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  ABSTRACT 

Myasthenia Gravis (MG) is a rare but debilitating autoimmune neuromuscular 

disorder that disrupts nerve-muscle communication, leading to muscle weakness, fatigue, 

and in severe cases, respiratory compromise. The pathogenic hallmark of MG is the 

presence of autoantibodies (Abs) in the neuromuscular junction (NMJ). Particularly, 

acetylcholine receptor-positive MG (AChR+ MG), where autoantibodies bind to the 

acetylcholine receptor (AChR) at the NMJ. This binding not only blocks receptor function 

but also initiates the classical complement cascade, triggering the formation of the 

membrane attack complex (MAC, C5b-9), causing structural damage, receptor depletion, 

and progressive synaptic dysfunction.  

In recent years, complement-targeted therapies have emerged in MG 

management, such as Eculizumab and Ravulizumab, which target complement 

component C5 and inhibit the uncontrolled activation of the complement cascade. 

However, treatment response remains highly variable, and a proportion of patients 

experience limited efficacy, relapses, or treatment-related adverse effects. Current 

diagnostic tools do not provide direct insight into complement activation status, thereby 

limiting identifying patients that could benefit from it. Consequently, there is a pressing 

and unmet clinical need for reliable, real-time biomarkers of complement activity that can 

guide therapeutic stratification, optimize treatment selection, and advance precision 

medicine in MG. 

This doctoral research addresses this gap through the development of a novel 

label-free plasmonic biosensor specifically designed to detect soluble C5b-9 (sC5b-9), in 

patient serum. The biosensor uses grating-coupled localized surface plasmon resonance 

(GC-LSPR) technology, from nanostructured polycarbonate (PC) substrates derived from 

commercial Blu-ray discs (BDs) and coated with thin gold layers. This cost-effective 

nanofabrication strategy provides an accessible and scalable platform for plasmonic 

sensing. The surface was biofunctionalized by a cys-Protein G-IgG antibody strategy, 

enabling oriented antibody immobilization, enhancing both sensitivity and surface 

stability. This approach overcomes common limitations associated with random antibody 

attachment, such as steric hindrance, decreased activity, and reduced reproducibility. 

Analytical characterization demonstrated a limit of detection (LOD) of 0.015 

ng/mL for sC5b-9, which is superior to the LOD reported for conventional ELISA assays. 
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The biosensor exhibited excellent reproducibility, stability, and specificity, and its 

performance was validated in serum samples from AChR+ MG patients at Hospital de 

Sant Pau (Barcelona, Spain). Importantly, the biosensor was able to differentiate between 

patients with AChR+ MG and MuSK, highlighting its potential clinical utility as a 

diagnostic tool.  

Overall, this thesis contributes to the field of biomedical diagnostics by integrating 

advances in nanoplasmonic, surface chemistry, and biomarker detection to address a 

pressing clinical need. The development of this GC-LSPR biosensor demonstrates how 

innovative, cost-efficient, and extremely sensitive biosensing platforms can transition 

from proof-of-concept to clinically relevant applications. By providing a rapid and 

accurate means of assessing complement activation, the work presented here not only 

advances the understanding and management of MG but also exemplifies the potential of 

plasmonic biosensors to transform diagnostics and support the implementation of 

precision medicine in autoimmune disease management. 
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CHAPTER 1 | INTRODUCTION 

1.1 MYASTHENIA GRAVIS (MG) AND COMPLEMENT ACTIVATION 

1.1.1 Epidemiology and Clinical Features 

Myasthenia Gravis (MG) is a rare chronic autoimmune disease caused by pathogenic 

autoantibodies that target the postsynaptic antigens of the neuromuscular junction (NMJ), 

leading to skeletal muscle weakness and fatigue. MG is a heterogeneous disease that can 

present in at any age, and it occurs more frequently in women than in men (ratio 3:1).  

Global epidemiological studies have shown that MG prevalence and incidence vary 

considerably worldwide. In 2024, Sciancalepore et al. performed a systematic review of 

94 studies where they reported prevalence estimates worldwide ranging from 20 to 475 

cases per million, incidence rates from 2.3 to 61.3 cases per million person-years, and a 

mean mortality of 1.4 cases per million person-years [1]. The following Table 1 

summarizes multi-study estimates and recent national findings to illustrate ranges and 

notable patterns. 

 

Table 1. Summary different systematic reviews statistics for estimated MG prevalence 

and incidence. 

Region or study Prevalence 

(cases/100k) 

Incidence 

(cases/100k-

year) 

Key notes Reference 

Systematic 

Review (94 

studies, up to 

2022) 

17.33 1.57 AChR+ MG was the 

clinical subtype 

more frequent 

[1] 

Systematic 

review (64 

studies, up to 

2019), Spain 

32.89 2.8 56,000-123,000 

patients in Europe 

[2] 

Spain (2023) 10 1.5-2.1 Predominance of 

females in the early-

onset forms 

[3] 

Germany (2023) 22.2 2.1 First study on MG 

prevalence and 

incidence in 

Germany 

[4] 



2 

 

Portugal (2013) 11.17 0.63 Prevalence higher in 

males >65 

[5] 

United States 

(2021) 

37 3.1 Higher estimates 

than older reports 

[6] 

 

In Spain, a 2023 review indicated prevalence values exceeding 100 cases per million 

person-years and incidence rates from 15 to 21 cases per million person-years [3]. 

Another comprehensive review by Bubuioc et al. (2021) confirmed the wide 

epidemiological variability, with global incidence rates ranging from 0.15 to 61.33 per 

million person-years and a Spanish incidence of 32.89 per million person-years [2].  

Overall, the prevalence of MG has nearly doubled in the last two decades, a trend 

attributed to improved diagnostic techniques, more effective treatments, and increased 

patient longevity. The mortality rate of MG has dramatically declined from the early 20th 

century after the availability of acetylcholine esterase inhibitors, immunosuppressants, 

intravenous immunoglobulin, and advanced respiratory care [7].  

1.1.2 Symptomatology 

Symptoms can range from mild, localized weakness to severe, generalized muscle 

involvement, and often fluctuate in intensity throughout the day. The most common 

presenting symptoms are ocular. The clinical presentation is influenced by the specific 

autoantibodies involved and other patient factors [7]. 

Fatigable muscle weaknesses. The hallmark of MG is muscle weakness that worsens with 

activity and improves with rest. This weakness can affect the ocular, bulbar, limb, trunk, 

and respiratory muscles. 

Ocular symptoms. Most patients initially present with ptosis (drooping eyelids) and 

diplopia (double vision). About 80% of those with ocular symptoms progress to 

generalized MG. 

Respiratory involvement. Difficulty swallowing, speaking, and, in severe cases, problems 

with breathing can occur, especially during exacerbations or myasthenic crisis. 

Fatigue. Beyond muscle fatigability, many patients experience central fatigue, a 

persistent sense of physical and mental exhaustion, which is highly prevalent and 

negatively impacts quality of life.  

1.1.2.1 MGFA Clinical Classification  

This classification is designed to identify the subgroups of patients with MG using the 

Myasthenia Gravis Foundation of America (MGFA) clinical classes (I-V) [8].  

Class I: Any ocular muscle weakness; may have eye closure, but other muscle 

strength is normal.  
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Class II: Mild weakness affecting muscles other than ocular; may also have ocular 

weakness. May affect limbs, axial muscles, respiratory, oropharyngeal or a 

combination of muscles of any severity.  

Class III: Moderate weakness affecting other muscles other than the ocular.  

Class IV: Severe weakness affecting muscles other than the ocular in varying 

severity.  

Class V: Defined as intubation, with or without mechanical ventilation.  

In general, these classifications use subjective assessments and lack quantification. 

Phenotypic descriptors: ocular vs generalized, early-onset (EOMG) vs late-onset 

(LOMG), thymoma-associated MG (TAMG), and serological subtype (AChR, MuSK, 

LRP4, seronegative), complement MGFA classification and help clinicians to inform 

prognosis and therapeutic strategy [9]. 

1.1.2.2 Myasthenic Crisis  

The concept of Myasthenic crisis focuses on the clinical implication that can represent a 

serious, life-threatening, rapid worsening of MG like acute respiratory failure due to NMJ 

transmission failure or bulbar dysfunction that will require ICU-level monitoring, 

ventilatory support, and rapid antibody (Ab) removal, followed by optimization of 

immunotherapy [10].  

1.1.2.3 Medications and factors that exacerbate MG 

Many drugs have been proven to worsen or have an adverse effect on MG; these drugs 

include aminoglycosides, fluoroquinolones, class Ia antiarrhythmics, macrolides, 

magnesium salts, β-blockers, and non-depolarizing neuromuscular blockers. Drugs that 

impair neuromuscular transmission can block the nerve action potential or impair the 

release of Ach. Some of these drugs can cause MG-like symptoms, exacerbate or unmask 

MG. Medication review is integral for disease control and planning [11].  

1.1.3 Immunopathogenesis of MG 

1.1.3.1 Overview and cellular orchestration 

Although MG is mediated by autoantibodies, different subtypes of T cells and their 

cytokines also play important roles in pathogenesis. The production of pathogenic 

autoantibodies clearly implicates B-cells and CD4+ T cells interaction. Upon antigen 

encounter, B-cells get activated, forming germinal centers and differentiating into plasma 

cells that produce autoantibodies [12].  

The molecular immunopathology of MG is due to the presence of circulating 

autoantibodies specifically targeting the acetylcholine receptor (AChR), muscle-specific 

kinase (MuSK), or low-density lipoprotein receptor-related protein 4 (LRP4) (Figure 1). 

Patient-derived AChR, MuSK, and LRP4 autoantibodies in MG are demonstrably 

pathogenic [13]. Approximately 80-90% of patients have antibodies directed to the 
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AChRs, the remaining 10-20% have muscle-specific receptor tyrosine kinase (MuSK) or 

lipoprotein-related protein 4 (LRP4) or are seronegative [14].  

 

Figure 1. Schematic overview of normal neural neuromuscular junction (NMJ) and 

immunopathogenesis of myasthenia gravis (MG).  

1.1.3.2 AChR autoantibodies 

In the most generic form of AChR+ MG pathogenesis involves the depletion of 

postsynaptic membrane AChRs, compromising neuromuscular transmission [15,16]. MG 

autoantibodies are predominantly IgG1 and IgG3 subclasses that disrupt transmission 

through three primary mechanisms: (i) blocking of the AChR channel function, (ii) Cross-

linking of AChRs leads to their internalization into muscle cells via endocytosis, followed 

by degradation of the receptors., and (iii) complement activation leading to the 

degradation of the neuromuscular junction through the production of membrane attack 

complex (MAC) [17]. IgG2 and IgG4 subclasses are also identified, but in fewer cases. 

The detection of serum AChR antibodies has been an invaluable tool in the diagnosis of 

MG. 

1.1.3.3 MuSK Autoantibodies 

MuSK, a receptor tyrosine kinase, is essential for agrin-LRP4-MuSK signaling that plays 

a key role in clustering AChR at the NMJ to promote efficient neuromuscular 

transmission [18]. In contrast to AChR+ MG, MuSK autoantibodies are predominantly 

IgG4, a subclass that undergoes Fab-arm exchange (a process whereby antibodies can 

dissociate to produce two identical half molecules each formed of a heavy chain and a 

light chain) and is functionally monovalent; these antibodies do not typically activate 

complement (due to their poor affinity for C1q and Fc receptors) or induce complement 

antigen internalization and instead act by disrupting LRP4-MuSK binding and 

downstream signaling, thereby impairing AChR clustering [13]. IgG1-3 MuSK 

antibodies can be present and may exert additional effects, but their overall contribution 

appears secondary to IgG4 in most patients [15]. 
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1.1.3.4 LRP4 Autoantibodies 

LRP4 is a transmembrane protein, containing several low-density lipoprotein domains, 

expressed in skeletal muscles and in motor neurons in the brain that bind agrin and 

activate MuSK. These antibodies are predominantly IgG1, and studies suggest that they 

are pathogenic, impairing agrin-dependent LRP4-MuSK interaction and AChR 

clustering. However, their contribution to complement-activation is still unclear [15]. 

1.1.3.5 Seronegative 

Patients with a convincing clinical and electrophysiological phenotype of MG, but no 

detectable AChR or MuSK antibodies on conventional assays (RIPA/ELISA) are 

described as seronegative (SNMG). Clinical features vary across cohorts and ethnicities, 

reflecting methodological differences and true regional heterogeneity. Two non-exclusive 

explanations account for seronegativity: (i) pathogenic antibodies below the detection 

threshold of solution-phase assays, and/or (ii) antibodies to additional NMJ targets 

(including LRP4) later revealed by more sensitive platforms.  

Clustered AChR cell-based assays (CBAs) identify AChR antibodies in a substantial 

fraction of patients previously negative by RIPA/ELISA, establishing that low-affinity, 

junction-restricted AChR antibodies are missed by conventional methods [17,19]. The 

discovery of LRP4 antibodies in double-seronegative MG further illustrates assay and 

antigen-dependence of serum; LRP4 antibodies are detected in a minority subset and are 

functionally pathogenic in experimental systems  [20,21]. 

Clinically, evidence gaps persist: SNMG patients are under-represented in trials and 

optimal treatment paradigms remain less certain than for seropositive MG. Wider 

implementation of sensitive CBAs (AChR, MuSK, LRP4) and standardized reporting 

should reduce misclassification, enable mechanism-aligned therapy, and improve 

inclusion in studies  [22,23]. 

1.1.3.6 Early-onset MG and late-onset MG 

For MG, the onset age is divided into early-onset (EOMG; <50 years) and late-onset 

(LOMG; >50 years) groups with distinct epidemiology, sex ratios, thymic pathology, and 

genetic architecture. EOMG shows a female predominance and frequent thymic follicular 

hyperplasia, whereas LOMG skews male and less often exhibits hyperplasia. Ocular 

onsets are common; a sizeable proportion progresses to generalized disease, commonly 

within the first 2 years, though progression rates vary with population and treatment  

[17,24]. 

1.1.3.7 Thymoma-associated MG 

Thymoma represents a distinct clinicopathological subset. Approximately 10-20% of 

patients with MG present a thymoma, and around 20-50% of thymoma patients develop 

MG, reflecting the unique immunologic environment of these tumors. Thymoma-

associated MG (TAMG) is most often AChR+ MG and lacks a strong sex bias. Chest 
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CT/MRI is therefore recommended in generalized MG to evaluate thymoma, and 

thymectomy is mandatory when thymoma is present [9,19]. 

Combined with the diversity of underlying autoantibodies, it highlights the complexity of 

MG pathogenesis and highlights the importance of accurate biomarker-driven diagnostics 

for guiding treatment strategies. 

1.1.4 Role of Complement System in MG 

1.1.4.1 Complement activation at the NMJ (AChR+ MG) 

The complement system is the most complex of the immunological pathways in human 

biology. Composed of approximately 50 proteins and four activation pathways (classical, 

lectin, alternative, and extrinsic) [25]. Complement activation studies in MG show 

complement fixating autoantibodies and complement factors in the NMJ [26]. Native 

complements control the complement cascade to prevent damage to autologous cells. The 

complement cascade can be activated via classical, lectin or alternative pathway but in 

AChR+ MG the classical pathway is initiated by C1q binding on the Fc domain of anti-

AChR Ab, triggering a proteolytic cascade that results in cleavage of C3 and C5 into their 

respective activation products (C3a, C3b, C5a, and C5b), the latter complex binds with 

C6, C7, C8 and multiple C9 molecules lead to the formation of the C5b-9 product (Figure 

2)  [16,26,27].  

 

 

Figure 2.Schematic representation of the complement cascade. 

1.1.4.2 Soluble vs membrane attack complex and regulation 

C5b-9 may be inserted into lipid bilayers as the membrane attack complex (MAC) or 

remain soluble in plasma as soluble C5b-9 (sC5b-9). The MAC is a terminal effector of 

the innate immune system that assembles into a large β-barrel pore capable of perforating 

phospholipid membranes and thereby compromising cellular integrity and homeostasis 

[25]. Functionally, pore formation disrupts ionic gradients, triggers calcium influx, and 
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can culminate in cell lysis depending on the density of insertion and the target cell type 

[25].  

The complement cascade can be activated via classical, lectin or alternative pathway but 

in AChR+ MG the classical pathway is initiated by C1q binding on the Fc domain of anti-

AChR antibodies. This triggers a proteolytic cascade that cleaves C5 into C5a and C5b; 

the latter complex then binds with C6, C7, C8 and multiple C9 molecules lead to the 

formation of the C5b-9 product. This complex can either be inserted in the cell membrane 

as MAC, leading to physical degradation of the NMJ, or remain in the plasma as the 

soluble complement complex (sC5b-9) [26,28]. The relationship between circulating C9 

concentration and sC5b-9 reflects the kinetics and regulation of terminal complement 

pathway activation. C9 is required for the polymerization and stabilization of the sC5b-9 

complex, and its availability directly influences the extent of terminal complex formation. 

During active complement activation, increased generation of sC5b-9 is frequently 

associated with consumption of C9, resulting in decreased circulating C9 levels.  

However, this relationship is not strictly proportional, as adequate C9 availability permits 

continued assembly of sC5b-9, whereas C9 depletion under sustained activation may 

become rate-limiting and restrict further sC5b-9 formation despite ongoing upstream 

complement activation. Thus, the interplay between C9 concentration and sC5b-9 levels 

reflects a dynamic equilibrium between complement consumption, component 

availability, and terminal pathway activity [29]. Because sC5b-9 accumulates during 

terminal pathway activation, its concentration in biological fluids serves as a dynamic 

biomarker of complement activation and has utility for disease monitoring and 

pharmacodynamic assessment [28]. 

In AChR+ MG, classical pathway initiation (via C1q binding to IgG1/IgG3 Fc) 

predominates; alternative pathway amplification may further enhance local C5b-9 

generation at the neuromuscular junction. In MuSK-MG, where autoantibodies are 

predominantly IgG4, complement activation is typically absent, and pathology reflects 

signal-disruption rather than terminal pathway injury (see Section 1.1.2). For LRP4-MG, 

the extent of complement involvement appears variable across cohorts and experimental 

systems, suggesting heterogeneity in effector mechanisms within this subgroup. 

1.1.5 Structural and Functional NMJ Damage in MG. 

The NMJ is where the impulse transmission between nerve terminals and muscle fibers 

occurs. For this process, the release of presynaptic Ach is required and its subsequent 

binding to a AChR [7]. Complement-mediated attack at the NMJ in AChR+ MG causes 

both structural and functional impairment of synaptic transmission. Autoantibodies, 

predominantly IgG1 and IgG3, target the AChRs on the postsynaptic membrane and fix 

C1q, MAC causes focal membrane perforation and loss, simplification of junctional folds, 

and a marked reduction in AChR density. The effectiveness of NMJ transmission is also 

determined by the amount of ACh released by the nerve terminal, the density of AChR in 

the postsynaptic membrane, and the density of voltage-gated sodium channels at the 
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endplate. These structural injuries producing fatigable weakness are clinically 

characteristic of MG [7,24]. 

1.1.5.1 Structural endplate changes 

Postsynaptic architecture is a principal target, and the most severe disruption is 

concentrated at AChR-rich crests of the folds. 

AChR loss and fragmentation. Loss of AChR density and fragmentation of receptor 

clusters at the MG endplates are consistent findings in AChR+ MG [21].. 

Simplification of folds. The reduction of postsynaptic junctional folds and loss of the 

highly folded sarcolemma architecture results in diminished density of the voltage-gated 

sodium channels that trigger an action potential in the myofiber, which ultimately leads 

to a loss in contraction  [7,21,30]. 

Endplate membrane damage. Complement and antibody-associated injury produces focal 

membrane loss, subsynaptic organelle damage, and in severe or prolonged disease an 

endplate myopathy with structural depletion that may only partially recover [30,31]. 

1.1.5.2 Functional transmission defects 

MG disrupts the cascade of events for reliable muscle contraction. In addition, structural 

receptor loss and fold simplification produce predictable physiological consequences: 

Reduced postsynaptic response. Loss of functional AChR lowers miniature endplate 

potential amplitude and it may follow below threshold during sustained or repetitive 

stimulation, producing failure of transmission and fatigability.  

AChR functional blockade and turnover. Autoantibodies may directly block agonist 

binding and accelerate AChR internalization and degradation, further reducing functional 

receptor number and responsiveness [31]. 

Presynaptic compensation. Compensatory mechanisms can be triggered across disease 

subtypes [32]. In AChR+ MG, homeostatic plasticity increases vesicle release to partially 

offset postsynaptic loss, but this reserve is limited due to rapid vesicle depletion [30]. 

1.1.5.3 Progression and reversibility 

Deficits often begin as functional (e.g., antibody-mediated blockade, increased turnover), 

then progress to fixed structural loss with sustained MAC activity [32]. The time course 

of recovery reflects this hierarchy: 

Rapid functional improvements commonly follow plasmapheresis, IVIg or other 

therapies that remove or neutralize pathologic antibodies. 

Structural repair unfolds more slowly (weeks-months) and may remain incomplete after 

severe or repetitive injury. Clinical efficacy of C5 inhibitors (e.g., eculizumab, 

ravulizumab; also, peptidic agents like zilucoplan) underscores the centrality of MAC to 
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progression and supports complement-activity biomarkers (e.g., sC5b-9) to monitor 

disease activity and therapeutic response [27].  

1.2 DETECTION AND DISEASE MONITORING 

MG remains diagnostically and therapeutically complex in the field of neuromuscular 

disorders. Clinical confirmation typically integrates serology, neurophysiology, bedside 

tests, and imaging [10]. Serological assays include radioimmunoprecipitation assays 

(RIPA), enzyme-linked immunosorbent assay (ELISA), and cell-based assays (CBA) 

[33]. Neurophysiological tests quantify transmission failure, such as repetitive nerve 

stimulation (RNS) and single fiber electromyography (SFEMG), with SFEMG offering 

the highest sensitivity but is limited by time, expertise, and is not suitable for frequent 

monitoring. Bedside tests (e.g., ice-pack test) and chest imaging complement the 

diagnosis but do not directly evaluate the immune mechanism [10].  

Current tools often confirm the presence of MG or quantify transmission failure without 

identifying which pathogenic mechanisms predominate the disease in a patient (e.g., 

complement-mediated MAC vs. antigenic modulation vs. receptor blocking). Antibody 

titers show an inconsistent correlation with disease severity over time, further limiting 

their use as monitoring biomarkers. The sC5b-9 is widely used as a circulating marker of 

terminal pathway activation in complement-mediated diseases [34].  

1.2.1 Serology and antibody detection 

The confirmation of MG through antibody testing for AChR or muscle-specific receptor 

tyrosine kinase (MuSK) antibodies is a crucial step in diagnosis [27]. Currently, when 

MG is suspected anti-AChR is first measured and then anti-MuSK, and in the event of an 

assay yielding negative results in a patient suspected of MG, additional testing with higher 

precision is performed (Figure 3).  

RIPA.  

While still considered the gold standard for detection of  anti-AChR antibodies, relies on 

radioactive isotopes (tagged with I–α-bungarotoxin), which requires the specialized 

labs, raising safety concerns and limiting their use in routine clinical laboratories due to 

stringent handling and disposal regulations [33]. Also, RIPA cannot detect complement 

activation and disease activity directly. Practical drawbacks include the use of radioactive 

isotopes, raising safety concerns, and limited scalability in routine clinical laboratories 

due to stringent handling and disposal regulations [33]. 

ELISA.  

ELISA, while safer and more accessible, has demonstrated lower clinical sensitivity and 

inconsistent results in MG diagnostics, particularly for anti-AChR antibodies and 

struggles with quantifying low antibody titers [35], which are often clinically significant. 

Cell-based Assay (CBA).  
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Improve sensitivity by using live or fixed cells expressing the native conformation of 

AChR or MuSK and can reclassify a fraction of SNMG as AChR+ MG; however, they 

are labor-intensive, non-standardized across laboratories, and subject to observer bias, 

which restricts their scalability and reproducibility in clinical practice [23].  

All the mentioned methods rely on stable antigen-antibody interactions and maybe fail 

on fast dissociating and low affinity antibodies which can exist in seronegative MG cases. 

Pre-analytical and clinical factors (sample timing, immunotherapy exposure), assay cut-

offs, and lab-to-lab differences influence results. If clinical suspicion is high and 

RIPA/ELISA is negative, performing a CBA (AChR, MuSK, LRP4) is highly 

recommended; atypical phenotypes or discordant results should prompt another review 

and electrophysiology  [33,36,37].  

 

 

Figure 3. Testing algorithm for AChR antibody detection.  

According to reported values for required LOD and sensitivity in diagnosis of MG and 

evaluation of sC5b-9 level, Reference interval of 100-250 ng/mL using the ELISA 

technique is considered as normal level and elevated levels of sC5b-9 are associated to 

terminal complement pathway activation. Pathological levels can fall in 312-1000 

ng/mL for Moderate complement activation and 760-1695 ng/mL for severe cases. 

Higher values of >4000 (up to >12,000) will be considered as fatal cases related to 

massive activation of the terminal complement pathway [38,39].  

In this context, Surface Plasmon Resonance technology has emerged as a 

complimentary analysis approach which enables the optical, label-free, and real-time 

monitoring of biomolecular interactions. Also, it provides quantitative information on 

binding kinetics, including association and dissociation rates as well as equilibrium 

affinity.  

This technology relies on the coherent oscillations of electrons (plasmons) at the 

interface between a metal and a dielectric layer under illumination of light with specific 
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angle of incidence and polarization. When biomolecules bind to a functionalized 

plasmonic surface, it causes the change in local refractive index, producing a 

measurable change in the resonance condition. This phenomenon allows determination 

biomolecule/receptor interaction but also quantitative kinetic parameters, including 

association and dissociation rates and equilibrium affinity constants. While currently 

SPR based technology is not a part of routine clinical diagnostics, its ability to provide a 

label-free, detailed kinetic and affinity data offers added value for research. It may 

contribute to improved diagnostic sensitivity and patient classification. Particularly, 

correlating antibody binding properties with pathogenic mechanisms, such as 

complement activation and formation of the Membrane Attack Complex, can enhance 

our understanding of disease heterogeneity. 

Grating-Coupled SPR (GC-SPR) is one of the SPR configurations which instead of 

traditional prism-based configurations, a diffraction grating is used for coupling the 

light to surface plasmons. The grating enables efficient excitation of surface plasmons 

and offers advantages in terms of miniaturization, simplicity, cost, using polymeric 

substrates and compact optical setups. GC-SPR maintains the core capabilities of 

conventional SPR such as real-time, label-free detection, kinetic analysis, while 

improving versatility in sensor design, surface functionalization, and multiplexed 

monitoring of biomolecular interactions with nanomolar sensitivity without requiring 

amplification or extensive sample preparation [40,41].  

1.2.1.1 Detection of soluble terminal complement complex (sC5b-9) 

MAC-mediated postsynaptic injury is a central pathogenic mechanism in AChR+ MG 

where pathogenic IgG1/IgG3 subclasses efficiently activate the classical pathway. The 

main approaches to detect C5b-9 at the NMJ are tissue-based immunostaining (e.g., 

immunohistochemistry or immunofluorescence) on muscle biopsy and measurement in 

blood or serum. Tissue staining demonstrates focal MAC deposition at the postsynaptic 

membranes in AChR+ MG patients, while serum samples are measured by ELISA kits 

[24,25,42,43].  

Detecting MAC or elevated sC5b-9 can support demonstration of complement-mediated 

pathology and inform therapeutic choices, but interpretation must account for timing, 

sampling, and treatment effects. It is important to note that complement activation (or 

sC5b‑9 elevation) does not always correlate tightly with antibody titers or disease severity 

across cohorts, so biomarker data must be integrated with clinical and neurophysiology 

findings [24,43]. 

1.2.2 Neurophysiology: RNS and SFEMG 

Electrophysiological studies that evaluate NMJ specifically include repetitive nerve 

stimulation (RNS) and single fiber electromyography (SFEMG). These specific tests can 

confirm the diagnosis of MG and pinpoint which element, or elements, of signal 

transmission is impaired as patients with symptoms, signs, and physical examination 

findings suggestive of a neuromuscular disorder are candidates for RNS and SFEMG 

testing [44,45]. 
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Repetitive nerve stimulation (RNS). Electrodiagnostic technique that is specific for MG 

transmission failure, by repeated stimulating the target muscle at a slow (2 to 5 Hz) or 

fast (15 to 30 Hz) rate measures the resulting compound muscle action potential (CMAP) 

amplitudes. Although it is less sensitive than SFEMG and depends on muscle selection 

and disease distribution [44]. 

Single-fiber EMG (SFEMG). Utilizes a specialized electrode to selectively isolate and 

record the action potentials of a single muscle fiber, capable of detecting the difference 

or “jitters” in action potential. Therefore, it is the most sensitive neurophysiological test 

for MG diagnosis [44].  

1.2.3 Bedside tests 

As their name implies, these tests can be performed at the bedside. In neuromuscular 

examinations, the initial step in suspected MG cases, followed by laboratory diagnostic 

testing to confirm the clinical suspicion  [45,46]. 

Ice-pack test. Is a simple, non-invasive diagnostic test that involves placing an ice cube 

across the eyelids for 2-5 min followed by the examiner’s assessment for improvement 

in ptosis. It provides a rapid, low-cost diagnostic with sensitivity around 86-92% and 

specificity of approximately 79% in ocular phenotypes. False positives/negatives can 

occur, and it does not obviate further serological and neurophysiological testing [45].  

1.2.4 Need for Complement-Based Diagnostics  

Preclinical models and clinical studies have established the efficacy of complement 

inhibition in reducing disease severity, as shown by therapeutic agents such as 

Eculizumab and Zilucoplan, which target C5 cleavage and consequently prevent MAC 

formation [47]. However, not all patients benefit equally from these therapies, likely due 

to inter-individual variability in complement activation levels or the contribution of 

complement-independent mechanisms such as AChR antigenic modulation and direct 

receptor blockade [47]. To address this heterogeneity, recent research has focused on 

identifying biomarkers indicative of complement activity in AChR+ MG patients.  

1.2.5 Emerging analytical platforms 

Label-free plasmonic biosensing (SPR/GC-LSPR) offers real-time, label-free detection 

in complex biofluids with high analytical sensitivity, enabling rapid quantitation of 

relevant proteins/complexes and facilitating serial monitoring [40]. Clinical reviews 

highlight growing use of SPR-class technologies in diagnostics; remaining challenges 

include standardization and matrix effects. 

1.2.6 Current Diagnostic Tools and Limitations 

MG is multifaceted; diagnosis and monitoring still rely on clinical, serological, 

neuropsychological, and bedside tests. While antibody assessment and SFEMG are key 

to confirming the diagnosis, there are limitations in sensitivity, specificity, and 
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accessibility. New diagnostic tools are being developed but require extensive validation 

and broader implementation. Table 2 summarizes and compares these diagnostic tools.  

Table 2. Comparison between MG diagnostic methods and some of their advantages and 

limitations. 

 

  RIPA ELISA CBA SPR 

Advantage   High 

specificity 

and 

sensitivity 

Estimation of 

accurate level 

of antibodies 

Commerciall

y available 

Complementar

y for RIPA 

Estimation of 

accurate level 

of antibodies 

High 

throughput 

Affordable cost 

Non-

radioactive 

High specificity 

and sensitivity 

Non-

radioactive 

More 

sensitivity 

Better 

mimicking of 

in-vivo models 

High 

specificity 

and 

sensitivity 

Affordable 

cost 

Non-

radioactive 

Disadvantag

e 

  Expensive 

Radioactive 

Isotopes 

Less adapted 

for clinical 

usage 

moderate 

performance in 

comparison 

with RIPA 

Needs 

specialized 

equipment 

High 

complexity 

Low 

throughput 

Not 

commercialize

d 

Non-

commercial 

specific kits 

Higher 

technical 

complexity 

Lower 

throughput 

 

Sensitivity   High Moderate-High Very High Remarkabl

y high 

Limit of 

Detection 

  ~0.02–0.05 

nmol/L 

~pM range No fixed LOD 

(cell-based) 

~pM–sub-

pM 

(platform-

dependent) 
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Developing a rapid quantitative assay that could bridge the gap to enable stratification of 

AChR+ MG patients who are most likely to benefit from complement blockage is highly 

desired. These considerations motivate the biosensing strategy developed in this thesis.  

1.3 OVERVIEW OF BIOSENSORS 

This section describes biosensors and key concepts in biosensing based on optical 

techniques such as Surface Plasmon Resonance (SPR) or Localized Surface Plasmon 

Resonance (LSPR) and its role in biotechnology, including drug discovery and targeting. 

According to the International Union of Pure and Applied Chemistry (IUPAC) a 

biosensor is “a device that uses precise biochemical reactions arbitrated by the immune 

system, isolated enzymes, or tissues for the detection of chemical compounds through 

optical, thermal, or electric signals using a biological receptor” (Ramesh, et al. 2022) 

[48].   

A biological receptor can be antibodies, proteins, enzymes or whole cells and a transducer 

that converts the biological interaction into measurable signal, depending on the nature 

of this signal biosensors can be classified as electrochemical, mechanical, or optical 

(Figure 4). 

Biosensors are frequently used for their capability to conduct quick testing with elevated 

sensitivity and specificity for a variety of biological receptor elements to detect a wide 

range of analytes [49].  

 

Figure 4.Schematic representation of the basic components of a biosensor including the 

sample, the bioreceptor, the transducer, and the data processing for signal monitoring. 

Furthermore, they can be integrated into low cost, portable, and scalable POC platforms, 

increasing their potential as diagnostics tools. Biosensors are innovative analytical 

devices that bridge biological recognition with signal transduction to detect the presence 

or concentration of chemical and biological substances.  

A widely recognized example is the glucose biosensor, routinely used by individuals with 

diabetes, to monitor their blood glucose levels. This device operates by detecting the 

interaction between glucose oxidase and glucose in a small blood sample, delivering 

results in under a minute. 



15 

 

Modern biosensors are applied across a wide spectrum of fields, including healthcare, 

environmental monitoring, industrial processing, food safety, and microbiology. Due to 

their high versatility, they serve critical functions such as detecting pollutants, identifying 

hazardous biological agents, and enabling early diagnosis of diseases [48].  

1.3.1 Key Components and Optical Biosensors  

The goal of a biosensor is generally to measure signal intensity and accuracy. From a 

structural perspective, all biosensors comprise essential components: an analyte, a 

bioreceptor, a transducer, electronic circuitry, and a display or readout interface. The 

design and integration of these components, especially the transducer and signal 

processors, often dictate the cost and performance of the biosensor. 

1.3.1.1 Biorecognition Elements.  

The biorecognition interface determines both the specificity and the analytical 

performance of a biosensor. It serves as the layer where the target is selectively captured, 

and the transducer monitors the molecular interaction. In practice, accuracy, 

reproducibility, and operational stability are as important on the selection of recognition 

elements as on the strategy used to immobilize it on the surface [49]. 

There is a wide range of biorecognition elements (BRE) available such as antibodies, 

enzymes, aptamers, nucleic acids (DNA/RNA probes), and synthetic binders like 

molecular imprinted polymers (MIPs) [50]. Selection of the BRE is driven by analyte 

class, affinity, matrix robustness (pH, ionic strength, temperature), batch-to-batch 

consistency, and availability. Antibodies and nucleic acids remain the most widely used 

for clinical targets; aptamers offer antibody-like affinities with chemical synthesis 

advantages but are not yet available for many biomarkers; MIPs can provide ruggedness 

and low cost for repeated use [51]. 

Biorecognition mechanisms are often grouped as catalytic vs affinity (Figure 5). 

Catalytic biosensors (typically enzyme-based) transform the analyte into a detectable 

product; they are mature and powerful, but the biocatalyst’s activity/stability can be 

sensitive to environmental conditions (pH, temperature, denaturants) [52].  

Affinity biosensors rely on non-covalent binding equilibria (e.g., antigen-antibody, 

complementary nucleic acids) measured as changes in mass, charge, refractive index (RI), 

or optical phase. In label-free plasmonic systems (SPR/LSPR), affinity binding is 

transduced in real time from refractive-index changes at the dielectric interface [53]. 
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Figure 5. Examples of biorecognition mechanisms. (a) catalytic biosensor (enzyme-

based), (b) affinity biosensor (antibody, DNA, receptor).  

Together with the selection of the optimal biorecognition element, the surface 

biofunctionalization strategy is crucial to ensure maximum sensitivity, and 

reproducibility of the biosensor (See Section 1.4.4).  

1.3.1.2 Transduction Mechanisms.  

A biosensor couples a sensing element (the BRE) to a transduction element that converts 

the binding or reaction event into a measurable signal. Depending on the underlying 

physics, biosensor transducers are commonly classified as electrochemical, mechanical 

(mass-sensitive), or optical. Each class offers distinct advantages and practical constraints 

that shape analytical performance, integration, and point-of-care (POC) suitability [49], 

[50]. 

 

Electrochemical biosensors.  

Measure the electrical changes (e.g., current, potential, or impedance) arising from 

analyte-receptor interactions at an electrode interface. Their strengths are high sensitivity, 

simple and low-cost instrumentation, and straightforward miniaturization capabilities. 

One of the most field-defining electrochemical biosensors is the oxygen/glucose 

quantification created in 1962 by Clark and Lyon [49]. However, electrochemical 

biosensors exhibit stability issues and are susceptible to interferences from the samples 

(e.g., proteins, peptides, microorganisms) [54]. 

Mechanical biosensors.  

These biosensors rely on transducers that can detect biochemical interactions through the 

measurement of changes of mass on their surface. They can be classified in two families: 

(i) acoustic wave devices (e.g., quartz crystal microbalance, surface/acoustic wave 

resonators) that track resonance frequency shifts upon adsorption, and (ii) 

nanomechanical resonators (e.g., micro/nanocantilevers) that detect adsorption changes 

in resonance. These platforms provide label-free, direct mass readouts with excellent 

resolution, though performance can be sensitive to temperature conditions of the sample 

and often require tighter fluidic control than electrical/optical methods [55]. 
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Optical biosensors.  

The main principle for these transducers relies on the monitoring of the changes in light 

(e.g., intensity, phase, polarization, wavelength, or RI) caused by analyte-surface 

interaction. The most common optical sensors include fluorescence, absorption, 

luminescence, Raman spectroscopy, and RI-based techniques (i.e., SPR/LSPR) that are 

the most widely adopted for label-free, real-time analysis [40]. These sensors can be dived 

into label-based and label-free detection. 

The label-based sensors require a reporter (e.g., chromophore, fluorophore, enzyme, or 

nanoparticle) to generate a colorimetric, fluorescent, or luminescent signal; while 

powerful, labels can alter binding affinity and add workflow complexity. Label-free 

transducers on the other hand monitor the interaction directly without the need for 

additional biomolecules, enabling real-time measurements with fewer steps, simplifying 

the process, and making it more cost-effective. Many of the most widely used label-free 

platforms exploit evanescent wave detection, including SPR/LSPR, waveguide, and 

interferometric sensors [40], [56]. 

Evanescent wave (EW) sensors use to their advantage the electromagnetic (EM) wave 

confinement in the dielectric or metal interface, resulting in localized or propagating 

electromagnetic modes. A fraction of the optical field penetrates only tens to a few 

hundred nanometers into the adjacent medium. This is known as the evanescent field, 

which serves as an extremely sensitive probe of local RI changes produced by analyte 

binding at the surface. This near-field confinement underlies the high surface sensitivity 

of SPR/LSPR biosensors and their real-time detection capabilities [57,58]. 

1.3.1.3 Sensitivity and Selectivity.  

Sensitivity is related to the ability of the biosensor to detect changing concentrations of 

analytes with high intensity (e.g., slope of signal vs concentration), while selectivity is 

the ability to measure the target in the presence of potential interferents. For plasmonic 

(SPR/LSPR) sensors that measure the RI changes, common metrics include sensitivity 

(Ѕ) (e.g., Δλ/Δn in nm/RIU), the full width at half maximum (FWHM), the figure of merit 

(FOM), and the limit of detection (LOD) [49,50,58].  

Plasmonic sensors respond to RI changes withing the evanescent field and their sensitivity 

can be improved by: (i) nanostructure design, (ii) low-noise readout, and (iii) mass 

transport control. Selectivity is mostly influenced by the BRE and preserved at the 

biointerface.  

Minimizing the false positives and nonspecific adsorption and maintaining affinity 

requires linker anchors (i.e., self-assembly monolayers), antifouling layers (i.e., 

PEG/OEG, zwitterionic materials, polymer brushes), and ligand immobilization (i.e., 

EDC/NHS, Protein A/G-Fc, streptavidin-biotin, His-tag) that keep the binding event 

within the near-field [59].   
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1.3.1.4 Point-of-Care (POC) Applications.  

The latest POC biosensors aim to improve precision, accessibility, cost-effectiveness, and 

time consumption, as well as to achieve multiplexed analyte detection. They are designed 

for on-site patient care, enabling rapid and decentralized diagnostic testing, and are 

inexpensive enough [51].  

Biosensors can generally be classified into electrochemical, mechanical, and optical 

types, depending on the physicochemical transformation that occurs upon analyte 

recognition from the bioreceptor [49].  

Among these, optical biosensors have gained widespread attention due to their high 

sensitivity, rapid response time, real-time detection capabilities, and POC platforms. [60]. 

These sensors function by detecting alterations in the optical properties such as light 

intensity, wavelength, polarization, or phase, which come from the interaction between 

the optical field and the biorecognition elements on the sensor surface [61]. This principle 

enables detection methods, including adsorption, fluorescence, and refractive index-

based techniques [60]. 

Particularly plasmonic biosensors offer several benefits such as high sensitivity and 

multiplexing capabilities. LSPR spectroscopy is gaining popularity due to its reasonable 

cost, high sensitivity, and label-free detection [62]. 

1.3.2 Analytical Parameters for Optical Biosensors  

The performance of SPR and LSPR biosensors is determined not only by their capacity 

to detect variations in the RI at the interface, but by how reliably that change can be 

detected, quantified, and compared across instruments, assays, and matrices [58]. The 

variations can be monitored by interrogating the shift of the reflectivity dip in the 

spectrum. SPR sensors typically operate on either angle (θ) or wavelength (λ) 

interrogation, where the peak shift can be observed in response to RI changes. In LSPR, 

the shift is typically observed as a wavelength displacement (Figure 6). 
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Figure 6.  Schematic representation of wavelength shift (Δλ, nm); (a) plasmon shift in 

surface plasmon resonance, (b) real-time sensogram of wavelength shift. 

Accordingly, this section consolidates the core metrics used throughout the manuscript 

and clarifies how they relate to study design and data interpretation in label-free 

plasmonic platforms. 

Bulk sensitivity (𝑆𝐵). The response to a uniform change in the refractive index near the 

interface. It reflects the physics of the optical mode and is useful for comparing sensing 

designs [58,61,63]. It can be calculated by this formula: 

 

𝑆𝐵 =
∆𝜆 (𝑛𝑚)

Δ𝑛 (𝑅𝐼𝑈)
 or 𝑆𝜃 =

∆𝜃 (𝑑𝑒𝑔)

Δ𝑛 (𝑅𝐼𝑈)
  

 

λ: resonance wavelength; n: refractive index; θ: angle 

 

Surface sensitivity. The response to molecular adsorption within the sensor surface, 

ultimately reported as concentration units (e.g., analyte concentration ng/mL or molarity) 

obtained by calibration modeling. Surface sensitivity depends on decay length, 

biointerface design and mass transport, not just optical slope [63] (Figure 7). 

 

 

Figure 7. Schematic representation of sensing principle for (a) bulk sensitivity and (b) 

surface sensitivity.  
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Instrumental noise (σblank). The standard deviation of the measured output (i.e., 

wavelength, angle, or intensity) under blank or baseline conditions to account for 

spectrometer noise, intensity jitter, thermal drift, and other matrix-induced RI fluctuations  

[64,65].  

Limit of detection (LOD) is considered the most reliable metric for comparing different 

transducer platforms. It can be derived through two approaches: either employing the bulk 

sensitivity (𝑆𝐵), or the surface sensitivity [61].  

These parameters are critical, especially in clinical diagnostics and environmental 

monitoring, where detecting trace amounts of biomarkers or pollutants can be pivotal. In 

many advanced applications, biosensors are required to detect analytes in concentrations 

as low as nanograms per milliliter (ng/ml), emphasizing the importance of extremely 

sensitive and precise detection mechanisms.  

These rigorous standards encourage further developments in biosensor materials, signal 

amplification methods, and the incorporation of nanotechnology to improve analytical 

efficiency and reliability [49].  

There is extensive research in the field of GC-SPR biosensors, Table 3 shows a 

comparison of sensitivity for some optical sensors. 

 

Table 3. Comparison of sensitivity in GC biosensors. 

Characteristics 
Grating 

period 

Wavelength 

(nm) 
Sensitivity Ref. 

Au layer on BDs 

substrate 
320 nm 525-750 425 nm/RIU [66] 

Al-Au bimetallic layer on 

gratings 
350 nm 900 187.2º/RIU [67] 

Au layer on crossed relief 

gratings 
550 nm 768-786 647.8 nm/RIU [68] 

Au layer on 

nanoimprinted 

nanograting 

730 nm 990-1055 800 nm/RIU [69] 

BD-R based 

photolithography Ag 

layer 

314 nm 700-715 319.96 nm/RIU [70] 

CD-R based 

photolithography  Al 

layer 

1470 850-910 
1477.74 

nm/RIU 
[70] 
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1.3.3 Applications in Biotechnology and Medicine  

Biosensors translate specific biological interactions into quantifiable signals and, when 

thoughtfully engineered, provide relevant measurements at clinical levels. In medicine, 

their value stems from the combination of label-free, real-time detection, small sample 

requirements, and miniaturization capabilities and eventually the creation of a point-of-

care (POC) device.  

Among optical platforms, plasmonic transducers (SPR/LSPR) have moved from research 

tools to credible clinical technologies due to improved surface chemistry, nanomaterial 

engineering, and microfluidic integration, enabling sensitive analysis in complex 

biofluids and multiplex formats.  

In summary, the present work focuses on label-free LSPR detection of disease 

biomarkers, with an emphasis on complement activation products relevant to autoimmune 

neuromuscular disease. By combining near-field surface chemistries with oriented 

immunocapture and cost-effective nanostructured substrates, the platform aims to deliver 

the sensitivity, selectivity, and operational simplicity required for diagnostics [59].  

1.4 PLASMONIC BIOSENSORS AND ITS ADVANTAGES 

Plasmonic biosensing exploits the interaction of polarized light with a noble-metallic 

interface (typically Au or Ag) to excite collective electron oscillations that are extremely 

sensitive to refractive index (RI) and a dielectric medium (i.e., water or air). Because the 

resonance is dependent on the local dielectric environment, analyte binding within the 

evanescent field is converted into a measurable optical shift without need for labels, 

enabling real-time, kinetic, and quantitative assays with high surface sensitivity. Among 

optical sensors, plasmonic platforms such as propagating surface plasmon resonance 

(SPR), Localized SPR (LSPR), and surface-enhanced Raman scattering (SERS), offer 

complementary interaction volumes and readouts for a variety of applications [40].  

1.4.1 SPR, LSPR and SERS  

SPR arises when an EW propagates along a metal-dielectric interface and is characterized 

by the propagation constant and electromagnetic field distribution. When light interacts 

with the metal-dielectric surface under certain conditions (wavelength, polarization, angle 

of incidence, etc.), collective oscillations of free electrons are induced, known as surface 

plasmon polaritons (SPP), where fields decay exponentially away from the surface 

[71,72].  

This evanescent field is the sensing probe: binding-induced RI changes and are read as 

shifts in angle, wavelength, phase, or intensity. In practice, SPPs are excited using total 

reflection in a prism (Kretschmann geometry), or via diffraction gratings, waveguides, 

and optical fibers; interrogation may be angular, spectral (wavelength), or intensity based, 

and SPR imaging (SPRi) uses the latter to visualize multiplexed arrays [73]. 

LSPR happens in metallic nanoparticles or nanostructured surfaces where plasmons are 

spatially confined. Compared with propagating SPR, LSPR offers tighter near-field 
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confinement (typically around 5-15 nm into the dielectric) and thus superior selectivity 

to nanoscale binding layers, excellent compatibility with compact optics, and tolerance to 

scattering media; by contrast, SPR depth is around 200-300 nm and typically achieves 

narrower resonances and higher figures of merit for bulk RI sensing.  

Wavelength tunability in SPR is readily achieved by changing incidence angle, whereas 

LSPR tuning is accomplished via nanostructure size, shape, and parameters; the latter 

also modulate field enhancement and linewidth [58,74]. 

SERS leverages plasmonic near-fields to amplify Raman scattering. SERS thus 

complements refractometric SPR/LSPR: the former excels at chemical identification; the 

latter at label-free affinity quantity and kinetics. Hybrid devices and dual-mode gratings 

increasingly combine these capabilities on a single chip  [58,72,75]. 

Overall, plasmonic transduction provides: (i) label-free, real-time monitoring of surface 

interactions, (ii) kinetic analysis (association/dissociation rates), (iii) compatibility with 

miniaturization and multiplexing, and (iv) robustness for complex matrices [40,59]. 

Table 4 summarizes the comparison between sensing modalities.  

Table 4. Comparison of main plasmonic sensing modalities. 

Mode Physical principle 
Typical 

platform 

Sensing 

volume 
Strengths 

Typical 

uses 

SPR 

Coupling of light to 

metallic surface 

(usually gold) 

Prism 

(Kretschmann

), waveguide, 

fiber 

Hundreds of 

nm 

(evanescent 

tail) 

High bulk RI 

sensitivity, 

well 

established 

instrumentati

on 

Kinetics, 

affinity, 

clinical 

assays, 

label free 

quantitation 

LSPR 

Resonance of 

conduction electrons 

in 

nanogratings/nanostru

ctures 

Colloidal 

NPs, 

lithographic 

nanostructures

, metasurfaces 

Tens of nm 

(near-field) 

Strong 

near-field, 

compact, 

tolerant to 

scattering, 

easy 

integration 

Small 

volume 

assays, 

single 

particle 

sensing 

SERS 

Plasmonic field 

enhancement of 

Raman scattering 

Nanogaps, 

nanoparticle 

aggregates 

Sub nm to 

nm 

Molecular 

specificity, 

potential 

single 

molecule 

detection 

Chemical 

identificati

on, 

ultrasensiti

ve 

detection 

 

1.4.1.1 Components and materials 

Sensor performance depends on the metallic surface, nanostructure geometry, optical 

coupling, and bifunctionality strategies [75].  
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Metallic film and stability. The most employed metal film is gold (Au) due to its chemical 

stability, biocompatibility, and well-developed thiol-based self-assembled monolayer 

(SAM) chemistry for robust and oriented ligand immobilization. Silver (ag) affords 

sharper resonances but is prone to oxidation and sulfidation, complicating long-term use 

and biofunctionalization. For this reason, Au dominates in clinical systems [75].  

Substrates and couplers. Prism-coupled SPR remains the benchmark for metrology and 

kinetic work, while grating-coupled (GC-SPR) and fiber-optic SPR (FO-SPR) eliminate 

the prism for compact, integrable devices. As expected from mode coupling, prism-based 

SPR often achieves the highest bulk sensitivity; GC formats trade some sensitivity for a 

smaller platform and can be engineered to recover exceptional performance [73]. 

Nanostructures. Nanoparticles, nanohole arrays, nanogratings, and metasurfaces tailor 

resonance energy, field localization, and spectral linewidth. LSPR performance is 

strongly influenced by geometry. These platforms enable multiplexing, single-particle 

sensing, and dual-mode operation with SERS when required [72].  

Surface chemistry and biorecognition. Analytical performance in complex matrices is 

ultimately limited by the biointerface. Capture ligands must be presented within the 

responsive near field, in active orientation, and on backgrounds that suppress nonspecific 

adsorption over the full assay time. 

On gold, immobilization can be performed directly as exemplified in Figure 8a 

(physisorption or chemisorption), indirectly via linkers as in Figure 8b (e.g., self-

assembled monolayers, SAMs), within 3D matrices as in Figure 8c (e.g., polymer 

brushes, hydrogels) or through affinity handles Figure 8d (Protein A/G-Fc, streptavidin-

biotin, His-tag) [73].  
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Figure 8. Representation of the main types of biofunctionalization methods: (a) direct 

immobilization;(b) covalent binding to a self-assembled monolayer (SAM); (c) polymer 

matrix entrapment; (d) affinity immobilization through protein-antibody binding.  

Physical adsorption is experimentally simple, relying on electrostatic and hydrophobic 

interactions, but it often yields heterogeneous packing, partial denaturation, and poor 

reproducibility; limitations that are amplified in serum or plasma where competitive 

adsorption quickly reconfigures the surface [40]. 

Covalent chemisorption overcomes stability issues by coupling native side chains of the 

BRE to reactive groups, i.e., amine coupling (EDC/NHS) to carboxylates, maleimide-

thiol addition to cysteines, aldehyde-amine, producing robust films suitable for 

regeneration. These methods provide a stable bioreceptor layer; however, it has issues 

with proper orientation and surface selectivity [48]. 

SAM based approach consists in the chemisorption on the gold surface of a single 

molecular layer, which is characterized by terminal reactive functional groups that can be 

tailored to selectively bind the desired bioreceptor. Commonly used molecules are 

alkanethiols, which can have different end functionalities (i.e., -COOH, -NH2, -OH, 

maleimides) [73]. This method allows the surface to cover uniformly, reducing non-

specific adsorption [40]. 

Readout instrumentation. Bench-top SPR systems offer angle or wavelength interrogation 

with high precision, LSPR can be monitored via extinction/scattering with compact 

spectrometers or dark-field optics, and fiber-optic. Selection is dictated by the required 

limit of detection, kinetic fidelity, multiplexing, and design constraints [40,73]. 

1.4.2 Surface Plasmon Resonance (SPR) biosensor 

SPR sensors are based on the EW sensing principle, which measures changes in the RI of 

the medium in the vicinity of the sensor surface. An EW is an electromagnetic field 

generated from propagating or resonating light wave at the interface of two media with 

different RI [63,76]. The propagation of light in EW sensors is due to total inter reflection 

(TIR) phenomenon, which is described by the Snell’s Law: 

 

𝑛1 sin 𝜃1 = 𝑛2sin 𝜃2 

 

θ1: angle of incidence; θ2: angle of refraction; n1 and n2: RI of dielectric and metal, 

respectively.  

 

With θ2 becomes complex under TIR, it generates an evanescent field that can couple to 

a plasmon polariton (SPP). The propagation constant of a SPP at the metal-dielectric 
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interface is determined by the optical constants of the surrounding media, represented by 

the following formula:  

 

𝛽𝑆𝑃𝑃 =
𝑤

𝑐
√

𝜖𝑀𝜖𝐷

𝜖𝑀 + 𝜖𝐷
=

2𝜋

𝜆
√

𝜖𝑀𝜖𝐷

𝜖𝑀 + 𝜖𝐷
 

 

ω: angular frequency; c: speed of light in vacuum; λ: wavelength; ϵM and ϵD: permittivity 

of metal and dielectric.   

 

Any perturbation in the local dielectric function near the surface (e.g., analyte binding) 

shifts 𝛽𝑆𝑃𝑃 and consequently, the optical resonance. The SPP field decays exponentially 

away from the interface with asymmetric penetration into the metal and dielectric; only 

interactions within the penetration depth contribute measurably, consistent with the near-

surface selectivity discussed earlier (Section 1.4.1) [77]. 

 

In propagating SPR, the sensing volume is set by the evanescent field of the SPP, whose 

penetration into the dielectric is strongly wavelength and material dependent. For SPP at 

the Au-dielectric interface, the penetration rate in the visible and near infrared regions 

(NIR) lies on the order of a few hundred nanometers (around 200-300 nm). Therefore, 

only biomolecular interactions happening within the evanescent field penetration depth 

can perturbate the SP and be detected [76]. Physically, adsorption of biomolecules 

increases the local refractive index (RI) at the functionalized surface, altering the effective 

permittivity experienced by the SPP, and therefore shifting the propagation constantly.  

 

Because 𝛽𝑆𝑃𝑃 exceeds the in-plane momentum of a freely incident photon, SPPs cannot 

be excited by direct illumination [77]. To achieve this, the light wave’s vector that is 

parallel to the interface must match the propagation vector of the surface plasmons at the 

metal-dielectric interface:  

 

𝑘𝑥𝑆𝑃𝑃 =
2𝜋

𝜆
√𝜖sin 𝜃 = 𝑘𝑥𝑙𝑖𝑔ℎ𝑡 

 

In practice, this is implemented with prism couplers (Kretschmann or, less commonly, 

Otto), integrated waveguide sections, or surface gratings that supply the additional 

momentum needed for coupling (Figure 9). 
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Figure 9. Schematic representation of SPR coupling methods: (a) prism coupling; (b) 

grating coupling; (c) waveguide coupling. 

The prism-coupling method, also known as Kretschman configuration, is the most 

utilized technique in SPR sensing (Figure 9a). This method relies on attenuated total 

reflection (ATR), light passes through a high RI prism to reach the interface between the 

base of the prism and the thin plasmonic metal layer. At this interface, TIR occurs, 

generating EW that excites plasmonic resonance and propagates with a specific vector. 

The properties of the wave can be adjusted by controlling the angle of incidence, as well 

as the wavelength of light used to excite the surface plasmons [71,78]. A major drawback 

from this method is that prisms can be bulky, and miniaturization becomes difficult.  

In waveguide coupling (Figure 9b), light is guided through an optical waveguide in the 

form of guided modes. When the guided light reaches the metal film layer, it evanescently 

penetrates through the metal, exciting SPP at the outer boundary [79,80]. This method 

offers advantages in terms of producing more compact systems and integration potential.  

Another technique for exciting SPPs is by using grating couplers (GC-SPR/LSPR) 

(Figure 9c). Grating coupling is based on the diffraction of light, the light is directed onto 

a metal grating with a periodic structure that diffracts the incident beam into various 

diffraction orders, which can be either evanescent or propagating back into the dielectric 

[81]. Even though prism-based couplers offer higher sensing performance, grating 

coupling offer highly attractive features such as allowing for normal incidence excitation, 

which can simplify the optical setup and allows for more compact and miniaturized 

devices.  

The main challenge is the design and production of the grating couplers. Different 

fabrication methods such as lithography-based (i.e., UV mask, electron beam, 

nanoimprint, etc.) approaches and DVD/CD/BD-based are the most common ones. In this 

regard, many straightforward methods have been developed, making this coupling easy 

and cost-effective. 

The refractometric plasmonic sensing concept is based on the detection of the local RI 

changes that take place when a biomolecular reaction occurs that alters the plasmonic 

wavevector, by tracking the peak position during measurement, a sensogram can be 

obtained, providing a quantitative method and analyte binding kinetics [77,81].  

In general, a plasmonic biosensor scheme typically consists of the following components: 

a broadband light source, a plasmonic transduce with the biomolecular recognition 

element immobilized on its surface, a detector, and a fluidic system (Figure 10).  
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Figure 10. Schematics representation of a GC-SPR biosensing configuration when TM 

polarized light is used.  

For SPR visualization and monitoring, the reflected light spectra are acquired. The 

plasmonic resonance is identified by a dip in the spectrum. This peak is identified by a 

specific angle or wavelength where the strongest interaction between light and surface 

plasmon occurs. The bandwidth of the SPR is relevant for determining the precision of a 

sensor and is often indicated by the full width at a half maximum (FWHM) value, (i.e., 

the width of the spectrum curve measured between points corresponding to half of the 

maximum amplitude). FWHM is influenced by factors like damping effects, metal film 

thickness, quality, and surface roughness [76].  

By combining this parameter with sensitivity (S), a dimensionless parameter known as 

FOM is obtained, which can be used to quantify the overall performance of a sensor. 

FOM is expressed as: 

𝐹𝑂𝑀 =
𝑆

𝐹𝑊𝐻𝑀
 

 

FOM correlates both the sensitivity and the FMWH and can be used to quantify the 

overall performance of a sensor. Finally, the LOD is the lowest RI change to be reliably 

distinguished from the baseline noise and can be expressed as: 

𝐿𝑂𝐷 = 3.3
𝜎

𝑆
 

σ: standard deviation of the background noise;  

S: sensitivity (the slope of the calibration curve)  
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This equation illustrates that as noise level increases, the LOD rises, reducing the system’s 

sensitivity to low analyte concentrations [82].  

1.4.3 Localized Surface Plasmon Resonance (LSPR) biosensor 

When incident light drives the collective oscillation of free electrons confined in a metal 

nanoparticle or nanostructure; the oscillation reaches resonance for certain wavelengths, 

producing strong near-field enhancement and pronounced extinction peaks that depend 

on the size, shape, composition of the nanostructure (e.g., Au, Ag, bimetallic), and the 

dielectric environment, as well as interparticle coupling set by period and pitch. All these 

design parameters make LSPR highly tunable and because LSPR is directly excitable by 

light, unlike propagating SPPs that require momentum-matching schemes, it adds a lot of 

practical assay flexibility [83,84].  

Within this framework, the choice of nanostructure and array design is determined with 

the biointerface (i.e., oriented immobilization, antifouling layers) to ensure that the 

nanoscale binding event remains within the responsive near field and that spectral 

narrowing strategies are effectively converted into lower limits of detection for clinically 

relevant biomarkers. 

1.4.4 Biorecognition layer 

The analytical performance of a plasmonic biosensor ultimately depends on how 

effectively the biorecognition layer translates target binding into a reproducible optical 

perturbation within the responsive near field. This requires a surface architecture that (i) 

presents receptors at high effective site density without steric crowding, (ii) orients 

binding sites toward analyte, and (iii) suppresses nonspecific adsorption across the full 

assay window and matrix conditions. Because the evanescent field decays within tens to 

a few hundred nanometers from the metal, receptors must be immobilized close to the 

surface while retaining native conformation and kinetics; in practice, the immobilization 

strategy must be chemically stable, regenerable (where needed), and batch-to-batch 

reproducible so that small refractive-index changes arising from binding events can be 

resolved against baseline drift and matrix noise.  

Commonly used recognition elements include antibodies (proteins, peptides, small 

molecules), nucleic-acid probes (DNA/RNA), aptamers selected by SELEX, enzymes for 

catalytic formats, and increasingly, synthetic receptors such as molecularly imprinted 

polymers (MIPs); the choice is dictated by analyte class, expected concentration, sample 

matrix, and required regeneration chemistry [85]. 

The selection of the immunoassay format is fundamentally dictated by parameters such 

as target size, molecular weight, dynamic range, and matrix complexity. These core 

configurations are schematically detailed in Figure 11. 

In a direct competitive immunoassay (Figure 11a), specific capture antibodies are 

immobilized directly onto the sensor surface, and the target analyte in the sample 

competes with an introduced competitor molecule for a limited number of active 
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antibody-binding sites. In an indirect competitive immunoassay (Figure 11b), the target 

analyte is pre-immobilized onto the substrate surface; free antibodies are then introduced, 

creating a competitive equilibrium. 

For non-competitive layouts, the direct non-competitive format (Figure 11c) involves the 

straightforward, single-step binding of the target analyte to surface-tethered capture 

antibodies, generating a refractometric shift that is directly proportional to the bound 

mass. Finally, the indirect non-competitive format (Figure 11d), commonly known as a 

sandwich assay, utilizes an immobilized primary antibody to capture the target analyte, 

followed by the sequential introduction of a secondary antibody that targets a distinct, 

non-overlapping epitope on the same analyte. This secondary binding event significantly 

amplifies the local refractive index change within the evanescent field, making it an 

exceptionally powerful configuration for resolving ultra-low concentrations of 

biomarkers within highly complex clinical biofluids [41,86]. 

 

Figure 11. Different immunoassay configurations: (a) direct competitive, (b) indirect 

competitive, (c) direct non-competitive, and (d) indirect non-competitive. 

For antibody-based layers, orientation is decisive. Full-length IgG molecules can adopt 

tail-on, head-on, side-on, or flat-on poses on a surface (Figure 12); tail-on (Fc-down) 

maximizes antigen access by exposing both Fabs. Protein A/G-Fc capture enforces this 

geometry and supports mild regeneration (acidic buffers) without stripping the capture 

layer; cysteine-engineered variants (e.g., cys-Protein G) form well-ordered monolayers 

on maleimide-terminated SAMs, improving mechanical robustness under flow.  
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Figure 12. Antibody different possible orientations on a surface. Tail-on, flat-on, head-

on and side-on orientations.  

When permanent attachment is preferred, site-specific chemistries preserve the Fab 

architecture and minimize off-axis attachment (Figure 13). Antibody isotype and 

subclass (e.g., IgG1-IgG4) also matter operationally: glycosylation state, isoelectric point, 

and flexibility influence packing, regeneration windows, and long-term stability on the 

chosen surface [87,88]. Immunoassay format (direct vs sandwich; competitive vs non-

competitive) is selected according to target size/valency, dynamic range, and matrix: 

small molecules (haptens) typically require competitive schemes, while proteins favor 

non-competitive (sandwich) formats to maximize sensitivity and specificity on the same 

nanoplasmonic transducer  [46,86]. 
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Figure 13. Schematic representation of a basic structure of an antibody.  

Beyond antibodies, nucleic-acid probes (complementary DNA/RNA) and aptamers 

provide chemically defined receptors with tunable length and end-functionalization for 

precise vertical spacing and density control.  

Aptamers can rival antibody affinities while offering high thermal/chemical stability and 

low batch variation; their secondary structure and ionic environment must be managed to 

preserve binding folds on the surface.  

Enzymes enable catalytic amplification when direct affinity signal is insufficient, but their 

activity is sensitive to pH, temperature, and denaturants, necessitating protective linkers 

and gentle regeneration.  

MIPs offer rugged, low-cost recognition in harsh matrices but require careful template 

removal and porosity control to avoid mass-transport limitations in the near field. Across 

all receptor classes, surface density is optimized to increase the number of accessible sites 

without inducing steric hindrance or multilayer growth; practical tuning uses mixed-ratio 

SAMs, short spacers interleaved with functional anchors, and flow-controlled loading to 

approach diffusion-limited capture rather than uncontrolled adsorption. 

Finally, antifouling and quality control close the loop between chemistry and metrology. 

Low-fouling backbones (PEG, zwitterions, ultrathin polymer brushes) and reference 
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spots reduce false positives and allow differential subtraction of residual matrix signals 

[73]. Regeneration is matched to the recognition chemistry (e.g., low-pH or high-salt 

pulses; imidazole/EDTA) to restore baselines without eroding the capture layer. In 

combination, these design rules convert the inherent optical responsiveness of SPR/LSPR 

into low LOD/LOQ, high specificity, and reproducible kinetics in clinically relevant 

matrices, which is the central requirement for the biomarker assays developed in this work  

[50,89] 

1.4.5 Cys-Protein G-Fc 

For label-free plasmonic assays, the principal constraint on analytical performance is 

rarely the optics but the biointerface: randomly immobilized antibodies elevate 

nonspecific adsorption, and drift under regeneration, whereas thin, oriented Fc-capture 

layers preserve binding-site accessibility and convert near-surface binding into low-noise 

signals in complex matrices.  

Protein G (and A/G) binds the heavy chain constant Fc region of IgG with high affinity, 

naturally orienting Fab domains toward analyte and increasing effective site density [90]. 

Protein G can be a cysteine-engineered variant (cys-Protein G), a single thiol enables site-

specific anchoring to gold via direct Au-S coupling, producing a covalently tethered, 

monolayer-like Fc-capture film, maintaining activity through mild acidic cycles and 

keeping the recognition event within the responsive near-field of SPR/LSPR.  

Compared with direct EDC/NHS grafting of whole IgG, Fc-capture reduces orientation 

heterogeneity and steric occlusion; compared with streptavidin-biotin, it avoids non-

reversible complexes that complicate chip reuse, while remaining compatible with 

antifouling mixed SAMs needed for low baseline drift in serum [40,73].  

1.4.6 Plasmonics in Blu-ray discs  

Commercial optical discs provide prefabricated, wafer-scale diffraction gratings that can 

be repurposed as GC-SPR substrates at negligible cost. The spiral data tracks on Compact 

Discs (CDs), Digital Versatile Discs (DVDs), and Blu-ray discs (BDs) form nearly 

periodic relief patterns (“grooves”) with well-defined track pitch, approximately 1.6 µm 

(CD), 0.74 µm (DVD), and 0.32 µm (BD), and shallow groove depths (BDs = 25 nm) 

(Figure 14), parameters that dictate the accessible plasmon coupling conditions and 

resonant wavelengths when coated with a noble metal thin film [91].  
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Figure 14. Schematic representation of the structure of commercial optical discs, 

including the optical and physical parameters. Indicated dimensions are track pitch (p) 

and groove height (h).  

Because BDs use 405 nm lasers and a thinner cover layer in their intended data-storage 

role, their sub-wavelength pitch naturally supports plasmonic coupling in the visible to 

NIR range once metallized, enabling compact, low-cost optics relative to CD/DVD 

gratings. These geometric and optical specifications are standardized and consistently 

reported across educational and manufacturer sources, providing a robust basis for device 

design. 

The GC-SPR follows the usual diffraction-based phase-matching relation, so that the BD 

pitch (λ =320 nm) places first-order coupling for gold films in the visible at modest 

incidence angles; tuning across the visible-NIR can then be accomplished by adjusting 

angle of incidence, polarization, metal film thickness (typically 40-70 nm for Au), or by 

selecting Ag for sharper, albeit less stable, resonances. The broader GC-SPR literature 

has repeatedly emphasized that, beyond pitch, groove depth and duty cycle critically 

affect resonance linewidths and figures of merit, and that large-area periodicity 

uniformity is essential for reproducible sensing.  
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From a materials perspective, optical discs are multilayer stacks built on polycarbonate 

(PC) (Figure 15). After removing the protective cover layer, the exposed, nanostructured 

PC can be directly metallized (e.g., e-beam evaporation or sputtering of Au/Ag) to create 

the plasmonic interface. Notably, several studies report that thin Au films can be 

deposited on PC without an adhesion underlayer (Cr/Ti), avoiding additional optical 

damping that would otherwise broaden resonances, although plasma pretreatments or 

ultrathin adhesion layers may still be used where mechanical robustness is prioritized. 

These practicalities make BD-derived substrates attractive for rapid prototyping of GC-

SPR chips without clean-room lithography. 

 

Figure 15. Scheme of the BD disc structure: (i) disc label; (ii) polycarbonate layer (1.1 

mm thick disc); (iii) reflective layer; (iv) protective layer; (v) cover layer.  

As a representative example, López-Muñoz et al. integrated PDMS microfluidics atop a 

metal-coated BD grating and reported bulk LODs of 6.3x10-6 RIU and FOM up to 3.5 

RIU, together with label-free immunodetection at low ng/mL levels; while exploiting a 

centimeter-scale, inexpensive chip. Güner et al. demonstrated smartphone-based SPRi on 

metal-coated BD substrates using a 3D-printed attachment, achieving bulk LOD 4.14x10-

5 RIU and on-chip antibody assays. These studies highlight that optical discs can support 

sensitive and miniaturized plasmonic sensors when combined with appropriate optics and 

surface chemistry [66,92]. 

Finally, disc architecture guides practical choices. BDs exist in HTL (High-to-Low) 

formats that use inorganic recording layers and in LTH (Low-to-High) variants that 

employ organic dyes (e.g., AZO). Manufacturer datasheets document layer stacks (e.g., 

reflective metals, dielectrics, cover and hard coats) and track/groove metrics (pitch 0.32 

µm; shortest mark length 0.15 µm) [91].  

1.4.7 Nanogratings based on Blu-ray discs 

The fabrication workflow to obtain BD-derived nanogratings for GC-SPR is 

straightforward and compatible with low-resource settings. First, the protective cover 

layer is mechanically lifted or chemically softened and removed to expose the 

nanostructured PC. Simple sequences (mechanical peel, short solvent soak, DI water 
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rinse, N2 dry) have been reported; optional oxygen plasma improves metal adhesion. A 

uniform Au (or Ag) film is then deposited (e-beam, thermal evaporation, or sputtering), 

with thickness optimized to balance resonance depth and linewidth (Au 40-70 nm is 

common). The resulting metalized grating supports TM-polarized coupling under 

collimated, off-normal illumination. Where needed, adhesion layers can be introduced, 

but care is taken to avoid undue optical losses; direct Au on PC has been shown effective 

for thin films and moderate handling, particularly when chips are housed in microfluidic 

cassettes. 

Beyond BDs, related work has exploited DVD-R metal layers directly peeled from discs 

to form metal gratings for RI sensing, as well as hybrid strategies that transfer a metallized 

grating onto alternative substrates. While DVD-derived periods typically favor NIR 

excitation, these studies reinforce the broader principle that optical-disc nanogratings are 

a scalable manufacturing shortcut for plasmonic devices. Recent reviews of GC-SPR 

further contextualize disc-based gratings among other large-area fabrication routes 

(nanoimprint, interference lithography), emphasizing how grating topography (period, 

depth, duty cycle) governs resonance quality and, consequently, analytical performance 

[56]. 

Design considerations specific to biosensing follow from the BD geometry and near-field 

physics. The visible-range coupling enabled by BD pitch permits economical sources and 

detectors; the shallow groove depth yields relatively narrow linewidths when combined 

with optimized metal thickness and clean surfaces; and the large area and uniformity 

support SPRi or multi-spot assays with internal references. In this case, the BD platform 

is paired with oriented immunocapture and antifouling SAMs to ensure that binding 

occurs within the responsive near field and that the gain in optical figure of merit is 

translated into low concentration LOD/LOQ in serum.  

1.4.8 Integration with Microfluidics 

Integrating LSPR sensors with microfluidics converts the surface selectivity of plasmonic 

transducers into controlled, high‐fidelity assays that are compatible with clinical 

workflows. At the scale of tens to hundreds of micrometers, laminar flow, short diffusion 

paths, thinning the concentration boundary layer, and enhancing mass transport to the 

surface so that measured association rates reflect molecular kinetics rather than transport 

limits. Microfluidic architectures also enable multiplexing (arrayed channels crossing 

nanostructure arrays), low sample consumption (µL), and portability, all while retaining 

the label-free, real-time advantages of LSPR for kinetic and affinity analysis [40,73]. 

Combining LSPR with microfluidics enhances throughput while preserving the 

biosensor’s sensitivity. It also supports simultaneous detection of multiple biomarkers, 

which is crucial for complex diseases like Myasthenia Gravis, where multi-analyte 

screening can improve diagnostic accuracy and guide therapy selection. Furthermore, 

microfluidics reduces reagent consumption and allows closed-system designs, improving 

biosafety and sustainability. 
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CHAPTER 2 | MOTIVATION AND OBJECTIVES 

2.1 MOTIVATION 

Myasthenia Gravis (MG) is a chronic autoimmune neuromuscular disease in which 

pathogenic autoantibodies disrupt the neuromuscular junction (NMJ), leading to 

fluctuating muscle weakness, fatigue, and, in severe cases, respiratory failure. Despite 

advances in clinical management, diagnosis and disease monitoring remain challenging. 

Current diagnostic tools, such as serological assays for autoantibodies, 

neurophysiological tests, and bedside examinations, are either invasive, time-consuming, 

or lack sensitivity and specificity. Moreover, they do not reliably capture the dynamic 

immunopathological processes that underlie disease activity. 

The central mechanism driving tissue damage in MG is the activation of the complement 

system. The formation of the terminal complement complex C5b-9 (sC5b-9) at the 

postsynaptic membrane directly contributes to neuromuscular junction destruction. With 

the advent of complement-targeting therapies, such as monoclonal antibodies against C5, 

there is a growing clinical need for diagnostic tools that can assess complement activation 

in real patient samples. However, no standardized, rapid, or sensitive assays exist to 

monitor sC5b-9 levels in MG, limiting the ability to stratify patients or to guide 

complement inhibitor therapies. 

This gap highlights the urgent motivation for developing a biosensor platform specifically 

tailored to MG. These platforms have the potential to miniaturize complex laboratories 

procedures, integrating all the functionalities into a single device. A tool capable of 

detecting sC5b-9 in serum could provide clinicians with actionable information to support 

early diagnosis, identify patients likely to benefit from complement inhibitors, and 

monitor treatment efficacy. By focusing on this biomarker, this research addresses an 

unmet need at the interface of clinical decision-making and therapeutic innovation. The 

goal is to contribute to more precise and personalized care for MG patients by providing 

a sensitive, accessible, and real-time diagnostic approach. 

2.2 OBJECTIVES 

The primary objective of this thesis is to develop and optimize label-free plasmonic 

biosensors based on localized surface plasmon resonance (LSPR) using BD-derived 

nanostructures. The goal is to establish a cost-effective, rapid, and extremely sensitive 

diagnostic platform capable of detecting clinically relevant biomarkers in real time, with 

applications in a wide spectrum of diseases. 

This research is particularly focused on the detection of the soluble complement complex 

C5b-9 (sC5b-9) in serum samples from patients with Myasthenia Gravis (MG), where 

complement activation plays a key pathogenic role. By addressing limitations of current 

diagnostic methods and harnessing the advantages of nanoplasmonic detection, this work 
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aims to contribute a significant step forward in the development of personalized 

diagnostic tools for point-of-care (POC). 

2.3 SPECIFIC OBJECTIVES 

1. Design and Fabrication of a Label-Free Biosensor 

Develop and optimize a nanoplasmonic biosensor platform using BD-derived 

nanostructures that enables label-free detection with high reproducibility and 

stability. 

2. Enhance Sensitivity and Specificity for Low-Concentration Biomarkers 

Optimize the biosensor to detect low levels of sC5b-9, overcoming the common 

challenge of limited sensitivity in complex biological matrices such as serum. 

3. Selective Detection of Complement Complex in Real Patient Samples 

Demonstrate the biosensor's capability to specifically recognize and quantify 

sC5b-9 in serum samples from MG patients and assess its clinical relevance. 

4. Address the Diagnostic Gap in MG 

Provide a tool to help identify candidates for complement inhibitor therapies, 

addressing the current challenge of limited prognostic markers to guide such 

treatments. 

5. Benchmark Against Current Gold Standards 

Compare the biosensor’s performance with existing diagnostic methods such as 

ELISA or radioimmunoassay, evaluating advantages in terms of cost, time, safety, 

and practicality. 

6. Promote Portability and Validation 

Develop a biosensing platform with potential for miniaturization, integration with 

microfluidics, and use in decentralized healthcare settings. 
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CHAPTER 3 | MATERIALS AND METHODS 

3.1 DEVELOPMENT AND CHARACTERIZATION OF NANOPLASMONIC CHIP 

3.1.1 Introduction 

GC-LSPR/GC-SPR biosensors are powerful tools for label-free, real-time detection of 

molecules at low concentrations due to their sensitivity to changes in the refractive index 

(RI) at the metallic-dielectric interface. This sensitivity is inherently dependent on the 

nanostructure of the metallic substrate, which enhances the electromagnetic field and 

biochemical interactions [58]. 

In this work, we propose a cost-effective, scalable method to fabricate nanoplasmonic 

biosensors by repurposing commercially available BDs as the structural substrate. Such 

discs inherently contain a groove height of 25 nm and periodic nanograting structures of 

320 nm that can induce localized surface plasmon resonance (LSPR), eliminating the need 

for expensive and labor-intensive fabrication techniques such as electron-beam 

lithography.  

Prior studies by López-Muñoz et al. have already validated optical disc-based substrates 

for surface plasmon resonance (SPR) sensing, laying a foundation for their broader 

applicability [66]. Compared to more complex optical platforms, the fabrication process 

is relatively simple, cost-effective, disposable, and has the potential to be scalable [93] 

making them excellent candidates for accessible and efficient biosensing to study 

complement activation in MG. 

The following section details the design, fabrication, and characterization of these 

nanoplasmonic sensors based on nanogratings structures, which are critical for ensuring 

reproducible resonance behavior and minimizing background noise and spectral 

broadening (Figure 16).  

This approach provides a promising platform for the integration of sensitive and portable 

biosensing devices for disease-specific biomarkers, particularly complement activation 

markers relevant to autoimmune diseases such as Myasthenia Gravis. This chapter is 

based on joint work with Torabi, M., Bauzon, P., Cortés, A., and Ruiz, M.  
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Figure 16. Schematic representation of the experimental pipeline of the biosensor.  

3.2 FABRICATION PROCESS OF THE CHIP 

3.2.1 Chemical reagents and materials 

All reagents used for substrate preparation and cleaning, including Hydrochloric acid 

37% (HCl, VWR International Eurolab, 7647-01-0), Hellmanex® III (Sigma-Aldrich, 

Germany, 7778-53-2) and Glacial Acetic Acid (CH3COOH, Panreac AppliChem, Spain, 

64-19-7) were analytical grade. Buffer compounds including Tween®-20 (9005-64-5), 

sodium acetate buffer (SAB, 126-96-5), and phosphate-buffered saline (PBS, pH 7.4), 

were obtained from Sigma-Aldrich (Steinheim, Germany). 

Blu-ray discs (BD-R SL 25GB, Verbatim, USA), Matte removable vinyl (V12-BMR-

DKGRN, Silhouette, USA), 140 µm thick double-sided adhesive tape (ARcare® 

90106NB, Adhesive Research, USA), and 2 mm poly(methyl methacrylate) (PMMA) 

(Servei Estació, Spain). 

All the chemical reagents and other materials including Blu-ray discs and microfluidic 

components are detailed in Table A1 in the Annex.  

3.2.2 Chip substrate generation. 

Individual sensing chips were fabricated by precision-cutting commercial BDs into 

rectangular pieces measuring 40 mm × 16 mm. This cutting process was conducted using 

a computer numerical control (CNC) router (Genmitsu 3020-PRO MAX V2, USA) 

equipped with a specialized diamond cutting tip. To ensure accurate alignment, uniform 

dimensions, and stable fixation during the CNC machining, custom support was designed 

and 3D-printed using Autodesk Fusion 360® software and Creality Ender 3 S1 Pro printer 

(Figure 17). BDs were firmly secured onto this custom support prior to machining. 

Precise CNC parameters, including spindle rotation speed (400 rpm) and XYZ-axis 
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alignment, were carefully configured and monitored through the Candle control software 

to maintain consistent quality and reproducibility across all fabricated sensing chips. 

 

 

Figure 17. CAD design of the 3D-printed support used for the CNC router cutting of 

Blu-ray chips. (a) Cutting pattern, (b) Top view, (c) Side view, and (d) Mounted on the 

CNC machine. Candle Software user interface.  

3.2.3 Protective layer removal 

After CNC cutting, individual sensing chips were first rinsed thoroughly with Milli-Q 

water to remove machining debris. Subsequently, to strip off the reflective and protective 

layers present on the BDs, the chips were immersed in a 0.75 M hydrochloric acid (HCl) 

solution at 40 °C for 24 hours. This step ensured complete dissolution of the metallic 

reflective layer and other protective coatings, revealing a clean polycarbonate (PC) 

substrate. 

To eliminate residual contaminants and organic impurities, the substrates underwent a 

sequential ultrasonication cleaning protocol, each step lasting 3 minutes. Ultrasonication 

was performed in the following order: first in a solution of 20% acetic acid, then Milli-Q 

water, followed by 1% Hellmanex® detergent solution, and finally in pure isopropanol. 

After completion of these cleaning steps, the chips were carefully dried using compressed 
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nitrogen gas (N₂), preventing contamination or water-spot formation on the sensor 

surface. 

This comprehensive cleaning protocol was critical to achieving consistent, high-quality 

substrates, which were then ready for subsequent thermal evaporation of the gold layer, 

ensuring reproducibility and optimal biosensor performance. 

3.2.4 Gold thermal deposition 

Before thermal deposition, we want to define a sensing area on the chip. For this purpose, 

a custom vinyl mask was designed using Silhouette Studio® software and cut with a 

Cameo 4 plotter (Silhouette, USA) and placed onto the clean PC chips as a deposition 

mask. Following this, the masked chips were taken to the clean room facilities for thermal 

evaporation of gold (Au) under high vacuum (10⁻⁷ mbar) at a deposition rate of 1 Å/s 

using an Oerlikon Leybold Univex 450B system. A 68 nm-thick Au layer was deposited, 

after which the vinyl mask was removed by peeling it off, revealing the defined sensing 

zone. Any excess glue was removed carefully with isopropanol and dried with N₂ (Figure 

18). 

              

Figure 18. Vinyl-masked chip before and after gold deposition.  

3.2.5 Scanning electron microscopy analysis 

Scanning Electron Microscopy (SEM) was performed to characterize and confirm the 

effectiveness of the cleaning process applied to the polycarbonate (PC) substrates and to 

verify the uniformity, homogeneity, and integrity of the thermally deposited gold layer. 

SEM imaging also allowed evaluation of gold coverage over the nanograting structures 

inherent to BDs substrates, which directly influences the plasmonic performance of the 

biosensor.  

The substrates were imaged using a Nova NanoSEM microscope (FEI Company), 

employing accelerating voltages ranging from 5 to 10 kV to achieve optimal resolution 

without surface damage or charging effects. Multiple areas across different chips were 

analyzed at various magnifications to ensure representative coverage and consistency in 

substrate preparation. 

3.2.6 Microfluidic system 

Integration of microfluidics significantly enhances sensor performance by providing 

controlled sample delivery, reproducible sample volumes, and reduced variability, 

essential for real-time sensing applications. Therefore, a microfluidic layout was 

computationally optimized prior to physical prototyping, ensuring stable laminar flow 

conditions, uniform analyte distribution, and reproducible biosensor responses. 
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The microfluidic design was done in Autodesk Inventor Professional® and to ensure 

optimal fluid flow and uniform distribution across the sensing area, COMSOL 

Multiphysics® simulations were conducted employing the laminar flow interface 

module.  

The microfluidic system consisted of one inlet and one outlet, a main channel (1 mm 

wide), from which two symmetrical branches diverge at 60° angles leading to two circular 

sensing chambers (3 mm diameter). These sensing chambers are centrally positioned to 

enable dual and parallel measurements on the same substrate, which increases efficiency 

and replicability. The vertical height of the microfluidic channels is 140 µm, defined by 

the thickness of the double-sided adhesive tape used as the microchannel spacer (Figure 

19). 

 

 

Figure 19. CAD design of the microfluidic channel architecture created in Autodesk 

Inventor Professional®. 

The CAD design was exported in mphi format to COMSOL Multiphysics®, where 

simulations were performed using the single-phase laminar flow module (Figure 20). The 

simulation setup included defining boundary conditions and material properties such as 

fluid (water) and channel walls (plastic-coated paper, acrylic plastic, and PMMA). The 

output included spatial velocity distributions, helping to assess the suitability of the 

design for steady-state sensing applications. 
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Figure 20. COMSOL Multiphysics® interface showing flow simulations within the 

microfluidic layout. 

Once finalized, the microfluidic pattern was physically fabricated by cutting the double-

sided adhesive tape using a Silhouette Cameo 4 plotter, which offers precision cutting 

suitable for microfluidic prototyping. The blade was configured for depth = 4, pressure = 

33, and cutting speed = 3, parameters that were empirically optimized to cleanly cut 

through the tape while preserving adhesive integrity (Figure 21). 

 

Figure 21. Silhouette Studio interface for configuring plotter parameters and 

visualizing the cutting path. 
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3.2.7 Optical Lid 

The uppermost layer of the chip consists of a transparent PMMA sheet with a thickness 

of 2 mm, serving as the optical lid, sealing the microfluidic channels, and facilitating 

optical measurements.  

This component not only seals the microfluidic channels but also allows light to transmit 

through the sensing regions without distortion. Two 2.25 mm diameter holes were laser-

cut into opposite corners of the PMMA lid to serve as inlet and outlet ports, precisely 

aligned with the microfluidic layer beneath. 

The cutting process was performed using a CO₂ laser cutter (Omtech, K40+, USA). The 

lid design was imported into LightBurn, the laser cutter’s control software. The 

parameters for laser cutting were optimized for 2 mm PMMA, ensuring clean edges and 

minimal thermal deformation (Figure 22). 

 

 

 

Figure 22. LightBurn software user interfaces with the preview of the patterned lid and 

the parameter selection and on the bottom the laser cutter setup.  
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3.2.8 Chip assembly 

After fabrication, all components (Au-coated polycarbonate substrate, adhesive 

microfluidic layer, and PMMA lid) were assembled to form the complete sensing chip. 

The double-sided tape served both as the fluidic layer and adhesive interface, enabling a 

clean, leak-proof bond between layers. (Figure 23) 

 

Figure 23. Expanded view of the sensor assembly: a) PMMA Lid, b) Double-sided tape 

microfluidics (140 µm), c) Au-coated PC substrate (68 nm), d) Final assembled sensor. 

Prior to microfluidic chip assembly, the PMMA lid was thoroughly cleaned using 70% 

ethanol to remove any dust particles, surface residues, or artifacts resulting from the 

manufacturing process. This cleaning step was essential to achieve uniform sealing and 

maintain reproducible optical and fluidic performance.  

The microfluidic chip assembly required precise manual alignment of the PMMA lid over 

the sensor substrate to ensure exact alignment between the inlet/outlet ports in the PMMA 

lid and the underlying microfluidic channels and sensing chambers. Proper alignment was 

crucial because even minor misalignment could result in fluid leaks, inconsistent flow 

rates, and measurement inaccuracies. 

Following alignment, gentle and uniform manual pressure was applied across the 

assembled device, carefully removing any air bubbles trapped at the interface between 

the lid and adhesive layer. Removal of trapped air was vital to maintain optimal fluid 

dynamics, ensure leak-free sealing, and prevent disruption to the sensor’s optical 

properties (Figure 24). 

It is important to note that the biofunctionalization step of the sensor substrate was 

completed separately, prior to assembly of the microfluidic system (as detailed previously 

in Section 1.2.4). This approach ensured that bioreceptors remained undisturbed, 

uniformly immobilized, and active under controlled conditions, thereby enhancing 

reproducibility and functional integrity of the assembled biosensor. 
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Figure 24. Overview of the fabrication and assembly workflow: a) PC substrate, b) 

Vinyl masking, c) Gold deposition, d) Adhesive layer integration, and e) Final chip. 

 

3.2.9 Sensing platform setup 

 

We developed an LSPR sensing platform at the Biosensors for Bioengineering group at 

The Institute for Bioengineering of Catalonia (IBEC) and allows real-time monitoring at 

a fixed angle of incidence (θ = 45°). The optical platform integrates a microfluidic system, 

and an optomechanical platform designed for stable measurements. 

The optical setup consists of a broadband halogen light source (Ocean Optics HL-2000, 

USA) covering the 360-2400 nm spectral range, coupling optics (F230SMA-B, 633 nm, 

f = 4.43 mm, NA = 0.56 and F220SMA-532, 532 nm, f = 10.90 mm, NA = 0.25), a Ø550 

µm core optical fiber (400-2200 nm) arranged at a 45° fixed angle. Light from the source 

is collimated and passes through a polarizing element before illuminating the sensing spot 

on the chip. The reflected light is collected by a second collimator and directed to a 

spectrophotometer (Avantes NEXOS, Netherlands). 

The mechanical stage comprises a motorized linear stage with built-in controllers (Zaber 

Technologies, T-LSM025A, USA) and a manual translation/rotation stage (ThorLabs, 

XYR1/M, Germany) (Figure 25). We carefully adjusted the position of the optical fiber 

and the chip to ensure precise alignment of the light beam with the sensing area. 
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Figure 25. A schematic representation of the optical sensing platform. 

 

Reliable and reproducible fluid handling is crucial for achieving stable and accurate 

biosensing measurements. To this end, we implemented an integrated microfluidic system 

composed of several components. A precision syringe pump (KD Scientific, KDS 101-

CE, USA) was employed to ensure precise fluid delivery rates and consistent flow control. 

The flow rate can be set from the panel, to achieve the desired flow conditions i.e., 40 

μL/min.  

Additionally, an integrated bubble trap (Elveflow, Elvesys group) was included to 

eliminate air bubbles that could interfere with sensor performance or disrupt stable fluid 

flow. A vacuum pump (SparkFun Electronics, USA) further facilitated bubble prevention 

by enabling quick priming and efficient degassing of the fluidic channels prior to 

experimentation (Figure 26). 
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Figure 26. General overview of the experimental LSPR sensor setup with the 

microfluidic system and opto-mechanical system. 

Sample injections were conducted using a manual 6-port injection valve (Cheminert C22-

3186, Valco Instruments Co., USA), which allows the continuous flow of the running 

buffer alongside accurate and repeatable sample loading. The valve is equipped with a 

loop of precisely 200 µL internal volume, ensuring consistent and reproducible injection 

volumes for each analyte measurement. During normal operation ("closed state"), running 

buffer flows through the sensor system; when injecting a sample ("open state"), the valve 

redirects the fluid path, allowing the loaded sample loop contents to enter the microfluidic 

chip. 

Connections between system components were made using chemically resistant PTFE 

tubing (internal diameter × outer diameter: 0.8 mm × 1.58 mm; Sigma-Aldrich, Z609714, 

Germany). This tubing securely connects the injection valve, bubble trap, vacuum pump, 

syringe pump, and waste reservoir, ensuring robust and leak-proof fluidic pathways. 

To interface the PTFE tubing directly with the chip’s PMMA lid, Mini Luer tube tuck 

connectors (ChipShop, Fluidic 1579, Germany) were employed. These connectors offer 

a leak-proof seal and provide simple, reliable insertion of 1/16-inch tubing into the chip. 

To further enhance reliability and prevent accidental tubing disconnections caused by 

platform movements, we designed and 3D-printed a custom fixation lid equipped with 

integrated magnets. This lid firmly secures the Luer connectors and tubing in position on 

a custom-designed, in-house fabricated chip holder, thus maintaining stable fluid 

connections and ensuring consistent sensor operation throughout experiments (Figure 

27). 
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Figure 27. Schematic representation of the fixation lid and the microfluidic connected 

chip on the platform holder. A) chip with luer connectors on the platform holder, b) 

positioning of the lid and the connected chip, c) side view of the lid chip connecting 

sequence.  

The reflected spectra are recorded using the AvaSpec-NEXOS™ spectrometer and 

visualized through a custom LabVIEW interface, which we developed specifically for 

this platform. The software manages real-time spectral acquisition, data fitting, and 

controls the mechanical components.  

In the Spectrometer and Fitting tab of the interface (Figure 28A), we can define all 

acquisition and analysis parameters, including the number of channels, integration time, 

averaging, and dark correction. We also control fitting parameters such as pixel range, 

model selection, polynomial order, and LSPR guess value. 

In the Sensing tab (Figure 28B), we monitor the LSPR shift in real time as data points 

are collected. This enables us to track changes in refractive index on the sensor surface 

dynamically during analyte binding or elution events. 
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Figure 28. LabView software user interface. A) Spectrometer and Fitting tab to allow 

parameter selection, customization, and b) Sensing tab to visualize real-time data point 

collection. 

3.2.10 Data Analysis 

Sensor response data obtained from the nanoplasmonic biosensors were processed and 

analyzed using multiple software packages to ensure robust and accurate interpretation. 

Initially, raw sensor data, represented as wavelength shifts (Δλ, nm), were recorded and 

organized using Microsoft Excel (Microsoft, USA) for preliminary data handling, 

baseline correction, and initial visualization. Subsequently, Origin 8.0 software 

(OriginLab, USA) was employed for detailed graphical representation, enabling precise 

visualization of biosensor response dynamics and facilitating the evaluation of response 

trends and reproducibility across replicates. 

Quantitative data analysis and graphical representation, including sensor calibration, 

curve fitting, and statistical comparisons, was performed using GraphPad Prism 
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(GraphPad Software, Inc., USA). Prism software was specifically used to fit experimental 

data into a four-parameter logistic (4PL) regression model, facilitating reliable 

interpolation of unknown analyte concentrations from the biosensor calibration curves. 

Prism also enabled rigorous statistical evaluation of assay sensitivity, specificity, 

reproducibility, and precision through appropriate statistical tests, including the 

determination of limits of detection (LOD), confidence intervals (CI), and regression 

goodness-of-fit metrics (R²). 

In summary, sensor response (Δλ, nm) was systematically correlated with analyte 

concentrations (ng/mL) to yield quantitative, interpretable analytical results, essential for 

both calibration and clinical validation phases of the biosensor development. 

3.2.11 Bulk calibration 

To assess the bulk refractive-index (RI) sensitivity of the fabricated nanoplasmonic 

biosensor chips, a systematic calibration procedure was conducted using hydrochloric 

acid (HCl) solutions at varying concentrations. HCl concentrations prepared for the 

calibration experiments included 0.5 M, 0.25 M, 0.1 M, 0.05 M, and 0.025 M, spanning 

a wide refractive index range to thoroughly evaluate sensor performance. The refractive 

index of each HCl solution was independently measured using a portable digital 

refractometer (Reichert Technologies, Brix/RI-Chek, USA), ensuring accurate and 

reproducible RI reference values for calibration purposes (Table 5).  

During calibration, 200 µL aliquots of each HCl solution were sequentially injected over 

the sensing surface at a fixed flow rate, and the resulting changes in the plasmonic 

resonance wavelength shift (Δλ, nm) were continuously monitored and recorded. The 

relationship between the measured sensor response (Δλ) and the corresponding refractive 

index of each solution was plotted, allowing determination of the sensor’s bulk sensitivity 

in terms of wavelength shift per refractive index unit (nm/RIU). This calibration step 

provided a foundational assessment of sensor sensitivity, confirming the sensor’s 

capability to detect subtle changes in refractive index prior to biospecific detection assays. 

Table 5. Refractive Index values of the HCl solutions used in the bulk calibration of the 

sensor chips.  

Solution Measured RI 

MiliQ water 1.3325 

0.5 M HCl 1.3368 

0.25 M HCl 1.3346 

0.1 M HCl 1.3334 

0.05 M HCl 1.3331 

0.025 M HCl 1.3330 
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3.3 SENSOR SURFACE BIOFUNCTIONALIZATION 

3.3.1 Introduction 

In this chapter, we describe the biofunctionalization strategy of cys-Protein G self-

assembles monolayer (SAM) immobilization with an IgG antibody and evaluate the 

performance of the functionalization in different matrixes. The performance of any label-

free plasmonic biosensor critically depends on the quality and stability of its 

biorecognition layer [94]. SAMs offer a versatile platform for tailoring surface chemistry 

at the nanoscale, enabling precise control over receptor density, orientation, and 

nonspecific adsorption [95,96]. In the context of GC-SPR, a well-ordered SAM can 

significantly enhance both signal‐to‐noise ratio and overall sensitivity by reducing 

background refractive‐index fluctuations and maximizing the fraction of bound analyte 

that contributes to the evanescent field [83]. 

Among SAM strategies, cysteine-tagged Protein G (cys-Protein G) has emerged as an 

effective means to orient immunoglobulin G (IgG) antibodies via their Fc region, thereby 

exposing antigen-binding (Fab) domains toward the sample matrix [97]. Oriented 

immobilization not only increases the active capture probe density but also preserves 

antibody activity over extended assays, which is essential when detecting low-abundance 

targets such as complement sC5b-9 in complex media [98]. Despite these advantages, 

many reported Protein G-based surfaces neglect the role of electrostatic pre-concentration 

at the protein’s isoelectric point (pI). Pre-concentrating cys-Protein G near its pI enhances 

thiolate-gold binding and yields higher surface coverage, translating into improved assay 

sensitivity [90]. 

Conventional chemical coupling methods, such as EDC/NHS activation, often require 

multiple reagents, long incubation times, and can result in random receptor orientation or 

crosslinking artifacts, limiting throughput and scalability. In contrast, cys-Protein G 

SAMs can be generated in a single step under mild conditions, consume fewer reagents, 

and are readily compatible with batch fabrication of disposable chips. In this chapter, we 

build established GC-SPR optimization principles [83] to develop an improved, pI-driven 

cys-Protein G immobilization protocol. Our goal is to maximize the active antibody 

population, minimize nonspecific fouling, and deliver the robust, reproducible 

biointerface required for sensitive detection of sC5b-9 in human serum. 

3.3.2 Biofunctionalization strategy 

Physical adsorption is a widely used and straightforward biofunctionalization strategy in 

which biomolecules adhere to a sensor surface through non-covalent intermolecular 

forces, including electrostatic interactions, hydrogen bonding, van der Waals forces, and 

hydrophobic effects [99]. The strength and nature of these interactions depend on both 

the surface chemistry and biomolecular structure, making adsorption sensitive to 

environmental parameters such as pH and temperature. While this approach allows 

immobilization via multiple binding sites, it often results in random orientation of the 

receptors and can induce partial denaturation [90]. 
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On gold surfaces, cysteine-tagged proteins exploit the strong affinity of thiol groups for 

Au-S chemisorption, while the remaining protein engages in additional physisorption 

contacts that stabilize the monolayer. This dual chemisorption-physisorption mechanism 

enhances the longevity, reproducibility, and sensitivity of the biointerface. Lee et al. 

(2007) demonstrated an effective biofunctionalization protocol for cys-Protein G and 

human IgG antibodies on gold, and the method employed here is a modified version of 

that strategy [90].  

3.3.3 Materials and Methods for immobilization 

For sensor biofunctionalization and assay development, all buffer solutions including 

Tween®-20, saline acetate buffer (SAB), phosphate-buffered saline (PBS, pH 7.4), 2-[4-

(2-hydroxyethyl)-1-piperazinyl] ethanesulphonic acid (10 mM HEPES, pH 7.0) buffer, 

and CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate, 

331717-45-4) were obtained from Sigma-Aldrich (Steinheim, Germany). For anti-fouling 

PLL20-g(30)-MPEG45 was obtained from NanoSoft Biotechnology (NC, USA) and 

bovine serum albumin from Sigma-Aldrich (BSA, pH 5.2). 

Recombinant cys-Protein G was purchased from ProSpec (catalog #PRO-1238). Purified 

rat anti-mouse IL-6 antibody and recombinant mouse IL-6 was obtained from BD 

Pharmingen™. Mouse anti Human SC5b-9 antibody was purchased from Bio-Rad 

Laboratories, and purified Human Complement sC5b-9 Complex was acquired from 

Novus Biologicals. Commercial Human Serum (CHS) was purchased from Merck Life 

Science (S7023-50ML). It contains various plasma proteins, amino acids, polypeptides, 

growth factors, fat, carbohydrates, nucleic acid derivatives, hormones, inorganic 

minerals, and vitamins. According to Merck Life Science the sera is pooled from multiple 

normal subjects and collected from clotted whole blood without additives. The donor pool 

consists of up to 200 donors and are sterile filtered through a 0.22-micron filter. 

3.3.4 Optimization (model IgG) 

To optimize the biofunctionalization process, the biosensor was initially characterized 

using an anti-Interleukin-6 (anti-IL-6) antibody. IL-6 was selected for preliminary testing 

due to its well-characterized nature and availability as a standardized antibody, 

facilitating consistent and reproducible optimization of immobilization parameters. 

Additionally, cys-Protein G has been shown to bind various IgG subtypes with differing 

affinities (Table S4), specifically recognizing the Fc region [90], which makes it suitable 

for oriented antibody immobilization regardless of target specificity.  

IL-6 was also a relevant biological choice, as it is an inflammatory cytokine known to be 

elevated in myasthenia gravis (MG) patients and has been implicated in promoting 

complement activation through increased C5 levels. Therefore, although IL-6 is not the 

target of interest in this work, it served as a biologically and technically appropriate 

surrogate to fine-tune sensor functionalization prior to implementing anti-C5b-9 

antibodies for specific detection [26]. 
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3.3.4.1 Pre-concentration of the protein  

The effect of pre-concentrating of cys-Protein G near its pI was evaluated. Protein 

immobilization was therefore evaluated at three different pH conditions (4, 5 and 6) in 

SAB buffer to identify conditions that promote optimal surface coverage and stability of 

the immobilized protein layer.  

For these experiments, cys-Protein G was prepared at 20 µg/mL in SAB at each pH and 

immobilized onto freshly cleaned sensor surfaces. Subsequently, a standard antibody 

(anti-mouse IL-6, BD Pharmingen; 50 µg/mL) was introduced after protein 

immobilization. The functionalized chips were evaluated by injecting 200 µL of 

recombinant mouse IL-6 (200 ng/mL in PBST 0.5%).  

Separate sensor chips were prepared and used individually for each pH condition to 

ensure consistency and prevent cross-contamination. Immobilization efficiency and 

sensor response were evaluated based on the wavelength shift obtained upon injection of 

the antigen. The highest and most stable biosensor response was observed at pH 4; 

therefore, this condition was selected as optimal for subsequent immobilization steps. 

3.3.4.2 Protein and antibody concentration 

Following the selection of the optimal immobilization pH, experiments were conducted 

to further optimize the surface biofunctionalization by varying the concentrations of cys-

Protein G and antibody. 

Initially, different concentrations of cys-Protein G (20, 50, and 100 µg/mL in SAB at pH 

4) were immobilized while maintaining a fixed antibody concentration of 50 µg/mL. 

Subsequently, antibody concentrations (20, 50, and 100 µg/mL) were evaluated using the 

optimal concentration of cys-Protein G (100 µg/mL, pH 4). The biosensor responses were 

evaluated based on the magnitude of the wavelength shifts obtained during antigen 

injection.  

Optimal immobilization conditions were determined to be 100 µg/mL of cys-Protein G 

and 50 µg/mL of antibody, as this combination consistently yielded the strongest and 

most reproducible biosensor signals. These optimized parameters were utilized 

throughout the remainder of this study for the biofunctionalization of all plasmonic sensor 

chips. 

3.3.5 Standard biofunctionalization workflow 

Based on the optimized parameters described above, sensor surfaces were 

biofunctionalized via an ex-situ method. Prior to functionalization, gold-coated sensor 

substrates were activated for 30 minutes by UV/ozone treatment Procleaner (Bioforce 

Nanosciences). This activation step enhanced surface hydrophilicity and removed 

potential organic contaminants, promoting uniform adsorption of the protein layer. 

Next, a 20 µL droplet of 100 µg/mL cys-Protein G in SAB buffer (pH 4) was deposited 

onto the activated surface and incubated for 1 hour at 4 °C. Unbound or weakly adsorbed 

protein was then rinsed off thoroughly with PBST 0.5%. Next, 50 µg/mL of IgG antibody 
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was deposited in the same manner and incubated under identical conditions, followed by 

a second PBST 0.5% rinse to eliminate non-adsorbed antibody. 

3.3.5.1 Anti-fouling  

Our anti-fouling strategy combined PLL-PEG with 1% BSA to minimize nonspecific 

adsorption. Polyethylene glycol (PEG) is considered the gold standard for resisting 

protein adsorption because its hydrated polymer brush increases surface hydrophilicity 

and sterically repels approaching biomolecules. Bovine serum albumin (BSA), a highly 

abundant plasma protein, exhibits strong affinity for hydrophobic and metallic surfaces 

like gold, effectively passivating exposed sites and further suppressing background 

binding in complex serum matrices [99,100]. 

To block non-specific adsorption, the surface was treated with 0.75 mg/mL PLL-PEG 

diluted in HEPES buffer for 10 minutes at room temperature, then incubated overnight at 

4 °C with 1% BSA. This two-step blocking regimen effectively minimizes background 

binding and was used for all subsequent biofunctionalization steps. This 

biofunctionalization workflow consistently produced robust and reproducible 

biorecognition surfaces, ensuring optimal biosensor performance for subsequent 

analytical measurements (Figure 29).  

 

Figure 29. Schematic representation of the biofunctionalization technique ex situ of the 

sensor surface. Created in BioRender. Ugarte Orozco, M. (2025) 

https://BioRender.com/orlbaea 

3.3.6 Time stability test 

To assess the long-term stability and reliability of the biofunctionalized cys-Protein 

G/anti-C5b-9 sensor surfaces, we conducted a systematic evaluation over an extended 

period. Freshly biofunctionalized sensor chips were stored under two different conditions 

to investigate how environmental factors might influence biorecognition layer integrity: 

immersed in phosphate-buffered saline (PBS) and stored dry, both at 4 °C. These 

conditions mimic typical storage environments in laboratory and clinical settings. 

Sensor stability was evaluated at multiple defined intervals: 48 hours, 22 days, and 1 

month after initial functionalization. At each predetermined time point, individual 

biosensors were removed from storage and immediately mounted onto the GC-SPR 
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system. To ensure accurate measurements, the sensors were equilibrated for 5 minutes 

with running buffer (PBST 0.5% + CHAPS 25 mM) at a flow rate of 40 µL/min until a 

stable baseline was established. Subsequently, the functional stability was assessed by 

injecting 200 µL of recombinant sC5b-9 (100 ng/mL) diluted in the same running buffer, 

maintaining a flow rate of 40 µL/min. The sensor response, represented by the steady-

state wavelength shift (Δλ), was continuously recorded. 

To quantify stability over time, the Δλ values at each tested interval were compared 

against the initial response obtained immediately after biofunctionalization (day 0). This 

comparative analysis enabled us to identify any degradation in the recognition layer or 

loss of antibody binding activity. Each time point evaluation was performed on separate, 

independently stored sensor chips to eliminate variability associated with repeated use or 

regeneration processes. No regeneration steps were performed between assays to ensure 

that each data point reflected the intrinsic stability of the original biofunctionalized 

surface. 

This systematic approach provides essential insights into the practical shelf-life and 

storage conditions required for reliable sensor deployment, contributing to the broader 

applicability and clinical translation of our biosensor platform. 

3.3.7 Matrix effect of serum and affinity validation  

To evaluate the impact of serum components on sensor performance, the functionalized 

cys-Protein G/Ab C5b-9 were challenged with serial dilutions of commercial human 

serum (CHS) prepared in PBST 0.5% (1:100, 1:50, 1:10, and undiluted). Initial 

optimization employed PBST alone as the running buffer, but to enhance signal stability 

and reduce nonspecific binding, the buffer was subsequently replaced with PBST 0.5% 

supplemented with 25 mM CHAPS.  

Each dilution was evaluated on a fresh biofunctionalized chip: after a 5-minute baseline 

equilibration with PBST 0.5% + CHAPS at 20 µL/min, 200 µL of the CHS sample was 

injected at the same flow rate for 15 minutes, followed by a 5-minute wash with PBST 

1% to remove loosely bound material. Surface regeneration between runs was achieved 

with a pH 2.2 glycine solution, ensuring consistent starting conditions. To determine 

assay accuracy, the entire procedure was repeated with CHS samples spiked with 250 

ng/mL sC5b-9. All matrix-effect and accuracy data are presented in Section 4.9.2. 

3.3.8 BRE affinity in complex matrix 

One sensing spot of the plasmonic chip was functionalized with cys-Protein G + anti-

C5b-9 antibody (BRE), while the other served as a control (functionalized with cys-

Protein G only).  

To evaluate the specific binding capability of the immobilized biorecognition element 

(BRE, Ab C5b-9), a control assay was performed injecting a dilution of CHS spiked with 

250 ng/mL of recombinant sC5b-9 into the biosensor. 
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The sensing surface was divided into two regions: one spot was functionalized with cys-

Protein G / Ab C5b-9 (with BRE), while the control spot was only functionalized with 

cys-Protein G (without BRE). After baseline stabilization with PBST 0.5% + CHAPS 

25mM as running buffer, the target analyte sC5b-9 (200 µL) was injected at 40 µL/min 

for 15 minutes. The surface was washed with PBST 1% for 5 minutes. 

The affinity of the anti-C5b-9 biorecognition element (BRE) was assessed on a dual-spot 

nanoplasmonic chip. One spot was functionalized with cys-Protein G and anti-C5b-9 

antibody (BRE), while the other contained only cys-Protein G as a negative control. Then, 

both sensing spots were blocked with 0.75 mg/mL PLL-PEG for 10 minutes at room 

temperature and subsequently with 1% BSA overnight at 4 °C, then rinsed with PBST 

0.5% to remove unbound blocking reagents. The assembled chip was mounted in the 

sensing platform, and PBST 0.5% + 25 mM CHAPS was used as running buffer at 40 

µL/min.  

After baseline stabilization, a 200 µL sample of 1:100 diluted CHS spiked with 250 

ng/mL recombinant sC5b-9 was injected at 40 µL/min for 10 minutes, and the real-time 

wavelength shift (Δλ) recorded. Finally, the surface was washed with PBST 1% for 5 

minutes at 40 µL/min to observe dissociation. No regeneration was performed; each assay 

was conducted on a fresh chip to ensure reproducibility. 

3.4 CALIBRATION AND VALIDATION OF THE BIOSENSOR 

3.4.1 Introduction  

Accurate quantification of analyte concentration from plasmonic sensor responses 

mandates a robust calibration strategy that spans both idealized buffer conditions and 

biologically complex media. Calibration in buffer establishes the intrinsic relationship 

between resonance shift (Δλ) and known sC5b-9 concentrations, enabling determination 

of key analytical parameters such as limit of detection, dynamic range, and assay 

precision [101].  

However, serum components can alter refractive‐index backgrounds and introduce 

nonspecific interactions, necessitating parallel calibration in complex matrices to correct 

for matrix effects and ensure reliable performance in real‐world samples [102]. To model 

the characteristic sigmoidal binding behavior of immunoassays and accommodate analyte 

saturation at high concentrations, we applied a four‐parameter logistic (4PL) regression, 

which is widely accepted for biosensor and ELISA calibration due to its flexibility and 

interpretability [103]. Following matrix‐matched calibration, clinical validation against 

well-characterized human sera confirms the assay’s accuracy and suitability for detecting 

sC5b-9 in patient samples. 

3.4.2 Materials and biological compounds 

Biofunctionalized biosensors with cys-Protein G / Ab C5b-9 as previously described were 

used for the assays of this section.  
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All buffer solutions including Tween®-20, phosphate-buffered saline (PBS, pH 7.4), and 

CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate, 

331717-45-4) were obtained from Sigma-Aldrich (Steinheim, Germany). Dulbecco’s 

Modified Eagle Medium (DMEM; ThermoFisher). 

Patient serum samples were collected at the Institut de Recerca Hospital de la Santa Creu 

i Sant Pau (Barcelona, Spain). A total of 13 serum samples from adult donors were 

analyzed: 8 from patients diagnosed with AChR+ MG, 3 from patients positive for anti-

MuSK antibodies (MuSK+ MG), and 2 from healthy donors. Together, the MuSK+ MG 

and healthy donor samples (n=5) were used as negative or blank controls, as these are not 

expected to contain sC5b-9 levels associated with AChR+ MG. In addition, commercial 

human serum (CHS) was also evaluated to further assess background signal and 

specificity. All procedures complied with institutional and/or national ethics standards, 

including the 1964 Helsinki Declaration and its later amendments.  

3.4.3 Calibration curve sC5b-9 in complex matrices 

Calibration curves were generated to establish a reliable quantitative relationship between 

measured biosensor signal (Δλ) and known concentrations of the target analyte, soluble 

C5b-9 (sC5b-9). To assess the influence of complex matrices on sensor performance, two 

distinct matrix environments were selected: Dulbecco’s Modified Eagle Medium 

(DMEM), representing a biologically relevant, protein-rich medium potentially 

applicable to future cell-based assays (e.g., bead-based Cytometric Bead Array (CBA) 

platforms for sC5b-9 detection), and diluted commercial human serum (CHS), to simulate 

direct clinical serum samples. 

For the initial calibration, DMEM (ThermoFisher) was chosen as the running buffer due 

to its complexity and clinical relevance. Prior to analyte injections, each biofunctionalized 

sensor chip was stabilized with DMEM flowing at 40 µL/min for 5 minutes, allowing the 

establishment of a stable baseline. Subsequently, serial dilutions of recombinant sC5b-9 

ranging from 0.1 to 1000 ng/mL in DMEM were prepared. Each dilution (200 µL) was 

individually injected into the biosensor at a flow rate of 40 µL/min, and the resulting 

wavelength shifts (Δλ) were continuously recorded. After each analyte injection, unbound 

molecules were removed by washing the biosensor surface with PBST 0.5% at 40 µL/min 

for 3 minutes. 

To evaluate sensor behavior under conditions more representative of clinical serum 

samples, a second calibration was conducted using PBST 0.5% supplemented with 25 

mM CHAPS and 1:100 diluted CHS as the running buffer. This calibration followed the 

same experimental protocol as the DMEM calibration, using fresh biofunctionalized 

chips and identical serial dilutions of sC5b-9. Two independent biosensor chips, each 

with dual technical replicates, were evaluated for both matrices to ensure reproducibility 

and accuracy of the data. 

The collected calibration data from both matrices were then analyzed using GraphPad 

Prism software, fitting the sensor response to a four-parameter logistic (4PL) regression 
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model. This nonlinear model was chosen due to its suitability for capturing the 

characteristic sigmoidal behavior of plasmonic immunoassays, accurately modeling both 

low-concentration sensitivity and high-concentration saturation of the analyte-binding 

response. The resulting curves provided essential analytical parameters, including limit 

of detection (LOD), and effective quantification range, crucial for subsequent clinical 

validation. 

3.4.4 Clinical Validation with Real Samples 

Clinical validation was conducted to demonstrate the practical applicability of the 

developed biosensor platform for quantifying sC5b-9 in real patient serum samples. A 

total of 11 patient samples were analyzed: eight samples from patients diagnosed with 

AChR+ MG, and three samples from patients positive for anti-MuSK antibodies (MuSK+ 

MG). For each clinical measurement, a freshly biofunctionalized biosensor chip was used 

to ensure consistent performance and avoid carry-over effects. 

All serum samples were diluted 1:100 in PBST 0.5% + 25 mM CHAPS to reduce 

nonspecific binding and to stabilize the assay conditions. Prior to patient sample 

injections, a baseline was established by injecting 200 µL of similarly diluted commercial 

human serum (CHS, 1:100 dilution in PBST 0.5% + CHAPS) at a constant flow rate of 

40 µL/min. Subsequently, a diluted serum sample from a healthy control (also 1:100 in 

PBST 0.5% + CHAPS) was injected as a negative control to confirm the absence of non-

specific signal attributable to healthy serum components. After these control injections, 

patient serum samples (200 µL, diluted 1:100) were individually introduced under 

identical flow conditions (40 µL/min). 

Post-injection, the biosensor surface was washed thoroughly with PBST 1% for 3 minutes 

at a reduced flow rate (20 µL/min) to remove unbound serum components and ensure a 

stable and specific sensor response. Each patient serum sample was initially evaluated 

using two technical replicates (dual spots on the biosensor chip) to confirm 

reproducibility of the measured signal. Following initial validation against the healthy 

control (n= 2 technical replicates), subsequent measurements were simplified by direct 

comparison of CHS baseline to the patient serum response. 

The final sensor responses (Δλ, nm) were interpolated from previously generated 

calibration curves to determine sC5b-9 concentrations quantitatively. All data points were 

measured in triplicate (n= 3; technical replicates per condition) to enhance statistical 

reliability. Data analysis and graphical representation were conducted using GraphPad 

Prism, ensuring robust statistical interpretation and visualization of results. 

3.4.5 Data Analysis and Curve Fitting  

Raw spectra were processed using a developed Python script to separate channels and 

peak position. GraphPad Prism 10 (GraphPad Software Inc., USA) was used for further 

data processing and statistical analysis. The biosensor signal was expressed as the 

wavelength shift (Δλ, in nm). 
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Calibration curves were generated by plotting Δλ (mean ± standard deviation) versus the 

protein concentration. The data were fitted to a four-parameter logistic (4PL) regression 

model, described by the following parameters:  

 

𝑦 = 𝑑 +
(𝑎 − 𝑑)

[1 + (
𝑥
𝑐)

𝑏

]
 

 

a = the minimum value that can be obtained, 

b = Hill’s slope of the curve, 

c = the point of inflection (represents the half-maximal inhibitory concentration IC50), 

d = the maximum value that can be obtained. 

The 4PL model was selected based on comparison with alternative models (5PL, one-site 

specific binding, exponential growth) using GraphPad's model comparison tool. In this 

model, y represents the biosensor response (Δλ, nm) and x the analyte concentration 

(ng/mL). 

The limit of detection (LOD) was calculated using the formula: 

𝐿𝑂𝐷 = 3.3
𝜎

𝑆
 

S = is the slope of the calibration curve, 

σ = is the standard deviation of the response. 

3.4.6 ELISA of sC5b-9 

ELISA measurements were conducted according to the manufacturer’s protocol 

provided with NOVUS Biologicals product manual for Human C5b-9 ELISA Kit 

(Colorimetric) (NBP266708). A standard curve was determined for the concentration of 

range of 31.25-2000 ng/mL in twofold serial dilutions. Optical density was measured 

using a microplate reader set to 450 nm. 
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CHAPTER 4 | RESULTS AND DISCUSSION  

4.1 INTRODUCTION 

The primary objective of this work is to develop and analytically validate a GC-LSPR 

biosensor for rapid, label-free detection of sC5b-9, a clinically relevant protein of 

complement activation in myasthenia gravis (AChR+ MG). The platform BD-derived 

polycarbonate nanogratings coated with a 68 nm Au film, an oriented Fc-capture layer 

(cys-Protein G/IgG) to preserve antibody activity, and a fixed-angle spectral readout that 

converts nanoscale binding events into robust wavelength shifts (Δλ, nm). 

This chapter presents, step-by-step, the design optimization, biointerface engineering, and 

analytical performance of the sensor, then demonstrates its applicability in clinical 

matrices (serum). We first establish batch-to-batch reproducibility of the substrate 

fabrication, followed by microfluidic flow optimization. We then characterize the 

biofunctionalization conditions (pH and concentration) to maximize active antibody 

density and minimize nonspecific binding. Next, we quantify the bulk sensitivity, perform 

noise characterization (LoB/LoD) using standardized criteria, and construct calibration 

curves to translate spectral shifts into sC5b-9 concentrations. Finally, we assess matrix 

effects, regeneration, and run-to-run precision in serum. 

These results support the low-cost, disc-derived GC-LSPR sensors being able to deliver 

sensitive, fast, and practical quantification of complement activity, providing a path 

toward diagnostic tools for MG. 

4.2 DESIGN ITERATIONS 

Initial testing of the single‐channel chip architecture (Figure 30) revealed significant 

discrepancies in sensing performance between the two detection zones, prompting a 

design overhaul to a parallel-channel structure that significantly improved sensor 

performance and facilitated simultaneous dual measurements.  

 

Figure 30. First design of the nanoplasmonic chip with two sensing spots in one single 

microfluidic channel.  

In the original layout (Figure 31), both nanoplasmonic regions (“Zone 1” and “Zone 2”) 

resided in a single continuous microfluidic chamber, delivering the analyte in series.  
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Figure 31. Design of the sensing flow with continuous sensing spots (“Zone 1” and 

“Zone 2”) in a single microfluidic channel. 

To quantify reproducibility, five independently fabricated and biofunctionalized chips 

were challenged with a model protein (IL-6) across a broad concentration range (0-10 

000 ng/mL), and the accumulated wavelength shifts (Δλ, nm) were recorded (Figure 32). 

Although Zone 1 consistently produced tightly clustered response curves (mean Δλ at 4 

000 ng/mL = 5.2 ± 0.1 nm), Zone 2 exhibited substantially greater variability (mean Δλ 

at 4,000 ng/mL = 5.8 ± 0.5 nm), indicating up to five‐fold higher coefficient of variation. 

 

Figure 32. Result from sensograms (n=5) measurement of concentration curve of IL-6. 

We hypothesized three potential contributors to this non-uniformity: (i) the laminar flow 

path inherently favors the upstream region (Zone 1), granting it first access to the analyte 

and potentially depleting downstream concentration; (ii) differences in the local 

evanescent‐field decay length or surface roughness between zones; and (iii) 
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inconsistencies in substrate preparation, particularly protective‐layer removal and gold 

deposition, which could magnify batch-to-batch variability. 

These findings motivated the transition to a parallel-channel format (Figure 24), wherein 

each sensing spot receives the analyte simultaneously under identical hydrodynamic and 

surface conditions. By isolating the flow paths, we anticipated equal analyte availability 

and more consistent field conditions across both sensing spots. The parallel design not 

only harmonizes sensor responses but also enables true technical replicates in a single 

assay, thereby improving throughput and confidence in measured signals.  

4.3 PROTECTIVE LAYER REMOVAL OPTIMIZATION 

The layer removal process for the fabrication of the GC-LSPR chips was systematically 

optimized through three iterations (protocols v1.0, v2.0, and v3.0). The primary challenge 

during early protocols was incomplete removal of the reflective metallic and adhesive 

layers, which resulted in poor gold (Au) adhesion and dampened plasmonic responses. 

This was most evident in protocol v1.0, where residues from the protective polymer and 

reflective aluminum layer produced heterogeneous surfaces. SEM imaging confirmed 

significant roughness and debris, which directly affected the plasmon resonance peaks. 

In the first fabrication iteration, thermal printable BDs (BD-R SL, Verbatim 43743) were 

cut into chips by CNC, and the reflective/protective layer was removed by immersing the 

pieces in 1 M HCl for 24 h at 40 °C, followed by 2 min ultrasonication in Milli-Q water 

and 2 min in ethanol.  

To assess the surface quality, we visualized the sensors with two microscopy techniques: 

SEM inspection of the cleaned polycarbonate (PC) surfaces pre-Au deposition and post-

Au deposition and with optical microscopy (OLYMPUS BX51RF).  

The SEM images of the substrates prepared under the initial fabrication protocol (v1.0) 

provide unmistakable evidence of incomplete protective layer removal and surface 

contamination (Figure 33). Panels (a-c) depict the PC surface post-cleaning but pre-Au 

deposition. At low magnification (a, b), the surface appears heterogeneous, with irregular 

clusters and roughened domains that correspond to residual metallic alloy (Ag-based 

“MABL” layer) and incompletely removed protective coatings. At higher magnification 

(c), particulate debris and patchy regions are evident, obscuring the characteristic nanoslit 

pattern expected from BDs-derived gratings. This suggests that the chemical stripping (1 

M HCl, 24 h at 40 °C) combined with brief sonication was insufficient to fully eliminate 

the reflective and adhesive layers, leading to an uneven exposure of the underlying PC 

nanostructure. 

Following Au deposition, SEM inspection (d-f) shows that the nanoslit grating periodicity 

(320 nm pitch) becomes more apparent, confirming partial exposure of the substrate 

pattern. However, numerous bright contrast spots, corresponding to debris or Au 

agglomerates nucleating on contamination residues, remain visible across the surface. At 

higher magnification (e, f), these particulates disrupt the continuity of the Au thin film, 
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creating localized defects. Such discontinuities can compromise plasmon resonance by 

introducing scattering losses, reducing uniformity of the near-field enhancement, and 

thereby lowering sensitivity and reproducibility [81], [104]. 

Complementary optical microscopy (g-i) corroborates the SEM observations: while the 

Au-coated surface displays the expected golden hue, non-uniformities such as scratches, 

particulate debris, and dark irregular patches are visible. These defects indicate 

incomplete cleaning and poor film adhesion, which are likely to result in unstable 

baselines and increased sensor-to-sensor variability. 

 

Figure 33. Panels (a-c) show SEM imaging of polycarbonate substrate after protective-

layer removal using protocol v1.0 (1 M HCl, 24 h at 40 °C; brief sonication). Panels (d-

f) show SEM imaging of sensors after Au film deposition (68 nm). Panels (g-i) show Au 

surface in microscopy. Scale bars as indicated. 

These results demonstrate that the first cleaning protocol was inadequate for preparing 

high-quality PC substrates for reproducible nanoplasmonic sensing. Although residual 

metal facilitated SEM visualization of the nanograting features, its presence undermines 

the fabrication process by impairing film adhesion and increasing optical noise. These 

findings highlight the critical importance of surface preparation in BD-derived 



68 

 

biosensors: even lesser amounts of residue at the nanoscale can have disproportionate 

effects on the continuity of thin metal films and on the plasmonic resonance quality factor, 

thereby degrading biosensor performance [66]. This motivated the development of 

subsequent, more rigorous cleaning strategies (protocols v2.0 and v3.0), which will be 

discussed in the following sections. 

Nonetheless, to further evaluate the adhesion of the Au film layer to the PC substrate a 

simple qualitative test, known as the ‘Scotch tape test,’ was used [105,106]. The test 

consists in using a strip of adhesive tape and adhere firmly to the sensor, after removal of 

the tape, it indicates if the adhesion of the Au film was poor or limited. Minimal removal 

of the Au film was observed (Figure 34).  

 

Figure 34. Photograph of ‘Scoth tape test’ after the Au film deposition (68 nm) on PC 

substrate with cleaning protocol v1.0.  

To improve removal of the protective layer and Au deposition, we implemented a two-

step acid stripping protocol: immersion in concentrated hydrochloric acid (37% HCl) for 

1 h at 40 °C, followed by 1 M HCl for 48 h at 40 °C. SEM inspection confirmed a decrease 

in contaminants and label residues on the PC surface and a clearer exposure of the nanoslit 

grating. Ag-alloy/label residues observed with v1.0 are largely absent, overall roughness 

is reduced, and the nanoslit grating is clearly visible in Figure 35 (panels a-c). Only sparse 

particulates remain, yielding surfaces suitable for uniform Au deposition and stable 

plasmonic response. Visually, chips showed cleaner, more uniform surfaces, which 

translated into more consistent Au deposition and improved batch-to-batch yield. 

 

Figure 35. Panels (a-c) show SEM imaging of Blu-ray-derived polycarbonate after 

improved protective-layer removal (protocol v2.0: 37% HCl, 1 h, 40 °C → 1 M HCl, 48 

h, 40 °C; sequential ultrasonication in 20% acetic acid, water, 1% Hellmanex®, 

isopropanol; N₂ dry). Scale bars as indicated. 
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Although the optimized protocol initially performed well, subsequent lots of the same 

BDs product introduced variability. After cleaning, several PC substrates exhibited 

surface roughness and residual label flaking, which compromised gold film continuity. 

The evaporated Au layer showed poor reflectivity and localized delamination, and the 

LSPR resonance could not be observed (Figure 36). These issues indicate that incoming 

substrate quality, rather than the cleaning protocol, was the limiting factor for reliable Au 

deposition and optical performance. 

 

Figure 36. Photographs of lot-dependent Au film failure and loss of plasmonic 

response. Left, top: assembled chip showing particulate contamination and label 

flaking. Left, bottom: two substrates after Au evaporation; the upper chip exhibits a 

rough, matte, non-uniform film, and the lower chip shows partial delamination—both 

incompatible with reliable optics. Right: reflected spectrum acquired under standard 

conditions; the trace lacks a distinct LSPR plasmon, consistent with poor coupling 

caused by the rough/flaking Au layer. 

The previously robust cleaning protocol began to fail when a new lot of discs, ordered 

under the same catalog number (Verbatim 43743), arrived with “DL” (double-layer) 

labeling instead of “SL” (single-layer). This lot change altered the substrate and, 

consequently, its response to acid stripping. Double-layer BDs incorporate additional 

recording/reflective layers and protective coating; these extra layers increase chemical 

and mechanical resistance, making the HCl-based removal less effective and leaving a 

rough, porous PC surface after treatment (Figure 37).  
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Figure 37. Catalog consistency issue and lot effects on substrate quality. Left: example 

listing for Verbatim BD-R SL 6 x 25 GB (cat. 43743) “Wide White Thermal Printable, 

no ID.” Right: packaging from the received lot labeled BD-R DL 6 x 25 GB but bearing 

the same catalog number (43743). The DL construction adds extra functional and 

protective layers that hinder complete removal by the established acid protocol and, 

together with label flaking, lead to roughened PC surfaces and poor Au deposition. 

By repeating the ‘scotch test’ on the sensors we could observe the adhesion of the Au was 

not optimal and was easily removed by it (Figure 38).  

 

Figure 38. Photograph of ‘Scoth tape test’ after the Au film deposition (68 nm) on PC 

substrate with cleaning protocol v2.0 in BD-R DL derived substrates.  

The printable label formulation of the new lot exhibited poor adhesion and flaked during 

processing, introducing particulates that further degraded gold film continuity. Together, 

the added multilayer stack and label flaking explain the loss of mirror-like Au, diminished 

optical quality, and failure to observe a distinct plasmon resonance (Figure 39). 

The introduction of BD-R DL discs under the same catalog number as the previously used 

BD-R SL substrates highlighted a critical issue in material sourcing for reproducible 

fabrication. As shown in Figure 39 (panels a-c), SEM inspection of the DL substrates 

after protocol v2.0 cleaning revealed large circular domains, microcracks, and extensive 

residual debris. These features likely arise from incomplete dissolution of the reflective 

and adhesive layers, which in DL discs are thicker and chemically more resistant than in 

SL constructions [81]. The persistence of these multilayers produced a roughened and 

porous polycarbonate (PC) surface, compromising the nanoslit visibility and making it 

unsuitable for uniform Au depositions. 
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Following Au evaporation (panels d-f), the films exhibited discontinuities and poor 

adhesion, confirmed by the “Scotch tape test,” which stripped off the Au layer with 

minimal force. This points to insufficient chemical activation of the PC substrate, 

combined with contamination by insoluble residues and label fragments, which disrupted 

the polymer-metal interface. Importantly, such discontinuities not only reduce film 

conductivity and optical quality but also broaden the plasmon resonance peak, thereby 

lowering sensor sensitivity [107,108]. 

The printable labeling of the DL lot further exacerbated the issue. As seen in optical 

images (panels g-i), label flaking and embedded particulates generated non-uniform 

regions across the chip, leading to inhomogeneous reflectivity. Label formulations are 

typically based on UV-cured resins or thermosetting adhesives, which resist HCl etching 

and can detach in fragments during cleaning, scattering across the surface. These 

particulates hinder Au continuity, create uncontrolled scattering centers, and further 

diminish reproducibility. 

 

Figure 39. Panels (a-c) show SEM imaging of polycarbonate substrate after protective-

layer removal using protocol v2.0 (37% HCl, 1 h, 40 °C → 1 M HCl, 48 h, 40 °C; 

sequential ultrasonication in 20% acetic acid, water, 1% Hellmanex®, isopropanol; N₂ 
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dry). Panels (d-f) show SEM imaging of sensors after Au film deposition (68 nm). 

Panels (g-i) show Au surface in microscopy. Scale bars as indicated. 

To eliminate label flaking and standardize the process, we screened several BDs and 

identified BD-R single-layer (SL), Verbatim 43742 as the most consistent for PC quality 

and Au adhesion, for future reference non-printable recordable discs work better than the 

printable line. However, applying the harsher protocol v2.0 (37% HCl, 1 h → 1 M HCl, 

48 h; 40 °C) to this SL disc was overly abrasive, producing shallow pitting and surface 

roughness on the PC that translated into non-uniform Au films and damped/ill-defined 

plasmon peaks (Figure 40).  

 

Figure 40. Cleaning protocol v2.0 applied to BD-R SL (Verbatim 43742). Left: PC 

substrate after stripping shows micro-roughness/pitting. Right: Au-coated chips also 

have roughness/pitting. 

We therefore introduced a gentler protocol v3.0 (0.75 M HCl for 24 h at 40 °C as 

described in the materials and methods section) which yielded smooth PC surfaces, clean 

exposure of the nanoslit grating, mirror-like Au films, and a stronger, well-defined LSPR 

resonance. SEM and optical microscopy confirmed the improved morphology, and the 

reflectance spectra showed higher peak intensity and signal-to-noise. Protocol v3.0 was 

adopted as the standard for all subsequent chip batches (Figure 41). 
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Figure 41. Panels (a-c) show SEM imaging of polycarbonate substrate after protective-

layer removal using protocol v3.0 (0.75 M HCl for 24 h at 40 °C; sequential 

ultrasonication in 20% acetic acid, water, 1% Hellmanex®, isopropanol; N₂ dry). 

Panels (d-f) show SEM imaging of sensor after Au film deposition (68 nm). Panels (g-i) 

show Au surface in microscopy. Scale bars as indicated. 

The introduction of protocol v3.0 (0.75 M HCl, 24 h, 40 °C) provided a decisive 

improvement in surface quality and sensor reproducibility. SEM inspection of the 

polycarbonate (PC) substrate revealed smooth surfaces with minimal debris, in contrast 

to the roughened, porous morphologies observed in earlier iterations (protocols v1.0 and 

v2.0). The nanoslit gratings were cleanly exposed (panels d-f), with well-defined 

periodicity and reduced contamination, which is critical for achieving reproducible 

plasmon coupling. Optical microscopy (panels g-i) confirmed the formation of a uniform, 

mirror-like Au coating, free from pitting or discontinuities, indicative of improved 

adhesion between the metal film and the PC template. 

This improvement can be due to two key mechanisms. First, reducing the acid 

concentration from 1 M to 0.75 M minimized polymer surface damage while still 

effectively dissolving the metallic reflective layer. This balance preserved the nanoslit 
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fidelity, avoiding the shallow pitting observed with harsher conditions, which otherwise 

function as scattering centers and dampen plasmon resonances [81]. Second, the 

sequential multi-step cleaning (acetic acid → water → Hellmanex® → isopropanol) 

ensured efficient removal of organic residues and label particulates, both of which 

previously contributed to poor Au continuity. 

We were able to characterize the nanogratings as observed in Figure 42 with ImageJ 

image processing. The periodicity is around 320 nm, constant with the manufacturer’s 

track pitch, proving that we did not lose the characteristic periodic nanograting from BDs. 

The periodic gratings enable the resonant coupling between light and surface plasmon 

through diffraction-mediated phase matching, which controls the resonance wavelength, 

linewidth, and near-field strength for sensing [66].  

 

Figure 42. Periodicity (P=320 nm) calculated from the SEM imaging of the nanoslits.  

The impact of these improvements was also evident in the optical response. Sensors 

fabricated with protocol v3.0 consistently display sharper, higher-intensity LSPR peaks 

with lower baseline noise, resulting in morphological uniformity and the smooth, 

continuous Au film that reduces plasmon damping and promotes coherent electron 

oscillations across the grating [109], thereby enhancing sensitivity. Figure 43 

summarizes the three different protocols and their impact on substrate and optical 

performance. 
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Figure 43. Comparative characterization of three cleaning protocols and their impact 

on substrate and optical performance. (a) Protocol v1.0 (1 M HCl, 24 h, 40 °C) on 

printable BD-R SL (cat. 43743): lower LSPR reflectance peak; SEM (PC pre-Au) shows 

Ag-alloy/label residues; SEM (post-Au) shows roughness and particles; Microscopy 

shows scratches on the gold surface and debris. (b) Protocol v2.0 (37% HCl, 1 h → 1 

M HCl, 48 h; 40 °C) on BD-R DL (43743): reflectance peak is not present; SEM (PC 

pre-Au) shows over-etched texture; SEM (post-Au) shows roughness, not clear 

deposition; Microscopy shows damaged surface and indicates poor film quality. (c) 

Protocol v3.0 (0.75 M HCl, 24 h, 40 °C) on BD-R SL (43742): strong, well-defined 

LSPR reflectance peak; SEM (PC pre-Au) shows clean nanoslit grating with minimal 

debris; SEM (post-Au) shows smooth, continuous film; Microscopy uniform, mirror-like 

Au. Scale bars as indicated. 
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To further evaluate the adhesion of the Au film layer we repeated the ‘Scotch tape test, 

and no removal of the Au film was observed. Compared to the other protocols, this new 

iteration of the sensors produced a robust Au film that resisted delamination. This 

improvement is critical, as delamination can alter the dielectric interface and cause 

resonance instability or loss of signal (Figure 44).  

 

Figure 44. Photograph of ‘Scoth tape test’ after the Au film deposition (68 nm).  

The absence of sharp resonance in protocols v1.0 and v2.0 sensors accentuates the 

inability of partially cleaned substrates to support stable plasmon peaks. By contrast, 

protocol v3.0 with an improved multilayer removal exhibited strong, well-defined 

plasmon peaks, validating the relation between surface preparation and optical 

performance.  

Notably, adopting v3.0 standardized the fabrication workflow, enabling reliable batch-to-

batch reproducibility. This was previously compromised by the variable response of BD-

R DL substrates (protocol v2.0) and the incomplete protective layer removal in v1.0. 

Literature on DVD- and BD-derived plasmonic gratings confirms that optimized 

chemical etching is critical for ensuring structural fidelity and reproducibility, with small 

deviations in cleaning parameters leading to significant optical variability [110]. By 

aligning with these best practices, protocol v3.0 positions the platform for robust and 

scalable biosensor fabrication. 

Another relevant finding was the unexpected variation between BDs batches. It is 

important to carefully source and screen all new disc batches to implement standard 

sensor quality. The improvements achieved with protocol v3.0 fabrication directly 

translated into enhanced analytical performance. Clean and uniform nanograting enabled 

sharp resonance peaks, which allow detection of smaller RI changes. Substrate 

optimization is a great factor for sensitivity, reproducibility, and LOD in biosensing.  

Overall, the optimization of fabrication protocols demonstrates that BD-derived gratings, 

when properly processed, can yield reproducible and high-quality nanoplasmonic chips. 

4.4 BATCH-TO-BATCH REPRODUCIBILITY EVALUATION 

After the optimization of the substrate cleaning, we wanted to assess if we had achieved 

reproducibility between batch-to-batch fabrication for producing a dependable 

nanoplasmonic chip as it is important to achieve high-throughput GC-LSPR sensors that 
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offer dependable biosensing. We measured n= 9 sensors (three per batch; identical 68 nm 

Au evaporation) in Mili-Q water to obtain the spectra as shown in Figure 45.  
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Figure 45. Reproducibility evaluation of the fabrication process. Sensograms of n=9 

different sensors with a 68 nm Au layer from three different fabrication batches. 

The overlaid spectra show nearly coincident lines; after normalizing the data to the 

maximum, the sensor spread in λ (nm) we found was σ± 0.06 nm, indicating spectral 

consistency. The sensor spread can be due to temperature on the surface generated by the 

fiber-optic light source probe, as it can shift the wavelength to the order of 0.13 nm per 

degree Kelvin [111]. This drift is expected, since the RI of the liquids will change more 

sensitively with temperature; we have a temperature sensor set up to monitor thermal 

condition and ensure that the spread is due fabrication rather than to environment 

conditions.  

It is important to achieve robust fabrication because in GC-LSPR sensors and thin Au 

film deposition, slight changes in Au thickness and surface roughness can shift the λ (nm), 

broaden the dip, and reduce signal-to-noise and sensitivity. Literature shows that Au 

thickness strongly influences LSPR spectra and coupling efficiency, while increased 

roughness adds damping that broadens or shallows the resonance, degrading the LOD 

[112]. 

Batch to batch reproducibility is key when producing plasmonic chips, as it keeps the 

resonance wave where you would expect it, lowering uncertainty and making results 

comparable [113]. Small fabrication drifts (e.g., gold thickness, roughness from the 

substrate surface) can influence the resonance wavelength and directly impact the 

sensitivity and LOD. Our sensor indicated reproducible fabrication, which allowed us to 

continue with confidence that batch effects would not dominate our biosensing results.  
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4.5 MICROFLUIDIC SYSTEM 

Microfluidic integration is a critical part of nanoplasmonic sensors, as it not only 

accelerates assay times and enhances overall sensitivity by maintaining a steady, 

controlled flow of analyte across the sensing surface, but also ensures efficient delivery 

and rapid exchange of sample to and from the active regions. In our initial configuration 

(Figure 46), we employed a single continuous microfluidic channel of 1 mm width 

formed by double‐sided adhesive tape, the height of the channel being the thickness of 

the double-sided tape (140 μm), which greatly simplified device assembly but introduced 

two key challenges: suboptimal flow uniformity in corner regions and a heightened risk 

of bubble entrapment. Computational fluid dynamics simulations in COMSOL revealed 

that, upon navigating 90° turns of the inlet/outlet, the flow velocity decreased markedly, 

creating low shear “dead zones” prone to air pocket formation. These stagnant regions 

can compromise measurement reproducibility and even block the optical path. 

 

Figure 46. COMSOL velocity magnitude (m/s) and streamline profile: velocity field of 

the single channel microfluidic design.  

A second consideration was the mechanical integrity of the bond between the 

polycarbonate (PC) sensor substrate and the adhesive microfluidic layer. Residual surface 

contaminants on the PC-typically remnants of the protective BDs layers-impaired 

adhesion, leading to delamination under flow and further exacerbating bubble issues or 

leakage. By introducing a rigorous, multistep cleaning regimen (described in Section 

3.2.3) we achieved a hydrophilic, contaminant‐free PC surface that forms a robust, leak‐

proof seal with the tape. 

To solve these issues, we redesigned the microfluidics to a parallel‐channel layout with 

rounded corners. This design not only maintains high‐velocity flow throughout the 

network, minimizing stagnant zones, but also delivers simultaneous, identical analyte 
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streams to each sensing spot, thereby reducing variability and bubble formation without 

sacrificing the simplicity of double‐tape fabrication. 

To enable true technical replicates and eliminate the flow issues observed in our initial 

single-channel design, we developed a series of parallel-channel microfluidic geometries 

that split the incoming sample into two identical streams. Each branch was maintained at 

a constant width of 1 mm, but the splitting angle was varied systematically, 40°, 60°, and 

90°, to identify the configuration that would preserve uniform flow velocity and minimize 

recirculation zones. 

COMSOL Multiphysics simulations of the velocity magnitude and streamlines revealed 

distinct differences among these geometries (Figure 47). At a shallow 40° split (Figure 

47A), the flow paths remained close together, causing slight interference between 

branches and minor low-velocity regions near the bifurcation. A right-angled 90° split 

(Figure 47B) produced pronounced stagnation zones at the turn, with streamlines 

decelerating abruptly and increasing the risk of bubble entrapment. In contrast, the 60° 

split (Figure 47C) delivered smooth, symmetric flow division: both branches maintained 

nearly identical velocity profiles (peak velocity ~3.2×10⁻² m/s) and exhibited minimal 

recirculation at the junction. 

Then, we evaluated an optimized 60° design that incorporated an expanded sensing 

chamber of 3 mm in diameter to match the diameter of the optical light source spot, 

thereby maximizing the active sensing area and increasing the amount of plasmonic signal 

collected from each channel (Figure 47D).  

This modification eliminated the remaining corner vortices and produced the most 

uniform velocity distribution across both sensing branches but could not be used as having 

the inlet/outlet in a single line made the connecting microfluidic tubing get in the way of 

the light beam.  
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Figure 47. COMSOL velocity magnitude (m/s) and streamline profile. A) 1 mm 

parallel-channel split at 40º, b) 1 mm parallel-channel split at 90º, c) 1 mm parallel-

channel split at 60 º, d) 1 mm parallel-channel split at 60º with straight channel for 

inlet/outlet. 

Based on these results, the 60° parallel-channel geometry with bent inlet/outlet 

transitions, and the incorporated sensing chamber of 3 mm diameter was selected for 

fabrication, ensuring reproducible analyte delivery to each sensing spot, reducing dead 

volumes, and minimizing bubble formation. 

To verify uniform flow through both channels and across the enlarged sensing zones, we 

extracted velocity‐field profiles at three critical cross‐sections (Figure 48). At the inlet 

(Figure 48A), the velocity magnitude remains nearly constant (2.6 mm/s) across the full 

width of the channel, confirming a stable entry flow. Within the parallel branches (Figure 

48B), each 1 mm channel maintains a uniform velocity of approximately 1.3 mm/s, 

demonstrating symmetric splitting with minimal imbalance. Finally, across the sensing 

chamber itself (Figure 48C), the velocity profile remains centered and nearly identical in 

each branch (0.5 mm/s), ensuring homogeneous analyte exposure beneath the optical 

spot. 

 



81 

 

 

Figure 48. Velocity field magnitude (mm/s) of the cross-sections. A) The velocity field at 

the inlet, b) the velocity field of both channels, c) the velocity field of the sensing 

chamber. 

These COMSOL Multiphysics simulations confirm that the final microfluidic geometry 

promotes stable laminar flow, minimizes dead volumes, and delivers reproducible analyte 

distribution to every sensing region; key prerequisites for high‐precision, dual‐channel 

nanoplasmonic measurements. At the typical assay flow rates used in this work (e.g., 40 

µL/min), the redesigned 1 mm x 140 µm with 60º parallel-channel with a 3 mm sensing 

chamber operates in a laminar, shear-assisted regime that supports uniform mass 

transport, minimizing bubble formation, and enables true replicates.  

4.6 SENSING PLATFORM SETUP 

The first benchtop platform assembled in the Biosensors for Bioengineering lab 

comprised a low-flow peristaltic pump (LabV1), a fixed-angle opto-mechanical stage, a 

broadband halogen source, and a fiber-coupled spectrophotometer (BW-Spec). Samples 

were introduced manually at the chip inlet; effluent was routed to waste (Figure 49). 

Spectra were collected at user-defined timepoints with the BW-Spec software and 

exported for analysis in Origin 8.0. While this setup enabled monitoring of LSPR peak 

shifts (Δλ), it suffered from three limitations: (i) discrete, operator-timed measurements 

that hindered continuous kinetic tracking; (ii) pulsatile flow from the peristaltic pump, 

which added baseline ripple and increased noise during injections; and (iii) lack of 

synchronization between fluidic events (injection/wash) and spectral acquisition, making 

the assay user-dependent and prone to timing errors. 
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Figure 49. Photograph of the initial sensing platform (v1). Left: low-flow peristaltic 

pump (LabV1). Right: fixed-angle opto-mechanical stage with chip holder; labeled 

“Injection” indicates the sample inlet; “Waste” indicates the outlet. In this 

configuration, spectra were acquired at discrete timepoints via BW-Spec software, 

which allowed Δλ tracking but not continuous, synchronized, real-time acquisition. 

To achieve true real-time sensing with synchronized fluidics and optics, the platform was 

subsequently reconfigured as seen in Figure 50 (see Materials and Methods section for 

more detailed information): a syringe-pump/6-port valve fluidic path with a bubble trap 

replaced the peristaltic flow, an Avantes NEXOS spectrometer provided continuous 

spectra at fixed angle, and custom LabVIEW software handled live peak tracking, 

baseline correction, and event logging. This upgrade reduced user bias, improved signal-

to-noise, and enabled kinetic analyses (association/dissociation) and automated data 

archiving.  
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Figure 50. Photograph of the real-time sensing platform (v2). In this configuration, 

spectra were acquired via LabVIEW software, which allowed Δλ tracking real-time 

acquisition. 

4.7 BULK CALIBRATION 

To verify plasmonic behavior and quantify the bulk refractive-index (RI) sensitivity of 

the unfunctionalized nanoslit grating, we performed a bulk calibration (Section 3.2.11). 

The assembled chip was mounted on the fixed-angle platform and equilibrated with Milli-

Q water (baseline). Aliquots of hydrochloric acid (HCl) solutions of known RI (Table 6) 

were then injected in decreasing concentration, with water washes between steps to avoid 

carry-over. For each injection, spectra were acquired continuously, and the resonance 

wavelength (Δλ, nm) was extracted. The real-time sensogram (left panel) shows discrete, 

stable plateaus for each solution, and the corresponding spectra (right panel) exhibits 

wavelength shift with increasing RI (Figure 51). 

 

Figure 51. Bulk calibration sensogram. (a) Real-time measurement of wavelength shifts 

(Δλ, nm) caused by subsequent injections of decreasing HCl concentrations in time (s). 

(b) wavelength displacement shifts (Δλ, nm) of decreasing HCl concentrations. 
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To assess the bulk sensitivity (𝑆𝐵), which is defined as the shift in resonance peak caused 

by the change in refractive index (RI) of the dielectric medium of the sensor surface, we 

measured and plotted the LSPR wavelength shift displacement (Δλ, nm) as a function of 

the RI changes employing MiliQ water as the running buffer and reference RI (η
0

=

1.3325). By fitting the data to a linear regression, we obtained a calibration curve (Figure 

52).  

 

Δλ = 𝑆𝐵 ∗ Δn + b 

 

Table 6. Refractive index (RI) of HCl solutions used for bulk calibration (reference η₀ = 

1.3325). 

Solution RI (n) Δn (RIU) 

0.5 M HCl 1.3368 0.0043 

0.25 M HCl 1.3346 0.0021 

0.1 M HCl 1.3334 0.0009 

0.05 M HCl 1.3331 0.0006 

0.025 M HCl 1.3330 0.0005 

 

 

Figure 52. Bulk sensitivity of the GC-LSPR sensor. (a) Calibration curves from 10 bulk 

calibrations 𝛥𝜆 𝑣𝑠 𝛥𝑛 ; (b) mean calibration curve, the slope corresponds to  𝑆𝐵 =

328.6 𝑛𝑚/𝑅𝐼𝑈. Each measurement corresponds to the mean ± σ of the measurements. 

 

The sensitivity value of 328.6 nm/RIU places our GC-LSPR sensor within the expected 

performance window of nanoplasmonic gratings derived from cost-effective substrates, 

such as DVD-R gratings (312 nm/RIU) and miniaturized GC-SPR devices (490 nm/RIU) 
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[114]. Confirming that our fabrication and Au deposition protocols yield surfaces that 

preserve the necessary optical coupling for strong plasmon excitation.  

4.8 NOISE ANALYSIS AND LIMIT OF DETECTION 

According to the IUPAC definition (1975), later clarified by the American Chemical 

Society (ACS), the limit of detection (LOD) is the lowest concentration of an analyte that 

an analytical process can reliably distinguish from the absence of that analyte [82]. To 

estimate the LOD of the GC-LSPR sensor in real-time measurements, the baseline noise 

level was quantified. Milli-Q water flowed over the sensing surface at 40 µL/min for 3160 

min, and the output signal was recorded (Figure 53).  
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Figure 53. Noise level estimation from the baseline sensor response.  

From this baseline, the standard deviation was calculated as σblank = 4.15 × 10⁻⁴ nm, with 

a mean baseline value of μblank= 3.43 × 10⁻⁴ nm.  

There is no single universally correct formula for LSPR LOD determination; the choice 

depends on the sensor configuration, measurement noise characteristics, and data 

availability: 

• σ (SD of blank measurements): the simplest approach, suitable when the blank 

noise dominates [64,65]. 

• σlow (SD of the low-conc replicates): preferred when low-level measurements 

have additional variability due to factors such as binding kinetics or sample 

handling [64,65]. 

Considering the average bulk sensitivity of the GC-LSPR sensor (𝑆𝐵 = 328.6 nm/RIU) 

the limit of blank (LoB) and LOD were determined following the Clinical and Laboratory 

Standards Institute (CLSI) EP17-A2 guideline [115], which is widely adopted in 

biosensor performance evaluation. This method separates the contribution of baseline 
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(blank) noise from the variability at low analyte levels, yielding a statistically defined 

detection threshold. 

The LoB was calculated as:  

𝐿𝑜𝐵 = 𝜇𝑏𝑙𝑎𝑛𝑘 + 1.645𝜎𝑏𝑙𝑎𝑛𝑘 

𝐿𝑜𝐵 = 3.43𝑥10−4 + 1.645(4.15𝑥10−4) = 1.026𝑥10−3 𝑛𝑚 

And the LOD as:  

𝐿𝑂𝐷 = 𝐿𝑜𝐵 + 1.645𝜎𝑏𝑙𝑎𝑛𝑘 

𝐿𝑂𝐷 = 1.026𝑥10−3 + 1.645(4.15𝑥10−4) = 1.708𝑥10−3 𝑛𝑚 

Converting the signal to RIU we obtain:  

Δ𝑅𝐼𝑈 =
𝐿𝑂𝐷 − 𝜇𝑏𝑙𝑎𝑛𝑘

𝑠𝑙𝑜𝑝𝑒
 

Δ𝑅𝐼𝑈 =
1.708𝑥10−3 − 3.43𝑥10−4

328.6
= 4.16𝑥10−6 𝑅𝐼𝑈 

This value matches the LOD obtained using the International Council for Harmonisation 

(ICH) analytical chemistry formula [65]: 

𝐿𝑂𝐷 = 3.3
𝜎

𝑆
 

𝐿𝑂𝐷 = 3.3
4.15𝑥10−4

328.6
= 4.17𝑥10−6 𝑅𝐼𝑈 

Both methods are valid; the CLSI EP17-A2 procedure explicitly accounts for blank 

behavior and low-level variability, while the ICH approach is more direct and suited to 

systems with a well-characterized linear calibration at low concentrations. The use of LoB 

and LOD calculations in this study ensures that the reported sensitivity reflects the 

intrinsic performance of the sensing platform, independent of any specific analyte 

calibration, enabling fair comparison with other LSPR and SPR-based grating sensors 

[64].  

Comparable GC plasmonic sensors have reported bulk RI detection limits in the same 

order of magnitude: Au-coated replicated gratings with differential “optical switch” 

readout (~10⁻⁶ RIU) [116], BDs replicated nanogratings with Au films (6.3×10⁻⁶ RIU) 

[66], and modified DVD-based GC-SPR (7×10⁻⁶ RIU) [117]. The GC-LSPR sensor 

developed here, with a bulk LOD of 4.2×10⁻⁶ RIU, works well within the state-of-the-art 

range for gold grating-based plasmonic biosensors (Table 7). 

Table 7. Comparison of bulk refractive index detection limits of grating-coupled 

plasmonic sensors. 

Sensor platform LOD (RIU) Reference Notes 
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Au-coated gratings × 10⁻⁶ [116] High stability via optical 

switching 

BDs nanograting with Au 

film 

6.3 × 10⁻⁶ [66] Integrated microfluidics; 

high FOM 

Modified DVD-based 

GC-SPR 

7× 10⁻⁶ [117] Surface modification to 

sharpen resonance 

GC-LSPR (this work) 4.2 × 10⁻⁶ - Real-time measurement 

 

4.9 CHARACTERIZATION OF THE SENSOR SURFACE 

BIOFUNCTIONALIZATION 

The analytical performance of plasmonic biosensors is dominated by surface chemistry 

and the biochemical changes that can be detected. Biofunctionalization has three main 

characteristics: (i) capture efficiency and orientation of the immobilized receptor, (ii) 

specificity of analyte recognition/anti-fouling, and (iii) signal stability because it can 

control receptor orientation, packing density, and nonspecific adsorption at the 

metal/dielectric interface. Literature of plasmonic surface chemistry shows that poorly 

oriented or overly dense antibody layers reduce active binding sites, whereas optimized 

chemistries enable lower LOD and better reproducibility [118,119]. 

To improve antigen-binding accessibility while anchoring immunoreceptors on gold, 

oriented immobilization strategies are preferred over random physisorption. Fc-selective 

capture via Protein G presents Fab domains and increases functional activity compared 

with randomly adsorbed IgG [120]; cysteine-tagged recombinant Protein G on Au is a 

well-documented route that strengthens attachment through Au-S bonds and enhances 

IgG binding. At the same time, antibody surface density must be tuned to avoid steric 

crowding, which otherwise limits target access and lowers apparent affinity [121]. 

Having these principles in mind, we optimized an oriented Fc-capture layer using cys-

Protein G to immobilize anti-C5b-9 IgG on the Au-coated nanogratings. pH-guided 

preconcentration was used to promote electrostatic accumulation during coupling while 

minimizing denaturation; antibody concentration was then adjusted to reach optimal 

working conditions [119]. Because clinical matrices (e.g., serum) are biologically 

complex, we also incorporated PLL-PEG + BSA blocking to suppress nonspecific 

adsorption and stabilize the baseline during real-time LSPR readout. Together, this 

strategy targets high on-rate capture, low background, and robust regeneration, which are 

key requirements for label-free quantification of sC5b-9 in patient samples. 
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4.9.1 Biofunctionalization strategy 

For the biofunctionalization of the sensor surface, we utilized a modified cys-Protein G 

with a dual chemisorption-physisorption mechanism and exploit the formation of 

covalent bonds between the thiol groups of the cysteines to the gold surface (Au-S).  

The immobilization of cys-Protein G onto the gold surface relies on a dual-step 

physisorption-chemisorption process dictated by pH. Chemically, the terminal cysteine 

residue binds to the gold surface via the oxidative cleavage of its thiol group (−𝑆𝐻), 

resulting in the loss of a proton and the formation of a stable, covalent-like gold-thiolate 

(𝐴𝑢 − 𝑆),  bond (Error! Reference source not found.) [90]. The pH is important for 

favoring immobilization and avoiding nonspecific binding because it influences the 

electrostatic interactions between the bioreceptor and the sensor surface [122]. At optimal 

pH levels, the charges on both components are balanced, promoting specific binding 

while minimizing nonspecific interactions. Additionally, pH affects protein conformation 

and reactivity of functional groups involved in immobilization. 

 

Figure 54. Schematic illustration of the immobilization mechanism of cys-Protein G 

onto the gold surface. (Left) The protein tagged with the cysteine and its terminal thiol 

group (-CH2-SH) into proximity of the gold surface. (Right) The oxidative addition 

drives the cleavage of the S-H bond, resulting in the loss of a proton (H+) and the 

formation of covalent bond of Au-S-Protein. 

Although, alkaline conditions favor the formation of the highly nucleophilic deprotonated 

thiolate ion (−𝑆−) the macromolecular electrostatic architecture of the protein dominates 

the assembly kinetics. Recombinant Protein G exhibits an isoelectric point (pI) of 

approximately 4.1.  

By selecting the appropriate pH for preconcentration we enhance specific binding and 

reduce nonspecific adsorption, leading to more efficient immobilization. At pH 4.0, the 

protein maintains a net positive charge, facilitating strong electrostatic attraction and pre-

concentration toward the slightly negative gold surface. As the pH increases to 5.0 and 

6.0, the protein transitions past its pI, reducing its net positive charge and inducing 

electrostatic repulsion both between adjacent protein molecules and the gold interface. 
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This directly hinders effective surface packing and results in the lower LSPR signal 

response observed in Figure 55a. 

Next, we proceeded to optimize the bioreceptor concentration by testing a range of 

concentrations and high responses were observed with both 50 µg/mL and 100 µg/mL of 

cys-Protein G, but 100 µg/mL was selected as the optimal concentration to maximize the 

available Fc-binding sites in an oriented fashion on the surface for antibodies to attach 

and preserve Fab accessibility (Figure 55b) [106]. 

 

Figure 55. Effect of the pH and concentration in the immobilization-response of the 

biosensor (a) Plot demonstrates cys-Protein G attachment efficiency to the surface with 

different pH values. (b) Plot demonstrating different concentrations of cys-Protein G 

and IgG antibody to determine most efficient working conditions. (c) Curve 

displacements of different antibody concentrations by monitoring the shifts in the 

plasmonic band position (Δλ, nm).  

Finally, when varying the antibody concentration (anti-IL-6), the biosensor showed an 

increasing response (Δλ) to its target analyte (IL-6, 250 ng/mL), suggesting efficient 

antibody immobilization and orientation. It is worth noting that the maximum saturation 

behavior was not achieved likely due to the steric hindrance effect. Based on these results, 

50 µg/mL was selected as the optimal concentration for performance and material 

efficiency. Figure 55 shows the combined effect of pH and concentration optimization 

on sensor performance.  

The cys-Protein G/IgG strategy provides an oriented, high-capacity capture layer that 

when pre-concentration is performed below its pI (pH 4; SAB) and use the optimized 

concentrations we maximize Fab exposure and increase sensitivity.  

4.9.2 Anti-fouling technique 

To minimize and prevent nonspecific adsorption and interaction of biomolecules on the 

sensor surface when working with complex matrices such as serum, a common strategy 

is to add a (i) non-fouling polymer such as PLL-PEG and (ii) BSA protein. The protection 

property of PLL-PEG is due to their steric-entropic barrier properties coupled with 

hydration molecules of PEG and the BSA at 5% has been proven to effectively reduce 

nonspecific interaction from serum for its strong adsorption of gold [20,100]. After 
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reaching optimal sensing conditions with complex media, it was later assessed with Ab 

C5b-9 (Figure 58). 

The anti-fouling performance of PLL-PEG was evaluated by monitoring the wavelength 

shift (Δλ, nm) upon injection of single-protein solutions. As shown in Figure 56, when 

1% BSA was introduced to a biosensor surface previously treated with 0.75 mg/mL PLL-

PEG, a residual shift of Δλ = 0.23 nm was observed relative to bare gold. This indicates 

incomplete blocking and some degree of non-specific adsorption. 

 

Figure 56. Real-time sensogram showing the response of a biosensor surface treated 

with 0.75 mg/mL PLL-PEG after the injection of 1% BSA. A residual shift 

(Δλ = 0.23 nm) indicates partial non-specific adsorption. 

To improve anti-fouling performance, a combined blocking strategy using 0.75 mg/mL 

PLL-PEG and 1% BSA was evaluated. A biosensor functionalized with anti-C5b-9 was 

exposed first to a control protein (recombinant IL-6, 100 ng/mL). As shown in Figure 57, 

no significant wavelength shift was detected, indicating effective suppression of non-

specific binding. In contrast, subsequent injection of the specific target (sC5b-9) resulted 

in a clear shift in Δλ (nm), confirming the specificity of the functionalized biosensor 

surface. 
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Figure 57. Sensogram showing the biosensor response with anti-C5b-9 after anti-

fouling treatment with 0.75 mg/mL PLL-PEG + 1% BSA. No shift was observed after 

injecting IL-6 (100 ng/mL), while a specific signal was recorded after serial injection of 

sC5b-9. 
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Figure 58. Sensogram peak shift response in wavelength (Δλ, nm) of the biosensor 

when performing the biofunctionalization of cys-Protein G and Ab C5b-9 onto the 

surface and its response to sC5b-9 (250 ng/mL).  

One of the main challenges in working with serum samples is the high abundance of 

proteins such as albumin, globulins, and lipoproteins, which tend to adsorb 

nonspecifically to metallic or hydrophobic surfaces. In plasmonic biosensors, this “matrix 

effect” manifests as baseline shifts, steric hindrance of analyte binding, and competitive 

interactions with capture antibodies, ultimately reducing assay specificity and sensitivity 

[123,124].  
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To mitigate this interference, antifouling strategies are essential. PLL-PEG is widely 

considered a gold standard for antifouling, as its hydrated PEG chains create a steric and 

entropic barrier that resists protein adsorption by increasing hydrophilicity and repelling 

biomolecules [99].  

However, PLL-PEG layers alone can exhibit incomplete coverage or degradation over 

time, leaving exposed regions susceptible to fouling. In contrast, bovine serum albumin 

(BSA) acts by strongly adsorbing onto metallic surfaces such as gold, passivating exposed 

sites, and reducing nonspecific interactions, though with less structural robustness 

compared to polymeric coatings [100]. In this work, we demonstrated that a combined 

strategy using PLL-PEG (0.75 mg/mL) and BSA (1%) provided synergistic benefits: PEG 

contributed steric-hydration repulsion, while BSA occupied residual adsorption sites, 

together achieving superior suppression of nonspecific binding (Figure 56 & Figure 57). 

This mixed-blocking approach offers a practical compromise between advanced 

antifouling coatings such as oligo(ethylene glycol) self-assembled monolayers or 

zwitterionic polymers, both highly effective but more complex and costly to implement, 

and the simplicity of protein-based blockers. The PLL-PEG + BSA method thus 

represents a rational and scalable solution for ensuring reproducibility and specificity in 

serum-based plasmonic biosensing applications. 

4.9.3 Time stability 

Long-term stability in LSPR devices is governed by (i) film integrity, (ii) biorecognition 

layer robustness, and (iii) environmental factors. Gold films are chemically robust 

compared with Ag, but nanoscale morphology (grain growth, roughening) and Au-

thiolate SAM ageing/desorption can still shift the resonance over time, especially under 

heat or solvent stress. These effects are well documented for SPR/LSPR gold interfaces 

and SAMs [113,120,121]. 

The biofunctionalization interface is often the biggest source of drift: antibodies and 

protein capture layers (e.g., cys-Protein G) can lose activity by denaturation, hydrolysis, 

or weak/incorrect orientation, which reduces effective binding sites and changes the local 

refractive index [125]. Oriented Fc-capture and covalent “docking” after pre-

concentration improve activity retention vs random physisorption [126,127]. 

Environmental and operational factors: temperature fluctuations, humidity changes, and 

pH variability can affect both the bulk refractive index, thus changing the plasmon 

wavelength and the biorecognition interface [125,128].  

To evaluate the long-term stability of the GC-LSPR biosensor performance, a series of 

real-time measurements were conducted over different time points (48 hours, 22 days, 

and 30 days) after sensor biofunctionalization. The biosensors were stored at 4 ºC under 

two conditions: dry and submerged in PBS buffer, to assess how hydration impacts sensor 

longevity. The sensing response was evaluated by injecting a 100 ng/mL of recombinant 

sC5b-9 protein. 

In Figure 59, we can observe sensors stored dry showed a progressive decrease in signal 

intensity and more pronounced signal drift as storage time increased, with the 30-day 
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sensor showing a visible lower response and reduced signal stability. This decline is likely 

due to protein desorption, conformational degradation of antibodies, and possible 

oxidation of the gold film under dry storage [110].  

In contrast, biosensors submerged in PBS buffer maintained a more stable signal response 

over 48 hours of PBS storage, with minimal signal drift and good stability. This early 

performance suggests that water activity has yet to influence the degradation of antibodies 

and their chemical stability [129]. 

However, on day 22, there was a substantial drop in response amplitude, with Δλ 

decreasing by over 50% compared to the initial timepoint. By the 1-month mark, the 

sensor had severely decreased signal intensity, indicating loss of sensing capabilities. This 

is likely due to protein degradation, hydrolysis, or detachment of the biorecognition 

element (Ab C5b-9), consistent with literature of protein-based interfaces degrading 

under constant aqueous exposure [130]. Additionally, the thiol-Au bonds can suffer 

oxidation in aqueous conditions, further affecting the biointerface performance.  

 

Figure 59. Comparison of real-time biosensor response to 100 ng/mL of recombinant 

sC5b-9 after storage at 4 °C for 48 hours, 22 days, and 30 days under two different 

conditions. Left panel: biosensors stored dry. Right panel: biosensors stored submerged 

in PBS buffer. Sensor performance is evaluated based on peak response intensity and 

dissociation stability. 

These results provide an insight into storage strategy: while PBS immersion supports 

short-term bioactivity preservation, is not suitable for long-term sensor storage without 

further stabilization measures such as lyophilization, cryoprotectants, or encapsulation 

techniques. Therefore, if shelf life is required, optimization of storage protocols must be 

considered.  

4.9.4 Matrix effect in serum  

Matrix effect in LSPR biosensors represent one of the most significant challenges when 

transitioning from optimized buffer conditions to real biological samples. Human serum, 

a highly heterogeneous fluid, is a complex biological array containing high concentrations 

of proteins, lipids, metabolites, and other endogenous compounds that can compromise 
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biosensor performance [123]. Understanding and mitigating these effects is crucial when 

developing a reliable biosensor for clinical applications.  

The matrix effect is typically defined as analyte-independent variations in sensor response 

caused by the interaction of the sample matrix with the sensing interface  , [124,131,132]. 

These effects manifest in LSPR systems as (i) nonspecific adsorption of serum proteins 

to the sensor surface, (ii) signal suppression due to surface fouling, and (iii) competitive 

binding between the target analyte and abundant matrix components [81]. 

To evaluate matrix interference on biosensor performance, sequential dilutions (1:100 to 

1:1) of commercial human serum (CHS) after regenerating with Glycine (1 M; pH 2.2) 

were assessed. As expected, a strong signal (Δλ = 2.75 nm) was observed when undiluted 

serum was injected, indicating high nonspecific adsorption likely due to the elevated 

protein content and viscosity of native serum (Figure 60). But we also observed a loss of 

biosensor activity, due to regeneration being too harsh on the biofunctionalized structure.  

 

Figure 60. Baseline response of different dilutions of commercial human sera (1:100, 

1:50, 1:10, and 1:1) attachment before and after regeneration with Glycine. Showing 

the highest signal Δλ = 2.75 nm for 1:1. 

This result prompted us to evaluate the matrix effect with a fresh biosensor each 

measurement to assess the balance between reducing nonspecific binding and maintaining 

sample integrity, CHS with and without recombinant sC5b-9 (250 ng/mL) were compared 

across serial dilutions (1:1 to 1:100). A stronger signal was consistently observed in 

spiked samples, confirming the ability of the biosensors to detect the target protein 

(Figure 61). 
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Figure 61. Biosensor response to different serum dilutions comparing commercial 

serum alone and commercial serum spiked with recombinant protein sC5b-9 = (250 

ng/mL). 

Although the 1:1 dilution showed the largest absolute shift (Δλ = 1.06 nm), it was not 

statistically significant (p = 0.055), due to high variability in undiluted serum. Statistically 

significant differences between blank and spiked samples were found at 1:10, 1:50, and 

1:100 dilutions, with the greatest significant shift at 1:100 (Δλ = 0.73 nm). These results 

indicate that 1:100 is the optimal working dilution for serum analysis with minimal matrix 

effect and adequate sensitivity. The matrix effect of serum, characterized by nonspecific 

adsorption of abundant serum proteins, initially compromised signal clarity (Table 8).  

Table 8. Summary of biosensor response shifts (Δλ, nm) at different serum dilutions, 

comparing commercial serum alone and commercial serum spiked with protein sC5b-9. 

Dilution Serum 

(Δλ, nm) 

Serum + Protein 

(Δλ, nm) 

Absolute 

shift (nm) 

q-

value 

Relative 

increase (%) 

1:1 3.867 4.929 1.062 0.0140 27.5% 

1:10 1.958 2.622 0.665 0.0016 33.9% 

1:50 1.399 2.032 0.633 0.0016 45.2% 

1:100 0.890 1.618 0.728 0.0016 81.9% 

*Unpaired t test with Welch correction with method of Two-stage step-up (Benjamini, Krieger, and Yekutieli)  

To mitigate these effects, we employed a dual antifouling strategy combining PLL-PEG 

surface blocking and 1% BSA supplementation. Poly(ethylene glycol)-based coatings are 

known to resist protein adsorption through the formation of a sterically hydrated layer, 

effectively minimizing nonspecific binding without compromising target accessibility 

[133,134]. This strategy, together with dilution, substantially reduced non-specific 

adsorption while preserving analyte detectability. As shown in Figure 61, the 1:100 

dilution consistently yielded the most reproducible response and highest relative increase 

in signal (81.9%) upon spiking with recombinant sC5b-9. 
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Nevertheless, nonspecific interactions were not completely removed, suggesting that 

further optimization is necessary for the detection of the protein. Further work should 

explore alternative anti-fouling chemistries, such as zwitterionic polymers which offer 

superior resistance to protein fouling in complex matrices or hydrogel coatings [135,136]. 

Moreover, modifying the running buffer composition and incorporating differential 

referencing strategies could further enhance analytical robustness. Blank injection was 

used in this work as a reference correction to account for bulk RI changes and nonspecific 

binding [101].  

In summary, the matrix effect represents a critical barrier to biosensor clinical translation. 

However, through sample dilution, antifouling strategies, and analytical referencing, our 

GC-LSPR platform demonstrated effective sC5b-9 detection in diluted serum. The 

optimal 1:100 dilution provides a practical balance between matrix suppression and 

analytical sensitivity, representing a promising benchmark for future clinical assay 

development. 

4.9.5 Affinity validation of the BRE in a complex matrix 

To evaluate the specific binding capability of the immobilized biorecognition element 

(BRE, Ab C5b-9), a control assay was performed injecting 250 ng/mL of recombinant 

sC5b-9 in a complex matrix (CHS) into the biosensor. The sensing surface was divided 

into two independent regions: one spot was functionalized with cys-Protein G followed 

by the anti-C5b-9 antibody (with BRE), while the control spot was functionalized with 

cys-Protein G (without BRE) (Figure 62).  

 

Figure 62. Schematic representation of one spot functionalized with cys-Protein G + 

BRE (Ab C5b-9); while the control spot was only functionalized with cys-Protein G. 

The resulting sensogram shown in Figure 63 displays the wavelength shift (Δλ, nm), 

upon injection and dissociation of the analyte. During the association phase, both spots 

showed an initial increase in signal, reflecting the general RI change induced by 

biomolecular adsorption at the surface, a common phenomenon in LSPR due to its high 

surface sensitivity [84]. However, during the dissociation phase, the two spots have 

significant differences. The BRE-functionalized spot maintained a stable signal of 

Δλ = 0.68 nm, indicating a specific and high-affinity of sC5b-9. In contrast, the control 

spot signal decreased over time down to (Δλ ≈ 0.56 nm), indicating non-specific 

adsorption and weak affinity interactions. 
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Figure 63. Real-time sensogram response of the biosensor with two channels. Blue 

line: Spot functionalized with cys-Protein G + BRE (Ab C5b-9). Orange line: Spot 

functionalized only with cys-Protein G (control).  

The different behaviors confirm the specific affinity of the Ab C5b-9 towards the target 

analyte, validating its functionality as a biorecognition element within the sensor surface. 

For a biosensor it is important to maintain stability over time. The rapid decay in signal 

observed in the control spot suggests low retention of sC5b-9. 

Furthermore, these results validate the affinity performance of the BRE and the efficiency 

of the cys-Protein G orientation strategy. Tail-on orientation of the antibody is known to 

enhance the accessibility of the antigen-binding site, leading to improved analyte 

recognition and stronger binding kinetics  [90,137]. Moreover, the ability of the biosensor 

to maintain a stable response even in complex matrices such as CHS highlights the 

robustness of both the functionalization and the GC-LSPR sensor. 

These results serve as a model for distinguishing nonspecific binding in future work. The 

integration of a dual channel offers internal referencing capabilities, improving the 

precision of detection by compensating for background noise or sensor drifts [138]. 

Overall, this confirms the analytical functionality of the biosensor, ensuring that the 

immobilized antibody can recognize and bind to sC5b-9 with high specificity.  

4.9.6 Calibration of the biosensor 

Notably, grating nanostructure designs, especially period and depth, have been shown to 

significantly affect calibration response by altering the plasmons efficiency [103]. This 

work provides a BD-derived grating platform combined with a 68 nm Au film and an 

oriented Fc-capture biointerface that enables analyte detection. 

To characterize the analytical performance of the biosensor, calibration curves were 

constructed using increasing concentrations of recombinant sC5b-9 diluted in two 

biological relevant matrices: cell culture media (DMEM) and CHS. Calibration is a 

critical step in biosensor development, as it defines the sensor’s quantitative capacity by 

relating optical response (Δλ, nm) to analyte concentration.  
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In LSPR biosensors, this relationship is affected by bulk refractive index sensitivity, 

grating geometry, and surface chemistry, which together affect the dynamic range, LOD, 

and saturation behavior [103,139]. Biochemical diagnostics procedures, such as protein 

binding, rely on biomolecular interactions, and therefore, their calibration curves are more 

complex. 

4.9.6.1 Calibration in cell culture media 

The calibration curve in cell culture media displayed a sigmoidal response characteristic 

of molecular recognition and affinity. Curve fitting was performed using both four-

parameter (4PL) and five-parameter (5PL) logistic regression models. While the 4PL 

model is widely used for symmetric curves, the 5PL provided the best fitting of the 

experimental data due to its added flexibility when challenged with asymmetry. Selecting 

an appropriate model improves the reliability of quantitative estimates.  

The LOD (0.1618 ng/mL) was calculated using the ICH method where the standard 

deviation of the blank media was calculated as 𝜎 =  0.7798 𝑛𝑔/𝑚𝐿 , following the 

equation: 

𝐿𝑂𝐷 = 3.3
𝜎

𝑆
 

 

𝐿𝑂𝐷 = 3.3
0.7798

15.9
 = 0.1618  

  

The IC₅₀ was 223.3 ng/mL, with a steep Hill slope of 15.9 indicating cooperativity 

binding, which suggest the biosensor’s capacity to differentiate slight changes in analyte 

concentration around the threshold (Figure 64). The analytical parameters can be found 

in Table 9 and the sensor response in Table 10. 

Table 9. Analytical parameters for the calibration curve in cell culture media using 5PL 

fitting. 

Parameter Value 

LOD 0.1618 ng/mL 

IC50 222.3 ng/mL 

Hill slope 15.9  

R squared 0.9470 
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Figure 64. Dose-response curve showing LSPR wavelength shift (Δλ, nm) against 

increasing concentrations of recombinant sC5b-9. Curve was fitted using a 4PL model. 

LOD was calculated as 0.1618 ng/mL. 

The resonance wavelength shift (Δλ, nm) increased with concentration, indicating a 

robust dose-response suitable for calibration. Precision was calculated as coefficient of 

variation (CV = 100 x σ/ Δλ), and it was higher in the extremes than in the mid-range. 

 At the lowest concentrations (0.97-31.25 ng/mL), Δλ was small and CV were large. In 

contrast, mid-range concentrations, i.e., 200-500 ng/mL yielded the lowest variability and 

at higher concentrations the response continued to grow but CV rose, consistent with the 

onset curvature as the surface approaches saturation. 

 

Table 10. Sensor response per concentration of sC5b-9.  

𝐂 (ng/mL) Δλ (nm) ± SD (σ) CV (%) 

0.97 0.18625 ± 0.0274 14.72% 

3.9 0.60375 ± 0.1401 24.88% 

7.81 0.68395 ± 0.1037 16.03% 
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15.62 0.884 ± 0.1206 14.54% 

31.25 0.96785 ± 0.1226 13.27% 

250 1.1875 ± 0.0433 3.65% 

500 1.5725 ± 0.0548 3.49% 

1000 2.0025 ± 0.1903 9.65% 

2000 2.45625 ± 0.2237 9.11% 

** 250-500 show the lowest variability (CV< 3.5%) 

It is important to note that concentrations between 250-500 ng/mL showed the lowest 

signal in variability (CV< 3.5%), representing a stable mid-linear range for quantification.  

4.9.6.2 Calibration in Commercial Human Sera (CHS) 

In contrast, calibration in 1:100 diluted CHS introduced complexity due to matrix effect 

(see Section 3.3.7). Initial linear regression yielded a poor R2 = 0.5469, indicating that 

the biosensor’s response to sC5b-9 in serum was nonlinear, likely due to saturation, steric 

hindrance, or competition from abundant serum proteins (Figure 65.  
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Figure 65. Calibration curve fitted to a simple regression line.  
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Furthermore, the data was fitted with a 4PL model, which is widely accepted for ligand-

binding assays in biosensors where dose-response relationships follow a sigmoidal trend  

[119,140]. 

The optimized curve on  

Figure 66 achieved a LOD of 0.015 ng/mL and an IC₅₀ of 11.09 ng/mL, which supports 

the biosensor capability to function in complex and clinically relevant matrices. A Hill 

slope of 0.5173 indicates gradual but consistent change in the signal. The gradual slope 

is preferred in complex samples, such as serum, where variability is due to nonspecific 

adsorption and background matrix effects. All the analytical parameters can be found in 

Table 11 and results of the sensor in Table 12. 

Table 11. Analytical parameters for the biosensor assay using 4PL fitting. 

Parameter Value 

LOD 0.011 ng/mL 

IC50 11.09 ng/mL 

Hill slope 0.5173   

R squared 0.9594 

* All samples were measured in duplicate on the same biosensor chip. 
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Figure 66. Dose-response curve showing LSPR wavelength shift (Δλ, nm) against 

increasing concentrations of recombinant sC5b-9 in diluted CHS. Curve was fitted 

using a 4PL model. LOD was calculated as 0.015 ng/mL. 
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Table 12. Key parameters of the calibration curve for sC5b-9 conducted in diluted 

CHS*.  

𝐂 (ng/mL) Δλ (nm) ± SD (σ) CV (%) 

0.97 3.951 ± 0.01267 0.32% 

4.87 6.687 ± 0.01971 0.29% 

11.71 7.91 ± 0.007278 0.09% 

23.43 8.987 ± 0.08491 0.94% 

46.87 10.42 ± 0.1328 1.27% 

93.75 12.2 ± 0.2678 2.20% 

187.5 12.5 ± 0.09177 0.73% 

375 15.6 ± 0.08372 0.54% 

750 40.98 ± 0.4027 0.98% 

1500 62.74 ± 0.124 0.20% 

*1:100 commercial human serum dilution in PBST 0.5% + CHAPS 25 mM  

Data was measured by duplicate in the same biosensor chip.  

These results confirm that the biosensor maintains high analytical performance even in 

serum, with low coefficients of variation across the tested range. The 1:100 dilution 

strategy, combined with the optimized surface blocking, proved effective in balancing 

matrix suppression and analyte detectability.  

4.9.6.3 Comparative performance and clinical implications 

The GC-LSPR biosensor’s LOD of 0.015 ng/mL in serum surpasses many conventional 

techniques. For example, enzyme-linked immunosorbent assay (ELISA) methods 

typically offer LODs in the 0.02-1 ng/mL range but require labeled reagents, multistep 

workflows, and hours to complete. The developed biosensor offers real-time, label-free 

detection with comparable sensitivity, presenting a powerful platform for future 

diagnostic tools or rapid monitoring of complement activation in AChR+ MG. 
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4.10 EVALUATION OF BIOSENSOR FOR REAL PATIENTS MG+ SERUM 

SAMPLES 

This work presents the first reported LSPR-based biosensor for the detection of sC5b-9 

in clinical serum samples. While SPR and SPRi platforms have been previously applied 

to detect AChR (Frykman et al., 2024) and MuSK antibodies (2020) [141,142], no prior 

study has focused on direct detection of sC5b-9 using label-free nanoplasmonic sensors. 

In this study, we developed a plasmonic biosensor capable of detecting and quantifying 

sC5b-9 in serum samples from patients with AChR+ MG. The biosensor demonstrated 

strong specificity and sensitivity, with a limit of detection (LOD) of 0.015 ng/mL. This 

result is comparable to or better than conventional immunoassays such as ELISA 

(typically >1 ng/mL) and RIPA (>1nmol/L) (See Table A 4) [33].  

The ability to detect sC5b-9 is clinically relevant, as it reflects ongoing terminal 

complement activation, particularly in AChR+ MG where complement-mediated 

membrane damage contributes to neuromuscular junction (NMJ) pathology [17]. This 

biomarker could aid in monitoring the disease diagnosis, and treatment response, 

especially in the context of complement-targeting therapies like eculizumab [16]. 

4.10.1 Serum samples 

An accuracy test was conducted to assess the sensor clinical applicability and precision 

to detect sC5b-9 in serum from patient’s vs serum from healthy patients. A healthy serum 

sample produced no observable peak shift, whereas a positive patient sample generated a 

Δλ of 0.8225 nm, indicating the presence of sC5b-9 and successful target recognition in 

complex biological media (Figure 67). 
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Figure 67. Real-time sensogram showing (a) CHS baseline, (b) PBST 1% wash, (c) 

healthy patient serum sample (1:100), (d) MG patient serum sample (1:100) and (e) 

PBST 1% wash. The shift in plasmon peak (Δλ, nm) confirms detection of sC5b-9 in the 

patient sample. 

The accuracy test demonstrates the biosensor’s capability to differentiate between 

pathological and physiological serum conditions. As shown in Figure 67, healthy control 

serum did not produce a wavelength peak shift, consistent with the expected absence of 

elevated sC5b-9 in non-diseased individuals. In contrast, Myasthenia Gravis (MG) patient 
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serum produced a measurable wavelength displacement of Δλ ≈ 0.82 nm, confirming that 

the biosensor can detect complement activation even within the complexity of diluted 

human serum. This result is particularly significant, as biological matrices such as serum 

are known to interfere with LSPR-based detection due to nonspecific adsorption, high 

protein content, and viscosity-induced mass transport limitations [81,143]. 

The observed signal shift validates that the immobilized anti-C5b-9 antibodies retain high 

specificity in complex matrices, enabling selective binding of the complement complex 

while minimizing interference. This capacity to distinguish between healthy and MG 

samples highlights the translational potential of the sensor for diagnostic and monitoring 

applications. In clinical diagnostics, accurate detection of complement activation markers 

such as sC5b-9 is crucial not only for confirming disease activity but also for monitoring 

therapeutic responses to complement-inhibiting drugs (e.g., eculizumab, ravulizumab) 

[144]. 

Finally, it is important to note that the biosensor’s performance in diluted serum (1:100) 

suggests that appropriate pre-treatment of samples can mitigate matrix effects without 

compromising detectability. 

4.10.2 Data Analysis and Curve Fitting  

All 11 samples from patients were diluted 1:100 before testing. The results are 

summarized in Figure 68 and Table 13. The results show there is a high response in 

patients 4 (P4) and patient 10 (P10) with concentrations exceeding 2 μg/mL and patients 

7, 8 and 9 (P7, P8, and P9) show no measurable response. All other AChR+ patients (e.g., 

P1, P3, P5, P6) showed intermediate to low responses.  
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Figure 68. Bar graph comparing calculated sC5b-9 concentrations in 11 patient serum 

samples. Patients P7, P8, and P9 are MuSK-positive; others are AChR+. 

We validated the biosensor using serum samples from 11 MG patients (AChR+ and 

MuSK-positive). Notably, P4 and P10, both AChR+, exhibited the highest sC5b-9 levels, 

suggesting active complement involvement. In contrast, all MuSK+ samples (P7, P8, P9) 

showed no detectable sC5b-9.  

These findings align with existing literature indicating that MuSK antibodies (mostly 

IgG4) do not activate complement. This lack of response in MuSK+ MG samples supports 

the hypothesis that patients without C5b-9 exhibit alternative (non-complement) 

immunopathogenic mechanisms [27]. Therefore, this biosensor may be especially 

valuable for differentiating MG subtypes and monitoring treatment efficacy in 

complement-inhibitor therapies. 

Detection of sC5b-9 in serum is crucial because it provides real-time information about 

ongoing complement activation, especially in AChR+ MG where complement plays a 

damaging role to the NMJ. It helps diagnose and monitor patients, making it a valuable 

biomarker since the complement activation is a result of the complement cascade, and 

there are therapeutic candidates such as Eculizumab, approved by the FDA for AChR+ 

MG treatment [47].  

Complement inhibitors are highly promising therapies, but they can have a wide response 

depending on patient-specific factors or different complement activation degrees. 

Therefore, the identification of patients that may benefit from complement inhibition 

treatment is desired [47]. 

Table 13. Key parameters of the diluted serum of 11 patients with myasthenia gravis* in 

the biosensor.  

 

Mean (ng/mL) ± SD (σ) SE CV 

P1♦ 229.3 ± 14.28 5.83 6.227% 

P2** 93.28 ± 16.26 9.388 17.43% 

P3♦ 819.7 ± 49.97 20.4 6.097% 

P4♣ 2368 ± 184.8 82.63 7.802% 

P5*** 1028 ± 82.84 41.42 8.059% 

P6*** 886.2 ± 47.17 27.23 5.323% 

P7** - - - 
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P8** - - - 

P9** - - - 

P10*** 2274 ± 94.27 47.13 4.145% 

P11*** 172.4 ± 21.53 10.76 12.48% 

*1:100 patient serum dilution in PBST 0.5% + CHAPS 25 mM  

** Samples were measured by triplicate, two from the same biosensor chip and one from a different biosensor chip. 

*** Samples were measured by quadruplicate, two biosensor chips with two replicates. 

♣Samples were measured by quintuplicate, two biosensor chips with two replicates and one from a different 

biosensor.  

♦Samples were measured by sextuplicate, three biosensors with two replicates.  

4.11 COMPARATIVE STUDY OF ELISA AND GC-LSPR BIOSENSORS 

ELISA is the gold standard for immunoassays and is widely used for its high sensitivity 

and specificity. The methodology is a plate-based assay that enables both quantitative and 

qualitative detection of specific antigens using labeled antibodies. Despite its sensitivity, 

ELISA is resource-intensive: it requires expensive reagents, long incubation times, 

multiple wash steps, and trained personnel, making it less suitable for near-patient or 

point-of-care applications. Additionally, ELISA performance in complex media such as 

serum can be compromised by nonspecific adsorption and matrix effects, while false 

positives may arise from cross-reactivity or non-specific interactions [145]. These 

limitations highlight the need for alternative detection methods that maintain sensitivity 

while offering faster, simpler workflows suitable for clinical diagnosis. 

To validate the clinical performance of the GC-LSPR biosensor, patient serum samples 

were analyzed in parallel with ELISA. Samples were diluted at 1:100 to reach the 

manufacturer’s recommended detection range (31.25-2000 ng/mL).  

The ELISA calibration curve (Figure 69) showed a LOD of 2.54 ng/mL, in line with 

manufacturer-reported sensitivity (~18.75 ng/mL). By contrast, the GC-LSPR biosensor 

achieved a much lower LOD (0.015 ng/mL, Section 4.9.6.2), representing a >150-fold 

improvement in analytical sensitivity compared to ELISA. 
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Figure 69. Calibration curve of human sC5b-9 measured by ELISA. The limit of 

detection (LOD) was determined to be 2.54 ng/mL. 

Direct comparison of patient samples measured by both techniques (Table 14) revealed 

excellent correlation in the mid-to-high concentration range (Pearson r = 0.9564; R² = 

0.9148), although some discrepancies were observed at lower concentrations where 

ELISA sensitivity is limited. For instance, samples P1 and P2 showed underestimation 

by LSPR relative to ELISA, which may reflect either cross-reactivity in ELISA or 

insufficient signal referencing in the biosensor at borderline concentrations. Importantly, 

at clinically relevant concentrations (>100 ng/mL), both platforms provided concordant 

results, supporting the reliability of LSPR for quantitative assessment of complement 

activation. 

Table 14. Comparison of sC5b-9 quantification by ELISA and GC-LSPR biosensor in 

patient serum samples (1:100 dilution).  

 

ELISA (ng/mL) LSPR (ng/mL) 

P1 356.6932 229.3 

P2 591.2504 93.28 

P3 1027.463 819.7 

P4 2250.305 2368 

P5 945.4051 1028 
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P6 960.0328 886.2 

P7 25.10995 - 

P8 22.3408 - 

P9 18.44639 - 

P10 1621.2 1556.249 

P11 485.6608 172.4 

 

The correlation plot (Figure 70) demonstrates that the GC-LSPR biosensor can serve as 

a robust alternative to ELISA, with the added advantages of real-time monitoring, label-

free detection, and reduced assay complexity.  

Unlike ELISA, which requires multiple hours to complete, the biosensor delivers results 

within minutes, using smaller sample volumes and fewer reagents. This capability aligns 

with the increasing demand for decentralized testing and rapid diagnostic tools for 

immune-mediated diseases [40,60]. 

0 500 1000 1500 2000 2500

0

500

1000

1500

2000

2500

Correlation ELISA-sC5b-9 biosensor

LSPR Biosensor

E
L

IS
A

 

Figure 70. Correlation of ELISA vs. GC-LSPR biosensor in patient serum samples. 

Each point represents an individual sample (n=11). 
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The improved sensitivity of GC-LSPR is attributable to the enhanced local 

electromagnetic field around the BD-derived nanogratings, which amplifies RI changes 

caused by protein binding events. Furthermore, the oriented immobilization strategy 

using cys-Protein G ensures optimal antibody orientation, maximizing binding efficiency 

and reducing steric hindrance, which can otherwise limit sensitivity in antibody-based 

assays [126].  

A comparison of both methods is presented in Table 15. ELISA remains advantageous 

for standardized, high-throughput applications but requires long incubation times, 

multiple washing steps, and relatively large sample volumes.  

 

Table 15. Comparison table of both ELISA and GC-LSPR biosensor detection 

techniques. 

Feature ELISA GC-LSPR Biosensor (this 

work) 

Detection principle Label-based, enzymatic 

colorimetric readout 

Label-free, RI change at 

plasmonic surface 

LOD 2.54 ng/mL (this study) 0.015 ng/mL (this study) 

Dynamic range 31.25-2000 ng/mL  0.97-1500 ng/mL  

Assay time 4-5 h (multiple incubation & 

washing steps) 

<30 min (real-time, single-

step injection) 

Sample volume 50-100 µL per well 200 µL per biosensor 

Matrix tolerance Requires dilution Requires dilution and 

blocking 

Specificity cross-reactivity may cause false 

positives 

Extremely specific 

Operational 

complexity 

Multi-step protocol Minimal handling 

Throughput High (96-384 well plates) Moderate (dual-channel 

chip) 

Clinical 

applicability 

Standardized, regulatory 

accepted 

Emerging 
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It is interesting to note that in three patient samples (P7-P9), all of which were MuSK-

antibody-positive but AChR-negative, where ELISA reported measurable sC5b-9 

concentrations (18-25 ng/mL) while the LSPR biosensor showed no detectable response.  

MuSK-MG is primarily mediated by IgG4 antibodies and is considered non-complement 

activating, making the LSPR results biologically plausible and in line with current 

understanding of disease pathophysiology [18,146]. In contrast, ELISA assays, although 

extremely sensitive, may be prone to false positives due to cross-reactivity or pre-

analytical complement activation during serum handling [147]. Furthermore, ELISA 

relies on long incubation times and a two-site capture system that can amplify weak or 

nonspecific binding events, whereas the LSPR biosensor detects only real-time surface 

interactions with oriented antibodies, thus offering higher specificity against artifactual 

signals.  

These findings underscore a critical advantage of nanoplasmonic sensing: by directly 

monitoring binding kinetics in a label-free format, it discriminates true complement 

activation events from background or nonspecific signals. Therefore, while ELISA 

suggested residual sC5b-9 activity in MuSK-positive patients, the absence of signal in the 

biosensor more accurately reflects the expected biological profile, highlighting the 

potential of LSPR to serve as a clinically relevant and more specific tool for complement 

activation assessment in Myasthenia Gravis. 

In summary, the GC-LSPR biosensor not only achieves comparable accuracy to ELISA 

but surpasses it in sensitivity and operational simplicity. This positions it as a promising 

candidate for clinical diagnostics, especially in scenarios where rapid assessment of 

complement activation could aid disease monitoring and therapeutic interventions in 

Myasthenia Gravis and other complement-mediated disorders. Future studies should 

expand the sample cohort, assess intra- and inter-assay variability, and evaluate 

performance in minimally processed clinical samples to further strengthen the clinical 

utility of this biosensing platform. 

4.12 COMPARATIVE ANALYSIS  

GC-LSPR biosensors demonstrate several advantages over traditional analytical 

techniques such as ELISA or RIPA. Unlike conventional assays, which require labels, 

secondary antibodies, or radioactive isotopes, LSPR sensors provide real-time 

visualization of biomolecular interaction events directly on the sensor surface. This 

eliminates additional detection steps, thereby reducing complexity, assay time, and 

potential sources of error [74,81]. 

A typical LSPR assay can be finalized in 20-30 minutes, whereas ELISA protocols often 

require several hours due to multiple incubation, washing, and amplification steps. RIPA, 

although sensitive, is highly restricted in routine clinical use because of its reliance on 

radioisotopes, specialized disposal, and safety regulations [148,149]. Thus, the biosensor 
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format offers both faster turnaround time and safer handling conditions, important 

parameters for integration into point-of-care or near-patient diagnostics. 

From a cost perspective, LSPR platforms are relatively affordable compared to other 

high-resolution optical detection systems. A laboratory-scale LSPR platform can be 

assembled in the range of €50,000-€150,000, depending on optical complexity and 

multiplexing features. In contrast, ELISA readers typically cost €10,000-€30,000, but the 

recurring cost per assay is considerably higher due to the need for enzyme-conjugated 

antibodies, chromogenic substrates, and disposable plates [145]. RIPA infrastructure 

costs are comparable to ELISA, but the maintenance, safety requirements, and radiolabel-

associated consumables make it substantially more expensive in long-term use [74]. 

Although this technology is still under development, we conducted a preliminary cost 

analysis per fabricated sensor chip. While we acknowledge that industrial-scale costs will 

fluctuate depending on large-scale manufacturing and integration with standardized 

microfluidic cartridges, our analysis provides an approximate estimate of the 

consumables required per sensor. The breakdown is shown in Table 16. These numbers 

highlight the potential of this technology to become an easy-to-use, rapid, and affordable 

diagnostic tool, particularly when compared with the per-test reagent costs of ELISA, 

which can range between €500-750 per kit.  

 Table 16. Cost per-sensor chip fabrication. 

Item or component Cost per-sensor chip (€) 

Coupler protein 0.03 

Detection antibody 0.12 

Polymer brushes 0.04 

Gold deposition 7.40 

Substrate material (Blu-ray) and CNC 

cutting 

0.30 

Total 7.90 

 

This analysis suggests that, despite higher initial equipment costs, LSPR biosensors could 

achieve significantly lower per-test costs than ELISA once fabrication is standardized. 

Additionally, because the sensors are reusable to a limited extent after regeneration, the 

effective cost per analysis could be further reduced. This economic feasibility, combined 

with their rapid and label-free nature, supports their potential role as an alternative or 
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complementary platform to ELISA and RIPA in clinical and translational research 

environments. 

4.13 CLINICAL RELEVANCE OF BIOSENSOR PERFORMANCE COMPARED 

TO ELISA 

Conventional ELISA remains the current gold standard for complement biomarker 

detection in clinical settings, offering high specificity and established clinical acceptance. 

However, ELISA requires lengthy incubation times, skilled personnel, and centralized 

laboratory facilities, which restrict its suitability for rapid decision-making in clinical 

practice. In contrast, the nanoplasmonic biosensor developed in this work demonstrated 

superior sensitivity, with a limit of detection as low as 0.015 ng/mL, while also achieving 

rapid and label-free analysis from minimal serum volumes. These features make the 

biosensor particularly advantageous for scenarios where timely information is critical, 

such as monitoring disease activity during outpatient visits or adjusting complement 

inhibitor therapy. 

From a patient management perspective, the ability to perform near real-time monitoring 

of sC5b-9 could provide clinicians with actionable insights into complement activation 

status. In AChR+ MG, where complement activation drives pathology, this platform 

could help early detection of disease and enable more precise dosing strategies for 

complement-targeted treatments. Moreover, the absence of complement activation in 

MuSK+ patients, as confirmed by the biosensor, reinforces its potential role in guiding 

therapeutic stratification and avoiding unnecessary interventions. 

Beyond its diagnostic performance, the biosensor also presents significant cost and 

workflow advantages. Its fabrication relies on low-cost, disposable nanograting 

substrates, offering scalability that contrasts with the batch-based, resource-intensive 

nature of ELISA. Minimal sample pretreatment and short assay times (<30 minutes) 

further reduce the burden on clinical staff and healthcare systems. Together, these 

attributes position the biosensor not as a replacement but as a complementary tool to 

ELISA: while ELISA may continue to serve in centralized confirmatory testing, the 

biosensor offers a unique opportunity to extend diagnostic capacity to POC environments, 

thereby supporting personalized and responsive patient care in MG.  

4.14 LIMITATIONS AND FUTURE DIRECTIONS 
While this thesis demonstrates the feasibility and clinical relevance of a nanoplasmonic 

biosensor for complement activation monitoring in Myasthenia Gravis (MG), several 

limitations must be acknowledged. First, validation was performed on a limited number 

of patient samples, which restricts the generalizability of the findings. Larger, studies will 

be required to confirm the diagnostic accuracy, reproducibility, and robustness of this 

biosensor across diverse patient populations and disease severities. Second, the current 

assay relied on diluted serum samples to minimize matrix effects. Although effective, this 

step reduces clinical practicality, and further optimization of antifouling strategies and 

fluidic handling will be necessary to enable direct serum analysis. Third, variability in 
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sC5b-9 levels among individuals and across various stages of disease progression was not 

fully addressed, highlighting the need for longitudinal studies to establish the biomarker’s 

prognostic and monitoring value. Finally, while comparisons with ELISA underscored 

the superior sensitivity and rapidity of the biosensor, more comprehensive benchmarking 

against current clinical assays would strengthen the case for translation. 

Integration with microfluidic systems could allow automated sample handling, on-chip 

mixing, and real-time kinetic analysis, further simplify workflows, and reduce operator 

dependence. Expanding the biosensor platform to enable multiplex detection of MG-

relevant biomarkers, such as AChR and MuSK autoantibodies alongside sC5b-9, would 

provide a more holistic diagnostic tool and enhance patient stratification. Beyond MG, 

the approach is readily adaptable to other complement-mediated autoimmune and 

inflammatory disorders, extending its potential clinical utility. Finally, miniaturization 

and coupling with portable readout systems could pave the way for point-of-care 

diagnostics, supporting precision medicine strategies and making advanced biosensing 

accessible in routine clinical practice.   
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CHAPTER 5 | CONCLUSIONS 

In this thesis, we developed and validated an extremely sensitive, rapid, and label-free 

plasmonic biosensor based on nanograting technology for the detection and quantification 

of the soluble terminal complement complex (sC5b-9) in human serum. The platform 

demonstrated a remarkably low limit of detection of 0.015 ng/mL, surpassing the 

sensitivity of conventional assays such as ELISA and RIPA. Importantly, it requires only 

minimal sample volumes, simple dilution steps, and short assay times, significantly 

streamlining sample processing and reducing overall analysis time. The biosensor chip 

fabrication, derived from cost-effective and scalable nanostructured Blu-ray disc 

substrates, positions this technology as both accessible and disposable, facilitating 

translation into point-of-care diagnostics. 

A critical contribution of this work is the establishment of a robust surface 

biofunctionalization strategy using cys-Protein G to ensure optimal antibody orientation 

and recognition capacity. Complemented by optimized antifouling coatings and dilution 

protocols, this approach enabled dependable biosensing in complex matrices such as 

human serum, overcoming a major barrier for label-free optical biosensors. While some 

background noise persisted, the results demonstrate that further refinement of antifouling 

techniques could eliminate this limitation, paving the way for even more robust 

performance. 

The biosensor was clinically validated using real patient serum samples, demonstrating 

the ability to differentiate between AChR+ and MuSK+ Myasthenia Gravis subtypes. The 

sensor successfully identified complement activation in AChR+ MG patients, consistent 

with their known immunopathology, while showing no activation in MuSK-positive 

cases. These findings confirm the value of sC5b-9 as a biomarker for complement-driven 

pathology in MG and underline the diagnostic and monitoring potential of this biosensing 

approach. In the context of emerging complement-targeted therapies, the ability to rapidly 

monitor complement activity in serum provides an avenue for patient stratification, 

treatment optimization, and personalized therapeutic guidance. 

Beyond MG, the methodological advances presented here, ranging from nanostructure-

based plasmonic sensing to antibody immobilization strategies, establish a generalizable 

framework for the development of next-generation biosensors targeting other 

complement-mediated and autoimmune disorders. The convergence of high sensitivity, 

cost-efficient fabrication, and potential for miniaturization supports the vision of 

plasmonic biosensors as transformative tools in clinical diagnostics. 

Nevertheless, this work also highlights future challenges and opportunities. Current 

assays relied on diluted serum samples; future iterations integrating microfluidic mixing 

and enhanced antifouling strategies could enable direct serum analysis, further increasing 

clinical utility. Additionally, large-scale clinical validation studies across diverse patient 

cohorts will be necessary to confirm diagnostic accuracy, reproducibility, and robustness 

under real-world conditions. The incorporation of multiplexing capabilities could further 
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expand the biosensor’s scope, allowing simultaneous monitoring of multiple biomarkers 

relevant to MG and related conditions. 

In summary, this thesis contributes to bridging a critical diagnostic gap in Myasthenia 

Gravis by presenting a novel, label-free nanoplasmonic biosensor for complement 

activation monitoring. By combining technological innovation with clinical validation, it 

lays the groundwork for implementing rapid, sensitive, and accessible tools to support 

personalized medicine in MG. Ultimately, the advancements reported here may serve not 

only to improve disease management in MG but also to catalyze broader applications in 

precision diagnostics for autoimmune and inflammatory diseases. 
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ANNEX 

Table A 1. Chemicals and bioreagents used in this study 

Item Specification / Notes Supplier (Location) 

Hydrochloric acid (HCl), 

37% 

Substrate cleaning (protective/reflective 

layer removal) 

VWR International 

Eurolab 

Hellmanex® III Detergent Sigma-Aldrich  

Glacial acetic acid 

(CH₃COOH) 

20% (ultrasonication step) Panreac AppliChem  

2-propanol Substrate cleaning ITW Reagents  

PBS tablets (pH 7.4) 0.01 M phosphate; 0.0027 M KCl; 0.137 

M NaCl 

Sigma-Aldrich  

Sodium acetate buffer (SAB) pH 4-6 (used at pH 4 for 

immobilization) 

Sigma-Aldrich  

Tween®-20 Surfactant Sigma-Aldrich 

CHAPS 3-[(3-

Cholamidopropyl)dimethylammonio]-1-

propanesulfonate hydrate 

Sigma-Aldrich  

Glycine buffer pH 2.2 Sigma-Aldrich  

BSA (bovine serum albumin) 1% (blocking) Sigma-Aldrich 

PLL20-g(30)-MPEG45 

(PLL-PEG) 

0.75 mg/mL NanoSoft 

Biotechnology 

Recombinant cys-Protein G 

 

ProSpec 

Mouse anti-human SC5b-9 

antibody 

— Bio-Rad Laboratories 

Human complement sC5b-9 

complex 

— Novus Biologicals 
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Purified rat anti-mouse IL-6 

antibody 

— BD Pharmingen™ 

Recombinant mouse IL-6 — BD Pharmingen™ 

Commercial human serum 

(CHS) 

— Merck Life Science 

 

Table A 2. Substrates and microfluidic/optical consumables 

Item Specification / 

Notes 

Supplier Catalog / Model Use in study 

Blu-ray discs (BD-

R SL 25 GB) 

Polycarbonate (PC) 

nanogratings 

Verbatim  43742 Nanostructured 

substrate 

Matte removable 

vinyl 

Deposition mask Silhouette V12-BMR-

DKGRN 

Define sensing area 

Double-sided 

adhesive tape 

140 µm thickness Adhesive 

Research 

ARcare® 

90106NB 

Microfluidic spacer 

PMMA sheet 2 mm thickness Servei 

Estació  

37.60 mm x 16 

mm rectangles 

Optical lid 

PTFE tubing I.D.×O.D. 0.8×1.58 

mm 

Sigma-

Aldrich  

Z609714 Fluidic connections 

Mini Luer tube 

tuck connectors 

For 1/16″ tubing ChipShop  Fluidic 1579 Chip-tubing 

interface 

Custom 3D-

printed 

holders/lids 

— In-house — Chip fixation and 

alignment 

 

Table A 3. Instruments, software, and key equipment. 

System / Instrument Specification / Notes Manufacturer Model / Software 
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CNC router Chip cutting Genmitsu 3020-PRO MAX 

V2 

Thermal evaporator Au deposition, 10⁻⁷ 

mbar, 1 Å/s 

Oerlikon 

Leybold 

Univex 450B 

SEM Surface/nanostructure 

imaging 

FEI Company Nova NanoSEM 

CO₂ laser cutter PMMA lid machining Omtech  K40+ 

Plotter Vinyl/tape cutting Silhouette Cameo 4 

Light source 360-2400 nm Ocean Optics HL-2000 

Spectrometer 480-995 nm Avantes  AvaSpec-

NEXOS™ 

Syringe pump Fluid delivery KD Scientific  KDS 101-CE 

Injection valve Manual, 6-port, 200 

µL loop 

Valco 

Instruments Co. 

Cheminert C22-

3186 

Bubble trap — Elveflow  — 

Vacuum pump Bubble management SparkFun 

Electronics 

— 

Motorized linear 

stage 

Opto-mechanical 

alignment 

Zaber 

Technologies 

T-LSM025A 

Translation/rotation 

stage 

Fine alignment Thorlabs XYR1/M 

CAD / CAM Design and cutting 

control 

Autodesk / 

Silhouette / 

LightBurn / 

Candle 

Inventor / Fusion 

360 / LightBurn / 

Silhouette Studio / 

Candle 

Simulation Flow simulation COMSOL Multiphysics® 

(Laminar Flow) 

Control & DAQ Sensing control National 

Instruments 

LabVIEW (custom 

UI) 
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Data analysis Curves and stats GraphPad / 

Origin / 

Microsoft 

Prism 10 / Origin 

8.0 / Excel 

 

Table A 4. Comparison table of commercially available detection kits for sC5b-9. 

Detection Method for sC5b-9 Detection range LOD Sensitivity Source 

ELISA 31.25 - 2000 ng/mL 31.25 ng/mL 18.75 ng/mL 
Novus Biologicals, NBP2-

66708  

ELISA 12.5-800 ng/ml 12.5 ng/mL 7.5 ng/ml 
Fine Biotech Co., Ltd., 

EH4763 

ELISA N/A 3.7 ng/mL N/A MicroVue™, A020 

ELISA 1.25 - 80 ng/ml 1.25 ng/mL 0.51 ng/ml 
Krishgen Biosystems, 

KBH4499 

ELISA 72.0 - 244.0 ng/mL 72.0 ng/mL N/A 
Advanced Diagnostic 

Laboratories, SC5B9 

ELISA 6.25 - 200 ng/ml 6.25 ng/mL 1.0 ng/mL MyBioSource, MBS9369739 

RIPA (can be modified for sC5b-9) 0.5 - 5 nmol/L 0.02 nmol/L N/A DLD Diagnostika GmbH 

CBA (HEK293T) 
Cutoff for positivity: 

156 ± 14 MFI 
N/A N/A Obaid, et al. (2022) [150]  

 

Table A 5. Affinity of Protein G for IgG Types from Different Species. Adapted from 

New England Biolabs, 2025.  

Species Immunoglobulin Binding to Protein G 

Human lgG (normal) ++++ 

lgG1 ++++ 

lgG2 ++++ 

lgG3 ++++ 

lgG4 ++++ 
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lgM - 

lgA - 

lgE - 

Mouse lgG1 ++++ 

lgG2a ++++ 

lgG2b +++ 

lgG3 +++ 

Rat lgG1 + 

lgG2a ++++ 

lgG2b ++ 

lgG2c ++ 

Goat lgG ++ 

Rabbit lgG +++ 

Sheep lgG ++ 
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Figure A1. SEM image of a chip with Au layer (68 nm) taken at the border where the 

PC substrate can also be observed. Nanoslits are visible in the Au layer and the PC 

substrate. 
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Figure A2. Plasmon peak shift of the diluted serum of 11 patients with myasthenia gravis in the 

biosensor.  
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