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Summary 

Sepsis derives from an uncontrolled response of the host immune system to a pathogenic 

insult. The complex, rapidly evolving nature of the condition makes diagnosis difficult, 

and to date a single ‘gold-standard’ biomarker has not been reported. An increasing 

number of studies suggest that monitoring of a panel of biomarkers, ideally at point-of-

care, is needed. The present study therefore focused on the development of a multiplex 

biosensing platform targeting lipopolysaccharide (LPS), c-reactive protein (CRP), and 

procalcitonin (PCT).  

The study designed a series of electrochemical sensors targeting the three selected 

biomarkers. Whilst all systems employed aptamers as the recognition element, a hybrid 

system combining aptamer and molecular imprinting technology was also developed for 

LPS. Following optimisation of sensor design, electrochemical impedance spectroscopy 

was used to evaluate performance (binding affinity (Kd), sensitivity, selectivity and 

dynamic range).  

Aptasensors were developed for all markers with varying degrees of success. Whilst the 

optimised aptasensors for LPS and CRP demonstrated good performance, the PCT 

aptasensor showed poor stability. Despite these issues however, a limit of detection 

(LOD) of ~ 25 pg/ml was achieved. LODs for LPS and CRP were 100 and 250 fg/ml 

respectively. The use of a hybrid imprinting approach further enhanced the performance 

of the LPS detection system, taking the LOD down to 1 fg/ml whilst also increasing 

binding capacity.  

Although aptamer-based sensing systems have been described for LPS and CRP, to the 

best of our knowledge, this is the first report of a such a system targeting PCT. The hybrid 

imprinting strategy exploited in the study has previously been demonstrated for prostate 

specific antigen, however this is the first report of such an approach being used for non-

protein targets. The recognition of such molecules using conventional imprinting 

approaches has been largely unsuccessful; the method described herein should be 

translatable to other biologically relevant targets. 
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1.1 Project Overview 

Sepsis is a life-threatening condition, defined as an “organ dysfunction caused by a 

dysregulated host response to infection” (1). It is a complex, rapidly evolving condition 

resulting from uncontrolled and prolonged activation of host immune system due to 

pathogenic insult (2,3). Pathogen and host immune mediators act together to induce an 

exaggerated and catastrophic systemic immune response completely unequal to the initial 

infection. Despite the fact that the sepsis incidents may have been decreased over the 

years (from 60 million cases in 1990 to ~ 50 million cases in 2017), the mortality rates 

are still high, with one out of five deaths globally linked to the condition (4).  

The condition’s complexity impedes the rapid and definitive diagnosis, as clinicians try 

to detect sepsis by combining non-specific physiological and laboratory anomalies (5). 

The lack of a gold standard in sepsis diagnosis is quite obvious when one considers that 

more than 170 potential biomarkers have been reported in the literature. To date, no 

sepsis-specific marker exists and it is widely accepted that a panel of markers will be 

needed in order to achieve the requisite clinical specificity and sensitivity (6). 

This project was focused on the development of a multiplex sensing platform, capable of 

detecting both pathogen-associated and host immune markers. Therefore, the biomarkers 

of choice were lipopolysaccharide (LPS), c-reactive protein (CRP) and procalcitonin 

(PCT). 

Lipopolysaccharide (LPS), also known as endotoxin,  is the major pathogenic determinant 

of Gram-negative bacteria and is ubiquitously associated with sepsis as a consequence of 

endogenous stores (7). To date, the most commonly used method to detect LPS is the 

Limulus Amoebocyte Lysate (LAL) assay. However, LPS is hard to recover from clinical 

samples and the sample matrix itself has a profound effect on the LAL assay, making 

existing detection methods unreliable diagnostic tools (8). One of the project’s key 

objectives was to develop an electrochemical impedance sensor capable of sensitive, 

direct detection of LPS. The first intention was to develop an aptasensor capable of 

detecting the molecule in low concentrations. The aptasensor will rely on the chemistry 

of self-assembled monolayers (SAM), however it is largely uncertain if the system’s 

sensitivity will be enough to determine LPS’ clinical cut-off during the progression to 

septic response. The ultimate goal was the generation of a hybrid recognition system, 

integrating aptamer and molecular imprinting technologies. This theory builds upon the 
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group’s recent success in developing a similar system for the detection of prostate specific 

antigen (PSA), where a low picomolar limit of detection was achieved (9). 

C-reactive protein (CRP) is one of the most common markers of systemic inflammation 

and has been used in the diagnosis of sepsis for many years (10–12). Despite CRP’s lack 

of specificity, the biomarker remains in routine use in clinical care to continuously 

monitor the patients’ condition (13). For this reason, the development of a CRP biosensor 

would be a considerable part of the platform. 

Procalcitonin (PCT) is considered as an important biomarker for the determination of 

bacterial infections, allowing differentiation from viral infections or other illnesses of 

non-infective origin (14). PCT was first characterised as a sepsis marker in 1993 (15). 

Since then, the biomarker has been proposed by numerous studies as a highly prognostic 

biomarker for sepsis, but its efficiency is controversial (16–18). 

 

1.2 History of sepsis 

Sepsis was first described more than 3000 years ago, with numerous reports found 

throughout human history. The very first report describing sepsis comes from ancient 

Egypt (19). In 1862, the American dealer Edwin Smith, purchased a papyrus at Luxor. 

The so-called Edwin Smith papyrus was written in around 1600 BC and appears to be a 

copy of an older manuscript that was prepared in 3000 BC. The Edwin Smith papyrus 

reported 48 cases of traumatic lesions from wounds, fractures and dislocations in different 

parts of the body, along with their symptoms, progression, prognosis and treatment. The 

association between sepsis and wound healing was described both directly and indirectly; 

fever was reported as a secondary phenomenon in 5 cases where the person was suffering 

from a wound, while the 47th case describes the flesh of an open wound on the shoulder 

turning black. 

The word sepsis derives from the original Greek word “σήψις” (sipsis), describing the 

decay or the putrefaction of the human body (20). The word could be also used to describe 

the decomposition of animal or vegetable organic matter. The word σήψις derives from 

the verb σήπω (sipo) which means “I rot” (20). The verb can be found for the very first 

time in Homer’s Iliad; Priam goes to the Greek camp to find Achilles and begs to take 



Chapter 1  General Introduction 

4 

 

Hector’s corpse. Prior to meeting, Priam asks a Greek soldier where Hector’s body is and 

the second replies (lines 411-415): 

ὦ γέρον οὔ πω τόν γε κύνες φάγον οὐδ᾽ 

οἰωνοί, 

ἀλλ᾽ ἔτι κεῖνος κεῖται Ἀχιλλῆος παρὰ νηῒ 

αὔτως ἐν κλισίῃσι· δυωδεκάτη δέ οἱ ἠὼς 

κειμένῳ, οὐδέ τί οἱ χρὼς σήπεται, οὐδέ μιν 

εὐλαὶ  

ἔσθουσ᾽, αἵ ῥά τε φῶτας ἀρηϊφάτους 

κατέδουσιν. 

No, old man, dogs and birds haven’t eaten 

him, 

your son lies unharmed next to Achilles’ 

ship, inside the hut. 12 days have passed 

 since (your son) lies in this state, and his 

body neither rots nor the worms that eat 

all 

the dead due to war have touched him  

 

Sepsis was introduced as a medical concept many years later by Hippocrates (460-370 

B.C.), as one can find the term in “Corpus Hippocraticum”, used interchangeably with 

the word σηπεδών (sipedon / sepidon) (20). Σηπεδών had the definition of the decay of 

webs  (Epidemic. B. 2,2, Prorret. I. 99). Hippocrates tried to treat the infection and sepsis 

by applying a mixture of myrrh (resin deriving from trees of the genus Commiphora), 

wine and inorganic salts on wounds (21). Other distinguished Greek polymaths such as 

Aristotle, Plutarch and Galen (Roman physician of Greek origin) used the word σήψις as 

first defined by Hippocrates. In fact, the Greeks described pepsis (digestion) and sepsis 

as two stages of “breakdown” (22). Two centuries later, Marcus Terentius Varro (116 

B.C. –27 B.C.) in “De re rustica libri III” noted that “small creatures, invisible to the eye, 

fill the atmosphere, and breathed through the nose cause dangerous diseases” (21). 

However, the most accurate description of sepsis came from Niccolo Machiavelli (1469–

1527), as in 1513 he described sepsis as ‘hectic fever, at its inception, is difficult to 

recognize but easy to treat; left unattended it becomes easy to recognize and difficult to 

treat’ (23). A few decades later (1546), Hieronymus Fracastorius established the germ 

theory in his ‘‘De contagione et contagiosis morbis’’(24).  
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Significant progress has been made to further understand the development of infection 

during the 17th century. Francisco Redi (1626–1697) conducted experiments to refute the 

spontaneous generation of infection, by observing the putrefaction of meat (21). The 

century’s milestone belongs to Anthony van Leeuwenhoek (1632–1723), who managed 

to build a compound microscope and described bacteria for the very first time, using the 

term “animalcules”, in 1674 (25). Following van Leeuwenhoek’s landmark observations, 

the 19th century can be described as the era that saw microbiology flourish. Scientists such 

as Joseph Lister, Ignaz Semmelweiss, Louis Pasteur and Robert Koch worked on the 

origin and development of infectious diseases, providing important information about the 

etiopathogenesis of septic responses (24) . 

The discovery of early antibiotics appears in 1905. Until then, the therapy for infectious 

diseases was strictly empiric. Paul Erlich (1845–1915), discovered a compound 

containing arsenic (salvarsan) that was able to kill Treponema pallidum, without affecting 

the host. This later became the standard treatment of syphilis (24). A few decades later, a 

British doctor, Alexander Flemming (1881-1955), who served during World War I, 

observed that many of the soldiers died from profound infectious phenomena and sepsis. 

These observations triggered his interest to discover a cure for infections. In 1928, 

Flemming discovered, by accident, the famous anti-microbial penicillin and cemented a 

brand new era of drug discovery (26).  

Although the clinical definition of sepsis has changed over the years, the condition 

remains notoriously difficult to identify and diagnose. Nowadays, sepsis is the leading 

cause of death in non-coronary intensive care units worldwide. Its mortality rates can 

reach up to 50%, with one out of two/three hospital deaths being related to sepsis (27,28).  

 

1.3 Etiopathogenesis and progression epidemiology of Sepsis 

1.3.1 Immunopathogenesis of sepsis  

As previously described, sepsis develops in the presence of an infection and can be 

characterised as extremely complex (1). It involves pro-inflammatory and anti-

inflammatory processes combined with humoral and cellular reactions and circulatory 

abnormalities (6,29,30). This complexity gives rise to a number of non-specific 

symptoms, thus making the condition difficult to diagnose.  
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The molecular background of the immunopathogenesis of sepsis is well established and 

has been described extensively by Cohen (2002) and Russel (2006) amongst others (31–

33). Sepsis destabilises the normal equilibrium between procoagulant and anticoagulant 

mechanisms, inflammatory pathways and activates the complement system. Figure 1.1 

shows the key molecules of the immune response that lead to the pathogenesis of sepsis. 

In the first instance, cell wall components of pathogens bind to pattern-recognition 

receptors (e.g. toll-like receptors, TLRs) on the surface of immune cells (33). These 

pathogen-associated molecular patterns are unique to each membrane component and 

therefore, they interact with different TLRs (34). For example, the peptidoglycan of 

Gram-positive bacteria and lipopolysaccharide (LPS) of Gram-negative bacteria bind to 

TLR-2 and TLR-4, respectively (35). These interactions trigger the activation of a number 

of intracellular signal-transduction pathways. 

 

 

Figure 1.1: The pathophysiology of sepsis (33). Cell wall components (e.g. LPS) bind on pattern 

recognition receptors on the surface of immune cells, triggering the activation of intracellular signal-

transduction pathways. High levels of Nitric Oxide (NO) lead to vasodilation and consequently the release 

of cell lysis mediators such as proteases, oxidants, prostaglandins and leukotrienes. 

 

The initiation of this cascade results in the activation of the cytosolic nuclear factor κΒ 

(NF-κΒ), that subsequently relocates to the nucleus and increases the transcription rates 
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of cytokines such as tumor necrosis factor α (TNF-α), interleukin-1β, and interleukin-10 

(36). It is well established that TNF-α and interleukin-1β are pro-inflammatory cytokines 

that activate the adaptive immune response, however they can also cause both direct and 

indirect host injury (37). On the other hand, Interleukin-10 is an anti-inflammatory 

cytokine that can suppress the macrophage activity (38). 

Moreover, the activity of nitric oxide synthase (iNOS) is increased during sepsis, 

elevating the levels of nitric oxide (NO) (39). NO is known to be a potent vasodilator. 

Cytokines can activate endothelial cells by up-regulating adhesion receptors. However, 

endothelial cells can be potentially injured by the same molecules, as they induce 

neutrophils, monocytes, macrophages, and platelets, which bind to the cells. This results 

in the release of mediators such as proteases, oxidants, prostaglandins and leukotrienes; 

their role is to increase the cell membrane permeability and then promote cell lysis (33). 

The procoagulant-anticoagulant equilibrium is unbalanced as the cytokines regulate the 

activation of the coagulation cascade. 

The coagulation cascade is also initiated as part of the septic response, as the endothelium 

has been activated in order to increase the expression of tissue factor (33). The activation 

of factors Va and VIIIa leads to the formation of thrombin-, converting fibrinogen to 

fibrin (40,41). As a result, the fibrin binds to platelets, which adhere to endothelial cells 

and they develop microvascular thrombi, amplifying the injury’s effect. These thrombi 

have the potential to cause distal ischemia and tissue hypoxia by microvascular 

obstruction, often meaning that patients need to undergo amputations (33). 

On the contrary, molecules such as protein C and S diminish coagulation by favouring 

fibrinolysis and removal of microthrombi. More precisely, thrombin-α binds to 

thrombomodulin on the surface of endothelial cells, increasing dramatically the protein 

C activation (42) (Figure 1.2). Then, the activated protein C forms a complex with its co-

factor protein S, leading to the suppression of the factors Va and VIIIa and decreasing the 

plasminogen-activator inhibitor 1 (PAI-1) synthesis (40,41,43). 
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Figure 1.2: The release of cytokines regulates the activation of the coagulation cascade during sepsis (33). 

a) The activated factors Va and VIIIa lead to the formation of thrombin- and b, converting fibrinogen to 

fibrin. The signal transduction remains at high levels due to the decrease of protein C levels. b) Sepsis 

increases the PAI-1 levels, inhibiting fibrinolysis. 

 

However, data shows that sepsis increases the synthesis of PAI-1 and decreases protein 

C levels (or anticoagulants in general) via the presence of LPS and TNF-α (44,45). The 

protein C pathway is further disrupted due to the decrease of the endothelial protein C 

receptor (EPCR) expression. Moreover, LPS and TNF-α regulate positively the PAI-1 

levels resulting in the inhibition of fibrinolysis. The consequences of the changes in 

coagulation caused by sepsis are increased levels of biomarkers that indicate disseminated 

intravascular coagulation and widespread organ dysfunction (33).  

 

1.3.2 Epidemiology of sepsis  

The worldwide incidence of sepsis reached an estimated 48.9 million cases in 2017 (4). 

However, this number may be much higher due to under-diagnosis of the condition (46). 

The prevalence of severe sepsis is 90.4 cases per 100,000 people in European Union. This 

proportion is relatively high when compared to the development of other diseases such as 

breast cancer (58 cases per 100,000 people). In the USA, the reported cases of sepsis per 
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100,000 people are more than stroke, myocardial infarction, and lung, breast and prostate 

cancer combined (47) (Figure 1.3).  

 

 

Figure 1.3: Prevalence of Sepsis in Cases per 100,000 people in USA (48).  

 

Sepsis is reported as a leading cause of death in hospitals of the United States of America; 

it accounted for five times as many deaths as heart disease in 2013 (49). In the United 

Kingdom, more than 250,000 people are reported to suffer from sepsis per year and 

approximately 44,000 patients lose their lives (50). In addition, sepsis is responsible for 

more deaths per year in the UK when compared to other conditions, such as bowel or 

breast cancer (51). 

Due to an increasingly ageing population and the ever-growing issue of antimicrobial 

resistance, sepsis is not going away (52,53). It appears that the advantages of modern 

medicine are not enough to counter the increasing rates of sepsis. More precisely, 

hospitalisations due to sepsis incidents have doubled over the last decade (53,54). 

International and national surveys highlight the fact that 20-40% of septic patients 

admitted to intensive care units, developed sepsis outside the hospital (55). The incidence 

of patients developing sepsis after surgery trebled during the period 1997 – 2006 (47). 

Although sepsis is non-discriminatory in nature, meaning that it is a global healthcare 

problem, in the Western World (UK, Europe, North America, Australasia) deaths related 

to sepsis generally sit below 10 % according to epidemiologic data provided by Rudd et 

al. (4). On the other hand, more than 25 % (sometimes as high as 65%) of deaths are 

related to sepsis in central and South Africa (Figure 1.4).  
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Figure 1.4: World map showing the deaths related to sepsis (%) across countries (epidemiologic data of 

2017) (4). 

 

The United States Government spent approximately $14.6 billion in 2008 on treating 

people hospitalised with sepsis. From 1997 to 2008, the costs for treating septic patients 

increased annually by 11.9% (on average) (56). However, the costs related to long-term 

hospitalisations are still unknown. According to data deriving from Europe, a typical 

septic episode is estimated to cost around 25,000 €. The UK sepsis Trust estimates that 

hospitalisations cost the NHS in England approximately £2.5 billion per year, while the 

average cost of care corresponds to £20,000 per patient. In addition to that, considering 

the loss of life years, the human cost of sepsis is incalculable (57). 

Despite sepsis being a leading cause of death worldwide, the research funds being spent 

for its treatment and diagnosis are small when compared to other conditions (47). In 2011, 

state-funded research for management of sepsis amounted to ~ $91 million, while that 

spent on researching HIV was around $2.9 billion. This cost difference is enormous, since 

the prevalence of HIV equals to only 22.8 cases per 100,000 people in USA and Europe 

(Figure 1.5). 
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Figure 1.5 Prevalence of sepsis, stroke, cancer, heart diseases and AIDS in Europe and USA, in comparison 

to million US $ spent for state-funded research in 2011 (48). 

 

1.3.3 Clinical presentation of sepsis  

In 1989, Bone et al proposed the term ‘sepsis syndrome’ to describe critically ill patients 

who showed clinical and laboratory signs of severe infection (58,59). In order to diagnose 

the systemic inflammation during sepsis, the patients had to present with at least two of 

the following signs: elevated heart rate, elevated respiration rate, decreased blood 

pressure, hyper- or hypothermia and leukocytosis or leukopenia (60). This state was later 

defined as the ‘Systemic Inflammatory Response Syndrome’ (SIRS). 

A consensus was created, three years later, to further develop the concept of sepsis and 

SIRS. The aim was to divide sepsis into stages and discriminate between infectious and 

sterile / non-infectious causes of systemic inflammation (61). There is a chain that starts 

from infection, progresses to sepsis and then to severe sepsis. The end of this chain leads 

to the most catastrophic stage of the septic shock, when mortality rates as high as 50% 

are not uncommon (Figure 1.6) (60). 

According to Figure 1.5, SIRS may follow a wide variety of clinical insults such as: 

infection, pancreatitis, ischemia, multiple trauma, tissue injury, hemorrhagic shock, or 

immune-mediated organ injury (60). The next stage is the development of sepsis as a 

systemic response to infection (60). The current stage shows similarities to SIRS, as 2 of 
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the SIRS signs must be diagnosed. However, there is a crucial detail that discriminates 

the two sides: sepsis must result from an infection. 

The condition progresses to severe sepsis when the patient shows all the symptoms from 

the previous stage combined with dysfunction of at least one remote organ (59). Finally, 

the patient proceeds to septic shock, demonstrating the symptoms of severe sepsis plus 

hypotension despite adequate fluid resuscitation (60). 

 

 

Figure 1.6: The four stages of the sepsis continuum (62). According to the incident severity, the patient 

presents with at least two symptoms indicative of systemic inflammation (SIRS) (1). Once an infection is 

identified as the cause of these SIRS symptoms, the patient is diagnosed as having sepsis (2). If sepsis 

progresses to the point at which organ damage is present, the patient is said to be suffering from severe 

sepsis (3). The final stage is septic shock (4) where the patient is profoundly hypotensive despite adequate 

fluid resuscitation.  

 

The division of sepsis into discrete stages set some serious obstacles regarding its 

diagnosis and treatment. The accurate diagnosis and timely clinical evaluation of each 

patient is crucial to allow initiation of effective treatment. It is worth noting that it is 

sometimes difficult to get a definitive diagnosis of infection, with culture negative sepsis 

being relatively common (63). 
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In early 2016, the Society of Critical Care Medicine and the European Society of Intensive 

Care Medicine released a consensus statement (Sepsis 3.0) which redefined the clinical 

syndrome of sepsis (1). The new diagnostic criteria excluded the concept of SIRS from 

the diagnosis and, in recognition of the diagnostic delay conferred by waiting for positive 

confirmation of an infection, changed the wording to “known or suspected infection.” A 

quick Sequential Organ Failure Assessment (qSOFA) score threshold of ≥ 2 was 

introduced for the purposes of prioritising patients; a qSOFA score ≥ 2 suggests the 

patient is at higher risk of a poorer outcome. This move has raised some controversy from 

physicians who expressed their concerns as the SOFA’s widespread application is likely 

to cost patient lives (61).  

Since sepsis derives from an infection, the biomarkers that have been used for its 

diagnosis are non-specific (6). The main diagnostic tool is blood cultures that need time 

and are not always accurate, providing false negative results (64). A delay in diagnosis 

may lead to significant increase in mortality rates. However even if the patient survives, 

their quality of life is often impaired. Sepsis shows a devastating effect in physical 

(insomnia, dysphagia), psychological (post traumatic distress syndrome) and cognitive 

(memory, concentration) aspects (65). Sepsis survivors are prone to develop new 

infections, requiring further hospital readmissions (66). In fact, up to 63 % of the patients 

will be re-hospitalised within the first year of survival (67). Beside the increased 

morbidities, up to 60 % of survivors die within the first 3 years after the septic response 

(68). Apart from the detrimental loss of the quality of life, it can be referred that the 

healthcare systems have to manage a huge amount costs, deriving from the number of 

days each patient remains in the intensive care unit of a hospital. Regarding the present 

diagnostic standards, the need to develop an accurate and sensitive tool is urgent. 

 

1.4 Sepsis biomarkers 

According to the above information, biomarkers play a very important role in the 

diagnostic process; ideally they should not only be able to indicate the presence sepsis 

but also provide information with regard to severity / prognosis (6,69,70). It is highly 

desirable if a potential biomarker can discriminate between systemic and local infections. 

However, its exact role to the management of septic patients remains undefined, due to 

the non-specific nature of signs and symptoms (71). 
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The literature reports 178 potential biomarkers for the diagnosis of sepsis (6); 18 have 

been evaluated in experimental studies only, 58 in both experimental and clinical studies 

and 101 in clinical studies only. Despite the biomarker abundance, only 34 of have been 

used specifically for the diagnosis of sepsis (Table 1.1). The vast majority of biomarkers 

(if not all of them) displayed on the table below are upregulated during the development 

of sepsis. Only a few exceptions such as troponin (used to diagnose myocardial 

dysfunction), are not connected with the biochemical cascade due to the immune 

response. If one considers their specificity and sensitivity, only five of the demonstrated 

biomarkers report convincing values (6).  

 Sepsis Biomarker Outcome 

aPTT High negative predictive value 

CD11b Higher values in neonates with sepsis than in those with possible 

infection 

CD25* Distinguished between sepsis and SIRS 

CD64* Low sensitivity and specificity to distinguish between viral and 

bacterial infections 

Complement (C3, C4, C5a) Distinguished between sepsis and SIRS 

EA complex Diagnosis of sepsis, increased earlier than CRP 

ELAM-1 (cellular and soluble) Increased in trauma patients with sepsis compared with no sepsis 

Endocan Distinguished between sepsis and SIRS 

E-Selectin (cellular and soluble) Distinguished between sepsis and SIRS 

Fibrin degradation products High negative predictive value 

Gas6 Higher values in patients with severe sepsis compared with 

patients with organ failure but no sepsis 

G-CSF Distinguished between sepsis and SIRS 

Gelsolin Higher in septic patients compared with patients without sepsis 

IL-1 receptor antagonist Early diagnosis of sepsis before symptoms in newborns 

IL-8 Higher in septic neutropenic patients compared with 

febrilneutropenic patients without sepsis 

IL-10 Higher in septic shock compared with cardiogenic shock 

 IL-12* Diagnosis of sepsis in pediatric patients 

IL-18 Distinguished between Gram-positive and Gram-negative sepsis. 

Higher in trauma patients with sepsis than in those without 

IP-10* Early diagnosis of sepsis in newborns 

Laminin Distinguished between Candida sepsis and bacterial sepsis 

LBP Distinguished between Gram-positive sepsis and Gram-negative 
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MCP-1 Distinguished between sepsis and SIRS in neutropenicpediatric 

patients 

NO, nitrate, nitrite Higher in septic shock compared with cardiogenic shock 

Osteopontin Distinguished between sepsis and SIRS 

PAI-1 Higher in patients with sepsis and DIC compared with no-septic 

patients with DIC 

Pentraxin 3 Distinguished between septic shock and SIRS 

Peptidoglycan Higher in postoperative patients with infection compared with no-

infected postoperative patients 

pFN Distinguished between sepsis and SIRS 

PLA2-II (soluble)* Distinguished between bacteremic and non-bacteremic infections 

Serum lysozyme (activity) Distinguished between sepsis and organ rejection in transplanted 

patients 

ST2 (soluble) Higher in septic patients compared with those with no sepsis 

Surfactant protein (A, B, C, D) Early diagnosis of ARDS in septic patients 

3 TREM-1 (soluble) Distinguished between sepsis and SIRS, diagnosed pneumonia 

Troponin Diagnosis of myocardial dysfunction in septic patients 

Table 1.1: Potential biomarkers being used for the detection of sepsis in clinical studies as presented by 

Pierrakos et al. Biomarkers marked with * have shown sensitivity and specificity more than 90%. aPTT: 

activated partial thromboplastin time; ARDS: acute respiratory distress syndrome; CRP: C-reactive 

protein; DIC: disseminated intravascular coagulopathy; EA: elastase alpha 1-proteinase inhibitor; ELAM: 

endothelial leukocyte adhesion molecule; G-CSF: granulocyte colony-stimulating factor; IP: interferon-

induced protein; LBP: lipopolysaccharide-binding protein; MCP: monocyte chemotactic protein; NO: 

nitric oxide; PAI: plasminogen activator inhibitor; pFN: plasma fibronectin; PLA2: phospholipase A2; 

SIRS: systemic inflammatory response syndrome; TREM: triggering receptor expressed on myeloid cells 

(6). 

 

Beyond the typical markers of infection and inflammation, there is little consensus on the 

clinical usefulness of other markers under investigation, meaning that groups often focus 

on their preferred marker of interest. For instance, Nupponen et al. demonstrated that 

CD11b’s levels can show whether a patient has sepsis or just SIRS (72). Nuutila et al. 

and Cardelli et al. showcased CD64 as a potential biomarker, due to its high specificity 

and sensibility to distinguish between viral and bacterial infections (73,74). In addition to 

CD64, Rintala et al. showed that the soluble for of PLA-II can discriminate bacterial from 

non-bacterial infections (75). Il-12 seems to be a helpful biomarker to detect sepsis in 

paediatric patients, but the reported results do not apply for older groups (76). Interferon 

gamma-induced protein 10 (IP-10) has shown interesting results in neonates (77).  
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Despite the apparently positive results, none of these markers are in routine clinical use 

at the time of writing. Instead, clinicians tend to use standard clinical blood tests (white 

blood cell count, liver function tests, lactate and electrolytes), which require analysis in 

centralised laboratories meaning that results are often not available for a number of hours 

/ days, depending on the test of interest. C Reactive Protein (CRP) has been used to help 

in the diagnosis of sepsis for many years (78,79). However, CRP has been highly 

criticised for its low specificity as biomarker (80). Researchers have proposed 

procalcitonin (PCT) as a better alternative. It seems that PCT is a more specific and 

prognostic marker, yet its efficiency is controversial (81–83). Furthermore, PCT tests are 

relatively expensive and therefore many health boards will only allow tests to be 

requested by critical care clinicians. Both CRP and PCT are currently tested for centrally, 

rather than utilising point-of-care technologies. The role of endotoxin (LPS) in sepsis has 

been extensively described in the literature. Despite its importance, LPS is not a 

frequently measured biomarker, due to a number of limitations associated with current 

testing methods.  More information about endotoxin, CRP and PCT, as well as the current 

testing methodologies is provided in Chapters 2 and 4 respectively.  

 

1.5 Aptamers 

Aptamers are synthetic single stranded (ss) oligonucleotide molecules (84). The term 

results from the conjugation of the Latin word “aptus” (= to fit) with the Greek word 

“μέρος” (= meros, part). Aptamers can be either DNA or RNA sequences and demonstrate 

biorecognition properties similar to that of antibodies, targeting a wide variety of 

molecules, ranging from small ions to proteins (85). Some papers demonstrate that 

aptamers can even recognise whole cells (86).  

The use of aptamers has been extensively described in the fields of (bio-)analysis, 

diagnostics and therapeutics (87). Aptamers are 20-50 nucleotide long sequences, flanked 

by two conserved primer binding sites (88). These sites, apart from being used for PCR 

amplification purposes, are also characteristic to the generated library. Despite their 

relatively small molecular weight (5 to 30 kDa), aptamers can display large surface areas 

that confer a high level of affinity to their targets (89). These molecules can interact via 

hydrogen bonding, structure compatibility, stacking of aromatic rings, electrostatic and 

hydrophobic interactions and van der Waals forces (88).  
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Aptamers are derived from an in vitro selection process, called SELEX (Systematic 

Evolution of Ligands by EXpotential enrichment) (88). The process was first described 

in 1990 by the independent works of Tuerk & Gold and Ellington & Szostak (90,91). 

According to Figure 1.7, the classic SELEX process consists of four stages. The first stage 

describes the development of an oligonucleotide library containing up to 1015 unique 

sequences (90). Each molecule is a randomly generated sequence. The oligonucleotide 

library is then incubated with the target molecule, during the selection stage. On 

completion of this stage, the unbound molecules are removed by a variety of washing 

steps, while the bound are amplified by PCR (reverse transcription PCR in the case of 

RNA aptamers). This activity generates a new, smaller group of sequences capable of 

binding to the target. However, the level of affinity and specificity remains rather 

ambiguous, thus the newly formed group proceeds to a second selection round. This 

process is repeated multiple times with only the molecules demonstrating increasingly 

high affinity proceeding to the next stage. At the end of the selection stages the aptamers 

are sequenced and their properties further explored and evaluated.  

 

 

Figure 1.7: The conventional SELEX process for the generation of DNA & RNA libraries (88). The initial 

library of oligonucleotides is challenged with the target molecules. The bound molecules are sorted from 

the unbound ones during the washing process. This process is repeated multiple times until the molecule(s) 

with highest affinity are cloned and sequenced. 
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Due to its nature, the SELEX process is time-consuming; it takes weeks to months to 

generate sequences with high specificity towards the target. Furthermore, as the process 

starts with a vast number of random oligonucleotide sequences, it is possible that none of 

these possess the desired biorecognition properties. To overcome these problems, the 

SELEX method has been modified by various approaches. For example, negative or 

counter SELEX, combining capillary electrophoresis or microfluidics with SELEX or by 

using whole cells as targets so that the target is presented in its native conformation (88). 

However, tweaking the SELEX process will not solve all the problems; the process is still 

reliant on in vitro approaches and therefore, their functionality in in vivo settings has to 

be further elucidated. 

Low dissociation constants (Kd), in the range of micro- to picomolar, are typically 

observed with aptamer recognition systems (92). The affinities observed are therefore 

highly comparable to antibodies but aptamers possess a number of significant advantages 

(Table 2.1) (88). Antibodies are highly immunogenic, while aptamers record miniscule 

humoral responses. In addition to that, antibodies are targeting only immunogenic 

molecules, while aptamers can recognise a wide range of targets. Antibodies are produced 

in vivo, therefore they are extremely costly, unstable and their generation takes ~ 6 

months. On the other hand, aptamers are produced in vitro and as a result, they are low 

cost, stable and faster to develop. Due to their oligonucleotide properties, aptamers are 

easier to modify. 

 

Features Antibodies Aptamers 

Immunogenicity High No humoral response 

Potential Targets Immunogenic molecules Wide range of targets 

Production In vivo In vitro 

Cost High Low 

Stability Unstable Highly stable 

Generation Time ~ 6 months ~ 3-7 weeks 

Modification Limited Facile 

Table 1.2: The use of aptamers demonstrates a series of advantages over antibodies (88). 
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Aptamers may also find future application as novel therapeutics. Pegaptanib (Macugen; 

Pfizer / Eyetech) was the first ever aptamer-drug to receive FDA / EMA approval for 

market release (89). However, as of late June 2019, pegaptanib has been withdrawn from 

the European Union at the request of PharmaSwiss, the current market-authorisation 

holder (93). A number of other aptamer-based therapies have failed in clinical trials, 

suggesting there is still some way to go in order to realise their full therapeutic potential 

(94).   

 

1.5.1 Aptasensors 

The easily accessible 5’ and 3’ primers of the oligonucleotide sequences provide a 

relatively straight-forward route for chemically modifying the aptamer; various 

functional groups can be readily attached / conjugated using facile chemistry approaches, 

without (probably) interrupting the 3D structure. This has led to the development of a 

range of aptamer-based biosensors, so called aptasensors. 

The development of aptasensors relies on the utilisation of various detection 

methodologies (95). These methods can be divided into two groups. Initially, the label 

free biosensing systems are using technologies such as quartz crystal microbalance 

(QCM) measurements and surface plasmon resonance (SPR), On the other hand, methods 

requiring the use of labels utilise electrochemistry, fluorescence and chemiluminescence 

(27–32). Electrochemical systems have also been used to develop label-free assays using 

electrochemical impedance spectroscopy (EIS) (95,100). 

The approach to construct an electrochemical aptasensor can follow two different ways. 

The first relies on the direct immobilization of aptamer onto a surface (101). This is 

usually achieved by using aptamers to which thiol functionality has been introduced. 

Under these circumstances, the method often includes the use of alkanethiols to spatially 

resolve neighbouring aptamers to avoid steric hindrance effects. Molecules such as 6-

mercaptohexanol (MCH), mercaptoundecanoic acid (MUA) and cysteamine are 

frequently used for this purpose, assuming that gold electrodes will be employed for the 

development of the biosensor (101). Thiols may also bind on surfaces comprised of 

materials such as silver, platinum, palladium and semiconductors (102). Different types 

of electrodes, such as glassy carbon and silica, demand the use of molecules with different 
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properties to achieve the immobilisation. For instance, silanes can be immobilised on 

oxides such as silicon dioxide (SiO2) or indium tin oxide (ITO) (102). 

The second approach relies on the coating of the electrode by generating either a thin 

polymer film containing specific functional groups to facilitate further attachment or 

depositing a self-assembled monolayer of molecules to which recognition molecules can 

be attached using N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride 

(EDC) / N-hydroxy-succinimide (NHS) (or other) chemistry.  

EDC/NHS chemistry relies on the use of a carbon chain that will add distance between 

the site of recognition and the working electrode. In this approach, the aptamer must be 

modified with either an amine or carboxylic acid. A short carbon-chain carboxythiol (in 

the case of amine modified aptamers) or aminothiol (in the case of carboxy-modified 

sequences) such as mercaptopropionic acid (MPA) or cysteamine, is used to generate a 

self-assembled monolayer at the surface of the gold electrode (103). The carboxylic acid 

group is activated by EDC and NHS, forming an amine reactive ester, which facilitates 

the immobilization of the aptamer. An example of an amine-modified aptamer being 

immobilised to a carboxy-functionalised SAM is provided in Figure 1.8. 

 

 

Figure 1.8: Fabrication of a biosensor using EDC/NHS chemistry to immobilise an aptamer on a 

mercaptopropionic acid (MPA) self-assembled monolayer (SAM) (103). 

 

There are advantages and disadvantages to both approaches with regard to sensor 

development. In the first case, aptamer and alkanethiol are directly attached to the gold 

surface. Although this is perhaps the most straight-forward approach, it is possible that 

the gold surface might not be fully covered, and its bare areas might give rise to non-

specific binding via hydrophobic interactions. A backfilling process with alkanethiol 

following surface modification with aptamer might help ameliorate this. Direct 
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conjugation of aptamers to the surface may also restrict their conformations, affecting 

overall recognition performance. 

On the other hand, when utilising the EDC/NHS approach it is less likely that areas of the 

gold surface will be found to be exposed, since the sensor development starts with the 

deposition of an alkanethiol SAM to which the aptamer becomes anchored. Providing a 

‘spacer’ between the electrode surface and the aptamer can sometimes be beneficial in 

terms of encouraging conformational flexibility. However, the deposition of an increased 

mass on the working electrode coupled with the increased distance between the surface 

and the recognition element may result in a less sensitive biosensing system. 

In both cases, sensitivity is the key factor affected by the chemistry behind these two 

strategies. The present project will focus on the optimisation of direct immobilisation of 

aptamer and spacer molecules on the working electrode. Electrochemical impedance 

spectroscopy (EIS) will be used to monitor and characterise the development of the 

sensors, as well as to evaluate the binding performance of the optimised system. 

 

1.6 Electrochemistry background 

1.6.1 Electrochemistry Fundamentals  

This section describes the information needed to understand the background behind the 

measurement acquisition and method development, with respect to electrochemical 

biosensing. A classic electrochemical cell is utilised in all measurements, which can either 

develop electrical energy from chemical reactions or catalyse chemical reactions through 

the supply of electrical energy (104). 

The electrochemical cell consists of three electrodes: a working electrode (WE), a 

reference electrode (RE) and a counter electrode (CE) (Figure 1.9). In most cases, the 

interest is focused on reactions taking place within the setup and specifically at the 

working electrode. In order to solely focus on the changes resulting from the chemical 

phenomena within the system, all the other cell components must be fixed. Therefore, the 

reference electrode - the system’s main indicator of these changes in terms of charge - is 

made up of phases having essentially constant composition. There are many types of 

reference electrodes, but for this study, a silver-silver chloride (Ag/AgCl) electrode has 
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been utilised (105). The current going through the reference electrode should be equal to 

zero under ideal circumstances, avoiding any electrode polarisation. The current supply 

can only go via the working and counter (or auxiliary) electrode (105). The counter 

electrode may be of any type, as far as its physical / chemical properties do not affect the 

behaviour of the working electrode and chemical reactions. For this study, a counter 

electrode made from Platinum (Pt) has been used.  

 

 

 

Figure 1.9: An electrochemical cell consists of a three-electrode setup: the working electrode (WE), 

reference electrode (RE) and the counter electrode (CE) (106). 

 

The most commonly used materials to develop a working electrode surface are gold, 

platinum, carbon and mercury (107). Gold disc electrodes (Figure 1.10) demonstrate good 

electrochemical inertness and are easy to fabricate into many forms. However, they show 

limitations due to gold’s oxidation in some areas of the positive potential range. When 

the gold surface is electrochemically activated, molecules containing thiols, amines or 

those possessing general hydrophobic properties can bind to it, developing self-assembled 

monolayers (SAMs). 
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Figure 1.10:  A working electrode with a 2mm diameter gold surface (108).  

 

1.6.2 Cyclic Voltammetry (CV) 

Electrochemical activation is achieved using Cyclic Voltammetry (CV), in which the 

potential of the working electrode is swept linearly as a function of time and the resulting 

current is measured. In a CV experiment, the potential of the working electrode is ramped 

in the opposite direction after the end of the sweep, thus returning to the initial potential. 

A plot of current versus voltage provides the so-called ‘Cyclic Voltammogram’, an 

example of which is shown in Figure 1.11 (109–111). 
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Figure 1.11: Cyclic voltammogram of the bare gold electrode subjected to electropolishing between 0 V 

and 1.5 V. 



Chapter 1  General Introduction 

24 

 

Cyclic Voltammograms demonstrate a material-specific profile due to the development 

of unique peaks in the oxidation and reduction currents. Since gold is the surface of 

choice, its voltammogram will be further analysed. Three consecutive oxidation peaks 

are apparent between 1.35 – 1.5 V, whilst a single reduction peak appears in the region 

of 1.0 – 0.8 V when the scanning potential returns to its initial point. The sharpness of 

each individual peak is indicative to the surface cleanliness and presence of impurities / 

residues. 

Both the anode and cathode of the above cyclic voltammogram demonstrate a flat area 

that corresponds to double layer charging. The oxidation peaks recorded during the 

application of the anodic current correspond to the formation of the gold oxide. The 

number of the peaks (3 in total) shows the complexity of the reaction, since the gold atoms 

comprising the surface can be discriminated into 3 categories: bulk lattice atoms (Au0), 

with small influence on the oxidation reaction, regular surface atoms (Au*), able to show 

higher activity than the bulk ones and finally displaced surface atoms (Au**), showing 

the highest activity (112). These three forms do not characterise a specific state of the 

gold surface, as it tends to be quite heterogeneous during the whole process. It is easy to 

understand that Au* and Au** can proceed into the oxidation process, as demonstrated 

on Figure 1.12.  

 

 

Figure 1.12: The formation of gold oxide during Cyclic Voltammetry. Both regular (Au*) and displaced 

(Au**) surface atoms can participate in the reaction with water, giving gold oxide as final product (112).  

 

More precisely, the Au** atoms can be spontaneously altered into Au* ones before 

entering the oxidation process. However, the rest of the process cannot be regarded as 

straightforward, since the formed dipoles between Auδ+ and OHδ- need to be converted 

into a more stable reactive oxygen species, such as the Au(OH)3, or AU2O3. As a result, 
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the formation of gold oxide takes place into 3 distinctive steps, as referred from the peaks 

on the voltammogram.  

The forms of the generated species can be more than one (i.e. oxides, hydroxides, and 

hydrous oxides) (113). Therefore, the term oxide is widely used for convenience reasons. 

In addition to that, the anodic profile of each individual surface may differ, due to reasons 

such as different approaches in the electrode cleaning process, presence of impurities and 

electrode history (usage) (113). 

Figure 1.13 shows how the response observed changes upon modification of the 

electrode’s surface, when an oscillating potential between -0.1 and 0.4 V is applied, using 

10 mM [Fe(CN)6]
3-/4- as a redox probe. This pattern may change according to the physical 

properties of the molecules bound on the surface (9). CV will be used throughout the 

development process as proof of modification or interaction with the biomarker of 

interest.  
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Figure 1.13: Cyclic Voltammograms obtained prior and after electrode modification. The unmodified bare 

gold surface (red) demonstrates a characteristic pattern that changes following surface modification (blue), 

depending on the physical properties of the molecules bound on it. 

 

1.6.3 Electrochemical Impedance Spectroscopy (EIS)  

Electrochemical Impedance Spectroscopy (EIS) tracks the changes of an electrode or 

electrolyte interface by applying a oscillating potential as a function of frequency (114).  

EIS relies on the transfer kinetics of charge that take place in a redox probe e.g. a solution 
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of potassium ferricyanide / ferrocyanide [Fe(CN)6]
3-/4-. Data from EIS is presented as 

either Bode or Nyquist plots, which are analysed to determine changes in impedance 

(111).  

Electrical impedance is defined as the ratio between the difference of the applied potential 

(ΔV) and the current (I) that flows through the system (115). This relationship is described 

by Ohm’s law, as shown in Equation 1.1 and shows similarities to the description of 

resistance. Impedance is a general parameter used to describe the circuit’s ability to resist 

the electron flow. However, unlike resistance, the term is not limited by the determination 

of the two variables participating in Ohm’s law. 

 

 𝑍 =  
𝛥𝑉

𝐼
 Equation 1.1 

 

The dominant elements used to characterise passive electrical circuits are resistance, 

capacitance and inductance (116). All three terms are displaying unique characteristics, 

as they explain different physical phenomena. More presicely, resistance shows the 

opposition of a specific point within the electrical circuit towards the current flow. On the 

other hand, capacitance is the ability of a certain material to contain electrical charge / 

energy. Inductance is caused by magnetic fields generated by electric currents and shows 

the opposition towards these currents. Therefore, a component of the under-

characterisation circuit can belong to only one group.  

Considering all the above information, impedance is equal to resistance when focusing 

on a pure resistor. The observation relies on the fact that impedance displays zero lag 

between the current and the potential phase. 

On the other hand, capacitance describes the ability of a component to store charge 

(electrons) (Equation 1.2). Unlike resistors, a capacitor displays a lag of -90o between 

current and potential, resulting in zero real impedance. The system is only described by 

the imaginary impedance which is frequency (ω) dependent (Equation 1.2). Therefore, 

one can refer that real impedance is behaving like a resistor, while the imaginary one is 

behaving like a capacitor. 
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 𝑍𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 =  
1

𝑗𝜔𝐶
  Equation 1.2 

 

A Nyquist plot is generated from the resulting real and imaginary impedances occurring 

as a result of the application of a number of frequencies through the system. As per Figure 

1.14, the real impedance (Zreal) is plotted on X axis, while the Y axis refers to the 

imaginary impedance values (Zimaginary). The Zimaginary is described by negative values 

(117).  

 

Figure 1.14: A typical Nyquist plot acquired during EIS. Data obtained from real impedance is on the x 

axis, while y axis describes the imaginary impedance. The plot intercepts the x axis by extrapolation at two 

points; the one is located in high frequencies and shows the solution resistance (Rs), while the other is 

appearing in low frequencies and shows the charge transfer resistance (Rct). Warburg impedance can also 

be observed at low frequencies and is used to understand diffusion processes that take place in the circuit. 

When running these experiments, a difference in Rct is recorded (ΔRct), between the initial reading of a 

recognition surface (R0, here a self-assembled monolayer, SAM) and the final reading, after incubation 

with ligand. 

 

The use of equivalent circuits has been employed to investigate the best possible curve fit 

for the generated impedance spectra and to extract data relating to changes in impedance. 

The present study develops systems comprising either resistors or capacitors to determine 

changes in impedance, since a inductive response is not a frequent phenomenon at low 

frequencies (118). 
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Most electrochemical systems utilise Randle’s equivalent circuit to get the optimal fit of 

the previously mentioned Nyquist plots. The yellow curve presented on the Nyquist plot 

in Figure 1.14 represents the type of data generated from a bare metal (i.e. gold) 

experiencing activation polarization. The plot intercepts the x axis at two points. The 

Solution Resistance (Rs) is found by utilising the high frequency data, while the value for 

the Charge Transfer Resistance (Rct) is defined by low frequency data (117). It is 

important to notice that the readings begin by applying high frequencies (left part of the 

plot) and moving towards the low ones (right part of the plot). The Rct values would 

normally be defined as the difference between the two intercepts.  

ΔRct% is calculated for all the acquired measurements following incubation with 

biomarkers / further modifications that might change the impedance observed for a 

particular electrode, according to equation 1.3: 

 

 %𝛥𝑅𝑐𝑡 =  
𝑅𝑐𝑡𝑓𝑖𝑛𝑎𝑙 −  𝑅𝑐𝑡𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 

𝑅𝑐𝑡𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 100 Equation 1.3 

Where: 

Rctfinal   : The Rct measured following the electrode incubation / modification 

Rctbaseline : The Rct measured to determine the electrode’s background prior to 

modification / incubation with target analyte 

 

Apart from Rct and Rs, the Randle’s equivalent circuit comprises a further two 

components. The first one deals with the constant phase element (CPE), representing the 

distribution of reactivity in impedance response within the equivalent electrical circuits 

(119). It is mainly used to bridge the deviation observed between the actual and ideal 

response. The impedance of a blocking electrode is then expressed as per equation 1.4: 

 

 𝑍(𝜔) = 𝑅𝑒 +  
1

(𝑗𝜔)𝛼𝑄
 Equation 1.4 
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Equation 1.4 includes the terms of Reynolds number (Re) and the independent values of 

α and the CPE coefficient (Q). α stands for an exponent that adopts values within the 

range of [0,1] (120). This exponent is preferably treated as an empirical constant and 

affects the units of Q (119). More precisely, when α equals 1, the system behaves as a 

“pure capacitor”, forcing Q to adopt units of capacitance and stand for the interface’s 

capacitance. On the contrary, when  ≠ 1, Q is utilised to describe a response fitting to a 

heterogeneous surface or continuously distributed time constants for charge-transfer 

reactions. Q’s values are proportional to the active area. 

The second element is the Warburg impedance, used to understand the diffusion processes 

that are affected by the Faradaic currents applied during the experiments. The Warburg 

impedance is connected in series with the Rct and depends on the concentration of redox 

markers and frequency (121). This element can be barely observed when the frequencies 

are high. 

None of the existing models can perfectly describe the physics of experimental data 

obtained from real experiments (119). Consequently, the system of choice will be based 

upon the data obtained during the experiment and the degree of fit to the particular 

equivalent circuit model. The need to develop a standard rule to characterise biomolecular 

surfaces and interfaces is apparent. 

The present study utilised the model Rs((RctW)Qdl) to fit the experimental data (Figure 

1.15). The determination of the double layer CPE coefficient (Qdl) provided a constant 

good fit to the obtained data, retaining the balance between capacitive and resistive 

elements of the systems. Despite the model’s ability to fit data collected from insulators, 

it was decided to change the Qdl to the double layer Capacitance (Cdl), thus modifying the 

model to Rs((RctW)Cdl) when analysing data generated by non-conducting bulk polymers. 
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Figure 1.15: The Randle’s equivalent circuits used for the analysis of EIS circuits. Rs is the resistance due 

to solution. Rs is connected in series with resistance due to charge transfer (Rct) and double layer CPE 

coefficient (Qdl) (left image). The Qdl is replaced by double layer capacitance (Cdl), in the presence of 

insulators (right image). The Warburg impedance (ZW) is always connected in series with Rct, defining the 

system’s diffusion process. 

 

1.6.4 Chronocoulometry (CC)  

Chronocoulometry is an electrochemical method capable of measuring the changes in 

charge (coulomb). The variable is dependent on time and is applied to determine various 

features of modified working electrodes (122). The present study used chronocoulometry 

to estimate the number of aptamers bound on the gold surface and consequently, the 

number of active binding sites, able to capture the targeted molecules. 

Chronocoulometry is a controlled potential method and is divided into two steps. The 

initial step introduces a potential at which no electrolysis takes place (initial E). The 

second step involves the sudden change in potential that oxidises / reduces molecules 

present in the solution phase (ruthenium hexamine (RuHex) in the present study). This 

potential is held for pre-determined period of time. The present study applied this 

potential for either 250 ms or 500 msec, depending on the phase of the experimental 

process, aiming to oxidise as much as RuHex as possible. 

The experiments may utilise single or double steps to determine the differences in charge 

(Q) (34). The experiments are performed twice; with and without the presence of RuHex. 

In the marker’s absence, data is collected and Qdl = f(t1/2) plotted by extrapolating the 2nd 

half-period of the pulse, in which the oxidation potential is applied. RuHex is then 

introduced to the solution and the same process repeated, to obtain the total charge (Qtotal). 

RuHex penetrates the DNA’s backbone and changes the charge within the system (123). 

The reaction is extremely fast, meaning there is no need for pre-incubation. The charge 
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(Qss) corresponding to RuHex electrostatically bound to surface-confined ssDNA is 

calculated as per Equation 1.5: 

 𝑄𝑠𝑠 = 𝑄𝑡𝑜𝑡𝑎𝑙 −  𝑄𝑑𝑙 Equation 1.5 

 

Following the determination of Qss, the surface density of the aptamer is calculated (Γss) 

using Equation 1.6: 

 

 𝛤𝑠𝑠 =  
𝑄𝑠𝑠 𝑁𝐴 

𝑛𝐹𝐴
 

𝑧

𝑚
 Equation 1.6 

Where: 

n = the number of electrons in the reaction 

A = the surface area of the working electrode 

m = the number of nucleotides in the aptamer sequence 

z = the charge of the redox molecules 

NA = Avogadro’s number 

 

Here, it is important to mention that despite the same symbol (Qdl), the charge due to 

double layer and double layer CPE coefficient (as in the equivalent circuit) are two 

different parameters. 

 

1.7 Scope of Thesis 

The scope of this project was to develop a multiplex electrochemical platform for the 

rapid and accurate diagnosis of sepsis. In order to achieve these goals, aptamer and hybrid 

molecular imprinting technologies have been employed to develop label-free bioassays 

for three biomarkers: lipopolysaccharide (LPS), C-reactive protein (CRP) and 

procalcitonin (PCT). The development of the aptasensors and the hybrid recognition 
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system along with their electrochemical characterisation and deployment is described in 

Chapters 2 – 4 of this thesis.  

It is clear there is not a single biomarker that can be treated as a “gold standard” for the 

accurate diagnosis of sepsis. CRP is one of the most widely used clinical biomarkers for 

the diagnosis and monitoring of septic patients, despite its questionable sensitivity / 

specificity. For this reason, CRP can easily justify its place in the electrochemical 

multiplex platform this project aims to develop. PCT seems to be a better marker when 

compared to CRP, especially when it comes to prognosis. However, current commercial 

PCT tests are rather expensive and so testing, certainly within the NHS, is limited to those 

patients who are critically ill. Development of low-cost PCT sensor, using the 

electrochemical sensing approach described herein, would allow more widespread 

testing. A vast number of publications highlight the role of LPS in the development of 

sepsis. To date, quantitative detection of LPS from clinical samples has proved difficult 

using the commercially available, regulatory approved, LAL-based assays. Therefore, 

this project aims to develop a novel cost-effective, highly specific, sensitive and robust 

electrochemical sensor, targeting LPS. This project will showcase the full story starting 

from the optimisation of the recognition properties of a simple aptasensor, to the 

development of a hybrid apta-MIP system capable of detecting LPS at very low levels. 

The use of artificial oligonucleotides (aptamers) that can bind a broad range of targets 

with high affinity and specificity has been increasingly attracting the interest of the 

research society. These molecules can be utilised as recognition elements in the 

development of biosensors for all three biomarkers of interest. An extensive literature 

review shows a wide selection of aptamers for both LPS and CRP, while the options 

regarding PCT are limited. Chapters 2 (LPS) and 4 (CRP and PCT) extensively explore 

the development and optimisation of these aptasensor systems. 

Despite the fact that the surface chemistry of the aptasensor development has the potential 

to be quite simple in its application, it may lack the sensitivity needed for the detection of 

changes in the LPS levels during sepsis. Therefore, electropolymers have been employed 

to enable development of a hybrid recognition system utilising a molecular imprinting 

approach (a so-called apta-MIP, Figure 1.16). Chapter 3 covers the screening process of 

various electropolymerisable monomers such as dopamine and aminophenylboronic acid 

and the development of the hybrid system.  
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Figure 1.16: The development of a hybrid apta-MIP sensor. Polymerisation around an immobilised 

aptamer-LPS complex with subsequent removal of LPS, leaves behind an aptamer-lined imprinted site 

capable of recognising LPS (9). 

 

Upon completion of their development, the biosensors have been challenged with clinical 

samples, to investigate their ability to detect their target analytes in more complex sample 

matrices.  

Finally, Chapter 5 provides a general discussion of the project providing insight into 

future perspectives, applications and suggestions to continue building up on the project’s 

significant results.  
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2.1 Introduction 

2.1.1 General overview 

The use of artificial oligonucleotides (aptamers) to bind a broad range of targets with high 

affinity and specificity, has been increasingly attracting the interest of the research 

society. Aptamers can be designed to detect a large variety of different targets, from small 

ions and to whole cells, making them important diagnostic tools. 

The ease of aptamer modification and general manipulation due to its nucleotide nature 

are properties that make it a desirable component of biosensors. The aim of the present 

chapter was to take advantage of these properties and develop an easy to use, low cost 

aptasensor to accurately and rapidly detect LPS. 

A number of anti-LPS aptamer sequences can be found in the literature. The sequence 

with the highest reported affinity was selected for use in this study. Recognising that 

optimal sensor performance relies on appropriate presentation of the aptamer at the 

electrode surface, screening of alkanethiol molecules that can be used to space the 

aptamers and minimise the risk of steric interference when the system is challenged with 

the target analyte, was undertaken. Thiolated molecules, containing different functional 

groups (-OH, -NH2, -COOH) were selected and the level of interaction between these and 

LPS was evaluated prior to the generation of mixed aptamer / alkanethiol self-assembled 

monolayers being developed and tested. Following optimisation, the aptasensor was 

characterised in terms of sensitivity, dynamic range and specificity, with comparison to 

LPS assays either available commercially or reported in the literature. 
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2.1.2 Endotoxin 

The discovery of the role of endotoxin in infectious diseases is one of the most long, yet 

exciting stories in Microbiology. Very early physicians credited the mechanistic cause of 

death to the presence of “μιάσματα” (:miasmata; small creatures that pollute, singular: 

miasma) or “contagions” (deriving from the Latin verb contigere; touch). Despite the 

presence of these two distinct theories, true endotoxins were not discovered until ~ 2,000 

years later by Richard Pfeifer (1858-1955) (1).  

Following Pfeifer’s work, Eugenio Centanni established the relationship between 

endotoxins and the development of fever due to bacterial presence (2). Centanni noted 

that the endotoxins were inseparable from the bacterial cell wall and named them 

pyrogens. However, the molecule’s structure remained unclear until the middle of the 

20th century. At this time, endotoxin was found to consist of lipid and polysaccharide 

regions and thus the molecule was named lipopolysaccharide (3). 

 

2.1.2.1 Lipopolysaccharide structure 

Lipopolysaccharide (LPS) consists of three different regions: Lipid A, Core Regions and 

O-specific Antigen (Figure 2.1) (4). The contribution of all regions to its three-

dimensional structure is equal, while Lipid A is the most influential part in terms of 

toxicity in vivo (5).  
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Figure 2.1: Structure of Lipopolysaccharide (6). 

 

Lipopolysaccharide occupies ~ 75 % of the surface area of the outer membrane of Gram-

negative bacteria (7); Lipid A is located inside the lipid bilayer of the membrane, while 

the core and O-specific antigen regions extend outwards from the cell (Figure 2.2). 

 

 

Figure 2.2: Conformation of LPS in the outer membrane of Gram-negative bacteria (8). Lipid A is 

represented by the yellow squares sitting in the outer membrane, whilst the green and pink hexagons relate 

to the core sugars and the purple hexagons the O-antigen. 
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2.1.2.1.1 Lipid A 

The Lipid A portion consists of two glucosamine units, connected with a β(1→6) linkage 

with one phosphate group on each carbohydrate (under normal circumstances) (9). Fatty 

acids (acyl chains) are attached to these units, making this region highly hydrophobic 

(yellow area in Figure 2.1).  

The biosynthetic pathway of Lipid A has been determined over 30 years ago (10). The 

involved genes, encoding the enzymes that monitor the pathway, are present in a single 

copy in the bacterial genome. As one would expect, these DNA regions are highly 

conserved (11). In fact, Lipid A is one of the most preserved regions of LPS. 

Lipid A is vital for Gram-negative bacteria as it anchors LPS and stabilises the outer 

membrane (Figure 2.2). However, it is widely believed that this region is the ‘endotoxic 

centre’ of LPS. Literature reports that synthetic Lipid A and its analogues are capable of 

triggering the same response as the wild type Lipid A (11,12). Moreover, the effect of 

Lipid A’s molecular conformation on toxicity has been associated with particular Gram-

negative bacteria strains. In vivo studies have shown that when the asymmetric hexaacyl 

lipid A is attached to a phosphorylated disaccharide, a conical shape is formed, which is 

the potent conformation in terms of toxicity (13,14). This conformation is more active 

than the cylindrical shape, producing the most dynamic pro-inflammatory reaction, 

following its recognition by TLR4 (15,16). On the contrary, changes in that conformation 

such as switching the number of acyl chains, may lead to the reduction of Lipid A’s 

biological activity (7).  

 

2.1.2.1.2 Core Regions 

The core oligosaccharide (OS) region is a short chain of approximately 10 sugar residues, 

located in the centre of the molecule (Figure 2.1). Unlike Lipid A, this region shows high 

diversity even between strains of the same species (16). The core regions are bound to 

lipid A and its formation consists of two sub-regions: the inner and outer core. 

The inner core comprises L-(D)-glycero-D-(L)-manno-heptose and 3-deoxy-D-manno-

octulosonic acid (KDO) residues (17). The phosphorylation of KDOs and inner core 

sugars results in an accumulation of negative charge. This phenomenon is crucial for the 

https://en.wikipedia.org/wiki/Glucosamine
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cell viability as LPS stabilises the outer membrane via interaction with divalent cations. 

This interaction can determine the molecule’s three-dimensional conformation and thus 

the core regions can influence the endotoxic activity of Lipid A (18). 

The outer core contains hexoses (glucose, galactose, glucosamine) that bind to repeating 

units of O antigen (O-PS) (16). These O-PS units may vary in composition, 

stereochemistry and even in the sequence of O-glycosidic linkages between bacterial 

strains, providing a specific O-serotype. The outer core is significantly more variable than 

the inner LPS region (19).  

 

2.1.2.1.3 O-antigen 

The O-antigen, also known as O-polysaccharide and O-side-chain, consists of a repetitive 

glycan polymer (5). Its composition is characteristic to bacterial strains. As described in 

the previous section, the O-antigen is attached to the core region, comprising the outer 

molecular domain. It is the potential target for recognition by host antibodies, however 

its variability shows protective effects from an activated innate immune system (20).  

LPS exists in a variety of forms, depending on the presence and repetitions of the O-

antigen. For instance, the binding of the O-antigen to core lipid A results in the formation 

of “smooth” LPS (also known as S-type LPS). LPS is described as “rough” LPS (R-type 

LPS) when it lacks an O-antigen. The attachment of one repeating unit to lipid A results 

in the conformation of SR-LPS (core-plus-one repeating unit) (21–23). On the other hand, 

regarding the conformation of the outer core region, LPS can be further characterised as 

either “uncapped” or “capped”. The “capped” core contains attached O-antigen repeating 

units due to modifications in the outer core region, in contrast to the ‘uncapped’ one which 

is lacking these units (22). “Rough” LPS is more hydrophobic than the “smooth”, making 

it more vulnerable to hydrophobic antibiotics (24).  

 

2.1.3 The role of LPS in sepsis 

According to the definition and etiopathogenesis of sepsis, a Gram-negative bacterial 

infection is enough to trigger the exaggerated immune cascade. Numerous reports 

showcase the resistance of Gram-negative strains against antimicrobial formulations and 
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these have increase steadily through time (25,26). As previously reported, the emergence 

of multi-drug resistant pathogens, in an ageing population, with an increased number of 

immuno-compromised patients in combination with uncontrolled use of antibiotics, 

means that the incidence of sepsis is increasing at rate of ~ 10% each year (27). 

LPS is abundant on the bacterial wall of Gram-negative bacteria and it is ubiquitously 

implicated in the development of the septic response. It is well established that LPS has 

the potential to stimulate the immune response (28). High levels of LPS have been found 

in a highly heterogeneous population of patients at the time of their admission to Intensive 

Care Units and has been associated with high mortality rates (78). Despite the high 

prevalence of LPS in blood, studies have demonstrated that not all of these infections are 

developed due to the presence of Gram-negative bacteria (29,30).  

In fact, the divergent rates between Gram-negative bacterial infection and the prevalence 

of LPS indicate that the latter derives from other sources apart from a real-time invasion 

of the pathogen. The concomitant use of antibiotics could influence this observation. In 

addition to that, the indigenous flora of the gastrointestinal tract gives rise to a large store 

of LPS (estimated to be up to 25 grams) (29). This endogenous store of LPS can become 

translocated in to the bloodstream in the case of sepsis since during the pro-inflammatory 

stages of the condition blood is diverted from the gut to more valuable organs or even the 

tissue where the “problem” is located, which can cause loss of integrity of the GI barrier 

secondary to ischaemia (31).  

The translocation of both LPS and bacteria from the gut to other tissues has been linked 

with splanchnic hyperfusion (29). Once LPS enters the circulation, the permeability of 

the vascular endothelium becomes elevated, facilitating LPS entry into the tissue and 

magnifying the inflammation. The enhanced oedema results in decreased blood volume 

leading to hypotension and tissue ischaemia. The gut mucosal barrier is further disrupted, 

allowing the influx of endogenous LPS into systemic circulation thus amplifying the 

problem (32). 

The review authored by Munford describes the fate of endotoxin once it successfully 

translocates from the GI tract to the blood stream (33). All the studies suggest that 

bloodborne LPS is rarely found free. The study of Roth et al. demonstrated that more than 

2/3 of the free LPS incubated with citrated human blood was bound on High Density 



Chapter 2   Development of LPS Aptasensor 

55 

 

Lipoprotein (HDL) (34). In fact, a small portion of LPS, corresponding to less than 5 % 

can be found attached on cell membranes – most of them are platelets (34).  

According to the previous statement, it can be referred that LPS is capable of binding to 

a large variety of molecules, from lipoproteins to components of the immune response, 

such as the soluble CD14 (35,36). A carrier protein named LPS binding protein (LBP), 

transfers circulating LPS and facilitates its recognition by mononuclear phagocytes 

through binding to pattern recognition receptors (PRRs), formed by CD14, Toll-like 

receptor 4 and the accessory protein MD2 (Figure 2.3) (37). The cascade gets initiated 

and the LPS signal is transduced to the cell nucleus, leading to the expression of a 

complex network of cytokines and inflammatory mediators (38). The organ systems most 

affected are the brain, heart, kidneys, liver and lungs, resulting to low mental alertness, 

myocardial depression, acute renal and hepatic failure and respiratory distress syndromes 

(39). 

 

 

Figure 2.3: Recognition of LPS by PRRs, formed by CD14, TLR4 and the accessory protein MD2 (37). The 

carrier protein LBP transfers circulating LPS and facilitates its recognition by mononuclear phagocytes. 

 

The in vivo activity of LPS - in terms of the signal transduction - is antagonised by the 

enzyme alkaline phosphatase and bactericidal permeability–increasing protein (40). 

Therefore, the involved biological mechanisms in the recognition of LPS are rather 

complex. Since LPS is often complexed with a wide variety of biomolecules, existing 

detection methods are unreliable when it comes to analysing clinical samples (29).  
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It can be referred that patients with high levels of LPS show more symptoms and are more 

susceptible to develop severe sepsis. Consequently, the prevalence of LPS characterizes 

a high-risk subpopulation of critically ill patients. Studies confirm that the approach of 

neutralizing LPS in sepsis was beneficial for patients, however any interference is quite 

possible to harm patients whose infection is caused by non-Gram negative organisms 

(41,42). The continuous monitoring of such a highly potent stimulator of the immune 

response can be proved quite beneficial. High levels of endotoxin may indicate early or 

even advanced stages of endotoxaemia leading to sepsis. However, the detection of LPS 

in clinical samples is quite challenging, for a number of reasons explained in the later 

stages of the present chapter. A diagnostic assay capable of rapidly and efficiently 

detecting endotoxin from clinical samples has the potential to not only help identify those 

patients suffering from severe endotoxemia, but also to stratify patients into treatment 

groups. 

 

2.1.4 Lipopolysaccharide Detection Methods  

The rabbit pyrogen test (RPT), introduced in the 1940’s, was the first method reported 

for the detection of endotoxin (43,44). The test relied on the monitoring of the febrile 

response of a rabbit following injection of the under-examination formulation. If the rise 

in the rabbit’s temperature fell outside of previously established limits, the solution was 

considered to contain high levels of endotoxin. There are many drawbacks associated 

with this method of pyrogen testing including the need for live animals, low throughput, 

high cost and inability to test a number of medicines, for example, those associated with 

severe toxicity or that modulate temperature response (45). The RPT’s limit of detection 

is ~ 0.5 Endotoxin Units (EU) / ml (46). For reference, 1 EU is equal to approximately 

0.1 ng of LPS. 

As a consequence of these shortcomings, the rabbit pyrogen test was largely substituted 

by the Limulus amoebocyte lysate (LAL) assay, a method developed by Levin and Bang, 

in the 1960’s (47,48). The assay relies on monitoring the coagulation reaction of 

haemocytes from the horseshoe crab, Limulus polyphemus, when exposed to endotoxin 

(49). Factor C is a key molecule in the development of the clotting cascade; its activation 

by LPS in turn activates Factor B. The final outcome of this cascade is the conversion of 

coagulogen into the insoluble coagulin (Figure 2.4). The coagulation based assay (the so-
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called ‘gel-clot’ method) has a limit of detection of 0.03 EU/ml (46).The LAL assay is 

easier to perform compared to the rabbit pyrogen test, more amenable to testing high 

sample numbers and doesn’t require the use of live animals. However the method remains 

susceptible to potential interference from drugs and other test substances (50,51). In 

addition, false positive results can be seen as a consequence of fungal contamination (52). 

(1→3)-β-glucan is a component of the fungal cell wall that interacts with factor G, 

resulting in the activation of clotting enzymes in the amoebocyte cells, as is the case with 

endotoxin (Figure 2.4) (51). Whilst the LAL assay demonstrates adequate performance 

in the testing of pharmaceutical products, its use in clinical studies is limited due to the 

poor recovery of endotoxin from biological fluids (53). Furthermore, several components 

of human blood directly interfere with the clotting cascade. 

 

 

Figure 2.4: The LAL assay (31). LPS activates factor C, thus initiating the coagulation cascade (A). The 

activated Factor B participates in the successful modification of the clotting enzyme that converts the 

coagulogen to the insoluble coagulin (C). Activation by (1→3)-β-glucan via Factor G can also lead to the 

activation of the pre-clotting enzyme, causing the same outcome and providing false positive results (B). 

 

For years, the LAL assay was the only practical method for direct detection of endotoxin. 

However, the Pharmacopoeia refers to another two assays, suitable to detect endotoxin: 

the monocyte activation test (MAT) and the recombinant Factor C (rFC) based endotoxin 

assay (54,55). The MAT assay was developed in 1995, while the rFc assay is more recent, 

first being published in 2010 (46).  
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The MAT assay was introduced by both the Food and Drug Administration (FDA) and 

European Medicines Agency (EMA) as a humane alternative method to the RPT (54). 

The method relies on the quantification of the pro-inflammatory cytokine IL-1, 

produced by the direct exposure of human blood cells (monocytes) to the test material 

(56,57). The MAT assay claims to be highly sensitive, being able to detect down to 10 

pg/ml (46). Studies demonstrated that the sensitivity level can be lowered even more, 

when cryopreserved blood is used (58). The most commonly used sources of monocytes 

are human whole blood, peripheral blood mononuclear cells and monocytic cell lines 

(56). Although promising results have been demonstrated, the method tends to be 

inconsistent due to the nature of human blood and requires an overnight incubation of the 

test material with monocytes prior to analysing the cell supernatant using a standard 

ELISA (46). As a consequence, it has not been widely adopted as a testing method. 

A zymogen-based electrochemical sensor was developed comprising a recombinant 

factor C (rFC) (59). Initially, the inactive proenzyme rFC (zymogen) displays two main 

domains: the LPS binding domain and the enzyme region. The proenzyme is activated to 

protease from the interaction with endotoxin, which then subsequently hydrolyses a 

synthetic peptide (46,59). Finally, one of the reaction’s products is detected 

electrochemically. The sensor can detect as little as 1 EU/ml, when the reaction time 

reaches 3 hours (46). A decrease in incubation time results in less sensitive results e.g. 5 

EU/ml following a 1-hour incubation. 

The above principal of detection has been applied to generate a modified form of an 

ELISA, called EndoLISA (60). More specifically, Grallert et al. employed the use of a 

bacteriophage receptor protein with high affinity towards the LPS core regions to 

slectviely bind LPS to the surface microwell plate. This allows the facile removal of all 

the other components belonging to the test solution through washing. The next step 

involves the activation of rFc in the exact same fashion described above. The study reports 

a broad range of detection, satisfactory sensitivity as well as fewer false results generated 

by either the presence of β-glucans (positive) or inhibitory constituents of the test solution 

(negative). It is however, a time-consuming assay to perform. 

None of the previously described assays are routinely used to analyse clinical samples. 

Spectral Diagnostics recently developed the Endotoxin Activity Assay (EEA) (61). The 

method relies on the priming of human neutrophils by LPS-antibody complexes. 
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Subsequently, a chemiluminescent response is generated via the oxidation of luminol. 

The assay is used to provide semi-quantitative data with regard to LPS concentrations 

(low, intermediate or high) in clinical samples (62).  

Despite LPS being implicated in the pathophysiology of sepsis and a number of other 

inflammatory conditions, to date an inexpensive, reliable and efficient clinical test is 

lacking. 
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2.2 Materials and Methods 

2.2.1 Reagents and apparatus 

A number of aptamers able to bind to lipopolysaccharide have been reported in the 

literature (63,64). According to Kim et al., the aptamer with the highest affinity has the 

sequence (64):  

5’- CTT CTG CCC GCC TCC TTC CTA GCC GGA TCG CGC TGG CCA GAT GAT 

ATA AAG GGT CAG CCC CCC AGG AGA CGA GAT AGG CGG ACA CT - 3’ 

This aptamer was therefore selected to be the biorecognition component in the current 

study. Thiol functionality was introduced at the 5’ end via along with a C6 spacer. The 

aptamer was purchased from Sigma-Aldrich (UK) and stored at -20 oC prior to use. All 

alkanethiols [6-mercaptohexanol (MCH), 11-mercaptoundecanoic acid (MUA), 4,4-

dithiodibutiric acid (DTBA)] and reducing agents [Tris (2-carboxyethyl) phosphine 

hydrochloride (TCEP)] were purchased from Sigma-Aldrich (UK) and stored at ambient 

conditions. Water and ethanol were of HPLC grade and purchased from Fisher Scientific, 

UK. Sulphuric acid was also purchased from Fisher Scientific (UK), while hydrogen 

peroxide was obtained from Sigma-Aldrich (UK). Lipopolysaccharide from E. coli, 

lipoteichoic acid and (1→3)-β-D glucan were purchased from Sigma-Aldrich (UK). The 

LPS used for the experimental process is conjugated to FITC label, thus, an average 

molecular weight of 5,289 g/mol has been used, relying on numbers provided from 

Pubchem (65,66). Despite the fact that the conjugation performance is rather poor (only 

2-10 μg of FITC can be found in 1 mg of LPS, according to manufacturer), the study 

considered the molecule’s molecular weight in the final calculation; the impact of adding 

the FITC’s molecular weight is insignificant, mainly due to the fact that LPS shows a 

wide variety of molecular weights (15).  

Polishing kits and electrochemistry accessories (Faraday’s cage, 2 mm diameter gold disc 

working electrodes, teflon caps and Pt-wire counter electrodes) were purchased from CH 

Instruments (UK). Salt bridges and reference electrodes were purchased from Basi 

Analytical Instruments (UK). Potassium ferrocyanide [K4Fe(CN)6] was obtained from 

Fisher Scientific (UK) and potassium ferricyanide [K3Fe(CN)6] was purchased from 

Sigma-Aldrich (UK). The MultiWE32 Potensiostat was purchased from Ivium 

Technologies (The Netherlands). 
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2.2.2. Methods 

2.2.2.1 Aptamer handling 

All aptamer batches were aliquoted (100 μΜ) in TE buffer (10 mM Tris, 1 mM EDTA) 

pH 7.5 and kept in a non-defrosting, -20 oC freezer, for maximum long-term stability (67). 

Prior to use, aptamers were diluted to 10 μΜ in 10 mM PBS pH 7.4 (1X) enriched with 

1 mM MgCl2 (herein referred to as “Folding Buffer”) (68). Subsequently, the aptamer 

solution was immersed in a waterbath to heat the aptamer to 90-95 oC for 5 minutes (69). 

This results in disruption of inter- and intramolecular bonds within or between 

neighbouring aptamer molecules. All solutions were allowed to cool to room temperature 

so that the aptamers can form the appropriate 3D conformation to recognize the ligands. 

Thiolated aptamers must be reduced immediately prior to use, as their thiols are oxidized 

by manufacturers to retain molecular stability (37, 39). An aqueous solution of 1 mM 

TCEP (tris(2-carboxyethyl)phosphine) in TE buffer (10 mM Tris, 1 mM EDTA) enriched 

with 100 mM NaCl (herein referred to as “immobilisation buffer”) has been used to 

activate the aptamer thiol groups and facilitate immobilisation on the gold surface. 

 

2.2.2.2 Cleaning of gold working electrodes 

The first step of the experimental process deals with the polishing and extensive cleaning 

of the gold disc of the working electrode (WE) (70). This ensures that the surface is free 

from residues that might interfere with the deposition of molecules, leading to either 

uneven distribution of thiolated molecules at the surface, non-specific binding with the 

target molecule or increased background impedance.   

The electrode was immersed in a beaker with HPLC grade water and sonicated for five 

minutes. The polishing pad was soaked with 0.05 μm particle alumina slurry and the face 

of the electrode was carefully rubbed against the polishing pad by making a figure of 8 

pattern for five minutes. On completion of the polishing process, the WEs were first 

rinsed with distilled water to remove the alumina particles, and then with ethanol. The 

WEs were subsequently immersed in ethanol and subjected to sonication for 5 minutes. 

Sonication was repeated after replacing the ethanol with HPLC grade water. Finally, the 

WEs were immersed in piranha solution (3:1 ratio of Sulphuric Acid: Hydrogen Peroxide) 

for 8-10 minutes, rinsed and placed into a beaker with HPLC grade water (71).  
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2.2.2.3 Electrochemical activation of gold working electrodes 

A 10 ml solution of 0.5 M Sulfuric acid was prepared. The salt bridge was rinsed with 

distilled water inside and outside, filled with 10 mM PBS pH 7.4. The salt bridge was 

then placed in the beaker. The reference electrode (RE) was rinsed with HPLC grade 

water and placed inside the salt bridge. The working electrode (WE) and platinum counter 

electrode (CE) were rinsed with HPLC grade water and placed into the beaker, forming 

a 3-electrode setup. All electrodes were connected to the potensiostat and Cyclic 

Voltammetry was performed until there were no changes observed between consecutive 

voltammograms (~25 cycles)  (72). The potential ranged from 0 to 1.5 V and the scan rate 

was equal to 100 mV/sec (73). 

Following electrochemical activation, the WEs were rinsed with HPLC water and dried 

with nitrogen.  

 

2.2.2.4 Development of self-assembled monolayers (SAMs) 

Once it was ensured that the gold surfaces are free from molecular residues, working 

solutions containing an appropriate ratio of aptamer and alkanethiol were applied on the 

gold surfaces.  

During the development and optimisation of the aptasensor, various ratios of anti-LPS 

aptamer and alkanethiols [mercaptohexanol (MCH), mercaptoundecanoic acid (MUA) 

and dithiodibutyric acid (DTBA)] were explored. All components were dissolved in 

immobilisation buffer pH 7.4 containing 100mM NaCl (74). The final aptamer 

concentration never exceeded 1 μM. Owing to the poor aqueous solubility of DTBA, a 

solution containing buffer / ethanol (50:50) was used for all systems using this 

alkanethiol; higher ethanol levels have the potential to damage the aptamer (75). 

Consequently, the final concentration of TCEP was 0.5 mM. The WEs were immersed in 

100 μL of the prepared mix (aptamers and alkanethiols) and incubated either overnight at 

2-8 oC, or for an hour under ambient conditions. 
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2.2.2.5 Aptasensor Characterisation 

2.2.2.5.1 Electrochemical impedance spectroscopy 

The acquisition process of the electrochemical impedance spectrum can be divided into 

two parts. Firstly, there is a small pre-treatment period – lasting 30 seconds - in which a 

potential of 0.2 V is applied. The potensiostat then applies 61 frequencies. More precisely, 

the impedance spectra were captured upon the application of a frequency range starting 

from 10 kHz to 100 mHz, with a 10 mV a.c. voltage superimposed on a bias d.c. voltage 

of 0.2 V versus and Ag / AgCl reference electrode, in a solution containing 10 mM 

[Fe(CN)6
3-/4-] | 10 mM PBS pH 7.4. 

EIS responses of each SAM (alkanethiol +/- anti-LPS aptamer) were recorded at least 

three times to determine baseline impedance.  

 

2.2.2.5.2 Evaluation of binding performance 

Blank measurements were obtained prior to any characterisation process, with a minimum 

of 3 readings, separated with a time gap equal to the one of the incubation process. Each 

SAM was challenged with various concentrations of lipopolysaccharide from E. coli 

O111:B4. Each WE was incubated with 100 L of LPS in 10 mM PBS pH 7.4 

(concentrations vary). EIS was used to measure changes in impedance at the 

electrode/electrolyte interface resulting from the LPS interaction with the SAM. Before 

each recording, the electrodes were rinsed with 10mM PBS pH 7.4 to remove any loosely 

associated LPS.  

 

2.2.2.5.3 Specificity Studies 

Specificity studies were performed using (1→3)-β-glucan (GLU) and lipoteichoic acid 

(LTA) as pathogen-associated cross-reactants.  

A 1 mg/ml stock solution of GLU was prepared in 1 % NaCl. The solution was heated 

for 5 minutes at 65 oC to overcome solubility problems and then allowed to cool to room 

temperature. The stock solution was diluted to produce concentrations of 1, 50 and 100 

pg/ml using 10 mM PBS pH 7.4.  
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A stock solution of LTA (1 mg/ml) was prepared in 10 mM PBS pH 7.4. The stock 

solution was diluted to produce concentrations of 1, 50 and 100 pg/ml using 10 mM PBS 

pH 7.4. 

The aptasensor was challenged with each of the cross-reactants in the same manner as 

described for LPS.  

 

2.2.2.5.4 Chronocoulometry 

Chronocoulometry has been employed to determine the number of aptamers bound to the 

surface of the gold WEs. The method was extracted from the paper of Zhang et al. with 

slight modification (70). To a 10 ml beaker, 6 ml of 10 mM Tris-HCl (pH 7.4) 

(electrochemistry buffer) was added and a teflon cap holding the reference and counter 

electrode was placed on top of the beaker. The beaker was placed inside the Faraday cage. 

The electrochemistry buffer was degassed with oxygen-free nitrogen prior to any 

experimentation for 10 minutes. A small tube was also fitted in the cap to provide a gentle 

continuous flow of nitrogen into the system.  

The WE was added to the beaker and chronocoulometry was performed by applying the 

following parameters: 

Initial potential: 0.2 V 

Final potential: -0.5 V 

Number of steps: 2 

Pulse width: 0.25 s 

Sample interval: 0.002 

Sensitivity (C or A/V): 5e–5 A/V. 

The data were collected and Qdl = f(t1/2) was plotted.  

Subsequently, 60 μL of 10 mM [Ru(NH3)6]
3+ (dissolved in HPLC grade water) was 

injected into the solution and the same process repeated. The number of molecules bound 

on the surface was calculated as per the instructions provided in section 1.6.4 

(Electrochemistry Fundamentals, Chronocoulometry). 
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The use of two steps is to get a better understanding of the surface’s behaviour when 

interacting with the solutions and currents required from chronocoulometry. The first 

application period operates as a precondition of the interface and gives an opportunity to 

observe the reaction. On the other hand, the application of the second pulse ensures that 

all the ruthenium molecules are oxidised, providing better and clearer results when 

compared to the first period. This can also allow a comparison between the results of the 

two pulses, showing signs of repeatability. Nevertheless, the second period of application 

is being used to perform all calculations 
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2.3 Results and discussion 

2.3.1 Electrochemical activation of WEs 

It is vital that the gold surface of the WE is free from residues that might interfere with 

the formation of the SAM or even in the binding of LPS. Cyclic Voltammetry is a useful 

tool to enable evaluation and monitoring of the gold surface throughout the cleaning and 

functionalisation processes. 

When performing CV on a gold WE, there are three consecutive oxidation peaks apparent 

in the cyclic voltammogram (Figure 2.5), appearing in the region of 1.35 – 1.5 V, while 

the sole reduction peak is evident between 1.0 – 0.8 V (73). The sharpness of each peak 

is indicative of the extent to which the gold surface is free from residues (73). As is 

evident from Figure 2.11, the resolution of oxidation and reduction peaks increases as the 

number of CV cycles increase. No further improvement in resolution is observed above 

25 cycles.  

-0.5 0.0 0.5 1.0 1.5 2.0

-60

-40

-20

0

20

E (V)

I 
(μ

A
)

Cycle 1

Cycle 25

Cycle 50

 

Figure 2.5: Cyclic voltammograms obtained after the cleaning of WEs. The resolution of the oxidation and 

reduction peaks improve between cycles 1 - 25, with little / no difference observed between cycles 25 - 50.  

 

2.3.2 Development of an aptasensor for recognition of LPS 

2.3.2.1 Evaluation of aptamer performance 

The aptamer sequence employed in the current study has been extracted from the 

literature, and as such, its ability to interact with LPS, with reported nanomolar affinity, 
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has already been demonstrated (64). Although Kim et al. also used electrochemical 

transduction methodologies in their study, it was important that a baseline level of 

performance was established for the aptamer in this study given the desire to integrate 

with a molecular imprinting approach, described in Chapter 3.  

In the first instance, an aptamer-only SAM system was explored. Improper folding, 

failure to anchor to or non-specific / non-orientated attachment to the gold surface of the 

working electrode could all impact on the overall recognition / binding performance of 

the system. For example, it is well established that amines in the DNA backbone are able 

to form weak bonds with gold, therefore interfering with the molecule’s coordination on 

the surface (76). Subsequently, this leads to sub-optimal orientation of the aptamer 

sequence (Figure 2.6). 

 

 

Figure 2.6: Representation of a thiolated aptamer (ssDNA) on gold. The thiol groups can form bonds with 

bare gold and present the aptamer in its presumed optimal configuration / orientation. However, the 

nitrogen containing nucleotide bases are also able to interact with gold, forming weaker bonds and forcing 

the molecule to “lie down” on the surface (76). 

 

Electrochemically cleaned and activated WEs were incubated with 1 μM aptamer in 

immobilisation buffer overnight at 2-8 oC (n=4). Following incubation, electrodes were 

rinsed with 10 mM PBS pH 7.4 to remove any non-chemisorbed aptamers and then 

challenged with 10, 100 and 1,000 pg/ml of LPS (Figure 2.7). 

Prior to any data presentation and analysis, it is worth noted that in this development 

stage, corresponding to the initial project experiments, a number of kinks can be observed 

in the spectra. These kinks are mainly located the higher frequencies and are point 

specific, according to the independent experiments and individual modified electrodes. 

The kinks deal with the wrong (higher) estimation of the imaginary impedance, due to 
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random interference of the environment. These issues were fixed during the project 

progression. Nevertheless, the data integrity is undisputed, since the spectra can provide 

accurate information about the system and the modified monolayers. 

 

 

Figure 2.7: Development and characterisation of an aptamer-only SAM. The SAM recorded impedances 

are around ~ 6.5 kΩ. Increases in impedance are shown following incubation with a variety of 

concentrations of LPS (10, 100 and 1000 pg/ml). According to experimental data, the equivalent circuit 

that fits the curve is the Rs((RctW)Qdl). 

 

Following the electrode modification, EIS responses were acquired at least three times to 

determine the stability of the monolayer. The recorded measurements were averaged and 

described as the monolayer’s “baseline” (blue curve, Figure 2.7). The aptamer forms a 

relatively stable SAM, with an impedance of ~ 6.5 kΩ. Consecutive readings show a small 

and stable increase in impedance possibly as aptamers rearrange at the surface of the 

electrode. This ‘noise’ diminishes with consecutive readings, and the addition of 

alkanethiols to the SAM in subsequent experiments will likely result in more stable 

SAMs. An increase in impedance of ~ 3 kΩ was observed on addition of 10 pg/ml of LPS. 

However, the observed signal following incubation with 1,000 pg/ml is similar to the one 

of 100 pg/ml, suggesting saturation of the system. 

As described in Chapter 1, the equivalent circuit that has been employed to describe the 

system and obtain the Rct values is Rs((RctW)Qdl). All spectra demonstrate the Warburg 

impedance, which is more profound at lower impedances (diagonal lines with 45o slope 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00

-Z
im

a
g
in

a
ry

(k
Ω
)

Ζreal (kΩ)

Bare gold

Baseline

10 pg/ml

100 pg/ml

1000 pg/ml



Chapter 2   Development of LPS Aptasensor 

69 

 

at end of semi-circle, Figure 2.7). In addition to that, the Qdl value is the component of 

choice used to describe the metal / solution interface and characterises the oligonucleotide 

SAMs. Rs is the impedance recorded in higher frequencies due to solution, while Rct is 

the charge transfer resistance. It should be noted that the data obtained from each 

spectrum provide a satisfactory fit when using Rs((RctW)Qdl). 

In an aptamer only SAM, a disordered surface and/or steric hindrance may negatively 

impact target binding. In the study by Kim et al. they report linearity over the range of 

0.01 to 1 ng/ml (64). The results from the current study, suggest saturation is achieved ~ 

100 pg/ml. Improved performance may be achieved through the use of alkanethiols as 

spacer or backfilling / blocker molecules. Such an approach is routinely used in the 

development of electrochemical sensors (77). The ease and convenience of developing a 

SAM on working electrodes allows opportunity to experiment with alkanethiols 

displaying different functional groups and to also vary the ratios of aptamers and spacer 

molecules, in an effort to maximise the performance of the system.  

 

2.3.2.2 Screening of alkanethiols as spacer molecules 

The nature of the target molecule i.e. LPS, is a key factor when considering which 

alkanethiols to investigate. LPS is a strongly negatively charged molecule due to a high 

degree of phosphorylation of the sugar molecules that make up the core and O-antigen 

regions. Therefore, positively charged alkanethiols such as cysteamine, were avoided as 

it was thought likely that a high degree of non-specific binding would be observed. Also, 

the aptamer itself is negatively charged and therefore solution phase complexation may 

have also been a problem.  

Keeping the above information in mind, the alkanethiols chosen for evaluation were 

mercaptohexanol (MCH), mercaptoundecanoic acid (MUA) and 4,4-dithiodibutyric acid 

(DTBA). Both acids are negatively charged, while MCH is expected to be neutral at 

physiological pH values, which is the current working environment (78–80). A negatively 

charged SAM could potentially interfere with target binding through electrostatic 

repulsion. It was hoped though, that by modifying the length of the carbon chain, the 

organisation of the self-assembled monolayer could be optimised along with the binding 

performance. 
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Figure 2.8 shows the impedances developed by each alkanethiol. The impedances are 

related to the length and the charge of each molecule participating in the SAM formation. 

MCH shows the lowest impedances, as it contains 5 carbon atoms and a hydroxyl group 

providing a mild negative charge. Therefore, the monolayers created by MCH are lightly 

packed. On the other hand, DTBA displays 8 carbons, comprising 2 butyric acids 

connected via a disulfide. The disulfide is reduced once the molecule interacts with the 

gold surface and creates a mercaptobutanoic acid. The negative charge of the carboxyl 

group is bigger than the ones observed from MCH, resulting in a better packing. The 

biggest impedances are recorded with MUA, which contains 11 carbon atoms, adding the 

biggest amount of mass on the electrode. 

 

Figure 2.8: Self Assembled Monolayers of 6-mercaptohexanol (MCH), 4,4-dithiodibutyric acid (DTBA) 

and 11-mercaptoundecanoic acid (MUA). The molecular structures were obtained from sources (78–80). 

 

A screening process was undertaken to determine the most suitable alkanethiol for the 

SAM development. The ideal candidate should be able to show minimum binding to LPS, 

in an attempt to avoid obtaining results vastly influenced by non-specific binding events. 

Alkanethiol only SAMs (n = 3) were challenged with 10, 100 and 1000 pg/ml of LPS to 

assess the degree of interaction (Figure 2.9). 
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Figure 2.9: MCH, DTBA, MUA SAMs were challenged with LPS concentrations ranging from 10 to 1000 

pg/ml. MCH shows strong interaction with LPS, while the negatively charged MUA and DTBA molecules 

show minimal binding. 

 

MCH is the most common alkanethiol used in the development of recognition surfaces 

and specifically biosensors. Kim et al. employ the use of MCH to examine the aptamer’s 

overall performance (64). However, in the current study results show that MCH displays 

significant non-specific interaction with LPS; a 44.49 % change in Rct values was 

observed when the MCH SAM was incubated with a solution containing 10 pg/ml LPS, 

with further increases in Rct observed for 100 pg/ml (55.90 %) and 1000 pg/ml (63.21%). 

It was therefore decided, that MCH would not be taken forward in the development of the 

aptasensor.  

On the other hand, the carboxylic acid containing alkanethiols showed promising results. 

MUA and DTBA have 11 and 4 carbons between the thiol and carboxylic acid groups 

respectively, meaning that the SAMs formed by each will be quite different. Furthermore, 

as the name suggests, DTBA is a molecule containing two carboxylic acid groups 

connected via a disulphide. This disulphide is reduced at the gold surface, forming a gold-

sulphur bond, leaving the carboxy-terminated propyl chains at the surface (81). The 

packing of short carbon-chain molecules is better, as large molecules are prone to leave 

gaps on the electrode surface, especially when repulsive forces between same functional 

groups exist.  
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The interaction between MUA and LPS is minimal, with all recorded changes in 

impedance falling below 10 %. The recorded impedances when challenging the DTBA 

SAM with LPS did not really deviate from the baseline value (Figure 2.9). Both 

carboxythiols were therefore taken forward for further evaluation.  

 

2.3.2.3 Evaluation of mixed aptamer / alkanethiol SAMs 

Mixed SAMs comprising aptamer and MUA in ratio 1:10 were developed and challenged 

with LPS. The results obtained were promising; a concentration dependent increase in Rct 

values was observed (Figure 2.10). Each electrode was challenged with 10, 100, 1000 

pg/ml LPS (n = 3). 

 

 

Figure 2.10: EIS results obtained from a mixed aptamer / MUA (1:10) SAM. The Nyquist plots suggest that 

the aptamer is still able to bind to LPS however, the relative change on addition of increasing 

concentrations of LPS is small. 

 

An expected increase in baseline impedance was observed when comparing the MUA-

only SAM (~ 18 kΩ) to the mixed aptamer:MUA layer (~ 24 kΩ).  MUA is not expected 

to antagonise immobilisation of the aptamer on the gold surface but provide some level 

of spacing and organisation via steric and electrostatic effects. The mixed SAM retains 

the ability recognise LPS, however the relative change in impedance with increasing 
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concentrations of LPS is small; the difference in impedance between 10 pg/ml and 1000 

pg/ml is only ~ 2 kΩ (Figure 2.10). This would suggest that the sensor would lack the 

necessary sensitivity to be useful in practice, where accurate, quantitative results would 

be required.  

It was hypothesised that the length of the carbon chain in MUA might mean that the 

carboxylic acid group is close to the aptamer binding site, therefore either limiting the 

diffusion of LPS into the site (due to repulsive effects) or preventing the optimal binding 

conformation from being adopted. For this reason, MUA was considered an unsuitable 

spacer molecule for the sensor development. 

The same experimental approach was followed to produce a mixed aptamer/DTBA SAM. 

As each molecule of DTBA has two carboxylic acid groups, then a ratio of 1:5 aptamer: 

DTBA was employed in the first instance. During the screening experiments, very little 

interaction between DTBA modified surfaces and LPS was observed (Figure 2.9). This 

means that any interaction between the aptamer/DTBA SAM and LPS will be due to the 

aptamer’s presence. The Nyquist plots obtained following the incubation with 10 pg/ml 

and 100 pg/ml show a better resolution when compared to the results of 1:10 MUA-based 

mixed SAM. The difference in impedance observed when the system is challenged with 

1000 pg/ml is not that much different to the impedance observed with 100 pg/ml (Figure 

2.11). In fact, the aptamer / DTBA mixed SAM’s overall response is similar to what was 

observed with the aptamer only SAM. This suggests that the aptamer / DTBA ratio 

requires further optimization.  
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Figure 2.11: EIS results obtained from aptamer / DTBA SAM. The Nyquist plots suggest that the increase 

of the curves is correlated to the increase of LPS concentration. However, the ratio between DTBA and 

aptamer is not ideal since there is not a proper distinction between 10 and 50 pg/ml and 100 and 1000 

pg/ml. 

 

 

A screening process was undertaken to examine the best working ratio between the 

aptamer and DTBA. As the disulphide bond in DTBA reduces at the gold surface to form 

two mercaptobutanoic acid groups, an equimolar ratio of DTBA : aptamer should result 

in two “spacer” molecules per aptamer. The ratios explored are therefore expressed as 

molar ratios as well as aptamer : spacer ratios (Table 2.1). In all cases the aptamer 

concentration remained constant at 1 μM, while the DTBA concentration was varied.  
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Sensor Aptamer : spacer ratio Aptamer : DTBA molar ratio 

1 1:1 2:1 

2 1:10 1:5 

3 1:25 1:12.5 

4 1:50 1:25 

5 1:75 1:32.5 

6 1:100 1:50 

Table 2.1: Examined ratios between aptamer and DTBA. 

 

All SAMs were challenged with 0.1, 1, 10 and 50 pg/ml LPS to observe their overall 

performance (n = 1) (Figure 2.12). Sensor 1 displayed the same attributes as the aptamer 

only SAM (section 2.3.2.1, Figure 2.7). The aptamer dominates as there is insufficient 

spacer molecules and so the same steric hindrance effects are apparent, and the overall 

binding efficiency is reduced. Similar results were obtained for Sensor 2 (1:10), indicating 

that the DTBA concentration needs to be increased further.  
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Figure 2.12: Screening of mixed aptamer : DTBA SAMs of varying ratios. Each SAM was challenged with 

0.1, 1, 10 and 50 pg/ml LPS. Sensors 3 (1:25) and 4 (1:50) demonstrated the best performance over the 

concentration range tested. 
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A similar pattern was observed with sensors 5 (1:75) and 6 (1:100), however the reasons 

are quite different from the previous cases. Here, it is likely that the number of aptamers 

bound on the gold surface is insufficient, such that the surface is predominantly composed 

of DTBA. The lack of active binding sites significantly reduces the SAMs’ ability to bind 

LPS. The SAMs are less responsive to the lowest concentrations, with very little change 

in impedance recorded following incubation with 0.1 pg/ml LPS.  

Promising results were observed during the evaluation of sensors 3 (1:25) and 4 (1:50). 

Both cases delivered stable consecutive baseline readings. All spectra obtained after the 

incubation with LPS are above the baseline, indicating a good interaction between the 

aptamers and LPS. The sensitivity of sensor 3 is ambiguous, as the sensor failed to show 

significant changes in Rct between the incubation with 1 and 10 pg/ml. These values might 

be fixed by repeating the experiment with a greater number of replicates. Sensor 4 (1:50) 

on the other hand showed better discrimination at the lower concentrations, with little 

difference between 10 and 50 pg/ml observed. The response to 0.1 pg/ml with Sensor 4 

was however lower than that seen with Sensor 3. The sweet spot was considered likely 

somewhere in between the two systems, and so a ratio of 1:40 aptamer:spacer (1:20 

aptamer:DTBA) was employed in subsequent experiments. 

In other words, despite the fact that the screening process was performed with one 

individual electrode per monolayer, the results can divide the SAMs into 3 distinctive 

groups, depending on the spacer’s presence. Initially, sensors 1 and 2 show similar results, 

lower to those of 3 and 4. The second group shows a peak in response, indicating a zone 

that the SAM is likely to perform at its best. The signal of sensors 5 and 6 drops in levels 

similar to those of the one belonging to the first group (sensors 1 and 2). The connection 

of each peak corresponding to the response due to the presence of LPS is developing a 

Gaussian-like bell-shaped curve, minimising the risks of avoiding the use of three 

individuals per monolayer. 

 

2.3.3 LPS aptasensor characterisation 

Having attempted to optimise the aptamer : DTBA ratio in the preceding experiments, the 

performance of the final system was characterised. The following performance 

characteristics were evaluated:  
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a. Stability, reproducibility and sensitivity 

b. Detection range (binding kinetics) 

c. Determination of active binding sites  

d. System specificity 

 

2.3.3.1 Sensor stability, reproducibility and sensitivity 

Stability and sensitivity are two features that influence each other. For this reason, these 

properties will be examined together. A sensor showing stable and reproducible readings 

will allow detection of relatively small changes in impedance associated with the 

interaction between the aptamer and LPS. This is one of the keys factors to unlock the 

maximum recognition potential and create a useful and competitive sensor.  

Multiple replicates of the aptasensors were generated to determine the reproducibility 

(n=3). As a baseline, the mixed aptamer / DTBA SAM results in an average impedance 

of 31.3 kΩ, with a standard deviation (SD) of 0.699 (CV of 2.24%). From a biosensing / 

diagnostics perspective a CV (Coefficient of Variation) of < 5% (intra-assay) or <10% 

(inter-assay) is deemed acceptable, although it does vary with analyte and assay 

methodology (82). The values of standard deviation are considered as the system’s noise. 

Therefore, a response would be considered significant only if the ΔRct value due to 

incubation with the target is higher that ~2.1 kΩ (3 x SD). 

The aptasensor was subsequently challenged with low concentrations of LPS (0.1, 0.5, 1, 

5, 10, 15 and 20 pg/ml, n = 4 for each concentration) to determine the sensitivity of the 

system and to allow calculation of the limit of detection. The results are presented in 

Figure 2.13. The aptasensor was shown to be capable of detecting the lowest 

concentration (100 fg/ml), as an increase in Rct of > 3 kΩ was recorded. The ΔRct value 

is significantly higher than 3 x signal / noise ratio. A further increase in impedance was 

observed following incubation of the aptasensor with 0.5 pg/ml LPS. However, the 

relatively high standard deviations mean that these two responses are not statistically 

significant (two tailed student’s t-test, p = 0.8506). The same observation applies when 

considering the response to 0.5 and 1 pg/ml LPS. The linearity of response over the range 

of 1 to 20 pg/ml is satisfactory, with an R2 of 0.9863. 
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Figure 2.13: The aptasensor was challenged with 0.1, 0.5, 1, 5, 10, 15 and 20 pg/ml, to determine its 

sensitivity. A LOD of 100 fg/ml was determined, with good linearity demonstrated between 1 and 20 pg/ml, 

(R2 = 0.9863). 

 

These results that are quite interesting when compared to those found in other studies that 

use the same aptamer. As discussed before, Kim et al. demonstrate an LOD of 10 pg/ml 

(64). Despite the fact that Su et al. used the EDC/NHS approach to immobilise the 

aptamer to the WE, the dynamic range of the sensor also starts from 1 pg/ml. Both 

aptasensors are shown to behave similarly when challenged with solutions containing less 

than 1 pg/ml LPS (25).  

Bai et al. have developed an electrochemical aptasensor that relies on an enzymatic 

recycling strategy to develop a three-way DNA junction (83). A graphene and toluidine 

blue nanohybrid was developed during the study. The nanohybrid was also decorated with 

gold nanoparticles to amplify the signal from the aptasensor. The nanohybrid’s LOD was 

determined to be 8.7 fg/ml. However, the process of developing the aptasensor is 

laborious compared to the current study. 

Su et al. developed an impedance biosensor comprising aptamer-conjugated gold 

nanoparticles (AuNPs), deposited on gold electrodes (84). The study describes the 

optimisation process to maximise the sensor’s performance, focusing on the limitations 

affecting the aptamer’s coupling to the nanoparticles and ability to recognise LPS. The 

aptasensor can detect as little as 5 pg/ml with a total reaction time of 10 minutes. 
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Wang et al. used differential pulse voltammetry to obtain the results generated by a 

sandwich-type electrochemical LPS aptasensor (85). The study used EDC/NHS 

chemistry to modify mercaptopropionic acid (MPA) and immobilise the aptamer on gold 

disc WEs. MCH was the alkanethiol of choice to block the remaining space on the 

modified surface. The study employs the use of Cu / Au nanoparticles fabricated by 

copper ions and L-cysteine, to enhance signal generation. The sensor’s LOD is reported 

to be 33 fg/ml. Despite the promising results, the assay requires incubation at 37 oC for 

60 minutes. 

Posha et al. developed a highly sensitive gold cluster mediated electrochemical LPS 

aptasensor that lacks any additional signal amplification strategy (86). The study modified 

the aptamer with an amino group at the 5’ end. The gold working electrodes were covered 

with electrochemically synthesised gold atomic clusters. Immobilisation of the aptamer 

was facilitated via the 5’ amine forming charge-neutral interactions with weak covalent 

bonds. Using this approach Posha et al. report an impressive LOD of 7.94 zM, with a 

dynamic range of 0.01 aM to 1pM (based on their assumption that 1EU/ml = 100 pM). 

One of the latest studies reporting the development of an LPS aptasensor belongs to Yuan 

et al.(87). The study describes the development of a voltammetric biosensor, utilising the 

LPS aptamer and a functionalised graphene and molybdenum disulfide composite as a 

new nanocarrier. The nanocomposite displays properties such as high electrical 

conductivity and a large specific surface area that can greatly increase the binding of the 

electroactive toluidine blue (TB). The excessive loading of toluidine blue results in easier 

electron transfer between TB and the working electrode in an attempt to amplify the 

signal. Gold nanoparticles are then applied on the top of TB to immobilise the thiolated 

LPS aptamer. The sensor’s LOD was reported to be 30.1 fg/ml.  

According to data provided from the above studies, the newly developed aptasensor 

demonstrates positive features. The direct immobilisation of the aptamer via the 5’ thiol 

group, provides an extremely easy and fast way to develop a SAM with the alkanethiol 

of choice. In fact, the total experimental time prior to sensor characterisation and 

challenge with LPS can be as little as 1½ hours, since overnight incubation at 2-8 oC can 

be substituted with an hour incubation under ambient conditions. With the exception of 

the study by Kim et al. and Su et al., all other protocols are a lot more time consuming 

and require more complex approaches (64,88). 
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The current aptasensor has been shown to have a LOD of 100 fg/ml, which is similar to 

that reported by Yuan et al. (87). Although better LODs are reported by Posha et al., Bai 

et al. and Wang et al., the process required to either develop these sensors or detect LPS 

(or both) are significantly more complicated.  

 

2.3.3.2 Detection range (binding kinetics) 

The next step of sensor characterisation involves the investigation of the detection range. 

The determination of the sensor’s dynamic range is another key aspect in the 

developmental process. It has already been established that the sensor starts to provide 

significant responses following incubation with 1 pg/ml LPS; a small part of the linear 

response can be observed in Figure 2.13 (1 – 20 pg/ml).  

In order to determine the dynamic range, the aptasensor was challenged with a wide range 

of LPS concentrations, ranging from 100 fg/ml (the current LOD) to 100 ng/ml (n=3). 

Figure 2.14 shows the aptasensor responses as a function of log LPS concentrations. ΔRct 

instead of %ΔR/R0 values are plotted on the y axis, since the differences in baseline 

impedance between the individual replicate SAMs are minimal (x̄ = 27.2 kΩ, SD = 2.39). 

The results form a characteristic curve that follows the rules of sigmoid functions, as 

expected. In other words, low concentrations (at or below LOD) will generate similar 

responses. Then, the linear part of the curve starts to form as the applied concentrations 

fall within the detection range of the sensor. A plateau is observed at higher 

concentrations, as the sensor becomes saturated with little / no active binding sites 

(aptamers) available to interact with the target molecules. 
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Figure 2.14: The aptasensor was challenged with a variety of LPS concentrations, ranging from 100 fg/ml 

to 100 ng/ml to determine its dynamic range. The sensor shows a linear response between 1 pg/ml and 1 

ng/ml (R2 = 0.9614).  

 

According to data acquisition, the sensor’s detection range appears to fall between 1 

pg/ml and 1 ng/ml. However, more data points are required across this range to better 

characterise the binding kinetics of the system. The aptasensor was therefore challenged 

with further concentrations of LPS; the results are shown in Figure 2.15.  

In order to generate parameters indicative of binding performance such as a dissociation 

constant (Kd) the LPS concentration has been converted to pM from ng/ml. It is reminded 

that the present study used 5,289 g/mol as the molecular weight of LPS (section 2.2.1).  
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Figure 2.15: The aptasensor was challenged with a variety of LPS concentrations, ranging from 0.2 pM (1 

pg/ml) to 200 pM (1 ng/ml) to determine its dynamic range. The sensor shows an apparent Kd of 17.62 pM 

(92.25 pg/ml) and a linear range between 0.2 and 20 pM (1 pg/ml and 100 pg/ml, R2 = 0.9922). 

 

As per Figure 2.13, linearity starts at ~ 0.2 pM (1 pg/ml) and the curve reaches a plateau 

at ~100 pM (500 pg/ml). Graphpad Prism (Version 8) was used to determine the 

appropriate kinetic model to fit the aptasensor’s data. The one site – specific binding 

model (Langmuir) has been selected, since it is assumed that only one type of binding site 

exists (aptamer) and that the binding stoichiometry between aptamer and LPS is 1:1. 

Indeed, the fit is satisfactory, with an R2 of 0.9775. Using this model, an apparent Kd of 

17.62 pM (92.25 pg/ml) has been determined. The sensor’s maximum response is 

determined at 69.19 %. A strong linear dose-dependent relationship is evident over the 

range of 1 to 100 pg/ml (0.2 to 20 pM), (R2 = 0.9922).  

Taking into consideration the binding performance and ease of development, the current 

system is competitive when compared to the other reported aptasensors (Table 2.2).  
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Aptasensor Chemistry Linear Range Reference 

SH-Aptamer / MCH 0.01 to 1 ng/ml 62 

EDC /NHS, NH2 - Aptamer 1 pg/ml to 1 ng/ml 25 

Nanocomposite with Au NPs/TB, SH-Aptamer 10 fg/ml to 50 ng/ml 81 

Au NP modified electrode, Aptamer 0.01 to 10.24 ng/ml 82 

NH2 - Aptamer modified electrode with 

modified Au NPs  

0.05 to 1 pg/ml and 

1 to 10 pg/ml 

83 

Gold / Gold atomic clusters, NH2-Aptamer 0.01 aM to 1 pM 84 

Nanocomposite with TB, SH-Aptamer 50 fg/ml to 200 ng/ml 85 

SH-Aptamer / DTBA 1 pg/ml to 100 pg/ml Present study 

Table 2.2: Comparison of the linear range across LPS aptasensors reported in the literature. 

 

2.3.3.3 Determination of active binding sites  

Chroncoulometry has been used to provide an estimation of the active binding sites 

(aptamers) on the surface of the WE following immobilisation of the mixed SAM. The 

use of control (DTBA SAMs) is not needed, as RuHex binds specifically in the nucleic 

acid’s backbone (70,89). 

Measurements were obtained before and after the addition of RuHex, to determine the Γ0. 

Subsequently, the number of nucleotides can be determined by following the formula 

indicated in the description of electrochemistry fundamentals (section 1.6.4).  

One set of electrodes was used to perform the experiment. The analysis revealed an 

approximate surface density of 6.4 x 1014 molecules/cm2. In other words, the aptasensor 

displayed 6.63 x 1010 aptamer molecules, given the 3.14 x 10-2 cm2 surface area of the 

working electrodes (diameter of 2 mm). Keeping in mind the stoichiometry of the binding 

reaction between aptamer and LPS is 1:1, then the same number of LPS molecules would 

be needed to fully saturate the aptasensor. This corresponds to 583 pg of LPS. Since 100 

μL of sample is applied on to the surface of the electrode for each challenge, that would 

mean that a sample of ~ 5 ng/ml would saturate the aptasensor. However, it should be 

appreciated that 100% occupancy is unrealistic, given the fact that the system is under 

equilibrium and that as LPS binds to the immobilised aptamers, the surface becomes 
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increasingly crowded. Since LPS is also negatively charged, it is likely that repulsive 

effects also increase as the number of LPS bound to the sensor increases. It is therefore 

likely that this value is likely to be at least 5 – 10 fold less in practice. Experimental data 

presented in Figure 2.15, suggest that a maximum response is observed at an LPS 

concentration of ~ 500 pg/ml (~ 100 pg applied dose), which is supportive of the data 

obtained via chronocoulometry. 

 

2.3.3.4 System specificity  

The final and most crucial stage to confirm the functionality of the aptasensor involves 

investigating the specificity of the recognition system. It is well established that the LAL 

assay - the main method to detect LPS in pharmaceutical products – has issues with 

specificity, with false positive results seen in the presence of (1→3)-β-glucans (GLU) (9). 

The aptasensor was challenged with 1, 50 and 100 pg/ml of LPS, GLU and lipoteichoic 

acid (LTA, the main component of the membranes of Gram-positive bacteria), to assess 

the specificity of the system. The schematic representation of LTA and GLU can be seen 

on Figure 2.16. More information about their structure can be found on the next chapter 

since their interaction with both the aptamer and imprinted site will be examined in detail. 
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Figure 2.16: Schematic representations of Lipoteichoic acid (top) and (1→3)-β-glucan (bottom) (90,91) 

 

The results are shown in Figure 2.17 (n = 3). The developed aptasensor demonstrates 

remarkable results, clearly favouring interaction with LPS. Both LTA and GLU showed 

minimal interaction with the aptasensor, generating impedances within the noise of the 

baseline readings.  
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Figure 2.17: The aptasensor was challenged with 1, 50 and 100 pg/ml of LPS, LTA and GLU. The aptamer 

is clearly favouring the binding of LPS, while other saccharides fail to interact with the generated SAM. 

 

Other studies utilising the current aptamer have not focused on evaluating the interference 

from other pathogen associated molecular patterns (GLU and LTA). They decided to 

show the aptamer’s selectivity to LPS by challenging with other components of 

commonly found in clinical samples, recording minimal responses. More precisely, Posha 

et al., Yuan et al. and Bai et al. challenged their sensors with compounds that are abundant 

in plasma; (bovine) serum albumin, ascorbic acid, dopamine and glucose (83,86,87). It is 

important to highlight that glucose is one of the sugars that make up the polysaccharide 

region of LPS, thus it is very important that the aptamer should be able not to interact 

with the specific molecule (57). Indeed, the results of the studies focused on glucose. 

showed limited interaction, further cementing the specificity of the aptamer to LPS. Su et 

al. show minimal interaction following challenge of the aptasensor with (bovine) serum 

albumin, RNA and pDNA (25). The other study by Su et al. demonstrate selectivity using 

pDNA, RNA, BSA, glucose and sucrose (84). Interestingly, Wang et al. decided to 

challenge their aptasensor with epinephrine, cholesterol, glucose and uric acid (85). 

 

2.3.4 LPS aptasensor regeneration 

The ability to regenerate the aptasensor was also explored. It will be vital in follow-on 

studies where an aptamer-MIP hybrid system is developed (Chapter 3), that LPS can be 

removed from the aptamer without adversely affecting the ability of the system to rebind 
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the target. Literature is rather poor in this area, as only the study by Su et al. demonstrates 

evidence of sensor regeneration (25). Their aptasensor was shown to be regenerated by 

incubating the electrodes in PBS pH 4 for 10 min followed by several washes with PBS 

pH 7.4. The system could be regenerated twice before its overall performance was 

affected.  

In the current study, a variety of approaches other than changing pH were explored. The 

ultimate objective is to increase the number of times the sensors can be regenerated before 

becoming unresponsive. A broad range of papers suggest the application of surfactants 

such as Triton X to remove and detach LPS from biological preparations (e.g. 

recombinant proteins) (92–94). However, Triton-X proved to be too harsh in the current 

study; application of the aforementioned surfactant destabilised the aptasensor rendering 

it dysfunctional. Jang et al. suggest the application of 0.5 % of Tween 20 followed by 

ultrafiltration to remove LPS from bacterial cell homogenate (95). Using 0.5% Tween 20 

proved to be damaging to the aptasensor, however Tween at a concentration of 0.05% 

was shown to efficiently regenerate the aptasensor following a 5-minute incubation 

(Figure 2.18).  

 

 

Figure 2.18: The aptasensor was challenged with 50 pg/ml and then the SAM was washed by immersion in 

a solution containing 0.05 % TWEEN 20. A. Impedances corresponding to baseline (blue circle) and 3 

consecutive washes. B. Impedances corresponding to repeat challenge with 50 pg/ml LPS following washes 

(yellow = initial response, before wash). 
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Following immersion in 0.05% Tween, the recorded responses are similar to that of the 

initial SAM (Figure 2.18). Washing after incubation with 10 mM PBS pH 7.4 was used 

to ensure complete removal of Tween prior to re-challenge with LPS. Tween is known to 

interfere with the detection of LPS in the LAL assay through the formation of aggregates 

(96). It was therefore deemed important that all traces of Tween were removed from the 

aptasensor. On incubation in Tween, impedances were initially observed to increase 

returning to the initial baseline value of the mixed SAM following washes with 10 mM 

PBS pH 7.4. It was shown that the aptasensor could be regenerated up to three times with 

little effect on performance.  
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2.4 Conclusions 

The present chapter discussed the successful development of an LPS aptasensor. Despite 

the fact that the aptamer of choice has been used for the development of a number of 

aptasensors, the developmental approach is different and less complex; the aptamer is 

directly bound on gold, minimising the distance between the site of interaction and the 

rest of the circuit (working electrode). This results in the minimisation of noise and a 

drastic reduction in preparation time, establishing a facile laboratory routine.  

The developed aptasensor is highly specific to LPS, according to data collected and 

presented in the current study. The lack of interaction with glucan and lipoteichoic acid 

provides a competitive edge over the current ‘gold-standard’ LAL assay. The present 

study is the only one that demonstrates the challenge with other pathogen associated 

molecular patterns, as all other studies use plasma components. The present chapter has 

also demonstrated the successful regeneration of the aptasensor, adding a significant piece 

of information to the literature. 

The developed aptasensor showed an LOD of 100 fg/ml, while its linear range was shown 

to span 1 to 100 pg/ml. Therefore, the aptasensor is competitive when compared to the 

other LPS sensing system described in the literature, although it is recognised that it does 

not demonstrate the best results.  

Studies have reported that LPS concentrations in sepsis samples are ~ 110 pg/ml (97,98). 

This sits at the top the sensor’s dynamic range, meaning that dilution is likely to be 

necessary. The development of a more sensitive system, with a larger dynamic range is 

therefore desirable. The ability to use the aptamer in a hybrid molecular imprinting 

approach in order to achieve this, is explored in the next Chapter.  
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3.1 Introduction 

3.1.1. General overview 

The present chapter will build upon the successful development of the LPS aptasensor 

described in Chapter 2. The developed system demonstrated satisfactory results so far, 

however an attempt to increase the observed sensitivity and dynamic range will be 

deployed. To achieve this, a hybrid imprinting strategy will be employed where the 

aptamer from Chapter 2 will be incorporated into the binding site of a molecularly 

imprinted polymer to generate a so-called apta-MIP system.  

The term molecular imprinting was first introduced by Linus Pauling in the 1940s, 

describing molecular recognition through the formation of molecule specific cavities 

within a synthetic material. Since this early demonstration, molecular imprinting 

technology has received much attention as a method capable of producing cost-

effective, robust, tailor-made artificial recognition elements, not dissimilar to 

antibodies.   

Although there are a range of ways to develop a MIP, the methodology used is often 

governed by the final intended application. For example, bulk polymers have often 

been used as stationary phases for use in chromatographic separations. The present 

study focuses its interest on the polymerisation of electroactive monomers, as this 

allows for the development of biorecognition matrices directly at the surface of an 

electrochemical transduction platform.  

The aim of this chapter is to develop a hybrid sensor, by bringing together aptamer 

and molecular imprinted technologies. The study begins with the screening of 

potential electroactive monomers for their ability to non-specifically interact with 

LPS. Following a narrowing of the pool of potential monomers, a number of 

conventional MIPs have been produced to enable final selection of the monomer to 

take forward into the hybrid imprinting studies. The final apta-MIP has been 

characterised in terms of sensitivity, dynamic range and specificity as per the 

aptasensor in Chapter 2. There are very few reports in the literature of such an 

approach being employed, indeed this is the first report of an apta-MIP being 

developed for a non-protein target. As a consequence, the results have been 

contextualised with reference to more typical MIP systems and other assays 

(electrochemical and wider) targeting LPS.  
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3.1.2. Molecularly Imprinted polymers  

Linus Pauling introduced the term “molecular imprinting” in the 1940s, when 

proposing the development of natural antibodies in the presence of specific antigens 

whose role was to behave as template molecules (1). This approach lead to the 

development of template-induced interaction centres located in antibodies, with the 

final outcome being highly selective antibodies (2). However, the first to generate 

synthetic imprinted materials was Polyakov and his co-workers, when attempting to  

synthesise silica gel and use its adsorption properties to imprint dyes (2,3). Despite 

Polyakov’s early efforts, Linus Pauling’s contribution to the field is still considered 

more impactful as in his second publication focused on molecular imprinting, he 

described molecular recognition through the formation of specific cavities within a 

synthetic material that eventually resemble the binding site of an enzyme (4) (Figure 

3.1).  

 

 

Figure 3.1: Schematic representation of the molecular imprinting process (5). 

 

Research in the field of molecularly imprinted polymers bloomed during the 1950s, 

with a focus on materials capable of separating enantiomers (2). Notable works of this 

decade belong to Patrikeev, who worked with silica gels and bacteria; silica gel that 

had been incubated with bacteria (imprinted) facilitated bacterial growth to a greater 

extent when compared to control (non-imprinted) gels (6).  

The work of Wulff and Mosbach in the 1970s and 80s were fundamental in extending 

the application of the technology to organic materials, using the covalent and non-
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covalent molecular assembly approaches that are still used today to generate synthetic 

recognition materials (7,8). 

MIPs are often referred to as robust, cost effective alternatives to antibodies (9). Whilst 

recognition of small molecules from non-aqueous sample matrices is impressive, 

application in the detection of biomolecules still suffers from a number of 

shortcomings.   

The construction of truly biomimetic materials remains a great challenge for a number 

of reasons. Most importantly, typical developmental processes that rely on free radical 

initiated polymerisation are largely uncontrolled, producing multiple heterogeneous 

binding sites, resulting in poor reproducibility and low binding capacities (9,10). Other 

reasons have to deal with the size, complexity conformational flexibility and 

environmental sensitivity of macromolecular targets such as proteins;  conventional 

imprinted polymers display poor recognition capabilities outside of organic media 

(11). Traditional bulk polymers (essentially ‘chunks’ of polymer that is ground and 

sieved to a powder) display a network of binding sites distributed throughout the 

polymer particles. Removal of template from, and diffusion to, more deeply located 

binding sites is hindered, especially when considering larger molecular templates.   

Despite the aforementioned limitations, some decisive steps have been made towards 

the careful fabrication and optimisation of imprinted systems for the recognition of 

biologically important molecules. Epitope imprinting, most successful demonstrated 

through the work of the Shea group, uses small, well-defined epitopic sequences as 

template molecules to realise the recognition of the larger parent molecule (12). 

Epitope imprinting approaches have often been integrated with the surface imprinting 

of polymer films. Polymerisation at a surface, rather than freely in solution, is thought 

to result in the development of more homogenous, surface confined, binding sites that 

are more freely accessible for both template removal and rebinding (13).  

The present study relies on combining a surface imprinting approach with a hybrid 

recognition system. The hybrid approach first described by Allender and Bowen, relies 

on the use of biological recognition elements e.g. peptides, aptamers etc. as “super 

monomers” when creating molecularly imprinted polymers (14). Dechtrirat et al. have 

since described a ‘hybrid’ approach using mannose to detect concanavalin A (15). 

More recently the Bowen group demonstrated the successful development of an apta-
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MIP for the sensitive electrochemical detection of prostate specific antigen (16). The 

main advantage of using a hybrid system to bring about the recognition of biologically 

important macromolecules, such as LPS in the present study, is that it allows synthetic 

polymeric materials to efficiently recognise target molecules in physiologically 

relevant environments, whilst the methods used to generate such systems result in 

more homogenous binding sites that are readily accessible by the target. This often 

manifests itself as an increase in apparent affinity and binding capacity.   

 

3.1.3. Surface imprinting and electroactive monomers 

Whilst the literature reports a wide variety of methods for the development of a MIP, 

the majority rely on classic, free-radical initiated, polymer chemistry that occurs in 

solution to produce either chunks of polymer deriving from nano/microparticles (17). 

As described earlier, the use of surface imprinting approaches demonstrates a number 

of advantages over more traditional methods when it comes the development of 

systems for macromolecular templates (Figure 3.2).  

 

 

Figure 3.2: Development of molecularly imprinted polymers using A. Traditional bulk methods and B. 

surface imprinting approaches. Binding sites in bulk produced MIPs are distributed throughout the 

polymer network, and the uncontrolled nature of polymerisation results in a more heterogeneous 

population of imprinted sites. On the other hand, surface imprinting approaches rely in growth of a 

polymer around surface immobilised templates such that a more homogenous population of imprinted 

sites are formed at the surface of the polymer allowing facile removal and binding of the template 

molecule (18). 

A

B
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Surface imprinting can be achieved by employing a wide variety of strategies, such as 

the use of initiators on supporting matrices and combined surface imprinting with 

controlled living free radical polymerisation (19,20). However, the present study 

focuses on the use of electropolymerisation to develop the recognition systems directly 

at the surface of the transduction platform.  This obviously relies on the use of 

electroactive monomers. 

Controlled polymerisation of electroactive monomers can be achieved by employing 

one of three electrochemical methodologies described as galvanostatic (constant 

current), potentiostatic (constant potential), or most commonly potentiodynamic 

conditions (scanning/cycling or sweeping potential) (21). The resultant polymers can 

either be conducting or nonconducting, with conducting polymers further 

discriminated into electronically (ECPs), proton and ion conducting polymers (22–

24). The present study focuses on the development of ECPs. Some examples of 

conducting (e.g. poly-aminophenylboronic acid / PAPBA, polypyrrole / PPy) and 

nonconducting (e.g. polyphenol, polyaminophenol) polymers are shown in Figure 3.3. 

Polydopamine (PDA) and polyaminobenzoic acid (PABA) are also considered to be 

nonconducting monomers (16,25) .  

 

Figure 3.3: Structure of some of the most common electropolymers. Group a demonstrates 

electronically conducting polymers such as 1. Polyacetylene, 2. polyphenylene, 3. 

polyphenylenevinylene, 4. polypyrrole, 5. poly(aminophenylboronic acid), 6. polythiophene, 7. 

polyaniline, and 8. polyethylenedioxythiophene. Group b presents nonconducting polymers such as 9. 

polyphenylenediamine, 10. polyphenol, 11. polyaminophenol and 12. polythiophenol. 
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Electronically Conducting polymers (ECPs) display electronic properties similar to 

those of metals, without losing their conventional organic identity. The appearance of 

these electrochemical properties is based on the conjugated π-electron backbones (21). 

More specifically, neighbouring sp2 hybridised carbon atom centres form the 

backbones of ECPs. Each centre donates one valence electron to reside in a pz atomic 

orbital, which finds itself in an orthogonal position to three σ bonds. These bonds are 

developed by the presence of other p orbitals, whose electrons interact with adjacent 

centres to finally form the conjugated π orbitals. The conductivity depends on the  high 

mobility of these electrons, allowing currents to surpass the polymer mass (22). 

On the other hand, nonconducting polymers demonstrate a completely different 

formation. The valence electrons are found in sp3 hybridised atomic orbitals that 

heavily support covalent bonds. These electrons exhibit low mobility resulting in the 

development of an insulator. The developed films are thin and self-controlling by the 

increasing impedances during electropolymerisation (21). 

 

3.1.4. Selecting the candidate electroactive monomers  

A wide selection of electroactive monomers, along with techniques to deposit them on 

the surface of interest, has been reported in the literature (Table 3.1). Therefore, the 

first and probably most crucial stage of the present study was to identify the best 

candidate monomer for the development of the hybrid imprinting system. In order to 

initially narrow the selection to a manageable group of monomers that can be taken 

forward into screening studies, consideration of the target molecule (LPS) and its 

physicochemical properties is needed.  

As described in Chapters 1 & 2, lipopolysaccharide is a molecule containing a lipid 

region and an abundance of sugars in the core and O-antigen regions. A good number 

of studies have focused on the generation of polymers that interact with sugars such 

as glucose. Many rely on creation of a permeable polymer film to entrap glucose 

oxidase and determine glucose levels (26). ul Haque et al. used aniline to develop such 

a sensor, as this monomer produces a polymer of high porosity, thus allowing glucose 

to permeate through the polymer network and reach the enzyme (27). 3-aminophenol 

has been used in much the same way, with a study by Dawei et al. demonstrating an 

amperometric sensor by entrapping glucose oxidase in the electropolymer (28).  
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The presence of sugars means that LPS contains diols. Monomers containing boronic 

acid – e.g. aminophenylboronic acid (APBA) - have been extensively demonstrated as 

ideal when targeting molecules displaying such functionality (29). Furthermore, 

APBA has been shown to be an effective monomer when imprinting whole bacterial 

membranes (30). Incubation with E. coli resulted in an increase in impedance of ~ 

40%. Given the high density of LPS in the outer membrane of Gram-negative bacteria, 

such as E. coli, it is likely that the APBA polymer is interacting with the saccharide 

portion of the molecule.  

Dopamine (DA) is a popular electroactive monomer. Its structure offers the 

opportunity to create hydrogen bonds with target molecules. A patent describing the 

development of a MIP chip targeting LPS using SPR sensing relies on the formation 

of polydopamine (PDA) (31). This is one of the very few examples of molecular 

imprinting technology being successfully used to specifically target LPS. 

Ogawa et al. attempted to develop lipid A-imprinted polymer hydrogels that 

selectively recognize lipopolysaccharides, using vinylpyrrolidone and acrylamide 

(32). Altintas et al. also tried to developed a nano-MIP for the ultrasensitive detection 

of LPS, using acrylamide as one of the potential monomers with ambiguous results 

(33). The conditions required to bring about the electropolymerisation of acrylamide 

involve the application of potentials ranging from -1 to 1.8 V (34). It is well established 

that the reductive desorption of thiolated molecules occurs between -0.9 and -1.5 V, 

reaching a peak around -1.4 V (35). Consequently, acrylamide is unlikely to be 

compatible with the apta-MIP system under development in the current study.  

There is little in the literature with regard to the use of 3-aminobenzoic acid (ABA) 

for the recognition of LPS and related molecules. However, polyaminobenzoic acid 

(PABA) appears to offer a good opportunity to develop hydrogen bonds with the 

templates, similar to DA. An example of work undertaken using ABA is described in 

a study by Sriwichai et al., where this monomer was used to develop a thin polymeric 

film to create a label-free immunosensor targeting human immunoglobulin G (IgG) 

(25). 

The list of potential candidates closes with the addition of squaramides and thiophenes. 

Squaramides have been shown to be excellent monomers for the recognition of 

negatively charged targets (36). However, these monomers are not naturally 
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electropolymerisable, requiring further chemical modification to be able to polymerise 

in this manner. On the other hand, modified versions of thiophenes are able to interact 

with diols (37). Again, although an electropolymerisation approach is feasible, the 

monomers are not commercially available, rather they must be synthesised in the lab 

in a time-consuming process.  

Considering all of the above information, it was anticipated that polydopamine (PDA) 

and polyaminophenylboronic acid (PAPBA) would demonstrate the best performance 

in the screening studies. Aniline (ANI) and aminobenzoic acid (ABA) were also 

selected for evaluation. 
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Name Monomer Justification Electropolymerisation Method 

Dopamine 

(DA) 

 

a. Hydrogen 

Bonding 

b. Seems to 

interact with 

sugars 

efficiently 
 

Using CV: 

-0.5 – 0.5 V 

E step: 10 mV 

Scan rate: 20 mV/sec 

3-

aminophenyl-

boronic acid 

(APBA) 

 

a. Interaction 

with Sugars 

b. Imprinting 

Bacterial 

Surfaces as a 

whole  

Using CV: 

-0.2 – 0.7 V 

E step: 10 mV 

Scan rate:100 mV/sec 

3-

aminobenzoic 

acid (ABA) 

 

Hydrogen 

Bonding 

 

Using CV: 

-0.2 to 0.9 V (10 mA),  

E step: 10 mV 

Scan rate: 20 mV/sec 

Acrylamide 

(AA) 

 

Interaction with 

Lipid A 

 

Potential sweep: 

-1 – 1.8 V 

E step: 10 mV 

Scan rate:20 mV/sec 
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3-Aminophenol 

 

a. Interaction 

with sugars 

(Glucose) 

b. Formation of 

amperometric 

biosensors  

Using CV: 

-0.2 – 1.6 V 

E step: 10 mV 

Scan rate: 50 mV/sec 

Squaramides 

 

Interaction with 

anions 
N/A Unknown 

Aniline 

 

a. Interaction 

with sugars 

(Glucose) 

b. Formation of 

amperometric 

biosensors  

Using CV: 

-0.2V to +0.85V 

E step: 10 mV 

 Scan rate: 100 

mV/sec 

 

Table 3.1: Candidate electroactive monomers for the apta-MIP development and their polymerisation products. 
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3.2 Materials and Methods 

 

General electrochemical approaches 

The experimental process described in this chapter has common parts with the one 

described in Chapter 2. Mechanical polishing and electrochemical activation of gold 

electrodes are fundamental parts of the experimental process and are always used in the 

preparation of the electrochemical sensors. Additionally, the preparation of redox probes 

/ solutions for use in CV, EIS and chronocoulometry remains the same. For this reason, 

methodological descriptions for these processes will not be duplicated in this section. 

 

3.2.1. Materials 

All monomers (aniline, dopamine, 3-aminobenzoic acid, 3-aminophenylboronic acid) and 

Sodium fluoride (NaF) were purchased from Sigma-Aldrich (UK) and stored at ambient 

conditions. 

All other reagents including the aptamer, solvents etc have already been described in 

Chapter 2 along with details of the equipment used. 

 

3.2.2. Methods 

3.2.2.1 Monomer screening – electropolymerisation and challenge with LPS 

Prior to any polymerisation process, the WEs were polished and cleaned as previously 

described in Chapter 2. A solution containing one of the candidate monomers was 

prepared and degassed with nitrogen. The solution was either stored at 2-8 oC if not used 

immediately or transferred to a beaker containing the three-electrode setup. 

A 5 mM solution of dopamine (DA) in 10mM PBS pH 7.4 was prepared. The applied 

potential was cycled from -0.5 to 0.5 V with a step of 10 mV and a scan rate of 20 mV/sec. 

The number of cycles of cyclic voltammetry was varied (16). 

A 4mM solution of aniline in 0.1M HCl was prepared and polymerised with successive 

cyclic voltammetric sweeps in which the applied potential is swept between -0.2V to 

+0.85V with a step of 10 mV, at a scan rate of 100mV/sec (27). 
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A 50mM solution of 3-amino benzoic acid (ABA) was prepared in 0.5 M H2SO4. The 

applied potential was cycled between -0.2 and 0.9 V, with a step of 10 mV and a scan rate 

of 20 mV/sec (25). 

A 50 mM solution of 3-aminophenylboronic acid (APBA) was prepared in 100 mM PBS 

pH 5.0 enriched with 120 mM NaF. The applied potential was cycled from -0.2 to 0.7 V  

with a step of 10 mV and scan rate of 50 mV/sec (38). 

Following polymerisation, the modified electrodes were immediately immersed into 10 

mM [Fe(CN)6
3-/4-] | 10 mM PBS pH 7.4 and allowed to stabilise. CV and EIS were used 

to confirm growth of a polymer layer. Once a stable baseline reading had been obtained, 

polymers were incubated with 10, 20 and 50 pg/ml of LPS, with EIS being used to 

monitor the interaction with the polymer surface.  

 

3.2.2.2 Polymer washing / regeneration 

The non-imprinted polymers generated through the methods outlined in 3.2.2.1 (10 cycles 

of CV) were incubated with 50 pg/ml LPS and analysed by EIS. The electrodes were 

subsequently immersed in a solution containing 0.05 % TWEEN 20 for 5 minutes 

followed by 10 mM PBS pH 7.4 for another 5 minutes. The electrodes were then stored 

in 10 mM [Fe(CN)6
3-/4-] 10 mM PBS pH 7.4 and left to stabilise, before performing EIS 

again. The same approach was used to wash both conventionally imprinted polymers and 

hybrid recognition (apta-MIP) systems.  

 

3.2.2.3 Surface Imprinting – generation of conventional MIPs 

In order to develop a conventional MIP, bare WEs were submerged in a 50 pg/ml solution 

of LPS dissolved in HPLC water for an hour under ambient conditions to allow deposition 

of LPS at the electrode surface. The electrodes were rinsed with 10 mM PBS pH 7.4 to 

remove any non-chemisorbed LPS, before undergoing electropolymerisation with the 

monomer of choice. The polymer(s) were subsequently washed, as described in 3.2.2.2 

and then challenged with 10, 20 and 50 pg/ml of LPS. EIS was used to determine MIP 

binding performance.  
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3.2.2.4 Hybrid imprinting strategy - Generation of apta-MIPs 

Following the protocol described in Chapter 2, 10 μM of freshly thawed anti-LPS aptamer 

was incubated with 10 μΜ LPS in folding buffer for 45 minutes to allow complex 

formation. The aptamer-LPS complex was diluted to 1 μΜ and incubated with 1 mM 

TCEP in immobilisation buffer for 5 minutes. The solution was then applied to the WEs 

overnight at 2-8 oC.  

Subsequently the WEs were washed with 10 mM PBS pH 7.4 to remove any loosely 

associated complexes and were then immersed in a degassed monomer solution. The 

monomers advanced in this stage are dopamine (5 mM) and 3-aminophenylboronic acid 

(50 mM). The polymerisation process has followed the protocol described in section 

3.2.2.1.  

The number of CV cycles were varied to control polymer layer thickness. The hybrid 

apta-MIPs were washed as described in 3.2.2.2 before being challenged with LPS at a 

variety of concentrations to determine their performance using EIS. 

 

3.2.2.5 Sensor characterisation 

As described in Chapter 2, cyclic voltammetry and EIS was used to characterise the apta-

MIP and assess its performance as a sensor for LPS. The methodological approach is the 

same as detailed in Section 2.2.5, and so will not be repeated here. 

 

3.2.2.5.1 Chronocoulometry 

The method described in Section 2, with slight modification, was used to estimate the 

number of aptamers immobilised on the surface of the WE. Reagents and concentrations 

remain the same, however the pulse has changed to 500 ms from 250 ms. The larger pulse 

time has consequently dropped the experimental periods to 1 period instead of 2. The 

system set-up therefore displays the following parameters: 

Initial potential: 0.2 V 

Final potential: -0.5 V 

Number of steps: 1 
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Pulse width: 0.5 s 

Sample interval: 0.002 

Sensitivity (C or A/V): 5e–5 A/V. 

WEs were modified with the aptamer – LPS complex, to mimic the surface coordination 

during the development of the apta-MIP. Chronocoulometry was then performed in the 

presence and absence of LPS. LPS was removed by washing with Tween / PBS as detailed 

in 3.2.2.2. 

 

3.2.2.5.2 Specificity Studies 

Specificity studies were performed using (1→3)-β-glucan (GLU) and lipoteichoic acid 

(LTA) as pathogen-associated cross-reactants. The apta-MIP was also challenged with 

human serum albumin (HSA).  

A 1 mg/ml stock solution of GLU was prepared in 1 % NaCl. The solution was heated 

for 5 minutes at 65 oC to overcome solubility problems and then allowed to cool to room 

temperature. The stock solution was diluted to produce concentrations ranging from 1 

fg/ml to 100 pg/ml using 10 mM PBS pH 7.4.  

A stock solution of LTA (1 mg/ml) was prepared in 10 mM PBS pH 7.4. The stock 

solution was diluted to produce concentrations ranging from 1 pg/ml to 1000 pg/ml.  

For the studies involving HSA, solutions of 0.5, 5, 500 and 5,000 μg / ml of HSA 

dissolved in 10 mM PBS pH 7.4 were prepared.  

The apta-MIP system was challenged with each of the cross-reactants in the same manner 

as described for LPS.  

 

3.2.2.5.3 Recovery of LPS from spiked serum 

Human serum (obtained following informed consent), spiked to produce a final 

concentration of 1 ng/ml LPS, was used in this study. Samples for testing were prepared 

by taking 100 μL of the spiked sample and mixing with 200 μL of 3.75 % v/v HCl (final 

concentration 2.5 %). The sample was then heated at 100 oC for 3 minutes, before being 

allowed to cool to room temperature and mixed with an equal volume of 5 % NaOH. The 
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sample was then diluted with 10 mM PBS pH 7.4 to obtain an LPS concentration of 100 

pg/ml. This sample was further diluted to a concentration of 10 fg/ml using 10 mM PBS 

pH 7.4 A blank sample was prepared in the same manner, using non-spiked serum. EIS 

was used to evaluate the response of the apta-MIP. 
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3.3 Results and discussion 

3.3.1. Monomer screening – electropolymerisation and challenge with 

LPS 

Four monomers were screened during this study as outlined in the introduction to this 

Chapter. In the screening experiments, polymers were grown in the absence of LPS to 

generate non-imprinted polymer surfaces that could subsequently be incubated with LPS 

to assess degree of interaction. For each monomer, three replicates were prepared and 

tested. The number of cycles of polymerisation was varied up to a maximum of 10 to 

allow exploration of polymer growth. It was assumed, based on previous work of the 

group, that 10 cycles were sufficient to ensure growth of a complete polymer layer at the 

surface of the working electrode (16).  

Figures 3.4 and 3.5 show the voltammograms obtained following polymerisation of each 

of the under-examination monomers. Each monomer generates a characteristic CV profile 

that can be confirmed from other studies (16,25,27,38). According to the literature, the 

generated polymers can be divided into conducting - polyaminophenylboronic acid 

(PAPBA) and polyaniline (PANI), (Figure 3.4) - and nonconducting - polydopamine 

(PDA) and polyaminobenzoic acid (PABA), Figure 3.5.  
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Figure 3.4: Voltammograms obtained following various cycles of polymerisation. Both PAPBA (top) and 

PANI (bottom) are conducting in nature, as evidenced by the increasing redox peaks on the voltammogram 

(indicated by arrows). 
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Figure 3.5: Voltammograms obtained following various cycles of polymerisation. Both PDA (top) and 

PABA (bottom) are non-conducting in nature, as evidenced by the decreasing current as the number of 

cycles increase (indicated by arrows). 
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PAPBA and PANI are conducting polymers (22). Focusing on the PAPBA 

voltammogram, the two peaks at ~ 0.2 V, one in the cathodic and one in the anodic 

current, are increasing. However, a significant reduction in peak current is observed at 

~0.6V. A closer look at the polymer’s structure provides an explanation for this (Figure 

3.6); there is no direct conjugation between the π-systems of the two aromatic rings, rather 

the amino group serves as a bridge, with the n electrons being shared between 

neighbouring monomers (38). This results in a constant decrease in current during the 

polymerisation process, as the available free surface of the WE decreases (38).  

 

 

Figure 3.6: APBA conversion to PAPBA. During polymerisation, there is no direct conjugation between 

the π-systems of the two aromatic rings, but the central NH bridging group is common to both adjacent 

residues (38). 

 

Given the structural analogy between aminophenylboronic acid and aniline 

(phenylamine, no boronic acid group), it is unsurprising that the formation of the PANI 

polymer reveals an almost identical pattern in the resultant voltammogram. According to 

the literature, the electropolymerisation of APBA proceeds by a mechanism that is 

characteristic to aniline (39). Both polymers utlise the amino group as a bridge between 

neighbouring monomers, with no direct conjugation between the π-systems of the two 

aromatic rings.   

The voltammogram corresponding to PANI in Figure 3.4 may lack the peak at around 0.3 

V, showing the conversion of the different redox forms [between leucomeraldine (fully 

reduced) and emeraldine salt state (half oxidised)] as displayed in the study of Belarb et 

al. (40,41). However, there’s clear evidence of the peak corresponding to the polymer’s 

further oxidation and anion doping process, at 0.5 V. The peak located at the end of the 

half cycle shows the conversion of the other two oxidised states of PANI [between 
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emeraldine salt (metallic state, the base is a half oxidised form) and pernigraniline state 

(fully oxidised)] (40,41). 

On the other hand, PDA and PABA are nonconducting monomers, thus both behave as 

insulators (16,42). Consequently, the application of each consecutive polymerisation 

cycle results in a decrease in the general area under curve; the signal becomes flatter, with 

loss of characteristic redox peaks and the current begins to approach zero. In the 

voltammogram for PDA, several distinct features are noted. Peaks at ~ 0.1 and 0.3 V 

decrease with increasing number of cycles, whilst an oxidation peak at -0.2V appears in 

the second cycle (Figure 3.5, top). More precisely, the voltammogram shows the presence 

/ formation of two redox couples (43). Initially, the anodic peak at ~ 0.2 V shows the 

presence of dopamine in the solution, while the one at 0.12 V corresponds to the formation 

of dopaminequinone. The other two peaks show the redox couple of 

leucodopaminechrome (at -0.21 V) and dopaminechrome (-0.28 V). The reactions shown 

in Figure 3.7 suggest that the polymerisation of dopamine includes both electrochemical 

and chemical reactions. 

 

Figure 3.7: Electropolymerisation of dopamine proceeds via the formation of a number of different 

intermediates that are evident in the voltammogram. The polymerisation process includes both chemical 

(C) and electrochemical reactions (E) (43). 
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A similar observation applies to the PABA voltammogram. PABA’s area under curve is 

already significantly smaller when compared to the starting points of the other polymers, 

indicative of its strong insulating properties. Although it is difficult to identify distinctive 

redox peaks, the peak current at 0.9 V can be seen to be constantly decreasing as the 

number of cycles increases (Figure 3.5, bottom). To date, the exact mechanism of 3-

aminobenzoic acid remains unidentified. However, it is proposed that the 

electropolymerisation process would follow – or be similar to - that of aniline, since the 

only difference in structure is the substitution of the amine group with a carboxylic acid 

(44).  

The differing nature of the generated polymers impacts on the data analysis and the 

simulation of equivalent circuits. Data obtained from the conducting polymers fit a charge 

based equivalent circuit best, and therefore a Rs((RctW)Qdl) circuit was used to analyse 

data from PAPBA and PANI based systems. On the other hand, nonconducting polymers 

behave more like a capacitor and so data generated by PABA and PDA systems were 

analysed using the Rs((RctW)C) circuit, as discussed in Chapter 1 (Section 1.6.3). 

Following stabilisation and determination of a baseline signal from all polymer systems, 

each polymer was challenged with 10, 20 and 50 pg/ml LPS and the degree of interaction 

analysed using EIS (Figures 3.8 and 3.9).  

The results obtained following incubation of LPS with PABA and PANI surfaces are 

shown in Figure 3.8.  
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Figure 3.8: EIS responses of PABA (•) and PANI (Δ) when challenged with 10, 20 and 50 pg/ml of LPS 

(n=3). PANI is a porous polymer, allowing LPS penetrate to its inner core, resulting in high ΔR values. 

PABA shows promising results when incubated with 10 pg/ml.  

 

PANI has been extensively used in studies focused on the development of glucose 

permeable materials (26). The high porosity of aniline based polymer systems is perhaps 

what contributes to the large changes in impedance observed upon addition of LPS (45). 

Even at the lowest concentration of 10 pg/ml, PANI produces a ΔR of more than 100%. 

Further increases are observed with higher concentrations of LPS. Although LPS is a 

larger molecule than glucose, nanoscale pores within the polymer structure would 

potentially allow easy diffusion of the molecule throughout the PANI modified surface. 

It was hypothesised that the porous nature of this polymer would result in a high degree 

of non-specific interaction when challenged with more complex biological matrices, and 

for this this reason it was dropped from the present study. 

PABA showed a change in ΔR values of around 20 % when incubated with 10 pg/ml. ΔR 

values were further increased after the application of higher LPS concentrations. Two out 

of three electrodes showed high changes in impedance, averaging ~ 63 and ~ 86 % 

following incubation with 20 and 50 pg/ml LPS respectively, whilst the third electrode 

recorded much smaller changes of 10 % (10 pg/ml) and 53 % (50 pg/ml). PABA showed 

the biggest variance in response across replicates when compared to the other polymers, 

with the responses obtained from 20 and 50 pg/ml showing a standard deviation of more 
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than 20 %. PABA’s somewhat ambiguous responses, exclude the polymer from further 

evaluation in the present study.  

The results obtained with PAPBA and PDA are shown in Figure 3.9. As outlined in 

Section 3.1.4, aminophenylboronic acid was selected as a monomer since boronic acid 

has been shown to interact strongly with diol groups typically found in saccharides 

(46,47). 
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Figure 3.9: EIS responses of PAPBA (•) and PDA (Δ) when challenged with 10, 20 and 50 pg/ml of LPS 

(n=3). Both polymers are interacting with LPS in a satisfactory level, since they are not displaying 

phenomena of massive chemisorption with the target. 

 

As in the case of PABA, a change of ~ 20% is observed in the ΔR values following 

incubation of PAPBA modified electrodes with 10 pg/ml of LPS, which further increases 

with introduction of higher concentrations of LPS. Although the standard deviation of the 

responses was higher than would be desirable (~ 10 % for 50 pg/ml) it was recognised 

that as a screening experiment, only three repeats had been performed. Further evaluation 

was warranted as the boronic acid functionality maybe advantageous further down the 

line in terms of minimising non-specific binding with other sample components.  

When evaluating the PDA modified electrodes, a similar ΔR to that observed with PABA 

and PAPBA was achieved following incubation with 10 pg/ml LPS. Although the 

response increased with higher concentrations of LPS, the ΔR changes observed 

following incubation with 20 and 50 pg/ml LPS are smaller than those seen with the 

PAPBA modified electrodes. Still, PDA produced the second best ΔRct values when 
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challenged with LPS. Therefore, the following sections will investigate the potential of 

both PAPBA and PDA to bind and eventually imprint endotoxin. 

All the examined polymers showed a tendency to plateau, with smaller than expected 

responses observed following incubation with 50 pg/ml (Figures 3.7 and 3.8). Although 

it is recognised that only three concentrations, repeated in triplicate, have been tested the 

profile is somewhat expected. The present investigation only focuses on non-specific 

interactions; no specific recognition elements (e.g. aptamer) or imprinted sites are present 

in the polymer surface. Therefore, once LPS has assembled to cover most of the polymer 

surface, the response will saturate. This sort of response is commonly seen with control 

(non-imprinted) polymers in molecular imprinting studies. Introduction of imprinted sites 

not only serves to increase affinity and/or specificity but also shows an improved binding 

capacity.  

 

3.3.2. Regeneration of non-imprinted polymers (NIPs) 

Chapter 2 described the development of a washing method to allow regeneration of the 

aptamer surface. As the current Chapter is focused on developing a hybrid imprinting 

strategy, it is important that the washing step not only disrupts the aptamer-LPS complex, 

but also disfavours LPS interaction with the polymer surface. This must be achieved 

without damaging or removing the apta-MIP surface.  

APBA forms boronate esters on interaction with diols, which are pH and solvent 

dependent (46). Previous studies have used low pH conditions to regenerate APBA via 

hydrolysis of the ester group (30). Golabi et al. and Springsteen & Wang demonstrate 

that PAPBA and phenylboronic acid modified electrodes could be regenerated by 

incubating in phosphate solutions at pH 2.2 to remove the bound molecules (fructose) and 

regain the boronic groups’ functionality (30,46). Such acidic conditions may prove 

detrimental to the aptamer used in the current study. Badhulica and co-workers have 

demonstrated that boronate esters can be regenerated by exposure to less acidic conditions 

(pH 5), which is more likely to provide an “aptamer-friendly” solution (48). 

Jolly, Tamboli et al. demonstrated that a PDA-based apta-MIP could be regenerated by 

overnight immersion of electrodes in a solution containing 5% v/v acetic acid and 5% 

w/v sodium dodecyl sulphate (SDS) in purified water (16). This shows that PDA based 

hybrid systems are resistant to such acidic conditions. The residual acid was removed by 
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rinsing with water and detergent before restabilising the apta-MIP in measurement buffer 

(10 mM PBS (pH 7.4) containing 10 mM [Fe (CN)6]3-/4- and 0.05% v/v Tween 20).  

Chapter 2 demonstrated that treatment of aptamer only surfaces with 0.05 % v/v Tween 

20 is a safe and simple way to remove bound LPS. It was therefore decided to use this as 

starting point for washing the polymer surfaces. Both APBA and PDA modified 

electrodes (n=1) were incubated with 50 pg/ml LPS, allowing plenty of time for LPS to 

bind (Figure 3.10). EIS was performed and the spectra recorded before and after 

incubation with LPS, and then again following the wash process. Initially, following the 

wash step, larger impedances were recorded, possibly as a consequence of the surfactant 

becoming entrapped within a hydrated polymer. Storing the electrodes in 10 mM PBS 

(pH 7.4) containing 10 mM [Fe (CN)6]3-/4- for 2 days was shown to bring the impedances 

back down to the baseline value, demonstrating that LPS had been successfully removed. 

Although impedances were shown to be slightly lower following washing for both 

polymer systems, this is likely a consequence of removal of loosely associated polymer / 

unpolymerised monomer. The study by Jolly et al., used AFM to show that polymer 

thickness decreased following washing (16).  

 

-Z
im

a
g

in
a

ry
 (
k
Ω
) 

  

 

 

Figure 3.10: EIS responses of PDA (left) and PAPBA (right) following their incubation with LPS and 

washing with 0.05 % Tween. Wash conditions successfully regenerate both polymer surfaces as the spectra 

obtained after washing are similar to that of the baseline response. 
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3.3.3. Development of PDA and PAPBA molecularly imprinted systems  

Having narrowed down the candidate monomers to dopamine and aminophenylboronic 

acid, the next step was to produce ‘conventional’ molecularly imprinted systems using 

LPS as the template molecule. Both PDA and PAPBA imprinted systems were generated 

and evaluated in order to make the final choice of monomer to take forward to the hybrid 

imprinting approach.  

A SAM consisting of LPS only was developed by incubating the working electrodes with 

50 pg/ml LPS. The hydrophobic regions of LPS are capable of interacting with the gold 

surface of the WEs, providing impedances of ~ 2 – 2.5 kΩ. Non-chemisorbed LPS was 

removed by rinsing the electrodes with 10mM PBS pH 7.4 before immersion in the 

monomer solution of choice. In this study, 10 polymerisation cycles were used to develop 

the molecularly imprinted polymers. It is important that a sufficient polymer layer is 

grown to allow imprinting of LPS, but that significant overgrowth is prevented to avoid 

permanent entrapment of the template molecule. Based on the group’s recent success 

using PDA to imprint prostate specific antigen (PSA), 13 polymerisation cycles were 

shown to produce a polymer of ~ 10 nm thickness (10). These values were reported in the 

presence of the aptamer, although small changes between MIPs and NIPs were noted. 

Given LPS is smaller than PSA, it was thought that a polymer of similar thickness would 

allow for the efficient imprinting and subsequent removal of LPS. Following polymer 

growth, the electrodes were washed with 0.05 % Tween and 10 mM PBS pH 7.4. EIS was 

used to confirm template removal (average of 2 – 2.5 kΩ reduction in impedance 

observed) before the electrodes were re-challenged with 10, 20 & 50 pg/ml LPS (Figure 

3.11).  
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Figure 3.11: EIS responses of PDA and PAPBA conventional MIPs and NIPs, following incubation with 

LPS (n=3). Imprinting factors (IF) are shown above each pair of bars (MIP response / NIP response).   

 

Both imprinted systems show a modest improvement in response when compared to their 

non-imprinted counterparts. A significant difference between MIP and NIP was not 

anticipated given the inherent difficulty in imprinting molecules such as LPS, as 

described in section 3.1.2.  Figure 3.11 shows that the PAPBA MIP and NIP demonstrate 

higher changes in impedance when compared to the PDA polymers. However, when 

considering the imprinting factor (IF, equation 3.1) little difference between the two 

polymer systems was noted, especially when the standard deviations are taken into 

consideration. (49). 

 

 
𝐼𝐹 =  

𝑀𝐼𝑃 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝑁𝐼𝑃 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 
 Equation 3.1 

 

Although a MIP-based SPR sensor targeting LPS has been reported using PDA, the 

interactions between the polymer and target molecule are relatively non-specific when 

compared to the preference of boronic acid groups to interact strongly with diol 
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containing molecules (31). For this reason, it was decided to proceed with APBA as the 

monomer of choice.   

 

3.3.4. Development of the PAPBA apta-MIP hybrid system 

Having created non-imprinted and conventionally imprinted PAPBA surfaces, the next 

stage of the study was to develop the hybrid recognition system, incorporating the anti-

LPS aptamer in the imprinted sites. Following the deposition of the LPS-aptamer complex 

on the surface of the WE as described in Section 3.2.2.3, the working electrodes were 

immersed in APBA solution and cyclic voltammetry was used to bring about polymer 

growth around the immobilised complex (Figure 3.12). Removal of LPS, whilst leaving 

behind the aptamer, creates the LPS-specific, aptamer-lined binding pockets at the sensor 

surface. 

 

 

Figure 3.12: Apta-MIP development. Initially the aptamer-template complex is bound on the gold surface. 

Then, the monomer of choice is electropolymerized around the complex to create the template specific 

imprint. Finally, the template is removed from the material and the system is ready to be challenged (16). 

 

Polymer thickness is a key aspect in the development of an efficient apta-MIP hybrid 

system. In the case of insufficient growth of the polymer, it was hypothesised that the 

system would behave similarly to a conventional aptasensor, with negligible contribution 

from the polymer to the recognition of the target. On the other hand, overgrowth of the 

complex will result in a system which performs like the non-imprinted control as the 

aptamer will be buried by polymer, unable to interact efficiently with the target. 

As mentioned before, it was assumed that any polymer obtained after the application of 

~ 10 cycles would be sufficient to start providing results of a hybrid sensor. The above 

statement is based on a previous work of the group, in which 13 polymerisation cycles 
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provided the hybrid site with maximum recognition towards the targeted biomarker 

(Prostate Specific Antigen – PSA) (16). 

In an attempt  to investigate the above hypotheses, the number of polymerisation cycles 

were varied from 4 to 10. The reproducibility of the polymers generated after the 

application of a low amount of cycles can be characterised as rather poor. The 

polymerisation process demands a minimum amount of 4 cycles to develop a hybrid 

sensor in which the polymer does not ware off, essentially living a completely bare 

aptamer after the application of EIS measurements. This observation can be confirmed 

from the general CVs displayed on Figure 3.5, since the shape of the voltammograms 1 

to 3 is rapidly changing. For each cycle three repeats were prepared, and the recognition 

performance evaluated by incubating the electrodes with 10, 20 and 50 pg/ml of LPS 

(Figure 3.13).  
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Figure 3.13: Dose-response graphs of the apta-MIP as a function of the number of polymerisation cycles 

when challenged with 10, 20 & 50 pg/ml LPS. The apta-MIP maximum performance is achieved when 

APBA is polymerised for 7 cycles. 

 

As shown in Figure 3.13, the performance of the hybrid system is strongly dependent 

upon the number of polymerisation cycles. When either 4 or 5 polymerisation cycles were 

used, relatively small changes in impedances were observed. It would appear that these 

number of cycles are not enough to allow creation of aptamer lined imprinted sites, rather 
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the aptamer is still mainly responsible for the recognition of LPS. In addition to that, the 

small and random amount of polymer formed around the aptamers would initially provide 

baseline readings with high variability. A comparison between the responses seen after 5 

cycles and the conventional aptasensor described in Chapter 2 is provided in Figure 3.14 

A. Regarding the response after the application of 10 and 50 pg/ml,  the two systems 

perform similarly, with the aptasensor somewhat outperforming the hybrid system.  

At the opposite end, when more than 8 polymerisation cycles are used, performance of 

the hybrid system starts to decline. This is likely a consequence of incomplete removal of 

LPS following the initial creation of the imprinted sites as the polymer overgrows the 

surface-immobilised complex. Subsequent re-challenge with LPS means that LPS is 

largely only able to interact with the polymer surface, as a consequence of the overgrowth, 

and so performance is similar to that seen with the non-imprinted polymer surfaces 

(Figure 3.14 B). 
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Figure 3.14: The dose-response performances of the aptasensor and apta-MIP generated after 5 

polymerisation cycles are similar, since the polymer film does not effectively capture the aptamer-LPS 

complex to create the binding site (A). On the other hand, the responses of conventional NIP and the apta-

MIP generated after 9 CVs are almost identical, since the polymer film overgrows the binding site (B). 

 

Cycles 6, 7 and 8 demonstrate much improved responses, with peak performance 

observed following 7 cycles of polymerisation. It is hypothesised that this system has 
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sufficient polymer growth to enable efficient capture of the aptamer-LPS complex that, 

on removal of LPS, results in the formation of a imprinted site which is lined with the 

aptamer held in a preferred binding conformation.  

A hybrid NIP system was also developed. The developmental process was the same as 

that used in the generation of the hybrid MIP, with one significant change in the protocol; 

following immobilisation of the aptamer-LPS complex on the electrode surface, LPS is 

immediately washed away to leave just the aptamer on the surface. This strategy was 

employed to try and ensure that the amount of aptamers / coordination on the gold surface 

would be the same in both hybrid systems, as differences in the aptamer density would 

likely affect polymer growth / thickness. Nevertheless, it is recognised that the absence 

of LPS in the SAM possibly provides some additional space for the polymer growth. 

Readings obtained from hybrid NIP showed an astonishingly low binding performance 

(Figure 3.15). A possible explanation relies on the fact that the polymer “locks” the 

aptamers conformation in a way that both materials are blocked from binding LPS. 

Perhaps the aptamer binding site is covered to the extent that LPS cannot interact, while 

any exposed aptamer possesses sufficient negative charge to inhibit binding to the 

PAPBA surface.  

Figure 3.15 summarises the performance of the systems developed so far (apta-MIP, apta-

NIP, conventional MIP, conventional NIP and aptasensor). It is clear that the hybrid 

system outperforms all of the other sensors. Interestingly, the conventional MIP system 

(no aptamer) shows a better response than the aptasensor, however the response seen with 

the apta-MIP is greater than the sum of the two individual parts (MIP and aptasensor) 

suggesting a synergistic effect.  
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Figure 3.15: Comparison of the changes in ΔR between the generated systems (optimised apta-MIP, apta-

NIP, conventional MIP, conventional NIP and aptasensor). The progression of the study, starting from the 

aptasensor and finishing to the apta-MIP, demonstrates a continuous improvement in sensing of the 

challenging concentrations. All systems are using the model Rs((RctW)Qdl) to characterise the circuit. 

 

3.3.5 Characterisation of the apta-MIP 

Characterisation of the apta-MIP system follows that described for the aptasensor in 

Chapter 2. A series of binding experiments were performed to provide insight into the 

sensitivity and specificity of the system, whilst also considering binding kinetics and 

detection range. Chronocoulometry was used to provide an estimation of the total number 

of possible binding sites on the sensor surface.  

 

3.3.5.1 Stability, sensitivity and detection range (kinetics) 

Stability is a key aspect of any biosensor. The corresponding section regarding the 

characterisation of the aptasensor in Chapter 2 has made clear that this factor directly 

affects both sensitivity and detection range. Apart from endurance and time lasting 

consistency, a physically stable polymer shows low levels of noise during testing, 

providing an opportunity to achieve lower LODs. 

The apta-MIP system demonstrates good consistency in terms of recorded impedances 

following removal of the template molecule. All individual modified electrodes that have 
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been used in both the screening process and in dose-response experiments showed an 

average impedance of 27.1 kΩ, with an impressive standard deviation of 0.9 kΩ. This 

means that the CV is averaging ~ 3.3 %, which can be further reduced to ~ 1.75 % by the 

exclusion of potential outliers. Taking into consideration the small degree of error 

between replicates, the LOD can be calculated as the concentration that provides a signal 

greater than the baseline + 3 x SD (~10 %). 

Chapter 2 demonstrated that the aptasensor’s LOD was ~100 fg/ml, while the linear 

detection range spanned 1 pg/ml – 100 pg/ml. Given the improved performance seen in 

the early screening experiments, the apta-MIP was challenged with LPS concentrations 

from 1 fg/ml to 10 ng/ml (n=3 apart from the application of 10 ng/ml in which n=2). The 

control system (apta-NIP) was also challenged with the same concentrations. The results 

are shown in Figure 3.16. 
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Figure 3.16: Dose-response graphs of the apta-MIP and apta-NIP when challenged with a variety of LPS 

concentrations, ranging from 1 fg/ml to 10 ng/ml. The sensor shows a linear response between 100 fg/ml 

and 1 ng/ml (R2 = 0.9955) showing the best sensitivity so far in the study. 

 

Figure 3.16 shows the schematic representation of a classic sigmoidal kinetics curve for 

the apta-MIP. The hybrid sensor shows a dose-dependent response with significantly 

larger changes in impedance observed at all concentrations when compared to the apta-
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NIP. This is strongly supportive of the presence of imprinted sites. It is worth noting that 

the responses observed with the apta-NIP fall around zero and more specifically within 

the noise of the system; a maximum response of ~ +12% was seen when the apta-NIP 

system was challenged with 100 pg/ml of LPS.   

Although when the apta-MIP is challenged with 1 fg/ml LPS an increase in impedance of 

16.5 % is recorded (i.e. a value above the noise of the system and as such can be classified 

as the LOD) the difference between this observation and the response observed at 10 

fg/ml (22.3 %) is small. On application of 100 fg/ml, the sensor records a ΔR value of 

30.3 %, which is statistically different to the response observed with the application of 1 

and 10 fg/ml according to student’s two tailed t test (p = 0.001 and 0.0039 respectively). 

The R2 within the response range obtained from the application of 100 fg/ml and 1 ng/ml 

equals to 0.9955, confirming the positive results. However, the linear range can be 

expanded from both sides, despite the fact the curve tends to form the two plateaus. More 

precisely, R2 equals to 0.9829 when the response of 0.010 pg/ml is added in the linear 

range and improves at 0.9857 with the further addition of the response corresponding to 

10,000 pg/ml. All of the observed R2 values are still above the threshold of 0.97, 

confirming the strong correlation between the two variables.   

According to the data provided in Chapter 2, the newly developed apta-MIP already 

outperforms the aptasensor, as its LOD is ~ 100 times lower. This directly leads to a more 

sensitive range of detection, as the system’s linearity drops down to the femtogram scale. 

In comparison to other aptasensor based detection systems for LPS discussed in Chapter 

2, the apta-MIP compares favourably in terms of LOD to the study of  Bai et al. which 

reports a LOD of 0.087 pg/ml (50). It is only the study by Posha et al., which reports a 

LOD of 7.94 zM, that exceeds the detection limit of the apta-MIP system (51).  

Literature shows a very limited amount of information related to the development of 

molecularly imprinted systems targeting LPS. Although LPS is a biologically important 

molecule, its poor solubility coupled with its limited functionality (lipid chains and 

sugars), mean that it is a less than an ideal target from an imprinting perspective. Abdin 

et al. demonstrated the in-silico design of a nanoMIP based optical sensor for the 

monitoring of endotoxins. The sensitivity of the system was found to be in the ng/ml scale 

(52). A few years later, Altintas et al. attempted to produce computationally designed 

nano-MIPs to couple with SPR technology (33). The MIPs were constructed using 

various monomers such as itaconic acid, methacrylic acid and acrylamide, however, these 
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polymers also show LODs in the ng/ml scale. Buchegger et al. developed a thermo-

nanoimprinted biomimetic probe for the immunosensing of LPS and LTA (53). Their 

study shows a lower LOD (LLOD) of 500 fg/ml for both LPS and LTA. Long et al. 

developed polymeric nanoparticles targeting the LPS of Pseudomonas aeruginosa (54). 

The information obtained from the study is limited and they don’t report LOD values. 

Taking into consideration all the above information, it is apparent that utilising a hybrid 

imprinting approach allows for the development of system that outperforms conventional 

imprinted polymers in terms of sensitivity.  

In order to characterise the performance of the sensing system further, GraphPad Prism 

was used. Unlike when analysing the apta-sensor system in Chapter 2, where it was 

assumed that only one type of binding site existed at the surface of the sensor, in the 

hybrid system, it is theoretically possible for LPS to interact with the aptamer, the 

polymer or the hybrid imprinted site. Although very little interaction was observed 

between LPS and the apta-NIP, suggesting that LPS preferentially binds to the imprinted 

site, it was decided to analyse the data using two models;  a Langmuir-Freundlich model, 

describing specific and non-specific binding phenomena (“one site – total” model in 

GraphPad Prism version 8) and the Langmuir (“one site – specific” model in GraphPad 

Prism version 8) (55). Conversion of LPS concentrations (Figure 3.17) allows for 

calculation of an apparent Kd. When using the Langmuir-Freundlich model a good fit was 

observed (R2 = 0.9442) and an apparent Kd of 1.7 pM (8.4 pg/ml) was calculated. 

Although a lower apparent Kd was obtained using the Langmuir model (0.18 pM, 875 

pg/ml) the fit to the data is not as good (R2 = 0.7470).  
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Figure 3.17: Dose response plot for the apta-MIP. The Langmuir-Freundlich (“one site – total”) binding 

model used from GraphPad Prism shows a good fit, wih a R2 value of 0.9442. The system displays an 

apparent Kd of 1.68 pM (8.4 pg/ml). 

 

The existing MIP studies again provide a very limited amount of information to which 

the current data can be compared, with only Long and co-workers’ reporting an apparent 

Kd of 22.4 nM for their MIP system (54).  

 

3.3.5.2 Determination of active binding sites, chronocoulometric studies 

As per Chapter 2, chronocoulometry was used to provide an estimation of the number of 

binding sites (aptamers) on the surface of the electrode. In Chapter 2, mixed aptamer-

alkanethiol SAMs were generated, however in the current Chapter, the aptamer is 

immobilised on the surface of the electrode whilst complexed to LPS, without the addition 

of alkanethiol molecules. Therefore, in the present study, electrodes were modified with 

the aptamer-LPS complex before being split into two sets (n = 1). The first electrode kept 

the aptamer-LPS complex intact, while the other subjected to the washing process to 

remove LPS prior to performing chronocoulometry. In this way, any potential changes in 

the number of bound aptamers due to washing can be determined, assuming that RuHex 

does not interact with LPS. Chronocoulometry is extensively reported in the literature  as 

the technique to allow determination of the the immobilisation densitiy of DNA on 

surfaces, since RuHex specifically interacts with its backbone, resulting in changes of 

charge (56,57). The results of this study are shown in Table 3.2. 
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Aptamer SAM Number of aptamers LPS needed to saturate (pg) 

Washed 5.46 x 1010 480 

Unwashed 6.37 x 1010 560 

Table 3.2: Chronocoulometric results obtained from washed and unwashed aptamer-LPS SAMs (n=1). The 

differences between the two SAMs, one with and one without the presence of LPS are small, suggesting that 

the washing process has a minimal effect on aptamer presentation. 

 

The difference between the washed and unwashed electrodes is insignificant (~ 10% 

difference), with ~ 500 pg of LPS estimated to saturate the system. This variation could 

be down to small differences in the working electrode in terms of surface area or 

cleanliness prior to SAM deposition.   

The apparent negligible loss of aptamer during washing is encouraging as it would 

suggest that polymer formation should be similar when generating the apta-MIP and apta-

NIP systems. It should be recognised however, that the chronocoulometric data only 

provides an estimation of maximum binding capacity for an aptamer only surface. When 

producing the hybrid system, it is possible that this capacity is affected either by some of 

the aptamer-LPS complexes becoming permanently entrapped within the polymer layer, 

by overgrowth of aptamer not complexed with LPS or by the polymer (non)specifically 

interacting with LPS on re-challenge.   

The data presented in Figure 3.14, suggests that the apta-MIP system starts to reach 

saturation between 1 and 10 ng/ml. Given that the electrodes are incubated with 100 l 

of this solution, this would suggest that the system is saturating when exposed to between 

100 pg and 1 ng of LPS, which supports the chronocoulometry findings.   

 

3.3.5.3 Specificity Studies 

This section is divided into two parts. The first part focuses on evaluating the response of 

the apta-MIP when challenged with other pathogen associated molecular patterns such as 

lipoteichoic acid (LTA) and (1→3)-β-D glucan (GLU). The second part of this section 

examines the system’s behaviour in the presence of human serum albumin (HSA), the 

most dominant protein in blood (58). LTA, GLU and HSA are all molecules that the 
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sensor will likely encounter when challenged with complex biological fluids, such as 

plasma or serum. 

 

3.3.5.3.1 Challenging apta-MIPs with LTA and GLU 

Both the introductory and second chapters of the thesis has made clear the need to produce 

a sensing system that is highly specific to LPS, thus overcoming the limitations of current 

commercially available tests that largely rely on the LAL assay or versions thereof. In 

Chapter 2 it was shown that the aptamer displayed good selectivity when challenged with 

LTA and GLU. It is important to ensure that this recognition specificity has not been 

compromised by the addition of the polymer to create the hybrid system. The sensor was 

therefore challenged with these two related molecules. 

It is well established that apart from its presence in fungal sepsis, GLU can potentially 

interfere with  LAL assay, generating false positive results (59). Digby et al. have 

demonstrated that patients in and outside of intensive care settings with fungal infections, 

can have serum glucan concentrations of up to ~200 pg/ml (60). For completeness, it was 

decided to challenge the apta-MIP with the range of concentrations as was used when 

evaluating the response to LPS i.e. 1 fg/ml to 1 ng/ml (n=3). The results are shown in 

Figure 3.18. 
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Figure 3.18: Dose-response graphs obtained following incubation of the apta-MIP with either LPS or GLU 

(n=3). The hybrid system clearly favours binding to LPS, since the responses to GLU all fall below 25%.  
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The performance observed with the apta-MIP follows that seen with the aptasensor in 

Chapter 2, with very low-level responses recorded when the system was challenged with 

GLU. More precisely, the apta-MIP response to GLU concentrations between 1 fg/ml and 

100 fg/ml are falling either close to zero or within the system’s noise. LPS at 

concentrations over this range all produce significant changes in impedance, well above 

the noise of the system. Following incubation with 1 and 10 pg/ml GLU, a ΔR of 12.9 

and 11.8 % is observed for the respective concentrations. However, these signals are 

barely above the system’s noise. The difference between GLU and LPS at these 

concentrations is clear, since the corresponding changes in impedance following 

incubation with LPS are greater than 50 %. The same observation appears following 

incubation with the higher concentrations; an increase of impedance of ~ 20 – 25 % for 

100 pg/ml and 1 ng/ml GLU, whereas the same LPS concentrations result in changes of 

104.4 and 111.8 %. The non-dose-dependent response to GLU across the concentration 

range tested suggests that the interaction with the sensor is non-specific in nature. Given 

the aptasensor reported small negative (within noise) changes in impedance when 

challenged with 1, 50 and 100 pg/ml GLU, it would seem likely that the increased 

interaction observed with the apta-MIP is caused by non-specific binding of GLU to the 

PAPBA polymer. As glucans are essentially linear polymers of glucose, it is unsurprising 

that some interaction with the polymer is observed (61). The relatively low responses 

observed, coupled with the observation that maximum concentration in sera would rarely 

exceed 200 pg/ml are encouraging (60). It should be noted that due to the nature of the 

experiment, this specificity assay was performed in a non-competitive manner i.e. target 

molecule added to the sensor in isolation, and therefore the observed interaction between 

GLU and the polymer may be disfavoured by the binding of LPS in samples containing 

both analytes. 

Less information is available regarding LTA levels in blood despite the vast number of 

publications supporting a pathogenic nature similar to that of LPS (62–64). Without such 

information, it was decided that the apta-MIP system would be challenged with LTA at 

concentrations between 1 pg/ml and 1 ng/ml (n=3). The results of this challenge are 

presented in Figure 3.19. 
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Figure 3.19: Dose-response graphs obtained after the apta-MIP’s challenge with LPS and LTA (n=3). 

Similarly to Figure 3.16, the hybrid system clearly favours the binding to LPS; a low response to LTA at 

all concentrations is observed.  

 

As observed with GLU, the sensor response following incubation with 1 and 10 pg/ml of 

LTA are insignificant (3.7 and 9.3 % respectively). Even at higher concentrations, the 

apta-MIP shows limited interaction with a maximum change in impedance sitting at ~15 

%. LTAs are alditolphosphate-containing polymers meaning that they contain long chains 

of ribotol or glycerol phosphate rather than the repeating sugar units seen in LPS and 

GLU (65). It would therefore be expected that smaller interactions with a boronic acid 

containing polymer (used to target diol functionality) would be observed. The small 

responses observed are likely a consequence of hydrophobic interactions between LTA 

and the polymer surface (64).  

 

3.3.5.3.2 Challenging the hybrid systems with HSA 

As outlined in earlier Chapters, the ultimate goal would be to use the developed sensor to 

detect LPS in clinical sample matrices. Whilst low cross-reactivity has been observed 

with other pathogen associated molecules, the sensor will need to deal with a variety of 

other interferants if it is to be used clinically. HSA is the most dominant protein in blood 

- concentrations range from 35 to 50 mg/ml – and it is known to cause problems in sensing 

(66). Proteins are prone to non-specifically adsorb to many surfaces by virtue of their 
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multiple of hydrogen bond donors and acceptors. Protein biofouling of sensors is a 

common challenge that needs to be overcome (67). 

In an attempt to minimise interference from blood components such as HSA, extensive 

sample preparation is often performed prior to introducing the sample to the sensor. As a 

minimum, samples are diluted with a physiological buffer. The degree of dilution depends 

on the sensitivity of the sensing platform as one has to be mindful that each dilution step 

not only dilutes out interferents but also dilutes the analyte of interest. For the purposes 

of this study, it was assumed that a minimum dilution of 1/10 would be employed; the 

improved sensitivity of the apta-MIP system easily accommodates this. The apta-MIP 

and NIP were therefore challenged with 5000 μg/ml (1/10), 500 μg/ml (1/100), 5 μg/ml 

(1/10,000) and 0.5 μg/ml (1/100,000) HSA (n = 3). The results are shown in Figure 3.20. 
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Figure 3.20: Dose-response graphs obtained following challenge of the apta-MIP with HSA. The apta-MIP 

interaction with HSA is extremely low up to a concentration of 500 μg/ml but increases considerably at 

5000 μg/ml. The apta-NIP response to HSA is considerably higher at all concentrations, suggesting 

biofouling of the polymer surface. 

 

As is evident from Figure 3.20, there is a marked difference in the response of the apta-

MIP versus the apta-NIP. Whilst the response of the apta-MIP to HSA at concentrations 

of 0.5, 5 and 500 μg/ml is very low (+/- 4 %), the change in impedance in the apta-NIP 

system varies between ~22 and 76 % across the same concentration range. Although when 

challenged with 5000 μg/ml HSA the responses of both systems were shown to increase, 

the response from the apta-NIP (~90%) is still more than double that of the apta-MIP (~37 



Chapter 3   Development of LPS apta - MIP 

143 

 

%). Furthermore, the degree of error across replicates is much greater in the apta-NIP 

system. It is also important to mention that the apta-MIP’s response to the highest HSA 

concentration, corresponds to almost the half of the maximum response recorded when 

the sensor was challenged with LPS (Figures 3.16 & 3.20). 

In the absence of LPS as a templating molecule in the apta-NIP system, it is highly likely 

that the aptamer becomes overgrown by the PAPBA polymer, thus creating a sensor 

surface which is essentially just polymer. Non-specific adsorption / biofouling is therefore 

to be expected. The difference in response between the two systems provides further 

evidence of the imprinting phenomenon. When LPS is bound to the aptamer, as in the 

case of the apta-MIP, growth of the polymer from the electrode surface occurs around 

these complexes such that once LPS is washed from the system, the aptamer groups 

remain accessible for rebinding of the target analyte. Given the strong negative charge of 

HSA at physiological pH, it is unlikely to interact as strongly with the apta-MIP surface 

in which areas of exposed aptamer, which also possesses a negative charge, exist (68).  

Although a larger-than-wanted response was observed at 5000 μg/ml HSA – equivalent 

to a 1/10 dilution of serum – it is not clear how the binding of LPS to the aptamer would 

influence the interaction of HSA (and other blood / serum components) with the sensor 

surface. LPS is known to form complexes with such components, hence the current 

difficulty of detecting LPS in clinical matrices using existing tests. However, the superior 

sensitivity of the hybrid system would allow 1/100 dilutions to be used if required. Indeed, 

dilution is an approach used to try and improve responses from more complex endotoxin 

containing samples in current assay formats (69).  

 

3.3.6. Recovery of LPS from spiked blood serum 

Following completion of the LTA, GLU and HSA challenges, it was decided to challenge 

the apta-MIP system with serum samples spiked with LPS to assess the ability of the 

system to detect the analyte of interest when present in a complex matrix.  

Samples were prepared as described in Section 3.2.2.8. The stock serum sample contained 

LPS at a concentration of 100 pg/ml. The stock solution was diluted to 10 fg/ml using 10 

mM PBS pH 7.4. A blank serum sample (no spike, same dilution) was also prepared using 

the exact same approach. Despite the large dilution of the serum (1 in 100,000), a 

significant change in impedance (~ 160%, CV ~ 25%) was observed when the blank 



Chapter 3   Development of LPS apta - MIP 

144 

 

sample was introduced to the apta-MIP system. Given the lack of response observed when 

an equivalent concentration of HSA was tested (0.5 g/ml), this observation is concerning 

and suggests that other components in the sample matrix are able to interact with the 

sensor. During sample preparation, the serum was treated with acid and also subjected to 

a short, high temperature heating step. These conditions would have resulted in protein 

denaturation, however as the sample was not centrifuged nor filtered, protein fragments 

(peptides) will remain in the sample. It would appear that these perhaps interact more 

strongly with the sensor surface, resulting in a higher level of biofouling that would have 

been anticipated from the HSA study.   

Despite this large background level, when the spiked sample (10 fg/ml) was introduced, 

a further increase in impedance of ~ 20% was observed. Although it is recognised that 

this value falls within the error reported for the blank, a relatively small CV of ~8 % was 

observed across repeats of this sample. Assuming, the increase in impedance observed 

with this sample was due to LPS, then it would suggest that ~ 90% of the target molecule 

was able to be recovered from the sample. 

Unfortunately, due to time constraints and sample availability, it was not possible to test 

the system with other concentrations of LPS in serum. Testing higher concentrations 

using the stock serum sample employed in this study, would have meant less dilution of 

serum and therefore higher levels of interference would have been likely. The study needs 

to be repeated with further sample preparation (e.g. addition of a centrifugation step). The 

aptasensor should also be challenged with serum samples to try and establish which 

element of the hybrid system is responsible for the high background responses seen.    

 

3.4 Apta-MIP performance in comparison to other available analytical tests and 

concluding remarks 

The successful development and full characterisation of the apta-MIP brings Chapter 3 to 

its end. Before making the conclusive remarks, the system’s performance will be 

compared to other existing analytical tests. The comparison will start with the 

commercially available ‘gold-standard’ LAL assay. 

The LAL assay is able to sensitively detect 0.5 pg/ml of LPS, while the maximum 

detected concentration is around 5 ng/ml (70,71). However, as discussed and highlighted 

before, despite the good sensitivity, the LAL assay displays a number of serious 
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drawbacks. The first point focuses on the interference of glucans to the test, generating 

false positive results (40). The other point focuses on the fact that the LAL assay not able 

to readily detect LPS in biological samples. The complexity of biological fluids impedes 

the assay’s performance, with several serum components e.g. proteases etc., directly 

interfering with the Factor C initiated coagulation cascade. As a consequence extensive 

sample preparation is required prior to testing (73). Other commercially available 

endotoxin assays e.g. the monocyte activation test (MAT) and recombinant Factor C 

(rFC) assay, generally lack the sensitivity shown by the LAL based systems, are time 

consuming to perform and in the case of the MAT suffer from inconsistencies due to the 

reliance on human cells (74).  

The generated apta-MIP out-performed the commercially available assays in most 

aspects. The system successfully demonstrates an LOD of 1 fg/ml while the linear 

detection range lies between 100 fg/ml and 100 pg/ml, with possible expansion to 10 

fg/ml to 1 ng/ml. Additionally, the apta-MIP showed little response when challenged with 

common, pathogen-associated, cross-reactants (GLU and LTA). However, less than 

optimal results were observed when the system was challenged with biological samples. 

Studies performed with HSA in buffer showed that concentrations ≥ 5,000 g/ml 

(equivalent to 1/10 dilution of serum) resulted in considerable biofouling of the apta-MIP 

sensor.  However, when the system was challenged with a spiked serum sample, diluted 

1 in 100,000, a larger than anticipated ‘background’ response was observed. Despite this, 

a further increase in response was observed when the apta-MIP was challenged with a 

serum sample (same dilution) spiked with 10 fg/ml LPS. This observation suggests that 

perhaps with further optimisation / refinement of the sample preparation approach, the 

apta-MIP could provide the much-needed solution for detection of LPS in clinical 

samples.  

Chapter 3 built upon the success of the aptasensor development described in Chapter 2. 

Indeed, both systems perform similarly across many of the performance characteristics; 

the selectivity shown by both sensors towards LPS is remarkable. The present Chapter 

showcases a true expansion of the objectives exploited in Chapter 2, providing more 

sensitive results with a reduction in LOD from 100 fg/ml to just 1 fg/ml. The linear range 

has also expanded, with good linearity demonstrated up to 1 ng/ml (cf. 1 pg/ml for the 

aptasensor). The newly developed system shows performance that very few sensing 

systems can demonstrate, when the applied solution is a buffer and not a biological 

sample. 
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Finally, the paucity of reports in the literature demonstrating the successful imprinting of 

LPS shows how difficult a target it is to work with. The development of an artificial 

recognition site for a molecule with poor solubility, variable chemical functionality and 

less defined molecular size / conformation remains one of the greatest challenges in the 

field of molecular imprinting. The use of the hybrid imprinting approach described in this 

body of work not only shows how integrating biorecognition elements within synthetic 

materials allows such challenges to be overcome, but how the combination is able to 

produce a sensing system with far superior performance when compared to the individual 

counterparts.  
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4.1 Introduction 

4.1.1. General overview 

The successful development and characterisation of a hybrid recognition system able to 

detect LPS in low concentrations has been demonstrated in Chapters 2 and 3. However, 

the original aim of the project was the development of a multiplex platform to enable the 

rapid and accurate diagnosis of sepsis. It has been widely accepted that a panel of 

biomarkers will be needed in order to achieve the requisite clinical specificity and 

sensitivity. 

The present study therefore chose to add c-reactive protein (CRP) and procalcitonin 

(PCT) to the diagnostic panel. Both biomarkers have been widely used to monitor and 

diagnose patients with sepsis in a clinical setting. CRP is the longest serving biomarker 

that has been used to diagnose sepsis (1,2). CRP is an acute phase protein, with levels 

rising quickly during periods of infection and/or inflammation. PCT was initially 

proposed as a good prognostic biomarker for sepsis during the 1990s and is considered a 

more specific biomarker than CRP. 

A number of analytical assays for CRP exist, including electrochemical sensors. On the 

other hand, detection of PCT mainly relies on ELISA based assays. In the NHS, testing 

for both of these markers takes place in centralised laboratories which means that there is 

often a delay in diagnosis and/or monitoring of patients. Furthermore, the cost of PCT 

testing is such that testing is limited to critical care settings (3,4). A cost-effective and 

rapid sensor, capable of testing for both markers simultaneously in a near-patient setting 

could revolutionise patient care. 

The current Chapter describes the development of aptasensors for PCT and CRP. 

Following a similar approach to that presented in Chapter 2, the individual aptasensors 

were developed using thiolated aptamers in combination with alkanethiol molecules, 

which were screened for their interaction with the respective biomarker. The final sensors 

were characterised in terms of sensitivity, dynamic range and selectivity, prior to being 

challenged with spiked serum samples 
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4.1.2 C reactive protein (CRP) 

C-Reactive Protein is one of the most common markers of systemic inflammation, 

alongside erythrocyte sedimentation rate (ESR) and white blood cell count (WBC) (5). 

Its synthesis takes place in the liver, but extrahepatic expression has also been 

documented (6,7). Tillet and Francis were the first to detect CRP in 1930, identifying a 

substance in the sera of patients with acute pneumococcal pneumonia that formed a 

precipitate when exposed to polysaccharides of Streptococcus pneumoniae (8). It was 

later found that this reaction was not limited to pneumococcal pneumonia, being observed 

for a variety of acute infections.  

CRP is considered an “acute phase protein” indicating the body’s chemical response to 

inflammatory states (9,10). CRP is normally present at low levels (~ 10 μg/mL) in serum 

but shows a rapid and dramatic elevation (350-400 μg/mL) in response to a variety of 

infectious or inflammatory conditions (11–13). Since 1930, CRP has been used as a 

screening tool for occult inflammation, as a marker of disease activity and as a diagnostic 

test (14). Several detection methodologies / assays exist for CRP. These are mainly 

immunoassay based, reporting a wide range of detection limits. Clinical testing is largely 

still carried out in central testing laboratories rather than at point-of-care, although several 

near-patient testing systems are available commercially. Testing methodologies will be 

discussed in Section 4.1.2.3.   

 

4.1.2.1 Molecular structure and recognition  

Regarding its biological function, CRP recognises pathogens and damaged cells and 

mediates their elimination via recruitment of the complement system (via C1q) and 

phagocytic cells (via the membrane receptor Fcγ (FcγR)) (15). CRP can bind to 

phosphocholine (PCh), which is widely distributed in teichoic acids and 

lipopolysaccharides (16). PCh’s presence has been reported in various bacteria and micro-

organisms (16). 

The CRP gene lies between 1q21 and 1q23 loci of chromosome 1, containing 2,263 

nucleotides and only one intron (17).  Its transcript consists of a long 3’ untranslated 

region (1.2 kb), which mediates its degradation after the pause of the inflammatory 

response and restoration of the homeostasis (16).  
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CRP belongs to the highly conserved “pentraxin” family of proteins (16). Its structure has 

been determined by X-ray crystallography at 3 Å resolution (18,19). Five noncovalently 

associated protomers are arranged symmetrically around a central pore to create the CRP 

molecule. In other words, this pentamer forms a “ring” structure, with an outside diameter 

approaching 102 Å. Its central pore diameter approaches 30 Å. The protomers are slightly 

bigger than the central pore, as their diameter is around 36 Å. As described in the review 

by Volanakis, “each protomer consists of 206 amino acids folded into two antiparallel β 

sheets with a flattened jellyroll topology” (Figure 4.1) (16). 

 

Figure 4.1: Three-dimensional structure of human C-Reactive Protein (CRP). CRP consists of 5 protomers, 

noncovalently assembled to form a “ring” structure (20). 

 

Residues 168-176 form a long α – helix, which lies against one of the two β-sheets. In 

addition, residues 177-182 create a loop and with the carboxyl terminal end of the 

aforementioned helix, form one of the two sides of an unusual split. This split connects 

the protomer’s centre with its edges at the central pore. The other split’s terminal is 

formed by parts of the protomer’s amino and carboxyl terminals. This unique structure, 

apart from characterising the protomer, facilitates binding to C1q and efficiently activates 

the classical pathway of human complement (21,22). In addition, this protomer’s site can 

bind to cell-surface Fcγ receptors (FcγR) and activate leukocyte-mediated phagocytosis 

(15). 
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On the other side of the protomer, two Ca2+ ions are located at close distance between the 

side and main chain carbonyls (Figure 4.2). These ions are very important as CRP 

possesses Ca2+-dependent binding specificity for phosphocholine (PCh), a constituent of 

many bacterial and fungal polysaccharides and of most biological cell membranes (16). 

 

 

Figure 4.2:  CRP protomer structure. The β-Strands are labelled A–N and the two Ca2+ are shown as 

spheres (16). 

 

Electron microscopy and crystallographic data suggest that when the pentamer is 

assembled, all protomers have the same orientation (23). This characteristic helps CRP to 

demonstrate a dual activity; recognising the five PCh-binding sites and then transferring 

the signal by binding to C1q and FcγR. 

In addition, the protomers are able to rotate around their axis, allowing the pentamer to 

multivalently bind to cell surfaces that expose various distributions of PCh (24). CRP’s 

multipoint attachment could lead to a disposition of C1q- and FcR-binding sites more 

suitable for reactivity with their corresponding ligands. This explains the fact that only 

ligand-complexed CRP can activate the complement system (16). 

Focusing on the PCh-binding site, it consists of the two Ca2+ ions (as previously 

mentioned) and an adjacent hydrophobic pocket (Figure 4.3). The two Ca2+ binding sites 

display equal affinity for those calcium ions, when the protomer is in solution (25). These 

CRP-bound Ca2+ ions are able to directly co-ordinate with two of the PCh’s phosphate 

groups. At the same time, the choline group inserts itself the hydrophobic pocket. The 

binding between CRP and PCh is further boosted by the hydrophobic interaction of the 
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Phe66 residue and the three choline methyl groups, while Glu81’s side chain (the residue 

is located on the other side of the pocket) interacts with the positively charged quaternary 

choline nitrogen (113). 

 

 

Figure 4.3: CRP displays a binding site for PCh consisting of two Ca2+ and an adjacent hydrophobic 

pocket, created by various neighbouring residues (26). 

 

On the other hand, the “effector” face of CRP is able to bind to C1q through another 

pocket, formed by loops 86–92 and 112–114 on one side and the protomer's C-terminus 

and the residue of Tyr175 on the other (27). In addition, residues Asp112 and Tyr175 are 

thought to be contact sites, while Glu88 appears to change the conformations of C1q. 

With this change in the geometry, C1q can activate complement. Finally, the residues of 

Asn158 and His38 contribute to the stabilisation of the binding site (22). 

 

4.1.2.2 CRP and sepsis 

CRP has been ubiquitously associated with sepsis as a prognostic marker, due to its acute 

phase protein characteristics. The clinical cut-off concentration of CRP in sepsis is 50 

μg/ml (28,29). 

However, CRP’s specificity as a marker for sepsis is low, sitting at around 75% (28). In 

addition, its peak plasma levels are unable to adequately show the severity of the systemic 

inflammation (29). Furthermore, CRP levels may also be significantly elevated in 

response to different types of trauma and inflammation, that may not be attributable to a 



Chapter 4   CRP and PCT aptasensors 

 

159 

 

case of severe infection or sepsis; for example, CRP levels are often elevated following 

surgery (29,30).  

On the other hand, evidence has showed that only a moderate increase in CRP levels (50-

100 μg/ml or less) in patients with an acute onset of sepsis or even severe sepsis is 

sometimes observed, which can result in under-treatment with fatal consequences (29). 

In addition, CRP levels reach a peak in several days, while their decline can take up to 

two weeks. This suggests that this biomarker may be less appropriate for critically ill 

patients where a marker that allows timely diagnosis, and importantly close to real-time 

monitoring of the patient, is needed (29). Since there is no golden marker for the diagnosis 

of sepsis, it is widely accepted that multi-marker panels will be needed to provide 

sufficient clinical sensitivity and specificity. As CRP is in routine use in clinical care, it 

makes sense that it would be part of the platform under development.  

 

4.1.2.3 CRP tests 

CRP was discovered some 90 years ago by Tillett and Francis (8). Given its role in 

inflammatory and infectious conditions, it is perhaps unsurprising that a variety of 

analytical tests targeting the detection of CRP exist. Vashist et al. have reviewed such 

tests, highlighting varying performance characteristics with detection ranges from as little 

as fg/ml to as much as μg/ml (31). 

The modern history of CRP assays starts with the development of turbidimetric assays in 

the late 1980s (32). The technology is quite simple, relying on the recognition properties 

of anti-CRP antibodies bound to latex particles (31). The interaction between antibody 

and biomarker leads to agglutination that can either be observed by measuring absorption 

or by the naked eye (32–34). Deegan et al. demonstrated a modified agglutination 

approach, as they relied on the binding between CRP and phosphocholine (35). 

Phosphocholine is conjugated with BSA and further bound to carboxy-modified 

microspheres. The turbidimetric assays can detect as little as 230 pg/ml, while the 

dynamic range of these assays lies between the micro- / nano- gram/ml scale (33). 

As for many proteins, a high number of Enzyme Linked ImmunoSorbent Assay (ELISA) 

approaches have been described for CRP detection. Most of these immunoassays are 

sandwich type, meaning that the final signal of the analysis is obtained by the presence 
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of a second antibody, bound (mainly) to an enzyme that catalyses a specific reaction to 

produce a final product that can be detected via optical spectroscopy (color / 

fluorescence). Such assays have managed to showcase LOD values of 10 pg/ml (36). 

Punyadeera et al. demonstrated a one-step homogenous bead-based ELISA, employing 

the use of biotinylated antibodies with streptavidin beads (13). 

The existence of CRP targeting antibodies, finding application in both ELISA and 

turbidimetric assays, opens the horizon to other techniques employing fluorometry or 

chemiluminescence. Fluorometric assays are often associated with detection ranges over 

the micro- / nano- gram/ml scale with a few exceptions (31). Kim and co-workers 

developed a capillary-driven on chip fluorescent immunoassay relying on the use of a 

microfluidics. The reported dynamic range starts at 1.18 pg/ml, finishing at 11.8 ng/ml, 

with a LOD of ~ 940 fg/ml (37). Islam et al. have developed two sandwich fluorescence 

immunoassays with remarkable results (38,39). Both immunoassays utilise total internal 

reflection fluorescence microscopy (TIRF) for their observations (38,39).  

The widespread development of diagnostic assays across the research sector has also been 

seen in the commercial world, with the launch of portable analysers such as CUBE and 

SMART (Eurolyser Diagnostica) (31). Both analysers use fingerprick blood samples to 

perform the analysis. Orion Diagnostica (Finland) developed the QuickRead Go 

instrument, while Alere (now part of Abbott) presented the Afinion™ AS100 and Roche 

brought the Cobas c702 to market (31,40). Other notable approaches utilise technologies 

such as lateral flow, chemiluminescence etc., with some even using smartphones for the 

development of rapid CRP-specific assays (8).  

However, the lengthy list of methods exploited for detecting CRP does not end here. 

Literature demonstrates the existence of surface plasmon resonance (SPR)-based assays. 

Kim and co-workers developed a direct immunoassay using polythiophene SAMs 

crosslinked to CRP antibodies (41). The polythiophene SAMs were developed on gold 

chips and the sensor shows an LOD of 10 μg/ml. Yeom and co-workers experimented 

with localized surface plasmon resonance (LSPR) biosensors (42). They also used gold 

nanoparticles to overcome problems that may limit sensitivity, selectivity, and dynamic 

range. Indeed, their sensor displays an LOD of as little as 100 ag/ml. Vance and Sandros 

also demonstrate impressive results, as their SPR sensor can detect zeptomoles of CRP 

(43). Their study explored the development of a sandwich ELISA employing aptamers 
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instead of antibodies. More precisely, aptamers conjugated with quantum dots bind to the 

complex formed between CRP and biotinylated anti-CRP aptamers, enhancing the signal.  

Electrochemical CRP detection assays mainly rely on the use of antibodies. Salvo et al. 

authored a review to expose the wide range of sensors and biosensors targeting CRP for 

wound healing purposes (44). Potentiometric, amperometric and impedimetric sensors 

have all been developed, in an attempt to produce a low cost and efficient diagnostic tool. 

However, both reviews authored by Salvo et al. and Vashist et al. locate the detection 

range of these sensors at the micro- / nano- gram/ml scale, as the vast majority of the 

described assays (31,44). The study of Zhang and co-workers shows impressive results 

(6). They developed a sandwich type assay using antibodies to capture CRP. Copper 

nanoparticles in association with hybridisation chain reaction (for DNA) were used to 

amplify the signal, allowing the sensor to detect as little as 0.33 fg/ml (linear range 1.0 

fg/m to 100 ng/mL). One of the notable studies belongs to Johnson et al., in which the 

antibody and affimer based EIS immunoassay showed an apparent detection range 

between 35.4 to 59 pg/ml (45). Affimers are non-antibody short scaffolds deriving from 

the optimisation of the phytocystatin protein (46). These molecules have been 

successfully utilised in diagnostics, since their binding affinity is normally located in the 

nanomolar level (46,47). Moreover, Bryan and co-workers developed a biosensor 

showing a LOD value of 322 pM (48). However, the dynamic range of the sensor sits 

between 10 and 50 nM. Notably as MIP system has been developed by Kumar and Prasad 

(49). The system utilises CV to detect changes on the “multiwalled carbon nanotubes 

embedded molecularly imprinted polymer-modified screen-printed carbon” electrode. 

Although the development of the sensor was demonstrated, the dynamic range was 

reported to be between 0.18 and 8.51 μg/ml, while the LOD was shown to be 0.04 μg/ml.  

Lab-on-a-chip systems also demonstrate a rich list of approaches detecting CRP. One of 

the notable studies belongs to Christodoulides and co-workers who developed a sandwich 

ELISA (50). The format relies on the presence of two antibodies; the first is bound on 

agarose beads while the other is conjugated to a fluorescent dye (Alexafluor-488). The 

generated system is able to detect as little as 5 fg/ml, while the detection range spans 10 

fg/ml to 10 pg/ml.  

Literature reports a large number of studies based on aptamers. CRP’s large size provides 

a wide variety of binding opportunities, allowing the development of a plethora of 
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aptamers. In fact, the aptamers targeting CRP can be divided into several  distinct groups; 

the first group deals with the molecular nature, as both RNA and DNA aptamers have 

been reported as recognition elements in biosensors (51,52). On the other hand, aptamers 

have also been developed to either detect monomeric or pentameric forms of the CRP 

molecule (53).  

Information about DNA aptasensors will be provided during the later sections of this 

chapter, being used as direct comparators for the present study. RNA aptasensors have 

demonstrated satisfactory results. Wang et al. demonstrated the development of a RNA-

based electrochemical sensor, utilising functionalized silica microspheres as 

immunoprobes (51). The system achieved an impressive linear range between 5 pg/ml 

and 125 ng/ml, while its LOD sits at 1.7 pg/ml. Bini and co-workers created an optical 

RNA aptasensor that showed LOD values of 500 pg/ml (54). The aptasensor showed good 

selectivity when challenged with HSA. The study also showed some preliminary results 

focused on the detection of CRP in serum. Eid et al. have also extended their work to 

serum spiked with CRP (55). They developed a slow off-rate modified aptamer, called a 

SOMAmer, utilising the technology of isotachophoresis. The difference between a 

normal aptamer and a SOMAmer is that in the second case, the DNA / RNA libraries are 

modified with artificial riboses and nucleobases to generate the molecules (56). This 

approach combined with slow off-rate selection leads to the development of molecules 

with high specificity and high affinity towards the targeted molecule. The assay was 

coupled with an ionic spacer whose role was to separate the bound from free SOMAmers. 

The study accomplished an apparent LOD of 2 nM, while the test run time was 20 

minutes.  

Other notable works include the ones of Qureshi et al. and Pultar et al. The first study 

shows a dynamic range between 100 and 500 pg/ml (57). The second study focused on 

the development of an RNA aptamer-based lab on a chip (58). The detection of the bound 

CRP aptamer was achieved with optical means, recruiting a labelled secondary antibody, 

mimicking a sandwich format. A similar approach, utilising the advantages of an aptamer 

and an antibody, is presented by Bernard and co-workers, developing a system relying on 

a multiplexing bead-based platform (59). A CRP specific RNA aptamer was bound on 

beads, while an antibody coupled with a fluorescently labelled streptavidin was used for 

the quantification. The system showed an LOD of 400 ng/ml with its linear range falling 
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between 400 ng/ml and 10 μg/ml. The study of Bernard et al. is one of the few reports 

displaying CRP recovery data from diluted blood sera. 

 

4.1.3 Procalcitonin (PCT) 

Procalcitonin (PCT) was first identified by Deftos, Roos and Parthemore in the 1970s and 

is considered an important biomarker in the determination of bacterial infections (60,61).  

Since 1993, PCT has been characterised as a sepsis marker (62). PCT can be detected in 

the circulation of patients with severe systemic inflammation, especially when this 

response is caused by bacterial infection, however levels in healthy persons are incredibly 

low (29). 

 

4.1.3.1 Molecular Structure and Function  

PCT is categorised as a prohormone being expressed by the CALC-1 gene, and consists 

of 116 amino acids (61). During normal homeostasis, pre-procalcitonin (pre-PCT) 

undergoes an intracellular proteolytic process; a specific protease group breaks the 

original transcript into calcitonin, katacalcin and N-terminal residue of PCT (Figure 4.4) 

(63). Subsequently, the active calcitonin, consisting of only 32 peptides, is secreted by 

the C cells of the thyroid gland (143,144). Despite the common origin, PCT’s function 

and induction are different from that associated with calcitonin (29).  

 

Figure 4.4: PCT is expressed by the CALC-1 gene. Following a proteolytic process, the molecule breaks 

into calcitonin, katacalcin and N-terminal residue (N-ProCT) (65).  
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This proteolytic cleavage means that the level of PCT in the blood of healthy humans is 

extremely low (typically less than 0.05 ng/ml). Its release is tightly controlled, being 

induced as a consequence of exposure to pathogen associated toxins (e.g. 

lipopolysaccharide) or other inflammatory molecules (e.g. TNF-, IL-6) (66). Various 

tissues during sepsis are able to produce PCT (29). The elevated levels in blood are related 

to monocyte activation which occurs during sepsis, or generally during inflammatory 

responses, as research has shown that adherent monocytes and adipocytes can produce 

PCT, when exposed to activated monocytes (67). As is the case with CRP, the liver seems 

to regulate PCT responses as well, especially when these are triggered by the presence of 

endotoxin (68). 

According to the literature, PCT demonstrates various biological functions, including the 

modulation of immunological functions and vasomotility (29). Some of these effects are 

time-dependent and differ according to cell types, e.g. the migratory response of 

monocytes is elevated by PCT’s presence at first, and blocked after a long incubation 

period (69). Another example is the expression of inducible Nitric Oxide Synthase 

(iNOS) in vascular smooth muscle cells, which is controlled by PCT (70,71). This process 

is inhibited by PCT in native cells but promoted in prestimulated ones. Moreover, PCT 

influences cytokine expression by differentiating local and systemic response of tissue 

perfusion and inflammation (29). 

 

4.1.3.2 PCT and sepsis 

Diagnostic tests measure only a fragment of the 114-116 amino acid chain as they detect 

the calcitonin/N-ProCT section. As stated before, plasma levels of PCT in healthy 

individuals are low (< 0.1 ng/mL) (69). Plasma levels above 0.5 ng/ml are considered 

abnormal and provide a clinical cut-off for suspicion of sepsis. Elevated PCT levels are 

strongly correlated with the development of sepsis (0.5 ng/ml< PCT < 2 ng/ml) (29). 

Levels above 2 ng/ml are indicative of severe sepsis / septic shock (Figure 4.5). 
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Figure 4.5: Variation of procalcitonin values during sepsis progression (72). 

 

The common link between PCT’s elevation and bacterial infection focuses on the severity 

of systemic inflammatory response. Bacterial infection can stimulate an excessive PCT 

production; something which is not observed in viral infections, where PCT expression 

remains low (73–76). Whilst PCT is induced in patients with SIRS, levels do not reach 

the concentrations observed when an infection is present. 

Apart from bacterial infections, other conditions (e.g. trauma, endocarditis) can trigger 

PCT expression, and these levels can be normal or elevated, depending on the systemic 

inflammatory response. A similar response is acquired when there is no systemic 

inflammatory response in patients with bacteraemia, however, this is a very unlikely 

clinical scenario (77–79).  

 

4.1.3.3 PCT tests  

To date, there are no studies reporting on the development of aptasensors capable of 

detecting PCT. The biomarker of interest is detected mainly by a variety of sandwich-

type immunoassays, that are fully automated (80–82). BRAHMS is the dominant 

franchise, as apart from their own instrumentation, the company collaborates with other 
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organisations such as Siemens, Roche, DiaSorin and Biomerieux in the development of 

PCT diagnostic systems (82). Here, the equally notable immunoturbidimetric assay from 

Diazyme has to be mentioned, since it is a part of clinical platforms provided by Roche, 

Abbott, Siemens and Beckman Coulter (82). However, this section focuses on the 

presentation of two point of care (POC) systems; KRYPTOR from BRAHMS and 

Radiometer's acute care AQT90 FLEX PCT assay. 

BRAHMS has developed a series of instrumentation able to detect PCT (83). Its flagship 

POC device is called BRAHMS PCT direct and claims to provide results within 25 

minutes (84). This feature is quite important, since some of the existing laboratory tests 

have a time to result of more than 2 ½ hours. The system uses a minimum of 20 μL of 

either venous or capillary blood. The BRAHMS PCT direct demonstrates a limit of 

quantitation (LOQ) of 0.22 μg/L with a linear range between 0.22 and 10 μg/L.  

In addition to the direct assay, the company has developed an automated system, called 

sensitive KRYPTOR. More information about its mechanism is provided in the literature 

(85). The diagnostic tool is an immunoassay that uses TRACE (Time – Resolved 

Amplified Cryptate Emission) technology. The sample is incubated with a monoclonal 

antibody labelled with cryptate, which is a cage structure entrapping a europium ion. The 

cryptate possesses non-radioactive energy that donates to a part of the photo-receptive 

algal protein (XL665). This protein is chemically conjugated with monoclonal antibodies 

that recognise different epitopes of the PCT. The presence of PCT in the sample results 

in the binding of both monoclonal antibodies, bringing cryptate and XL665 in close 

proximity. Consequently, the emission spectrum provided by cryptate (donor) overlaps 

the absorption spectrum of the XL665 (acceptor). This action intensifies the donor’s 

fluorescence signal and extends the duration of the acceptor signal, allowing the 

quantification of the time-delayed fluorescence. The signal is proportional to the PCT 

levels in the sample. The incubation time is as little as 19 minutes and the test needs 50 

μL of blood (serum, plasma) to operate. The limit of quantitation is reportedly 0.06 μg/L 

while the linear range with automated dilutions is between 0.02 and 5,000 μg/L. 

Radiometer has introduced to the market the acute care AQT90 FLEX PCT assay (86). 

Restricted information is provided by the website, regarding the system specifications 

and method of analysis. The assay claims to provide results in less than 21 minutes, using 
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whole blood or plasma samples (87). The test is also friendly to blood cultures and shows 

high correlation values to the KRYPTOR test (88).  

In the research literature, a number of biosensors that rely on antibody-based detection of 

PCT are reported. For example, Chiang et al. developed a fibre optic biosensor, capable 

of detecting PCT at femtomolar concentrations (89). The method relies on the 

development of a sandwich immunoassay linked with gold nanoparticles. The reaction 

takes less than 15 minutes to complete, while the LOD is determined at 95 fg/ml. The 

above information suggests it would make an excellent POC system.  

The work from Chen et al. demonstrates equally impressive results (90). Their 

electrochemiluminescent immunosensor shows great levels of sensitivity, since the LOD 

is determined at 33 fg/ml, with a reported linear detection range of 100 fg/ml to 10 ng/ml. 

The system uses CdS-MoS2 nanocomposites. 

Zhou and co-workers took advantage of fluorescence resonance energy transfer (FRET) 

technology to develop their sensor (91). Like all the other existing studies, the system 

relies on a sandwich immunoassay. The energy transfer occurs between quantum dots and 

upconversion nanoparticles. In comparison to the works presented from Chiang et al. and 

Chen et al., the system’s linear range lies in the nano scale and specifically at around 0.1 

to 10 ng/ml. However, the LOD is located at 0.25 ng/ml. 

The study of Lim et al. also shows results in the nano scale, as their electrochemical 

sensor demonstrated an apparent Kd of 0.39 ± 0.11 nM (92). This study is one of the few 

to use a recognition molecule that is not an antibody; the study explored the use of 

previously synthesised peptides to develop a sensor able to interact with PCT.  

The last notable work comes from Sener et al., which it describes the development of a 

surface imprinted polymer for use as a SPR sensor (93). A polyethylene glycol 

dimethacrylate – co – hydroxyethyl methacrylate MIP was created. The imprinted SPR 

sensor showed great selectivity to PCT over molecules such as myoglobin, human serum 

albumin (HSA) and cytochrome c, however the time to result was 1 hour. The system’s 

linear range was reported to be between 20 and 1000 ng/ml, with an LOD of 9.9 ng/ml.  
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4.2 Materials and Methods 

4.2.1 Materials 

The vast majority of reagents and instrumentation have already been covered in the 

corresponding section of Chapter 2, since the aim of the present Chapter is to develop 

CRP and PCT aptasensors in a similar fashion to the one described for the development 

of the LPS aptasensor.  

A CRP aptamer, capable of binding to the pentameric form of CRP was identified from 

patented work and a publication from Hwang et al. (52,94). The following sequence was 

synthesised by Sigma – Aldrich (UK): 

5’ – GGC AGG AAG ACA AAC ACA CAA GCG GGT GGG TGT GTA CTA TTG 

CAG TAT CTA TTC TGT GGT CTG TGG TGC TGT – 3’ 

The work of Hwang and co-workers describes the use of two aptamers of similar 

structure; one is bound on the surface of a microtitre plate, while the second sequence is 

used to bind to CRP following capture by the first. A washing step is included in the 

methodology which is designed to removal the aptamer II – CRP complex from the 

immobilised sequence. It was therefore believed that the second aptamer has higher 

affinity for the target molecule, and thus was selected for the current study. 

A PCT aptamer was purchased from Base Pair Biotech (USA). The aptamers’ sequence 

is unknown as it is protected by the company.  

Both aptamers (CRP & PCT) are thiolated at the 5’ prime end of the sequence, using the 

same six-carbon spacer as for the LPS aptamer.  

Human CRP, recombinant human PCT (expressed in E. coli strains) and CRP depleted 

serum were purchased from HyTest (Finland). CRP was received as a solution containing 

20 mM Tris pH 8.0, 0.3 M NaCl, 0.05 % sodium azide (NaN₃) and was kept at 2 – 8 oC. 

Human recombinant PCT was dissolved to the suggested concentration in deionised 

water, aliquoted and stored at -20 oC.  
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4.2.2 Methods 

All methods relevant to the developmental process have been described in the 

corresponding sections of Chapter 2, with the exception of chronocoulometry, the 

protocol for which was described in Chapter 3. Any minor modifications made to any of 

the protocols, along with justification / rationale are described in the results and 

discussion section of the present Chapter. 

 

4.2.2.1 Cross-reactivity studies 

Both CRP and PCT have a narrow selection of homologous molecules, or at least 

molecules showing a level of similarity. Therefore, it was decided to challenge the 

aptasensors with the target molecules of the present assay. More precisely, LPS and PCT 

were used to assess the selectivity of the CRP aptasensor, while CRP and LPS were the 

molecules of choice for the PCT aptasensor.  

Three concentrations of each molecule were tested; LPS (0.01, 1 and 100 pg/ml), PCT 

(10, 75 and 150 pg/ml) and CRP (0.1, 1 and 25 pg/ml).  

 

4.2.2.2 Challenging the CRP and PCT aptasensors with spiked serum 

Initially the CRP aptasensor was challenged with 1/10 and 1/100 dilutions of CRP 

depleted serum (certified to contain less than 20ng/ml CRP) in order to establish a ‘blank’ 

reading. For studies involving spiked serum, human serum with a certified concentration 

of 41.2 ± 2.5 μg/ml of CRP was obtained from the Institute for Reference Materials and 

Measurements of the European Commission’s Joint Research Centre. Dilution of this 

serum was performed with 10 mM PBS pH 7.4 to generate samples containing 100, 500, 

1000 and 10,000 fg/ml CRP. 

CRP depleted serum was also used for the experiments focused on the PCT aptasensor. 

The sensor was challenged with various dilutions (1:2, 1:10, 1:20, 1:100) of the serum to 

observe potential changes in impedance. The aptasensor was then challenged with serum 

spiked with 10, 50 and 100 pg/ml of PCT.  
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4.3 Results and Discussion 

4.3.1 Evaluation of anti-CRP and anti-PCT aptamer functionality  

The first and probably most crucial step of the developmental process explores the 

aptamer’s suitability to the surface immobilisation approach and the electrochemical 

system in general. Literature has already shown that the CRP aptamer performs well 

following conjugation with biotin (52). However, this does not necessarily mean that the 

aptamer will perform equally well following addition of thiol functionality. A slight 

modification in the molecular structure might lead to unexpected interactions, different 

folding etc. which may be detrimental in terms of target recognition. Aptamer only SAMs 

were therefore developed for both CRP and PCT prior to further experimentation.  

Figure 4.6 shows the response of the anti-CRP aptamer SAM monolayer. The modified 

electrodes (n = 3) were incubated with 1 μM of aptamer overnight at 2 – 8 oC and washed 

with 10 mM PBS pH 7.4 to remove non-chemisorbed molecules. The working electrodes 

were then dipped in 10 mM PBS pH 7.4 to determine the baseline readings before being 

challenged with 10, 100 and 1000 pg/ml of CRP.  

 

 

Figure 4.6: Development and characterisation of an aptamer-only SAM for CRP detection (n=3). The SAM 

resulted in impedances of around ~ 50 kΩ. A big increase in impedance was observed following incubation 

with 10 pg/ml CRP, however there was little difference between that response and the one seen when 

incubated with 100 pg/ml. A further increase was seen when the concentration of CRP was increased to 

1,000 pg/ml.  
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The aptamer-only SAM produced high impedances, falling around 47 kΩ on average. 

Variation across repeats however was relatively high, similar to the response seen when 

the aptamer-only SAM was generated for the studies focused on LPS aptasensor 

development. Once again, this is likely due to the absence of alkanethiols, resulting in a 

disorganised surface layer. The high baseline impedance observed with the anti-CRP 

aptamer could be due to high density aptamer packing. This may also account for the 

inefficient recognition of the target analyte. As further work focused on improving the 

stability of the recognition layer and binding performance of the sensor would involve 

the generation of mixed aptamer-alkanethiol SAMs, it was decided to not explore this 

finding further unless similar data was generated in future experiments.  

It is also worth noting that the Warburg effect is absent from the impedance spectra 

generated by the anti-CRP aptamer SAM. It appears that diffusion is rather limited due 

to high impedances, not allowing the observation of the Warburg impedance. This 

observation gives rise to finite diffusion behaviour, showing a different response from the 

expected pattern. This therefore reduces the fitting efficiency of the Rs((RctW)Qdl) model. 

Again, it was decided to review the selection of equivalent circuit model once further 

optimisation of the system had been undertaken. 

The aptamer was shown to be able to interact with CRP. An increase in impedance of 

~4.5 kΩ was recorded following incubation with 10 pg/ml CRP, however there was no 

difference upon further addition of 100 pg/ml CRP (Figure 4.6). A slightly larger 

impedance was observed following incubation of the electrodes with 1000 pg/ml CRP, 

however a more significant response would have been expected; the difference in 

impedance between 10 and 1000 pg/ml was only ~ 3.5 kΩ, despite the 100 fold difference 

in concentration.  

The same approach was followed for the development of the anti-PCT aptamer only SAM 

(n=4). The aptasensor was challenged with 10, 100 and 1000 pg/ml of PCT, with the 

results shown in Figure 4.7.  
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Figure 4.7: Development and characterisation of an aptamer-only SAM for PCT detection (n=4). The SAM 

demonstrated impedances of ~ 4 kΩ. A big increase in impedance was observed following incubation with 

10 pg/ml PCT. Further increases were evident when the system was challenged with 100 pg/ml and 1,000 

pg/ml PCT.  

 

When compared to the CRP aptasensor, the anti-PCT aptamer only SAM produced 

relatively low impedances, more similar to the data obtained from the generation of the 

anti-LPS aptamer only SAM in Chapter 2 (Figure 2.7). The anti-PCT aptamer SAM 

produced average impedances of ~4 kΩ, however as per the other two aptasensor systems, 

reproducibility of these baseline readings across the replicates was less than ideal. 

Differences in impedance between consecutive readings of the same aptamer also suggest 

that perhaps the aptamer layer is not as stable as in the previous cases. Despite the 

relatively high noise of the system, the interaction between the aptamer and PCT was 

shown to be quite satisfactory; a dose-dependent response was observed across the range 

tested, with reasonable resolution between the impedances observed for consecutive PCT 

concentrations when compared to the data presented in Figures 4.6 (CRP) and 2.7 (LPS). 
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4.3.2 Development of the CRP-aptasensor 

This section focuses on the development and optimisation of the CRP-aptasensor. As in 

Chapter 2, the initial studies aimed to explore selection of a suitable alkanethiol spacer 

molecule as well as the optimal ratio of aptamer to spacer when generating mixed SAMs. 

The optimised system was subsequently characterised using chroncoulometry to estimate 

the number of active binding sites and EIS to generate binding curves, assess specificity 

and evaluate the performance when challenged with clinical samples.  

 

4.3.2.1 Screening of alkanethiols  

As evidenced in Chapter 2, careful selection of an alkanethiol as a spacer molecule is 

necessary as they play a huge role in the overall performance of the aptasensor. In order 

to help narrow down the selection, it is useful to consider the physicochemical properties 

of the target marker of interest.  

Studies have shown that CRP’s isoelectric point is 6.3 ± 0.2 (95–97). More precisely, the 

calculated isoelectric point would be 5.3 when focusing on the molecule’s primary amino 

acid sequence (95). Laurent and co-workers performed titration curves of CRP using 

electrophoretic methods (96). They demonstrated that CRP did not migrate inside the 

application trough within the pH range of 7.2 to 8.5, suggesting that the molecule is at its 

isoelectric point. In other words, the molecule would either be neutral or slightly 

negatively charged at physiological pH.  

On the basis of this information, it was decided to screen a positively charged, negatively 

charged and neutral alkanethiol for interaction with CRP. The size of the alkanethiols was 

not considered important at this stage, as the study was focused simply on which 

functionality interacts to a greater or lesser extent with CRP.  Keeping this in mind, SAMs 

comprising 6-mercaptohexanol (MCH), 4,4-dithiodibutyric acid (DTBA) and cysteamine 

(CYS) were developed and challenged with 10, 100 and 1000 pg/ml of CRP (n=2). The 

results of this screening process are presented in Figure 4.8. 
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Figure 4.8: Alkanethiol SAMs were generated and challenged with 10, 100 and 1000 pg/ml of CRP (n=2). 

CRP appears to interact excessively with CYS, as a 40% increase in impedance was observed after 

incubation with 1 ng/ml CRP. DTBA and MCH SAMs displayed similar behaviours when challenged with 

10 and 100 pg/ml, with ΔRs not exceeding 10 %. However, when challenged with 1 ng/ml CRP, the 

interaction with the DTBA SAM was more than double that seen with the MCH modified electrodes.  

 

According to the generated data, CYS appears to be the least appropriate alkanethiol. 

CYS SAMs were associated with extremely low impedances (~230 Ω on average) since 

the positive molecular charges are attracting the electron flow, making the SAM easier to 

permeate. It is worth noting that a bare gold surface produces impedance of ~ 250 Ω. The 

above observations are confirmed by the work of Tolba and co-workers (98). For this 

reason, CV was used to validate modification of the electrode surface (Figure 4.9). The 

CYS modified electrodes were expected to show increased currents, when compared to 

bare gold electrodes, as a consequence of the electrostatic attraction between the 

positively CYS amino groups and the negatively charged redox probe (99). It was also 

observed that the voltammogram shifts towards electropositive potentials.  
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Figure 4.9: Cyclic Voltammograms obtained before and after the electrode modification with CYS. The 

modified electrode demonstrates an elevation in current, while the curve is shifted towards more 

electropositive potentials. 

 

CYS was shown to interact excessively with CRP, with up to 40% increase in impedance 

recorded following incubation with 1 ng/ml CRP (Figure 4.8). Under physiological 

conditions, CYS will be positively charged and therefore may be electrostatically 

interacting with CRP. It’s possible that CYS forms a rather weak SAM, potentially 

allowing CRP to adsorb to any regions of bare gold. For these reasons, CYS was not taken 

forward for further evaluation. 

DTBA and MCH showed similar responses when challenged with 10 and 100 pg/ml of 

CRP, with all ΔR values sitting below 10 %. However, when the CRP concentration was 

increased to 1 ng/ml, the DTBA SAM showed an ~20 % increase in impedance, whilst 

the response observed with the MCH modified electrodes remained relatively low at ~9 

%. It should also be noted that a clear dose-dependent response was evident for the DTBA 

modified electrodes, whereas MCH consistently showed low changes in impedance 

across all CRP concentrations tested. Consequently, MCH was selected as the alkanethiol 

of choice to take forward in the development of the CRP aptasensor. MCH’s suitability 

as a blocking agent / spacer is also confirmed by the work of Jarczewska and co-workers 

(100).  
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4.3.2.2 Aptamer/MCH mixed SAMs: a screening process to investigate the 

best performing sensor 

A screening process was undertaken to investigate the optimal ratio of anti-CRP aptamer 

to MCH. For the purposes of this study, various ratios of the two molecules were applied 

to working electrodes (Table 4.1). Three replicates of each SAM were produced and their 

performance when challenged with CRP evaluated.  

 

SAM CRP aptamer / MCH 

1 1:1 

2 1:3 

3 1:5 

4 1:10 

Table 4.1: Examined ratios between aptamer and MCH to examine the best performing SAM. 

 

Figure 4.10 shows the Nyquist plots obtained for the various SAMs. Several interesting 

observations are noted in the data. The MCH only SAM produces impedances of ~1.5 to 

2 kΩ. When aptamer is introduced into the SAM but at a low level, as is the case of the 

1:10 (aptamer: MCH), a small increase in impedance is observed. Further increasing the 

aptamer content to give a ratio of 1:5 (aptamer:MCH) results in a large increase in 

impedance (~9 kΩ), a pattern which continues with the generation of a 1:3 

(aptamer:MCH) mixed SAM. However, once a ratio of 1:1 is reached the impedance was 

seen to fall back, sitting between that recorded for the 1:5 and 1:3 SAMs. This perhaps 

suggests that greater amounts of MCH are needed to form a well-organised self-

assembled layer, possibly as a consequence of the lack of charge in the alkanethiol 

meaning that only steric effects influence aptamer immobilisation and spacing at the 

electrode surface. 

As a result of these observations, it was decided to only challenge the 1:1, 1:3 and 1:5 

mixed SAMs with CRP to evaluate their binding performance. The 1:10 SAM was not 

taken forward into further studies. 
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Figure 4.10: Nyquist plots obtained after the electrode modification with mixed SAMs of varying ratios 

(n=3). The SAM generated by the co-incubation of the CRP aptamer and MCH in ratio of 1:10 resembles 

an MCH-only SAM, whilst clear differences in impedances are seen with 1:1, 1:3 and 1:5 aptamer : MCH 

SAM systems. 

 

Each mixed SAM aptasensor was challenged with 0.1, 0.5, 1, 5, 10, 15 and 20 pg/ml of 

CRP (n = 3). CRP is a lot larger molecule than LPS, since its molecular weight is 

approximately 120 kDa, while LPS’ is around 5 kDa (101,102). It is also pentameric and 

so one molecule of CRP may be able to interact with more than one aptamer, depending 

on spacing at the surface. Consequently, when considering that all aptasensors created in 

this project use the same surface area for immobilisation of the aptamer, it should 

theoretically take fewer CRP molecules to fully saturate the available binding sites. Hence 

the choice of a relatively narrow concentration range in the first instance.  

The screening process proved to provide important information, as both ratios 1:5 and 1:3 

fail to deliver useful results (Figure 4.11). The changes in impedance when challenged 

with the biomarker did not correlate with the increase of concentrations, suggesting that 

the aptamers at the electrode surface are not able to interact sufficiently with CRP. The 

maximum change in impedance was a little over 1 kΩ. The random fluctuation and the 

high degree of variation in impedance across repeats gives the impression of non-specific 

binding phenomena dominating. 
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Figure 4.11: Dose-response graphs of 1:3 and 1:5 aptamer : MCH SAMs, when challenged with 0.1, 0.5, 

1, 5, 10, 15 and 20 pg/ml CRP. Any increases in impedance are minimal, barely exceeding 1 kΩ, suggesting 

that the bound aptamers are failing to significantly interact with the target molecule.  

 

Challenge of the 1:1 mixed SAM electrodes produced more promising results (Figure 

4.12). A dose-dependent increase in impedance was observed across the concentration 

range tested, with good linearity between 1 and 20 pg/ml (r2 0.998). However, the 

responses are somewhat shallow (maximum change ~ 2 kΩ) which, when coupled with 

large standard deviations, mean that some consecutive concentrations are found to not 

produce a significantly different response, statistically speaking (two-tailed t-test). For 

instance, the p value obtained following the comparison between 5 and 10 pg/ml is 0.444. 

The majority of the remaining comparisons are showing p values barely lower than 0.05, 

showing that the system is not performing well. The linear response suggests that 

saturation has not yet been achieved.  
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Figure 4.12: Dose-response plot of 1:1 SAM (n=3), when challenged with 0.1, 1, 5, 10, 15 and 20 pg/ml. 

The aptasensor displays a dose-dependent increase in impedance upon the application of varied CRP 

concentrations. Although good linearity is demonstrated across the range of 1 – 20 pg/ml, the shallowness 

of the response coupled with the high level of variability is problematic. 

 

In order to try and increase the magnitude of response seen, an alternative approach to 

aptasensor development was explored. Instead of incubating the electrodes with a pre-

mixed 1:1 aptamer:MCH solution, the aptamer was first allowed to assemble at the gold 

surface and then MCH was added to ‘backfill’ any gaps at the sensor surface, thus 

blocking any exposed regions of bare gold. This approach was used by Jarczewska et al. 

in the development of their CRP aptasensor.  

When examining baseline impedances of aptasensors generated either via 1:1 co-

incubation of aptamer and MCH, or via backfilling of an aptamer modified surface with 

MCH, little difference in response was noted (Figure 4.13). The sensors produced using 

the backfilling approach showed a slightly higher impedance (13.2 kΩ vs. ~11kΩ), 

suggesting perhaps a higher density of aptamers, or more complete coverage of the 

electrode surface. 
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Figure 4.13: Nyquist plot obtained following the development of aptasensors using either co-incubation of 

1:1 aptamer:MCH or the backfilling of an aptamer SAM with MCH (n=3). The two aptasensors displayed 

similar impedances. The slightly higher impedance obtained using the backfilling approach suggests either 

a higher number of aptamers bound on the area, or a more complete coverage of the electrode surface. 

 

The backfilled aptasensor was then challenged with 1, 5 and 10 pg/ml of CRP to observe 

potential changes in impedance (n=3) (Figure 4.14). The changes in impedance are higher 

when compared to those of Figure 4.12 (e.g. 2 kΩ for 1 pg/ml cf. ~ 500 Ω), suggesting 

that the functionality has been improved. However, it seems that these concentrations are 

closing in on the maximum binding capacity of the sensor as there is no difference 

between the response observed with 5 and 10 pg/ml. Lower CRP concentrations need to 

be applied to the system to further determine its dynamic range.  
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Figure 4.14: The CRP aptasensor was challenged with 1, 5 and 10 pg/ml of CRP (n=3). The changes of 

impedance are higher when compared to those of 1:1 aptamer/MCH mixed SAM (Figure 4.12), however it 

appears the response has saturated between 5 and 10 pg/ml. 

 

4.3.2.3 CRP sensor characterisation 

As per the previous chapters, the aptasensor was characterised using chronocoulometry 

to estimate the number of aptamers available on the electrode surface, and 

electrochemical impedance spectroscopy to evaluate binding kinetics, specificity and 

performance in clinical sample matrices.   

 

4.3.2.3.1 CRP sensor characterisation: Stability and sensitivity  

The first stage of the sensor characterisation is to explore and confirm the stability of the 

aptasensor and its response to challenges with CRP. Despite the aptamer only SAMs 

showing high impedances of 47 kΩ, as described in section 4.3.1. (Figure 4.6), the co-

incubation with MCH provided lower impedances, which never exceeded 15 kΩ (Figures 

4.10 and 4.13). Furthermore, the aptamer only SAM Nyquist plot was devoid of any 

features indicative of the Warburg effect; this effect was evident for all other SAMs 

generated in the ratio screening experiments.  

The system’s stability was not as good as in the case of the LPS aptasensor. It is likely 

that the formation of an aptamer-only SAM which is then backfilled with MCH, is 
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contributing to this. When the aptamer-only SAM is generated, some of the aptamers will 

lie on the surface in a non-canonical position, as depicted in Figure 2.6. The SAM is then 

washed to remove non-chemisorbed aptamers before being incubated with MCH. Despite 

the backfill, there potentially could still be bare areas of gold or aptamers changing their 

co-ordination between horizontal and vertical positions (and vice versa) through time, 

affecting the electron flow. 

The relatively high variance between consecutive readings is a limiting factor for the 

sensing process, as the aptamer modified electrodes show an average standard deviation 

of 535 Ω. Considering the LOD must be greater than baseline impedance + 3 x SD, i.e. 

greater than ~ 1.5 kΩ, and the shallowness of the responses observed thus far, it would 

suggest that significant further optimisation will be needed to demonstrate a clinically 

useful sensor.  

 

4.3.2.3.2 CRP sensor characterisation: Binding kinetics 

In order to determine parameters such as LOD, Kd and dynamic range, the sensor was 

challenged with 0.1, 0.25, 0.5, 0.75, 1, 5, 10, 25 and 50 pg/ml of CRP – in other words 

with a range of concentrations starting from 0.83 and finishing up to 417 fM (Figure 4.15). 

A clear binding curve is evident, with an early rapid rise in response before plateauing 

out and reaching a maximum signal change between 50 and 100 pg/ml. As explained 

previously when analysing the data presented in Figure 4.7, the response to CRP is 

relatively shallow. Baseline impedances averaged 11 kΩ, however variation in response 

means that a change in signal of less than ~ 10% falls below the limit of detection. When 

the system was challenged with 0.1 pg/ml (100 fg/ml), a change in impedance equalling 

just over 5% was observed and as such this concentration falls below the LOD. The 

challenge with 0.25 pg/ml (250 fg/ml) was shown to produce a change in impedance of 

9.9% and therefore this concentration is considered the LOD.  
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Figure 4.15: Dose-response curve of the aptasensor when challenged with 0.1, 0.25, 0.5, 0.75, 1, 5, 10, 25 

and 50 pg/ml (0.83 – 417 fM) of CRP. The system’s LOD is located at ~ 250 fg/ml (~2 fM), showing an 

apparent Kd of 6.17 fM (740 fg/ml).  

 

As in previous Chapters, GraphPad Prism was used to further analyse the data and 

generate an apparent dissociation constant Kd. Using the “one site – specific binding” 

model, a good fit was achieved (R2 = 0.9357) generating an apparent Kd of 6.17 fM (740 

fg/ml). The sensor was shown to produce a linear, dose-dependent response over the range 

of 250 fg/ml to 1 pg/ml, with a R2 of 0.9437 (Figure 4.16). The system’s linear part can 

extend down to 100 fg/ml, producing better R2 values, equalling to 0.9613, but 

unfortunately 100 fg/ml falls below the LOD under the present conditions. 
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Figure 4.16: The linear part of the CRP dose-response curve spans from 250 fg/ml to 1 pg/ml, extending 

towards 100 fg/ml. However, the response of 100 fg/ml theoretically falls below the LOD (indicated by 

dotted horizonal line). 

 

The aptasensor created in the present study shows competitive results when compared to 

other studies and tests from the literature. The reviews of Vashist et al. and Salvo et al. 

report that the vast majority of existing tests have affinities and LODs at the the micro / 

nano- gram/ml scale, whereas the current CRP aptasensor is able to detect concentrations 

in the range of fempto- / pico- gram/ml (31,44). It is preferable though to compare the 

system with other aptasensors. In fact, the CRP sensing field has been so extensively 

studied so that there are aptamers that specifically bind either the monomeric or 

pentameric form of the molecule (53). It is reminded that the aptamer of choice binds to 

the pentameric form as this is how CRP presents in clinical samples (52).  

The work of Vance and Sandros has been already discussed in the introductory section. 

Their SPR sensor reportedly detects zeptomoles of CRP, with the LOD sitting at 5 fg/ml 

(43). It is possibly one of the best performing aptasensors found in the literature, with the 

exception of the work of Schulze et al. which demonstrates an aptasensor capable of 

detecting down to 80 ag/ml (103). Furthermore, the reported detection range of this sensor 

is quite wide, spanning from the LOD to 1.2 pg/ml. The system utilises the advantages of 

etched fiber Bragg gratings (eFBG) to generate a very sensitive optical-based aptasensor.  

Wu et al. developed an aptamer/antibody sandwich assay, using nanoparticle-enhanced 

surface plasmon resonance (104). Sandwich assays have also been developed using RNA 
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aptamers (58,59). The study by Wu and co-workers presented three different strategies in 

their paper, with the best performing assay displaying a LOD of 10 pM. The sensor was 

challenged with diluted serum with CRP concentrations within the range of 10 pM to 100 

nM.  

Wu et al. have also demonstrated the development of an easy, label-free, fluorescent assay 

(105). The mechanism of detection relies on the use of Thioflavin T (ThT) – the 

fluorophore – conjugated to the CRP-specific aptamer. When the aptamer is not 

complexed to its target, the signal from ThT is strong, however that signal is quenched 

upon complexation with CRP. A linear response over the range 0.5 to 20 nM was 

reported, with a LOD of 380 pM.  

Hwang et al. created a conjugate between an anti-CRP aptamer and human peripheral 

blood mononuclear cells (Apt-PBMCs) (52). The conjugation process relies on a series 

of modifications that take advantage of high affinities between molecules such as biotin 

and streptavidin. The generated system is a unique live cell-based biosensor, the 

mechanism of which is very smart. Lymphocytes (a type of peripheral blood mononuclear 

cells) possess the ability to migrate to sites of inflammation. The conjugation with 

aptamers will facilitate the visualisation of this in vivo trafficking. The quantification step 

relies on the binding of a CRP-specific antibody, which carries a fluorophore. The 

system’s sensitivity is reasonable, reporting a LOD of 10 ng/ml. 

Kao and co-workers created an integrated microfluidic system, using field effect 

transistors (FET) and aptamers (106). The aptamers were taken from the study of Hwang 

et al. with the FET based system demonstrating similar sensitivity with a reported 

detection range of between 625 ng/ml and 10 μg/ml.  

Jarczewska and co-workers followed an approach quite similar to the one of the present 

study (100). They used thiolated aptamers to generate SAMs on gold surfaces. MCH was 

also selected as the alkanethiol of choice to cover the bare surface and prevent CRP from 

non-specifically binding. Their aptasensor showed a linear response over the range of 1 

to 100 pM (120 pg/ml to 12 ng/ml). The study also demonstrates the efficiency of 

immobilisation of thiolated molecules on gold and the advantages of MCH over other 

blocking molecules. 
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Zhang and co-workers used the same oligonucleotide sequence as the study of Jarczewska 

et al. (107). Their experiment differs from Wu’s study as they develop a 2D-porphrinic 

covalent organic framework-based aptasensor with enhanced photoelectrochemical 

response. The system’s reproducibility was satisfactory, with a linear range is between 

0.5 – 100 ng/ml, while the LOD was reported to be 0.1 ng/ml. 

Finally, Zubiate et al. and Yang et al. used the same aptamer to develop their detection 

systems (108,109). Sorting the two studies in chronological order, Yang, Lin and co-

workers developed a system using microfluidics. The system’s LOD was reported to be 

12.5 ng/ml. On the other hand, Zubiate and co-workers utilised the technology of lossy 

mode resonance based optical fiber devices. They report high reproducibility in results 

that demonstrate an apparent LOD of 62.5 ng/ml.  

Table 4.2 summarises the different studies and contributes in the section’s final 

conclusions. 

 

Aptasensor Technology Detection Range LOD Reference 

SPR - 5 fg/ml 43 

Optical, etched fiber Bragg gratings  80 ag/ml – 1.2 pg/ml 80 ag/ml 100 

SPR, aptamer/antibody 1.2 ng/ml – 12 μg/ml 1.2 ng/ml 101 

Fluorescent 60 ng/ml – 2.4 μg/ml 45.6 ng/ml 102 

Lymphocyte conjugate, fluorescence * - 10 ng/ml 50 

FET * 625 ng/ml - 10 μg/ml - 103 

Electrochemical 120 pg/ml - 12 ng/ml - 97 

Photoelectrochemical 0.5 – 100 ng/ml 0.1 ng/ml 104 

Microfluidics - 12.5 ng/ml 105 

Optical, lossy mode resonance - 62.5 ng/ml 106 

Electrochemical 250 fg/ml – 1 pg/ml 250 fg/ml Present study 

* Studies using the same aptamer with the present study 

Table 4.2: DNA aptasensors, their technology, detection range and LOD. 

 

The aptasensor developed in the present study shows good sensitivity, with its LOD of 

250 fg/ml (~2 fM) putting it in third place behind the works of Vance and Schulze. The 
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present study showed greater sensitivity when compared to the other electrochemical 

sensor, developed by Jarczewska et al. who report a detection range of 120 pg/ml – 12 

ng/ml.  

On the other hand, the current aptasensor shows one of the narrowest detection ranges. 

Similar issues are presented by another three aptasensors, however they display a range 

which spans one more order of magnitude than the sensor described herein (37, 41, 42).  

 

4.3.2.3.3 CRP sensor characterisation: Chronocoulometric data  

Chronocoulometric experiments were used to provide an estimate of the number of 

aptamers bound to the electrode surface. Following the same experimental process as 

described in previous chapters, the aptamer modified electrode, as developed and 

described in the preceding sections was estimated to display 6.63 x 109 molecules. This 

would mean that the SAM would be saturated by 27.5 ng of CRP. However, limitations 

such as steric hindrance and the pentameric nature of CRP meaning that it is able to 

interact with more than one aptamer, is likely to reduce the amount of CRP needed to 

fully cover all available sites. 

A similar observation can be referred from the work of Jarczewska et al (100). They state 

that their aptasensor achieved a surface density of 4.55 pmol / cm2. Considering that they 

also use gold disc electrodes, the calculations lead to the conclusion that 35.8 μg of CRP 

would be needed to completely saturate the available binding sites. However, the 

magnitude of their detection range is a lot lower, between 120 pg/ml - 12 ng/ml, 

showcasing a similar dichotomy to the present study. 

 

4.3.2.3.4 CRP sensor characterisation: Spiked serum studies 

As discussed previously, sensors often perform well when challenged with their target 

analytes in simple buffers however moving to a clinical sample such as serum often 

results in more significant ‘background noise’ in the system and dampened responses as 

a consequence of protein biofouling at the sensor surface. CRP-depleted serum (< 20 

ng/ml CRP) is commercially available and so, given the differences in response between 

HSA and serum challenge in Chapter 3, it was decided to go straight to testing in serum.  
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Even the depleted serum contains relatively high amounts of CRP. Concentrations in 

healthy human serum would normally sit around 1 g/ml, therefore depleting to the level 

of < 20 ng/ml would fall below the LOD of all commercially available assays (110). The 

sensitivity of the current aptasensor meant that the CRP-depleted serum would need to be 

diluted. The system was challenged with 1/10 and 1/100 dilution and the changes in 

impedance recorded (n=3) (Table 4.3).  

 

CRP-depleted serum dilution % ΔR / R0 (st. dev.) 

1:10  42.0 (28.6) 

1:100 10.2 (0.8) 

  

Table 4.3: Responses of the CRP aptasensor when incubated with diluted CRP-depleted serum (n=3). The 

1:10 dilution shows an increase in impedance of 42 %, with high degree of variability across the three 

repeats. On the other hand, the 1:100 dilution shows a limited increase with better standard deviation. 

 

When challenged with 1/10 diluted serum, ΔR values were shown to be high (42 %) and 

were accompanied by equally high variation (standard deviation of 28.6 %). On the other 

hand, responses obtained after the incubation with 1/100 dilution shows improved results, 

with an increase in impedance of 10.2 % and much smaller degree of variation across the 

three repeats (0.8 %).  

The results are similar to those described in Chapter 3 when the apta-MIP was challenged 

with various concentrations of HSA. However, the presence of CRP in the serum further 

complicates matters in the current studies. The actual concentration of CRP in the 

depleted serum is not known (a threshold value is simply provided), and therefore it’s not 

possible to know whether the responses observed are due to the presence of CRP or 

because serum components are non-specifically interacting with the sensor. In order to be 

able to use CRP-depleted serum, more substantial dilutions would be needed; 1/100,000 

would bring the concentration down to 0.2 pg/ml, sitting just below the LOD of the 

aptasensor.  

The Institute for Reference Materials and Measurements of the European Comission’s 

Joint Research Centre provides human serum with certified values of CRP. The certificate 
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of analysis denotes that the human serum used in the present study contained 41.2 ± 2.5 

μg/ml of CRP. CRP was determined by immmunonephelometry and 

immunoturbidimetry, using EU certified calibrants.   

Dilution of this serum was performed to generate samples containing 100, 500, 1000 and 

10,000 fg/ml CRP. The results of the challenge of the aptasensors (n = 3) using these 

samples is presented in Table 4.4.   

 

CRP 

(fg/ml) 

Expected %ΔR/R0 

(%) 

Achieved %ΔR/R0 

(%) 

Recovery 

(%) 

CV 

(%) 

100 5.4 7.7 142.6 73.0 

500 16.5 12.5 75.8 26.4 

1000 23.0 13.1 57.0 8.2 

10000 33.3 21.6 64.9 24.7 

     

Table 4.4: Responses of the CRP aptasensor when incubated with known CRP concentrations (n=3). The 

extremely high CV values are highlighting the inability of the aptasensor to produce consistent results. 

 

Although the aptasensor response is similar to that expected when incubated with 100 

fg/ml, the % CV is huge (Table 4.4). It is the relatively small change in impedance (the 

shallowness of the response as described previously) at this concentration which results 

in such large deviations and high % recovery. The CV values improve upon the challenge 

with the higher concentrations, however they all still fail to reach the desired value of 5%. 

The recovery of the higher concentrations also fall below that expected, varying from 57 

% to 76%.  

It is worth noting that the EU standard was used roughly a year after its purchase, which 

is towards the maximum suggested period of handling. Even though every care was taken 

when preparing the samples, using a minimum of 20 μL of the standard for each 

experimental process, there’s a chance that CRP concentration has depleted over time. 

Furthermore, the amount of dilution needed to drop down from 41.2 μg/ml to the fempto 

/ picogram scale is enormous. Multiple dilution steps were required, potentially 

confounding any systematic analytical error. 
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Some of the previously discussed studies have challenged their aptasensors with spiked 

serum. Unlike the present study, they display a solid performance, generating 

reproducible results. For instance, the aptasensor of Zhang and co-workers shows CV 

values of less than 5 % and an average recovery of 100.4 % (107). Yang et al. even 

compared their system’s performance with the Roche’s autoanalyser E170, showing 

encouraging results (108). The aptasensor developed in this current study needs more 

development to improve stability / decrease noise to allow the sensitive detection of CRP 

from clinical samples. 

 

4.3.3. Development of a PCT-aptasensor 

The second part of this results and discussion section focuses on the development of the 

PCT-aptasensor. The rationale behind the PCT-aptasensor development follows the 

approaches used for the development of the LPS and CRP sensors. Unlike the other 

systems, there’s nothing in the literature regarding the utilisation of the PCT aptamer, 

thus this section will just examine the results of the developmental process, with 

comparison to alternative detection methodologies when appropriate. 

 

4.3.3.1 Screening of alkanethiols  

The strategy of selecting an appropriate alkanethiol for incorporation into the SAM of the 

aptasensor has been extensively examined in the previous sections. Therefore, this section 

will jump to focus directly on the screening process. 

Studies have reported the isoelectric points of N-procalcitonin fragment (3.98) and 

calcitonin (8.86 in non-mammalian species), however PCT’s pI remains formally 

unknown (111,112). PCT distributors such as MyBioSource (USA) and Cloud-Clone 

(CCC, USA) indicate that its predicted pI is 6.5 and 5.7 respectively, bringing it quite 

close to the value reported for CRP (113,114).  

As in previous cases, mixed SAMs were produced in triplicate using DTBA, MCH and 

CYS. Figure 4.17 shows the interaction of the generated SAMs with 10, 100 and 1000 

pg/ml of PCT. 
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Figure 4.17: CYS, DTBA and MCH SAMs were incubated with 10, 100 and 1000 pg/ml of PCT to assess 

the degree of interaction. CYS shows the greatest binding across all concentrations, with DTBA and MCH 

performing similarly. 

 

Despite the recruitment of all possible approaches to co-incubate the aptamer with any of 

the alkanethiols, the outcome was always either negative or resulted in the development 

of an alkanethiol-only SAM. However, the successful development of the aptamer-only 

SAM was shown in 4.3.1 and therefore it was decided to adopt the same approach as for 

the CRP aptasensor – create an aptamer-only SAM and then backfill with MCH since 

MCH is the only alkanethiol shown to have minimal interaction with both the PCT 

aptamer and the antigen itself.  

 

4.3.3.2 PCT Aptamer/MCH SAMs: a screening process, sensor stability and 

sensitivity 

The aptasensor characterisation begins as usual with the examination of the system’s 

stability and determination of LOD. The aptasensor in its final form recorded an average 

impedance of 7,109 Ω. The SAM showed an impressive standard deviation of only 224 

Ω, (CV 3.1%), meaning that any change of more than ~ 670 Ω (9%) will be considered 

to be above the LOD of the system.  

It is worth noting that the impedance recorded from the PCT aptasensor was significantly 

lower than the CRP (13.2 kΩ) and LPS (31.3 kΩ) sensors, despite the lengths of all three 
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aptamers reportedly being quite similar (LPS: 86 nucleotides, CRP: 72 nucleotides and 

PCT: 70 nucleotides). This could mean that less PCT aptamers are bound to the surface 

of the electrode. This will be explored further during the chronocoulometry studies. 

 

4.3.3.3 PCT sensor characterisation: binding kinetics 

The promising stability and reproducibility of the backfilled aptamer SAM lead the 

process to the next level, to determine the sensor’s sensitivity. The experience obtained 

from the development of both CRP and LPS aptasensors helped to guide the range of 

concentrations used for the binding study with PCT. PCT has a molecular weight of 14.5 

kDa and is monomeric in nature (115). Therefore, from a binding capacity perspective, 

this makes it more similar to LPS than CRP, although it is recognised that ultimate 

binding performance is a function of the aptamer’s affinity for its target. Consequently, 

the aptasensor was challenged with concentrations spanning 1 pg/ml to 250 pg/ml (0.7 – 

17 pM) (n = 3). The results are shown in Figure 4.18. 
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Figure 4.18: Dose-response curve of the PCT aptasensor when challenged with concentrations from 10 to 

250 pg/ml (0.7 – 17 pM). According to the system’s noise, LOD is equal to 25 pg/ml (1.7 pM). The linear 

range falls between 25 and 100 pg/ml. The system’s response becomes saturated after the application of 

100 pg/ml. 

 

Using GraphPad Prism, the data was fitted to a “one-site, specific binding” (Langmuir) 

model as per the previous aptasensors. The fit in this case is not as good as the CRP / LPS 
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based systems, with an R2 of 0.7946. The reason for this bad fit is quite obvious since the 

curve is not a ‘curve’ per se, more like two interconnecting straight lines that intersect at 

100 fg/ml. Consequently, data extracted from this fit (e.g. Kd) is of poor quality / low 

confidence. A Bmax value (which in turn influences the calculation of Kd) equivalent to a 

change in impedance of 104.6 % was estimated. However, it is evident from Figure 4.13, 

that the maximum response would sit much lower than that – all concentrations between 

100 and 250 pg/ml resulted in responses of between 63 and 73 %. Although the spread of 

data for 250 pg/ml incubation is high, even on increasing the number of repeats for this 

particular concentration, all responses were found to fall around 70%. This over 

estimation of maximum response, results in a Kd of 6.82pM (98.85 pg/ml), which is 

unrealistic given this is the top end of the linear range. Significantly more development 

is needed before this aptasensor could be used with any confidence. Given the paucity of 

literature reports using aptamers to target PCT perhaps suggest that it is not an appropriate 

target for such sensing, however given the number of antibody-based tests available it is 

not obvious why this would be the case.  

Figure 4.19 shows that the linear range of the sensor is extremely limited, spanning only 

25 to 100 pg/ml. The incubation with 1 pg/ml PCT showed insignificant changes against 

the SAM baseline and for this reason, this data is excluded from Figure 4.19. The lowest 

concentration presented on the plot is 10 pg/ml, however this falls below the LOD 

established in the previous section, with a recorded change in impedance of 4.8 % and 

high variation across the replicate electrodes (9.8 %). The system’s LOD was shown to 

be 25 pg/ml, as the observed ΔR values equal to 10.6 %, with a satisfactory standard 

deviation of 2.2 %.  

The linearity of the aptasensor response is satisfactory (R2 = 0.9495); it improves further 

by adding the response corresponding to 10 pg/ml (R2 = 0.9643). Considering normal 

PCT levels would generally be at / below 50 pg/ml and that 2 ng/ml is the clinical cut off 

for indicating a high probability of systemic bacterial infection / sepsis, the top end of this 

range is unlikely to present a problem. Serum samples would need to be diluted prior to 

analysis to minimise non-specific effects arising from other matrix components and 1/100 

dilution would still just about fall in the linear range of the sensor. The LOD however 

needs to be improved to allow definitive provision of ‘healthy’ results as 1/100 dilution 
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of a sample containing 50 pg/ml would mean an LOD of 0.5 pg/ml (or less) would be 

required. 
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Figure 4.19: Dose-response curve of the PCT aptasensor when challenged with concentrations from 10 to 

100pg/ml. According to the system’s noise, LOD is equal to 25 pg/ml. Reasonable linearity across the 

concentration range tested is demonstrated.  

 

4.3.3.4 PCT sensor characterisation: chronocoulometric data  

As in previous Chapters, chronocoulometry has been used to estimate the number of 

aptamers bound to the electrode surface. It was hoped that such analysis may have shed 

some light on the limited detection range observed with the PCT aptasensor (assuming a 

1:1 stoichiometric ration between aptamer and target). 

Analysis suggest that the gold surface of the electrodes display 1.31 x 1010 molecules, 

which would mean that ~ 280 pg of PCT would be sufficient to fully saturate the 

aptasensor. This supports the binding data presented in Figure 4.13; given that occupancy 

is influenced by a number of factors such as the interaction between two surfaces (buffer 

/ SAM), time of incubation, steric hindrance brought about by other interactions etc, then 

a observing a maximum response at ~ 100 pg/ml makes sense. 

As stated previously, more work needs to be undertaken to decrease the LOD of the 

system. Due to time constraints, it was not possible to achieve such improvements within 

this project. 
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4.3.3.5 PCT sensor characterisation: recovery from spiked sera  

Despite the demonstrated drawbacks and limitations, the aptasensor was tested with a 

number of serum samples. The system was first challenged with a series of dilutions of 

CRP depleted serum (n = 3, Table 4.5) with subsequent testing of samples spiked with 

PCT concentrations sitting within the linear range of the system (n = 3, Table 4.6).  

A limited response was observed following incubation with diluted serum (Table 4.5). 

More precisely, the recorded elevation in impedances did not exceed 1.2 %, even when 

challenged with 50 % diluted serum. This suggests that a broad range of dilution steps 

could be used when testing clinical samples. The degree of variability in response across 

replicates decreases as the dilution increases, however all CV values are below 10%. 

 

Dilution 
Achieved %ΔR/R0 

(%) 

SD 

(%) 

1/2  0.3 9.8 

1/10 - 0.5 2.2 

1/20 1.2 3.5 

1/100 1.2 2 

Table 4.5: Responses of the PCT aptasensor following incubation with diluted human serum. Limited 

changes in impedance were observed across all samples tested.  

 

The aptasensor was challenged with low (10pg/ml), mid (50 pg/ml) and high 

concentration (100 pg/ml) PCT serum samples. Taking into consideration the clinical 

PCT threshold for sepsis diagnosis / management (0.5 ng/ml < PCT levels < 2 ng/ml), it 

was decided that all final concentrations will comprise a 10-fold dilution of the spiked 

serum. Apart from the fact that the corresponding blank demonstrated encouraging 

results, the lower limit of the PCT clinical level is located exactly in the middle of the  

linear range of the aptasensor following such dilution.  

Table 4.6 shows that all the responses are characterised by higher variances than were 

seen with the blank serum samples, showing similarities to the data presented from both 

the CRP aptasensor and LPS apta-MIP. The recoveries of both 10 and 100 pg/ml are 
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nowhere near the expected responses. When considering the response to the 10 pg/ml 

sample, an apparent recovery of ~265 % was observed. Whilst residual PCT in the serum 

may be considered a possibility, the fact that this was not evident in the blank serum study 

makes this very unlikely. On the contrary, the response after the incubation with 100 

pg/ml shows a recovery of just 28.6 %. Good recovery was observed for the spike 

concentration falling in the middle of the linear range (50 pg/ml, ~88 %). This sample 

also showed the least amount of variance across the three repeats. With no other PCT 

aptasensor studies to compare to, the reasons behind the poor performance observed with 

the aptasensor are unclear at this stage. 

 

PCT 

(pg/ml) 

Expected %ΔR/R0 

(%) 

Achieved %ΔR/R0 

(%) 

Recovery 

(%) 

CV 

(%) 

10 4.8 12.6 265.6 21.03 

50 38.4 33.9 88.2 13.55 

100 63.3 18.1 28.6 28.36 

 

Table 4.6: Responses of the PCT aptasensor when incubated with known PCT concentrations spiked in 

1/10 diluted human serum (n=3). The high CV highlight the aptasensor’s inability to produce consistent 

results. It is worth noting that the aptasensor showed a recovery of 88.2 % when incubated with 50 pg/ml.  

 

4.3.4. Specificity studies 

The characterisation studies are once again unified for the two sensors described in this 

chapter. The ultimate objective of the project was to create three individual sensors, that 

could be combined in one multiplex diagnostic platform. It is therefore important to show 

that each sensing system is not adversely affected by the other target analytes. 

Starting with the CRP aptasensor, selection of appropriate cross-reactants in terms of 

proteins displaying high homology with CRP is difficult. CRP is a pentraxin, meaning 

that there’s a limited pool of molecules belonging to this family. More precisely, serum 

amyloid P component protein (SAP), hamster female protein (FP), PTX3 and PTX4 are 

the other two molecules described as pentraxins (116,117). PTX3, also known as TSG-
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14 shows a homology of 57 % to CRP (118,119). On the other hand, human SAP shows 

a similarity of up to 51 % to human CRP (119).  

A look at other studies show that the use of the aforementioned molecules is widely 

avoided. Wu et al. demonstrate selectivity studies, in which they challenge their sensors 

with proteins such as myoglobin, HSA, IgG, haemoglobin, and transferrin, showing 

minimal binding (104,105). This observation is widely expected as none of these 

molecules show any level of homology to CRP and aptamers have already proved to be 

highly selective. The work of Jarczewska et al. seems to approve the above approach, as 

apart from the expected BSA, they challenge their sensor with yet another 

immunoglobulin, IgE (100). On the contrary, Zubiate and co-workers decided to adopt a 

completely different approach, by challenging the sensor with urea and creatinine (109). 

Zhang et al. tested the system’s specificity by incubating their aptasensor with solutions 

containing  human chorionic gonadotropin (HCG), prostate specific antigen (PSA), 

microcystin (MC–LR) and bovine albumin (BSA) (107). 

The use of all previously mentioned molecules relies on the fact that they can be found at 

elevated concentrations during the development of the inflammatory phenomena and their 

presence might compete CRP for some of the sensors’ available binding sites. Keeping 

in mind that the options to find a homologous molecule for CRP are limited, in association 

with the de facto selectivity of the aptasensors, the present study decided to challenge the 

CRP aptasensor with PCT and LPS.  

Figure 4.20 shows the changes in impedance when the CRP aptasensor is incubated with 

LPS and PCT. LPS is known to adsorb to a high variety of surfaces, however the changes 

in impedance are in general minimal, with the exception of the response seen following 

the challenge with 1 pg/ml LPS. In fact, the aptasensor displays a response when 

challenged with this sample that is not dissimilar to that seen with 1 pg/ml of CRP. The 

response however falls back to zero on application of the 100 pg/ml LPS sample. 

Although high dose hook effects are not uncommon in bioassays, it would seem unlikely 

that the response with higher concentrations would fall that significantly. It should be 

noted that interaction between LPS and MCH was demonstrated in Section 2.3.2.2. It is 

possible that this may be responsible for the interaction seen in this cross-reactivity study. 

Further investigation is needed 
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On the other hand, the CRP aptasensor was shown to not interact with PCT; all values 

stayed within the error of the baseline value. 

 

-3 -2 -1 0 1 2 3

-10

0

10

20

30

40

LPS [log(pg/ml)]

%
Δ

R
/R

0

Bmax

1 pg/ml CRP

A

 

0 50 100 150 200

-10

0

10

20

30

40

PCT (pg/ml)

%
Δ

R
/R

0

Bmax

1 pg/ml CRP

B

 

Figure 4.20: Specificity studies of the CRP aptasensor, when challenged with A) LPS (0.01, 1 and 100 

pg/ml) and B) PCT (10, 75, 150 pg/ml). Both apparent Bmax and  %ΔR/R0  corresponding to 1 pg/ml CRP 

(the highest point of the linear range) are indicated on the plots for reference.  

 

Like CRP, PCT is a molecule with limited candidates to examine the specificity of the 

aptasensor. Apart from the components of blood serum that have already been used to 

challenge the sensor in the previous section, the only available molecules are the ones 

deriving from the CALC-1 gene; katalcin and calcitonin (63).  

In keeping with the CRP specificity study, the PCT aptasensor was challenged with LPS 

and CRP. The results are shown in Figure 4.21. 
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Figure 4.21: Specificity studies of the PCT aptasensor, when challenged with A) LPS (0.01, 1 and 100 

pg/ml) and B) CRP (0.1, 1, 25 pg/ml). Both apparent Bmax and the and  %ΔR/R0  corresponding to 100 

pg/ml PCT (the highest point of the linear range) are indicated on the plots for reference. 

 

Unlike when the CRP aptasensor was challenged with LPS, the PCT aptasensor showed 

minimal response to this molecule across all concentrations tested, with a maximum 

average ΔR value of 5.8 % recorded following incubation with 10 fg/ml. This outcome is 

rather ambiguous as two electrodes recorded an approximate value of – 2 %, while the 

other two an average value of + 13 %, thus giving rise to the relatively high standard 

deviations. It does however support the suggestion that further investigation is needed 

with regard to the LPS interaction with the CRP aptasensor, as the aptamer-SAM of the 

PCT system was also backfilled using MCH, suggesting that the alkanethiol is not 

excessively interacting with the molecule. 

On the other hand, CRP was shown to interact with the PCT aptasensor, showing 

significant changes in impedance following incubation with 1 and 25 pg/ml. A high 

degree of variance was observed for the electrodes challenged with 25 pg/ml CRP. 

Although perhaps such interaction could be considered ‘expected’ given protein 

interference is common in bioassays, the aptasensor performed exceptionally when 

incubated with serum, a biological fluid containing a wide variety of proteins. 

Additionally, CRP has shown minimal interaction with MCH; indeed, the molecule is 

also a component of the CRP aptasensor. As we have limited information on the PCT 

aptamer, as it was sourced commercially, it is difficult to know what causes this degree 

of cross-reactivity.  
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Of concern is the fact that the responses generated by 1 and 25 pg/ml CRP are 

significantly higher than those observed following application of PCT at the same 

concentration. CRP concentrations are significantly higher in serum regardless of disease 

state. The response following incubation with 1 pg/ml of PCT was shown to fall below 

the LOD (indistinguishable from baseline). The comparative response following 

incubation of the sensor with 25 pg/ml CRP and 25 pg/ml PCT is shown in Figure 4.22.  
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Figure 4.22: Specificity studies of the CRP aptasensor, when challenged with 25 pg/ml of CRP. The 

aptasensor shows ΔR values that are higher when compared to the ones generated after the incubation with 

25 pg/ml of PCT, leading to biofouling.  

 

It should be noted that this observation does not necessarily mean that the aptasensor 

would demonstrate similar cross-reactivity when challenged by both molecules in a 

competitive environment. Competitive assays would provide a more definitive answer, 

with regards to the true specificity of the system. Unfortunately, the experimental 

approach employed coupled with time restrictions meant that performing such an assay 

was not possible in this project.  
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4.4 Conclusions 

The final Chapter of the present study described the development of two sensors able to 

detect biomarkers that have been routinely used for the detection of inflammation and 

monitoring of septic responses in clinical settings. Both sensors relied on the same 

approach i.e. immobilising the target specific aptamer on the electrode and blocking the 

remaining surface with MCH. The results obtained from both aptasensors are rather 

mixed, as the Chapter failed to deliver the results of the same level as Chapters 2 and 3. 

Starting with CRP, the aptamer showed unconvincing results when co-immobilised with 

MCH, to develop mixed SAMs. Despite the change in strategy, by creating an aptamer – 

only SAM and then backfilling with MCH, the resulting system showed high levels of 

variance, making the baseline quite noisy. Consequently, the LOD of the system was 

determined as ~ 250 fg/ml. The linear detection range was shown to be quite narrow when 

compared to other studies. Still, the aptasensor is competitive since very few studies were 

able to reach the fempto scale during the characterisation of binding kinetics. The 

selectivity of the aptasensor was satisfactory however, the system’s behaviour when 

challenged with spiked sera fell surprisingly short of expectations. Further work is needed 

to realise the true potential of this aptasensor. 

The outcome for PCT was also mixed. The PCT aptamer employed in the present study 

is the sole oligonucleotide sequence claiming to interact with the biomarker of interest, 

with other reported sensing systems relying primarily on antibody-based recognition. The 

results obtained from the present study bring into questions its functionality. It was not 

possible to co-immobilise any of the alkanethiols alongside the aptamer, and so the same 

approach as for the CRP aptasensor, i.e. using MCH to backfill following immobilisation 

of the thiolated aptamer, was adopted. The resulting aptasensor demonstrated poor 

stability, with noisy signals, producing a binding isotherm which showed a poor fit when 

analysed using the traditional Langmuir model. Despite the issues, an LOD of 10 pg/ml 

was observed and so it is possible with a better understanding of the aptamer that further 

optimisation could be undertaken to generate a clinically useful sensing system for PCT. 

Considering the results received from both aptasensors, it is evident that there is no need 

to develop MIP systems for the detection of the target molecules. CRP’s concentration in 

blood during inflammatory phenomena is big enough to be detected from aptasensors 
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after the application of a certain amount of dilutions. The same principal applies for the 

PCT aptasensor, however, the MIP strategy might imply better results in terms of 

stability. Nevertheless, the top priority is to establish a reproducible way to immobilise 

the aptamer on the gold surface.   
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5.1 General discussion 

Despite symptoms of sepsis being first described more than 3000 years ago, the condition 

remains one of the leading causes of death worldwide (1). It is well established that sepsis 

results from an uncontrolled and prolonged activation of host immune system due to 

pathogenic insult (2,3). The immunopathogenesis of sepsis makes the condition hard to 

diagnose, as its starting point shows common symptoms of infection. The absence of a 

“gold-standard” clinically-useful, sepsis-specific, biomarker has resulted in a huge 

research effort to identify potential novel candidate biomarkers possessing the requisite 

sensitivity and specificity (4). However, at the time of writing, clinicians still have to use 

standard blood tests for the diagnosis and monitoring of patients. For some time, it has 

been postulated that a multiplex platform, able to sensitively detect a panel of biomarkers, 

will be needed. The present study therefore aimed to develop three individual biosensors 

targeting lipopolysaccharide (LPS), c-reactive protein (CRP) and procalcitonin (PCT). 

Although lipopolysaccharide has been ubiquitously connected with sepsis, it is not a 

frequently measured biomarker, due to a number of limitations associated with current 

testing methods. On the other hand, CRP and PCT have been extensively used to diagnose 

and monitor inflammatory phenomena in a clinical environment, although not in a near-

patient format meaning blood samples are taken and sent for laboratory analysis, thereby 

presenting a delay to diagnosis and patient monitoring. 

Chapters 2 and 3 focused on the development of a sensitive system for the detection of 

LPS. In Chapter 2, an aptamer sequence previously reported in the literature was selected 

and an aptasensor developed using mixed sensing surfaces comprising the aptamer and a 

range of alkanethiols (5). More precisely, a wide selection of alkanethiols were screened 

against LPS to observe binding interaction. Considering that LPS is negatively charged 

under physiological conditions (pH 7.4), the alkanethiols of choice were 4,4-

dithiodibutiric acid (DTBA), 11-mercaptoundecanoic acid (MUA) and 6-

mercaptohexanol (MCH). MCH was shown to interact most with LPS, and therefore in 

an attempt to minimise the amount of non-specific binding to the final aptasensor, this 

alkanethiol was discarded in favour of MUA and DTBA. Proposed steric hindrance 

effects observed with aptamer / MUA mixed SAMs (ratio 1:10) led to DTBA being 

selected as the final alkanethiol.  
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A programme of optimisation was undertaken to establish the ideal ratio of aptamer : 

DTBA. Six different mixed SAMs were developed (2:1, 1:5, 1:12.5, 1:25,1:32.5 & 1:50) 

and challenged with a variety of LPS concentrations. The molar ratios of 1:12.5 and 1:25 

demonstrated the best results; ratios of 2:1 and 1:5 suggested that steric hindrance 

between the aptamers was a problem, whilst ratios of 1:32.5 and 1:50 resulted in too few 

aptamers bound to the surface, meaning small changes in impedance where observed 

when incubated with LPS. The screening study showed that a 1:20 molar ratio of 

aptamer:DTBA resulted in optimal performance.  

The determination of the optimal ratio between aptamer and DTBA led to the full 

characterisation of the aptasensor. A baseline impedance of 31.3 kΩ, with a standard 

deviation of 0.699 (CV of 2.24%) was observed for the 1:20 mixed SAM. The system 

was shown to be able to detect as little as 100 fg/ml, with its linear range starting from 

between 1 and 5 pg/ml. The linear range reached its maximum when challenged with a 

concentration of 100 pg/ml (R2 = 0.9922). Fitting of the binding data to a Langmuir model 

(based on binding to one specific site) indicated an apparent Kd of 17.62 pM (92.25 

pg/ml).  

Specificity studies followed. Unlike all existing studies, the newly developed aptasensor 

was challenged with (1→3)-β-glucan (GLU) and lipoteichoic acid (LTA). The rationale 

for picking these molecules as cross reactants was based on the fact the commercially 

available endotoxin test (LAL assay) provides false positive results in the presence of 

glucans, whilst LTA is a component of the outer membranes of Gram-positive bacteria 

and is therefore likely to be present in clinical sepsis samples. The aptamer proved its 

high selectivity to LPS, with minimal responses recorded when challenged with the cross-

reactants. Finally, the aptasensor was shown to be regenerated by washing with 0.05 % 

Tween 20 for five minutes.  

The ease of development in combination with the low LOD makes the aptasensor 

developed in Chapter 2 competitive when compared to existing studies, many of which 

employ complex chemistries or secondary transduction mechanisms that elongate the 

total assay time. The results obtained in this Chapter also provide an important baseline 

for moving on to developing the hybrid system in Chapter 3. Chapter 3 described the 

integration of the aptamer with an electropolymer in a hybrid imprinting strategy. In 

general, molecularly imprinted polymers (MIPs) perform poorly in aqueous environments 
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as many of the interactions between the target and polymer rely on hydrogen bonding. 

Furthermore, the generation of effective MIPs for molecules which lack defined chemical 

functionality, size and conformation is extremely challenging. LPS is only soluble in 

water, is made up of lipid chains and sugar moieties and even within bacterial species, 

displays a considerable amount of heterogeneity in terms of size and shape. Consequently, 

very few examples of MIP systems being successfully developed for the detection of LPS 

(and similar molecules) can be found in the literature.   

Since the aptamer properties were already known from the proceedings of Chapter 2, 

Chapter 3 started with the evaluation of electropolymers and their level of interaction with 

LPS. A rational approach to electroactive monomer selection was applied, using literature 

to identify those most likely to interact strongly with LPS. Aniline (ANI), 

aminophenylboronic acid (APBA), dopamine (PDA) and aminobenzoic acid (ABA) were 

selected as monomers to be taken into a screening study. PANI showed excessive 

interaction with LPS, most likely as a consequence of its high porosity, while PABA 

showed high changes in impedance but high variance within the responses. For these 

reasons, these two monomers were dropped from the study.  

APBA and DA were used to develop conventional surface imprinted MIPs in the absence 

of the aptamer. This experiment aimed to further explore the interaction with the target 

molecule. Although the conventional systems displayed similar imprinting factors, 

PAPBA showed slightly better results. The experimental process suffered from high 

standard deviations, showing how difficult it is to produce synthetic recognition systems 

for molecules such as LPS. Nevertheless, it was decided to progress with APBA as 

boronic acids are able to interact strongly with diols and it was thought this would confer 

better specificity to the final system than dopamine.  

The second part of Chapter 3 focused on the development of the hybrid recognition 

system, comprising the aptamer and PAPBA. The aptamer / LPS complex was 

immobilised on the working electrodes and varying polymerisation cycles (from 4 to 10) 

were applied to determine the optimal polymer thickness for providing maximum target 

recognition. Polymers produced following the application of 3 or less cycles were 

unstable, whilst apta-MIPs produced using 5 polymerisation cycles or less, showed 

responses similar to those seen with the aptasensor (Chapter 2), suggesting negligible 

contribution from the polymer to target recognition. On the other hand, higher number of 
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polymerisation cycles (9 and 10) showed responses similar to those of bulk polymers, as 

the polymer overgrew the aptamer-LPS complex, making target exit from, and re-entry 

to, the imprinted cavity difficult. The apta-MIP showed optimal results when 7 

polymerisation cycles were used. The apta-MIP showed significantly greater responses 

when compared to the non-imprinted counterpart (apta-NIP) at all LPS concentrations 

tested.   

The optimisation of the apta-MIP led to the system’s full characterisation, following the 

approaches elucidated in Chapter 2. The system’s apparent Kd equals to 1.68 pM (8.4 

pg/ml) obtained after the fitting the data to a “one site – total” (Langmuir-Freundlich) 

model (R2 = 0.9442). The LOD was shown to be an impressive 1 fg/ml while the linear 

dynamic range falls between 100 fg/ml to 1 ng/ml (R2 0.9955). The detection range could 

be further expanded from 10 fg/ml to 10 ng/ml without significant loss of linearity (R2 

0.9857). 

The apta-MIP’s selectivity results were shown to be in line with that demonstrated by the 

aptasensor in Chapter 2. Despite the addition of PAPBA, the apta-MIP showed limited 

interaction with GLU and LTA. The hybrid system showed limited changes in ΔR when 

challenged with up to 500 μg/ml human serum albumin (HSA), the most abundant protein 

in blood serum. However, changes in impedance of up to ~ 37 % were recorded when the 

system was challenged with 5,000 μg/ml (5 mg/ml) of HSA. Biofouling of the system 

resulted in less than ideal recovery of LPS from spiked serum. 

The hypothesis of developing a hybrid MIP for the detection of LPS - covered in the 

proceedings of Chapter 3 – leaves Chapter 2 rather short when compared to all the other 

Chapters. For instance, the LPS aptasensor was not challenged with LPS spiked in blood 

serum, despite the acquisition of promising results in aquatic environments. The SAM’s 

rigid packing might show better results than the hybrid MIP, based on the results obtained 

from Chapter 4. In fact, minimal interaction of a monolayer comprising aptamers and 

alkanethiols was demonstrated, meaning that the levels of biofouling could be less than 

the ones anticipated in the case of the hybrid MIP. 

Both the systems developed in Chapter 2 and 3, show superiority when compared to the 

commercially available LAL assay, since they were able to detect LPS at the same 

(aptasensor) or lower levels (apta-MIP). As stated before, the biofouling observed with 

the apta-MIP when challenged with biological samples prevented the accurate detection 
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of spiked LPS, meaning that further optimisation of the system is needed. Therefore, the 

present study showcases the development of label-free bioassays displaying the same 

drawbacks with the existing commercial tests. The statement can be further supported 

considering that the study didn’t challenge the aptasensor with (spiked) blood serum. 

Regarding the hybrid MIP performance, further sample preparation techniques should be 

explored; for example, centrifugation and / or filtering of the sample following heating 

and acid treatment.  

Chapter 4 focused on the development of biosensors for c-reactive protein (CRP) and 

procalcitonin (PCT). Both biomarkers have been used extensively in clinical settings to 

diagnose and monitor patients in cases of sepsis and other inflammatory or infectious 

diseases. Although there are reports of CRP aptasensors in the literature, an aptasensor 

targeting PCT has not been described despite their being a commercially available 

sequence.  

Chapter 4 tried to build up on the approaches established during the proceedings of 

Chapter 2 however, the development of the CRP sensor showed that deposition of mixed 

aptamer / alkanethiol SAMs resulted in poor responses. Consequently, a backfilling 

approach was used where MCH was added following aptamer modification of the 

electrode. The system showed a linear dynamic range over 250 fg/ml (LOD) to 1 pg/ml 

(R2 = 0.96). Fitting the data to a Langmuir model (R2 = 0.9357) an apparent Kd of 6.17 

fM was determined.  

The CRP sensor demonstrated satisfactory results when challenged with the other two 

targets of the present study (PCT, LPS), recording minimal responses over the vast 

majority of tested concentrations. A relatively large increase in impedance following the 

incubation with 1 pg/ml LPS was observed, however the response returned to just above 

baseline when the aptasensor was challenged with 100 pg/ml. Unfortunately, time 

constraints prevented further investigation of this outcome.  

The CRP aptasensor was challenged with serum, in a similar way as described in Chapter 

3. Although the blank readings of diluted serum (1/100) were encouraging, only the 

incubation with 500 fg/ml of CRP gave a response somewhat close to the expected value 

(75.8 %), showing the current inability of the aptasensor to deliver desirable data. 
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The PCT sensor demonstrated issues with its development from the very early stages. The 

selected aptamer was unable to form a mixed SAM with any of the alkanethiols. The only 

available scenario was to develop an aptamer-only SAM and backfill with MCH, as per 

the protocol evaluated for the development of the CRP aptasensor. The baseline readings 

of the aptasensor also demonstrated high standard deviations, resulting in an LOD of 10 

pg/ml. This is also the start of the system’s linear range. Unlike all other systems, the PCT 

aptasensor scored a relatively low R2 value of 0.9495 when regressing the linear response 

region, despite the range being very narrow (10 pg/ml to 100 pg/ml). Application of the 

Langmuir model to the full binding isotherm data showed a poor fit (R2 = 0.7946), giving 

low confidence in the determination of an apparent Kd of 6.82 pM (98.85 pg/ml). 

Although the system behaved exceptionally well when challenged with a range of diluted 

serums, recovery of spiked PCT was far from optimal. Significant further work would be 

needed to generate a clinically useful PCT aptasensor. 

The aptasensors designed for both CRP and PCT need to be further developed and 

optimised. The key to obtain reproducible results for both surfaces is mainly focused on 

their stability. The anti-CRP aptamer proved that it can co-immobilise with MCH in 

acceptable levels. However, the backfilling approach leaves gaps on the gold surface and 

favours steric hindrance effects between the aptamers. This makes the recognition of CRP 

more complicated, considering the size of the targeted molecule, which also favours steric 

hindrance.  

It might be useful for future studies to find an alkanethiol able to co-immobilise with the 

aptamer and produce results similar to the level of the LPS aptasensor. A second scenario 

could be the utilisation of EDC /NHS chemistry, however this would not be ideal. The 

increase of the impedances due to the monolayer itself would decrease the system’s 

sensitivity. This wouldn’t be much of a problem, since the sensor’s sensitivity can shift 

from the scale of femptogram/ml towards the picogram/ml, without affecting the accuracy 

of the detection, since the CRP concentration in blood samples is a lot higher. On the 

other hand, more than one aptameric sequences can be further explored to determine the 

molecule that performs the best in the system. 

The PCT aptasensor shows the least promising results, meaning that its development 

needs to be reconsidered. Unfortunately, the Literature does not provide information 

about the development of PCT specific aptasensors, underlining its difficulty to develop 



Chapter 5                               General discussion, concluding remarks and future outlook 

 

225 

 

these recognition surfaces. Initially, the thiolation levels of the PCT aptamer need to be 

examined, in order to ensure the ability of the aptamer to bind to the surface of interest. 

If thiolation wouldn’t enhance the aptamer’s binding performance, then other 

immobilisation approaches would be explored (EDC / NHS chemistry). Unlike the case 

of CRP, only one aptameric sequence targeting PCT is available. Therefore, the approach 

needs to shift towards antibodies, if the aptamer is generally dysfunctional when used 

with the study’s system parameters.   

 

5.2 Development of a multiplex platform able to detect PCT, CRP and LPS 

The concept of developing a multiplex diagnostic platform for the determination of sepsis 

biomarkers is not unique, with many research groups pursuing this common goal. The 

existence of such studies showcasing similar objectives further highlights the need to 

develop rapid and accurate point-of-care (POC) tests to enable rapid and accurate clinical 

decision making, thus improving patient outcomes.   

Focusing on the biomarkers studied in the current work, Tanak et al. demonstrated the 

non-faradaic impedimetric profiling of PCT and CRP (6). The developed biosensor would 

serve a dual role in order to detect the biomarkers of interest during the early stages of 

sepsis. The present study shares the same technology as theirs, as EIS was employed to 

determine the levels of each biomarker. However, Tanak and co-workers used 

monoclonal antibodies to develop their sensors, immobilising them on gold surfaces with 

the aid of dithiobis (succinimidyl propionate) (DSP). The POC sensor shows a LOD of 

100 pg/ml for PCT and 100 ng/ml for CRP when challenged with human serum and blood. 

From a personal point of view, the results obtained after the challenge of PCT are 

ambiguous, despite the high R2 values (0.99 and 0.98), since the linear range has only 

been determined with 4 and 3 points for human serum and whole blood respectively. 

When testing CRP, 5 points have been used during the calibration process for both fluids. 

The range of applied concentrations spans 0.01 to 20 μg/ml when the system is challenged 

with human serum and 0.01 to 10 μg/ml with whole blood. The R2 in the first case is 0.9, 

while in the second case the R2 equals 0.98.    

Rongbin and co-workers developed an immunosensor platform for POC testing of 

inflammatory biomarkers (7). The immunosensor is portable, resembling a pencil and the 
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platform is portable weighing less than 3 kg (Figure 4.6). Apart from PCT and CRP, the 

developed system is also able to determine the presence of interleukin-6 (IL-6) in human 

serum samples. The system’s dynamics are quite impressive considering that the platform 

is designed to detect 3 different biomarkers. CRP’s LOD is reported to be ~ 30 ng/ml with 

a linear range between 0.1 to 80 μg/ml (R2 = 0.9756), whilst the LOD for PCT is 

determined to be ~10 pg/ml, with a linear range from 0.05 to 200 ng/ml (R2 = 0.9902). 

Despite the minor interest, the IL-6 assay shows a linear response between 5 pg/ml and 

10 ng/ml (R2 = 0.9832), with a LOD of ~1 pg/ml. 

 

 

Figure 5.1: The portable platform designed from Rongbin et al. (7). The portable pencil sensor (PPS) can 

be seen in the picture.  

 

Lastly, Selvam and Prasad published a work focusing on the development of a multiplex 

POC platform, aiming for the accurate and rapid diagnosis of sepsis. The study employs 

the use of EIS and target-specific antibodies that detect PCT, LPS and LTA. All three 

biomarkers were successfully detected in whole blood. The system’s LOD was 1 μg/mL 

for both LPS and LTA (dynamic range: 1μg/ml to 1000 μg/ml) and 0.1 ng/ml for PCT 

(dynamic range: 01.1 ng/mL to 10 μg/mL).  

Despite the differences in performance between the multiplex platforms and the present 

study, these studies cannot be directly compared due to two main reasons. The first reason 

has to deal with the fact that the biosensors of the present study are distant from the 
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optimal performance when challenged with biological fluids. The second and most 

important reason underlines the fact that all the generated systems were challenged as 

individual sensors and not as part of a multiplex platform. 

The main question arising from the conclusions of the present study focuses on how far 

the present project is from developing a multiplex platform. The key limitation across all 

biosensors developed is the current poor performance observed when challenged with 

‘real-world’ samples. With further optimisation of both sample preparation approaches 

and the sensor systems themselves, it would be possible to unify them in a single platform, 

for example, using impedance analysers able to measure multiple electrodes at the same 

time. Lab-on-a-chip approaches could help reduce the footprint and increase the 

automation of the system such that it would be attractive to both the commercial and 

clinical worlds.  In the future, menu expansion could see other disease markers added to 

the platform. Such a multiplex platform, deployed at point-of-care, would not only 

decrease the costs and time of running these tests in standard laboratory settings but most 

importantly, it would save lives. 
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