smartphone. The 

hardware occupies 72 𝑐𝑚2 and 216 𝑐𝑚3 when extended on a planar surface. Significant 

reductions in device volume can be achieved by positioning each PCB on top of each other.  
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Figure 5-4. Components of TBISTAT connected for EIS measurement on an AUIDE cell. 
LiPo battery and boost circuit (bottom left) powers the MCU through two cables (red 5 V, 
black ground). The BM is connected to the MCU (top left) using four-pins male-female 
headers, and the MCU is connected to the PC through ten cables (two for 3.3 V and ground 
(red and black), two for I2C communication (SDA purple, SCL clock), one for ADC (yellow), 
AND five for Analog switches and TIA resistance multiplexer (blue)). A card reader (top 
right) is connected to the electrochemical cell female header (bottom right of PC). The 
smartphone is shown running the TBISTAT application.  

 

5.2.2 Power requirements 
Table 5-1 shows the current draw of TBISTAT for continuous use in standby mode and 

during EIS using a 1000 mAh LiPo battery as energy source. Battery life can last up to 11 

hours of continuous EIS scans with a 100 Ω resistor as measured impedance. Higher 
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duration can be achieved using a 2000 mAh LiPo battery, which should last for at least 22 

hours of continuous EIS measurements. 

Table 5-1. Current draw of TBISTAT for standby and operation modes. 

Condition Current Battery duration 
Standby mode*  60 mA 17 
EIS (1Hz to 10KHz) ** 90 mA 11 
* AD5933 not powered, BM powered, but no scans being made. 
** Continuous EIS scans.   

5.2.3 Electrical noise 
TBISTAT current noise stayed between 0.3 nA and 130 nA for the range of frequencies and 

impedances used (Figure 5-5). The noise was higher in low frequency-low impedance EIS 

scans and remained below 10 nA at higher frequencies and higher TIA resistors values. 

TBISTAT noise levels were comparable to those reported by Jenkins et al. [111], even 

though teensy LC has 8 bits less nominal ADC resolution than the 24-bit ADC used by the 

former. The noise values presented on TBISTAT could be explained by the use of hardware 

(Sallen-Key) and software filters (five-point median filter) and a highly precise impedance 

measurement device with low spectral leakage given by accurate frequency resolution 

definition and a 1000-point FFT. These aspects are not found on Jenkins ABE-Stat.  
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Figure 5-5. Current noise of TBISTAT for the 10-10000 Hz bandwidth and 10 KΩ-1MΩ TIA 
gain resistors.  

 

5.2.4 System validation and performance 
Dummy cell experiment 

TBISTAT EIS magnitude and phase values were highly similar to those obtained with the 

reference instrument (Figure 5-6). However, as expected, higher discrepancies were found 

at frequencies lower than 10 Hz, which could be explained by higher signal distortion and 

gain loss due to the high pass filter conditioning AD5933 AC signal generator. 
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Figure 5-6. EIS magnitude and phase plots for TBISTAT and reference instrument for 
dummy cell excitation.  

 

 
Bare AUIDEs drop-casted with 10uL of 10mM K4[Fe(CN)6] in 0.2M KCl solution 

EIS scans phase values in the potassium ferrocyanide solution using TBISTAT showed 

higher differences (circa 2°) to those found with the reference instrument (Figure 5-7). 
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Magnitude values were reasonably close to the reference instrument (less than 2% 

differences). Higher variations in phase values were found in lower frequencies (less than 

10 Hz), which resulted in marked differences with the reference instrument. Nevertheless, 

the TBISTAT employed calibration strategy successfully prevented discontinuities in 

impedance measurements when the TIA resistor was increased. 

Figure 5-7. EIS magnitude and phase plots for TBISTAT and reference instrument for 
measurements in 10mM K4[Fe(CN)6] in 0.2M KCl solution. 
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ANTI-S100B functionalized thin-film AUIDEs exposed to 316 pg/mL of S100B spiked 

human plasma samples 

EIS scans with TBISTAT resulted in similar phase and magnitude values to those obtained 

with the reference instrument (Figure 5-8). Higher impedance at lower frequencies showed 

higher variations with respect to the reference instrument, which resulted in marked 

differences in real and complex values in the obtained Nyquist plots (Figures 5-9 and 5-10). 

The use of a five-point median filter allowed higher precision than expected in the 1-10 Hz 

frequency range, which was thought to sustain altered phase/magnitude values due to the 

high amplifier gain and low-current scenario given by the high magnitude impedance. The 

programmable external clock of the AD5933 prevented excitation signal distortion at 

frequencies below 1KHz, and the designed impedance analyzer system maintained 

sufficient precision in the measurements (less than 2.5% difference in magnitude and phase 

value vs. reference instrument), which together accounted for a sufficiently accurate EIS 

capable portable potentiostat.  



Chapter 5. Portable potentiostat for the detection of S100B 95 

 
Figure 5-8. EIS magnitude and phase plots for TBISTAT and the reference instrument in 
ANTI-S100B functionalized thin-film AUIDEs exposed to 316 pg/mL of S100B spiked 
human plasma samples. 
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Figure 5-9. Nyquist plot obtained from TBISTAT EIS of an ANTI-S100B functionalized thin-
film AUIDE exposed to 316 pg/mL of S100B spiked human plasma sample.   

 

 

 

Figure 5-10. Nyquist plot comparisons of TBISTAT and reference instrument in the 
detection of S100B in an ANTI-S100B functionalized thin-film AUIDE exposed to 316 pg/mL 
of S100B spiked human plasma sample.  

 

 



Chapter 5. Portable potentiostat for the detection of S100B 97 

 
Statistical analysis 

A statistical T-test was carried out between the ΔC results obtained with TBISTAT and the 

reference instrument (Table 5-2). Both standardized skewness and kurtosis values were 

within the (-2,2) range, so samples could be thought to come from normal distributions. No 

significant differences were found in the sample variances using Levene's test, and no 

structure was found in the residual plot. Considering that the T-test p-value was higher than 

0.05, the null hypothesis could not be rejected. Thus, there was no statistically significant 

difference between the means of the two samples. Additional information regarding the 

results of the statistical analysis for potentiostat validation can be found in Appendix C. 

 

Table 5-2. Statistical analysis of single frequency analysis experiment  

 ΔC (%) of Au/Cys/Ab/BSA/316 pg/mL AUIDEs 

Experimental run BENCHTOP TBISTAT 

1 49.17264105 45.39904809 

2 56.02429244 54.42103458 

3 51.60599865 48.04601753 

4 55.83877576 56.6168629 

5 48.88026492 54.80168404 

Mean 52.30439456 51.85692943 

Standard deviation  52.93074526 53.1485057 

Skewness 0.221046 -0.581177 

Kurtosis -1.38102 -0.991419 
 Test P-Value 

Levene's 1.81495 0.2148 

T-test 𝑯𝟎: 𝝁𝟏 = 𝝁𝟐, 𝜶 = 𝟎. 𝟎𝟓 0.167647 0.871021 

 

 

5.2.5 S100B detection using TBISTAT 
EIS measurements of S100B were performed in spiked human plasma samples to evaluate 

a possible future application of the biosensor in medical diagnosis. The results obtained 

from the EIS of the biosensor in the presence of 10mM K₃[Fe(CN)₆] redox probe for the 

quantification of S100B were assessed, exhibiting non-homogeneity of variance. A normal 

distribution for the response variable (ΔRCT) was observed and residual independence. 

The analysis of variance (Welch-ANOVA) and the post hoc analysis showed statistically 
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significant differences in the ΔRCT signal between each tested concentration (p < 0.05). 

Information regarding experimental runs and statistical analysis are found in Appendix C. 

Figure 5-11 shows the EIS spectra obtained for the quantification of S100B in the range of 

detection. The basal signal corresponds to the AuIDE/Cys/anti-S100B/BSA without plasma 

addition, while negative control refers to plasma without S100B. A proportional increment 

was observed in the ΔRCT with the successive increments of the S100B concentration. 

The response of electrodes (ΔRCT) was consistent and showed a maximum relative 

standard deviation (RSD) of 19.15%, indicating good reproducibility of the S100B detection. 

Figure 5-11. Nyquist plots of AUIDEs experimental results in spiked human plasma 
samples for the quantification of S100B in the 31 – 316 pg/mL range. 

 

The response of the platform in the linear detection range between 31 and 316 pg/mL was 

modeled by the regression equation y = 1789.73+ 54.9336 * x (n = 4), where x is the 

concentration of S100B (pg/mL) in real scale and y the change in RCT (ΔRCT) measured 

in Ohms (Figure 5-12). Each point on the calibration curve represents each independent 

measurement, and the error bar represents the standard error of the mean. The model was 

found suitable for the experimental results since its coefficients were significant, no 

structure was found on its residuals, and the lack of fit test was not significant. The LOD 

obtained for AUIDEs was 35.73 pg/mL. The statistical test results are found in Appendix C. 
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Figure 5-12. Calibration curve for S100B in spiked human plasma using AUIDEs. y = 
ΔRCT; x = [S100B] (pg/mL). 

 

5.2.6 Brain injury support information 
Previous studies have shown that S100B could be a useful and versatile biomarker for TBI 

management, severity prediction and neuromonitoring, whose clinical significance depends 

on the severity of the trauma [71,135]. In the context of mild TBI, the Scandinavian 

guidelines have included S100B as a biomarker for managing TBI, where concentrations 

of S100B lower than 100 pg/mL indicate that the patient may be discharged without a CT, 

as there is a low risk of intracranial hemorrhage [22]. However, few studies report the 

usefulness of S100B as a predictor of neuroworsening and clinical outcome in the acute 

phase of moderate TBI [71], which could be linked to the low specificity of S100B in 
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polytraumatized patients. Therefore, an exact correlation between S100B concentration 

and TBI severity prediction and outcome has not been defined and is still under study. 

For the above reasons, brain injury support information in TBISTAT is shown as a message 

that suggests a risk level associated with the measured S100B concentration in the blood 

plasma sample (Figure 5-13).  

Figure 5-13. Brain injury support information after the EIS test. TBISTAT takes ΔRCT 
values from the EIS scan and calculates S100B concentration and shows the risk levels 
associated with it.  

 

5.3  Discussion 
 

This chapter described the development of an open-source EIS-capable portable 

potentiostat controlled by a wirelessly interfaced Android application that detects and 

quantifies the concentration of the S100B TBI biomarker from plasma samples in clinically 

relevant conditions. Previous work from Jenkins et al. [111], Ainla et al. [113], and Pruna et 

al. [115] has laid a solid foundation in the understanding of the intricacies and possibilities 

in terms of building a portable, wireless potentiostat prototype that is affordable and easy 

to adapt to a wide range of applications concerned with the detection of an analyte of 

interest.  
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Apart from Jenkins ABE-Stat, to our knowledge, the TBISTAT is the only other portable, 

wireless, open-source potentiostat capable of conducting EIS measurements. The 

TBISTAT circuit components and PCB fabrication can be acquired for less than 80 USD for 

one unit, comparable to the 105 USD cost of Jenkins ABE-Stat. Circuit components 

suppliers and packaging have been carefully chosen to allow fast acquisition and easy PCB 

assembly using standard soldering techniques with a hot iron and a soldering rework 

station. In addition, the circuit schematics, Gerber files, BOMs, operation videos, calibration 

files, MCU firmware, and Android application project have been made freely available for 

download without demanding any usage permits. Software and hardware development 

interfaces such as Arduino IDE, Android Studio, and EasyEDA allow rapid setup, 

circumventing the need for costly licenses and allowing complete access to every aspect 

of the prototype design and fabrication.   

Even though the TBISTAT was designed to detect S100B, several improvements of 

previous works have been attained to provide more robust and precise impedance 

measurements. While the TBISTAT was not designed to be a general-purpose potentiostat, 

configured to perform voltammetric assays and user-defined DC-biased EIS scans as 

Jenkins et al. ABE-Stat, its performance has been increased in the 1-10KHz, 100-35 KΩ 

ranges when compared to the former. The Teensy LC MCU employed in the TBISTAT 

possesses a higher number of GPIOs than Jenkins ABE-Stat ESP8266. In addition, the 

Teensy LC true 12-bit ADC allows interrupt-driven ADC with sampling rates as high as 200 

KHz, thus avoiding the use of leakage-prone AD5933 single-point DFT [133]. Jenkins et al. 

employed a 24-point DFT for excitation frequencies below 60 HZ using a DAC software-

programmed AC excitation signal, a variation which was thought to result in significant 

discontinuities in impedance measurements at 2 Hz, 60 Hz, and 2 kHz using ABE-Stat, 

especially when the current signal was not a perfect sinusoid. The TBISTAT improves the 

design of Jenkin’s impedance analyzer by utilizing its own impedance analyzer circuit and 

a customized 1000-points FFT programmed in the Android application. The accurate 

sampling frequency definition in the Android application of the TBISTAT allows a fully 

customizable FFT frequency resolution for logarithmically spaced AC excitation signal 

frequency points, significantly reducing FFT spectral leakage and avoiding the use of 

windowing techniques before or after FFT. Furthermore, impedance measurement 

discontinuities when the TIA resistor changes as impedance increases are reduced using 

the same calibration resistors at the frequency range limits. In addition, the presence of a 
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fourth-pole Sallen key LPF reduces the amplitude and duration of the perturbation, which 

in turn decreases the overall impact of this event on the electrochemical equilibrium of the 

AuIDE cell.  

S100B detection using TBISTAT and AUIDEs biosensor platform exhibited an acceptable 

global performance in terms of stability, reproducibility, and LOD. Given the higher steric 

hindrance due to the anti-S100B and S100B protein interaction as S100B concentration 

increased and the electrostatic repulsive forces between the S100B and negatively charged 

redox species in support solution (10mM K4[Fe(CN)6] in 0.2M KCl) [124], a proportional 

increment was consistently observed in the RCT to the successive increments in S100B 

concentration, with a statistically significant difference between the means of ΔRCT for 

each concentration level. 

One simple but important contribution of TBISTAT is the methods it uses to quantify S100B 

concentration from EIS scans in the AUIDEs biosensor platform. After EIS is done, S100B 

concentration is calculated using the RCT obtained as the intercept at y=0 of a three-point 

regression model from the lower frequency EIS scan, which is then used as input for 

calculating ΔRCT and S100B with the regression model.  This way, no electrochemical 

circle fit is needed, and the S100B concentration estimate defines TBI support information 

for patient diagnosis and treatment.   

5.4  Limitations and future work 
Various limitations should be described for users interested in using the proposed prototype 

for their specific purposes. Even though S100B detection using AUIDEs did not require 

changing DC bias above zero volts, other applications might require such adjustments. A 

fully programmable DC bias voltage potentiostat using the Teensy LC 12-bits DAC together 

with a fourth-pole Sallen-Key LPF such as the one designed by Ainla et al. [113] for the 

UWED is currently being developed.  

The TBISTAT can only be used in the 1Hz-10KHz frequency range to measure impedances 

between 100Ω and 35KΩ. Replacing the Teensy LC 48 MHz cortex-M0+ with a 96 MHz 

cortex-M4 Teensy 3.2 could increase sampling frequency and allow the ADC of higher 

frequency signals without incurring any PCB changes. In addition, a 100 KHz Sallen-key 

LPF could replace the 10KHz already found on TBISTAT. Higher impedances can be 

measured by using the 10 MΩ TIA resistor already found on TBISTAT. 



Chapter 5. Portable potentiostat for the detection of S100B 103 

 
The TBISTAT employs a simple voltage divider circuit for VGV and uses 0.1% tolerance 

resistors to achieve a low (less than 5 mV) DC offset between reference and WEs. This 

value reduces the usable AC voltage span for ADC to less than 500mV, as it induces DC 

currents in the TIA in the lower impedance ranges of each TIA gain resistor setting which 

change VGV to less than 3.3/2 V. In addition, this circuit is dependent on device voltage 

supply, which can have slight variations following LiPo battery discharge. The addition of a 

3.3 V high precision analog voltage reference using an ISL60002 IC and a 3.3 V Rail splitter 

for analog reference such as TL2426 IC [111] could be used as an alternative to the VGV 

circuits employed in the proposed design to allow a more precise reference voltage for zero 

DC bias EIS measurements. 

Finally, machine learning algorithms for EIS analysis could support TBI diagnosis and 

treatment by using supervised learning in EIS Nyquist plot analysis. This route could pose 

an alternate solution to employing an electrochemical circle fit algorithm to find RCT value 

and eventually S100B concentration and its correlation to TBI outcomes.  

5.5 Routes of technological maturation 
 

In this chapter, a TRL 4 was achieved for the proposed technology (System prototype of 

S100B detection platform tested with S100B spiked blood plasma samples in laboratory 

settings). As in the case of the developed technology in chapter four, the experiments were 

performed in spiked human plasma samples from a single donor in laboratory settings. 

Hence, to achieve TRL 5 (System Prototype of S100B detection platform tested with TBI 

patient’s blood plasma samples in relevant settings), it is necessary to develop further 

studies which assess the technology using plasma samples from multiple individuals 

presenting variable degrees of TBI, both with and without other concomitant pathologies, 

and at the POC (health care institutions). Further studies will also assess the way results 

from the potentiostat (biomarker concentration and risk level) could be effectively 

communicated to the medical personnel to support decision making. Considering that POC 

testing requires the integration of technologies and devices to achieve effective testing, 

maturation of the proposed technology in this chapter must be achieved concomitantly with 

the maturation of the S100B biosensor developed in chapter four of this work. 

 





 

 
 

6.  Conclusions 

The guidelines for effective POCT devices provided by the World Health Organization 

(WHO) are summarized under the “ASSURED” acronym, which stands for: Affordable, 

sensitive, specific, user-friendly, rapid and robust, equipment-free, and delivered 

(accessible to end users) [136]. This work has contributed to the advancement of the state-

of-the-art of POC testing for S100B detection in three fronts: Sample pretreatment 

technologies by the development of passive BPS devices, development of an AuIDE 

biosensor platform for S100B detection, and portable instrumentation for electrochemical 

quantification of the bound antigen. In addition, the TRLs of each developed prototype have 

been taken into account for aiming future work towards the integration of the technologies 

to deploy a solution that complies with the WHO guidelines for the POC detection, 

quantification, and monitoring of S100B as a biomarker for diagnosis and prediction of 

severity of TBI. 

 

Initially, a microfluidic paper-based BPS device was designed and manufactured to allow 

fast, affordable, equipment-free plasma obtention from whole blood samples to detect the 

S100B protein using an ELISA kit, forgoing the need for expensive plasma separation 

processes using conventional centrifugation. The integration of paper cutting techniques, 

geometrical optimization of microfluidic channels, and NaCl functionalization in a simple 

device allowed the manufacturing of a simple BPS device capable of fast BPS (less than 4 

minutes after whole blood added to the sample collection pad) and provided a user-friendly 

platform which could be optimized to achieve a wide range of plasma volumes aligned to 

the biosensing platform requirements and user demands for other applications beyond the 

scope of S100B POC detection for TBI diagnosis support and treatment. 

 

Additionally, a sensitive and specific biosensor capable of detecting the TBI biomarker 

S100B in plasma samples at clinically relevant levels was developed. The results of this 
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work showed an overall adequate performance and reproducibility for AuIDEs based 

biosensors platforms. The developed biosensor platform using AuIDEs offered a simpler 

manufacturing protocol than current functionalization strategies for S100B capturing while 

maintaining an overall good reproducibility, short response time, reduced fabrication times, 

and possibly low costs. Given its characteristics, the strategies for biosensor design aimed 

at POCT presented here could be a valuable framework for the design and fabrication of 

new immunosensors to detect other biomarkers of clinical interest. 

 

The development and validation of a portable, wireless, open-source potentiostat capable 

of performing EIS on AUIDEs to detect and quantify S100B in plasma at clinically relevant 

concentrations was also described. The potentiostat, referred to as TBISTAT, occupied 

216 𝑐𝑚3, weighted 120 g, and had an approximate manufacturing cost of 80 USD. Its 

design, built upon the potentiostats made by Jenkins et al. [111] and Ainla et al. [113], 

improved accuracy in phase and magnitude measurements and reduced discontinuities in 

the overall impedance calculations along the 1-10KHz frequency excitation range and 

between 100Ω and 35KΩ. Source code for MCU firmware and Android application, Gerber 

files, schematics, and device operation video of TBISTAT were made freely available for 

download to promote its use, enhancement, and employment in medical, animal, and food 

applications or agroindustry. The design modularity of the TBISTAT allows easier 

component changes according to the application demands in power, frequency excitation 

ranges, wireless communication protocol, signal amplification and transduction, precision, 

and sampling frequency of ADC, among others. In addition, the use of minimal, easy 

acquirable open-source hardware and software, together with high-level filtering, low-cost, 

accurate ADC, wireless communication, and the simple user interface, provides a 

framework for facilitating EIS analysis for similar POC applications such as the one 

presented in this work and for developing affordable diagnostics and POC biosensors 

integrated systems. Improvements to the prototype, such as adding a high precision analog 

voltage reference and a 3.3 V Rail splitter for analog reference, could increase the device 

capabilities and range of possible applications to meet user-specific demands beyond the 

ones presented in this chapter. 

Finally, this work provides a solid foundation for integrating and improving the developed 

technologies for climbing up the TRL ladder to provide a future POC marketable platform 
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aimed at protein detection of relevant biomarkers, such as S100B, in a wide range of 

conditions not limited to TBI.
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Appendix A. BPS device design, separation 
efficiency and statistical tests results 
A1. BPS design 

Figure S3-1. CAD geometry designs of BPS device papers. A) VF2 collection pad. B) 
MF1 detection pad. Dimensions are in millimeters. 
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A2. Separation efficiency analysis using image processing for cell count on whole 
blood and separated plasma 

 

Figure S3-2. Cell count using ImageJ image processing software. A) whole blood sample. 
B) Plasma sample from BPS device. 
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A3. Raw data of plasma volume over time and verification of assumptions for the 
regression model 

Table S3-1. Experimental runs for plasma volume over time. 

time Volume 
(microliters) 

120 38.14 
60 21.26 

160 47.31 
180 48.19 
40 11.60 

180 50.53 
160 44.68 
180 46.53 
80 30.63 

220 56.78 
200 52.58 
100 35.80 
60 24.68 
80 29.56 

200 51.60 
80 27.41 

220 53.46 
100 35.41 
120 35.51 
120 39.60 
20 5.36 

220 57.95 
40 13.95 

140 42.53 
60 20.58 

100 33.85 
140 46.53 
200 53.85 
20 4.39 
40 16.09 
20 7.41 

160 45.75 
140 42.34 
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Figure S3-3. Analysis of the structure of the residuals for the regression model of 
separated plasma volume over time. 

 

 

Table S3-2. Suitability analysis and Lack-of-fit test for the regression model of plasma 
volume over time. 

Coefficients 

  Least Squares Standard T   

Parameter Estimate Error  Statistic P-Value  

Intercept -4.09127 0.21332 -19.1872 0.0000  

Slope  2.14627 0.04593 46.7197 0.0000  

 

 

 

Analysis of Variance 

Source  Sum of Squares Df Mean Square F-Ratio P-Value  
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Model  76.7240  1 76.7240 2182.73 0.0000  

Residual 1.08966  31 0.0351505    

Total (Corr.) 77.8137  32     

 

Correlation Coefficient = 0.992974 

R-squared = 98.5996 percent 

R-squared (adjusted for d.f.) = 98.5545 percent 

Standard Error of Est. = 0.187485 

Mean absolute error = 0.14312 

Durbin-Watson statistic = 1003617 (P=0.5508) 

Lag 1 residual autocorrelation = -0.0181408 

 

Analysis of Variance with Lack-of-Fit 

Source  Sum of Squares Df Mean Square F-Ratio P-Value  

Model  76.7240  1 76.7240 2182.73 0.0000  

Residual 1.08966  31 0.0351505    

   Lack-of-Fit 0.194738 9 0.0216375 0.53  0.8357  

   Pure Error     0.894927 22 0.0406785    

Total (Corr.)  77.8137  32  

 

A4. Raw data of DOE and verification of assumptions for the regression model of 
S100B detection using ELISA 

Table S3-3. S100B concentration, Optical density, temperature, and humidity values for 
each experimental run of the ELISA.   

Separation 
method 

S100B 
(pg/mL) 

Temperature 
(°C) 

Humidity 
(%) 

Optical 
Density  S100B 

Centrifugation 0 24.3 57 0.033 -291.99371 
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Centrifugation 312 24.1 55 0.103 115.20539 

Centrifugation 625 23.8 57 0.169 499.13597 

Centrifugation 1250 24.3 56 0.329 1429.87677 

Centrifugation 2500 24.5 57 0.524 2564.21712 

Centrifugation 5000 23.2 58 0.948 5030.68024 

Centrifugation 10000 24.1 55 1.945 10830.35885 

Centrifugation 20000 24.0 57 3.437 19509.51681 

Centrifugation 316 23.0 57 0.107 138.47391 

Centrifugation 562 24.2 55 0.147 371.15911 

BPS 562 23.9 55 0.152 400.24476 

BPS 0 24.5 57 0.047 -210.55389 

BPS 316 23.4 57 0.112 167.55956 

BPS 562 23.1 57 0.158 435.14754 

BPS 0 23.0 57 0.037 -268.72519 

Centrifugation 1000 24.1 55 0.296 1237.91148 

BPS 1000 24.2 56 0.32 1377.5226 

BPS 562 23.5 57 0.143 347.89059 

BPS 1000 22.9 57 0.269 1080.84897 

Centrifugation 562 24.2 56 0.155 417.69615 

BPS 1000 23.7 57 0.303 1278.63139 

BPS 316 22.7 57 0.129 266.45077 

Centrifugation 562 23.2 57 0.149 382.79337 

Centrifugation 1000 23.2 55 0.288 1191.37444 

BPS 316 22.7 57 0.099 91.93687 

BPS 0 24.0 56 0.032 -297.81084 

Centrifugation 316 22.8 57 0.105 126.83965 

Centrifugation 1000 23.7 58 0.279 1139.02027 

Centrifugation 316 22.8 56 0.118 202.46234 
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Figure S3-4. Analysis of the structure of the residuals for the standard S100B detection 

model using ELISA. 

 

 

 

Table S3-4. Suitability analysis of the ELISA S100B detection standard model. 

Coefficients 

  Least Squares Standard T   

Parameter Estimate Error  Statistic P-Value  

Intercept -483.959 198.46        -2.43857 0.0406 

Slope        5817.13 136.473 42.6248 0.0000 

 

 

Analysis of Variance 

Source  Sum of Squares Df Mean Square F-Ratio P-Value  

Model        3.35311E8        1 3.35311E8 1816.88 0.0000 
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Residual 1.10732E6        6 184553.   

Total (Corr.) 3.36418E8           7    

 

Correlation Coefficient = 0.998353 

R-squared = 99.6709 percent 

R-squared (adjusted for d.f.) = 99.616 percent 

Standard Error of Est. = 429.597 

Mean absolute error = 276.284 

Durbin-Watson statistic = 1.35445 (P=0.2184) 

Lag 1 residual autocorrelation = 0.282416 

 

 

A5. Correlation test between OD and temperature and humidity 

Table S3-5. Pearson correlation between OD and temperature and humidity. 

Pearson's product-moment correlation 

cor.test(DOPP,temp) 

data:  DOPP and temp 

t = 0.15285, df = 10, p-value = 0.8816 

alternative hypothesis: true correlation is not equal to 0 

95 percent confidence interval: 

 -0.5406022  0.6054055 

sample estimates: 

       cor  

0.04827767  

 

> cor.test(DOPP,humidity) 
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 Pearson's product-moment correlation 

 

data:  DOPP and humidity 

t = -0.24829, df = 10, p-value = 0.8089 

alternative hypothesis: true correlation is not equal to 0 

95 percent confidence interval: 

 -0.6241394  0.5189379 

sample estimates: 

        cor  

-0.07827579  

 

 
 

A6. Verification of independence assumption for the T-tests of S100B detection 
using centrifugation and the BPS device for plasma obtention 

Figure S3-5. Analysis of the structure of the residuals for the t-test of conventional and 
paper-based BPS runs for measuring S100B using ELISA. 

 

 



 

 
 

Appendix B. AuIDE biosensor data and 
statistical test results 
B1. Nyquist plot results of bare AuIDEs after RCA1 cleaning 
 
Figure S4-1. Nyquist plots for bare AuIDEs after three successive RCA-1 cleanings. 
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B2. Raw data, verification of assumptions and ANOVA of DOE for S100B detection 
 

Table S4-1. Delta RCT (ΔRCT) and ΔC (%) at 𝒇 =  𝟑𝟏. 𝟔 𝑯𝒛 values for each experimental 
run.   

Run 
 

Log[S100B] 
 ΔRCT change (𝛀) ΔC (%) at 𝒇 =  𝟑𝟏. 𝟔 𝑯𝒛 

3 1 1081 9.19385 

9 1 1347 11.8846 

15 1 1679 7.69152 

17 1 1672 8.95861 

25 1 1694 6.54384 

4 1.5 2561 20.6328 

7 1.5 3086 14.0025 

8 1.5 3336 16.7007 

11 1.5 2636 15.2647 

18 1.5 2242 18.6712 

2 2 10356 36.6536 

10 2 5766 32.1593 

12 2 8717 26.8224 

23 2 7717 29.4288 

24 2 6477 26.1342 

13 2.5 15547 49.1726 

14 2.5 19479 51.606 

16 2.5 15731 55.8388 

20 2.5 15707 48.8803 

21 2.5 17444 56.0243 

1 3 32093 61.6102 

5 3 31986 58.5319 

6 3 29331 63.4864 
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19 3 35398 65.6225 

22 3 28681 67.86 
 

Table S4-2. Delta RCT (ΔRCT), temperature and relative humidity results for correlation 
analysis.   

Run 
 

S100B 
(pg/mL) 

 
Temperature 

(°C) Humidity (%) ΔRCT change 
(𝛀) 

1 100 22.3 55 7941 

2 316 23.4 57 18526 

3 316 21.6 55 17572 

4 31 22.5 55 3136 

5 100 21.7 57 8406 

6 31 22.4 54 2781 

7 316 22.9 56 16155 

8 100 22.1 55 9732 

9 31 22 57 2415 
 

Figure S4-2. Graphical and analytical verification of assumption of normality and 

independence for AuIDEs ΔRCT change dataset. 
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Test Statistic P-Value 
Shapiro-Wilk 0.942 0.1716 

 

 

Test Statistic P-Value 
Durbin Watson 2.501 0.8928 

 

Table S4-3. Statistical quantitative tests and analysis of variance for the S100B detection 
experiment. Homoscedasticity is not fulfilled. Therefore, a Welch test is performed for non-
homogeneity of variance between groups. Games-Howell test shows statistically significant 
differences between groups. 

 

Test Statistic P-Value 
Levene's 3.784 0.0189 

 
Test Statistic Gl1 Gl2 P-Value 
Welch test 216.478 4 9.02 0.0000 

 
 

Games-Howell test 
Log (S100B) Cases Mean Homogeneous groups 
1 5 1494.6 X 
1.5 5 2772.2    X 
2 5 7806.6       X 
2.5 5 16781.6          X 
3 5 31497.8             X 

 

Contrast Sig. Difference +/- Limits 
1 - 1.5  * -1277.6 830.473 
1 - 2  * -6312.0 3562.79 
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1 - 2.5  * -15287.0 3311.41 
1 - 3  * -30003.2 5245.36 
1.5 - 2  * -5034.4 3513.84 
1.5 - 2.5  * -14009.4 3261.47 
1.5 - 3  * -28725.6 5205.57 
2 - 2.5  * -8975.0 3842.18 
2 - 3  * -23691.2 5139.09 
2.5 - 3  * -14716.2 5086.8 

 

B3. Correlation analysis of environmental factors and ΔRCT 
 

Table S4-4. Pearson correlation for AuIDEs environmental factors dataset. 

 Pearson's product-moment correlation 

 

data:  drct and temp 

t = 0.85843, df = 7, p-value = 0.4191 

alternative hypothesis: true correlation is not equal to 0 

95 percent confidence interval: 

 -0.4471521  0.8072796 

sample estimates: 

      cor  

0.3086178  

 

> cor.test(drct,humidity) 

 

 Pearson's product-moment correlation 

 

data:  drct and humidity 

t = 0.67929, df = 7, p-value = 0.5188 

alternative hypothesis: true correlation is not equal to 0 

95 percent confidence interval: 
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 -0.4976240  0.7834187 

sample estimates: 

      cor  

0.2486832 

 

B4. Verification of assumptions for the calibration model of S100B detection 

Figure S4-3. Analysis of the structure of the residuals for the AuIDEs-plasma regression 
model 

 

Test Statistic P-Value 
Durbin Watson 2.08 0.56 

 

Table S4-5. ANOVA of AuIDEs regression model. 

Coefficients 

  Least Squares Standard T   

Parameter Estimate Error  Statistic P-Value  

Intercept 1593.48 441.714 3.6075  0.0020  

Slope  49.1927 2.6526  18.5451 0.0000  

 

Analysis of Variance 

Source  Sum of Squares Df Mean Square F-Ratio P-Value  
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Model  7.10305E8  1 7.10305E8 343.92  0.0000  

Residual 3.71758E7  18 2.06532E6    

Total (Corr.) 7.47481E8  19     

 

Correlation Coefficient = 0.974815 

R-squared = 95.0265 percent 

R-squared (adjusted for d.f.) = 94.7502 percent 

Standard Error of Est. = 1437.12 

Mean absolute error = 1011.55 

Durbin-Watson statistic = 1.41317 (P=0.0953) 

Lag 1 residual autocorrelation = 0.0210756 

 

Analysis of Variance with Lack-of-Fit 

Source  Sum of Squares Df Mean Square F-Ratio P-Value  

Model  7.10305E8  1 7.10305E8 343.92  0.0000  

Residual 3.71758E7  18 2.06532E6    

   Lack-of-Fit 1.13514E7  2 5.6757E6 3.52  0.0542  

   Pure Error 2.58244E7  16 1.61402E6    

Total (Corr.) 7.47481E8  19  
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B5. Verification of assumptions and ANOVA of DOE for S100B detection using ΔC 
change as response variable 

Figure S4-4. Graphical and analytical verification of assumption of normality and 
independence of residuals for AuIDEs ΔC change dataset. 

 

Test Statistic P-Value 
Shapiro-Wilk 0.96 0.56 

 

 

Test Statistic P-Value 
Durbin Watson 1.5 0.10 
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Figure S4-5. Verification of homoscedasticity for ΔC measurements in AuIDEs. 

 

Test Statistic P-Value 
Levene's 1.07 0.39 

 

Table S4-6. ANOVA and posthoc test for ΔC measurements in AuIDEs. 

Source   Sum of Squares Df Mean Square F-Ratio P-Value
  

Between groups 10668    4 2667       244.5  0.0000  

Within groups 218.162  20 9.38266    

Total (Corr.)       10886.2       24     

 

Multiple Range Tests 

 

Method: 95.0 percent LSD 

x Count Mean Homogeneous Groups  

1 5 8.85448  X  

1.5 5 17.0544   X  

2 5 30.2397    X  

2.5 5 52.3044     X  

3 5 63.4222      X  
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Contrast Sig. Difference +/- Limits  

1 - 1.5 * -8.1999 4.35725  

1 - 2   * -21.3852 4.35725  

1 - 2.5 * -43.4499 4.35725  

1 – 3   * -54.5677 4.35725  

1.5 - 2 * -13.1853 4.35725  

1.5 - 2.5 * -35.25       4.35725  

1.5 - 3 * -46.3678 4.35725  

2 - 2.5 * -22.0647 4.35725  

2 – 3   * -33.1825 4.35725  

2.5 - 3 * -11.1178 4.35725  

* denotes a statistically significant difference. 

 

Table S4-7. Assessment of the reproducibility of the SFA using AuIDEs through the 
estimation of the relative standard deviation (RSD). 

Log[S100B] ΔC change (%) mean SD RSD 

1 

9.0 

8.9 2.0 22.6 

9.2 

7.7 

11.9 

6.5 

1.5 

18.7 

17.1 2.6 15.5 

14.0 

20.6 

15.3 

16.7 
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2 

26.8 

30.2 4.3 14.2 

32.2 

29.4 

36.7 

26.1 

2.5 

56.0 

52.3 3.5 6.6 

51.6 

49.2 

48.9 

55.8 

Figure S4-6. Analysis of the structure of the residuals for the AuIDEs-plasma regression 
model using ΔC change (%). 

 

Test Statistic P-Value 
Durbin Watson 2.18 0.65 

 

Table S4-8. ANOVA of AuIDEs ΔC change (%) regression model. 

Coefficients 

  Least Squares Standard T   

Parameter Estimate Error  Statistic P-Value  
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Intercept 11.97   1.46    8.18  0.0000  

Slope  0.132   0.00878 15.0866 0.0000  

 

Analysis of Variance 

Source  Sum of Squares Df Mean Square F-Ratio P-Value  

Model  5153.52  1 5153.52 227.61  0.0000  

Residual 407.561  18 22.6423    

Total (Corr.) 5561.08 19     

 

Correlation Coefficient = 0.962659 

R-squared = 92.67 percent 

R-squared (adjusted for d.f.) = 92.264 percent 

Standard Error of Est. = 4.75 

Mean absolute error = 3.7 

Durbin-Watson statistic = 2.1876 (P=0.6503) 

Lag 1 residual autocorrelation = -0.31 

 

 



 

 
 

Appendix C. Portable potentiostat 
hardware/software design, calibration, BOMs, 
and statistical test results  
Supplementary information regarding the Android application project and codes, 

microcontroller firmware code, electrical schematic designs, PCB designs, EIS settings 

table, TBISTAT calibration, Gerber files, and a video describing how to perform an EIS scan 

with the developed portable potentiostat for measuring S100B in a gold interdigitated 

electrode can be found in the following link: shorturl.at/tBCFH. 

C1. LiPo battery boost, charger, protection circuit module 

Figure S5-1 shows the circuit schematic of the LiPo Battery boost/USB charger module 

board. Briefly, the circuit consists of a micro-USB 2.0 female connector connected to a 

TP4056 IC, which is configured as a 4.2 V, 580 mA constant-current/constant-voltage linear 

charger for a single cell LiPo battery. FS312F-G is an IC configured to protect the LiPo 

battery from over-discharge (2.9 V limit), overcharge (4.25 V limit), and overcurrent (150 

mV detection voltage). An MT3608 is used as a step-up converter (boost) circuit to increase 

the 3.7 V of the LiPo battery to 5.0 V for MCU and BM voltage supply. The MT3608 also 

includes under-voltage lockout, current limiting, and thermal overload protection to prevent 

damage in the event of an output overload. 
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Figure S5-1. Circuit schematic of LiPo Battery boost/USB charger module board. Credits 

to GreatScott! in 
https://www.youtube.com/watch?v=Fj0XuYiE7HU&t=1s&ab_channel=GreatScott%21 

 

 

C2. Wireless communication with Bluetooth module 

The TBISTAT communicates with a smartphone or a tablet using either the wireless BLE 

protocol or B2.0. A host program in the smartphone receives the input parameters of the 

experiment from the user, communicates the experimental protocol to the TBISTAT, 

receives the raw data (ADC) as the result of the experiment from the TBISTAT, and 

visualizes the data for the user in a real-time Nyquist plot. The modules HC06 and HM-10 

were used for performing wireless communication between TBISTAT and a smartphone. 

HC06 is a 5V Bluetooth module designed for establishing short-range wireless data 

communication between MCUs, and other embedded systems acting as slave devices, with 

transmission speeds up to 2.1Mb/s. HC06 is one of the cheapest modules for wireless data 

transmission. It also adds flexibility to the design as it can easily be connected, only 

requiring four I/O pin connections (VCC, ground, Tx, and Rx). It uses the frequency hopping 

spread spectrum technique (FHSS) to avoid interference with other devices and to have 

full-duplex transmission. The device works on the frequency range from 2.402 GHz to 

2.480GHz. HM-10 is a low Energy Bluetooth 4.0 communication module with an equivalent 

four I/O pin connections to the HC06. It uses the same 2.4 GHz radiofrequency as HC06 

and enables the BLE protocol for very low power applications, providing more uptime before 

LiPo battery discharge.  

https://www.youtube.com/watch?v=Fj0XuYiE7HU&t=1s&ab_channel=GreatScott%21
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Communication between BMs and MCU is done using the universal asynchronous 

receiver/transmitter (UART) interface, which is a block of circuitry responsible for 

implementing serial communication using two channels, one for transmission (Tx) and one 

for reception (Rx). Both modules permit serial transfer as high as 115200 Bauds. 

C3. MCU 

Figure S5-2 shows the circuit schematic of the MCU module board. It consists of a teensy 

LC MCU with defined circuits for power, I2C communication, analog switch ICs control, and 

serial communication. It has four header modules: One for 5.0 V input voltage and ground, 

one for 3.3 V output voltage and ground, a four-pin header for HC06/HM-10 connection, 

and an eight-pin header for I2C serial data (SDA), I2C serial clock (SCL), three multiplexer 

control signals for transimpedance amplifier resistance change (A00, A01, and EN), two 

analog switch control signals for DDS power (ADON) and electrode connection (EIS), and 

one for EOC acquisition for ADC. 

 

Figure S5-2. Circuit schematic of MCU module board.  

 

 

 



146 Point-of-care device prototype for the detection, quantification and monitoring of S100B 

 
 

C4. Digital-analog front-end potentiostat circuit 

Figure S5-3 shows the circuit schematic of the PC module board. It comprises three 

modules: The AC excitation signal design module made up of the clock generator IC, the 

DDS, and the signal conditioning circuit; The PC module made up of analog switch ICs, TIA 

circuit, and signal filtering circuit; and the mixed-signal grounding module. Noise reduction 

and mixed-signal grounding were achieved by using ferrite beads for both ground and 

power supplies of MCU, PC, and BM. In addition, only one connection point between analog 

and digital grounds was defined to suppress high-frequency noise from the ADC and DDS 

excitation signal. The electrochemical cell connector was set for three-electrode platforms. 

Hence, counter and reference ports must be manually interconnected for performing EIS in 

two-electrode platforms. 

Figure S5-3. Circuit schematic of the PC module board. 
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C5. AC excitation signal design module 

The generation of an AC signal from DC voltage sources relies on the adequate use of a 

DDS IC. Similar to previous studies [1,2], The TBISTAT employs the AD5933 network 

analyzer IC, which consists of a 27-bit direct digital synthesis (DDS) sine excitation voltage 

generator, a digital-to-analog converter (DAC), and a programmable gain amplifier (PGA1) 

which determines the AC signal amplitude in four possible ranges [3]. 

C6. Ac excitation signal construction and impedance measurements 

According to the datasheets of the AD5933 and UG-364 evaluation board [4,5], the AD5933 

can produce 1KHz-100KHz AC signals and do impedance measurements within the same 
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frequency range without any external components. However, as explained by [6], the lower 

limit of this frequency range is affected by the ADC sampling rate, which in turn defines the 

resolution of the DFT as shown by the following equations: 

𝐴𝐷𝐶 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
𝑀𝐶𝐿𝐾

16
 (1) 

 

𝐷𝐹𝑇 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝐴𝐷𝐶 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒

1024
 (2) 

Where MCLK corresponds to the AD5933 internal clock frequency equal to 16.778 MHz. 

Hence, when using the internal chip oscillator, the AC excitation frequency cannot go below 

1 kHz since a 1.04 MHz sampling rate will be imposed by it, limiting the DFT resolution to 

1 kHz [6]. Suppose the AD5933 tries to examine excitation frequencies below 1 kHz. In that 

case, the errors introduced by spectral leakage become very significant and result in 

erroneous impedance readings since each frequency bin of the DFT will represent 1 KHz 

frequency increments [7,8]. For the excitation signal frequency to go below 1 kHz, the clock 

that drives the AD5933 must be changed for each range of frequencies to obtain 

appropriate DFT resolutions. In this work, the S5351A IC is used as a clock generator 

connected to the external clock pin on the AD5933, which allows an excitation bandwidth 

increase between 1 Hz - 100Khz. Using a 27 MHz crystal, the SI5351A sends a square 

wave signal to the MCLK pin of the AD5933, so that sampling rates can be reduced to 

appropriate values for each frequency of the AC excitation signal to be generated.  

During EIS, electrochemical systems are commonly perturbed with AC excitation voltages 

of about 5 to 10 mVp to preserve the linear behavior of the EOC [9]. However, potentials 

as small as 2 mVp and as large as 20 mVp have been employed [10]. The AD5933 can 

produce AC signals with four preprogrammed AC amplitudes which can be customized with 

rail-to-rail operational amplifiers by adding an amplifier resistor in the signal conditioning 

circuit. Even though the AD5933 can provide precise excitation signals at different 

frequencies with external clock input, this excitation signal has a DC-bias voltage that is 

different for each excitation amplitude. A DC voltage difference across an electrochemical 

cell under test might cause polarization which could significantly alter the impedance 

response of the system by inducing a DC component in the EOC [3]. Therefore, a high pass 

filter is usually necessary to cancel the DC component of the excitation signal before 
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reaching the unknown impedance. In this work, a high pass filter/amplitude reduction circuit 

was designed to achieve a 10 mVp, 3.3/2 VDC, biased excitation signal from a 0.1915 Vp, 

0.31 V, 1 KΩ DC corresponding to range three of the four, preprogrammed AC amplitudes 

in the AD5933 and found on the pin 6 VOUT (see Figure C, direct digital synthesizer circuit). 

The designed high pass filter circuit also induces a signal DC bias of 3.3/2 to provide a 

reference DC voltage via a simple voltage divider circuit that uses two low-tolerance 

(<0.1%) 20 KΩ resistors, also known as virtual ground voltage (VGV). This feature allows 

the AC signal component to swing around the middle of the 0-3.3V range (rail to rail, from 

minimum to maximum value), considering that a negative voltage at the output (with respect 

to ground reference) is not possible since operational amplifiers (OAMPS) have a unipolar 

power supply (0 to 3.3V). In addition, low-value output impedances are needed to allow 

voltage amplitude to be maintained and avoid current losses from the input signal when the 

electrochemical cell is connected. The above conditions are met by connecting the output 

of the high pass filter to an OAMP which acts as a buffer of the filtered signal to achieve a 

lower output impedance (less than 1 Ω) than the 1 KΩ of the AD5933 VOUT pin. In this 

way, using the above circuit, only one OAMP is needed to attain filtering, amplitude 

reduction, VGV, and low output impedance of the excitation signal. Finally, to isolate high-

frequency harmonics from wireless communication and the AD5933 MCLK itself, a 100 KHz 

two-pole SKLPF was implemented in a second OAMP circuit. The chosen OAMP IC was 

the AD8608 IC, as it features four OAMPs circuits and allows precise low noise CMOS Rail-

to-Rail amplification and filtering in low power applications such as the one from this work.    
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C7. PCB designs 

Figure S5-4. PCB design of LiPo Battery boost/USB charger module. Top layer is shown 
in red, bottom layer in blue, top silk layer in yellow. Original design. 

 

Figure S5-5. PCB design of MCU module. Top layer is shown in red, bottom layer in blue, 
top silk layer in yellow. Original design. 
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Figure S5-6. PCB design of PC module. Top layer is shown in red, bottom layer in blue, 
top silk layer in yellow. Original design. 

 

 

C8. Bill of materials 

Table S5-1. List of components used in the LiPo Battery boost/USB charger module 
board. Part numbers are from Digi-Key unless specified otherwise. All costs are in USD 

for the minimum order volume on December 25th, 2020.  

Description Model/ Value Supplier 
Supplier Part 
number Quantity 

Price per 
unit USD 

Total 
USD 

Boost capacitors C1,C2/22uF LCSC C28504 2 0.8837 1.7674 
Over discharge 
capacitors C16/0.1uF LCSC C167641 1 0.0656 0.0656 

Charge capacitor C26/10uF LCSC C19702 1 0.01 0.01 

SS34 D1 LCSC C8678 1 0.084 0.084 

GND GND LCSC C81276 1 0.0063 0.0063 
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22uH L2 LCSC C27442 1 0.248 0.248 

19-217/GHC-YR1S2/3T LEDG LCSC C72043 1 0.028 0.028 

Red(0603) LEDR LCSC C2286 1 0.0059 0.0059 

FS8205 Q1 LCSC C32254 1 0.1688 0.1688 

Boost resistor R2/7.5K LCSC C23234 1 0.0014 0.0014 
Boost, Charge 
resistors R4,R6,R26/1K LCSC C21190 3 0.0013 0.0039 

Protection resistors R9,R14/2K LCSC C115336 2 0.0017 0.0034 
Charge protection 
resistor R12/100 LCSC C105588 1 0.001 0.001 

Toggle Switch SW1 LCSC C231743 1 0.2235 0.2235 

FS312F-G U2 LCSC C14213 1 0.112 0.112 

TP4056 U5 LCSC C16581 1 0.2164 0.2164 

MT3608 U8 LCSC C84817 1 0.1487 0.1487 

MICRO USB USB1 LCSC C10418 1 0.0663 0.0663 
Two-layer PCB 
manufacturing 

Two-layer PCB 
manufacturing JLCPCB NA 1 1 1 

LiPo Battery 1000mAh Amazon NA 1 4 4 

Female headers NA LCSC C343633 20 0.001 0.02 

Male headers NA LCSC C213440 15 0.001 0.015 

Total 8.1956 

 

Table S5-2. List of components used in the MCU module board. Part numbers are from 
Digi-Key unless specified otherwise. All costs are in USD for the minimum order volume 

on December 25th, 2020.  

Description Model/ Value Supplier 
Supplier Part 
number Quantity 

Price per 
unit USD 

Total 
USD 

Voltage source capacitor C8/10uf LCSC C354794 2 0.8837 1.7674 

Voltage source capacitor C14/100nF LCSC C111492 1 0.0656 0.0656 

Voltage source capacitor C15/10nF LCSC C111492 1 0.01 0.01 

BM ferrite beads F7,F8/600Ω LCSC C1017 1 0.084 0.084 

Bluetooth module HC06 AMAZON HC06 1 4 4 

I2C pullup resistors R7,R10/4.7K LCSC C17673 1 0.1688 0.1688 

Teensy LC MCU U3 PJRC Teensylc 1 12 12 
Two-layer PCB 
manufacturing PCB JLCPCB NA 1 1 1 

     Total 19.0958 
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Table S5-3. List of components used in the PC module board. Part numbers are from 
Digi-Key unless specified otherwise. All costs are in USD for the minimum order volume 

on December 25th, 2020.  

Description Model/ Value Supplier 

Supplier 
Part 
number Quantity 

Price per 
unit USD 

Total 
USD 

Sallen key Two pole 
LPF capacitor C1/10nF LCSC C49678 1 0.0065 0.0065 
Sallen key Two pole 
LPF capacitor C2/1nF LCSC C1710 1 0.0082 0.0082 
AD5933 voltage 
source capacitor C3/10uf LCSC C354794 1 0.0331 0.0331 
High pass filter 
capacitor AD5933 
output C4/500nf LCSC C354794 1 0.0331 0.0331 
Voltage source 
capacitor/ Sallen key 
filters 

C5,C6, C19,C20, 
C21,C22,C24 
/100nF LCSC C49678 7 0.0065 0.0455 

TIA feedback 
capacitor C7/10pF LCSC C1785 1 0.0132 0.0132 
Sallen key Fourth pole 
Capacitor C23,C25/10nF LCSC C1710 2 0.0082 0.0164 
Sallen key Fourth pole 
Capacitor C27/100nF LCSC C111492 1 0.0217 0.0217 
AC DC ground ferrite 
bead F2/600Ω LCSC C1017 1 0.0141 0.0141 
Sallen key Two pole 
LPF resistor R1/3K LCSC C17513 1 0.0028 0.0028 
Sallen key Two pole 
LPF resistor R2/80.6 LCSC C17744 1 0.0034 0.0034 

TIA gain resistors R7/100K 0.1% LCSC C55866 1 0.0487 0.0487 

TIA gain resistors R8/1M 0.1% LCSC C55868 1 0.0542 0.0542 

TIA gain resistors R9/10k LCSC C84699 1 0.0494 0.0494 

TIA gain resistors R10/10M LCSC C126479 1 0.0587 0.0587 
High pass filter 
resistor AD5933 
output R13/180k LCSC C269381 1 0.0042 0.0042 
VGV divider circuit 
resistor AD5933 R15,R16/20k LCSC C269381 2 0.0042 0.0084 
VGV divider circuit 
resistor TIA R17,R18/20K LCSC C269381 2 0.0042 0.0084 
Sallen key Fourth pole 
resistor R22,R24/1K LCSC C17513 2 0.0028 0.0056 
Sallen key Fourth pole 
resistor R23/88.7 LCSC C17851 1 0.0038 0.0038 



154 Point-of-care device prototype for the detection, quantification and monitoring of S100B 

 
Sallen key Fourth pole 
resistor R25/53.6 LCSC C17744 1 0.0034 0.0034 
TIA gain resistor 
multiplexer IC U1/ADG704BRMZ LCSC C13600 1 3.035 3.035 

TIA IC 
U2/LMP7721MA  
/NOPB LCSC C124427 1 7.334 7.334 

DDS AD5933 IC U3/AD5933YRSZ LCSC C57767 1 19.2068 19.2068 
OAMP AC signal 
filtering IC U6/AD8608ARUZ DIGIKEY 

AD8608ARZ-
REEL 1 5.11 5.11 

Analog switch IC 
U7/MAX4641- AD-
WORK LCSC C140241 1 2.8366 2.8366 

Analog switch IC 
U9/MAX4641- 
refcount LCSC C140241 1 2.8366 2.8366 

Variable clock 
generator IC U13/Si5351A- A-GT ALIBABA SI5351A 1 2.65 2.65 

Crystal X1/27MHz LCSC C156249 1 0.2906 0.2906 
Sallen key Fourth pole 
OAMP ic 

U15/LMP7702MA/ 
NOPB LCSC C201580 1 5.3414 5.3414 

Two-layer PCB 
manufacturing PCB JLCPCB NA 1 1 1 

     Total 50.0838 

 

 

C9. Software design 

Figure S5-7 shows the overall functionality of each TBISTAT component. An android 

application was developed to interface with the MCU firmware over either B2.0 or BLE 

protocols.   
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Figure S5-7. Block diagram of TBISTAT components and functionality. 

 

C10. MCU firmware 

Initial configuration 

A teensy LC board was used as MCU for the TBISTAT. The firmware initially sets ADC, 

serial, I2C, Si551, AD5933, interrupt, and digital input/outputs configuration. A fast and 

accurate implementation of continuous ADC is achieved using Pedro Villanueva's 

implementation [11]. I2C communication is programmed using the Arduino wire library, 

which allows easy I2C configuration [12]. Similarly, the serial interface is programmed using 

serial library functions [13]. AD5933 is programmed using a modified version of Michael 

Meli AD5933 library [14]. Similarly, SI5351 configuration is done using the Etherkit SI5351 

library [15]. Finally, fast, accurate time interrupts for ADC of EOC are achieved using the 

PJRC interval timer library [16]. 

Main loop 

Using the firmware developed for RFDUINO by Ainla et al. [17] as a reference, the Teensy 

LC main loop is equipped to listen, interpret, and execute the commands sent by the 

smartphone. The teensy LC communicates with smartphones by sending and receiving 

commands in the string format, in the form x("number"), which are received and sent by the 

BM. The letter x is the command code that denotes a single uppercase character in the 

range [A-Z], and the string "number" represents a numerical value in long type when 

converted in the MCU firmware (32-bit signed integer). The MCU serial module receives 
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serial commands in the above format from the android application for setting AD5933 

external clock frequency, number of FFT points to acquire, TIA gain resistance, DDS word 

for AC excitation (see AD5933 library and [18–20]), sampling frequency, and initializing one 

EIS point scan with timer0 interrupt. Once TBISTAT receives the command and executes 

it, it sends the command "G" to acknowledge confirmation of the performed action. Table 

S5-4 shows the description of the input commands used in the MCU firmware. Once 

command "F" is received by the MCU, serial communication is stopped, and AC excitation 

by AD5933 begins. 

Table S5-4. Input/output commands used for communication between MCU firmware and 
the smartphone application.  

 

Char Parameter Function Description 

A 1 to 4 TIA amplifier resistance Selects between 10k, 100k, 1M, or 10M 
amplifier resistance for TIA  

B 1-500000 AD5933 excitation 
frequency word 

DDS word for choosing excitation 
frequency in AD5933 

C 1-50000 Timer interrupt period Time in microseconds after which 
interrupt occurs 

D 1 to 5000 Number of FFT 
measurement points number of FFT sample points 

E 10000-
16000000 External clock frequency SI5351 clock definition for AD5933 

external clock 

F none Start AC excitation in 
AD5933 

Begins AC excitation by AD5933. 
Enable Timer0 interrupt, disable serial 
communication. 

G none Action is completed Sends confirmation of completed 
command 

H 0-65535 EOC ADC value for each 
FFT point 

Sends one digitized EOC ADC data 
point value from the MCU to the 
Android application 

M None Scan completed 
ADC of all FFT points have been made, 
and data has been sent to the Android 
application. 

 

C11. Precise Timer interrupt/ADC  

The sampling time (sampling frequency) was appropriately defined to obtain a frequency 

resolution that produced FFT frequency bins whose integer multiplication resulted in a 
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number as close as possible to the AC excitation frequency of each of the 36 EIS frequency 

points. Thus, spectral leakage to adjacent frequency bins was greatly diminished during the 

FFT of digitized EOC. 

The timer0 interrupt was used in the Teensy LC firmware for achieving C(parameter) 

microseconds interruptions. It measures EOC with the ADC during its execution and stores 

12-bits unsigned integers for each FFT point in a buffer (0 to 4095). After D(parameter) 

points have been acquired, the timer0 interrupt is stopped, serial communication is 

reestablished, and each sample point in the buffer is type casted to a long variable for long-

to-string conversion in the format "HnumberF" and sent via the serial communication with 

the BM. This format allows easy string-to-double conversion in the android application for 

FFT calculations. Once all FFT points have been sent, the MCU sends the character "m," 

indicating that the scan for the defined frequency has finished.  

C12. Android application  

Bluetooth communication 

Serial Bluetooth Classic protocol 2.0 and BLE were implemented using Douglas Roma's 

library [21]. 

User interface 

The user interface comprises only two buttons (connect and start), a checkbox for 

calibration, and a text input space for selecting calibration resistance value. The user initially 

presses the connect button to establish a Bluetooth connection between the smartphone 

and the BM connected to the MCU. When the start button is pressed, the smartphone 

configures MCU for EIS and starts measuring each frequency point. If the Calibration 

checkbox is checked before pressing start, the user must input a number corresponding to 

the calibration resistance to be used. Then, the smartphone performs calibration of system 

phase and magnitude for each EIS frequency for the defined calibration resistance. When 

data coming from BM is received, an FFT is performed. If the user is performing calibration, 

the magnitude and phase are stored on an excel file. The creation, update, writing, and 

reading of excel files was implemented using Ranit Raj excel creation and editing libraries 

[22]. The calibration file is updated every time a new calibration measurement is done. Once 
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this process is performed for all excitation frequencies of the EIS, the user is asked to 

change calibration resistance and perform another round of calibration for the new chosen 

resistance. Suppose the user is performing a conventional measurement in a two or three-

electrode system to detect the S100B biomarker. In that case, a Nyquist plot is displayed 

in real-time as FFT on each EOC receive data is performed. Once EIS is finished, ΔRCT of 

the EIS and ΔC from SFA are calculated for finding S100B concentration, which is shown 

together with TBI diagnosis support information. 

FFT 

A 1000-point FFT on incoming digitized EOC data was performed using Piotr Wendykier 

FTT implementation [23]. A total of 36 logarithmically spaced frequency points were chosen 

between the 1-10 KHz frequency range. Sampling times and AD5933 MCLK values were 

carefully selected to obtain a frequency resolution that reduced spectral leakage in the FFT 

by producing frequency bins which were almost exact integer multiplications of the 

measured signal frequency. The FFT algorithm produces an n-size vector, where n is the 

number of points acquired. The function outputs half of the real DFT, considering the 

symmetry condition. The real and imaginary parts for each frequency bin were found using: 

𝑅𝑒[𝑘] = 𝐹𝐹𝑇[2 ∗ 𝑘] , 0 ≤ 𝑘 <
𝑛

2
 (3) 

 

 𝐼𝑚[𝑘] = 𝐹𝐹𝑇[2 ∗ 𝑘 + 1], 0 < 𝑘 <
𝑛

2
 (4) 

 

Where k is an index that moves along the frequency bins. The frequency bin corresponding 

to the acquired AC signal corresponds to the highest FFT magnitude. Each EIS scan is 

performed five times, and a median filter using the bubble sort algorithm is employed to 

diminish errors coming from signal distortion and the intrinsic system variability.  The 

chosen FFT magnitude and phase values are stored on position three of the output bubble 

sort vector, and are employed for finding the impedance magnitude and phase of the 

measured impedance.  
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Nyquist plot construction 

Real-time display of impedance measurements in the Android application is performed 

using the Android chart implementation made by Philipp Jahoda [24]. Each point of the 

Nyquist plot is displayed on the quadrant one of a coordinate plane with real impedance 

component as abscissa and impedance imaginary component as ordinate. The real and 

imaginary components of the impedance measurement for each frequency point are given 

by: 

𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 = 𝐼𝑀 ∗ 𝑐𝑜𝑠(𝑝ℎ𝑎𝑠𝑒) (5) 

 

𝐼𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 𝑣𝑎𝑙𝑢𝑒 = 𝐼𝑀 ∗ 𝑠𝑖𝑛(𝑝ℎ𝑎𝑠𝑒) (6) 

Where IM corresponds to the impedance magnitude.  

C13. TBISTAT calibration 

After EIS is performed, a 648 (6 resistors per TIA resistance x 3 TIA resistances x 36 

frequency points) x 5 matrix is populated with calibration resistor known impedance 

magnitude (between 103.5 Ω and 33200 Ω), frequency value (between 1 Hz and 10 KHz) 

point of AC excitation signal, TIA resistor (10 KHz, 100 KHz or 1MHz), FFT magnitude, and 

FFT phase for each defined setting. This matrix is stored in an excel file created by the 

android application, which can be read or modified in the event of another calibration or EIS 

measurement of an unknown S100B concentration in the defined biosensor platform. FFT 

magnitude and phase are given by: 

𝐹𝐹𝑇 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = √𝑅𝑒[𝑘]2 + 𝐼𝑚[𝑘]2 (7) 

 

𝐹𝐹𝑇 𝑝ℎ𝑎𝑠𝑒 = atan
𝐼𝑚[𝑘]

𝑅𝑒[𝑘]
 (8) 
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C14. Impedance measurement 

The default program setting of the TBISTAT is to perform a complete EIS of the unknown 

impedance, unless calibration checkbox is selected by the user. The TBISTAT selects the 

lowest TIA amplifier resistance and the highest AC excitation frequency, corresponding to 

10 KΩ and 10 KHz, respectively. After excitation, ADC takes place, digitized EOCV data is 

transferred to the smartphone application, FFT is performed, and FFT magnitude and 

phase are calculated for the desired frequency point. The following code is executed for the 

obtention of impedance magnitude and phase: 

if (FFT magnitude> high FFT magnitude limit)    

 "Impedance is too small to be measured." 

else if (FFT magnitude>low FFT magnitude limit) 

 Interpolate 〖IM〗_i and 〖IP〗_i 

 Update Nyquist plot 

 

else if (FFT magnitude<low FFT magnitude limit AND TIA amplifier resistor!=10MΩ) 

 Change TIA amplifier resistance to next value 

 Repeat frequency point impedance measurement 

else  

 "Impedance is too high to be measured." 

 Finish Nyquist plot.  

 

Where IM and IP correspond to the impedance magnitude and phase, respectively. Low 

and high FFT magnitude limits for each frequency point correspond to the lowest and 

highest FFT magnitude values for each TIA resistance setting previously found and stored 

during calibration.  
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The impedance magnitude is found by interpolation using the magnitude and phase values 

of the current FFT and the magnitude and phase values of the calibration resistances in the 

current setting, i.e., 10 KHz TIA resistance, 10KHz frequency, 103.5 Ω to 1183 Ω resistor 

range. The impedance phase is the absolute value of the difference between the system 

phase defined using the same method as above (pairing FFT magnitude with system phase 

as the unknown value in the interpolation) and the measured FFT phase for the scanned 

EIS frequency point. 

C15. Verification of independence of residuals 

Figure S5-8. Residuals plot for T-test. No structure is found on the residuals. Hence, they 
can be thought of as independent. 
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C16. Raw data for DOE of S100B detection using delta RCT as response variable and 
verification of assumptions for the ANOVA 

Table S5-5. Delta RCT (ΔRCT) for each experimental run.   

Run 
 

Log[S100B] 
 ΔRCT change (𝛀) 

7 1.5 2984 

1 1.5 2543 

4 1.5 3126 

8 1.5 3690 

9 2 5903 

3 2 8578 

5 2 7448 

12 2 9351 

2 2.5 17257 

11 2.5 20364 

10 2.5 20380 

6 2.5 18074 
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Figure S5-9. Graphical verification of the assumption of normality for the S100B detection 
experiment.  

 

Figure S5-10. Graphical verification of the assumption of independence for the S100B 
detection experiment.  

 

 

 



164 Point-of-care device prototype for the detection, quantification and monitoring of S100B 

 
Table S5-6. Statistical quantitative tests and analysis of variance for the S100B detection 
experiment. Homoscedasticity is not fulfilled. Therefore, a Welch test is performed for non-
homogeneity of variance between groups. Games-Howell test shows statistically significant 
differences between groups. 

 

Test Statistic P-Value 
Shapiro-Wilk 0.940825 0.508837 
Levene's 5.13619 0.0325 

 
Test Statistic Gl1 Gl2 P-Value 
Welch test 168.393 2.00 4.65 0.0000 

 
 

Games-Howell test 
Log (S100B) Cases Mean Homogeneous groups 
1.5 4 3085.75 X 
2 4 7820.0    X 
2.5 4 19018.8       X 

 
Contrast Sig. Difference +/- Limits 
1.5 - 2  * -4734.25 2951.11 
1.5 - 2.5  * -15933.0 3163.63 
2 - 2.5  * -11198.8 3364.12 

Table S5-7. Assessment of the reproducibility of the response variable (∆RCT) in AUIDEs 
through the estimation of the relative standard deviation (RSD). 

 

 

 

 

 

 

 

 

 

 

 

Log[S100B] Mean (Ω) SD RSD (%) 

1.5 3085.87 473.23 15.33 

2 7819.99 1498.22 19.15 

2.5 19018.61 1597.91 8.40 
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C17. Model suitability testing for (∆RCT) vs. S100B regression model 

Table S5-8. Assessment of the regression model suitability for the response variable 
(∆RCT) vs. S100B concentration. 

 
Coefficients 
Parameter Estimated Minimum 

Square 
Standard 
error 

T Statistic P-Value 

Intercept 1789.73 594.922 3.00835 0.0132 
Slope 54.9336 3.0954 17.7468 0.0000 
 
 
Analysis of Variance 
Sov Sum of Squares DoF Mean Square F-ratio P-value 
Model 5.33698E8 1 5.33698E8 314.95 0.0000 
Residual 1.69455E7 10 1.69455E6   
Total (Corr.) 5.50643E8 11    

 

Fig S5-11. Graphical verification of the assumption of independence for the S100B 
regression model.  
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Table S5-9. Lack-of-fit test of the regression model for the response variable (∆RCT) vs. 

S100B concentration. 

 
SoV Sum of Squares DoF Mean Square F-ratio 
Model 5.33698E8 1 5.33698E8 314.95 
Residual 1.69455E7 10 1.69455E6  
Lack of fit 1.88303E6 1 1.88303E6 1.13 
Pure error 1.50625E7 9 1.67361E6  
Total (Corr.) 5.50643E8 11   
 
SoV P-Value 
Model 0.0000 
Residual  
Lack of fit 0.3165 
   Pure error  
Total (Corr.)  
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