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Abstract 

For decades, the understanding of life has been focused on its most fundamental building 

blocks: molecules. Deciphering the dynamic activities of protein molecules in human cells is 

of vital significance for fundamental and clinical studies. The minuscule scale of protein 

molecules poses a great challenge for precise quantification. Labeling the molecules of interest 

with fluorescent and enzymatic tags has thus become an effective strategy to indicate their 

existence. However, the addition of extrinsic fluorescent tags has shown a number of evident 

side effects interfering with protein functions and cell biology. The extra steps caused by 

molecular labeling also increase the complexity of the entire assay and decrease the temporal 

resolution of the measurement from hours to days. These drawbacks of traditional strategies 

inevitably hinder the real-time monitoring of cellular activities with minimum interval or 

external interference. 

This doctoral thesis focuses on the engineering and demonstration of novel label-free 

biosensing platforms for real-time cell studies: (1) the secretion of protein molecules from live 

cells, and (2) the characterization of cellular interactions.  

For the first topic, a biosensor using plasmonic nanohole arrays as the core sensing elements 

has been designed. These nanohole arrays consist of a thin gold film perforated with periodic 

nanoholes. They enable extraordinary optical transmission (EOT), an optical phenomenon that 

has shown promising capabilities for biochemical detection. This thesis demonstrates, for the 

first time the application of these structures for real-time monitoring of protein secretions from 

live cells. On the one hand, the secretion of VEGF (a type of growth factor) from live cancer 

cells has been monitored in real-time at the temporal resolution of seconds without any 

additional sample treatment. On the other hand, the integration with the advanced microfluidic 
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system has enabled the biosensor to measure secretion events at the single-cell level by solving 

a number of technical issues (e.g., low analyte abundance, liquid evaporation). In particular, 

the real-time production of IL-2 (a cytokine) from single lymphoma cells were monitored for 

hours, which shows the exceptional versatility of this optofluidic nanobiosensor. 

For the second topic, a multiparametric surface plasmon resonance (SPR) biosensor has been 

exploited to investigate interactions between T-cell receptors (TCR) and peptide-major 

histocompatibility complexes (pMHC). This type of interaction plays a central role in T cell-

mediated immunity. Notably, intact human T cells – rather than purified recombinant TCR 

proteins – were directly used as analytes. A biomimicking lipid membrane was created on the 

sensor surface to present pMHC molecules, enabling the capture of T cells in vitro. Therefore, 

the affinity (e.g., binding kinetics) between different types of T cells and membrane-bound 

pMHC molecules can be readily measured in a label-free manner. 

The results presented in this thesis rely on a wide range of engineering technologies (imaging, 

microfluidics, and micro-/nano-manufacturing) and knowledge of biology, chemistry, and 

optics. The proposed methods using label-free plasmonic biosensors represent a promising 

strategy to overcome the challenges related to current biochemical analyses. We anticipate that 

plasmonic biosensors will boost new biodetection methodologies for biomedical research. 

 

Keywords: label-free biosensor, nanoplasmonics, nanohole arrays, surface plasmon resonance, 

live cell analysis, single-cell analysis, cell secretion, lipid membrane, TCR affinity analysis 
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Version abrégée 

Durant des décennies, la compréhension de la vie s’est appuyée sur ses composants les plus 

élémentaires: les molécules. L’étude des activités dynamiques des protéines dans les cellules 

humaines est d’une importance capitale pour la recherche fondamentale et clinique. La taille 

minuscule des protéines présente un grand défi pour leur quantification. Une stratégie efficace 

pour visualiser leur existence est donc de marquer les molécules étudiées avec des sondes 

fluorescentes ou des enzymes. Cependant, l’ajout de marqueurs fluorescents a mis en évidence 

des effets secondaires interférant avec les fonctions des protéines et la biologie cellulaire. En 

outre, cette étape supplémentaire de marquage complique l’analyse et fait passer la résolution 

temporelle d’heures en jours. Ces inconvénients des techniques traditionnelles empêchent ainsi 

le suivi en temps réel des activités cellulaires qui minimise à la fois l’échelle de temps et les 

interférences externes. 

Ce travail de doctorat s’intéresse à la conception et à la démonstration de nouvelles plateformes 

de biodétection pour des études des cellules en temps réel : (1) la sécrétion des protéines par 

des cellules vivantes, et (2) la caractérisation d’interactions cellulaires. 

Pour le premier sujet, nous avons conçu un biocapteur utilisant comme élément central de 

détection des réseaux plasmoniques de nanotrous. Ces réseaux sont composés d’un mince film 

en or percé régulièrement de nanotrous. Ils permettent la transmission optique extraordinaire 

(EOT), un phénomène optique qui a montré un potentiel prometteur pour la détection 

biochimique. Cette thèse démontre pour la première fois l’application de ses structures pour le 

suivi en temps réel de la sécrétion de protéines par des cellules vivantes. D’une part, la sécrétion 

de VEGF (un type de facteur de croissance) par des cellules cancéreuses vivantes été suivie en 

temps réel avec une résolution temporelle de l’ordre de la seconde, ceci sans traitement 
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supplémentaire de l’échantillon. D’autre part, l’introduction d’un système microfluidique 

avancé a permis au biocapteur de mesurer la sécrétion à l’échelle de la cellule individuelle en 

résolvant certaines difficultés techniques (par exemple la faible concentration d’analytes et 

l’évaporation). En particulier, la production en temps réel d’IL-2 (une cytokine) de cellules 

individuelles de lymphome a été mesurée durant plusieurs heures, démontrant l’excellente 

polyvalence de ce nanobiocapteur. 

Pour le second sujet, un biocapteur multiparamétrique à résonance plasmon de surface (SPR) 

a été utilisé pour examiner les interactions entre les récepteurs des cellules T (TCR) et les 

complexes majeurs d’histocompatibilité peptide (pMHC). Ce type d’interaction joue un rôle 

clé dans l’immunité par les cellules T. Remarquablement, nous avons utilisé comme analytes 

des cellules T humaines intactes plutôt que des protéines TCR purifiées recombinantes. Une 

membrane lipide biomimétique a été créée sur la surface du capteur pour présenter les 

molécules pMHC, permettant de capturer les cellules T in vitro. Il devient ainsi aisé de mesurer 

sans marquage l’affinité (par exemple, cinétique de liaison) entre différents types de cellules T 

et des molécules pMHC liées à la membrane. 

Les résultats présentés dans cette thèse se basent sur une large gamme de technologies de 

l’ingénieur (imagerie, microfluidique et micro-/nanofabrication) et sur la connaissance de la 

biologie, de la chimie et de l’optique. Les méthodes proposées, utilisant des biocapteurs 

plasmoniques sans marquage, constituent une stratégie prometteuse pour surmonter les 

difficultés rencontrées dans les analyses biochimiques actuelles. Nous prévoyons que les 

biocapteurs plasmoniques vont encourager de nouvelles méthodologies de biodétection pour la 

recherche biomédicale. 

 

Mots clés: biocapteur sans marquage, nanoplasmonique, réseaux de nanotrous, résonance 

plasmons de surface, analyse de cellules vivantes, analyse de cellules individuelles, sécrétion 

cellulaire, membrane lipide, analyse d'affinité de TCR 
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Introduction 

Motivation of this thesis 

Successful medical practices and novel therapies advance with the progression of fundamental 

life sciences. The development of efficient strategies to tackle diseases relies on the 

understanding of how human cells function. For example, cancer cells constantly communicate 

with the neighboring cells (e.g., immunocytes, blood vessel cells, and stromal cells) to allow 

their survival and subsequent migration (namely metastasis). Therefore, the interrogation of 

these “cell talks” is critical to understand the biology of cancer cells and to design anti-cancer 

therapies. 

Moreover, different “personalities” among phenotypically identical cancer cells have recently 

been revealed. Upon the treatment of a particular drug agent, the same cells within a tumor 

mass can exhibit remarkably distinct responses. Successful therapy should be able to eradicate 

those robust cells. This phenomenon, namely the single-cell heterogeneity, has thus been 

deemed essential for efficient drug discovery and precision medicine. 

Innovative analysis methods are required to obtain in-depth insights into cellular activities, 

with the analysis ranging from cell populations to individual cells. However, the dynamic 

nature of such activities poses a major challenge for the current methods. Indeed, the current 

gold-standard assays to detect secretory molecules involve extra molecular labels on the 

analyte, such as fluorescent dyes and enzymes. Due to the tedious labeling steps, this 

requirement inevitably results in ‘snapshot’ endpoint readouts and dramatically compromises 

the temporal resolution of the analysis. The addition of extrinsic probes also alters the nature 

of the molecules of interest, which potentially generates distorted readouts. Furthermore, the 
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relatively large sample volume limits their application for single-cell measurement. Therefore, 

unravelling the dynamic profiles of cellular activities, including those at the single-cell level, 

calls for advanced analysis methods for real-time monitoring of the entire process.  

In recent decades, label-free biosensor technologies have emerged as a promising solution. In 

particular, plasmonic biosensors have demonstrated excellent detection capabilities and 

miniaturization potential for point-of-care applications. However, real-time monitoring of 

cellular activities has only been reported in a few studies with these biosensors, all of which 

involved either cumbersome optical configurations or delicate sensor fabrication. Studies 

addressing label-free single-cell analysis are extremely rare due to the need for intricate system 

design for ultrasensitive and stable measurements. Therefore, this thesis is dedicated to the 

development of novel plasmonic biosensors, which can overcome the above challenges at 

different cellular resolutions in relatively simple optical set-ups. In particular, plasmonic 

biosensors based on gold nanohole arrays were employed. These arrays can be fabricated by a 

scalable procedure and support a unique optical phenomenon, the so-called extraordinary 

optical transmission (EOT). The spectral sensitivity of EOT to minute changes of refractive 

indices makes the biosensor suitable for biomolecular detection. The detection volume can be 

significantly reduced by incorporating state-of-the-art microfluidic systems, enabling the 

biosensor to measure secreted molecules from single cells. 

Thesis outline 

The background information is summarized in Chapters 1 and 2, with Chapter 1 focusing on 

the biological aspects of cell secretion, especially secretory protein molecules, and Chapter 2 

dedicated to the detection principles of plasmonics and especially metallic nanohole arrays. 

Chapter 3 is devoted to describing the experimental set-ups employed in the following chapters. 

The study presented in Chapter 4 demonstrates for the first time the potential of the nanohole 

array-based biosensor as an exceptional analytical tool for secretion investigation. Secretion of 

vascular endothelial growth factor (VEGF) from microfluidic-cultured cancer cells was 

monitored in real time for over 10 hours in a label-free format.   
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Chapter 5 introduces an innovative biosensor system for real-time secretion analysis at the 

single-cell level. To achieve this goal, a novel multi-functional microfluidic system was 

designed to minimize the detection volume and thus elevate the measurable concentration of 

target molecules. The monitoring interleukin-2 (IL-2) secretion from single lymphoma cells 

was achieved.   

Beyond the enhancement of the biosensor’s detection capability mentioned above, Chapter 6 

reports on the sensor surface optimization for cell analysis. An artificial lipid bilayer membrane 

was generated on the sensor surface as a biomimicking interface for cell-cell interaction. A 

proof-of-concept study was performed on a surface plasmon resonance (SPR) setup, which can 

be readily transferred to other nanoplasmonic formats. This paves a new avenue for biosensor 

surface functionalization to enable biomimicking cell analysis in a label-free manner. 

Finally, Chapter 7 summarizes the advancements of plasmonic biosensors for cell-based 

analysis. Some perspectives for future studies are also discussed.  
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Chapter 1                                                                      

Cell secretion and analysis 

As the fundamental functioning unit of life, the cell, a complex cocktail of biomaterials 

encapsulated within membrane structures, has been drawing enormous scientific attention for 

centuries. Mammalian cells, including human cells, undergo non-stop biological processes to 

communicate with the external environment and maintain essential functions. Among the 

diverse processes, the synthesis and functioning of proteins have been attracting considerable 

attention in biomedical research domains [1].   

1.1 Proteins as the main secretion components 

1.1.1 Molecular composition and conformation 

Proteins, originating from Ancient Greek πρωτεῖος (prōteîos) or πρῶτος (prôtos) which means 

“primary” or “first,” are a vast category of macromolecules consisting of one or multiple chains 

of amino acid residues (usually > 30). Although there are only 21 proteinogenic amino acids* 

found in eukaryotes (Table 1.1), researchers have estimated the number of protein species to 

be between 10,000 [2] and several billion [3] due to the sequences of amino acids as well as 

the four distinct levels of structural arrangements (Figure 1.1a) [4]. The huge variations of a 

                                                 

* Proteinogenic: “protein building”. 
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protein enable a vast array of biological functions, virtually spanning over all processes within 

and around cells. 

Table 1.1. The 21 proteinogenic amino acids in eukaryotes. 

Amino Acid Short Abbrev. Amino Acid Short Abbrev. Amino Acid Short Abbrev. 

Alanine A Ala Glutamic acid E Glu Histidine H His 

Cysteine C Cys Phenylalanine F Phe Isoleucine I Ile 

Aspartic acid D Asp Glycine G Gly Lysine K Lys 

Leucine L Leu Proline P Pro Serine S Ser 

Methionine M Met Glutamine Q Gln Threonine T Thr 

Asparagine N Asn Arginine R Arg Selenocysteine U Sec 

Valine V Val Tryptophan W Trp Tyrosine Y Tyr 
 

Protein molecules are involved in every aspect of life activity, such as gene expressions, 

transportation of molecules within cells, enzymatic metabolisms, and immunological 

activities [1]. Nonetheless, one mistake in the peptide sequence can also result in misfolding 

of the protein structure, and can eventually generate the opposite biological functions (Figure 

1.1b). A multitude of human disorders (such as Alzheimer’s disease, Parkinson’s disease, and 

Huntington’s disease) are prone to result from irregular conformational changes of proteins [5]. 

Therefore, a growing panel of proteins has been established as indispensable biomarkers for 

disease progressions and pharmaceutical investigations [6], [7]. 

1.1.2 Protein secretion from mammalian cells 

The secretory proteins, i.e. those that are produced and transported outside the cells, play a critical 

role in regulating basic life activities and consist of a large family of disease biomarkers [8], [9]. A 

large fraction of blood-derived protein biomarkers used in the clinic are directly related to secreted 

proteins, emphasizing the importance of this class of proteins [2]. Secretory proteins can be 

categorized according to their biological functions, such as enzymes, cytokines, and antibodies. 

Mammalian cells have a highly evolved process of protein secretion. These proteins are produced 

like any other proteins in mammalian cells, including the gene transcription and translation as 

described by the central dogma [10]. Following the synthesis and modification, the final protein 

products are packaged in secretion vesicles which are then fused with the cellular membrane to 
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release the contents out of the cell (Figure 1.2) [11]. The whole secretion cascade is thus extremely 

dynamic and responsive to both internal and external factors. Understanding the regulations of this 

process will bring invaluable insights to fundamental biology and drug development.  

In general, the detection and quantification of protein secretion can be fulfilled by various analytical 

biochemistry assays based on different mechanisms. Determination of the total protein 

concentration in liquid samples can be achieved by relatively simple assays, such as protein-dye 

binding chemistry (Coomassie/Bradford) or protein–copper chelation chemistry (biuret/BCA) 

[12]. However, distinguishing certain species of proteins requires more advanced detection 

principles. For example, the immunochemistry mechanism is widely applied to guarantee a 

selective detection, which is essential for studying secretory proteins in disease diagnosis.  

 

Figure 1.1. Conformation of protein molecules and protein misfolding. (a) Orders of protein 
structure. Image reprinted from [4]. (b) Structural misfolding alters the biological functions of the
protein molecule. 
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1.2 Analysis of secretory proteins 

1.2.1 The significance of analyzing secretory proteins 

Secretory proteins are responsible for numerous biological functions, such as cell proliferation, 

differentiation, cancer progression, and immune responses [8], [13]. For instance, protein 

growth factors expressed within the tumor microenvironment regulate tumor development and 

progression in different stages [8]. In clinical practices, the diagnosis of multiple diseases relies 

substantially on the detection of protein biomarkers [14], [15]. In particular, analyzing the time 

course of secretion activity provides vital insights: variations in the levels of protein biomarkers 

indeed reveal distinct disease stages [16], [17].  On the other hand, tracking the temporal 

changes in cancer cell secretions has led to the discovery of new cancer biomarkers [18], [19].  

Figure 1.2. An illustrative overview of the protein secretory pathway. Image reproduced from [11].
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In addition, conducting the analysis at the single-cell level provides invaluable information. 

Like human beings, each cell individual has a distinct "personality" despite sharing the same 

phenotype and genomes (Figure 1.3). Many studies have shown that single-cell heterogeneity 

can be uncovered in copious aspects of cellular functionalities [20]–[23]. Although many 

bioanalytical methods study the ensemble cellular behavior, biomedical researchers have 

started to realize that investigating and screening individual cells will revolutionize the 

biological knowledge and drug discovery. 

Therefore, single-cell analysis is nowadays one of the most formidable technological 

approaches for understanding fundamental biology and developing effectual therapeutics for 

serious diseases [20]. The recent development of novel detection methodologies has advanced 

our understanding of single-cell heterogeneity in genome, epigenome, and transcriptome [21]. 

Meanwhile, secretions of different biomolecules are indispensable to decode the underlying 

mechanisms of cell-cell communications. The signaling and formation of cellular networks are 

highly dynamic, being mediated by the production and exchange of small proteins (e.g., 

cytokines) and other molecules, which define the particular cell behaviors and functionalities 

[24], [25]. Yet, the heterogeneous secretome is still challenging to investigate. Conventional 

techniques including enzyme-linked immunosorbent assay (ELISA) or immunofluorescence 

staining require large amount of sample and thus lack sufficient sensitivity to detect single-cell 

Figure 1.3. New technology reveals single-cell heterogeneity. (a) Gene expression assays with bulky 
cell population only provide an average read-out over many cells, whereas single‐cell RNA‐seq 
technique distinguishes different gene expression in individual cells. (b) Single‐cell analysis techniques
enable studies involving complex systems such as animal embryos, where cells with drastically distinct 
genetic profiles can be analyzed without cross-contamination from neighboring tissues. Image 
reproduced from [23]. 

a b
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secretions [26]. Therefore, besides reviewing the current standard analysis technologies, 

various biosensor techniques, specifically novel label-free methodologies will be introduced 

for real-time bioanalytical detection. 

1.2.2 Classical analysis techniques 

The quantification of secretory proteins is an integral part of protein studies. Due to the 

incomparable physical sizes, we cannot quantify the number of protein molecules under a 

microscope as the way we do with mammalian cells. It is necessary to correlate the 

concentration of the substance of interest with measurable physical value. According to Beer-

Lambert law †  if the solute in the sample absorbs light at a specific wavelength, the 

attenuation/absorbance is directly proportional to the concentration of the solute. Therefore, it 

has become a standard mechanism applied in analytical proteomic assays by 

spectrophotometry, such as enzyme-linked immunosorbent assay, the so-called ELISA. A 

decade after the invention of ELISA, a derivative technique, ELISpot, emerged to further 

enumerate the protein-secreting cells. Light absorption can also activate fluorescence emission, 

which enables another powerful format for protein analysis. 

ELISA 

ELISA has become a gold-standard assay format to quantify soluble molecules of interest in 

biochemical assays and diagnostic laboratories. First conceptualized by Peter Perlmann and 

Eva Engvall in 1971 [27], ELISA demonstrated its remarkable performance on the quantitative 

measurement of rabbit antibody. As a solid-phase immunoassay (Figure 1.4), the analytes are 

first immobilized on the microtiter plate non-covalently (e.g., direct ELISA) or via an 

additional layer of antibodies (e.g., the capture antibodies in sandwiched ELISA). The 

detection antibodies labeled with enzymes, such as alkaline phosphatase, are subsequently 

applied over the surface-bound targets. By adding the substrate materials of the labeled 

enzymes, a detection signal is generated, most commonly a color change of the liquid solution. 

                                                 

† A = ε·L·c, where A is the measured absorbance, ε is the wavelength-dependent molar absorptivity coefficient, 

L is the path length, and c is the analyte concentration. 
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The concentrations of the target analytes are thus correlated to the absorbance of the colored 

solution under a specific wavelength of light. By employing the colorimetric mechanism of 

enzymatic catalysis, the presence of target molecules recognized by antibody-antigen binding 

is considerably amplified, and the detection sensitivity can easily reach several picograms per 

unit volume. 

ELISpot 

The enzyme-linked immunospot assay, or the so-called ELISpot, is another classical 

colorimetric assay derived from ELISA. First described and coined as this name by Cecil 

Czerkinsky in 1983 [28], the ELISpot assay has been adopted for multiple biochemical tasks, 

the most prominent being the enumeration of single immunocytes secreting one or several 

certain types of cytokines upon external stimulations. Unlike ELISA, ELISpot employs 

polymer membrane-based substrate (e.g., polyvinylidene difluoride, PVDF) in a microtiter 

plate for the coating of capture antibodies. As shown in Figure 1.5 [29], cells of interest, as 

well as the stimuli, are first pipetted into the wells and incubated for a specified duration. 

During this period, the antibodies located in close proximity to the secreting cells capture the 

secreted analyte. After removing any cells and unbound substances, the subsequent steps 

coincide those of ELISA. Nonetheless, instead of the color change of the solution, a purple-

blue precipitate appears as spots at the sites of analyte capturing, with each spot signifying an 

Figure 1.4. Different types of ELISA assays. 
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individual analyte-secreting cell. The quantification is done by automated or manually 

counting. However, quantitative molecular analysis becomes challenging. 

Immunofluorescent assays 

Besides colorimetric formats, immunofluorescence methodology could also be employed to 

quantify protein targets and analyte-secreting cells. Similarly, the assay specificity is 

guaranteed by superior antibody-antigen binding. By replacing the enzyme labels with 

fluorophores on the detection antibodies, the presence of specific protein targets is indicated 

Figure 1.5. A schematic overview of ELISpot assay. (a) Primary capture antibodies are coated on the 
polymer membrane substrate. (b) Extra sites on the surface are blocked to minimize unspecific binding.
(c) Cells as well as stimuli are subsequently added to the coated wells. By responding to the external
stimuli, the active cells secrete the analyte molecules (e.g., cytokines). (d) Analytes are captured and
bind to the antibodies around the cells, which are removed before proceeding the assay. (e)  A secondary 
biotinylated antibody is added, which binds to the respective analyte-antibody conjugate. (f) Avidin-
enzyme complex binds to the biotinylated detection antibody based on the robust avidin-biotin 
recognition. (g) Addition of the enzyme substrate solution transforms the analyte binding events to
visible colored dots absorbed by the polymer membrane. (h) An example image of ELISPOT result,
with each dot representing a secretory cell. Figure reproduced from [29]. 
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by the distinct light emission of the dye molecules upon selective light excitation. Multiplexing 

the assay for different analytes with a single sample is also feasible by labeling each antibody 

with fluorophores emitting at different wavelengths. However, the emission intensity is 

extremely responsive to the source intensity of excitation and downstream imaging parameters 

(e.g., exposure time, image gains), resulting in semi-quantitative readouts and less 

applicability. 

1.2.3 Biosensors and label-free methodologies 

What is a biosensor? 

“A biosensor is a device incorporating a biological sensing element either intimately connected 

to or integrated within a transducer,” as defined by Anthony P.F. Turner in 1987 [30].  Such a 

device produces a digitally measurable signal in proportion to the number of target chemicals. 

Therefore, there are three fundamentals for constructing a biosensor: biorecognition element, 

signal transduction mechanism and signal recording/processing (Figure 1.6). Biorecognition 

elements capture the specific target molecules to guarantee the selectivity of the assay. There 

are probe molecules that naturally bind to a specific target, such as immunoglobulins, the so-

called antibodies, or that are artificially designed to have high affinity to the targets, such as 

DNA aptamers. Upon the selective probe-target binding, a corresponding means of the signal 

will be generated depending on the transduction mechanisms, which is recorded and analyzed 

Figure 1.6. Structure of typical biosensor devices (boxed), including a biorecognition element that 
can distinguish and capture target molecules from heterogeneous biosample, a signal transducer and the
final signal processing. 
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by the subsequent detectors. For instance, Wang et al. labeled the E. coli bacteria with antibody-

coated magnetic and gold nanoparticles, forming a sandwiched structure. By this means, the 

existence of the bacterial targets is thus tranduced to the number of metallic nanoparticles that 

can be easily measured by differential pulse voltammetry (DPV) on an electrode chip [31]. 

Biosensors have been established as powerful bioanalysis tools for pharmacokinetic studies, 

biochemical research, medical diagnosis, and the pharmaceutical industry. 

Label-free biosensors 

The external molecular labels are indispensable for the implementation of classical analytical 

biochemistry assays, such as the enzymes mentioned above and fluorophores tagged on 

detection antibodies. Despite the outstanding sensitivities obtained from the labels, several 

critical drawbacks impede broader applications of this methodology. The most conspicuous is 

the endpoint analysis readout resulting from the labeling steps, which cripples the practice of 

such a methodology for continuous monitoring of binding kinetics. As such, there has been a 

strong drive to foster label-free biosensors that enable real-time quantitative monitoring of 

kinetics while reducing assay complexity. 

Label-free biosensors have emerged to enable continuous, real-time monitoring of molecular 

binding kinetics, and rapid target detection. Being termed as ‘label-free,’ such assays eliminate 

the use of external labels (e.g., enzymes, fluorophores, and nanoparticles) that are traditionally 

employed to signify the existence of targets. Therefore, we do not need to pre-treat the sample 

before the signal acquisitions. As soon as the sample is applied to the biosensor, it will be 

recognized by the probe molecules, and a corresponding detectable signal will be immediately 

transduced and generated for the following readout. The amplitude of the signal is dependent 

on the target concentrations, representing an outstanding quantification methodology.  

Label-free assays are typically surface-based, where the transducer surface is coated with bio-

recognition elements to capture the targets-of-interest specifically. The single step of surface 

functionalization significantly reduces the assay complexity and facilitates high-throughput 

multiplexed bioanalysis in a more straightforward format. According to the signal transduction 

mechanisms, label-free biosensors are principally classified into electrochemical, mechanical, 

and optical biosensors. 
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Electrochemical label-free biosensors transduce the biochemical binding events to the 

electrical domain. Depending on the mode of electrical signal transduction, there are five 

subdivisions [32], [33] that have been distinguished: amperometric/voltammetric biosensors, 

potentiometric biosensors, conductometric biosensors, impedance biosensors, and field-effect 

transistor (FET) biosensors (Figure 1.7a). The most iconic application by far is the 

electrochemical detection of glucose in the blood, proposed by Leland C. Clark, Jr. and Champ 

Lyons in 1962 [34]. In this work, glucose oxidase was coated on the electrode that was initially 

designed for oxygen monitoring. The oxidation of glucose in liquid (e.g., patient blood) by the 

immobilized enzyme results in alterations of redox current, which can be recorded by 

electrodes (Figure 1.7b). This ground-breaking research presented the prototype of a glucose 

sensor and inspired the following generations of glucose biosensors worldwide [35]. Ever since, 

the field of electrochemical biosensing has gained considerable attention, leading to numerous 

sensitive biosensor format, such as the well-known electrochemical impedance spectroscopy 

(EIS) technique [36]. However, due to the nature of the detection mechanism, any alteration of 

the electrochemical properties in the fluid like the ionic strength or pH values will lead to signal 

fluctuation, imposing a strict control strategy over the assay [32], [37]. 

Mechanical label-free biosensors, as indicated by the naming, detect the mechanical alterations 

caused by the target biomolecules, often the molecular mass. For the majority of mechanical 

sensors, the central element is a microscale cantilever which works either in surface-stress 

fashion or dynamic mode (Figure 1.7c and d) [38]. For surface-stress sensors, they measure the 

quasistatic deflection of the cantilever, caused by the surface binding of biomolecules. By 

pulsing a laser beam onto the cantilever in a certain angle, the reflection output alters according 

to the amount of deflection. For the dynamic-mode sensors, the cantilever oscillates with a 

characteristic resonance frequency. The frequency changes accordingly upon the landing of 

biomolecules on the cantilever. Besides the cantilever-based nanomechanical sensors, there is 

another widely applied mechanical platform: the quartz crystal microbalance (QCM) (Figure 

1.7e) [39]–[41]. These microbalances are mechanical resonators that oscillate with a specific 

frequency. Alterations in the resonant frequency occurs with the accretion of target molecules, 

which can be reliably tracked electronically. Despite the hypersensitivity, mechanical 
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biosensors provide exquisite performance mostly in vacuum and air, makes these assays 

cumbersome and challenging for fluid-phase measurements. 

Optical label-free biosensors transduce the binding of target biomolecules on the sensor 

surface to discrepancies in optical signals, such as wavelength, light intensity, and propagation 

velocity. These sensors usually exploit the evanescent field generated by highly confined light 

as the detection probe (Figure 1.7g) [42], [43]. The light confinement is mostly achieved either 

in photonic waveguides [44] or at the dielectric-metal interface [45], [46]. The binding of 

biomolecules induces a local change of the optical properties (e.g., the refractive index) and 

disturbes the propagation of the evanescent field, which is immediately translated into a 

proportionally measurable optical signal. Interferometers [47], photonic ring resonators (Figure 

1.7f) [48], [49] and plasmonic biosensors [45], [50] are some typical examples of evanescent 

wave biosensors. In particular, plasmonic biosensors based on the well-known surface plasmon 

resonance (SPR) phenomenon have achieved tremendous scientific interests and are nowadays 

the most widely commercialized label-free optical sensors.  

1.2.4 Progress of label-free biosensors for cell analysis 

Cell-based assays have been drawing increasing attention in fundamental research and 

preclinical studies. In particular, the urge for early cancer diagnosis has been promoting the 

development of biosensing techniques which can enable fast and sensitive detection of cancer 

biomarkers in liquid biopsy. Biomarkers for early cancer diagnosis exhibit a wide spectrum of 

both physical and biochemical characteristics, ranging from protein factors and nucleotide 

debris (e.g., mRNAs, cDNAs) to extracellular vesicles (e.g., exosomes) and circulating tumor 

cells, namely CTCs. Label-free biosensors that facilitate early cancer biomarker detection for 

monitoring the disease progression have unprecedentedly advanced in the recent years.  

Among various principles, electrochemical biosensors offer excellent advantages due to their 

fast response, low cost and potential for miniaturization. Kilic et al. have demonstrated a 

remarkable label-free detection of exosomes secreted by human breast cancer cells via 

Differential Pulse Voltammetry (DPV) and Electrochemical Impedance Spectroscopy 
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(EIS) [51]. A wide density range of 102-109 EVs/mL has been distinguished by the sensor. 

Zhou et al. have provided an extensive overview of recent advances in using miniaturized 

electrochemical sensors for detection of multiple cancer biomarkers in liquid biopsies [52]. In 

addition, electrochemical biosensors have also demonstrated noticeable applications in 

monitoring physiological and pathological indices for organ-on-a-chip (OoC) platforms, such 

Figure 1.7. An illustrative overview of label-free biosensing principles. (a) Different modes of 
electrical signal transduction for electrochemical biosensors, such as glucose sensor (b). Image reprinted
from [32], [34]. (c) Principle for mechanical sensing with a quasistatic microcantilever, and an SEM
image of a cantilever used in dynamic mode (d). Image reprinted from [38]. (e) Principle of quartz 
crystal microbalance (QCM). Image reprinted from [40]. (f) Schematic of an SOI CROW-based optical 
sensor with eight coupled microring resonators in an add-drop filter configuration. SOI: silicon-on-
insulator. CROW: coupled-resonator optical waveguide. Image reprinted from [48]. (g) Sensing 
principle of evanescent field-based optical biosensors. Image reprinted from [43]. 
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as pH values, oxygen levels and cytokine concentrations [53]–[55]. For instance, Zhou et al. 

have reported a smart integration of microfluidic liver-on-a-chip model with electrochemical 

sensor to monitor liver cell signaling during alcohol injury process [56]. Alcohol-induced 

injuries are associated with upregulated Transforming growth factor (TGF)-β signaling. Their 

microfluidic design incorporated co-cultures of hepatocytes (liver cells) and stellate cells (a 

major cell type involved in liver fibrosis) with aptamer-coated electrodes. The responses of 

different cells upon injury stimulation were selectively monitored by pneumatic operation of 

the microfluidic system (Figure 1.8). A profound review of electrochemical biosensors applied 

in OoC monitoring has been provided in [57]. 

Mechanical label-free biosensors, especially those based on atomic force microscopy (AFM), 

have demonstrated exceptional capability and resolution for cell analysis. For instance, by 

Figure 1.8. The study of alcohol-induced liver injury by employing an electrochemical biosensor
in a liver-on-a-chip. (a) An illustration shows how the liver injury was initiated by pneumatic operation
on the microfluidic system. (b) Kinetics of TGF-β signaling in different steps during liver injury. Image 
reproduced from [56]. 
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exploiting the ultrasensitive mechanical readouts of the cantilever, Calzado-Martín et al. 

investigated the different cellular stiffness among normal human breast cells and breast cancer 

cells with high-resolution AFM imaging (Figure 1.9) [58]. Despite the complex system 

implementation and vulnerability of cantilever probes, AFM imaging-based techniques have 

been widely employed for investigating the cell-cell or cell-molecule interactions, particularly 

for diagnosis of cancer as summarized by Kwon et al. [59].  

 

Besides the classical techniques for label-free detection, new detection principles have been 

emerging with novel advantages to facilitate direct analysis of different analytes, especially 

with ultralow limit of detection and good miniaturization potential [60]. For instance, field-

effect transistors (FET) based on carbon nanotubes, silicon nanowires and graphene have 

shown promising results for label-free detection of enzymatic reaction, antibody-antigen 

bindings and cell-based recording. Their fast response, ultrahigh sensitivity, massive 

manufacturing and facile miniaturization have drawn tremendous attention as new possibilities 

for label-free biosensors. 

Figure 1.9. Schematic representation of live cell imaging using peak-force modulation AFM. (a) 
Working principle of AFM-based cell stiffness measurement. (b)-(g) AFM images of the cell surface 
topography and the corresponding apparent Young’s modulus images (from 2.5 to 250 kPa). Images
reproduced from [58]. 
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Chapter 2                                        
Plasmonics: a unique principle for label-

free optical biosensors 

As a rapidly developing field, plasmonics bridges optics and biology, offering a new powerful 

tool for quantitative biomedical studies. It has been established as the principle for refractive 

index-based photonic sensing. The study of plasmonics focuses on the interaction between 

electromagnetic radiation (such as light) and metals, the so-called phenomena of surface 

plasmons (SPs). SPs are coherent electron oscillations propagating at a metal-dielectric 

interface. The resulting electromagnetic field associated with SPs, the evanescent field, is 

sensitive to changes of refractive indices in immediate vicinity of the interface. Therefore, 

plasmonics biosensors are mostly employed as refractometric sensing devices.  

There are two main modes of SPs to function for biosensing: the surface plasmon resonance 

(SPR) on a planar metal film and localized surface plasmon resonance (LSPR) associated with 

metallic nanostructures.  

2.1 Surface plasmon resonance 

This renowned optical phenomenon has established widespread applications in numerous 

molecular detection applications since its first observation by Wood in 1902. A complete 

physical interpretation was done in 1968 when Otto [61] as well as Kretschmann and Raether 

[62] reported the excitation of surface plasmons. Another 15 years passed until Liederberg et 

al. demonstrated the first application of SPR-based sensors to monitor biomolecular interaction 
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[63]. SPR biosensors have so far exhibited excellent detection capabilities in environmental 

monitoring, food quality and safety analysis, medical diagnostics and drug discovery [64]. 

The principle of SPR sensing is a non-radiative electromagnetic surface wave, namely surface 

plasmon polaritons (SPPs) [65]. As shown in Figure 2.1, the wave propagates in a direction 

parallel to the interface of metal-dielectric medium (e.g., air, water), which is characterized by 

the wave vector ݇ୗ୔୔: 

 ݇ୗ୔୔ሺ߱ሻ = ߱ܿ ඨ ௗߝ ௗߝ௠ሺ߱ሻߝ +  ௠ሺ߱ሻ (2.1)ߝ

 

where ߱ represents the angular frequency of light, ܿ is the speed of light in vacuum, ߝௗ is the 

dielectric constant of the surrounding medium. In particular, ߝ௠ሺ߱ሻ is the complex function 

for the dielectric constants of the metal: 

௠ሺ߱ሻߝ  = 1 − ߱௣ଶ߱ଶ  (2.2) 

 

wherein ߱௣ is the plasma frequency of the metal, e.g., ߱௣ ൎ 1.28 ൈ 10ଵ଺	Hz for gold [66]. 

Equation (2.2) clearly indicates that the dielectric function of the metal is frequency dependent, 

resulting in ߝ௠ >0 or ߝ௠ <0 for light frequencies above or below the plasma frequency, 

respectively. Furthermore, with the derivation of Equation (2.1), SPPs are solely supported 

when the real part of ߝ௠ሺ߱ሻ  is negative and |ߝ௠ሺ߱ሻ| ൏ ௗߝ . Therefore, SPPs can only be 

Figure 2.1. Propagation of SPPs at the metal-dielectric interface. Left: the collective electron 
oscillation at the surface. Right: distribution of the evanescent field. Image reprinted from [65]. 
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fulfilled at the interface between metal (commonly gold or silver) and a dielectric medium at 

optical radiation wavelengths (100 nm~1 mm, DIN 5031‡).  

The evanescent field generated by the SPP wave is confined at the interface and decays 

exponentially mainly into the dielectric medium (Figure 2.1). The decay length – the 

penetration depth – depends on the light wavelength and the dielectric properties of both 

materials. As a critical parameter for plasmonic sensing, it typically measures 100-500 nm 

within the visible and near-infrared spectrum [67]. Only the biomolecular interaction occurring 

within this depth can interfere with the SPP propagation and hence produce a detectable signal. 

Generally, the wave vector ݇ୗ୔୔  is considerably larger than that of the incidence light 

regardless of the incidence angle. This is the reason why SPR cannot be excited by direct light 

illumination on the metal-dielectric interface. There are several techniques to effectively couple 

the incident light for SPR excitation (Figure 2.2), among which the most common method is 

the Kretschmann configuration [50]. As shown in Figure 2.2a, the light illuminates the back 

side of a thin metal film through a glass prism. When polarized light shines through the prism, 

it is reflected by the metal film acting as a mirror. Upon reaching a certain incidence angle, the 

intensity of the reflected light reaches a minimum. At this angle, the incident light will excite 

                                                 

‡DIN Standards for “Optical radiation physics and illumination Engineering”. DIN stands for Deutsches Institut 

für Normung, which is the German national organization for standardization. 

Figure 2.2. Different light coupling configurations for SPR excitation. The Kretschmann
configuration is shown in (a). Image reprinted from [50]. 
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the surface plasmons, generating a penetrative evanescent wave through the metal film. This 

angle is thus named as resonance angle or SPR angle.  

The SPR angle is highly responsive to changes of optical properties of the setup, such as the 

refractive indices of the external medium on the metal surface. In biosensing applications, such 

changes are commonly induced by the binding of molecules of interest (e.g., proteins). 

Therefore, the real-time monitoring of the molecular interactions and binding kinetics are 

decoded by tracking the shifting of SPR angle without the need for extra labeling (Figure 2.3) 

[68]. 

2.2 Localized surface plasmon resonance 

Gold/silver colloidal suspensions have been widely used in stained glass since the middle ages: 

light appears yellow after transmitting through a silver colloid while ruby red through a gold 

Figure 2.3. Real-time monitoring of analyte binding by tracking the changes in SPR angle. Image 
reprinted from [68]. 
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colloid. Further investigations attribute this phenomenon largely to light absorption and 

scattering induced by the embedded metallic nanoparticles. Nowadays, the advancement of 

nanofabrication and chemical synthesis technologies have further enabled precise control over 

the size of metallic nanostructures, especially below the wavelength of light. This urges the 

study of optical phenomena at nanoscale metal surfaces, nanoplasmonics.  

Unlike SPR, the surface plasmons excited by light are collectively oscillating within the near-

field in the metallic nanostructures, known as localized surface plasmon resonance (LSPR, 

Figure 2.4) [69]. The resulting evanescent field is highly confined in a nanoscale volume and 

decays rapidly into the surrounding dielectric medium. The resonance frequency (i.e., 

maximum light absorption) of LSPR nanostructures can be simply tuned by changing the size, 

shape, and composition of the nanoparticles, as well as the bulk refractive index of the dielectric 

medium. Therefore, the resonance wavelength of the nanoparticles likewise shifts sensitively 

according to the local changes of the refractive index, such as the binding of target 

biomolecules. 

As the basis of nanoplasmonics, LSPR phenomenon has been applied extensively for label-

free biosensors. However, it requires additional effort to disperse metallic nanoparticles in 

solution to avoid the formation of particle aggregates. This urges the engineering of surface-

based metallic nanostructures for nanoplasmonic sensing. The LSPR of these arrays can be 

excited by light illumination at normal incidence. The resonance of the nanostructures strongly 

Figure 2.4. Illustration of localized surface plasmon resonance (LSPR). Coherent electron oscil-
lations in the nanoparticle is induced by the oscillating electric field of the incident light. Reprint from 
[69]. 
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absorbs the light at certain wavelengths, generating characteristic light extinctions that can be 

analyzed in the transmission spectrum (Figure 2.5a). The nanoscale confinement of light 

around the nanostructure also allows higher spatial resolution for single particle/molecule 

biosensing. In such measurements, light scattering analysis is preferred to provide a higher 

signal-to-noise ratio, which will better distinguish the excitation light and the light absorbed 

by the nanostructures. This can be achieved by dark-field (DF) or total internal reflection (TIR) 

microscopy (Figure 2.5b and c). Moreover, compared to the SPR-based counterparts, the 

LSPR-based biosensors enable high-throughput analysis in a compact manner due to the 

flexible fabrication scheme and spectral configuration, providing a suitable format for point-

of-care applications. 

 

 

2.3 Plasmonic nanohole arrays 

Both SPR and LSPR can be employed as label-free biosensors to investigate real-time 

biomolecular interactions. Interestingly, one format of nanoplasmonic biosensors has emerged 

in the latest decades which can support both phenomena at one time: plasmonic nanohole arrays. 

With nanoscale apertures situated on a planar thin metal film, SPPs propagate along the metal-

dielectric interface while the nanostructures confine localized plasmon resonances. By tuning 

Figure 2.5. Excitation schemes of LSPR biosensors through light extinction measurement (a), dark 
field microscopy (b) and prism-coupling scheme (c). Image reprinted from [50]. 
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the size, shape as well as the arrangement, the optical properties of such unique nanoplasmonic 

structure can be tailored for efficient and sensitive biomolecular investigations. 

2.3.1 A single metallic void vs. a single metallic particle 

As discussed in section 2.2, a single metallic nanoparticle surrounded by dielectric medium can 

confine the collective electron oscillations locally around itself. Likewise, a single dielectric 

nanoparticle surrounded by a metal can also sustain the LSPR around its vicinity. As illustrated 

in Figure 2.4, a dipole moment establishes when light interacts with a metallic nanoparticle via 

the complex polarizability α [70]: 

  = ଷݎߨ4 ௠ሺ߱ሻߝ − ௠ሺ߱ሻߝௗߝ + ௗ (2.3)ߝ2

where, r is the radius of the nanoparticle. Notably, the induced electric field is antiparallel to 

the applied field. In the case of a metallic void, a dipole moment will be similarly induced, and 

the polarizability ’ can be found by simply switching ߝ௠ሺ߱ሻ and ߝௗ in the above equation: 

 ′ = ଷݎߨ4 ௗߝ − ௗߝ௠ሺ߱ሻߝ + ௠ሺ߱ሻ (2.4)ߝ2

Therefore, the induced electric field in a metallic nanovoid is in a totally reversed orientation 

to that in the metallic nanoparticle. 

2.3.2 Periodically arranged nanoholes in thin metal film 

As mentioned in the above section, a single dielectric nanohole in a thin metal film behaves 

similarly to typical nanoparticles concerning LSPR excitation. However, the most fundamental 

difference between surface-based nanoholes and nanoparticles is that the localized SPs formed 

around the nanoholes are able to decay along the surrounding metal surface into SPPs. If we 

arrange the nanoholes in a periodic format, the structure will then act as a two-dimensional 

grating, in which case the incidence light will be diffracted and provide additional momentum 

components [71], [72]. In contrast to SPR setup with a holeless flat metal film, this additional 
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momentum enables the SPP excitation at normal light incidence from the same side (opposed 

to the reflectance configuration applied in SPR sensing). 

Acting as a grating, periodic nanohole arrays can couple light in the close vicinity around the 

rims of the voids, as shown in Figure 2.6 [73], and provide equivalent sensing capabilities to 

those of conventional grating-coupled SPR. For instance, Brolo et al. [74] demonstrated a bulk 

sensitivity of 400 nm/RIU for arrays of nanohole structures on a thin gold film, which is 

comparable to other grating-based SPR devices. Im et al. [75] further reported that within 50 

nm from the surface for 200 nm thick metallic nanohole arrays, no essential decrease was 

observed in the sensor’s sensitivity to bulk refractive index changes. This excellent equivalence 

of sensing capability results from the enhanced light transmission through periodically 

arranged metallic nanohole arrays, which is the renowned optical phenomenon – extraordinary 

optical transmission. 

 

 

 

 

Figure 2.6. Distribution of the electric field around a gold nanohole arranged in an array format. 
The holes have a diameter of 200 nm and a period of 600 nm. |E|2 represents the field intensity calculated 
by FDTD simulation. Image adapted from [73]. 
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Extraordinary optical transmission 

First described by Ebbesen et al. in 1998 [76], the light transmission through subwavelength 

apertures was massively enhanced when cylindrical apertures were periodically ordered in a 

broad array format, overcoming a fundamental constraint normally faced in manipulating light. 

In particular, such an array displayed unusual zero-order collinear transmission spectra at 

wavelengths larger than the array period, beyond which no light diffraction occurs (Figure 2.7). 

Further experiments confirmed that the unique properties are results of the light coupling with 

surface plasmons on the perforated metal film. As predicted by the authors, in the following 20 

years, this finding of “Extraordinary optical transmission” – commonly referred as EOT – has 

sparked numerous applications in novel photonic devices, especially label-free biosensors. 

Similarly, EOT-based nanohole arrays are mostly exploited as refractive index biosensors. The 

EOT spectrum displays a characteristic resonance observed at a specific wavelength, ߣ୰ୣୱ , 

represented by [77]: 

୰ୣୱߣ  = ඥ݅ଶ݌ + ݆ଶ ඨ ௗߝ௠ߝௗߝ + ௠ (2.5)ߝ

Figure 2.7. Zero-order transmission spectrum of a silver-based nanohole array. The holes have a 
diameter of 150 nm with a spacing of 0.9 µm in a 200 nm thick Ag film. Image adapted from [76]. 
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where p is the periodicity of the nanoholes, and i and j are the grating orders. It is clear to see 

that the period of nanoholes influences directly the resonance wavelength: larger periodicity 

will increase the wavelength of resonance peaks at different grating orders, including the ones 

residing at the metal-dielectric interface where detection events take place (Figure 2.8) [74], 

[78], [79]. Meanwhile, deposition of biomolecules on the sensor surface increases the local 

refractive index (the dielectric constant	ߝௗ), thus leading to increased resonance wavelength in 

a proportional manner. This establishes the principle for nanohole arrays in thin metal film 

(usually gold) to be employed as label-free plasmonic biosensors.  

 

2.3.3 Structural parameters tailor the optical properties of nanohole arrays 

Besides the apparent influence from periodicity (p) on nanoholes’ optical transmission as 

shown in Equation (2.5), other geometrical factors also have significant impacts on the optical 

characteristics of plasmonic nanohole arrays. Here, the impacts of hole diameter, the thickness 

of plasmonic metal film as well as the intermediate layer between metal (e.g., Au) and substrate 

(e.g., glass) are discussed. 

Figure 2.8. EOT spectra of plasmonic nanohole arrays with various hole periodicities. Circular 
nanohole arrays are fabricated on a 100 nm-thick gold flim which adheres to Pyrex substrate. 
Transmission spectra of arrays with various periodicities were measurmed both from numerial
simulation (a) and experiments (b) in air. Here, ‘ag’ represents the peak at air-gold interface, while ‘Pg’ 
represents the peaks from Pyrex-gold side. Image reproduced from [79]. 
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Effect of the metal thickness 

Above 100 nm, a gold film is considered to be optically opaque and thick. The light 

transmission can be enhanced by perforating the film with periodic subwavelength nanoholes, 

which excite surface plasmons and result in EOT phenomenon. The resonance peak manifested 

in EOT spectrum shifts according to the change of refractive index of the surrounding dielectric 

medium, providing a RI-based sensing mechanism. As above-mentioned, nanohole arrays 

exhibit modes of both excited SPP (resulting in the so-called Wood’s anomalies, WA) and 

LSPR. SPP and the associated WA are primarily dependent on the material of metals and the 

lateral geometry of the grating structures. As shown in Figure 2.9, the first peak in the spectra 

barely shifts when the film thickness varies while the hole diameter and periodicity remaining 

constant [80]. However, the wavelength and peak intensity of the second maxima in longer 

wavelength decrease with a thickening gold film. As the film thickness has a dominant impact 

on the coupling of excited LSPR mode at the front and back sides of the film, this phenomenon 

demonstrates how the LSPR coupling, or the film thickness influences the transmission 

spectrum.  

Figure 2.9. Transmission spectra of nanohole arrays on thick gold film as a function of gold film 
thickness. The diameter of the nanoholes is fixed at 200 nm, and center-to-center spacing is 1400 nm. 
Images reproduced from [80]. 
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A gold film below 100 nm is semi-transparent in the visible to near-infrared wavelength range, 

therefore optically thin. The excitation of surface plasmons mediated by periodic nanoholes on 

thin gold film suppresses the light transmission compared to planar thin gold film, resulting in 

extinction, or a dip in the transmission spectrum (Figure 2.10). Likewise, the spectral position 

of the dip is also associated with the ambient RI, enabling nanohole array on thin film to be 

used for RI-based sensing [81], [82].  

Effect of the hole diameter 

The hole diameter seems to have negligible effect on the resonance response according to 

equation (2.5), as long as the periodicity is constant. However, the size variation of nanoholes 

indeed influences the transmission spectrum as reported by Hajiaboli et al. Larger nanoholes 

redshift and intensify the second peak (Figure 2.11) while the position of peak 1 barely 

changes [80]. Similar to peak 1 in Figure 2.9, the first peak here is also dominantly shaped by 

excited SPP and WAs at the gold surface. However, as the diameter enlarges, the filling factor 

Figure 2.10. Transmission spectrum of nanohole arrays on thin gold film at normal incidence. 
The transmission spectrum is fitted using dielectric constants of gold and one additional Lorentz
oscillator. The transmission spectrum of a planar Au film is shown in (a), and that of nanohole arrays
in (b). The Correlation between photon energy (eV) and the wavelength is approximately: EሺeVሻ =1.2398/λሺμmሻ. Image reprinted from [81]. 
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of the holes increases, resulting in stronger and easier in-coupling of lower energy photons to 

the film, namely enhanced LSPR excitations. The stronger LSPR excitations in turn enhance 

out-coupling of the electromagnetic field, displaying the intensified and red-shifted second 

peak. However, the diameters of nanoholes should always be in the subwavelength range in 

order to avoid direct light propagation mode and not act as waveguide channels. For instance, 

light transmission will become low and insufficient with hole diameters smaller than 200 nm 

or be distorted with holes larger than 300 nm [83]. 

 

Effect of the intermediate layer between metal and substrate 

Gold has been the popular choice of metal layer for plasmonic nanohole arrays as well as other 

plasmonic biosensors due to its high optical resonance transmission and exceptional chemical 

property (e.g., anti-oxidation and straightforward chemical modification). But the affinity of 

gold to common substrate materials, such as Si and SiO2, is relatively low. Delamination of the 

metal layer happens during the fabrication process, thus disabling the robust sensor assembly. 

Figure 2.11. Transmission spectra of the nanohole arrays as a function of hole diameters. Gold 
film thickness is 425 nm, and periodicity of the holes is 1000 nm. Image reprinted from [80]. 
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An intermediate layer is usually added between gold and the substrate to enable stable adhesion 

of the metal film. Among various materials, chromium (Cr) and titanium (Ti) are often 

employed due to their higher affinity to Si or SiO2. However, Cr and Ti have higher optical 

absorption than Au, resulting in lower light transmission efficiency and broadening the 

resonance band. Therefore, the thickness of the adhesion layer is mostly limited at ~5 nm to 

ensure sufficient EOT signal and detection sensitivity [84].  

Nevertheless, the adhesion layer exhibit limited capability to suppress additional excitation 

modes that would complicate the sensing capability. As shown in Figure 2.12, a typical 

transmission spectrum of gold nanohole arrays on transparent glass substrate exhibits multiple 

excitation modes, including the one excited at the interface between Au and surrounding 

dielectric medium (1,0), and two at the interface between Au and underlying glass substrates 

(1,0) and (1,1) [85]. With the mode of Au/Medium (1,0) being the main role in biodetection, 

the spectral shifting coincides with a significant declining of the peak intensity, which severely 

impairs a stable and reliable readout for sensitive sensing.  

To overcome this disrupting effect of metallic adhesion layer, dielectric materials have been 

studies as alternatives due to their relatively higher refractive indices and lower absorption of 

electromagnetic energy. Cetin et al. added an additional layer of 70 nm silicon nitride between 

Figure 2.12. Calculated transmission spectrum of gold nanohole arrays on glass (fused silica, n = 
1.42). Variation of refractive indices of the dielectric medium is represented by covering the gold
surface with an 8 nm-thick dielectric layer of different refractive indices 1.4, 1.6 and 1.7. Nanohole 
array parameters used in the simulations are: hole diameter 200 nm, array periodicity 600 nm,
thicknesses of the gold film 120 nm. Image reproduced from [85]. 
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gold and glass to eliminate multiple modes, leaving solely the functional Au/Medium (1,0) 

mode in the transmission spectrum [85]. Moreover, the amplitude fluctuations of this mode 

have also been reduced, which enables larger spectral shifts upon analyte capturing and easy 

real-time spectral analysis for reliable label-free biodetection (Figure 2.13a). Colas et al. further 

studied the near-field and far-field optical properties of gold nanocylinders on glass substrate 

with different adhesion layers, especially for surface-enhanced Raman scattering (SERS) 

measurements [86]. It has been shown that (3-mercaptopropyl) trimethoxysilane, MPTMS 

results in the highest field enhancement than Ti, Cr and their corresponding oxides (Figure 

2.13b). 

Figure 2.13. Effect of dielectric adhesion layer on the spectral response of plasmonic biosensors.
(a) Transmission spectra of the gold nanohole arrays on glass with different adhesion layer 
compositions, where the gold surface is coated with proteins A/G and IgG antibodies. Nanohole 
diameter is 200 nm, the periodicity is 600 nm, and the thickness of gold and silicon nitride is 120 and
70 nm. Image reprinted from [85]. (b) Field enhancement of gold nanocylinders on different adhesion
layers for SERS measurement as a function of cylinder diameters. Image reprinted from [86]. 
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2.4 Overview of label-free plasmonic biosensors for cell-based analysis 

2.4.1 SPR and LSPR biosensors 

Label-free optical biosensors, vastly represented by SPR detectors, have established 

outstanding detection contributions, including those for a broad range of analytes (nucleic acids, 

proteins, bacteria and cells), and biomolecular interactions (drug–receptor, protein–ligand, 

protein–cell) [87]. By varying the surface coatings on biosensors, the fast recognition and 

capturing can be achieved over numerous analytes, although the molecular size and analyte-

probe binding affinity play a critical role over the detection sensitivities [88]. However, the 

real-time detection scenario allows SPR-based optical biosensors to be ideal for the 

investigation of molecular binding kinetics, as well as the dynamics of live cell-related 

activities.  

Stybayeva et al. integrated an enrichment flow chamber for CD4 T cells from human blood 

with an SPR detection module to investigate the secretion of interferon-γ without any label 

[89]. The subpopulation of CD4 T cells were preselected from complex red blood cell-depleted 

human blood on a glass surface patterned with CD4 antibodies. Culture media conditioned with 

activated T cells were circulated over the SPR chip so that the binding event of interferon-γ 

can be directly detected (Figure 2.14a). The modular configuration of the above cell-based 

analysis has inevitably involved temporal delay during the circulation of analytes to the 

biosensor. Therefore, Liu et al. incorporated the culturing of live cells directly with SPR sensor 

chip (Figure 2.14b) for real-time cell secretion analysis [90]. Milgram et al. adopted a similar 

strategy (Figure 2.14c) to monitor secretion of antibodies from hybridoma cells by using an 

SPR imaging setup [91]. Apart from secretion analysis, SPR configurations have also been 

applied to analyze other cell-based functionalities, such as molecular affinities between certain 

ligands and cell membrane receptors.  Broader overview of advances on SPR techniques for 

cell-based analysis has been discussed and summarized by Nguyen et al. [92] and Abadian et 

al. [93]. 
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Plamonic biosensors based on localized SPR principle, namely nanoplasmonic biosensors, 

have been arising as a versatile platform for label-free detection. Owing to their easy tunability 

of spectral properties and flexible compatibility with lab-on-a-chip formats, nanoplamonic 

biosensors have drawn increasing attention in cell analysis and clinical diagnosis.  

Raphael et al. mapped antibody secretions from single hybridoma cells using arrayed gold 

nanostructures as LSPR sensing units [94]. As shown in Figure 2.15a, the antigen molecules 

(in this study, c-myc) that are specific to secreted antibodies were immobilized on the sensing 

structures. Antibodies are detected when they bind to c-myc coated plasmonic nanostructures. 

The binding events not only induce a spectral shift, but also a corresponding increase in 

Figure 2.14. Representative cell-based studies with SPR setups. Images reprinted from [89], [90] 
and [91]. 



Chapter 2. Plasmonics: a unique principle for label-free optical biosensors 

 38

scattering intensity. The intensity variations offer an extra advantage for the biosensor to be 

analyzed with intensity signatures which can be readily integrated into multiplexed and high-

throughput recording format. Moreover, signals obtained from sensor units situating at 

different distances from the cell-of-interest allow for spatial profiling of the antibody 

distribution and diffusion (Figure 2.15b). 

Later, Oh et al. reported a remarkable application of nanoplasmonic optofluidic biosensor for 

the detection of cell-secreted tumor necrosis factor-α (TNF-α) in lysed human blood samples 

[95]. The device incorporates a functionalized nanostructured surface (Au nanoparticles coated 

with TNF-α antibodies) and a microfluidic chamber to spatially confine cells and increase the 

target protein concentration (Figure 2.16a). In particular, the microfluidic chamber contains 

arrays of micropillars circling around the sensor surface to trap immune cells and separate them 

from the sensor to avoid unnecessary signal perturbations (Figure 2.16b). With this optofluidic 

Figure 2.15. Studies of antibody production from hybridoma cells by LSPR biosensor. Images 
adapted from [94]. 
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device, the authors detected TNF-α secretion from cells as few as 1000 from a minimal blood 

sample volume of 3 μL, while the total assay time was 3 times shorter than that of ELISA.  

 

2.4.2 Plasmonic nanohole arrays 

Plasmonic nanohole arrays have been widely employed as refractive index (RI)-sensitive 

biosensors. Generally, the sensing performance of RI-based biosensors can be assessed by the 

bulk refractive index sensitivity and the refractive index resolution. The bulk refractive index 

sensitivity is defined as the ratio of Δλ/ΔRI, denoting the spectral shift of the EOT peak per 

unit change in the refractive index of the surrounding medium. Typically, it is measured by 

Figure 2.16. Study of cytokine secretion from lysed human blood samples by LSPR biosensor. 
Images adapted from [95]. 



Chapter 2. Plasmonics: a unique principle for label-free optical biosensors 

 40

changing the refractive index over the sensor surface (e.g., injecting salt solutions of varying 

concentrations) and recording the corresponding spectral shifts of the resonance peak. 

Although this parameter cannot represent the ultimate sensitivity for biomolecular detection, it 

is a convenient way to assess the potential detection performance of the biosensor. On the other 

hand, the refractive index resolution determines the minimum ΔRI that the sensor can 

distinguish, which correlates more closely to the potential limit of detection (LoD). The 

performance of some representative studies is summarized in Table 2.1 [96]. In this table, the 

nanostructure shape is given as solid-based circular hole (Cir), free-standing circular hole 

(Cir FS), or solid-based elliptical hole (Ellip). Geometrical parameters are given as hole 

diameter (d) and center-to-center periodicity (p). The type and thickness (Th.) of the metallic 

substrate (Sub) are provided as well. When available, the bulk refractive index sensitivity and 

resonance wavelength in air (λ) are given. The sensor resolution is provided either in terms of 

the refractive index unit or the LoD of real type analytes. 

Despite the numerous applications of plasmonic nanohole arrays for biomolecular detections, 

the implementation of such biosensor for direct live cell analysis is still in its infancy. Tu et al. 

reported an interesting study to monitor the dynamics of cell attachment by using plasmonic 

nanohole arrays [97]. By adhering to the sensor surface, the distance between the bottom of 

cells and plasmonic surface decreases, inducing a noticeable spectral shift. The heterogeneity 

of cell attachment kinetics among hundreds of single cells has also been profiled by integrating 

the biosensor with single-cell isolation microfluidics. The analysis and profiling of cell 

attachment reveal one aspect among various heterogeneous single-cell activities. Nonetheless, 

it is of greater interest and impact to monitor the biochemical cellular processes, such as 

cytokine secretions, which will provide significant insights for understanding cell 

functionalities and promoting pharmaceutical development. Romanuik et al. advanced the 

application of plasmonic nanohole arrays for cell-based analysis by detecting the antibody 

secretion from live hybridoma cells [98]. Cells were trapped in a custom-made PDMS chamber 

which was sealed by functionalized gold nanohole arrays on top. Although there was no pre-

treatment and molecular labeling employed, the readout of relevant spectral shifts has been 

performed in an ELISA-like endpoint manner. There is still a need to explore the advantage of 
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nanohole arrays as plasmonic biosensor for label-free and real-time detection, especially for 

cell-based analysis. 

Table 2.1. Representative applications of plasmonic nanohole arrays as a label-free biosensor. 

Ref Holes d (nm) p (nm) 
Th. 

(nm) 
Sub ߣ (nm) 

Bulk RI 
sensitivity 

Resolution 

[74] Cir 200 590 100 Au 645 400 nm/RIU — 

[99] Cir 200 1400 200 Au 1550 1022 nm/RIU est. 5·10−6 RIU 

[100] Cir 150 450 100 Au 604 333 nm/RIU — 

[101] Cir 300 1500 
150-
200 

Au — 1520 nm/RIU 6.6·10−5  RIU 

[102] Cir 200 380 100 Au 550 16’600 %/RIU 2% BSA§ 

[103] Cir 150 350 105 Au — — 13 nM anti-GST 

[104] Cir 180 419 220 Au ~510 323 nm/RIU 10 nM anti-GST** 

[105] Cir 150 520 40 Au ~1000   393 nm/RIU — 

[106] Cir 150 400 200 Au 680 — 20 nM Strep.†† 

[107] Cir 150 600 150 Au 825 1800%/RIU — 

[108] 
Cir 
FS 

300 500 100 Au 575 324 nm/RIU — 

[109] 
Cir 
FS 

220 600 125 Au 679 630 nm/RIU — 

[110] Cir 180 500 100 Ag ~660 450 nm/RIU 2·10−5 RIU 

[111] Cir 200 380×420 100 Au 632.8 396 nm/RIU 6.4·10−6 RIU 

[112] Cir 250 430 100 Au ~570 
266-pixel 
intensity 
units/RIU 

6·10−4 RIU 

[113] Cir 200 600 100 Au 670 615 nm/RIU — 

[114] Cir 200 600 100 Au 750 522 nm/RIU 2×10−5 RIU 

[115] Ellip 175/80 495 100 Au 655 1.67·105 %/RIU 6.8·10−7 RIU 

[116] Cir 140 600 100 Au  — 1 pM BSA 

[73] 
Cir 
FS 

200 600 120 Au 683 621 nm/RIU 3.9 μg/mL IgG‡‡ 

                                                 

§ BSA: bovine serum albumin 
** GST: Glutathione S-Transferase 
†† Strep.: Streptavidin 
‡‡ IgG: Immunoglobulin 
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[117] Circ. 200 450 200 Au 610 — 670 aM exosomes 

[118] Circ. 200 550 80 Au 610 1100 nm/RIU — 

[85] Circ. 200 600 120 Au 660 671 nm/RIU 2·10−5  RIU 

[119] Circ. 200 400 100 Au ~650  302 nm/RIU 30 ng/mL HER2§§ 

[120] Circ. 180 700 50 Ag ~650  — 5·10−4  RIU 

[121] 
Circ. 
FS 

200 600 120 Au — 600 nm/RIU 
300 CFU/mL CT***; 
1500 CFU/mL NG††† 

[122] 
Circ. 
FS 

200 600 120 Au — — 145 pg/mL VEFG‡‡‡ 

[123] Circ. 200 600 120 Au — ~631 nm/RIU 50 pg/mL IL-2§§§ 

                                                 

§§ HER2: human epidermal growth factor receptor 2 
*** CT: Chlamydia trachomatis 
††† NG: Neisseria gonorrhoeae 
‡‡‡ VEGF: vascular endothelial growth factor 
§§§ IL-2: interleukin-2 
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Chapter 3                                    
Experimental methods and materials 

3.1 Spectroscopic imaging setup for EOT measurements 

3.1.1 Optical configurations 

To facilitate the EOT-based optical measurement, we established a spectroscopic imaging 

setup based on a microscope commonly implemented in biological laboratories (Figure 3.1a). 

In brief, a spectrometer (Shamrock 303i, Andor, spectral resolution 0.1 nm) and a deep-cooled 

CCD camera (iKon-M, Andor) are mounted on an inverted microscope (Nikon Ti-U). A 

schematic illustration of the optical path for the biosensor analysis is shown in Figure 3.1b. A 

broadband light source illuminates the plasmonic chip at normal incidence. The EOT signals 

are collected by the underlying objective lens, entering the subsequent spectrometer through 

an entrance slit opening. The spectrometer is mounted at one of the side ports on the microscope 

(Figure 3.1a). Inside the spectrometer, the transmission beam is dispersed via an optical grating, 

which expands the wavelength elements and results in a 1D spectral image on the camera. 

Disclaimer: This chapter is adapted from the following articles by permission of the 
publishers: 
 
 X. Li et al., Lab Chip 17, 2208–2217 (2017) 
 X. Li et al., Small 14, 1800698 (2018) 
 M. Soler et al., ACS Sens. 3, 2286–2295 (2018). 
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Figure 3.1. Spectroscopic imaging setup for EOT-based optical measurement. (a) A picture of the 
modified microscope system for real-time live cell analysis. (b) Schematic illustration of the optical 
configuration.  

a 

b 
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3.1.2 Image analysis 

The spectral images acquired as above contain wavelength information at corresponding 

positions on the biosensor chip. As seen in Figure 3.2a, EOT spectra from different sensor units 

(e.g., with different surface coatings) are recorded simultaneously on one image. A specific 

spectrum can be extracted from each band (Figure 3.2b). To facilitate real-time monitoring of 

molecular binding, the images are recorded as a function of time, from which the EOT peaks 

are immediately extracted from corresponding spectra and plotted at the same time by a 

Figure 3.2. Principle of real-time image analysis for plasmonic nanohole arrays. (a) Schematic 
drawing of the light illumination over sensor arrays and the resulting spectral images recorded
sequentially over time by the imaging set-up described in 3.1.1. (b) Spectral curves can be extracted 
from any region of interest designated on the image at each time point. The EOT peaks are clearly
shown on the curves. (c) By tracking the evolution of EOT peaks over time, the real-time monitoring 
of molecular binding is thus achieved. Signal differentiation reveals the different surface
functionalization on the sensor arrays. 
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custom-made MATLAB script. By tracking the peak shifts over time (from t0 to tn), a real-time 

binding curve, namely sensorgram, can thus be derived which reveals the capturing of 

molecules of interest at different sensor units. For example, as shown in Figure 3.2c, subtle 

binding signal is presented from sensor A due to the lack of specific antibody functionalization, 

whereas sensor B and C show clear analyte bindings.    

3.2 Fabrication of plasmonic nanohole arrays 

3.2.1 Free-standing nanohole arrays  

The first format for plasmonic nanohole arrays was represented by spatially patterned array units on 

free-standing thin gold film. A lift-off photolithography procedure was established as shown in 

Figure 3.3a. A 500 μm-thick silicon wafer is selected as the sensor chip substrate, with both sides 

coated with 100 nm-thick silicon nitride (SiNx) films. The nanohole structures were first patterned 

Figure 3.3. Nanohole arrays on free-standing membrance. (a) The fabrication process of the gold 
nanohole arrays on free-standing silicon nitride membrane. (b) The optical image on the top panel
showed the layout of the three in-line nanohole arrays, with each array measuring 100×100 μm as shown
in the middle panel. The nanohole structures on the membrane were shown in the zoomed SEM image.
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on photoresist layer on top of SiNx by UV lithography fulfilled with a stepper (ASML S500/300 

DUV). The photoresist was then developed and nanoholes were further etched through the SiNx film 

on the same side by SF6/Ar plasma treatment. Likewise, the SiNx on the backside of the wafer was 

removed, and free-standing SiNx membranes was ultimately generated by KOH wet etching. Finally, 

a 5 nm thick Ti adhesion layer followed by a 120 nm thick Au sensor layer were evaporated. The 

resulting sensor units measures 100×100 μm2, and with a center-to-center separation of 1 mm. Each 

nanohole has a diameter of 200 nm and a period of 600 nm (Figure 3.3b). 

3.2.2 Solid-based nanohole arrays  

A large-scale fabrication scheme is necessary to provide a cost-effective and robust sensor chip 

supply. The above nanohole structures sitting on free-standing membranes require a multi-step 

fabrication process and the membrane is very fragile and vulnerable to mechanical deformation. 

Therefore, a modified fabrication strategy was developed where the nanostructures were eventually 

produced on solid substrate: a transparent quartz wafer. As shown in Figure 3.4, a cleaned fused 

silica wafer was firstly coated with 10 nm thick Ti and 120 nm thick Au by an e-beam evaporator 

(Alliance Concept EVA 760). Besides enabling the Au adhesion on silica, the Ti layer also 

suppresses the irrelevant SPP mode at the Au/glass interface. The nanohole arrays with the same 

Figure 3.4. The schematic wafer-scale fabrication procedure for plasmonic nanohole arrays. 
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geometry and layout as above were then patterned using a 248 nm deep-UV stepper (ASML PAS 

5500/300 DUV) on the photoresist layer and were transferred into the metal layer by ion beam 

etching (Oxford Instruments PlasmaLab 300 IBE). With this scheme, the nanoplasmonic structures 

are fabricated in one step across the whole wafer scale, providing a cost-effective and efficient 

strategy for bulk production. 

3.3 Design and fabrication of the microfluidic devices 

Generally, microfluidic devices were fabricated with polydimethylsiloxane (PDMS, 

SYLGARD® 184 SILICONE ELASTOMER KIT). The PDMS prepolymer was 

prepared by mixing the elastomer and curing agent in 10:1 weight ratio and degassed 

for 20 min in the desiccator. Following the degassing, the prepolymer was gently poured 

onto the passivated mold and cured at 80 °C for at least 4 hours to form the desired 

structures used. Finally, the molded PDMS layer was released from the wafer and inlets 

and outlets were punched. 

For the study described in Chapter 4, we prepared two microfluidic assemblies: one for 

the HeLa cell culture (the microfluidic culture module) while the other one for fluidic 

transportation over the plasmonic biosensor (the optical detection module). The master 

mold was prepared on a 4-inch Si wafer where the microchannel structures were directly 

engraved on 50 μm-thick photoresist layer (mr-DWL_40) by maskless laser aligner 

(Heidelberg MLA150, Germany). Before the PDMS preparation, a silanization process 

with trimethylchlorosilane (TMCS, 92360, Sigma) in vacuum for 20 min was performed 

to passivate the mold surface to aid release of PDMS from the mold. As shown in Figure 

3.5a, the microfluidic cell chamber was designed in winding channels of 500 μm wide. 

The total length of the channel is adjustable according to the number of winding units. 

The chamber used in this study provides a surface area of ~1 cm2 for cell growth. To 

assemble this module, the PDMS slab and the glass slide were treated with oxygen 

plasma cleaner, followed by immediate contact that results in irreversible bonding. For 

the optofluidic detection module, the sensor microarrays were optically aligned with the 

corresponding sensor channels embedded in the PDMS slab on an upright microscope. 
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Each sensor channel measures 60 μm high, 500 μm wide and 5 mm long, resulting in a 

volume of ~150 nL (Figure 3.5b). 

For the study described in Chapter 5, a multifunctional microfluidic device was 

manufactured with PDMS by using a combination of the membrane sandwich 

fabrication method and PDMS injection molding technique. Figure 3.6 illustrates a pair 

of complementary molds that are utilized for the injection molding process.  

Molds are fabricated by standard photolithography techniques, as described in the 

previous work [124]. In brief, SU-8 3050 (MicroChem Corp) is used to pattern the 

transparent upper borosilicate glass wafer substrate, and lower silicon wafer substrate 

with protruding features, with a height of 160 and 180 µm respectively. PDMS pre-

polymer is introduced between the molds, which are optically aligned and clamped in 

position under a dissecting microscope. Standoff distance between the molds can be 

adjusted by changing the spacer material positioned between supporting pillars regularly 

Figure 3.5. The microfluidic modules used in the VEGF study. (a) Pictures of the cell culture module 
bonded to a glass slide with inlet and outlet connections (left), and the detection module consisting of
the plasmonic chip embedded in a microfluidic system (right). (b) Details of the microfluidic detection 
module.
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positioned across the molds. The clamped mold assembly is cured in an oven at 80 °C 

for one hour and separated to extract the cured PDMS slab, which is further cut to size 

and biopsy punched with viaducts providing a pathway between the primary channel 

and primary channel interface lines. The upper surface is plasma bonded to a 5mm thick 

blank PDMS interface slab that is previously biopsy punched with 1mm interface holes 

aligning with the interface areas on the fluidic inlets, outlets, and pneumatic interface 

areas. Microchannels are patterned on both sides of the injection molded slab, namely 

the primary channel measuring 500 µm in width for cell culture on the bottom surface, 

which corresponds to 500 µm-wide fluidic interface lines on the upper surface, 

pneumatic actuation channels and 300 µm-wide fluidic regulation channels are also 

patterned on the upper layer. The fluidic interface lines connect through biopsy-punched 

viaducts to the accessible interface areas, allowing fluidic access to the primary channel 

on the bottom layer.  

The complementary molds are separated by approximately 60 µm during PDMS casting, 

resulting in a thin PDMS membrane (i.e., the regulation membrane) between the 

regulation and the primary channels. The detailed fabrication process of the 

pneumatically controlled valves was described elsewhere in a previous work outlining 

the simplified method by injection molding [124]. Briefly, the valve gates consist of 

protruding barriers obstructing fluid flow positioned within the primary channel, 

directly under the actuation chambers, and forming an isolated channel segment as the 

incubation chamber. A thin PDMS membrane separates the hexagonal pneumatic 

actuation chambers and primary channel. When the actuation chambers are evacuated, 

the valve membranes are deflected upwards, raising the valve gates clear of the primary 

channel floor and allowing fluid flow across the valves. The regulation channel passes 

in parallel above the primary channel and follows a serpentine configuration directly 

over the valve-gated area, readily maintaining the steady state of the isolated volume 

underneath the membrane. 
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3.4 Chemical and biological reagents 

3.4.1 Chemical reagents 

PEGylated alkanethiol compounds:  

 HS-C6EG4OH, HS-C11EG4OCH2COOH 
 HS-C11-EG3-biotin  

were purchased from Prochimia Surfaces (Sopot, Poland).  

Lipid molecules:  

 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 
 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) 
 biotinylated 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (biotin-DOPE)  

were obtained from Avanti Polar Lipids Inc. (Alabas-ter, Alabama, USA).  

Figure 3.6. Fabrication and illustration of the multifunctional microfluidics system. (a) The pair 
of complementary molds for the injection molding process. (b) Assembly of the PDMS microfluidic 
slabs with the nanohole array chip as the optofluidic biosensor. 
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Other reagents for crosslinking and buffer preparation:  

 N-(3-imethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) 
 sulfo-N-Hydroxysulfosuccinimide (sulfo-NHS) 
 octadechanethiol (ODT) 
 octyl glucopyranoside (OG) 
 streptavidin 
 poly-L-lysine (PLL) solution 
 bovine serum albumin (BSA) 
 Krebs-Ringer bicarbonate buffer 
 MES (2-(N-Morpholino)ethanesulfonic acid hydrate) 
 Ethylenediaminetetraacetic acid (EDTA)  

were purchased from Sigma-Aldrich (Buchs, Switzerland). 

3.4.2 Cell culture related materials 

Phosphate saline buffer (PBS), Dulbecco's Modified Eagle Medium (DMEM), Roswell Park 

Memorial Institute 1640 Medium (RPMI 1640), Penicillin/Streptomycin, fetal bovine serum 

(FBS), TrypLETMExpress for HeLa cell culture, and eBioscience™ Cell Stimulation Cocktail 

for the EL4 cell culture were purchased from ThermoFisher Scientific (Reinach, Switzerland). 

Human VEGF ELISA kit and anti-human CD3 antibody was obtained from Abcam 

(Cambridge, UK). Biotinylated IL-2 antibodies and standard IL-2 proteins were purchased 

from MABTECH (Sweden). Calcium ionophore A23187 were purchased from Sigma-Aldrich 

(Buchs, Switzerland). Biotinylated pMHC monomers (HLA-A0201/NY-ESO-1157-165) were 

obtained from the Tetramer Core Facility (Ludwig Institut for Cancer Research, Lausanne, 

Switzerland). All other materials were purchased from EPFL chem shop. 

3.4.3 Protocols for routine cell culture and cell loading for measurements 

For the VEGF secretion study, human cervical cancer cells, HeLa cells were employed. 

Cells were cultivated in high glucose DMEM supplemented with 10% FBS, 100 

units/mL Penicillin and 100μg/mL Streptomycin at 37 °C in humidified 5% CO2 

incubator. The cells were cultured routinely in cell culture flasks (Nunc™ EasYFlask™, 

surface area of 75 cm2), harvested and counted based on general protocol. Briefly, cells 

were rinsed with PBS for 2~3 times to remove the trace of remaining serum proteins 
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from the medium. Then 5 mL of TrypLETMExpress was added to the flask that was 

incubated for 2~3 min. Cells detached from the culture flasks are well suspended for 

counting on a standard hematocytometer glass slide. For seeding into the microfluidic 

culture chamber, a cell suspension with a density of 105 cells/mL was injected into the 

culture chamber and incubated overnight at 37 °C before the measurement.  

For the single-cell IL-2 secretion, mouse lymphoma cells, EL4 cells were cultivated in RPMI 

1640 medium supplemented with 10% FBS, 100 units/mL penicillin and 100 μg/mL 

streptomycin at 37 °C in a humidified 5% CO2 incubator. The cells were subcultured routinely 

and counted as mentioned above. For cell harvesting, gentle pipetting suffices as EL4 cells 

suspend in the culture medium and do not attach to the flask surface. Before cell seeding in the 

microfluidic channel, the cells were harvested by gentle washing off the culture flask and 

centrifuged at 1000 rpm for 5 min. The cell density was adjusted to 3×104 cells/mL, and the 

suspension was subsequently injected into the primary channel by actuating the pneumatic 

valves. Once the injection was finished, the pneumatic control was dismissed, and the cells 

were enclosed in the isolated valve-gated microchamber.  Finally, we achieved 4~5 cells in the 

isolated valve-gated region, with each cell separated as a single entity for the measurement. 

The seeded microfluidic assembly was incubated for at least 20 min at 37 °C before the 

measurement. 

For cell affinity experiments, SupT1 cells (CRL-1942, ATCC) were employed. CD8+ SupT1 

cells were transduced with different TCR sequences (DM β, V49I, wild-type: WT and 

T1ϕ: knockout TCR) as described in previous works [125], [126]. Cells were cultured in RPMI 

1640 medium supplemented with 10% fetal bovine serum, 100 units/mL penicillin and 100 

μg/mL streptomycin at 37 °C in a humidified 5% CO2 incubator. The cells were subcultured 

routinely and counted based on a general protocol. For the measurements, cells were harvested 

from the culture flask and medium was exchanged to ice-cold Krebs-EDTA (3 mM) buffer by 

centrifugation (1000 rpm, 3 min) and resuspension three times. The cell density was adjusted 

to 106 cells/mL and the different cell samples were prepared by serial dilution. After sensor 

functionalization, 250 μL ice-cold cell samples of different densities (102 – 105 cells/mL) were 

sequentially injected into the SPR flow cells at flow rate of 10 μL/min for 25 min and rinsed 
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afterwards for 10 min. Sensorgrams were acquired by monitoring the weighted centroid of the 

SPR peak in real time, with simultaneous subtraction of the total internal reflection (TIR) angle 

displacements, which are related to bulk refractive index changes. 

3.5 Surface functionalization for label-free biodetection 

3.5.1 Self-assembled monolayer 

Proper coating of the biorecognition layer is essential for label-free biosensors as it guarantee 

a reliable and robust quantitative analysis. We adopted the well-established chemistry of sell-

assembled monolayer (SAM) for gold-based biosensor surface. SAM consists of amphiphilic 

molecules that self-organize a tightly ordered matrix on the surface. Due to the naturally robust 

affinity to gold, most widely applied SAM molecules include thiol group as the anchorage end 

on gold surface. On the other end of the molecule lies the external functional group that can 

bind the biorecognition molecules in a covalent manner. This strategy of surface chemistry 

offers high robustness and stability of the biosensor functionalization. Upon the SAM, we 

chose monoclonal antibodies to ensure a highly selective and efficient capturing of the target 

molecules. 

Figure 3.7. Surface functionalization for gold-based plasmonic sensor chips. (a) Structures of the 
hydroxyl- and carboxyl-ended alkanethiol molecules used for the formation of SAM on gold. (b) 
Stepwise illustration of the surface functionalization process. 
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The conventional stepwise biofunctionalization procedure is illustrated in Figure 3.7. Prior to 

functionalize the chip with antibodies, the gold chip was cleaned by consecutive washes in 

acetone, ethanol, and MilliQ water, then further treated with a UV-ozone cleaner (Bioforce 

Nanosciences) for 20 min. The cleaned chip was incubated with a mixture of PEGylated 

alkanethiols made of HS-C6-(EG)4-OH as well as either HS-C11-(EG)4-O-CH2-COOH or HS-

C11-EG3-biotin (total [-SH] = 1μM, molecular ratio=5:1 for routine molecular detection and 

10:1 for cell capturing) in absolute ethanol overnight at room temperature. The carboxylic 

groups on the chip surface were then activated for tethering proteins by incubating with 100 

μL cross-linking solution containing 200 mM EDC and 50 mM sulfo-NHS in 0.1 M MES 

buffer (pH=4.5) for 15 min at room temperature. Subsequently, the activated chip was ready 

for the immobilization of biorecognition molecules: the antibodies. Alternatively, in order to 

orient the antibodies for efficient antigen capturing, the activated chip was first incubated with 

100 μg/mL streptavidin solution diluted in PBS for 1 h at room temperature (0.01% PLL was 

supplemented for the study in Chapter 5 to facilitate cell attachment). Biotinylated antibodies 

(anti-VEGF or anti-IL-2) were then immobilized on the chip as the biorecognition layer due to 

the extremely strong streptavidin-biotin bond.  

3.5.2 Formation of lipid bilayer for cell affinity study 

A supported lipid bilayer (SLB) is traditionally formed by disruption of small unilamellar 

vesicles (SUVs) on hydrophobic planar surfaces. SUVs were prepared according to the 

manufacturer’s instructions (Avanti Polar Lipids Inc.). Briefly, desired lipid compositions were 

prepared by mixing the different phospholipids dissolved in chloroform: POPC 90% with either 

10% DOPS or 10% biotin-DOPE at 1 mg total mass. Chloroform was gently evaporated under 

vacuum at room temperature overnight. Lipid precipitate was then dissolved in PBS buffer to 

1 mg/mL and the lipid suspension was sonicated for 1 h at room temperature to achieve small 

liposomes (50-100 nm). 

SLB formation was carried out on SiO2-coated sensor chips with the following flow sequence: 

• 1 mg/mL SUVs in PBS buffer for 20 min 

• 20 mM NaOH cleaning for 5 min 

• BSA in PBS for 20 min.  
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For the formation of hybrid bilayer membrane (HBM), the Au-sensor chip was modified ex 

situ by immersing in an ethanol solution of ODT at 5 mM overnight at room temperature. After 

rinsing and drying, the procedure follows the sequence: 

• 40 mM OG priming in PBS buffer for 10 min 

• 1 mg/mL lipid vesicles in PBS buffer for 20 min 

• 20 mM NaOH cleaning for 5 min; BSA in PBS for 20 min.  

To immobilize biotinylated-pMHC monomers on lipid bilayer, a layer of streptavidin 

(100 μg/mL) was first tethered on SLB or HBM, and the monomers (200 nM) were 

subsequently attached. 

3.5.3 Surface multiplexing 

The spatially separated nanohole array units on the free-standing membrane format enabled 

each area to be individually functionalized for possible multiplexed analysis. To achieve this, 

Figure 3.8. Multiplexing the biosensor surface coating by microdispensing technique. (a) A time 
lapse sequence of a liquid droplet being ejected out of the nozzle (left). On the right is ‘EPFL’ printed
with red-fluorescent proteins on a microscope glass slide. (b)The correlation between droplet number
and resulting spot size was shown on the left. On the right, the nanohole array units were highlighted
by the white dashed boxes, and they were entirely covered by antibody droplets after the spotting. (Scale 
bar: 200 μm). 
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we employed the state-of-the-art micro-spotting technology. The antibody solutions were 

spotted onto the streptavidin-coated chip using a piezoelectric microdispensing system 

sciFLEXARRAYER S3 (Scienion Germany, spatial precision < 5 μm). This technique employs 

a nozzle with microscale opening to dispense liquid droplets of ultralow volume (in the order 

of picoliters) on planar surfaces in a fast and high-throughput fashion (Figure 3.8a). Due to the 

minute amount of the liquid droplet during spotting, the antibodies were diluted in PBS solution 

supplemented with 2% glycerol to prevent liquid evaporation. Meanwhile, the spotting device 

is equipped with an airtight hood where high humidity (> 65%) was supplied and with a cooling 

unit to maintain the target stage at low temperature (e.g. 10-15 °C). The correlation between 

droplet number and the resulting spot size was shown in Figure 3.8b. To fully cover the sensor 

surface, the droplet size was tuned to reach ~180 pL and 5 droplets were deposited on each 

sensor unit. The chip was incubated at 4 °C overnight following the spotting to allow stable 

immobilization of biotinylated antibodies on streptavidin layer. The chip was subsequently 

blocked with complete cell culture media prior to the detection. 

3.6 Surface plasmon resonance instrumentation 

3.6.1 General configuration 

For the proof-of-concept study of anti-tumor cell affinity, we employed a commercial multi-

parametric SPR setup (MP-SPR Navi 210A VASA, Bionavis Ltd, Tampere, Finland) equipped 

with lasers of 3 different wavelengths (670 nm, 785 nm, 980 nm). This SPR model is equipped 

with 2 flow cells which can be connected either in parallel or serial manner. It also has 6 

independent sample lines that automates liquid handling for unattended runs. In particular, 

measurements with all 3 lasers can be done with the same spot in a flow cell, enabling detection 

of layer thickness, refractive index or conformation changes on the senso r surface. 

SPR metal sensor chips were acquired from Bionavis. The sensors were made of glass slide 

(e.g., BK7) coated with 10 nm chromium adhesion layer and 50 nm gold plasmonic layer 

(Figure 3.9). SAM can be readily functionalized on the gold surface with universal cleaning. 

For supported lipid bilayer formation, an additional 10-15 nm SiO2 layer was coated on the 
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gold surface via ALD. Prior to use, the chips were consecutively rinsed with acetone, ethanol 

and water, and further cleaned in piranha solution (H2SO4:H2O2 = 3:1) for 1 minute. 

Functionalization of SMA or lipids is described in section 3.5.1 and 3.5.2.  

The SPR instrument was thoroughly cleaned and sterilized with 70% ethanol before use in cell 

affinity measurements. Affinity analyses were performed with the real-time sensorgrams 

obtained at 670 nm in both flow cells. All affinity measurements were carried out by angular 

scanning (60°–75°, scan speed 1.5 s) with a continuous buffer flow and constant temperature 

at 16 °C. 

3.6.2 Determination of layer thickness with BioNavis LayerSolver™ 

The characterization of layer thickness is performed by spectral peak analysis using the three 

wavelengths with curve fitting and iteration. To extract the thickness, we fit a dielectric 

multilayer model to the measured SPR curves using the BioNavis LayerSolverTM software. The 

fitting procedure works by modeling the multilayered optical system in terms of thickness (d), 

refractive index (n) and attenuation coefficient (k), and then numerical calculations are 

iteratively performed using Fresnel’s equations and a transfer matrix formalisms of 2×2 

matrices [127], [128].  

Figure 3.9. Configuration of the MP-SPR facility. Picture of the SPR instrument is shown on the left, 
while a schmatic illustration of the sensor slide is shown on the right. The sensor slide measures
12×20 mm and different materials can be coated on top of the plasmonic layer via spin-coating, atomic 
layer deposition (ALD), chemical vapor deposition (CVD) and others.  
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3.7 Real-time analysis of spectral data 

We developed a customized MATLAB script based on centroid algorithm for real-time 

sensorgram recording with the spectroscopic imaging setup. The acquired sensorgrams were 

further processed in Origin 8.0 for baseline corrections and offsetting curves from multiple 

sensor units or ROIs to a common starting point for data showcase and quantification. To 

quantify the spectral shift and interpolate the calibration curve, curve fitting of the sensorgrams 

was performed with nonlinear regression using GraphPad Prism 7. The spatial mapping 

(correlation between molecular amplitude and multiple ROIs locations in Chapter 5) was done 

by fitting with Gaussian Lorentizian distribution. For the cell affinity analysis, affinity 

parameters were extracted by fitting the SPR sensorgrams to a 1:1 interaction model for 

association and dissociation. Data analysis was carried out with GraphPad Prism 7 software. 

3.8 Evaluation of water evaporation through thin PDMS membrane 

In chapter 5, a multifunctional microfluidic system is employed to minimize the water 

evaporation from the single-cell microchamber. This system can be considered as three distinct 

PDMS membranes from a cross-sectional view (Figure 3.10). These include the bulk PDMS 

which can be considered as a thick membrane (No. 1), the pneumatic valve actuation 

Figure 3.10. Schematic cross-sectional view of the microfluidic device, where numbers label the 
different membrane areas of the device. 
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membranes which are considered as a dry membrane (ambient humidity, No. 2) and the 

regulation channel which can be considered as the wet membrane (No. 3). 

Therefore, the total vapor loss ሶܸ୲୭୲ୟ୪ can be expressed as: 

 ሶܸ୲୭୲ୟ୪ = ሶܸ୔ୈ୑ୗ + ሶܸୢ୰୷ ୫ୣ୫ୠ୰ୟ୬ୣ + ሶܸ୵ୣ୲ ୫ୣ୫ୠ୰ୟ୬ୣ  (3.1)

The evaporation rate ሶܸ  across each of these membranes can be described as [129]: 

 ሶܸ = ୵ୟ୲ୣ୰ି୔ୈ୑ୗߣ ൫ ୱܲୟ୲୳୰ୟ୲୧୭୬ − ୴ܲୟ୮୭୰൯ ୫ୣ୫ୠ୰ୟ୬ୣ݀୫ୣ୫ୠ୰ୟ୬ୣܣ  (3.2)

where ߣ୵ୟ୲ୣ୰ି୔ୈ୑ୗ	is the permeability of water vapor through PDMS which is reported as 

3600 cm3
(STP) · cm/(s · cm2 · cmHg)**** [130].	 ୱܲୟ୲୳୰ୟ୲୧୭୬ and ୴ܲୟ୮୭୰ are the vapor saturation 

pressure, and the vapor partial pressure, respectively. ܣ୫ୣ୫ୠ୰ୟ୬ୣ	  and ݀୫ୣ୫ୠ୰ୟ୬ୣ	 are the 

surface area and thickness of the PDMS membrane, respectively, which vary for the three 

components of our system. Since  ୴ܲୟ୮୭୰ depends on the relative humidity (RH, or ߮) of the 

surroundings, it can be described as [131]: 

୴ܲୟ୮୭୰ = ߮ ୱܲୟ୲୳୰ୟ୲୧୭୬ (3.3)

Meanwhile, ୱܲୟ୲୳୰ୟ୲୧୭୬ depends on the ambient temperature [131],  and varies as below for 

ambient temperatures ranging from 20 to 70 °C: 

ୱܲୟ୲୳୰ୟ୲୧୭୬ = 0.1348	 ୟܶ୫ୠଷ − 6.6754 ୟܶ୫ୠଶ + 274.28 ୟܶ୫ୠ − 1570.7 (3.4)

Once combining the above equations, the volume evaporation rate of water vapor through 

PDMS membranes can be calculated as below: 

Vሶ୴ୟ୮୭୰ = λ୵ୟ୲ୣ୰ି୔ୈ୑ୗ ∙ ୱܲୟ୲୳୰ୟ୲୧୭୬ ∙ ሺ1 − φሻܣ୫ୣ୫ୠ୰ୟ୬ୣ݀୫ୣ୫ୠ୰ୟ୬ୣ  (3.5)

  

                                                 

**** This is a non-SI unit for gas permeability through polymer membranes, which is called barrer. Here, the 

cm3
(STP) means standard cubic centimeter, referring to a unit of amount of gas rather than a unit of volume. 
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Chapter 4                                                  
Real-time monitoring of cytokine secretion 

from cancer cells 

 

4.1 Introduction 

Over the past decades, label-free biosensors have emerged as a powerful analytical tool for 

sensitive and real-time detection of biomolecules (e.g. proteins and nucleic acids), and more 

complex entities such as bacteria, viruses, and mammalian cells [60], [132]. Among them, 

plasmonic biosensors have demonstrated high sensitivity and robustness, presenting promising 

compatibility for laboratory research and development of point-of-care devices [133], [134]. 

For instance, the surface plasmon resonance (SPR) biosensors enable direct monitoring of 

biomolecular interactions in real time and accurate quantification of the analytes without the 

need for labels or amplification steps [135]. However, the conventional SPR biosensor 
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platforms require complex prism-coupling instrumentation, which hampers both the high 

throughput required for multiplexed analysis and the integration of lab-on-a-chip systems. 

Nanoplasmonic biosensors featuring nanoscale structures (e.g. nanoapertures, nanoparticles) 

have recently gained significant attention as they can meet the above needs [136]. In particular, 

those consisting of gold nanohole arrays (nanohole arrays) have demonstrated unique 

capabilities for multiplexed and label-free detection in a compact footprint, which are 

promising for miniaturization and integration in lab-on-a-chip devices [73], [137]. Several 

studies have demonstrated the excellent performance of nanohole array-based biosensors for 

the direct detection of proteins, nucleic acids, exosomes, or microorganisms [117], [138], [139]. 

Furthermore, nanohole arrays have shown an outstanding multiplexing capability as high-

throughput analysis platform since they can be organized in a highly compact manner. Chang 

et al. fabricated an array of up to 1.5 million nanohole sensor pixels on a single glass slide with 

a packing density of 816 sensors per mm2, which is comparable to that of state-of-the-art 

fluorescence-based microarrays [113]. Moreover, as the EOT phenomenon circumvents the 

need of prism-coupling mechanism, the nanohole array-based biosensor could be readily fit 

with lens-free on-chip imaging setups, providing an ideal sensing format for miniaturized 

point-of-care devices [140].  

Although nanoplasmonic biosensors are highly promising for sensitive biomolecular detection, 

their application to incorporate live cells and to study cellular functions is still in their infancy. 

The extension to in situ cell analysis applications requires the biosensor to support a highly 

robust and stable microenvironment for long-term cell characterization, which can range from 

several hours to days. So far, the cell secretion analysis with nanoplasmonic biosensors has 

been limited either to protein quantification in isolated blood, serum samples and culture 

supernatants or to the monitoring of immediate cell responses covering only a few hours           

(1-3 h) [94], [95], [141], [142]. The integration of cell culture modules is thereby necessary to 

control and preserve cell viability and facilitate long-term analysis of cellular activities in 

appropriate conditions. Furthermore, the device needs to operate in complex solutions (e.g. cell 

culture media) to maintain high cell functionality. This implies that the sensor should be able 

to discriminate the target proteins from other fouling agents, ensuring a high detection 

selectivity. And finally, it is important to mention that the secreted cytokines or signaling 
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factors are usually small biomolecules (<30 kDa) produced at low concentrations. Therefore, 

it demands a highly sensitive performance of the biosensor to detect the molecules in a direct 

manner, without the need for labels or amplification steps.  

In this study, we introduce a nanoplasmonic biosensor platform integrated with microfluidic 

live cell culture for real-time monitoring of cellular secretion directly in complex culture media. 

The platform consists of a highly versatile microfluidic cell culture module combined with a 

readily implementable nanohole array-based biosensor. The sensing principle of our plasmonic 

sensor enables high-resolution spectroscopic imaging of multiple sensor arrays simultaneously 

by utilizing normal broadband illumination and simple bright-field transmission optics. This 

operation scheme provides direct compatibility of our platform with a conventional inverted 

microscope, which is usually available in a general biology laboratory.  

We demonstrated the excellent performance of our biosensor by analyzing the real-time 

secretion of vascular endothelial growth factor (VEGF) from live cancer cells. This cytokine 

plays a key role in various processes in developing cancers, such as angiogenesis, progression, 

and metastasis. Thus, the label-free monitoring of VEGF secretion could be of genuine interest 

for cancer research and the development of anti-cancer therapies. We performed stable real-

time monitoring of cytokine secretion over 10 hours by employing a comparable number of 

cells to that adopted in conventional methods. Cell viability was not only well preserved 

throughout the measurements, but we could also recover the cells after the experiment for 

further studies. The nanoplasmonic biosensor demonstrated successful functionality with 

complex cell culture media by achieving an outstanding sensitivity of 145 pg/mL (~5 pM) for 

VEGF detection. We obtained equivalent results from independent cell measurements, and the 

detection outcome was validated with standard ELISA experiments, confirming the good 

reproducibility and accuracy of the biosensor. Similarly, our nanohole array-based biosensor 

platform could be extended to the analysis of other cell types (e.g. stem cells) and also for the 

real-time monitoring of cytokine secretion in a multiplexed configuration. This platform may 

provide new analysis tools that offer significant insights into cell biology and facilitate the 

development of more efficient therapies. 
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4.2 Results and discussion 

4.2.1 Biosensor system assembly and working principle 

Our integrated biosensor is composed of two complementary and adjustable 

microfluidic modules, namely the cell culture module and the optical detection module 

(Figure 4.1). For the microfluidic cell module, we fabricated a single zigzag channel in 

a polydimethylsiloxane (PDMS) slab that was permanently bonded to a glass slide 

(Figure 3.5). The growth area could be easily adjusted to provide an appropriate number 

of cells by simply changing the length and width of the channel. The cell module also 

includes inlet and outlet tubing connections for introducing fresh culture media, 

chemical stimuli, and directly delivering the secreted proteins to the adjacent detection 

module. The optical detection module consists of gold nanohole array-based biosensor, 

which is also integrated with a PDMS microfluidic system. The nanoholes (200 nm 

diameter, 600 nm period) were fabricated by deep-UV lithography on freestanding SiNx 

membranes, and each nanohole array was defined to have an area of 100×100 μm 

(Figure 3.3). In this module, the microfluidic system includes three parallel 

microchannels, and each channel covers three in-line nanohole arrays with a volume of 

Figure 4.1. The illustration of the biosensor system configuration. Cancer cells grow in a zigzag 
single-channel PDMS unit, and the secreted cytokines are directly delivered to the adjacent detection
module. The detection module illustrates the three in-line nanohole arrays in one microfluidic channel. 
Two of the arrays are functionalized with specific anti-VEGF antibodies (blue) and the third one without 
antibodies as a negative control sensor.  
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150 nL. The complete biosensor system including the two modules has approximate 

dimensions of 2.5×6 cm2.  

Taking advantage of the multiplexing capability of our biosensor, we functionalized two 

of the nanohole arrays with anti-VEGF antibodies, leaving the third one as a negative 

control. For our experiments, we employed one microfluidic channel at a time, but it is 

worth mentioning that we could also incorporate multiple cell culture modules for 

different channels, enabling the simultaneous analysis of distinct types of cells. 

Antibodies specific to VEGF were selectively immobilized on the gold nanohole arrays 

as biorecognition molecules to capture the analytes (Figure 4.2). In this way, the VEGF 

secreted by the cancer cells can be directly captured by the specific antibodies without 

the need for sample pretreatment or purification steps.  

For real-time analysis, we placed the biosensor on the inverted microscope, and a 

collimated broadband light source illuminated the three in-line nanohole arrays at 

normal incidence (Figure 4.1). The transmitted light is collected simultaneously by a 

4× objective and entered the imaging spectrometer through a 400 μm-wide input slit. 

The three sensors are simultaneously imaged along the vertical slit of the spectrometer. 

The spectral content of each sensor is dispersed by a medium grating (600 lines/mm) 

Figure 4.2. Schematic illustration of the surface chemistry for selective detection of VEGF. 
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and recorded on a 1024×1024-pixel CCD with a pixel size of 13×13 μm. In this optical 

read-out scheme, the recorded two-dimensional CCD data contains spatially resolved 

1D spectral image: one axis of the image corresponds to the positions of three sensors, 

and the other axis corresponds to their spectral response (Figure 4.3).  

Using this readout scheme, the EOT spectrum from each sensor unit is simultaneously 

acquired for biosensing analysis. The spectral coverage and resolution are controlled by 

the choice of the grating. The number of spectrally resolvable sensors is determined by 

the total magnification of the system, as well as the size and positioning of the nanohole 

array sensors on the chip. For instance, with one sensor unit measuring 100×100 μm and 

being separated by 50 μm in between, we could image 20 in-line sensors with a 4× 

objective simultaneously. In our case, the spectral content of each nanohole array sensor 

is recorded by ~30 pixels, and the entire spectral coverage ranges from 830 nm to 

890 nm. In aqueous solution, the EOT resonance peak of nanohole array sensor locates 

at 850 nm approximately, which is well accommodated within the spectroscopic 

imaging range.  

The capture of VEGF on the sensor induces the change of refractive index proximate to 

the surface and thus results in a peak shift of the EOT spectrum. By tracing the spectral 

Figure 4.3. Spectroscopic imaging of the nanohole arrays. The spectral image recorded by the 
spectrometer and CCD camera shows the spectral information from the three in-line NHA sensors 
simultaneously (left). Each spectrum is then extracted from the image, showing the EOT resonance
peaks for detection analysis (right). 
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shifts continuously, we are able to resolve the sensorgram (i.e. binding curve) of VEGF 

binding kinetics, and thus monitor the dynamics of cell secretion (Figure 4.4). We 

implemented a custom MATLAB script based on the centroid algorithm to track the 

spectral shifts [143]. This data processing method calculates the center of mass of the 

resonance peak and plots the corresponding wavelength as a function of the time. Unlike 

the conventional interrogation of the maximum value of the peak, this centroid 

algorithm can extraordinarily minimize the systematic noise and increase the signal-to-

noise ratio, therefore reaching lower limits of detection. 

 

4.2.2 Surface functionalization and biosensor calibration for VEGF detection 

Before measuring the cell secretion, we characterized the performance of our biosensor 

for VEGF detection. In affinity-based biosensors, it is essential to establish a robust and 

stable surface chemistry strategy that ensures sensitive, selective and reproducible 

detection of the analyte of interest. This is particularly important for live cell secretion 

analysis since we monitor the cellular activity for extended periods of time, and we need 

Figure 4.4. Sensing principle of the real-time detection. The EOT spectrum from each nanohole array 
shows a characteristic resonance peak (solid line). Biomolecular binding on the sensor surface induces
an EOT spectral shift of the peak (dashed line). As molecular binding accumulates, the spectral
displacements of the resonance peak are then plotted in the sensorgram (EOT shift vs. time) to reveal 
the real-time binding dynamics. 
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to detect low concentration of proteins (usually in the range of pg/mL). We employed 

the well-known biotin/streptavidin interaction for the biofunctionalization of the 

nanohole array sensors (Figure 3.7). This strategy enables a highly stable 

immobilization of biotinylated antibodies due to the high affinity between the 

streptavidin and the biotin molecule (kD ≈ 10-14 mol/L). Furthermore, since the biotin 

tag is conjugated to the Fc domain of the antibodies (i.e. non-antigen binding domain), 

the antibodies are immobilized in an oriented manner, leading their antigen binding sites 

(Fab’ domains) entirely available for antigen capture. 

First of all, we created an anti-fouling layer on the sensor surface that prevents binding 

of nonspecific molecules. We took advantage of polyethylene glycol (PEG) derived 

compounds, which have demonstrated high resistance to protein adsorption due to its 

hydrophilic properties [144]. In particular, we created a mixed self-assembled 

monolayer (SAM) consisting of two kinds of PEGylated alkanethiols carrying a reactive 

carboxylic functional group (–COOH) and a non-reactive hydroxyl group (–OH), 

respectively. The latter was used as a lateral spacer to minimize steric hindrance issues 

during protein attachment. The –COOH functional groups were activated by the general 

carbodiimide chemistry (i.e. EDC/NHS activation) and then a layer of streptavidin was 

covalently bonded. Finally, we employed the state-of-the-art piezoelectric micro 

spotting technique to locally deposit the biotinylated anti-VEGF antibodies on two of 

the nanohole array sensors (Figure 3.7). This allowed us to define the third sensor in the 

same channel as a reference to compensate the possible false positive signal produced 

by nonspecific molecular binding or systemic perturbations.  

Once the plasmonic microarray was functionalized, it was assembled with microfluidics 

and connected to a syringe pump and a manual injection valve for the characterization 

measurements. We carried out a standard calibration curve to evaluate the sensitivity of 

our plasmonic biosensor for VEGF detection. Samples spiked with various 

concentrations of recombinant VEGF, ranging from 200 pg/mL to 1 ng/mL, were 

introduced and flowed over the functionalized microarrays. The binding of VEGF to the 

antibodies was clearly detected by resonance peak shifting (∆λ) in a concentration-
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dependent manner (Figure 4.5a). The values obtained from each sample were plotted 

and fitted to a linear regression model (Figure 4.5b). We determined the Limit of 

Detection (LOD) of our biosensor, which is the lowest analyte concentration that the 

biosensor can reliably detect. It is defined as the concentration with a signal 

corresponding to three times the standard deviation of the blank [145]. We achieved an 

outstanding LOD of 145 pg/mL (5.37 pM) for VEGF, which overlaps the physiological 

concentration range reported in other related biological studies [146], [147].  

 

4.2.3 Probing the optimal condition for VEGF secretion from HeLa cells  

In parallel to the biosensor characterization, we determined the stimulation scheme for 

VEGF secretion of HeLa cells. Currently, there is no uniform protocol to stimulate the 

VEGF secretion from the cells.  A calcium ionophore, namely A23187, has been 

employed as a popular stimulus for VEGF secretion in various studies. It can increase 

the intracellular Ca2+ levels rapidly and allow divalent ions to cross plasma membranes. 

Various reports have demonstrated a significant increase in VEGF secretion from 

different cells stimulated by the ionophore, albeit reporting a broad range of 

concentrations from hundreds of nanomolar to micromolar [90], [146]. Therefore, we 

Figure 4.5. Evaluation of the plasmonic biosensor sensitivity for direct detection of VEGF. (a) The 
sensorgrams of the direct detection of VEGF ranging from 200-1000 pg/mL. (b) Standard calibration 
curve for VEGF detection. Data plots represent the mean and standard deviation of each concentration
measured in triplicate. Plots are fitted to a linear regression model (R2 > 0.98), and the Limit of 
Detection (LOD) is calculated as the concentration corresponding to 3 times the standard deviation of
the blank signal. 
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tested a variety of cell culture conditions to stimulate the exocytosis of VEGF from 

HeLa cells. Cells were grown in multi-well plates and incubated overnight with different 

concentrations of A23187, ranging from 1 to 100 μM. Supernatants were collected and 

analyzed by sandwiched VEGF ELISA assay. As shown in Figure 4.6a, the VEGF 

secretion showed a biphasic profile depending on the concentrations of A23187. A 

marked increase in VEGF production was achieved with 1 and 10 μM of A23187, which 

was more than two times higher than the control group (i.e. Ctrl, w/o stimulus). 

Whereas, the stimuli exhibited significant cytotoxicity with concentrations greater than 

100 μM. Cellular viability was significantly reduced by exhibiting apoptotic cellular 

morphology under optical microscopy, along with scarce secretion of VEGF. Therefore, 

to facilitate maximum VEGF secretion and avoid cytotoxicity induced by the ionophore, 

the concentration of A23187 was selected to be 10 μM for the following studies.  

Additionally, we also tested the influence of different serum concentrations in the 

culture media as another critical role for cytokine secretion. The serum is supplemented 

with 10% v/v in routine cell culture for the majority of mammalian cells. However, 

reduced serum contents have been studied as a typical starvation condition to stimulate 

a variety of cellular metabolic activities, including VEGF expression [148], [149]. 

Therefore, we incubated HeLa cells in serum-free media (SFM), and media with serum 

concentrations of 1%, 5%, and 10%. We compared the VEGF secretion amount by 

analyzing the supernatants from each group with sandwiched ELISA. As shown in 

Figure 4.6b, serum-free media (SFM) and 1% serum induced a decrease in VEGF 

secretion compared to conventional cell media (10%), which could be attributed to cell 

death during incubation. However, 5% of serum showed a comparable VEGF 

production without adverse effect in cell viability. Moreover, reduced serum 

components could ameliorate microfluidic performance by reducing bubble generation, 

and even improve the antigen-antibody interaction with fewer interferences. Therefore, 

the cell culture media supplemented with 5% of serum and 10 μM of A23187 

(hereinafter VEGF-stimulating media) was employed in the following experiments to 

induce VEGF secretion from HeLa cells. 
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4.2.4 Evaluation of cell viability and VEGF secretion in microfluidic culture 

Once the conditions to stimulate VEGF secretion were established, we examined the 

influence of our microfluidic culture module on the behavior of living cells, instead of 

the conventional multi-well plates (Figure 4.7a). First, we studied the effect of constant 

media flow on cell attachment, cellular morphology, and their viability in our 

microfluidic module. The flow is necessary to assure an immediate delivery of the 

secreted cytokines to the optical module. The glass surface in the microfluidic chamber 

was coated with 0.1% gelatin to improve cell attachment. Later, HeLa cells (cell number 

≈ 105) were seeded into the channel (growth area: 1 cm2) and incubated overnight at 

37 °C and 5% CO2, allowing cells to attach and spread along the substrate. As shown in 

Figure 4.7b, the cells firmly attached and spread extensively on the glass surface. The 

module was then placed back in the incubator (37 °C and 5% CO2), connected to a 

syringe pump and a flow of VEGF-stimulating media was introduced. Different flow 

rates were tested (from 5 to 50 μL/min) in order to set a suitable flow velocity. A flow 

rate of 10 μL/min was found to preserve a low shear stress by avoiding cell detachment 

while enabling rapid delivery of the secreted cytokines to the detection module. 

Figure 4.6. Assessment and optimization of cell culture conditions for VEGF secretion from HeLa 
cells. (a) VEGF concentration measured in cell culture supernatants after administration of calcium
ionophore at different levels ([A23187] = 0 as Ctrl; p<0.005: **; p<0.0001: ****; ns: non-significant; 
n=2) (b) VEGF concentration measured in cell culture supernatants in presence of different serum
concentrations ([FBS] = 0 as SFM; p<0.05: *; ns: non-significant; n=2) 
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Furthermore, we performed a preliminary study for the time profile of VEGF secretion 

under microfluidic flow conditions. After the injection of the stimulus with a constant 

flow rate through the cell module, we collected the outgoing supernatant in different 

vials (~300 μL) before transferring the samples to an ELISA plate for VEGF 

quantification. The samples were collected every 1 hour for 10 hours. Results in Figure 

4.7c showed the VEGF concentrations obtained from the discrete supernatant samples. 

The amount of VEGF gradually increased and reached a peak level around the 5th hour, 

which remained at a plateau for 4 hours. The concentration of VEGF in the plateau phase 

reached ~380 pg/mL, which is within the detection range of our label-free 

nanoplasmonic biosensor (Figure 4.5). 

Figure 4.7. Study of the cell viability and VEGF secretion in microfluidic culture. (a) HeLa cells 
were cultured in the microfluidic module with VEGF-stimulating media and supernatants were collected 
every hour for 10 hours. The discrete samples were analyzed by sandwiched ELISA. (b) The magnified 
microscopic image of live HeLa cells cultured in the microfluidic channel. (c) Discrete time profile of
VEGF secretion analyzed by ELISA, with a maximum peak reached after approximately 5 hours post-
stimulation.
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4.2.5 Monitoring the VEGF secretion in real-time 

Following the characterization of our biosensor for VEGF detection and establishing the 

optimal secretion scheme from cells, we demonstrate the ability to perform real-time 

analysis of VEGF secretion from live cells. The gold nanohole array biosensor was 

functionalized as described above and integrated with the microfluidic system as the 

detection module. The multiplexing capability of our biosensor enables to include 

within the same microfluidic channel two independent nanohole arrays for the specific 

detection of VEGF (Sensor A and Sensor B) and a reference sensor (Sensor C). This 

ensures the reliability of the experiment by providing two assay replicates 

simultaneously, and guarantees the selectivity and specificity of the measurements, as 

the reference sensor provides an integrated negative control. To further ensure the 

selectivity of the biosensor to VEGF from the complex composite of cell media, the 

sensor surface was first blocked with the complete cell media after antibody 

immobilization. This blocking step prevents undesired nonspecific adsorptions of other 

proteins present in the media, so that the sensor response can only derive from VEGF 

specifically captured on the antibodies.  

In parallel, a microfluidic cell module was prepared by seeding the HeLa cells and 

incubating them overnight under the same conditions as described before. Then, the two 

modules were connected by microfluidic tubing and placed on the inverted microscope. 

A custom incubation box was put on the cell module to provide the appropriate culture 

conditions (37 °C and 5% CO2). The VEGF-stimulating media was introduced with a 

flow rate of 10 μL/min throughout the measurement. The stimulus A23187 was 

confirmed not to interfere with the VEGF detection (Figure 4.8). The EOT spectra from 

the three in-line nanohole array sensors were simultaneously monitored for 10 hours (1 

spectrum per second).  
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During the measurement, we observed a significant resonance shift emerging at 

approximately 5.5 h after the introduction of VEGF-stimulating media (Figure 4.9a), 

which corresponds well to the time profile obtained by ELISA analysis. The signal was 

obtained from the two nanohole array sensors functionalized with the anti-VEGF 

antibody (Sensor A and Sensor B) while the control sensor remained in a stable baseline. 

The absence of resonance response on the control sensor implies the lack of interference 

from other proteins and confirms the selectivity and specificity of our biosensor for 

VEGF detection. By interpolating the resonance shifts from both functionalized sensors 

with the VEGF calibration curve, it corresponded to an average VEGF concentration of 

239.7 pg/mL. Following this increase, no significant binding events were observed from 

the optical responses, implying that the secretion of VEGF reached a peak. 

In order to ensure the reliability of our results, we performed a second independent 

measurement with new cells and a different plasmonic microarray but employed the 

same conditions as described before. A similar shift emerged at approximately 6 hours 

Figure 4.8. Influence of A23187, on the optical signal. The VEGF samples (1μg/ml) prepared with 
A23187 (blue curve) or without A23187 (red curve) were injected into the bisosensor functionalized 
with anti-VEGF antibodies. Despite the bulky refractive index change induced by the stimuli, there is 
no significant spectral shift between these two samples, indicating that A23187 does not interfere with 
VEGF detection. 
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of monitoring, which corresponded to an average VEGF concentration of 235.8 pg/mL 

(Figure 4.9b). Again, this time, the signal was clearly seen for the two specific anti-

VEGF sensors while the control reference showed a flat baseline. The two 

concentrations for VEGF secretion were equivalent, which demonstrates good 

reproducibility of our biosensor. Besides, the values obtained with our plasmonic 

microarray were in the same concentration range as those measured by ELISA with 

samples at discrete time points, therefore proving that our integrated biosensor can be 

used for continuous real-time monitoring and label-free quantification of cell secretion 

with good accuracy. It is worth mentioning that in this case, we employed ELISA to 

primarily confirm the time profile of VEGF secretion, rather than a validation method 

in terms of quantification due to the different working principle and sample collection 

manner. For ELISA, each sample was harvested for one hour, thus the VEGF is 

accumulated resulting in a relatively high concentration. In our plasmonic biosensing, 

the supernatant is not accumulated but it is immediately and continuously flowed over 

the sensor surface. Thereby, the VEGF does not accumulate, and its concentration may 

be lower. Furthermore, we checked the viability and number of cells after both 

experiments, which were well maintained after the long-term measurements, confirming 

the reliability of the obtained signals.  

Our experiments demonstrated the significant advantages that nanoplasmonic label-free 

biosensor offers versus the traditional enzymatic immunoassay techniques (e.g. ELISA), 

regarding simplicity, reagent consumption, and especially the real-time monitoring 

capability. Poor time resolution is inevitable with conventional analysis as samples are 

harvested at discreet time points and each sample has to be accumulated for a certain 

duration, causing laborious experimental operation for long-term analysis. However, 

label-free nanoplasmonic biosensors do not require pre-harvested samples and are 

capable to operate continuously for the analysis, which greatly enhance the temporal 

resolution and enable cost-effective and effortless biodetection. This label-free 

biosensing platform paves a new avenue for quick evaluation of secretion ability among 
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different cells (e.g. VEGF-secreting vs. non-secreting cells), or potent chemical agents 

for drug development. 

 

 

Figure 4.9. Real-time detection of VEGF secretion from live HeLa cells with the plasmonic 
nanohole array biosensor. The real-time measurements obtained from two independent experiments 
are showed in (a) and (b). Each graph showed the three sensorgrams acquired from the three individual 
sensor arrays in the detection module: Sensor A and Sensor B were functionalized with anti-VEGF 
antibodies, while Sensor C without antibodies as a negative control. In both experiments, sensorgrams 
obtained from Sensor A and B showed a clear increase of the signal while the Control Sensor remains 
at a low flat baseline.
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4.3 Conclusion 

We introduced a novel nanoplasmonic biosensor platform for the monitoring of live cell 

secretion activity in a real time and label-free configuration. By incorporating a 

microfluidic cell culture module and an optofluidic biosensor equipped with a robust 

and specific surface chemistry, we performed the first reported label-free and long-term 

analysis of cytokine secretion events by using plasmonic nanohole array-based 

biosensors. The biosensor functions based on plasmonic EOT principle, enabling 

effortless device operation on a basic inverted microscopy setup and circumventing the 

needs of complex prism-coupled configuration in SPR. We achieved an outstanding 

sensitivity of 145 pg/mL for VEGF detection in complex media. Additionally, the 

nanohole array biosensor showed excellent agreement with measurements performed by 

the current gold-standard ELISA technique, validating our results and demonstrating the 

reliability of our biosensor. The presented nanoplasmonic biosensor also represents a 

promising multiplexed sensing platform due to the high-throughput format of nanohole 

microarrays and versatile surface chemistry on individual sensors. With these 

capabilities, the proposed label-free plasmonic nanohole array biosensor system 

provides a powerful analytical tool to monitor live cellular activities in a label-free and 

real-time manner for various fundamental biological studies, such as the analysis of 

tumor microenvironments or the evaluation of new therapies. 

 





 

79 

Chapter 5                                                   
Real-time secretion analysis at single-cell 

resolution 

 

5.1 Introduction 

Single-cell analysis is one of the most powerful approaches towards the development of new 

therapies for serious diseases such as cancer or autoimmune disorders [20]. The analysis of 

individual cell secretion is essential to fully understand the functional heterogeneity and 

decipher the underlying mechanisms of cellular interactions and communication. The past few 

years have seen the advances of innovative strategies for both cell isolation and protein 

secretion analysis to enable single-cell resolution [150]–[153]. For instance, Love et al. 

introduced a large-scale microengraved array which is able to generate the populational 

secretion profiles from single hybridoma cells [150], or even to characterize the cytokine 
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secretion of single T lymphocytes upon different activation scenarios [153]. While their 

methods are efficient enough to provide a high-throughput dataset, the intensive washing steps 

involved in the fluorescence labeling procedure dramatically impairs the temporal resolution 

(limited to a few hours) of the analysis. On the other hand, droplet microfluidics has been 

presented as a promising platform for single-cell sorting and analysis [154]–[156]. The 

technique basically involves encapsulating individual cells in droplets loaded with specific 

fluorescent antibodies or enzymes for capturing and detecting the secreted cytokines. However, 

subsequent cytokine quantification requires external readout means, such as flow cytometry or 

spectroscopic methods that increase the overall system complexity and only provide an end-

point result. Despite the capabilities of these new techniques for single-cell isolation, the need 

of either fluorescent or enzymatic labels for detection significantly impairs the dynamic 

analysis and monitoring of the secretion in real time. 

Label-free biosensors emerge as a unique solution for the sensitive, accurate and real-time 

analysis of cell secretion [60], [117], [157]. This detection scheme circumvents the tedious and 

costly molecular tagging and enables the elucidation of biomolecular interactions in a non-

invasive and dynamic manner. Among various label-free sensing platforms, nanophotonics, by 

supporting strong light-matter interaction and dramatically confining light in small volumes, 

enables ultra-low detection limits, exceptional miniaturization, and ultimate on-chip 

integration [45]. Particularly, plasmonic nanohole arrays (nanohole arrays) have demonstrated 

a unique potential and flexibility for the implementation of powerful biosensors with high-

throughput analyses and capabilities for point-of-care deployment and utilization [73], [113]. 

Furthermore, gold nanohole array biosensors have demonstrated exceptional performance for 

the analyses of proteins and cells in a real-time and multiplexed label-free configuration [121], 

[122], [137], [158].  
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5.2 Results and Discussions 

5.2.1 Biosensor design for reliable single-cell secretion monitoring 

Label-free nanoplasmonic biosensors face critical challenges for addressing single-cell 

secretion analysis. Cytokines are relatively small molecules (MW†††† 15-30 kDa) and are 

secreted in minute amounts (femtograms/ (cell·day)). Therefore, the direct detection of single-

cell secretion in real time without any signal amplification is not straightforward. In order to 

achieve the ultra-high sensitivity required for the detection of cytokines secreted from an 

individual cell, it can be effective to minimize the local volume surrounding the cells by 

encapsulating them with micro-chambers. This will result in concentrated molecular 

distribution in the vicinity of the sensor surface. In this regard, microfluidics technology offers 

a powerful tool to create a highly miniaturized environment with compartmentalization for the 

analysis [159].  

Nevertheless, the optical monitoring of an ultralow volume in cell culture conditions (i.e., 37°C) 

introduces a significant evaporation problem. This is especially challenging when using 

polydimethylsiloxane (PDMS) as the material for microfluidics. This widely used material 

provides excellent transparency and high gas permeability, making it an ideal substrate for 

optical cellular bioassays [160]. However, the gas diffusion also leads to evaporation and 

associated optical noise when handling the ultralow volume of fluid [161], [162]. Water 

evaporation through PDMS membranes may cause not only an increase in osmolality of the 

cell media but may also result in bubble formation and eventually dehydration of the cell 

chamber. These evaporation-mediated osmolality alterations induce local changes of the fluid 

refractive index, causing dramatic optical signal fluctuations that overwhelm the low 

magnitude secretion signature of single cells. Conventional approaches to prevent liquid 

evaporation, such as sealing the aqueous surface with mineral oil [161] or placing numerous 

sacrificial drops in the vicinity of the analyte chamber [162], can be effective but increase 

                                                 

†††† MW stands for molecular weight. 
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overall system complexity, limit on-chip integration and pose potential contaminations to the 

assay. Conversely, thin PDMS membranes between culture areas and oxygen equilibrated 

water channels have been shown to reduce evaporation, while at the same time maintaining 

oxygen levels required for sustained culture [163]. 

We introduce a new approach for the single-cell secretion analysis in real time using a label-

free nanoplasmonic biosensor. We have developed an optofluidic device based on a gold 

nanohole array sensor integrated into an innovative multifunctional microfluidic system for the 

dynamic and accurate monitoring of cytokine secretion from individual cells (Figure 5.1a). We 

utilize the single step injection molding technique [124] to create a microfluidic system 

equipped with pneumatic valves that enables both the in-flow introduction of cells into the 

device and isolation of a microchamber on the nanostructured sensor chip to confine and 

analyze individual cells. Figure 5.1b shows a closer scenario of the device structure where a 

valve-gated microchannel allows us to introduce the cells followed by isolating them within a 

low volume cell chamber. This creates a high effective concentration of the cytokine molecules 

and improves the biodetection accuracy. Moreover, we harness the ability of our injection 

molding approach to create a continuous regulation channel that interacts with the underlying 

valve-isolated submicroliter cell chamber through thin PDMS membranes. The regulation flow 

Figure 5.1. Illustration of the optofluidic system for real-time single cell analysis. (a) The picture 
of the integrated optofluidic device. We highlight the primary channel (orange) and the regulation 
channel (blue) with flowing colored dyes, respectively. (b) Schematic representation of the
microfluidic-integrated nanoplasmonic biosensor. The microfluidic system consists of two fundamental
parts: a primary channel in contact with the plasmonic nanohole arrays, which includes two pneumatic 
valve gates for enclosing a small-volume microchamber, and a hydraulic regulation channel fabricated
on top of the microchamber to provide humidity regulation through serpentine water flow. 
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simultaneously ameliorates evaporation, prevents bubble formation and enables a stable optical 

background signal for robust monitoring of single cell secretion analysis.  

5.2.2 Optical configuration of the nanoplasmonic biosensor 

The plasmonic nanohole arrays offer highly sensitive label-free biosensing and are 

distinguished among other state-of-the-art plasmonic sensors due to the well-proven 

capabilities for device miniaturization, multiplexed analysis, and easy integration in lab-on-a-

chip devices [73], [117], [121]. The current fabrication process for nanoplasmonic sensors 

requires sophisticated and costly techniques, such as e-beam lithography. This inevitably 

hinders the implementation of nanoplasmonic technology for routine biological analysis. 

Therefore, we have employed a nanofabrication procedure [164] enabling efficient and large-

scale production of plasmonic nanohole array chips, which minimizes the costs and promotes 

the real application both in research and clinical fields. The fabrication process is based on 

deep-UV photolithography technique (Figure 3.4) by using robust quartz wafers as the sensor 

substrate. As a result, we obtained 4-inch diameter wafers (Figure 5.2a) patterned with uniform 

arrays of gold nanoholes (200 nm diameter, 600 nm period) across the entire wafer surface as 

confirmed by SEM image analysis (Figure 5.2c). Wafers were further diced into small sensor 

chips of 1 x 1 cm2 (Figure 5.2b) for cell analysis.  

Figure 5.2. Wafer-scale production of nanoplasmonic sensor chips. (a) The plasmonic nanohole 
arrays are fabricated uniformly on a thin gold film by wafer-scale deep-UV photolithography over the 
entire 4-inch diameter quartz wafer. (b) The nanopatterned wafer is diced to 1 x 1 cm2 sensor chip for 
analysis. The appearance of colors on the chip when viewed at a tilt shows the diffraction grating effect
resulted from the nanohole arrays on its surface. (c) An SEM image shows the uniformly distributed 
nanohole structures on the quartz substrate, where the nanoholes have a diameter of 200 nm and are
separated center-to-center by 600 nm. 
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The working principle of this biosensor is based on the phenomenon of extraordinary optical 

transmission (EOT), which is represented as a dramatic enhancement of light transmission 

through the regularly periodic subwavelength nanohole structures [165], [166]. This light 

enhancement is characterized by the appearance of an EOT resonance peak in the transmission 

spectrum (Figure 5.3a). The EOT resonance is highly sensitive to minute changes in the near-

field refractive index over the nanohole surface. The molecular binding on the sensor surface 

induces a variation of the refractive index that leads to a spectral shift of the peak wavelength 

(Figure 5.3b). By tracing the spectral shifts with ongoing experiment time, we are able to depict 

the molecule binding events in a real-time format. 

Figure 5.3. EOT-based Sensing principle. (a) The transmission spectra are recorded and analyzed by 
the spectroscopic imaging setup, forming spectral images over time from t0 to tn. The two axes of the 
spectral images correspond to spatial position and wavelength. (b) Upon bindings of molecules to the 
sensor surface, spectral shift of the resonance peaks are induced: from λ0 to λn (right panel). By tracking 
the spectral shifts over time, the real-time monitoring of binding kinetics is achieved. 
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Regarding the optical measurement, we exploit a spectroscopic imaging method which 

converts each imaged point to an effective sensing element (Figure 3.1). We placed the sensor 

chip on an inverted microscope where a collimated broadband light source illuminated the 

nanohole arrays at normal incidence, resulting in the onset of EOT phenomenon [138]. The 

transmitted light was collected by the objective underneath and coupled to a spectrometer 

through a 500 µm-wide slit opening. The spectral content is then dispersed by a grating (600 

lines per mm) and recorded on a 1024×1024-pixel CCD camera with a pixel size of 13×13 μm2. 

The recorded CCD image consists of a spatially resolved 1D spectral image in which the 

horizontal axis represents the range of optical wavelength while the other represents the 

positions across the illuminated area of the nanohole arrays through the slit opening (Figure 

5.3). By adjusting the wavelength to the EOT resonance position (i.e., approximately 860 nm 

in aqueous solution), we can directly observe the EOT peak and monitor the spectral 

displacements in real time.  

To evaluate the system sensitivity, we carried out a bulk refractive index calibration. A series 

of glycerol solutions with increasing concentration were injected across a bare sensor surface 

(Figure 5.4a). The peak shifts were plotted with respect to corresponding refractive index 

change (the difference of refractive index between each glycerol solution and water). The slope 

Figure 5.4. Bulk sensitivity characterization. (a) Real-time sensorgram of different concentrations of 
glycerol, with the inset graph highlighting the spectral shifts of the resonance peak. (b) Bulk sensitivity 
calibration, where the sensitivity S is determined by the slope of the linear regression equation. 
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of a linear fitted curve shows the bulky sensitivity of the sensor, which was determined to be 

630 nm/RIU (Figure 5.4b). This sensitivity outranges the majority of the state-of-the-art 

nanoplasmonic biosensors, demonstrating the unique potential of our system to perform single-

cell secretion analysis [45], [167], [168].  

5.2.3 Surface functionalization for cell capture and cytokine detection 

Figure 5.5a illustrates the schematics of the designed surface functionalization. First, we coated 

the gold chip surface with an anti-fouling self-assembled monolayer (SAM) composed of 

polyethylene glycol (PEG) derived compounds, preventing binding of non-specific molecules 

[169]. In particular, a mixture of two kinds of PEGylated alkanethiols was employed, with one 

carrying a reactive carboxylic functional group (–COOH) and the other nonreactive hydroxyl 

group (–OH), respectively. The latter serves as a lateral spacer to minimize steric hindrance 

effects during protein attachment. The reactive carboxylic groups were subsequently activated 

by the general carbodiimide chemistry (i.e., EDC/NHS activation) that allows covalent binding 

of molecules presenting terminal amine groups (–NH2). At this point, we co-immobilized a 

mixture of streptavidin and poly-L-lysine (PLL), both containing a significant amount of 

terminal amine groups. PLL is a well-known polymer with the positive net charge that acts as 

an electrostatic force to attach floating cells (negative net charge) [170], avoiding any chemical 

modification of the cell membrane and therefore ensuring immobilization without affecting the 

cell physiology. Streptavidin was in turn used for the highly stable and oriented immobilization 

of biotinylated antibodies (Ab) against the cytokine of interest (IL-2). We tested the efficacy 

Figure 5.5 Surface chemistry on gold sensor surface and an SEM image showing a single cell 
attached to the sensor. 
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of our surface chemistry strategy for both cell attachment and cytokine detection, by depositing 

a cell suspension sample on the functionalized chip and incubating for 1 h at 37 °C. After 

carefully rinsing, we confirmed the presence of cells immobilized on the nanohole array surface 

by scanning electron microscopy (Figure 5.5b).   

To evaluate the biosensor sensitivity for cytokine detection, we performed a calibration curve 

with standard protein samples. Samples spiked with different concentrations of recombinant 

IL-2 proteins (from 50-1000 pg/mL) were introduced over the functionalized nanohole arrays. 

We employed a conventional PDMS microfluidic system with microchannels (500 μm wide, 

180 μm high) for the sample injection, which was connected to a syringe pump for a continuous 

buffer flow. As shown in Figure 5.6a, the capturing of IL-2 to the antibodies was depicted by 

resonance shifting (Δλ) in a concentration-dependent manner. Higher concentrations of IL-2 

samples lead to a greater resonance shift, as well as the progression of signals being accelerated 

with increasing concentrations. The plateau Δλ values obtained from each sample were then 

plotted as a function of the corresponding concentrations. By fitting to a nonlinear regression 

model (Figure 5.6b), we determined the limit of detection (LOD) of our biosensor, which is 

defined as the concentration with a signal amplitude corresponding to three times the standard 

Figure 5.6. Characterization of the nanohole array biosensor for IL-2 detection. (a) Real-time
sensorgrams of different concentration of cytokines (IL-2) ranging from 50 pg/mL to 1 ng/mL. (b) 
Standard calibration curve for direct and label-free detection of IL-2 molecules. Each data point 
represents the mean value of 3 replicates. The limit of detection (LOD) is determined as the signal 
corresponding to three times the standard deviation of the blank.  
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deviation of the blank signal [171]. Based on the background signal we obtained from the zero-

spiked sample, we achieved an outstanding LOD of 39 pg/mL (2.6 pM) for IL-2 detection.  

5.2.4 Design and characterization of the multifunctional microfluidic system 

Renewal of continuous media flow as employed in conventional microfluidic cell assays is not 

practical for single cell analysis, as it inhibits the accumulation of cell secretions, and thus 

results in depletion of target molecules. Isolating target cells within an enclosed volume, and 

minimizing this incubation chamber size would naturally facilitate sensitive biodetection 

required for single-cell resolution, through minimization of diffusive target loss. However, a 

number of challenges emerge. The intrinsic property of high gas permeability of thin PDMS 

membranes enables this material to be ideal for live cell culture. However, this permeability 

also leads to evaporation of water through the PDMS structure, which can be problematic for 

long-term experiments. The significant degree of evaporation and subsequent shift in refractive 

index hampers the nominal operation of the nanohole array biosensor. (Figure 5.7a).  

We experimentally verified the detrimental effects of fluidic evaporation through bulk PDMS 

on sensor reliability with a basic microfluidic channel design placed within a 37 °C 

environment (Figure 5.7b). The evaporation induced significant drift in the resonance response 

compared to room temperature with the same relative humidity and under the same illumination 

a b 

RH = 100% 

RH ≈ 30% 
T 37°C, RH 30% 
T 37°C, RH 60% 
T 25°C, RH 30% 

Figure 5.7. Evaporation across PDMS membrane and the resulting optical signal fluctuation. (a) 
Schematic illustration representing the evaporation of water from the PDMS microchamber (RHin) to 
the surroundings (RHout). (b) Baseline drifts of the resonance peak under different conditions
surrounding the microchamber with varying temperature and relative humidity. 
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scheme. Whereas, we obtained a more stable optical readout by supplying doubled humidity 

surrounding the microfluidics placed in a custom humidity box. This experiment confirmed 

that relatively high humidity is crucial to prevent evaporation and therefore to facilitate stable 

optical measurements. 

In order to stabilize optical response under cell culture conditions, we have designed a novel 

multilayered microfluidic system utilizing our recently introduced injection molding 

fabrication technique (Figure 3.5) [124]. A schematic of this system is shown in Figure 5.8. 

This system allows an isolated microchamber (length × width × height ≈ 2 mm × 500 μm × 

180 μm) with a chamber volume of 180 nL for cell measurements while compensating for 

Figure 5.8. Schematic representation of the microfluidic system design. The primary channel for 
cell injection and culture is highlighted in pink, while pneumatic actuation in white and the regulation
channel blue. Zoom-in figures represent the cross-sectional view of the microfluidic system and the 
valve actuation mechanism. Real pictures of the microfluidic system are shown at the bottom. 



Chapter 5. Real-time secretion analysis at single-cell resolution 

 90

vapor loss across the gas permeable PDMS structure. The microfluidic device utilises normally 

closed pneumatically actuated microvalves to isolate the fluid within the small incubation 

chamber. The primary channel is fabricated in the bottom layer for simple introduction of cells 

to the biosensor and potential cell retrieval after analysis. The upper layer incorporates the 

pneumatic lines and actuation chambers required to actuate the isolating microvalves, and a 

serpentine hydraulic regulation channel to regulate the local humidity and temperature of the 

incubation chamber. This is facilitated through a thin PDMS membrane present between the 

regulation and primary channel. 

Evaporation of water occurs due to the vapor pressure difference across the wet and dry sides 

of a PDMS membrane. Based on the theoretical evaluation (section 3.8), the evaporation rate 

through a PDMS membrane would mainly depend on the surface area and thickness of the 

membrane as well as the temperature and relative humidity of the ambient environment. Using 

this equation, we calculated the evaporation rate versus different environmental parameters, 

particularly the typical cell culture temperature (i.e., 37 °C). As shown in Figure 5.9a, 

increasing temperature promotes evaporation. In contrast, elevating the relative humidity on 

the wet membrane minimizes the evaporation from the incubation chamber, and ultimately 

reduces to nearly zero at a relative humidity of 100% (Figure 5.9b), which corresponds to the 

conditions when the regulation channel is filled with water, as shown in Figure 5.9c. At this 

point, although the vapor loss through the bulk PDMS and dry membranes persist, it is 

Without regulation 
With regulation 

RH = 100%

RH ≈ 100%

T = 37 °C 

RH = 30% 
RH = 100% 

a b c d

Figure 5.9. Numerical calculations of evaporation across PDMS membrane and the efficiency of
new microfluidic device. (a) Numerical calculations of the vapor loss dependency on the temperature
at different relative humidity. (b) Numerical calculations of the vapor loss dependency on the relative
humidity at 37 °C. (c) Schematic illustration representing the compensation for the evaporation by the
regulation channel filled with water. (d) Baseline drift comparison of the sensor signal obtained without
regulation (red) and with the regulation system (green) filled with water (100% humidity). 
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compensated by vapor transfer across the wet membrane driven by resulting vapor pressure 

difference. This is evidenced by the improved stability of the signals shown in Figure 5.9d. 

5.2.5 Real-time analysis of IL-2 secretion from single EL4 cells 

After characterization and optimization of our optofluidic biosensor, we examined the 

performance for direct and label-free single cell IL-2 secretion analysis. IL-2 is one of the 

essential cytokines that are actively involved in numerous biological activities of the immune 

system, and it particularly exerts prominent functions in regulating the proliferation, activation, 

and differentiation of T lymphocytes [172]. Therefore, the dynamic analysis of IL-2 secretion 

events provides insights to better understand its pathophysiological roles in the immune system 

as well as its potential applications in disease treatments. We selected EL4 lymphoma cells for 

our experiments, as these cells are engineered to secrete IL-2 cytokines only upon defined 

chemical stimulus [173], which represent an optimum IL-2 secretion cell population to evaluate 

the sensitivity and specificity of our new analytical platform.   

To perform the assay, we functionalized the nanoplasmonic chip as described before and 

assembled it with the multilayer microfluidic system. EL4 cells suspended in cell media were 

introduced into the primary channel with an ultralow cell density. The pneumatic valves were 

subsequently closed to stop the flow which resulted in a few isolated single cells being enclosed 

in the valve-gated chamber (Figure 5.10a). After a short period of incubation at 37 °C to allow 

firm cell attachment to the nanohole array surface, the optofluidic device was placed in the 

inverted microscope equipped with a customized incubator box that provides the proper 

temperature and CO2 to maintain appropriate cell culture conditions. Afterward, a collimated 

beam of broadband light illuminated the assembled device at normal incidence.  We used a 20x 

magnification objective to image a single EL4 cell. The transmitted light through the nanohole 

arrays entered the partially open slit in the spectrometer, forming an optical image recorded by 

the CCD camera as shown in Figure 5.10b. For illustration purpose, the acquired image was 

cropped to highlight the location of the cell. By further expanding the recorded image across 

the wavelength range, we obtained a 1D spectroscopic image (Figure 5.10c), where the spectral 

information was revealed alongside the exposed region of the nanohole arrays through the slit. 
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An evident signature in the spectrum appeared at the exact location where the single EL4 cell 

resides, which resulted from the distinct refractive index of cells. This unique phenomenon 

allowed us to position a single cell during spectroscopic imaging and define a specific region 

of interest (ROI) for biodetection. The ROI was subsequently defined in a way that it covers 

the cell position and the immediate surrounding nanohole array areas functionalized with anti-

IL2 antibodies. In particular, we designated a 40-pixel ROI which corresponds to 

approximately 30 μm on the nanohole array surface. Then, we extracted the corresponding 

spectrum of the transmitted light, which shows the EOT resonance peak at approximately 860 

nm. In order to monitor the capture of analytes in real time, we developed customized 

MATLAB scripts based on the centroid algorithm [122] to continuously interrogate the 

resonance peak shifts and to provide a precisely recorded sensorgram. Rather than simply 

tracking the shifts of maximum peak value, we significantly enhance the signal-to-noise ratio 

and improve the biosensor sensitivity. We exploited a custom-built MATLAB interface that 

allows ROI definition, spectrum visualizing, centroid calculation and real-time sensorgram 

display in a user-friendly manner. 

To start the analysis, we injected the chemical stimulus including the Ca2+ ionophore 

ionomycin and the phorbol ester PMA into the primary channel to initiate the activation and 

secretion of the EL4 cell. Immediately following stimulation, we closed the valve gates to keep 

a static and controlled volume in the cell microchamber. Then, we commenced the continuous 

monitoring of the peak position that displays the sensorgram in real time (t=0). As shown in 

Figure 5.10d, we observed a significant resonance shift emerging at around t=110 min (black 

curve). The signal increase could be directly attributed to the secretion and in situ capture of 

the IL-2 molecules. We performed an independent negative control experiment employing the 

same cell culture environment and analysis conditions but without injecting any external 

stimuli to verify this phenomenon. EL4 cells are a well-characterized cell line that only secretes 

IL-2 proteins upon proper activation by the chemical stimulus, so cells in common culture 

media should not produce any sensor response. As can be seen in Figure 5.10d, the grey line 

remained stable over the whole analysis duration. The absence of resonance response from the 

negative control indicates that our biosensor is not only selective for the detection of IL-2 but 

also repellent to other matrix proteins present in the culture media, avoiding any interference 
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with the cell analysis. We demonstrated that our innovative lab-on-a-chip system is able to 

detect protein secretion from a single cell in a precise and accurate manner. 

Cell

a 

500 μm 200 μm 30 μm

b c 
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With stimulus

Without stimulus
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ROI
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Figure 5.10. Real-time spectroscopic imaging of single-cell secretion. (a) Optical images of an 
isolated cell encapsulated in the microfluidic chamber. (b) CCD image of a single cell positioned in the
center of the partially closed slit in the spectrometer. We cropped the image to highlight the attached
single cell. Scale bar: 25 μm. (c) The 1D spectroscopic image shows the EOT peak intensifies around 
865 nm (red region) and the spectral signature generated by the cell spot. The region of interest (ROI, 
boxed with dashed line) for measurement is defined around the cell spot. (d) Real-time sensorgrams 
obtained from a single EL4 cell secreting IL-2 cytokine upon chemical stimulation (black) and a 
negative control without the stimulus (grey). Inset figures schematically illustrate the IL-2 secretion and 
in situ capture by co-immobilized antibodies. 
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5.2.6 Temporal and spatial diffusion analysis of single-cell secretion 

To account for the detection flexibility of our nanohole array sensing surface, we further 

exploited the biosensor to characterize the spatial features of single cell secretion in real time. 

The design of our nanoplasmonic surface with a uniform surface-spanning nanohole arrays 

enables the simultaneous and independent monitoring of different ROIs. This feature permits 

not only analysis and detection of single-cell secretion in real time, but observation of the 

molecular diffusion along the sensor surface. Following the same procedure described before, 

we introduced different EL4 cells in the biosensor and enclosed them in the microfluidic 

chamber. Figure 5.11a shows the spectral signature of an isolated cell attached to the nanohole 

array chip and enclosed within the valve-gated PDMS microchamber. In order to analyze the 

spatial diffusion of the secreted cytokines, we defined different ROIs covering the specific cell 

spot and surrounding areas (Figure 5.11b). In this case, each ROI measures 20 pixels in width 

and separates 40 pixels (center-to-center) away from each counterpart. Considering the overall 

optical magnification of the system, each ROI was ~13 μm in width and ~27 μm in period. The 

ROIs were extracted as independent spectral curves, and the peak centroids were interrogated 

in real time (Figure 5.11c).  

We performed this measurement for three independent single EL4 cells (Figure 5.11 d-f). In 

all cases, we observed a burst of IL-2 secretion at around 110-120 min post-stimulation from 

the cell spot, as well as from the adjacent ROIs (ROI 1 and 1’). There was roughly 20 min of 

delay for the onset of resonance response from ROI 2/2’. The amount of resonance shifts 

declined from the cell spot outwards, which we attribute to the diffusion process of cytokines 

in the static media environment. By plotting the endpoint secretion amount of IL-2 (in this case, 

at 180 min) as a function of different ROIs’ locations, we obtained a bell-shaped secretion 

distribution (Figure 5.11g-i), where the secretion apex occurred within the central cell spot and 

declined almost symmetrically outwards. It should be mentioned that the label-free biosensing 

configuration is not able to provide a three-dimensional mapping of the cytokine secretion 

around the cell, but only the spatial distribution along the sensor surface surrounding the cell. 

However, the absence of flow in the microchamber and the long-time monitoring might 

facilitate the secreted cytokines to diffuse effectively across the sensor surface and therefore 
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enable the quantification. The local IL-2 concentration was calculated by interpolating the 

relative resonance shift to the calibration curve (Figure 5.6). We found significant differences 

among the three different cells. Especially the second measurement (Cell 2) showed a higher 

amount of secreted IL-2 (2500 pg/mL) while Cell 1 and Cell 3 appear to secrete less cytokine. 

This was also reflected in the spatial diffusion analysis, where we observed a more centralized 

spatial distribution for Cell 2. This phenomenon reveals the intrinsic heterogeneity in a bulk 

cell population. Whereas by using conventional methods for cell secretion analysis (e.g., 

Figure 5.11. Temporal and spatial diffusion analysis of single cells by label-free spectroscopic 
imaging. (a) Spectral CCD image of the optofluidic system with three isolated cells encapsulated in the 
microchamber. Strong spectral gaps correspond to the interfacing PDMS of the regulation channel. (b)
Zoom-in of the spectral image for the ROIs definition at the center cell spot and surrounding areas. (c) 
Spectral EOT peaks corresponding to the selected multiple ROIs. The peaks are interrogated
simultaneously and independently. (d-f) Independent measurements of IL-2 secretion from 3 different 
EL4 cells, monitoring the cell spot ROI and surrounding ROIs simultaneously. (g-i) Spatial diffusion 
analysis of the secreted cytokines: plots correspond to the interpolated concentration of signals acquired
for every ROI, fitted to a Gaussian distribution. 
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ELISA), we would only obtain a single average value for IL-2 secretion at discrete time points. 

Our single-cell analysis method is promising for accurate observation and precise measurement 

of protein secretion from individual cells.  

It is worth emphasizing that some stochastic noise was observed at the cell spots for Cell 1 and 

Cell 2 while leaving other ROIs clear of such interference (Figure 5.11d and e). We could 

attribute this noise to either cell membrane changes or stochastic cellular movement [94]. In 

order to prove this hypothesis, we performed another experiment where we split the transmitted 

light beam to simultaneously image the cell with a CCD camera and measure the plasmonic 

response. We observed the cell movement within an extremely narrow margin (less than 10 

μm) before the onset of cytokine secretion (Figure 5.12). This confirms that during the early 

stage of cell activation, cells undergo certain movements and possible membrane activities. 

The narrow scope of activity does not influence the detection of cytokines in the surrounding 

areas. It is important to mention that such phenomena were absent for Cell 3 measurement, 

while this cell secreted a much lower quantity of cytokines compared to the others. Therefore, 

the active cell movements could be associated with a higher secretion capacity. Overall, we 

have demonstrated the superior capabilities of our innovative optofluidic system for the single-

cell analysis. This microfluidic-integrated nanoplasmonic biosensor enables a complete 

analysis of cell activation and secretion from isolated individual cells in a label-free, real-time 

and user-friendly manner. By expanding the real-time single-cell analysis to a high-throughput 

configuration with the incorporation of microfluidic cell traps or other strategies [174], we 

would be able to identify and study cell activation and secretion more efficiently. 

Figure 5.12. Time-lapse images of cell movements. The movement of an individual EL4 cell during 
the first 60 min of one measurement for IL-2 secretion analysis. The overall movement distance is
within 10 μm, which is less than the size of cell spot ROI. 
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5.3 Conclusion 

We introduce a novel design of an optofluidic nanoplasmonic biosensor for single-cell cytokine 

secretion analysis. This biosensor platform builds upon the ultrasensitive gold nanohole arrays 

integrated with an easy to fabricate but sophisticated microfluidic system, enabling real-time 

monitoring of protein secretion from live cultured cells at single-cell resolution in a label-free 

manner. The integration of pneumatically actuated valve-gates in the microfluidic device 

generates an isolated chamber with a few nanoliters volume for sensitive cell analysis. In 

particular, we incorporate for the first time a novel multifunctional microfluidic design 

involving both regulation and primary microchannels to tackle the common PDMS-mediated 

evaporation challenge for reliable biodetection. This novel design circumvents the need for 

conventional oil sealing or providing a rather high ambient relative humidity, achieving a user-

friendly and facile biodetection configuration. With this biosensor setup, we achieved an 

outstanding sensitivity of 39 pg/mL for direct IL-2 detection in complex media. The IL-2 

molecules secreted from individual EL4 lymphoma cells can also be directly monitored over 

several hours without interrupting the cell culture. The uniform arrangement of nanohole arrays 

over the whole sensor chip surface also allows us to elucidate the spatial distribution of cell 

secretion. Furthermore, the analysis with different single EL4 cells reveals distinct fingerprints 

for secretion capacity despite their similar phenotypes. With these capabilities, the proposed 

nanoplasmonic biosensor system represents a powerful tool to analyze cytokine secretion at 

the single-cell level in a label-free and real-time manner. 
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Chapter 6                                                
Label-free affinity analysis of tumor-

specific CD8 T cells 

 

6.1 Introduction 

Cancer immunotherapies have been identified as a major biomedical breakthrough of the last 

years and will remain a paramount biomedical landmark in the next decades. This efficient 

treatment seeks the activation and restoration of the immune system to fight cancer. Most 

attractive and encouraging advances in cancer immunotherapy have been achieved with the so-

called Adoptive Cell Therapy (ACT) [175], [176]. This approach is a highly personalized 

therapy that involves the identification or genetic engineering of the patient’s own tumor-

specific immunocytes (i.e. T cells) to provide an enhanced anti-tumor activity. The activation 

of T cells is essentially triggered by the interaction between the T-cell receptor (TCR) and 

antigenic peptides presented by the major histocompatibility complex (MHC) in either tumor 
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cells or antigen-presenting cells (e.g. dendritic cells) [177], [178]. It has been shown that the 

affinity and binding strength of a TCR to its cognate peptide-MHC (pMHC) correlate with T 

cell effector functions, and thus the cell-mediated immunity [126], [179]. Therefore, there is a 

need for robust technology that enables rapid identification of autologous or engineered T cells 

expressing TCRs specific for tumor-associated antigens (TAAs).  

Conventional means for assessing TCR-pMHC binding affinity are based on molecular kinetic 

studies employing Surface Plasmon Resonance (SPR) technology [180]–[182]. It has become 

a benchmark technology for label-free and real-time analysis of molecular interaction in 

research and pharmaceutical laboratories. However, the SPR affinity studies are commonly 

performed by flowing recombinant TCR molecules over a sensor chip coated with pMHC 

monomers, namely, three-dimensional (3D) analysis. Apart from requiring expensive 

molecular synthesis, 3D analysis does not take into account the intrinsic cell membrane 

physiology (e.g. co-receptors, membrane fluidity). There is strong evidence that binding 

between soluble monomeric TCR and pMHC cannot reproduce the immunological synapse 

occurring in cells, as it can only predict high-affinity interactions for T cell activation in clear 

contrast. Nonetheless, the low affinity-bindings are offen observed in naturally occurring TCRs 

[183], [184]. Alternatively, the use of reversible fluorescent pMHC multimers (so called 

NTAmers) has been proposed to study monomeric TCR-pMHC dissociation rates by directly 

staining the T cell surface [126], [179], [185]. Although this approach accounts for the co-

receptor contributions on T cell membranes (e.g. CD8) and has been shown to accurately 

correlate with CD8+ T cell responsiveness, it is limited to determining only the dissociation 

rates and cannot evaluate the complete TCR-pMHC binding affinity [185], [186]. Furthermore, 

the use of expensive fluorescent dyes and the need of high amount of cell clones for flow 

cytometry truly hampers the throughput of this technique.  

Two-dimensional (2D) analysis has been proposed to overcome these limitations. This format 

measures the TCR-pMHC interaction kinetics at the interface between a live T cell and a 

surrogate antigen-presenting cell. Compared to 3D analysis, the 2D format has shown an 

exceptional sensitivity in detecting antigen-specific T cells and dramatically different kinetic 

parameters when compared to 3D measurements [185]. However, 2D technologies mostly rely 

on complicated manipulation of individual cells with sophisticated equipment or they require 
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fluorescent labelling of TCR and pMHC molecules, which could interfere with the native 

behavior of cells and considerably hamper their application for rapid and efficient screening of 

T cells. 

In this work, we harness the exceptional properties of plasmonic SPR biosensors for label-free 

2D TCR-pMHC affinity analysis to develop a multifunctional and biomimetic methodology. 

We create an artificial cell membrane scaffold on the sensing surface and anchor tumor-

associated pMHC monomers as specific probes to capture the target T cells. Artificial 

membranes formed by planar lipid bilayers have been widely employed  for the study of cell 

biology (e.g. protein-membrane interactions, ion channel regulation) and drug discovery 

research [187]–[189]. In the field of immunotherapies, planar lipid bilayers have been used to 

visualize the formation of pMHC clusters during the immunological synapse with live T cells 

and its direct influence in T cell activation and cytokine secretion [153], [190]. Mooney et al. 

proved that lipid bilayer scaffolds can mimic antigen-presenting cell membranes and could 

drastically increase the efficiency of ex vivo immune cell proliferation [191]. We have 

developed an innovative procedure combining a functional lipid bilayer interface with a multi-

parametric label-free plasmonic biosensor for real-time T cell affinity interrogation. Our multi-

parametric SPR biosensor can scan the full angular spectrum of the reflected light, enabling 

the online correction of possible bulk refractive index interferences caused by the whole cell 

entity. Furthermore, the instrument is equipped with three lasers of different wavelengths for 

simultaneous analysis, which allows precise structural characterization and validation of the 

functionalization procedures. We analyze the capture efficiency and structural affinity of CD8+ 

T cells expressing engineered TCR of incremental affinities for the melanoma antigen NY-

ESO-I.21. Our 2D biomimetic sensor enables the identification of tumor-specific CD8+ T cells 

in a rapid, efficient and accurate manner. We anticipate the implementation of this technique 

as a valuable step forward in the development of cost-effective personalized therapies against 

cancer. 
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6.2 Results and discussion 

6.2.1 Multi-parametric surface plasmon resonance (MP-SPR) 

Our biosensor is based on a surface plasmon resonance (MP-SPR) system combined with a 

biomimetic scaffold for enabling live T cell affinity analysis (Figure 6.1). By analyzing the 

SPR sensorgrams, it is straightforward to extract the kinetic parameters for association and 

dissociation processes (kon and koff, respectively) and the corresponding affinity constant (KD) 

(Figure 6.2c). However, SPR kinetic analyses are generally performed using biomolecules in 

solution or, in certain occasions, employing immobilized cells to study the interaction of their 

receptors with target proteins or drugs [192]–[194]. So far, to our knowledge, no studies have 

attempted the direct affinity analysis of cell membrane receptors employing live cells as 

analytes. 

There remain two main challenges for SPR analysis using live cells: the complexity of 

capturing the whole cell in flow and the bulk refractive index change occurring simultaneously 

to the molecular binding. In conventional SPR analysis using soluble biomolecules, bulk 

artifacts are mostly due to different buffer compositions and can be subtracted from a reference 

channel. In our case, the target analyte (TCR) is not free in solution but embedded into the 

Figure 6.1. Illustration of the biomimetic assay design on a plasmonic chip. A planar lipid bilayer 
simulates an artificial cell mem-brane with tumor-specific pMHC tethered on the surface; T cells in 
flow interact with the biosensor interface through their T-cell receptor (TCR). 
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whole cell entity that inherently produces a change of the dielectric refractive. For subtracting 

this bulk effect, an intrinsic reference must be considered. 

We employ a multi-parametric SPR (MP-SPR) approach based on the full angular scan of light 

incidence (50°–80°, Figure 6.2a). The main advantage of this technique is the real-time 

monitoring of not only the SPR angular dip displacements – probing the molecular binding on 

the surface – but also the total internal reflection (TIR) region (Figure 6.2b). The TIR spectral 

Figure 6.2. Illustration of the MP-SPR analysis principle. (a) Schematics of a prism-coupling SPR 
system with three-wavelength lasers and angular scanning mechanism. (b) Example of a three-
wavelength MP-SPR curve with the total internal reflection (TIR) angle (shaded area) and the SPR dip
displacement before and after analyte capture (solid and dashed lines, respectively). (c) Example of an
MP-SPR sensorgram with association (capture of analyte), steady state (equilibrium-shaded area) and 
dissociation (release of analyte). 
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shape changes with the bulk refractive index, so that it provides an accurate reference for 

extracting the intrinsic interferences produced by the whole cell entity [195]. With this method, 

we can obtain real-time sensorgrams revealing solely the kinetic information of the 

biomolecular interaction. Additionally, our MP-SPR instrument was equipped with three laser 

sources (wavelengths: 670 nm, 785 nm, 980 nm) to enable a comprehensive and parallel 

structural characterization of the metal-dielectric interface properties, such as the layer 

thickness and the refractive index of the materials deposited on the sensor. These measurements 

are performed by analyzing the full MP-SPR angular spectra (TIR and SPR dip) before and 

after each binding step (Figure 6.2b). Fitting the curves to corresponding models, it is possible 

to calculate by numerical iteration the approximate values for the thickness and refractive index 

or each biochemical layer. 

6.2.2 Formation of functional lipid scaffolds on plasmonic surfaces 

PEGylated alkanethiol SAMs are considered a standard methodology for gold surface 

modification, providing a hydrophilic chemical matrix with excellent surface coverage and 

composition flexibility for incorporating different functional groups (–COOH, –NH2, –biotin, 

etc.). This strategy is robust, simple and highly reproducible [196], [197]. However, the 

immobilization of bioreceptors on a SAM renders static attachment and thus provides no 

mobility, hampering the formation of molecular clusters or specific receptor-ligand assemblies 

when contacting the T cell membrane [198]. Such mobility can be accomplished with planar 

supported lipid bilayers, which are known to present high fluidity and allow natural 

rearrangements within the surface [153]. 

In order to measure T cell affinities in a 2D format, the plasmonic sensors were functionalized 

with different biochemical scaffolds mimicking artificial cell membranes. We have studied 

three interfaces tethered with different bioreceptors: (i) a functional polyethylene glycol (PEG) 

chemical matrix in the form of alkanethiol self-assembled monolayer (SAM) as a reference; (ii) 

a functional supported lipid bilayer (SLB); and (iii) a functional hybrid bilayer membrane 

(HBM) (Figure 6.3).  



6.2. Results and discussion 

 105

SLB can be formed on planar substrates by disruption of small unilamellar vesicles (SUV) 

upon contact with hydrophilic surfaces, like SiO2 [199]. Hence, the common strategy to prepare 

SLB on plasmonic sensors is pre-coating the gold surface with a thin layer of SiO2 (10-15 nm). 

Although this technique is effective and relatively simple for SPR sensors, transferring to more 

sophisticated plasmonic nanostructured surfaces could be problematic (e.g. reducing sensitivity) 

[189]. The formation of hybrid lipid bilayers could be an alternative solution [200], [201]. 

HBM is built by modifying the gold surface with a hydrophobic alkanethiol SAM (e.g. 

octadecanethiol, ODT), which mimics the hydrophobic carbon chains of lipids. When vesicles 

ba 

dc 

fe 

Figure 6.3. Formation and functionalization of supported lipid bilayer (SLB) and hybrid bilayer 
membrane (HBM). (a) Formation of SLB by disruption of small unilamellar vesicles (SUVs), rinsing
with NaOH and blocking with BSA. (b) Formation of HBM by disruption of SUVs on a previously
formed alkanethiol SAM and primed with a detergent (octyl β-D-glucopyranoside, OG), rinsing with 
NaOH and blocking with BSA. (c-d) Antibody immobilization by carbodiimide activation of COOH
(i.e. EDC/NHS) and blocking with ethanolamine (EA). (Ee-f) Peptide-MHC immobilization through
biotin-streptavidin interaction. Dashed lines illustrate the equilibrium signal reached for relevant
functionalization steps. 
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are introduced, they disrupt to form the complementary lipid layer on the hydrophobic SAM. 

A priming step in HBM formation is necessary to assure a well-ordered and clean hydrophobic 

monolayer in aqueous solution conditions [202]. Two different SUV compositions were 

employed. With phosphatidylcholine (POPC) as the main lipid component (90% molar ratio), 

it was combined with either a COOH-functioned lipid (10% DOPS) or a biotin-functioned lipid 

(10% biotin-DOPE). On these scaffolds we selectively attached two bioreceptors for cell 

detection and study: CD3 antibodies (anti-CD3 Ab) were chosen as polyclonal capturing 

elements and immobilized by covalent amide binding to COOH-ended lipid layer; specific 

peptide-MHC complex (pMHC) monomers for tumor-specific detection were immobilized via 

biotin-streptavidin interaction. All the functionalization procedures were monitored and 

characterized with the MP-SPR biosensor as shown in Figure 6.3. 

The analysis of the sensorgrams and angular spectra obtained for both SLB and HBM 

procedures (Figure 6.3a and b) confirmed and validated the formation of stable, uniform, and 

planar lipid layers on the sensor surface. It can be observed that the SUV disruption occurs as 

a cooperative binding event (sharp signal increase), revealing that all lipid vesicles rapidly 

break down and reassemble in the form of a flat layer upon contact with the surface. The rinsing 

step with sodium hydroxide and subsequent blocking step with bovine serum albumin (BSA) 

resulted in negligible responses, proving that neither vesicles nor empty spaces remained on 

the functionalized sensor surface. To further characterize the formation of both membranes, 

the layer thickness and refractive index of the interface were determined by the MP-SPR 

instrument. This measurement was carried out by fitting the angular scans obtained from the 

three wavelengths (670 nm, 785 nm, 980 nm) to their corresponding models (Au-SiO2 layers 

and Au layer, respectively), and resolving the unknown values (layer thickness and refractive 

index) by numerical iteration (section 3.6.2). For the SLB, we measured a thickness of 

approximately 5-6 nm (Table 6.1), while for the HBM, the alkanethiol ODT was measured to 

be around 2 nm and the lipid monolayer 3 nm (Table 6.2). These values agree well with 

expected and reported values for the lengths of the biomolecules forming planar bilayers [203], 

[204]. 
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Table 6.1. Layer thickness for the Supported Lipid Bilayer (SLB). 

 

Table 6.2. Layer thickness calculated for the Hybrid Lipid Bilayer (HLB). 

Layer Support Au ODT Lipid Buffer 

Refractive index (n) 

670 nm 1.5202 0.17207 1.4503  1.4496  1.33086 

785 nm 1.5162 0.19278 1.46258  1.45037  1.32897 

980 nm 1.5129 0.26646 1.44698  1.4508  1.3251 

Attenuation coefficient (k) 

670 nm 0 3.86206 0.00227  0.00603  0.00175 

785 nm 0 4.78498 0.00646  0.00687  0.0001 

980 nm 0 6.22043 0 0 0 

Thickness (d, nm) ∞ 54.29 1.95 2.88 ∞ 

 

6.2.3 Polyclonal detection of human T cells in real time 

To demonstrate the feasibility of our biochemical matrices for the capture and detection of T 

cells, we functionalized the three different scaffolds (PEGylated alkanethiol SAM, SLB, and 

HBM) with anti-CD3 antibodies (Figure 6.4). Human SupT1 cells transduced with wild-type 

TCR specific for the HLA-A0201/NY-ESO-I157-165 pMHC complex were used. The 

antibodies target a membrane cell receptor complex (cluster of differentiation 3, CD3) 

expressed in T cells that serves as a co-receptor with TCR for T cell activation. Anti-CD3 

antibodies are widely employed as markers and biorecognition elements for the identification 

of polyclonal T cells with high efficiency and reliability [191]. Antibody immobilization was 

carried out by covalent binding of their amine terminal groups (e.g. Lysine residues) to the        

–COOH groups exposed on the SAM, SLB, and HBM. This well-known procedure requires 

the activation of carboxylic groups via carbodiimide intermediate (EDC/NHS) to form a highly 

Layer Support Au SiO2 Lipid Buffer 

Refractive index (n) 

670 nm 1.5202 0.17268 1.43378 1.45089 1.33056 

785 nm 1.5162 0.19308 1.45439 1.4502 1.32967 

980 nm 1.5129 0.26648 1.418376 1.4513 1.32513 

Attenuation coefficient (k) 

670 nm 0 3.85987 0.00209 0.00588 0.00169 

785 nm 0 4.78496 0.00628 0.00178 0.00009 

980 nm 0 6.22046 0 0 0 

Thickness (d, nm) ∞ 52.10 10.99 5.86 ∞ 
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stable amide link with the biomolecule (Figures 6.3c and d). Later, the unreacted active groups 

can be deactivated with ethanolamine.  

In order to optimize the interface and assay conditions for the cell capture, several factors were 

considered. Due to the large size of mammalian cells (10-15 μm), we employed a low molar 

ratio of COOH functional groups for all the biochemical matrices (10%). It has been shown 

that the relatively low density of antibodies on the surface greatly facilitates the detection of 

large analytes, such as cells or pathogens [121]. Flow conditions, temperature, and dilution 

buffers were also thoroughly defined for the analysis. Cell samples were collected from culture 

media and resuspended in ice-cold Krebs buffer containing 3 mM EDTA. This buffer 

guarantees a sufficient cell dispersion in solution, avoiding possible cell aggregations while 

ensuring sufficient ionic strength and glucose content. Low buffer temperature prevents the 

internalization of membrane receptors [205]. For cell measurements, 250 μL samples were 

introduced and flowed over the sensor surface at 10 μL/min, followed by subsequent rinsing 

with the same buffer at the same flow rate. The sensorgrams obtained for cell capture at 

different cell densities with the three different scaffolds are shown in Figure 6.4 (b-d). In all 

three cases, we obtained a limit of detection of approximately 500 cells/mL. This high 

sensitivity already demonstrates that the designed sensing interfaces could be extremely 

valuable for direct cell detection, isolation, and analysis. Compared to the state-of-the-art, it is 

worth mentioning that very few works have reported the real-time detection of mammalian 

Figure 6.4. Polyclonal cell capturing and detection on the different functionalized surfaces. (a) 
Illustrative scheme of a lipid membrane functionalized with anti-CD3 antibodies capturing a CD8+ T 
cell. Wild-type CD8+ T cell attachment to anti-CD3 antibodies immobilized on (b) an alkanethiol SAM, 
(c) a SLB, and (d) a HBM. All sensorgrams show sequential injections of cell samples at different
densities: 102-105 cells/mL. 



6.2. Results and discussion 

 109

cells with plasmonic biosensors, which exposes the evident difficulty and challenges of such 

process mainly related to mass transport and the complexity and delicacy of live cells [206]. 

To our knowledge, most recent SPR biosensors using cells as analytes do not show detection 

limits below 104 cells/mL [205], [207]–[209]. With our strategy, we can detect up to 2 orders 

of magnitude lower concentrations.  

Differences in the MP-SPR sensorgrams revealed contrasting behaviors of cell capturing when 

employing a conventional static SAM or the planar membrane scaffolds. It can be noticed that 

both SLB and HBM provided significantly higher sensitivity for cell detection, resulting in 

larger SPR responses for high cell densities especially. This might be attributed to the 

preference of cells for attaching to biomimetic matrices and also to antibodies immobilized on 

fluidic membranes with better ability to rearrange on the surface and accommodate a higher 

number of cells. Interestingly, distinct sensorgram shapes were observed during the 

dissociation phase. For SAM measurements, the signal decrease after reaching the steady state 

was qualitatively higher than for SLB or HBM. This effect could reflect the dissociation and 

washing of non-immobilized cells on the sensor surface, confirming that more cells are 

captured by functional artificial membranes and the attachment is more efficient.  

6.2.4 Tumor-specific detection of human T cells in real time 

An attractive and extremely relevant biomedical application for our interface biosensor design 

is the detection and analysis of tumor-specific CD8+ T cells. The real-time capture of specific 

T cells in a label-free plasmonic sensor would enable to analyze the kinetics and affinity of 

intact T cells for tumor-associated antigens, without any chemical or mechanical interference. 

To accomplish this, instead of functionalizing the biochemical matrices with anti-CD3 

antibodies, which target the majority of T cells, we immobilized synthetic biotinylated HLA-

A0201 major histocompatibility complex (MHC) monomers loaded with the NY-ESO-I157-

165 antigen (Figure 6.5a). Besides, the CD8+ SupT1 cells were genetically transduced with the 

wild-type TCR isolated from a melanoma patient and recognizing this specific HLA-

A0201/NY-ESO-I157-165 complex [125]. Note that the previous measurements with anti-CD3 

antibodies were performed with these same cells. To facilitate pMHC immobilization, the 
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monomers were enzymatically biotinylated on the heavy chain in such a way that the tag does 

not interfere with the peptide recognition site and enables a simple attachment via biotin-

streptavidin interaction. In our case, the procedure generally consisted in forming a biotin-

functional layer – either with biotinylated PEG alkanethiols for the conventional SAM matrix 

or by using biotin-DOPE lipid in the SUV composition of the lipid membranes. Then, 

streptavidin molecules were attached to the scaffolds and the remaining available sites were 

used to incorporate the biotinylated pMHC monomers (see Figure 6.3e-f). The biotin density 

of the three different biochemical matrices was also adjusted to minimize steric hindrance 

issues for cell capturing, employing only 10% molar ratio of the biotinylated reagents.  

Adopting the conditions previously optimized for anti-CD3 detection (e.g. flow conditions, 

temperature, and buffer), CD8+ SupT1 cell samples at different densities were measured with 

the MP-SPR biosensor (Figure 6.5b-d). The first and more significant difference observed 

when comparing to CD3 targeted assays is the relatively lower signals obtained for tumor-

specific capturing (4-6 times lower). This result is not surprising as the affinities between TCR 

and pMHC are indeed weaker in nature (i.e. in the μM range). To confirm cell binding to pMHC, 

we also acquired optical microscope images of gold chips selectively modified with pMHC 

after incubation with SupT1 cell samples (Figure 6.6). The images revealed that the cells 

effectively contact and bind to the pMHC functionalized spots while no cells attached to the 

regions without the specific pMHC. It is important to notice though that the dissociation phase 

Figure 6.5. Tumor-specific cell capturing and detection on the different functionalized surfaces. 
(a) Illustrative scheme of a lipid membrane functionalized with pMHC monomers capturing a CD8+ T 
cell. Wild-type CD8+ T cell attachment to specific pMHC immobilized on (b) an alkanethiol SAM, (c) 
a SLB, and (d) a HBM. All sensorgrams show sequential injections of cell samples at different densities:
102-105 cells/mL. 
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in these sensorgrams is clearly different to the polyclonal capturing signals. The interaction 

between T cells and pMHC-functional layers is reversible, indicating that after association and 

equilibrium, the immune cells are being released steadily with the continuous flow. This 

observation agrees with the biological analysis reported in the literature, stating that a relatively 

quick contact between wild-type TCR and specific peptides expressed in antigen-presenting 

cells is sufficient for triggering T cell signaling [126]. Yet, both the study of association and 

dissociation kinetics are crucial to determine T cell responsiveness. 

6.2.5 Structural affinity analysis of tumor-specific T cells expressing NY-ESO-I-specific 

TCR of incremental affinity 

After optimizing and evaluating the sensitivity for in-flow cell capturing with our biomimetic 

scaffolds, we carried out the label-free affinity analysis of tumor-specific human CD8+ T cells 

in real time and 2D configuration using a plasmonic biosensor. We characterized the kinetics 

of several genetically engineered T cell variants expressing HLA-A0201/NY-ESO-I-specific 

TCRs with different affinities, namely CD8+ SupT1 cells transduced with the wild-type TCR 

(WT) isolated from a melanoma patient, a high-affinity (DMβ) and a low-affinity receptor 

(V49l) designed in silico and validated by SPR, and untransduced SupT1 cells (T1ϕ) as 

negative control [125], [126]. The four cell variants were measured with both biomimetic 

matrices, the SLB and HBM functionalized with the corresponding pMHC (Figure 6.7). 

Figure 6.6. Optical image of SupT1 cells attached to the pMHC-patterned gold substrate. 
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At first glance, the sensorgrams already showed clear differences in the cell affinity for the 

functionalized surfaces. Compared to the WT cells (Figure 6.7 c-d), the signals obtained for 

the DMβ variant reached higher values for all cell concentrations (Figure 6.7 a-b), which can 

be attributed to a higher number of cells attaching to the sensor. Besides, it can be observed 

that cell dissociation in DMβ sensorgrams occurs at a much slower rate. On the other hand, 

T1ϕ cells, which do not express any TCR, did not attach to the surface and therefore MP-SPR 

signals were negligible (Figure 6.7g-h). These negative-control sensorgrams also demonstrate 

the excellent specificity and selectivity of our interface design, avoiding undesired cell 

sedimentation and non-specific binding. Special focus worth to be placed on the V49l 

experiments (Figure 6.7e-f). This engineered TCR has very low affinity for the HLA-

A0201/NY-ESO-I complex and therefore represents a critical challenge for the detection and 

interrogation of very low affinity T cells, like CD4 T cells. Indeed, 3D affinity analyses of such 

receptor by conventional SPR usually fail, lacking enough sensitivity for the detection [125]. 

Our results show that the combined use of MP-SPR, the biomimetic interfaces and the whole 

T cell as analyte enable the detection of the low-affinity lymphocytes and subsequent 2D 

kinetic analysis. Finally, it should be mentioned that no significant differences were observed 

between the SLB and the HBM strategies. These results indicate that our hybrid bilayer 

membrane acts alike the conventional supported bilayers, probably with similar fluidity and 

providing the cells with a microenvironment that simulates the contact with another cell surface. 

Our experiments are introducing a novel methodology that can be readily applied to more 

sophisticated nanoplasmonic sensors, with higher sensitivities, and compatibilities for 

integration in lab-on-a-chip devices and multiplexing. 

To ultimately demonstrate the important capabilities of our technique for 2D structural affinity 

analysis of tumor-specific immune cells, we determined the kinetic parameters of the 

interactions occurring between pMHC-functionalized membranes and the different T cell 

variants. The MP-SPR sensorgrams were fitted to a Langmuir-based function, assuming a 1:1 

specific interaction. In order to confirm and validate our results with standard technologies, we 

extracted the koff parameter for each set of measurements and compared with previous results 

obtained with reversible fluorescent pMHC multimer (NTAmer technology using flow 

cytometry) [126] and 3D molecular SPR analysis [125] (Table 6.3). As expected, our kinetic 



6.2. Results and discussion 

 113

analysis significantly differs from the 3D measurements. Instead, the values are comparable to 

the ones obtained by more novel and reliable methodologies (i.e. NTAmers) that take into 

account the cell membrane organization and contribution. By analyzing the strength of the 

interaction between molecular complexes (i.e. TCR and pMHC clusters) rather than isolated 

molecules, we include avidity factors in the measurement, which increases the accuracy of the 

study [210]. Due to conceptual restrictions in the numerical analysis, the values extracted for 

the kon and KD parameters in our case should not be quantitatively compared with other SPR 

measurements. These parameters highly depend on the exact molar concentration of the target 

analyte, which we could not determine accurately in our laboratory since we employed the 

whole live cell as analyte. However, the qualitative study of the sensorgrams agrees with the 

TCR designs and affinities expected for the different cell variants. The remarkable sensitivity 

of our device enables the binding parameter analysis of very low affinity T cells that seem to 

play an important role in immune mediated responses [211]. In this regard, further investigation 

and evaluation would be necessary to exploit the plasmonic sensing capabilities not only for 

simple molecular analysis but also for the interrogation and screening of live cells.  
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Figure 6.7. Two-dimensional structural affinity analysis of tumor-specific CD8+ T cells. Cell 
capture and analysis on pMHC-functionalized SLB and HBM with (a-b) DMβ T cells, (c-d) Wild-type 
(WT) T cells, (e-f) V49l T cells, and (g-h) Negative control tests with T1ϕ T cells. All sensorgrams 
show the response of different samples with densities: 102, 103, 104, 105 cells/mL (bottom to top). 
Graphs are plotted with the same axes scale for easier comparison. Red lines correspond to the model
fitting for kinetic parameters determination. 
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Table 6.3. Kinetic parameters for NY-ESO-1 specific TCR variants. 

TCR 
variants 

3D SPR analysisa 
Fluorescent 
NTAmersb 

2D MP-SPR analysis 

SLB HBM 

koff (x10-2 s-1) koff (x10-2 s-1) koff (x10-2 s-1) koff (x10-2 s-1) 

DMβ 4.5 0.78 0.57 0.63 

WT 23.0 4.08 3.65 3.81 

V49l n.a. 21.21 17.83 19.54 

n.a.: not applicable 
aSPR measurements reported in [125] 
bFluorescent NTAmer measurements reported in [126] 
 
 
 

6.3 Conclusions 

We have introduced a simple but highly efficient strategy for creating functional artificial cell 

membranes on plasmonic surfaces that enable tumor-specific cell detection, screening, and 

affinity analysis with an excellent sensitivity and reliability. We have demonstrated the direct 

and label-free interrogation of whole and intact cells for determining the TCR structural affinity 

for a relevant melanoma antigen. The multi-parametric SPR biosensor enables the de-

termination and evaluation of the 2D kinetic parameters of TCR-pMHC interactions employing 

whole intact cells as analytes. By functionalizing the plasmonic surface with planar lipid layers 

tethered with specific pMHCs, we enhanced the sensitivity for cell capturing, providing in turn 

an appropriate microenvironment for reliable analysis. This method with its ability to study 

TCR-pMHC affinities can be a valuable tool in cell therapy design and manufacturing 

processes.  
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Chapter 7                                        
Conclusion and outlook 

This thesis demonstrates, for the first time to our knowledge, the potential of plasmonic 

nanohole arrays as label-free biosensor for real-time cell secretion analysis. Plasmonic 

nanohole arrays hold exceptional capability for label-free biodetection due to the enhanced 

optical transmission and straightforward implementation into both optical microscopes and 

point-of-care devices. However, numerous label-free biosensors including the nanoholes have 

rarely reported their detection applications involving live cells due to the rigorous conditions 

required to maintain cell viability across the entire monitoring and minute quantity of 

molecules secreted by cells. 

7.1 Summary 

7.1.1 Advantage of plasmonic nanohole arrays for cell secretion analysis 

Thanks to the straightforward implementation for nanohole array sensors in commercial 

microscopes, cell culture conditions can be readily supplied by on-stage cell incubator. 

In chapter 4, an initial proof-of-concept study was accomplished by incorporating 

microfluidic modules for cell culture and biosensor. Microfluidic techniques have been 

widely employed in biochemistry assays, such as cell culture, mass transport, and 

optofluidic measurements. In this study, cancer cells grow in a typical serpentine 

microchannel design as the cell module, and the biosensor chip is assembled with 

microfluidics as the detection module. By connecting these two modules, the cell-

conditioned media can be continuously transported over the biosensor surface. The 
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selectivity and specificity are guaranteed by functionalizing the surface with specific 

surface chemistry. We are able to reach an outstanding sensitivity of 145 pg/mL for 

VEGF detection in cell media. Additionally, results obtained from the nanoplasmonic 

biosensor agreed well with those measured by the gold-standard ELISA assay, which 

verify the reliability of this novel label-free methodology. Furthermore, the pattern of 

nanohole microarrays fabricated on free-standing membranes generates distinct sensor 

units and enables a promising multiplexed format where versatile surface chemistry can 

be realized on individual units. With these capabilities, this label-free plasmonic 

nanohole array biosensor represents a powerful analytical tool to monitor protein 

secretion from live cells in a real-time manner. 

7.1.2 Analysis from multiple cells to a single cell 

Taking into account of the single-cell heterogeneity in multiple cellular properties, we have 

upgraded the format of nanohole arrays from individual sensor units on free-standing 

membranes to nanoholes over the whole wafer. The large-scale arrangement of the 

nanostructures eliminates the spatial restraint for surface chemistry and cell positioning, which 

enables facile analysis using single-cells. In addition, we have introduced a novel design of an 

optofluidic biosensor integrating a multifunctional microfluidic system for reliable single-cell 

cytokine secretion analysis.  

The microfluidics contains pneumatically actuated valve-gates in the cell-loading channel, 

generating an isolated microchamber with a volume of few nanoliters for sensitive single-cell 

analysis. In particular, we incorporate a regulation channel layer over the principle cell channel 

to tackle the intractable issue of PDMS-mediated liquid evaporation. This is particularly critical 

as the vast water evaporation from the subnanoliter cell chamber is fatal for cell survival and 

especially reliable optical readout. This novel microfluidics design circumvents the need of 

anti-evaporation oil sealing or providing a rather high ambient relative humidity, creating a 

neat and user-friendly optofluidic configuration. With this biosensor setup, the secretion of IL-

2 molecules from single EL4 lymphoma cells can be directly monitored without interrupting 

the cell culture. Spatial mapping of the secretion event is also realized by analyzing the IL-2 

binding at different locations around the individual cell due to the uniform distribution of 
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nanoholes. Therefore, the real-time single-cell secretion analysis has been realized in both 

temporal and spatial manner. 

7.1.3 Analysis within mimicking cellular environment 

Despite exploring the biosensor’s detection potential incorporating live cells, one key factor 

should not be ignored, which is the cellular microenvironment, or the so-called cell niche. It is 

now widely acknowledged that recreating a biomimicking cell niche is essential for in vitro 

studies. Theoretically, all types of cell-cell interactions occur at lipid membrane interface, 

especially in adoptive immunity (i.e., antigen recognition) and adoptive cell transfer-based 

tumor immunotherapy. Therefore, we have introduced a straightforward strategy by creating 

artificial cell membranes on the plasmonic surface. The supplementary lipid layer can resemble 

the membrane of antigen-presenting cells for TCR-pMHC recognition studies. Thus we applied 

this biomimicking sensor surface for tumor-specific T cell affinity analysis with an excellent 

sensitivity and reliability.  

The intact live cells were employed as analytes for determining the TCR affinity to a relevant 

melanoma antigen in a direct and label-free manner. A multi-parametric SPR biosensor was 

used to evaluate the 2D kinetic parameters of TCR-pMHC interactions. This method with its 

ability to study TCR-pMHC affinities can be a valuable tool in cell therapy design and 

manufacturing processes. For instance, it can be used to evaluate newly engineered TCR 

designs with selected cell lines. By selecting suitable membrane receptors, the complete 

profiling of cell functionality, specificity, and activity can be obtained. In this regard, it would 

be powerful to eventually extend the method for operation in more complex matrices such as 

blood. This would for example enable the direct capture and isolation of tumor-specific primary 

T cells from peripheral blood samples, which could be readily employed for immunotherapy 

development.  

Additionally, incorporating single-cell measurement capabilities could enable more accurate 

analysis and identification of anti-tumor activity and the possibility to decipher the underlying 

mechanisms of immunological functions. For such future directions, it will be necessary to 

carefully optimize surface chemistry, microfluidics, and assay conditions to mitigate non-
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specific binding as well as introduce new plasmonic sensing schemes to improve the overall 

device sensitivity. The upcoming synergy between nanotechnologies and bioengineering 

methods has the potential to revolutionize the field of personalized therapies for cancer, auto-

immune disorders, or other critical diseases. 

7.2 Challenges and perspectives 

7.2.1 Enlarge the analysis scale for single cells 

The excellent ability of plasmonic nanohole arrays to decode dynamic protein secretion 

(cytokine or growth factor) from live cultured cells has been demonstrated in this thesis. By 

minimizing the detection volume with microfluidics, the real-time analysis resolution has been 

enhanced up to single-cell level, leveraging the applicability of this plasmonic biosensor. 

Single-cell analysis has shown remarkable potential for understanding fundamental biology, 

adoptive cell therapy and developing personalized medicine. Nonetheless, a sufficient and vast 

throughput to analyze hundreds to tens of thousands of single cells is indispensable to 

distinguish the candidate cells. Such enormous scale requires both a large-scale arrangement 

of individual cells and a multiplexed high-throughput readout for label-free biodetection. 

How to individually separate the cells 

Numerous techniques have emerged to enable efficient generation and arraying of single cells 

for downstream assays[212]. Most of the reported techniques have exploited microfluidics-

based systems, such as droplet microfluidics [213], [214] and physical cell traps [215] 

embedded in channel-based microfluidics. These systems are often designed as sophisticated 

network of fluidic conduits which require fine tuning of geometrical and hydraulic factors to 

maximize the yield of single-cell units. Another widely-employed and more user-friendly 

method exploits gravity-facilitated single-cell deposition in subnanoliter structures (e.g., 

microwells, microgrids) [150], [153]. In this configuration, the tedious fluidic manipulation is 

replaced by simply dispensing cell suspension on top of the cell-trapping structures followed 

by gravity-driven cell deposition into the trap. However, due to the limitation of manufacturing 

and handling, the geometrical feature of one single trap is a few times bigger than the size of a 

single cell. In addition, considering the various waiting duration for cell deposition, the yield 
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of structures containing a single cell mostly follows a Poisson distribution. In the work 

described in chapter 4, single cells were obtained by high dilution of cell suspensions and 

placing a small number of cells across a relatively large area. The randomness as well as the 

complicated multilayered microfluidics impede further enlargement of the analysis scale and 

easy handling of the entire device. 

The liquid dispensing technique (described in section 3.5.3), however, has opened up an 

alternative methodology to separate the cells. By integrating high-resolution real-time imaging 

algorithm, the camera responsible for monitoring droplet formation can be employed for single-

cell distinction. As shown in Figure 7.1a, the algorithm segments the tip of liquid dispensing 

nozzle into two zones: zone 1 for single cell ejection and zone 2 for cell sedimentation. The 

ejection zone contains the volume of only a single droplet, while the sedimentation zone acts 

as a buffer region to prevent extra cells from sedimenting into the ejection zone during the 

nozzle movement. A single cell will be dispensed at the user-defined locations only when zone 

1 contains one cell and zone 2 contains no cell (Figure 7.2b). In this way, the yield of single 

Figure 7.1. Single-cell dispensing technique with liquid dispensing tool. (a) The new technique, 
CellenONE®, has been developed by Cellenion, France. (b) Mechanism of single-cell dispensing. (c) 
Single lung cancer cells were successfully isolated and positioned on individual spots.  
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cell arrays can reach almost 100% in a straightforward manner (Figure 7.1c). This novel 

technique paves a promising alternative avenue towards single-cell studies. 

How to monitor a large number of single cells 

Following the generation of single cell arrays, the format of label-free detection readouts 

should also be expanded for high-throughput analysis. The real-time collection of optical 

signals described in this thesis are carried out by spectroscopic imaging. This imaging setup 

enables excellent spectral sensitivity for nanoplasmonic sensing. Nevertheless, the spatial 

imaging throughput is in turn greatly comprised, with only one single image can be analyzed 

during the entire real-time monitoring process. The two-dimensional image is inevitably 

cropped to one-dimension by the linear entrance slit (Figure 3.1) in order to guarantee that the 

spectrum derives from an accurate sensor area without spectral contamination from 

surrounding areas. A possible solution requires precise synergy between the spectra acquisition 

and spatial scanning of all the single cells. Such evolved setup can be fulfilled by further 

software programming incorporating the microscope mechanics and image analysis. 

Alternatively, a conversion from spectral interrogation to quantifying image intensity will 

fulfill the high throughput without immensely investing on software synchronization. The 

binding of target molecules on plasmonic surface induces a spectral shift. By filtering the 

illumination or transmission spectrum, the spectral shift will additionally induce a 

Figure 7.2. Principle for plasmonic intensity imaging analysis. (a) With narrowband illumination, 
the spectral shifts of the resonance peak can be converted to intensity variation. (b) A proposed scenario
of high-throughput single-cell secretion analysis with intensity-based imaging technique. 
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corresponding intensity changes (Figure 7.2a). This signal conversion facilitates spontaneous 

detection readout across a larger sensor area, enhancing the analysis in enhanced throughput 

(Figure 7.2b). This alternative strategy has also been adopted in SPRi (SPR imaging) system 

[216], confirming the promising application for large-scale label-free optical detection. 

Furthermore, the mechanical control and real-time imaging analysis can be readily performed 

by established commercial microscope imaging software (e.g., Nikon NIS-Elements). 

However, more in-depth investigations are necessary regarding the detection sensitivity, 

namely the limit of molecule detection. 

7.2.2 Retrieval of target cell candidates after screening 

With the high-throughput analysis format, the plasmonic label-free biosensor can be exploited 

as a fast screening platform to select chemical candidates for drug discovery and functional 

cells for adoptive cell therapy. Hence a technical challenge has emerged for the application of 

cell screening, which is the recovery of the target cells for downstream procedure. Due to 

microscale feature of one individual cell, it is unrealistic to access the cell with manual 

pipetting. Different strategies could be designed based on the screening platform employed for 

the single-cell assays. 

For microfluidic-based platforms 

Microfluidics offers accessible means to recover single cells. The recent advancement of 

microfluidic technology has upgraded the systematic sophistication from simple monolayered 

liquid channels to complex network of multilayered conduits for multiple fluids [215], [217]–

[219]. This new configuration of fluidic channels, namely microfluidic circuits, incorporates 

pneumatic or hydraulic pressure regulation to manipulate the underlying liquid transportation. 

Sophisticated but precise sequence of reagent administration can be readily applied for single 

cell capturing, cell culture and biochemical assays (e.g., cell lysis and immunofluorescence 

imaging). Moreover, the entire process of fluidic regulation and relevant microscopic imaging 

can be programmed and automated without the need of operator attendance [218]. However, 

the design and operation of such complex system still require extensive expertise of 



Chapter 7. Conclusion and outlook 

 124

microfabrication, software programming and related engineering techniques, encumbering the 

immediate application for laboratorial and industrial purposes. 

 

For basic microscale single-cell platforms 

Some user-friendly platforms have been accessible to biological researchers for single-cell 

studies, such as solid-based arrays of microscale open structures (e.g., microwells). The end 

users can simply deposit suspended cells on the structures by using liquid dispensing tools to 

generate large-scale single-cell arrays [150]. With such open screening configurations where 

one side of the microstructure is accessible (e.g., top surface of microwells), cells can be 

retrieved through the open surface by precise mechanical techniques, typically a 

micromanipulator [220]. The mechanical device applies gentle suction force at the end of a 

microscale nozzle to grab the cell-of-interest, transports the cells transiently and places them 

in user-desired environment. Micromanipulators have established wide applications in single-

Figure 7.3. Microfluidic circuit for on-chip single-cell analysis and cell recovery. Image reproduced 
from [218]. 
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cell screening studies due to the good compatibility with microscopes for cell imaging. 

Furthermore, automation of such mechanical single cell selection has also been realized (e.g. 

ALS CellCelector™ in Figure 7.4) [221], [222], as well as the integration with the upstream 

functional detections, distinguishing the candidate cells and isolating them individually for 

subsequent assays (e.g., PCR analysis). Due to the excellent compatibility with common 

biological microscopes, the micromaniputor-based cell retrieval technique offers a facile 

solution for our plasmonic nanobiosensor to analysis automation and clinical application. 

 

Figure 7.4. Mechanical system for single-cell retrieval. ALS CellCelectorTM system is shown here, 
which has been developed by ALS Automated Lab Solutions GmbH, Germany. 
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7.2.3 Biomimicking cell niche on plasmonic nanobiosensor 

Besides the technical issues for cell analysis, another essential factor should not be overlooked, 

which is the growth environment of cells. There are two main interactions ongoing in cellular 

microenvironment: cell-matrix interaction and cell-cell interaction. 

The majority of in vitro label-free cell studies has still been employing two-dimensional cell 

cultures on planar surfaces. However, not all types of cells grow on planar surfaces in their 

original environment. Most of human somatic cells are surrounded by a complex network of 

scaffold biomatrices (e.g., collagen, polysaccharide) and neighboring cells, with which cells 

interact 360°. By plating cells on planar surfaces in vitro, artificial cellular polarization is 

inevitably generated and thus distorts the relevance of analysis outcome to in vivo situation 

(Figure 7.5) [223]. Different strategies have been explored to tackle this challenge. Apart from 

constructing artificial lipid membranes (described in chapter 6), cell encapsulation in 

biocompatible scaffold materials has shown remarkable potential for biomimicking in vitro 

studies [224]–[229]. For instance, hydrogels can effectively contain cells and support long-

term cell survival by providing efficient nutrient supply with high material porosity and a three-

dimensional niche with cell-material interaction in all directions. The choice of materials and 

chemical modifications are readily available for different kinds of cells. By incorporating the 

single-cell dispensing technique, the high-throughput single-cell array can be generated in a 

three-dimensional cell culture format. This will open a new avenue for label-free single-cell 

analysis and accelerate the translation to pharmaceutical and clinical applications. 

Cell-cell interaction is another indispensable player that is involved in cellular 

microenvironment. Indeed, adoptive cell immunity is primarily mediated by interactions 

between antigen-presenting cells (e.g., dendritic cells or macrophages) and T cells. These 

intercellular communications involve numerous molecular binding, recognition and signaling 

events on cell membranes, most of which will trigger the secretion of cytokines, chemokines 

and other effectors [230]. Due to the dynamic nature of these activities, it will be of great 

interest to investigate them with label-free technologies, such as the proposed plasmonic 

biosensors in the thesis.   
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Figure 7.5. The comparison of biological cues between 2D and 3D cell culture scenarios. The 
adhesive, topographical, mechanical, and soluble cues encountered by a cell are extremely different 
between a collagen-coated planar surface (2D) and a typical collagen scaffold. Image reprinted from 
[223]. 
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