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ABSTRACT 

Globally, wound management poses a massive challenge with a great impact on social-economic and 

healthcare systems. In a post-Covid era, at-home diagnostic and monitoring devices gained a crucial 

role in our lives, boosting the development of novel skin patch sensors targeted for health monitoring. 

In this context, one of the most important requirements concerns the creation of flexible and 

conformable conductive platforms that can be employed as skin-like sensors. Thus, the main goal of 

this dissertation consists in the development of a flexible electrochemical biosensing device for the 

detection of an inflammation biomarker, interleukin-6 (IL-6). The 3-electrode gold pattern was 

standardized by e-beam evaporation on a 6 µm polyimide membrane, a transparent and biocompatible 

polymeric material. Subsequently, protein-printed sensors were electrochemically fabricated on the 

gold-modified electrodes for IL-6 detection. This biorecognition is accomplished with molecularly-

imprinted polymers (MIPs) that were synthesized on the electrode surface by electropolymerization of 

a mixture of two monomers, pyrrole and carboxylated pyrrole. Along this process, several 

electropolymerization parameters were optimized like the potential range and number of cycles, as well 

as the pH conditions of the medium and the removal of the imprinted protein, to create the cavities 

responsible for the rebinding event. Electrochemical sensing features were then investigated to 

demonstrate the imprinting effect and the optimized biosensor exhibited a linear electrochemical 

response in the 0.5 ng/mL to 500 ng/mL concentration range. Moreover, chemical, and morphological 

characterizations, such as XPS, SEM and FTIR confirmed the surface modifications on the gold surface. 

The final biosensing device demonstrated great potential in terms of sensitivity, stability, and 

reproducibility, making it a simpler and more cost-effective portable solution for the remote monitoring 

of chronic wounds. Finally, the incorporation of the sensing component directly on biocompatible 

flexible polymers enables new monitoring and treatment tools that can be more accurate, less invasive, 

and more comfortable for the patient.  

Keywords: biosensor; molecularly-imprinted polymer; flexible substrate; gold-based electrodes; 

electrochemical; interleukin; polyimide
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RESUMO 

Globalmente, a monitorização de feridas representa um enorme desafio com grande impacto nos 

sistemas socio-económicos e de saúde. Numa era pós-Covid, os dispositivos de diagnóstico e 

monitorização a partir de casa adquiriram um papel crucial nas nossas vidas, impulsionando o 

desenvolvimento de novos sensores flexíveis para a pele para monitorização da saúde. Nesse contexto, 

um dos requisitos mais importantes diz respeito à criação de plataformas condutoras flexíveis e 

conformáveis que possam ser utilizadas como sensores para pele. Assim, o principal objetivo desta 

dissertação consiste no desenvolvimento de um dispositivo biossensor eletroquímico flexível para a 

deteção de um biomarcador de inflamação, interleucina-6 (IL-6). O padrão de 3 elétrodos de ouro foi 

padronizado por evaporação por feixe eletrónico numa membrana de poliimida com 6 µm de espessura, 

um material polimérico transparente e biocompatível. Posteriormente, os biossensores foram fabricados 

eletroquimicamente nos elétrodos modificados com ouro para deteção de IL-6. Este bioreconhecimento 

é realizado através de polímeros de impressão molecular (MIPs) que foram sintetizados na superfície 

do elétrodo por eletropolimerização de uma mistura de dois monómeros, pirrol e pirrol carboxilado. Ao 

longo deste processo, vários parâmetros de eletropolimerização foram otimizados tais como a gama de 

potencial aplicado e o número de ciclos, as condições de pH do meio e a remoção da proteína impressa, 

a fim de criar as cavidades responsáveis pelo evento de religação. As características de deteção 

eletroquímica foram então investigadas para demonstrar o efeito de impressão e o biossensor otimizado 

exibiu uma resposta eletroquímica linear na gama de concentrações de 0.5 ng/mL a 500 ng/mL. Além 

disso, caracterizações químicas e morfológicas, tais como XPS, SEM e FTIR confirmaram as 

modificações químicas na superfície do eléctrodo. O dispositivo biossensor final demonstrou potencial 

em termos de sensibilidade, estabilidade e reprodutibilidade, tornando-se uma solução portátil, simples 

e económica para a monitorização remota de feridas crónicas. Por fim, a incorporação do componente 

sensor diretamente em polímeros flexíveis biocompatíveis permite novas ferramentas de monitorização 

e tratamento que podem ser mais precisas, menos invasivas e mais confortáveis para o paciente. 

Palavas chave: biossensor; polímero de impressão molecular; substrato flexível; elétrodos de ouro; 

eletroquímico; interleucina; poliiamida
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1  

INTRODUCTION 

1.1 Wound care 

Wounds that do not heal, also known as chronic wounds, are important health issues that affect a large 

number of individuals, imposing a significant financial burden to the health care. This load is growing as 

healthcare costs rise, the population ages, and the prevalence of comorbidities such as diabetes rises [1]. In 

this context, diabetic foot ulcers (DFU) are one of the most common and costly complications of diabetes, 

affecting more than 10% of all diabetic individuals along their lifetime, that ultimately, can result in limb 

amputations. 

Wound healing is composed by a complex series of biological responses that have traditionally been 

managed using conventional dressing and bandage materials [2],[3]. However, the concept of diagnostic 

sensors fully integrated to enable wound monitoring and treatment is growing rapidly, and there is a lot of 

interest for applying this innovative technology in the chronic wound context [4]. 

The most prevalent approach to wound assessment today is through a basic visual inspection, which results 

in a subjective and sometimes unpleasant outcome. For this inspection, the dressing must be removed and 

replaced, which contributes to the patient's discomfort. Furthermore, due to the lack of suitable monitoring 

approaches using relevant biomarkers for a continuous assessment, health personnel are unaware of the 

efficiency of wound management when the patient is at home. The ability to track the progress of the wound 

condition even when the patient is not hospitalized would allow for more specific and faster treatment, if 

needed, since the increased number of visits due to the need to continuously monitor the healing process raises 

the cost of treatment and increases stress in medical centres [1], [4]. 

1.2 Inflammation  

The wound healing process in chronic wounds is heavily controlled by distinct cellular players of the skin 

that normally progresses through distinct inflammatory, proliferative, and maturation phases [5]. Inflammation 

is an essential innate immune response provided by the immune system to ensure survival against infections 

and injuries. Inflammatory responses are critical for maintaining normal tissue homeostasis, that is, a stable 

condition for the organism to perform its physiological functions properly [6]. The primary players in the 

inflammatory phase include the release and resolution of a variety of cytokines (such as IL-1β, IL-6, and IL-

8), blood components, neutrophils and macrophages, and changes in oxygen concentration and pH in the 

wound [7]. 

Thus, collecting information related to the presence of biomarkers like cytokines, that are closely connected 

with the progression of the wound, can give a valuable input in terms of diagnostic and therapeutic 

applications. Briefly, cytokines are small, secreted proteins that are practically produced by all cells to regulate 

and impact the immune response [8]. They can be categorized based on their functions, or on their structure 

[9]. Herein, special emphasis was given to IL-6 that is a pro-inflammatory cytokine (function) and belongs to 

the interleukin family (structure). IL-6 is involved in chronic inflammation (which is strongly linked to chronic 

inflammatory diseases, autoimmune diseases, and cancer) as well as the cytokine storm of coronavirus disease 

2019 (COVID-19), a type of inflammation in which the production of inflammatory cytokines is acutely 

induced in a dysregulated way in response to some stimuli [10]. 
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Although IL-6 has unquestionable predictive significance in early inflammation, no considerable advances 

in therapeutic applications have been made, and many doctors continue to use a combination of clinical 

presentation, white blood cells count, C-reactive protein levels, and fever measurement over pricey IL-6 

determination [8]. With the challenges of cytokine detection, such as intricate cytokine signalling, dynamic 

secretion, low concentration, and low stability, the development of novel detection platforms and materials for 

producing point-of-care (POC) cytokine biosensors has grown in the last years [9]. Despite various studies can 

be found in literature regarding different approaches to detect and quantify IL-6 presence, most of them are 

time-consuming, expensive, and complex methodologies, making it not compatible for routine use [11], [12]. 

1.3 Biosensor 

Over the last decades, alongside with digital evolution, biosensor development has suffered a great 

transformation and application in distinct fields like food safety, environment, healthcare, sportswear, 

pharmacology, etc.[13], [14] . A biosensor is a device or probe that produces a measurable signal based on the 

concentration of a biological substance, known as an analyte [15]. A typical biosensor consists of the following 

components: an analyte (the substance under research to be detected), a bioreceptor (the element that is 

responsible for recognizing the analyte), a transducer (the element that converts the biorecognition event into 

a measurable signal directly related to the amount of analyte present), electronics (the signal is amplified, 

converted to digital format, and quantified by the display element), and display (the user interpretation system 

that can be presented in numerical value, graph or figure) [16]. 

Certain important requirements must be met to develop a highly effective biosensor system with potential 

to be commercially used. These requirements include: selectivity (the bioreceptor must be able to detect a 

specific target analyte molecule in a sample containing unwanted contaminants), limit of detection (the 

minimum amount of analyte that can be detected/identified correctly and at low concentrations), linearity (the 

higher the linearity, the greater the detection of the substrate concentration), the response time (the time 

required to obtain 95% of the data, which should be kept to a minimum), reproducibility (defined by precision 

and accuracy, the biosensor must generate equal findings each time the sample is measured), stability (is the 

vulnerability to environmental disturbances inside and outside the biosensor device, is one of the key 

characteristics as continuous monitoring is required) [16]. 

1.3.1 Recognition element 

The analytical specificity is conferred by the biorecognition system that is a crucial phenomenon for 

successful biosensing outcomes. Biosensors can be classified according to their type of biorecognition element, 

being the most common one, antibodies, nucleic acids, enzymes, and cells [17]. Although most of these 

recognition elements present high selectivity and sensitivity response, their main limitations concern stability 

over-time and cost issues. Therefore, molecularly-imprinted polymers (MIPs) appeared as an alternative to 

design synthetic materials, holding higher stability and robustness, with the ability to mimic the behaviour of 

natural biomolecules. 

MIPs are polymeric matrices that can recognize and attach to specific molecules in a selective manner. The 

molecular imprinting approach involves the polymerization of monomers in the presence of a target analyte, 

which serves as a template during polymer synthesis. The affinity of the resultant products is expected to be 

comparable to that of the antibody-antigen affinity. Thus, the analyte is recognized in the cavities created in 

the polymer matrix. Three main processes are involved in the formation of these cavities: interaction between 

the template and functional monomers that form a complex during imprinting and rebinding; polymerization 

of the resultant complex; and, finally, removal of the imprinted template [18]. 
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The nature of the functional monomers, crosslinking agents and initiators, solvents, reagent ratio, 

polymerization technique, and imprinting approach are all elements to consider [19]. The end product is a 

stable polymer capable of rebinding the target molecule and with modulable properties such as stiffness, 

porosity, molecular weight, resistance, and responsiveness to diverse stimuli, hence the interest in its 

application in biosensors. Furthermore, the introduction of MIP-based materials as biorecognition element has 

been widely explored mostly due to its facile operation, simple equipment and mild conditions. 

The imprinting of the complementary cavities can be performed through two different approaches that 

includes, bulk and surface, with the latter being employed in this dissertation. In the bulk imprinting method, 

the surface of the transducer is coated with a prepolymer mixture that also includes the template molecule. 

These interact with one another to form a network, which is then polymerized in a one-step procedure. Finally, 

the template is removed, leaving cavities throughout the material with shape and size specific for recognizing 

the analyte under study. This approach is most suited and commonly employed for creating cavities for small 

molecules. However, the main limitation results in a smaller number of useful printed places in the polymer 

matrix for rebinding. To overcome this drawback and others like delayed kinetics, incomplete template 

removal, and low mass transfer, various strategies for locating binding sites primarily on the surface are 

presented, being surface imprinting one of them [19],[20]. As the target molecule is previously deposited on 

the surface of the substrate, the imprinted binding sites are generated and positioned near to the surface of the 

polymer, allowing the creation of thin polymeric films. As a result, the printed set is more resilient and simpler 

to integrate into electrochemical platforms, while also providing access to bigger target analytes. This method 

improves the surface-to-volume ratio and the available locations for rebinding, thus increasing sensitivity and 

selectivity [21]. 

1.3.2 Signal transduction 

Another way to categorize MIP-based sensors is through the nature of the transduction element. For 

instance, transducers can be classified into electrochemical, optical, thermal, electrical, and gravimetric types 

based on their functioning principles. Although the selection of the transducer is an important aspect to obtain 

the desirable sensitivity and selectivity, herein the focus of this work was to develop biomimetic materials 

using electrochemical transduction as a quick, low-cost and quite sensitive approach 

So, electrochemical biosensors are designed to transform the effect of the electrochemical interaction 

between the analyte and the electrode surface into a measurable electrical signal. An electrochemical reaction 

between the bioreceptor and the analyte occurs on the surface of the transducer, creating observable 

electrochemical signals in the form of voltage, current, impedance, and capacitance. Thus, electrochemical 

biosensors can be sub-divided based on the transduction principle into: potentiometric (measures the charge 

accumulated on the working electrode relative to the reference electrode), amperometric (measures the current 

produced due to electrochemical oxidation or reduction of electroactive species in the working electrode), 

impedimetric (measures the electrical impedance variation at the electrode/electrolyte interface), 

conductometric (measures the change in conductance between the pair of electrodes due to the electrochemical 

reaction) and voltammetric (measures the current through the controlled variation of the applied potential) 

[16]. Moreover, the use of electrochemical biosensors can occur under two different ways, direct and indirect, 

if a redox mediator is required or not to promote reversible electrochemical processes. 

Besides the wide range of applications and simple instrumentation, electrochemical sensing technology 

enables to achieve high level of sensitivity, selectivity, and detection capabilities. 
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1.3.2.1 Electropolymerization 

In the context of electrochemical biosensors that employ MIPs as biorecognition systems, one of the most 

used techniques is electrochemical polymerization or electropolymerization. 

Electropolymerization is a simple procedure in which a potential or range of potentials are applied to a 

solution containing electroactive monomer molecules and/or biomolecules. Briefly, at the electrode surface, 

the monomer is reduced or oxidized, producing reactive radical species that combine to form a polymer [16]. 

A controllable thickness polymer can be generated by modifying the electrochemical parameters such as the 

applied potential range, the number of cycles, and the sweep rate. Furthermore, this in-situ technique allows 

the growth of a polymeric film with different shapes and sizes directly in the conductive substrate. The 

selectivity of the electrosynthesized MIP can also be enhanced by altering the monomers with additional 

functional groups [21]. 

Since the electrosynthesis of MIPs involves both conducting and insulating/non-conducting polymers, the 

method of choice for signal transduction is linked to the conductivity of the polymer. Non-conductive polymers 

can be more sensitive to impedance changes; however, their electrochemical deposition must be managed since 

their growth becomes terminated when the polymer isolates the surface of the fundamental conductive 

electrode. Deposition of conductive polymers, on the other hand, can continue indefinitely since the deposition 

conditions regulate the thickness of the polymer [21]. 

The most common electrochemical technique used for applying the potential (range) that will 

electropolymerize the monomer mixture is cyclic voltammetry (CV). It is the most versatile technique and is 

frequently the initial step in an electrochemical study at the electrode surface. A typical electrochemical cell 

is constituted by 3 electrodes: working electrode (WE), reference electrode (RE) and auxiliary/counter 

electrode (CE). Between a WE and a RE, the potentiostat applies the desired potential signal (which sweeps 

the electrode potential between two values). The WE is the one where the redox reaction of interest occurs, 

the RE maintain the constant equilibrium potential and the CE is responsible for supplying the current that 

keeps the redox reaction going. A great advantage of using CV technique results from its ability to detect redox 

behaviour in a wide range of potential with high sensitivity, which results in voltamograms with current values 

in response to an energy variation [22]. 

Electrochemical impedance spectroscopy (EIS) is another powerful electrochemical technique with great 

relevance for the detection of relevant biological markers. This method applies a stimulus to the electrode, 

based on an alternating signal, a potential is applied and the resulting current is measured. The response 

measures the impedance of a system over a range of frequencies and, therefore, the frequency response of the 

electrochemical system remains in relation to the electrical resistance [23]. The electrochemical processes 

associated with electrolyte/interface and redox reactions are simulated as an electrical circuit that is designed 

and implemented to understand and evaluate the EIS system's individual components: solution resistance (Rs), 

double layer capacitance at the electrode surface (Cdl), charge-transfer resistance (Rct), and Warburg 

resistance (Zw). As a result, Nyquist plots are obtained through an EIS measurement arising as the most critical 

data to gather for surface properties on simulated electrical circuit fitting [24].  

Nowadays, most of the electrochemical biosensors have been developed in miniaturized conductive 

platforms, such as, screen-printed electrodes (SPEs). This popular version allows minimal volumes of samples, 

portability and in some-cases, low-cost technology. For instance, Gonçalves et al. reported an electrochemical 

sensor with an imprinted polymeric film produced by co-electropolymerization of pyrrole (Py) and 

carboxylated pyrrole (Py-COOH) to detect the presence of IL-6 [25]. Ozcan et al., presented a novel MIP-

based biosensor made of graphene quantum dots and functionalized with multi-walled carbon nanotubes 

composite for IL-6 protein detection [26]. Although these approaches enabled quick responses, good 
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sensitivity and reproducibility, most of these conductive platforms are mechanically rigid and not compatible 

to be used in skin-like devices.  

1.4 Wearable biosensors 

Wearable sensing devices have recently emerged as an advanced and personalized approach to real-time 

wound monitoring, as the incorporation of diagnostic instruments into dressings to detect physiologically 

relevant parameters can provide useful information for diagnostic and therapeutic purposes [5]. Recently, there 

has been a significant advance in the development of lightweight, flexible, and wearable physical sensors with 

unique characteristics, such as, high degrees of deformability and conformability on surfaces of various 

geometries, long-term stability, increased sensitivity, and excellent optical transparency [27]. 

Because of their high specificity, speed, portability, low cost, and low power consumption, biosensors hold 

great promise for wearable applications. They are gaining popularity due to their ability to give continuous, 

real-time physiological information via dynamic, non-invasive assessments of biochemical markers in 

biofluids [28]. 

Wearable biosensors can help users avoid uncomfortable and risky blood sample procedures and can be 

seamlessly integrated into their daily routine. To achieve this capability, the biosensor platform must allow 

direct contact with the sample biofluids while causing no discomfort to the user. This bodily compliance can 

be achieved by using modern materials and smart designs that provide the required flexibility and elasticity 

[28]. 

1.4.1 Polyimide 

In this context, polyimides are a flexible substrate that has gained considerable use in the design of 

biological sensors. They are a type of polymer that has a stiff aromatic backbone structure and strong interchain 

connections, giving them exceptional mechanical, chemical, and thermal durability. Many film properties, 

such as Young's modulus, coefficient of thermal expansion, and dielectric constant, can be changed throughout 

the synthesis process, allowing polyimide with specific properties to be created. These properties are also due 

to the very symmetrical and highly polar groups [5]. 

The adherence of other materials to the polyimide film, such as gold, a substance used to create electrodes, 

is one of the most important qualities of a thin film primarily for this application [29]. As a result, polyimides 

combine good qualities for the purpose at hand, as well as flat topographies and ultra-thin films with 

thicknesses ranging from 1 to 5 µm [30]. As low-cost flexible materials with high biocompatibility and inert 

chemical behaviour, polyimides are attractive substrates for biosensors [31]. 

Cardoso et al. presented a biosensor platform with carbon electrodes manufactured by laser irradiation of 

polyimide substrates and a MIP as the biorecognition element. This biosensor detects chloramphenicol, an 

antibiotic present in water that is efficient against a wide range of bacteria [32]. Baraket et al. described a label-

free biosensor fabricated on a gold surface that had previously been deposited in polyimide. This 

immunosensor was developed to detect the cytokine TNF, which is a pro-inflammatory cytokine characterized 

by circulating levels for chronic heart failure and patients with a left ventricular assist device, who are at high 

risk of mortality during the early expression of an inflammatory storm [33]. 

In sum, the main goal of this dissertation is the combination of a MIP material as a biorecognition system 

targeted for IL-6 detection with the use of polyimide-modified substrates for incorporation into wound 

dressings for remote continuous monitoring.  
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2  

MATERIALS AND METHODS 

2.1 Reagents 

All reagents were analytical grade and used as supplied without further purification and can be found in the 

appendix (A.1). All experiments were performed at room temperature. Electrolyte and buffer solutions were 

prepared with laboratory grade Milli-Q ultrapure water. 

2.2 Transducer Fabrication 

2.2.1  Membrane synthesis 

The first step includes proper cleaning of the glass substrates that will serve as support during membrane 

manufacturing. The glass substrates were cleaned in an ultrasonic bath, first 10 minutes in acetone, followed 

by 10 minutes in IPA. Finally, the glass was washed with ultrapure water and dried under a flow of nitrogen. 

To facilitate the peel-off of the polyimide membrane, it was necessary to create a sacrificial layer between 

the membrane and the glass substrate. The material chosen for this purpose was PVA because it is soluble in 

water and easily removed. The PVA solution was prepared by mixing 5 g of PVA powder in 100 ml of 

deionization (DI) water (5% by weight) in a glass vial and heated to 90°C with 1000 rpm until dissolution was 

complete (approximately 12 hours). After cooling for 3 hours at room temperature, it was centrifuged on a 

previously cleaned glass substrate. The PVA was spin-coated for 10 seconds at 1000 rpm with a 500 rpm/s 

acceleration, followed by 20 seconds at 2000 rpm with 1000 rpm/s of acceleration. After spin-coating, the 

sample was heated on a hot plate during 10 min at 110°C. 

Following PVA deposition, the adhesion promoter (VM652) was spin-coated for 30 seconds at 3000 rpm 

with a 2000 rpm/s acceleration. Polyimide 2611 was then spread on the PVA and adhesion promoter-coated 

substrate for 7 seconds at 500 rpm (acceleration 500 rpm/s) and 30 seconds at 3000 rpm (acceleration 500 

rpm/s) to achieve a final thickness of 6 µm. The sample was then soft-baked for 90 seconds at 90°C and 90 

seconds at 150°C. All spin coating deposition and consequent soft-baking were carried out in a clean room 

environment. The spin coating processes were conducted with a Suss Labpsin6 table-top spin coater and the 

metal deposition was performed with a "homemade" e-beam evaporator. 

2.2.2 Gold deposition 

The chosen material to make the transducer electrodes was titanium/gold 6 nm/60 nm thin film. To comply 

with the 3-electrode configuration, an acetate mask was laser-standardized to the size of the glass substrate. In 

this manner, it was possible to deposit 8 sets of 3 electrodes for each glass. A loaded gold crucible and titanium 

crucible, together with four glass samples with membranes and acetate masks already prepared, were placed 

in the chamber for 3 hours until a pressure of 3.0x10-6 mbar was reached. The electron beam was then directed 

at the crucible at a current of 0.03 mA until the titanium was melted and 6 nm of titanium was deposited. The 

electron beam was then directed at the gold crucible at a current of 0.03 mA to melt the gold, and a layer of 60 

nm was obtained in the sample. 
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2.3 Electrochemical measurements  

Electrochemical measurements were carried out by using a conventional 3-electrode system that consisted 

of a working (WE, 3 nm diameter), a counter (CE) and a pseudo-reference electrode (RE), made of the same 

gold material. Electrochemical measurements were performed with a Metrohm Autolab PGSTAT302N 

potentiostat/galvanostat equipped with a FRA2 module and controlled by Nova 1.11 software. The interface 

between the electrodes and the equipment was made by using a homemade interface device designed 

specifically for this purpose by CENIMAT.  

In order to assess the electrode performance, the electroactive surface area of the electrodes was calculated 

by performing CV at different scan-rates (250, 150, 100, 50, 25 and 10 mV/s) using [Fe(CN)6]4- redox probe 

in 0.1 M KCl electrolyte solution. The experiments were performed in triplicate. Then, each electrode 

modification was electrochemically characterized by EIS with a 5 mM solution of K3[Fe(CN)6] and 

K4[Fe(CN)6] prepared in citrate-phosphate buffer solution (0.15 M, pH 4.8), which was prepared by combining 

the appropriate amounts of citric acid and sodium phosphate dibasic dihydrate. All electrochemical 

measurements were performed by covering the three electrodes (WE, CE and RE) with a solution volume of 

100 µL. The EIS experiments were carried out at open circuit potential (OCP) and over the frequency range 

from 0.01 Hz to 100 kHz. Between all measurements, the electrodes were washed with Millipore water and 

dried under nitrogen flow. The detection of IL-6 was followed by means of DPV in the potential range of -0.2 

V to +0.2 V, with a scan- rate of 10 mV/s, pulse amplitude of 25 mV and a pulse width of 50 ms. All 

experiments were carried out at room temperature. Calibration curves were made with standard IL-6 solutions 

ranging from 0.05 pg/mL to 500 ng/mL. 

2.4 Biosensor assembly and characterization 

Initially, the modified membrane was transferred to acetate double-sided adhesive tape, as it is more stable 

and compatible with the interface, and a small amount of hot glue was applied below the WE in order to ensure 

a constant working area for all electrodes. Before use, the electrodes were electrochemically cleaned in a 0.5 

mM H2SO4 solution with 5 voltammetric sweeps in the potential range -0.2 V to +1.2 V, with a scan- rate of 

50 mV/s. Afterwards, the gold electrodes were functionalized with a thin layer of poly(o-PDA). This was 

performed by applying voltammetric sweeps ranging between +0.2 V and +1.0 V, at a scan- rate of 150 mV/s, 

in an o-PDA solution (0.5 mM). Then, 6 µl of the template molecule, IL-6 (5 ug/mL), prepared in citrate-

phosphate buffer was incubated on the WE for 3 hours.  

The MIP film was deposited by electropolymerization, with a solution obtained by mixing the functional 

monomers in the citrate-phosphate buffer solution: 2 mM of Py and 0.2 mM of Py-COOH. After optimization, 

the conditions used for the electropolymerization were the following: a potential range of -0.3 to +0.95 V, a 

scan- rate of 150 mV/s and 3 sweep cycles. To remove the template molecule, a solution of NaOH (0.1 M) 

was incubated on the WE for 1 hour followed by incubation in the buffer solution also for 1 hour. In parallel, 

control electrodes (NIPs or non-imprinted polymers) were prepared using the same procedure in the absence 

of the template cytokine, IL-6. 

After the construction of the biosensor, it was characterized by scanning electron microscope (SEM), X-

ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR), the details of 

which can be found in the appendix (A.2). 
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3  

RESULTS AND DISCUSSION  

3.1 The electrode fabrication process 

3.1.1 Synthesis of the membranes 

One of the main steps during the membrane fabrication process concerns the PVA deposition. This 

procedure ensures an easy peel-off of the polyimide membrane since PVA is soluble in water [34] and so, it 

acts as a sacrificial layer. After optimizing the spin coating conditions, it was important to guarantee the 

homogeneous distribution of the PVA in order to insure complete peel off of the polyimide membrane. 

Afterwards, to successfully separate the polyimide membrane from the glass, the sample must come in contact 

with water to dissolve the PVA. Because the glass in which the polyimide was prepared has been previously 

cut to the size of the contacts, it was only necessary for the edges to come in contact with the humidity of the 

air and then, pull one of the ends to release the sample from the glass membrane. 

The result turned out to be a thin, 6 µm thick, transparent membrane with a slight orange tint that comes 

from the polyimide (Figure 1). Thus, the final membrane fits the primary characteristics of this sort of 

substrate: it is flexible enough to conform to the contours of the body; it is non-toxic and does not induce 

immune response. Besides that, as polyimide belongs to a class of polymers with a rigid aromatic bone 

structure, it has high mechanical, chemical and thermal stability (up to 400 ºC)[1], [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2 Deposition of gold electrodes 

The intended sample configuration is the 3-electrode configuration: WE, CE and RE (Figure 2a). The same 

gold material was applied to all electrodes, and consequently just one single mask-step was employed. In this 

configuration, the WE was design to have a diameter of 3 mm and, since the 3 electrodes are all made of the 

same material, it was important to ensure that the CE should have a larger surface area than the WE [35]. 

 

 

 

 

Figure 1 -Final flexible polyimide membrane. 
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Since the performance of the analytical method is highly dependent on the WE material, herein gold was 

chosen for this purpose because of its high conductivity, biocompatibility, and chemical stability [36]. 

Although this noble metal does not constitute a low-cost material, it is expected that in the future this kind of 

electrodes could be completely regenerate and reuse. 

The gold layer was deposited by E-beam evaporation. The membrane together with a previously 

standardized acetate mask (Figure 2b and Figure 2c) were placed in the chamber and an electron beam (e-

beam) is applied as an energy source to heat the source material and generate vaporized particles. This 

approach has an advantage over screen printing since it can produce ultra-thin and smooth films with excellent 

electrical characteristics. The deposited films are dense, compact and of low tension. Furthermore, because we 

are working with a very thin polyimide membrane, another benefit of this technique is that the electron beam 

focuses on the material that will be deposited, in this case, pure gold, rather than the sample. Also, the 

deposition of pure gold against the gold inks, typical of the screen-printing technique, enables the formation 

of films quite smooth, which represents itself a great advantage, especially in terms of electrochemical 

performance [37], [38]. 

Gold is appealing for metallization due to its high electrical conductivity and biocompatibility, however, 

this type of metals needs additional bonding layers for polymer adherence, since they do not easily form oxides 

suitable for adherence. For this purpose, a transition metal, titanium, was incorporated, which has been 

predominantly used to increase the interfacial bond to a dielectric substrate, in this case, the polyimide 

membrane, since titanium forms a passive oxide layer suitable for membrane adhesion. Because the titanium 

layer is very thin, being only 6 nm thick, it has no effect on the dielectric characteristics of the polyimide. In 

this way, the 60 nm gold layer deposited on top of the thin titanium layer completely adheres to the polyimide 

membrane [39]. We ended the process with a membrane completely conformable to the skin (Figure 2d), with 

the gold electrodes deposited and ready to be functionalized. 

a) b)

) 

c) d) 

Figure 2 - a) Electrodes design; b) Acetate mask after metal deposition; c) Membrane and mask setup before loading into the e-

beam; d) Final electrode device completely adhered to the skin. 
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3.1.3 Membranes characterization 

3.1.3.1 FTIR analysis 

Fourier transform infrared spectroscopy (FTIR) analysis is commonly employed to identify organic, 

inorganic, and polymeric compounds by scanning the samples with infrared light. The information is then 

converted into an absorption or transmission spectrum [40].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As we can observe in Figure 3 the characteristics of the polyimide membrane are evidenced by the 

following absorption bands 1700 cm−1 (C=O asymmetric stretching), 1500 cm-1 (aromatic C-H); 1370 cm−1 

(C–N symmetric stretching) and 700 cm−1 (C=O bending) [41]. Afterwards, the gold deposition on the 

membrane has been proven by the disappearance of the characteristic peaks regarding the polyimide material, 

that became covered by the metal material. 

3.1.3.2 XRD analysis 

X-ray diffraction (XRD) is used to characterize materials by measuring crystal structure, crystallite size, 

and deformation. It has been widely used for the analysis of thin films and materials; and it is a method 

that provides information about surface changes. XRD employs the Bragg equation concept, which deals with 

the reflection of the incidence of the collimated X-ray beam on a crystalline plane of the sample to be described 

[42]. 

The characterization data were derived from the master's thesis by J. Santos, 2022, since the protocol 

followed during the manufacturing of polyimides was the same. The polyimide membrane diffractogram 

presents a small cluster at 20º, which is typical of this material, as shown in A.3. 

The diffractogram of the polyimide membrane covered with an Au layer of 80 nm revealed peaks at 

2ϴ=35º, 38º, 45º, and 65º, which correspond to (111), (200), (220), and (311) planes, respectively, typical of 

gold compounds, confirming the presence of a layer of gold on top of the polyimide sample [43]. 

Figure 3 – ATR-FTIR analysis of the polyimide membrane before and after gold deposition. 
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3.2 Electrochemical characterization of the electrodes 

The modified polyimide membrane was fabricated on a glass surface; however, it is necessary to understand 

how the electrochemical platform works in a flexible format. Since the membrane is only 6 µm thick and it 

can be difficult to handle with it in order to be read through the interface, it was more convenient to transfer 

the membrane to hard flexible substrates during the optimization tests. Herein, some approaches were tested, 

such as, acetate sheet with UHU glue, double-sided adhesive tape and acetate with double-sided adhesive tape, 

being the last one chosen for being more robust and for presenting more stable and reproducible results. To 

have a similar and constant defined WE for all electrodes, it was also applied a small amount of hot glue below 

the WE (Figure 4a). In addition, the glue also intends to protect any liquid leakage near the electric reading 

area on the interface (Figure 4b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The conductive membranes were then electrochemically characterized using CV technique. In this study, 

voltammetric sweeps were applied at different scan-rate values using [Fe (CN)6]4- as the redox probe prepared 

in 0.1 M KCl electrolyte solution. Each experiment was carried out in triplicate. 

 

 

a) b)

) 

Figure 4 - (a) Final electrode configuration; (b) Electrode inserted into the interface to be analysed. 

Figure 5 - (a) Cyclic voltammograms at different scan- rates; (b) Plot representation of anodic and cathodic peak currents versus the 

square-root of the scan-rate. 

a) b)

) 
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The results revealed anodic and cathodic peaks with high peak amplitudes (Figure 5a). Furthermore, when 

the scan-rate increases, the increasing distance between the potentials of the reduction and oxidation peaks 

shows the quasi-reversible redox process of [Fe(CN)6]4- on the electrode surface. As a result, the anodic and 

cathodic peak currents were plotted against the square root of the scan-rate, revealing a dependent linear 

behaviour in the sweep range of 10 mV/s to 250 mV/s, which is a characteristic of a diffusion-controlled 

mechanism responsible for the electrochemical process that occurs on the electrode surface (Figure 5b). 

As mentioned before, the nature of the electrode material and its interaction with the membrane are critical 

components for the electrochemical performance of the electrode. In most of these cases, the electroactive 

area, that is the actual area where electrons interact, differs from the geometric area of the electrode. Thus, the 

electroactive area of the electrode can be estimated using the Randles-Sevcik equation [44]: 

𝐼𝑝 = 268600 × 𝑛 
3
2 × 𝐴 × 𝐷 

1
2 × 𝐶 × 𝜗 

1
2 

Where Ip is the peak current intensity (A), n is the number of electrons transferred in the electrochemical 

reaction, A is the electrode area (cm2), D is the diffusion coefficient of the analyte, C is the mass concentration 

of the analyte (mol/cm3) and ʋ is the scan-rate (V/s). 

Herein, it was used the slope of the graph illustrating the peak current versus the square root of the sweep 

rate to the previous equation to determine the electroactive area of the fabricated electrodes. The calculated 

electroactive electrode area was 0.527 cm2 and the geometric area is 0.071 cm2, and so, the Sa/Sg ratio, where 

Sa is the electroactive area and Sg is the geometric surface area, was 7.45. These values are not directly 

comparable to those obtained with Dropsens' commercial gold SPEs, which have a diameter of 4 mm as 

opposed to the manufactured electrodes' diameter of 3 mm, however, the Sa/Sg ratio achieved with the 

commercial electrodes in the same conditions was 5.76, which is a strong indication of the high performance 

of the electrodes produced in the polyimide membrane. 

 

3.3 Biosensor assembly for IL-6 detection 

3.3.1 Optimization of the electrode performance 

During the fabrication of MIP-based materials, different approaches can be explored to provide the more 

suitable detection features like sensitivity, reproducibility and detection limits. Herein, surface imprinting 

approach was chosen. The entire biosensor construction process can be summarized in the schematic below 

(Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6 - Biosensor fabrication schematic. 
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One of the main goals during the development of a biosensor is to obtain reproducible results; thus, cleaning 

the electrode surface is naturally the first and a critical step to achieve a good performance. The implementation 

of this pre-treatment stage eliminates some problems, such as, the lack of reproducibility and surface 

contamination, which ensures a better and more consistent point of departure for the fabrication of the 

imprinted polymer. Two approaches were tried in this context: (1) washing with an ethanolic solution (99%), 

followed by washing with Millipore water and drying with a nitrogen jet; and (2) electrochemical cleaning 

with a solution of 0.5 M H2S04 solution (scan-rate of 50 mV/s, potential range of -0.2 V to +1.2 V, and 5 sweep 

cycles), followed by washing with Millipore water and drying with a nitrogen jet.  

EIS measurements were performed to follow-up the variation of the gold-modified electrodes after each 

chemical modification since this electrochemical technique holds a high sensitivity without causing a 

significant perturbation in the system. It was observed that both cleaning approaches caused a decrease of Rct 

making the gold electrode surfaces more conductive. Electrochemical cleaning with sulphuric acid was chosen 

as the more suitable cleaning procedure because it enabled electrochemical measurements with higher stability 

and reproducibility (Figure 7a). 

After cleaning the transducer surface, the next step was to perform the physical adsorption of the target 

protein (IL-6), followed by the electrical polymerization of the monomers. After incubating the protein on the 

WE at room temperature for 3 hours, it was observed that the presence of the IL-6 on the gold surface caused 

an increase of the Rct (Figure 7b), as expected. Then, the electropolymerization of two functional monomers, 

EDOT and Py was carried in-situ, in order to create a polymeric film around the protein (Figure 7c). As 

displayed in Figure 7d, the electropolymerization of EDOT and Py monomers resulted in a substantial increase 

of impedance due to the blocking of electron transfer by the polymeric matrix. The selected functional 

monomers were EDOT and Py due to its good conductivity and electrochemical stability, while the 

concentration ratio of 5:1 was already tested in previous works that had already been performed [45]. The 

assembly of the MIP was subsequently completed by removing the protein and leaving the cavities available 

for the rebinding event (Figure 7e). Herein, the removal of the template was achieved by incubating only in 

the WE a solution of H2SO4 0.5 M for two hours. This procedure has led to a substantial Rct decrease of both 

NIP and MIP films. The analytical performance of the biosensing material was then evaluated by recording 

calibration curves that were obtained after incubation of increasing concentration solutions of IL-6 in the WE. 

The results obtained showed that the resistance of the sensing layer increased after incubating an IL-6 solution 

in the MIP film, which could be due to the re-binding of the protein molecule onto the imprinted cavities that 

hindered the electrical features of the sensing surface. By looking to Figure 7f, it can be seen the calibration 

curves plotted with the (relative) Rct of MIP and NIP sensors against the logarithm concentration of IL-6. 

Although the MIP seems to display a more linear behaviour, in comparison with the NIP, the sensitivity of the 

response is quite low and needs further improvement. 
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3.3.1.1  Surface functionalization with ortho-phenylenediamine (o-PDA) 

In order to promote a higher and more oriented binding of the protein to the gold surface, it was important 

to functionalize the surface. For this purpose, o-PDA was chosen because it is an electroactive monomer with 

amine functional groups connected to an aromatic ring that can facilitate the protein binding [46]. The 

electropolymerization of o-PDA was carried out for one cycle, to avoid high impedimetric behaviour, at a 

scan-rate of 150 mV/s in the potential range of -0.2 V to +1 V. Along this study, two concentrations were 

tested of this monomer: 5 mM and 0.5 mM. 

a) b)

) 

c) 

e) 

d) 

f) 

Figure 7  - a) Electrodes before and after cleaning; b) Electrodes before and after IL-6 or buffer incubation; c) CV during 

electropolymerization of MIP and NIP; d) EIS data regarding MIP and NIP after electropolymerization; e) EIS data before and after 

removal; f) Calibration curve regarding MIP and NIP 
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As seen in the Figure 8a, the typical oxidation peak of o-PDA appeared at +0.2 V for the concentration of 

0.5 mM while for the higher concentration the peak moved for higher potential values at +0.4 V [47]. It was 

observed an increase of the Rct values after electropolymerizations of the two o-PDA concentrations, with the 

highest increase corresponding to the 5 mM concentration, which is the result of the formation of a less 

conductive polymeric matrix (Figure 8b-c). Due to the strong insulating effect obtained with the higher 

concentration, 0.5 mM was selected as the optimum phenol concentration because it seems sufficient to 

functionalize the surface. Then, the imprinted material was assembled by using the previous mixture of EDOT 

and Py monomers, in the same conditions. Furthermore, as shown in the Figure 8d, when the biosensor 

assembled with the concentration of 0.5 mM of o-PDA was calibrated, the MIP exhibited a linear behaviour 

with increasing analyte concentration while the NIP exhibited no linear response. 

3.3.1.2  Effect of the number of cycles during electropolymerization 

During the growth of the polymer around the protein template is especially important to control the 

thickness of the film, particularly regarding MIPs obtained through a surface imprinting approach in order to 

avoid the complete entrapment of the protein. So, the polymerization process must be carefully optimized to 

produce a stable, controlled, and effective polymer.  

The electropolymerization so far had been carried out in the potential range of -0.3 V to +0.95 V at a scan-

rate of 50 mV/s and for 5 cycles. However, given that the experimental results were not reproducible, the next 

b)

) 

d) c) 

a)

) 

Figure 8 - a) Electropolymerization of o-PDA by means of CV; b) EIS data after 5 mM o-PDA electropolymerization; c) EIS data 

after 0.5 mM electropolymerization; d) Calibration curve regarding MIP and NIP fabricated with a layer of 0.5 mM p(o-PDA). 
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step was to decrease the number of cycles to 3, because with 5 cycles of electropolymerization, the polymer 

could become too thick with fewer imprinted sites exposed, significantly reducing the sensitivity. 

 

 

 

After electropolymerization, it was observed a substantial increase of the Rct values for all electrodes. Like 

expected, the 3-cycle NIP presented a lower Rct value than the 5-cycle NIP, while the corresponding MIPs 

displayed an opposite behaviour (Figure 9a-b). It was foreseen that by increasing the number of cycles during 

the polymerization, more polymer with higher thickness could be formed and so, NIP with 5 cycles would be 

more insulating than the NIP with 3 cycles. The opposite behaviour observed with the MIPs can be explained 

by the effect caused with the presence of the protein entrapped within the polymeric matrix, that also can 

inhibit the growth of the polymeric film. 

To remove the template protein, it is essential to choose an effective method that does not degrade or modify 

the polymeric film, leaving the imprinting sites free for analyte recognition [48]. In parallel, the NIP control is 

manufactured in the same conditions but without the protein because the effect of this removal solutions on 

the polymer itself needs to be also investigated. One of the first methods tested along this work was the 

incubation of the modified electrodes in an acidic solution for 1h. Although the previous results looked 

promising, the calibrations were not yet ideal (lack of sensitivity and reproducibility) and so, the next step was 

to change the removal approach by maintaining an incubation in sulphuric acid solution (0.5 M, 2 h) followed 

a) b)

) 

c) 

Figure 9 -a) Nyquist plots for NIP and MIP after 3 cycles of electropolymerization;b) Nyquist plots for NIP and MIP after 5 cycles of 

electropolymerization; c) Calibration curves of MIP/NIP with 3 cycles of polymerization; d) Calibration curves of MIP/NIP with 5 

cycles of electropolymerization. 

d) 
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by an electrochemical removal by means of CV. It is expected that this process will change the porosity of the 

polymer mesh in order to release the imprinted protein as well as remove other monomer residues that did not 

polymerize. During this removal step, the sensor was treated by CV, for 3 cycles, up to a scan-rate of 50 mV/s, 

in pH 7.4 phosphate buffer and to 2 different potential ranges were tested: from -0.3 V to +0.3 V and from -

0.3 V to +0.95 V (the same used for the polymerization), being the last option more effective in achieving a 

better linear response for MIP sensor.  

In terms of calibration, it was observed that decreasing the number of cycles during the 

electropolymerization do not improve the response of the MIP sensor (Figure 9c). In contrast with the 3-cycle 

NIP, the 5-cycle NIP does not seem to respond to the increasing concentrations of IL-6 (Figure 9d), and thus, 

we proceeded with a 5 cycle electropolymerization as this allows a control sample that does not show a linear 

response as a result of non-specific bonding. 

3.3.1.3 The influence of the pH 

Looking carefully to the calibration assays, it was noted that the electrochemical response of the MIP-based 

sensor still needed to be improved and so, the pH of the phosphate buffer solution was reduced from 7.4 to 

5.8, in order to change the charge distribution and work closer to the protein's isoelectric point, pI ~6.2, 

(reference Abcam ab9627, MW 21 kDa, 29-212 amino acids) [49], [50]. Keeping the other optimized 

experimental conditions, the calibrations were repeated, but yet no improvement was obtained. 

So, the next step was to lower the pH once again, this time to 4.8, to get further away to the protein's pI. 

Herein, the goal was to work with the protein at a predominantly positive charge. In this condition, the protein 

becomes more protonated, with a positive charge, which can enhance some electrostatic interactions with the 

polymer. At this pH, the removal step vas performed by incubating the sample in acid for 2h followed by 

electrochemical removal by CV, as before (Figure 10a). As displayed, the MIP sensor demonstrated a better 

and linear response to the successive incubations of the protein over the range 5 pg/mL and 50 ng/mL (Figure 

10b), however more experiments have showed that this system is not yet reproducible, which can be due to 

the nature of the selected polymers. 

 

 

  

Figure 10 - a) EIS data regarding MIP and NIP sensors after the removal step; b) Calibration curves of MIP and NIP sensors. 

a) b)
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3.3.1.4 Effect of the monomer interactions  

Although the previous results seem to enable a positive response regarding the MIP calibration, the next 

focus was to test other monomers in order to strengthen the affinity between the protein and the polymer. It is 

known that both EDOT and Py lack a functional group that can benefit this type of interaction so, EDOT was 

replaced by Py-COOH, which has a carboxyl group and a pKa value of 5 [51]. 

 

 

With the purpose of taking advantage of electrostatic interactions between the protein target and the 

polymeric environment, an ideal pH range of 5 to 6 seems to promote higher affinity between protonated IL-

6 (positive) and deprotonated Py-COOH (negative) (Figure 11) [52]. Thus, 4 electropolymerization cycles 

were performed at two pH values: 5.8 and 4.8 (Figure 12a-b). 

Figure 11- Schematic of charge distribution for IL-6 and Py-COOH structures according to pH variation. 
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All tests were performed in duplicate to investigate the reproducibility throughout the biosensor assembly. 

As can be seen in the graphs above, at a pH of 5.8 we did not have consistent results, since one of the NIPs 

has the highest resistance while the other has the lowest, and the resistances of the MIPs are between these two 

values (Figure 12c). Regarding the assay at pH of 4.8, it is possible to verify that both MIPs presented higher 

resistances in comparison with the NIP ones, which can result from the presence of the protein entrapped in 

the polymeric matrix and so, causing a higher obstacle to the passage of electrons (Figure 12d). According to 

these results, a mixture of Py and Py-COOH prepared at a pH of 4.8 (near 5) seems to be the optimal condition 

for MIP assembly. 

 

3.3.2 Characterization of the MIP film 

3.3.2.1 XPS analysis 

Regarding the characterization of the biosensor, five samples were evaluated by X-ray photoelectron 

spectroscopy (XPS) to draw conclusions about protocol optimizations.  

a) b)

c) d) 

Figure 12 - a) CVs regarding electropolymerization at a 5.8 pH; b) CVs regarding electropolymerization at a 4.8 pH; c) EIS data for 

MIPs and NIPs after electropolymerization in a 5.8 pH; d) EIS data for MIPs and NIPs after electropolymerization in a 4.8 pH 
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XPS is a surface characterization technique used to provide information about a material's elemental 

composition and binding states. The XPS study was performed by exposing the samples to X-rays and 

measuring the kinetic energy of electrons emitted from the top (from 1 to 10 nm) of the material under study. 

Surface atoms contain characteristic peaks, the energy and intensity of which allow identification and 

quantification of all surface elements present (except hydrogen) [53]. The first sample was the electrode with 

nothing on the surface to determine the starting point, followed by a sample with IL-6 to determine whether it 

was adsorbed or if adding a functional layer of o-PDA would be beneficial. In order to detect the presence of 

the polymer and protein, a MIP/NIP pair with an o-PDA functional layer and only an EDOT/Py polymer layer 

was also studied. A MIP treated with acid removal was also analysed to draw conclusions regarding the 

removal process.  

 

As we can observe in Figure 13, gold is a common element in all samples because it is used to produce the 

electrodes; but, as we build the biosensor, it is no longer as concentrated on the surface, resulting in a decrease 

in characteristic peaks in samples that already have the polymer layer.  

Regarding the sample after incubation of the protein, the same intensity of the oxygen, carbon and nitrogen 

peaks was verified as the sample without the protein, which is a strong indication that very few (or almost 

none) protein is adsorbed to the surface, hence the functional layer of poly(o-PDA). As for the MIP/NIP before 

removal, this pair exhibits the expected sulfur and nitrogen peaks, confirming that electropolymerization of 

the EDOT/Py mixture was effective. However, there was no difference between these two regarding the peaks 

that could identify the protein, which can be explained by the similar elementary composition of these organic 

materials. Also, the polymer is present in a much higher proportion in comparison with the IL-6 protein, 

resulting in a predominant effect. 

Comparing the MIPs before and after removal, we were able to detect a slight decrease in nitrogen and 

sulfur peaks and, with more gold detected in the latter MIP, which suggests that this process may be responsible 

for also removing parts of the polymer (and unreacted monomers), leaving the gold material more exposed on 

the surface. 

Figure 13 - XPS analysis of the biosensor along the different stages of electrode modification. 



 22 

3.3.2.2 FTIR analysis 

Samples were analysed for each step: bare gold electrode, a functional layer of poly(o-PDA), a functional 

layer of poly(o-PDA) with IL-6 protein deposition, and a MIP and NIP sensors, assembled with 3 

electropolymerization cycles of Py and Py-COOH monomers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ATR-FTIR spectrum (Figure 14) of the sample with the poly(o-PDA) layer is characterized by main 

bands at, approximately, 700 cm-1 and 1100 cm -1 which could be attributed to out of plane deformation of CH 

for 1,2-disubstituted benzene and 1,2,4 tri-substituted of benzene ring. The sharp absorption band that appears 

at 1350 cm−1 could be attributed to symmetric stretching vibration of C–N (aromatic amine). The sharp 

absorption band appearing at around 1700 cm−1 which may be attributed to N-H deformation of secondary 

amine, deformation of the benzene ring. The shoulder absorption band that appears around 3000 cm−1 can be 

attributed to the symmetrical stretching vibration of C-H in the aromatic ring which should disappear after 

polymerization, which means that not all the monomer has polymerized [54]. 

The spectrum after protein adsorption presented the main region: the region of amide I and amide II that 

gives information about the protein content and its secondary structure. These bands can be observed in the 

regions 1600–1700 cm−1 and 1480–1600 cm−1, respectively. Amide I peak due to stretching vibration of C=O 

was seen at 1700 cm−1, and Amide II peaks derived mainly from in-plane N-H bending are observed at 1512 

cm−1 [55], [56]. These amide bands proved the immobilization of IL-6 to poly(o-PDA) functional groups. C-

N stretch of aliphatic amines is also observed at 1076 cm−1 and the rest of the bands are derived mainly from 

CH2 rocking vibration [57]. 

No substantial differences could be verified on the FTIR spectra of NIP and MIP materials besides a small 

band around 3100 cm-1 that is present in both MIP and IL-6 modified sample that can be assigned to the 

stretching vibrations of -OH and -NH, proving the presence of the protein. 

Figure 14 – ATR-FTIR spectra regarding each modification step along biosensor fabrication 



 23 

3.3.2.3 SEM analysis 

Scanning electron microscopy (SEM) was employed to morphologically characterize the biosensor as it is 

one of the most common methods for obtaining images of microstructures. A low-energy electron beam is 

emitted into the material and sweeps across the surface of the sample. As the beam approaches and enters the 

material, many interactions occur, resulting in the emission of photons and electrons from or near the surface 

of the sample [58]. Samples were analysed for each step: bare electrodes sample, sample with gold and 

functional layer of poly(o-PDA), sample with gold, functional layer of poly(o-PDA) and IL-6 protein. As for 

MIP and NIP samples, it was used 3 electropolymerization cycles of Py and Py-COOH monomers.  

According with the Figure 15a, from the bare gold electrodes image it was possible to observe a quite 

homogeneous distribution of the gold that was deposited by e-beam. When the functional layer of poly(o-

PDA) was applied (Figure 15b), we obtained a different and more uniform morphology, which proves the 

uniform polymer growth. 

After adding the protein under study (Figure 15c), it was possible to observe that the surface seems more 

heterogenous in contrast to the previous polymer's uniform layer and, interestingly, the image seems less bright 

and clean, which can stand as an indication that a less conductive surface was obtained after the adsorption of 

the protein structure. Looking to the MIP and NIP (Figure 15d and Figure 15e) images, an obvious 

morphological modification is observed in comparison with previous poly(o-PDA) layer. The surfaces seem 

less organized, and, in both samples, it was possible to verify the uniform distribution of the polymer grown 

by electropolymerization. 
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a) b)

c) d) 

e) f) 

Figure 15 - SEM analysis of: a) bare gold electrodes sample; b) sample with gold and functional layer of poly(o-PDA); c) sample 

with gold, functional layer of poly(o-PDA) and IL-6 protein; d) NIP; e) MIP; f) MIP zoomed in; 



 25 

3.3.3 Analytical performance of the (bio)sensor 

After optimizing the more suitable parameters of the biosensor assembly, the analytical performance of IL-

6 sensory materials prepared at a pH of 4.8 using Py and Py-COOH monomers was evaluated by recording 

calibration curves with DPV technique, instead of EIS. The choice of this voltammetric approach to be used 

as the electrochemical detection technique was due to it being more sensitive to small variations. Initially, it 

was observed that after successive incubations of IL-6 protein solutions, both the MIP and the NIP exhibited 

an electrochemical response with increasing protein concentrations. This result seems to indicate that, in these 

conditions, the polymeric film fabricated in the surface of the electrodes can promote some non-specific 

binding of the protein. This means that the affinity between the protein and the polymer layer is quite strong, 

regardless of the production of the cavities. So, in order to reduce this undesirable effect, the number of cycles 

during the electropolymerization was reduced from 4 to 3. The goal here was to create a thinner layer of 

polymer and therefore reduce the non-specific interactions at the surface of the polymer.  

Regarding the removal of the imprinted protein, since we are working at a more acidic pH, the method 

chosen for this purpose has been an incubation in 0.1 M NaOH, a basic solution, for one hour, followed by 

incubation in citrate buffer to stabilize the pH.  

 

 

 

So, after biosensor assembly in the optimized conditions, the final calibrations of both MIP and NIP are 

presented in Figure 16.  As expected, the peak current decreased as the IL-6 protein concentration was 

increased, as a result of the occupation of the cavity sites in the MIP film by the protein target, blocking the 

diffusion of the Fe(CN)6
3−/4- probe. These tests were performed in duplicate so, good reproducibility can be 

proven by the error bars present in the graphs. Furthermore, the developed biosensor presented a good response 

over the concentration range of 0.5 - 500 ng/ mL, while the control NIP does not respond. 

Homeostatic production of IL-6 results in levels ranging from 1 pg/ml to 10 pg/ml [59], but these can 

increase to the nanograms/ml range during inflammation, however, when consulting the literature, it was not 

possible reach a conclusive cut-off value, with values such as 35 pg/mL [60], 86 pg/mL[61] or even 200 pg/mL 

[62] being presented, which means that there is still no defined and equal value for all people regarding the 

cut-off with/without inflammation. Although more sensitive sensing devices for IL-6 detection can be found 

in the literature, most of them are using conventional rigid platforms that cannot be applied for wearable 

sensing. As a result, the proposed flexible biosensor acts in the area of interest for its application. 

Figure 16 - a) DPV recordings for each standard concentration of a MIP; b) MIP and NIP calibration curve with error bars 

a) b)

) 
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4  

CONCLUSION  AND  FUTURE  PERSPECTIVES 

The primary goal of this work, which was to produce conformable electrochemical biosensors for wound 

monitoring using polymeric membranes made in CENIMAT laboratory, was successfully achieved. The usage 

of these membranes has a significant advantage since the polymeric substrate can be manufactured to meet 

precise requirements and specifications such as thickness, mechanical and electrical qualities. The produced 

membranes presented a thickness of 6 µm and allowed the deposition of a high controlled nanolayer of gold 

conductive material. After this manufacturing process, the modified membranes can be safely attached to the 

skin due to their biocompatibility and excellent mechanical stability.  

The main motivation of this work was to develop an electrochemical biosensor with good flexibility and 

reproducibility characteristics to be used in the context of wound inflammation monitoring. In particular, an 

inflammatory biomarker, interleukin 6. (IL-6) was selected as the target molecule. The recognition element 

was produced by molecular imprinting technology, which has various advantages over natural antibodies in 

terms of chemical stability, overall ease of manufacture, and low production costs.  

Along the biosensor assembly, important parameters like electrode functionalization and type of monomers 

for electropolymerization were investigated in order to generate a polymeric matrix holding functional groups 

that increased the affinity between the polymer and protein. The best parameters for electropolymerization 

included a potential range of [-0.3; +0.95] V for 3 cycles at a scan-rate of 150 mV/s. The process of removing 

IL-6 from the polymer matrix was also optimized using a solvent that should not induce a substantial 

modification or degradation of the NIP material. Removal was performed by incubating NaOH solution in the 

WE surface followed by incubation in buffer to regulate pH. 

The XPS analysis during the optimization of these parameters demonstrated the need for the functional 

layer of o-PDA, since it demonstrated that the protein did not adsorb to the surface of the electrodes, and also 

showed that the removal with sulfuric acid was not the most indicated since removed part of the polymer, 

eventually affecting the formation of cavities for rebinding. Thus, this characterization helped to choose the 

best conditions for electropolymerization and removal, as well as the monomers used. In addition, SEM and 

FTIR analysis were also valuable techniques used to follow and attest the modifications on each step of the 

biosensor fabrication. Both techniques presented subtle differences between NIP and MIP sensors which is an 

indication of the protein presence during the MIP growth. 

In addition, it was also necessary to study the influence of pH on the construction of the biosensor, which 

played a great role in the balance of charges. The final value chosen turned out to be 4.8, in order to work with 

the protein in its positive form and thus increase the affinity with the polymer matrix. 

Overall, the MIP-based sensor showed good electrochemical response, in the IL-6 concentration range of 

0.5 ng/mL to 500 ng/mL, good reproducibility, quick response time (30 min of incubation) and stability, in 

addition to being the first MIP developed in a flexible substrate for IL-6 detection. Although the ideal 

concentration range of IL-6 in biological samples is around picoMolar, the herein proposed sensor can be in 

the future improved by the incorporation of nanomaterials that can greatly enhance the sensitivity of the 

electrochemical response. Nevertheless, in order to determine the LOD of this technique more calibrations in 

buffer are still needed. 

This promising new approach opens the way for the rapid diagnosis of biomarkers associated with 

inflammation in an accurate and minimally invasive manner. As a future perspective, it would also be 
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important to carry out tests on real human samples (or interferent assays) to evaluate the selectivity features of 

the developed biosensor and make a comparison of this method with another validated method. 
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A 

AN APPENDIX 

A.1. Reagents 

Regarding the membrane fabrication, both the adhesion promoter (VM652) and the polyimide (2611) were 

purchased from HD MicroSystems, and the poly (vinyl alcohol) (PVA, 8,8% hydrolysed, average M.W. 

20000-30000) was obtained from Acros Organics. Potassium hexacyanoferrate II trihydrate 

(K4[Fe(CN)6].3H2O) and potassium hexacyanoferrate III (K3[Fe(CN)6]) were obtained from Riedel-de-Haen. 

Citric acid (C6H8O7) and sulphuric acid (H2SO4) were purchased from Sigma Aldrich. Potassium chloride 

(KCl) was purchased from Normapur and the isopropyl alcohol (IPA) was purchased from Honeywell. 

Dipotassium hydrogen phosphate (K2HPO4) was obtained from Fisher Chemical, potassium di-

hydrogenophosphate (KH2PO4) was purchased from Panreac, sodium phosphate dibasic dihydrate, 99.5%, 

(Na2HPO4.2H2O) was obtained from Carlos Erba and sodium hydroxide (NaOH) was purchased from EKA. 

As for the monomers, o-phenylenediamine (o-PDA, C6H8N2) was obtained from Amresco, pyrrole, 98% (Py, 

C4H5N) and pyrrole-3-carboxylic acid (Py-COOH, C5H5NO2) were purchased from Alfa Aesar; and 3,4-

ethylenedioxythiophene, 98% (EDOT, C6H6O2S) was obtained from TCI. The target protein interleukin 6, IL-

6, was purchased from Abcam.  

A.2. FTIR analysis 

The measurements were performed in the Attenuated Total Reflectance (ATR) mode, using a Thermo 

Scientific Smart iTR Nicolet iS10, coupled with sampling accessory of germanium contact crystal, also from 

Nicolet. Infrared spectra were collected after background correction, with a number of scans set to 90 and the 

resolution was fixed at 16. FTIR data analysis was performed with OMNIC software.  

A.3. XRD caracterizations 

 
Figure A.3.1 - Membrane XRD analysis of a) polyimide membrane and b) polyimide membrane and gold layer 

a) b)
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