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Abstract  

This thesis presents several interlinked projects aimed at sensitive detection of chemical and biological 

species by the use of surface plasmon resonance-based biosensors. This optical technique takes 

advantage of electromagnetic field confined at the nanoscale that is generated by the coupling light to 

the collective oscillation of charge density at the surface of metallic films and metallic nanoparticles. In 

particular, the thesis utilizes surface plasmon field-enhanced fluorescence spectroscopy (SPFS) and 

surface plasmon resonance (SPR) biosensors for sensitive readout of heterogeneous assays on gold sensor 

surface. It focuses on several important aspects that are essential to unlock the potential of optical 

biosensors in the emerging field of biomedical sciences that require detection of species serving as 

biomarkers or drugs, in close contact with the human body, outside of specialized laboratories. Specially, 

it aims at optical biosensor systems that hold potential for continuous monitoring of compounds in 

complex liquid samples and the following three projects have been pursued. 

Firstly, fluorescence assay with weak affinity recognition elements that reversibly bind target analyte has 

been employed. In order to compensate for low fluorescence signal associated with the affinity binding 

of target analyte at the sensor surface, the SPFS was implemented. A fluorophore-labeled hairpin aptamer 

structure was designed for reversible real-time biosensor, which was demonstrated for a model analyte – 

adenosine triphosphate. The sensing concept relies on resonant fluorescence energy transfer between 

the fluorophore label and metal that occurs at short distances. The aptamer hairpin is opened and closed 

by the specific capture of target analyte which is translated to strong variations in fluorescence signal 

intensity amplified by the intense surface plasmon field. A fully reversible sensor was achieved with up to 

23-fold increased fluorescence signal when target analyte was captured. In addition to the aptamer 

hairpin, split sequences were implemented in a sandwich-type assay for the same analyte. The lack of 

interaction of the aptamer split sequences in the absence of the analyte allowed for a highly reduced 

background interference. The sensor demonstrated full reversibility that allowed multiple rounds of 

detection on the same sensor chip, with time resolution of several minutes for ligands with equilibrium 

affinity binding constants at around mM concentration.  

Secondly, hydrogel materials were employed for the construction of a biointerface that is resistant to 

fouling from blood serum. It was utilized in the form of thin surface-attached layers and free-standing 

membranes spanning above gold-coated surface plasmon resonance-based biosensors. The hydrophilic 



vi 

nature of the used hydrogels provided efficient means to repel the unspecific sorption from serum, as 

demonstrated by optical waveguide spectroscopy method. In addition, the interaction of biomolecules 

with the poly-(N-isopropyl)acrylamide – based hydrogel used was thoroughly investigated by fluorescence 

correlation spectroscopy. These materials were tailored for filtering applications as the permeability of 

hydrogels can be efficiently controlled by tuning the pore size. A thermo-responsive hydrogel was used 

for dynamic switching of the membrane with about micrometer thickness between its closed and 

permeable states.  

Thirdly, a thin hydrogel layer was employed as an efficient 3D affinity binding matrix that takes advantage 

of its large surface area. This material was employed in a fluorescence assay that relies on horse-radish 

peroxidase label and tyramide-based enzymatic fluorescence signal amplification. On 2D surface 

architectures, self-quenching occurs which limits the performance characteristics of this approach. The 

use of 3D hydrogel architecture offers means to overcome this limitation and is demonstrated to provide 

2 orders of magnitude increase in the fluorescence signal intensity compared to conventional 

fluorophore-labeled detection scheme.  
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Zusammenfassung

Die vorliegende Arbeit umfasst mehrere Projekte für den sensitiven Nachweis von chemischen und 

biologischen Spezies unter Verwendung von Biosensoren basierend auf Oberflächenplasmonenresonanz. 

Diese optische Technik nutzt die Konzentrierung des elektromagnetischen Feldes auf Nanoebene, welches 

durch die Kopplung von Licht an die kollektive Oszillation der Ladungsdichte an der Oberfläche von 

metallischen Filmen und metallischen Nanopartikeln generiert wird. Insbesondere werden 

Plasmonenfeld-verstärkte Fluoreszenzspektroskopie (SPFS) und Oberflächenplasmonenresonanz (SPR)  - 

Biosensoren für das empfindliche Auslesen von heterogenen Assays auf einer Goldsensoroberfläche 

genutzt. Die Arbeit konzentriert sich dabei auf mehrere wichtige Aspekte, die als essentiell erachtet 

werden, um das Potenzial von Biosensoren in dem aufstrebenden Feld der biomedizinischen 

Wissenschaften zu entfalten. Um dies zu erreichen ist die Detektion von Spezies im Kontakt mit dem 

menschlichen Körper und außerhalb von spezialisierten Labors erforderlich. Besonders wird dabei auf 

optische Biosensorsysteme eingegangen, welche das Potenzial für die kontinuierliche Überwachung von 

Stoffen in komplexen flüssigen Proben haben. Diesbezüglich wurden die drei folgenden Projekte verfolgt: 

Im ersten Projekt wurde ein Fluoreszenzassay mit niedrig-affinen Erkennungselementen genutzt, um den 

Zielanalyten reversibel zu binden. Um das schwache Fluoreszenzsignal der Affinitätsbindung des 

Zielanalyten an der Sensoroberfläche zu kompensieren, wurde SPFS eingesetzt. Für den reversiblen 

Echtzeitbiosensor wurde eine Haarnadel („Hairpin“)- Aptamerstruktur, markiert mit einem Fluorophor, 

designt und mit dem Modellanalyten - Adenosintriphosphat- getestet. Das Sensorkonzept basiert auf 

einem, auf kurzen Distanzen auftretenden, resonanten Fluoreszenzenergietransfer zwischen der 

Fluorophormarkierung und dem Metall. Die Aptamerhaarnadel wird durch die spezifische Bindung des 

Zielanalyten geöffnet und geschlossen, wodurch die Fluoreszenzsignalintensität, verstärkt durch das 

Oberflächenplasmonenfeld, stark variiert.  Ein voll reversibler Sensor wurde entwickelt, welcher ein 23-

fach höheres Fluoreszenzsignal aufweist, wenn der Zielanalyt gebunden wird. Für den gleichen Analyten 

wurden, zusätzlich zu der Aptamerhaarnadelstruktur, auch Splitsequenzen in einem Sandwichassay 

getestet. Bei Abwesenheit des Analyten tritt keine Interaktion der Splitsequenzen auf, was zu einem stark 

reduzierten Hintergrundsignal führt. Der Sensor ist voll reversibel und erlaubt multiple Detektionsrunden 

am selben Chip. Die Zeitauflösung für Liganden mit Affinitätsbindungskonstanten im mM Bereich  beträgt 

wenige Minuten.  
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Im zweiten Projekt wurden Hydrogelmaterialien zur Entwicklung eines Biointerfaces untersucht, welches 

resistent gegen das Fouling von Blutserum ist. Dazu wurden dünne oberflächenverankerte Schichten und 

freistehende Membranen über die goldbeschichteten Oberflächenplasmonenresonanz–Biosensoren 

gespannt. Optische Wellenleiterspektroskopie zeigt, dass die hydrophile Natur der verwendeten 

Hydrogele ausreicht, um unspezifische Bindung von Serum zu verhindern. Des Weiteren wurde 

Fluoreszenzkorrelationsspektroskopie genutzt, um die Interaktion von Biomolekülen mit dem benutztem 

poly-(N-isopropyl)acrylamid – basiertem Hydrogel zu untersuchen. Diese Materialien wurden eigens für 

Filteranwendungen optimiert, da die Permeabilität der Hydrogele durch Variation der Porengröße 

kontrolliert werden kann. Für die dynamische Schaltung zwischen geschlossenen und permeablen 

Zustand der 1 µm dicken Membran wurde ein wärmeempfindliches Hydrogel verwendet.  

Im dritten Projekt wurde eine dünne Hydrogelschicht mit großer Oberfläche als effiziente 3D 

Affinitätsbindungs-Matrix genutzt. Das verwendete Material wurde in einem, auf 

Meerrettichperoxidasemarkierung und Tyramid-basierender enzymatischer  

Fluoreszenzsignalverstärkung beruhendem Assay verwendet. Während auf 2D Oberflächenarchitekturen 

Selbstquenching die Performancecharakteristik dieser Methode verschlechtert, bietet der Einsatz von 3D 

Hydrogelen Möglichkeiten, diese Limitation zu umgehen und eine um 2 Größenordnungen höhere 

Verstärkung der Fluorezenzsignalintensität im Vergleich zu konventionellen fluorophormarkierten 

Detektionsschemata zu erzielen.  
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1. Introduction 
Since the advent of the scientific era, we humans have discovered and realized many fascinating facts 

about ourselves. Diseases and ailments are treated, prevented, supply of food is being increasingly met 

to the current population size, the way of living has become something only fictional books have 

contained. Yet we have insurmountable room for improvement, where little by little everyone 

contributes.  

In the field of clinical diagnostics, new techniques are being developed to meet the growing demands to 

accurately diagnose and more efficiently cure diseases [1, 2]. To date, the majority of analytical tools that 

have been developed allow to sensitively analyze species that serve as biomarkers in specialized 

laboratories. This approach is not suitable for the detection of concentration changes of biomarkers and 

drugs in narrow time windows. This particular aspect can be addressed by continuous monitoring devices 

for detecting biomarkers or drugs that are in close contact with a patient. The only commercial examples 

of such technology now are the glucose monitoring devices based on electrochemical sensing [3]. This 

technology utilizes enzymatic reactions specific to glucose which was tailored to operate long-term and 

eventually provide feedback for appropriate dosing of insulin [4]. In parallel to electrochemical biosensors, 

also various optical techniques [5] were developed for the detection of medically relevant species [6]. 

These efforts complement developments in the electrochemical domain and offer the advantage of 

remote readout that does not require applying electrical power to the device in contact with the sample 

[7]. For instance, wavelength windows in near infrared part of the spectrum can be harnessed at which 

the human skin is transparent [8]. In addition, optical affinity biosensors can take advantage of generic 

recognition elements such as antibodies, peptides, or aptamers which can arguably, specifically bind 

arbitrary analytes. This thesis addresses several challenges that need to be tackled in order to implement 

optical sensing techniques for continuous biosensors of chemical compounds such as drugs or biomarkers. 

It focuses on the utilization of weak affinity ligands that can reversibly bind target analyte at the sensor 

surface, on amplification of optical signal associated to this binding that is inherently lower than that for 

commonly used strong affinity binders, and at biosensor surface architectures that are stable long term 

and resistant to fouling from complex matrices such as blood. 
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1.1. Biosensors 
Biosensors are devices that detect chemical or biological analytes in real-time using biochemical 

recognition elements through different transduction methods. The definition for electrochemical 

biosensor according to IUPAC is “a self-contained integrated device, which is capable of providing specific 

quantitative or semi-quantitative analytical information using a biological recognition element 

(biochemical receptor) which is retained in direct spatial contact with an electrochemical transduction 

element” [9]. The main three components of a biosensor [10] are (Figure 1): 

- Biochemical recognition element (BRE) 

- Signal transducer 

- Sample with analytes 

 

Figure 1. Schematic depiction of biosensor components. 

A biochemical recognition element can be enzymes, proteins, antibodies, ribonucleic acid (RNA) or 

deoxyribonucleic acid (DNA), aptamers, molecularly imprinted polymers (MIPs), peptides, peptide nucleic 

acid (PNA), tissues or cell [11-14]. Interactions of the target analyte in the studied samples with the BRE 

are detected and transformed into measurable and quantifiable electrochemical [15], acoustic, optical, 

piezoelectrical, gravimetric or pyroelectric signals by the transducers [16]. Among the numerous 

biosensors developed, the most widely reported devices apply optical [17, 18] and electrochemical 

transducers [19, 20].  

The key performance characteristics of biosensors are sensitivity and specificity [21], particularly in 

applications where analytes in mind have low molecular weight or are present in trace amounts [22, 23]. 
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There is also a need to find strategies to eliminate the matrix effects [24] produced by the different types 

of samples (cell cultures [25], biological fluids [26], waste water [27] and food [28] etc.,) analyzed. Optical 

biosensors have displayed remarkable performance in meeting the above requirements and holds great 

potential in further pushing the limits of analytical applications [29-33].  

Optical biosensors utilize measurements of optical signal such as fluorescence, absorbance, reflectance, 

scattering and luminescence, and the most established methods are ellipsometry [34], Raman 

spectroscopy [35], fluorescence spectroscopy [36], optical waveguide spectroscopy [37, 38] and surface 

plasmon resonance (SPR) [39-41]. In terms of real-time and label-free monitoring of various analytes at 

low concentration, the SPR is developed to an extent of commercialization [42-45] and an extensive report 

of its application in biosensors can be found [26, 46] since the first report [47].    

Within the frame of this thesis, the SPR is applied along with surface plasmon field-enhanced fluorescence 

(SPFS) and the optical waveguide phenomena to improve assays for the detection of molecules.  

 

1.2. Surface plasmons and surface plasmon resonance 
Stemming from the report of the existence of surface electromagnetic waves by Zenneck and Sommerfeld 

in 1907 [48] and the observation of the distribution of light diffraction by Wood in 1902 [49], the term 

“surface plasmons” (SP) excitation was coined to this phenomenon by Ritchie in 1957 [50]. Surface 

plasmons are collective charge oscillations at an interface between metal and a dielectric [51]. Depending 

on the geometry of the metal surface, commonly planar or spherical, results in what are called surface 

plasmon polaritons (SPP) or localized surface plasmons (LSP), respectively. Propagating waves in free 

space can have a p-polarized or transverse magnetic (TM) and s-polarized or transverse electric (TE) 

polarizations [52]. The dispersion relation (energy-momentum relation) of SPPs is expressed as: 

𝒌𝒌𝑺𝑺𝑺𝑺 = 𝝎𝝎
𝒄𝒄
∙ 𝒏𝒏𝒎𝒎𝟐𝟐 ∙𝒏𝒏𝒅𝒅

𝟐𝟐

�𝒏𝒏𝒎𝒎𝟐𝟐 +𝒏𝒏𝒅𝒅
𝟐𝟐
 . Eq.  1 

The nm and nd represent the complex refractive indices of metal and dielectric, respectively, ω/c is the 

propagation constant of light in vacuum (where ω is the angular frequency, c is the speed of light in 

vacuum) and kSP is the SPP wave vector or wave number. The SPPs propagate along the metal/dielectric 

interface with a field intensity exponentially decaying in the direction normal to the surface, with a 

characteristic depth of about 100 nm which makes SPR an ideal technique for surface studies.  



 

4 

The SPPs can be excited by phase matching using prism or grating structures to couple an incident light 

beam. SPPs will not be directly excited by incident light from free space as seen in Figure 2. Left dashed 

line, however, through the attenuated total internal reflection (ATR) of the light beam inside a high 

refractive index (RI) prism results in coupling at the metal/dielectric interface. Hence SPPs are excited 

(Figure 2. Left. straight line) where the dispersion curves intersect due to the increased momentum from 

prism coupling by ATR. From the two main prism geometries, Kretschmann [53] and Otto [54], the former 

is more widely applied due to its practicality. The Kretschmann configuration involves a thin film of metal 

on a glass prism, through which a laser beam at an incident angle θ higher than critical angle θc is coupled 

by ATR. The reflected beam at the prism base directly excites the SPPs at the outer metal/dielectric 

interface (Figure 2. Center.) as a result of the evanescent field penetrating through the thin metal film (~ 

50 nm). Contrary to the Kretschmann configuration, in the Otto configuration the dielectric separates the 

prism and metal interface and an excitation of SPPs occur at dielectric/metal interface (Figure 2. Right). 

In the Otto configuration, the dielectric layer thickness is limited to around 200 nm and bringing the prism 

at such distances from the metal is difficult and unpractical to achieve.    

 

Figure 2. Left. Dispersion relation of SPP in the Kretschmann configuration. Center. The Kretschmann and Right. 
Otto configurations of prism coupling to SPP. Figure adapted from [55] 

SPPs can also be excited through grating coupling of a light beam. Here, a metal surface with corrugations 

with the appropriate periodicity and depth that allows phase matching is exploited [56]. Since this 

architecture was not applied in this thesis, it will not be further detailed.  

The occurrence of SPP excitation in the Kretschmann configuration of prism coupling is conveniently 

measured by the reflected light intensity. As the refractive index of the medium increases, the momentum 

of the SPPs increases and a higher angle of incidence is required for the SPP excitation. By monitoring the 

intensity of the reflected light as a function of light incidence angle θ, a reflectivity curve is established, 

see Figure 3. Deposition of additional layers (for example biomolecules) onto the metal surface leads to 
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changes in the refractive index and it is accompanied by a shift in the resonant angle of the reflectivity 

curve. The critical angle θc is not affected by changes occurring at the surface, only the overall refractive 

index of the dielectric medium nd. The molecular binding-induced shift in reflectivity resonant angle is 

used to derive information about the thickness of adlayer formed at the surface of the metal film, like 

self-assembled monolayers, molecular adsorption etc. Additionally, by fixing the incidence angle θ, the 

reflectivity variations can be monitored as a function of time t where kinetic information about the 

molecular interaction with the surface can be deduced [55]. This is the principle of SPR based biosensors 

and will be detailed later in the methods sections.  

 

Figure 3. Angular reflectivity spectra and resulting shift in the SPR angle due to refractive index nd increase at the 
surface.  

1.3. Fluorescence 
Fluorescence is the phenomenon of photon emission by a molecule (fluorophore) as result of excitation 

by light. When photon at a specific wavelength λ is absorbed by a fluorophore at its ground state S0, the 

orbital electron of the molecule is excited to a high singlet state with higher energy. The transition to the 

excited state occurs within ~10-15 s. After the excitation, a rapid relaxation to the singlet state S1 occurs, 

which is an event termed as the internal conversion and it takes place within ~10-12 s. When the molecule 

relaxes and returns from the excited S1 state to the ground state S0, which occurs within ~10-8 s, 

fluorescence occurs as emitted photon. These transitions can be described by the Jablonski diagram 

presented in Figure 4. Bottom. Because of this multiple vibrational energy levels and the vibrational 

relaxation to the lowest vibrational level of the excited state occurring before emission takes place, along 

with emission occurring through the return to the higher vibrational levels of the ground state, one sees 
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that the emission spectrum is a mirror image of the absorption spectrum with lower intensity. From the 

Jablonski diagram one can observe that energy is lost as non-radiative decay for emission and this results 

in emission of light at a longer wavelength and respectively lower energy than the absorbed light, as 

manifested by the shift in the wavelength of the emission peak and absorption peak in the spectrum. 

 

Figure 4. Top. Jablonski diagram that depicts the fluorophore electronic and excitation states. Bottom. Alexa 
Fluor 647 excitation and emission spectra. Image adapted from [57] and [58] 

This effect is called the Stokes shift [59] and is highly dependent on the environment and the type of 

fluorophore. Due to additional non-radiative pathways knr that compete with the radiative decay kr, the 

quantum yield Q or the ratio between absorbed photons and emitted photons is defined as below, which 

is lower than unity: 

𝑸𝑸 = 𝒌𝒌𝒓𝒓
𝒌𝒌𝒓𝒓+𝒌𝒌𝐧𝐧𝐧𝐧

. Eq.  2 

where, kr is the radiative decay rate and knr is the non-radiative decay rate. The average time the 

fluorophore spends in the excited state before returning to the ground state is called the fluorescence 

lifetime, is expressed as 𝜏𝜏 = 1
𝑘𝑘𝑟𝑟+𝑘𝑘nr

 and typically ranges in the sub to hundreds of ns.  

The emitted fluorescence intensity of a fluorophore can be hampered or quenched by certain conditions 

contributing to knr. Most prominently a molecule termed the quencher, when in close proximity (less than 
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2Å) to the fluorophore, can through a wide range of mechanisms, like collision, ground state or excited 

state complex formation and energy transfer, delay or cancel the emission of photons by the fluorophore 

[57]. The current thesis focuses on energy transfer related fluorescence quenching and will give details of 

resonance energy transfer (RET) mechanism in the following sections.  

 

1.4. Surface plasmon field-enhanced fluorescence 
Surface plasmons have several properties attractive for sensor applications. Specifically for the 

enhancement of fluorescence, the enhancement of the electric field intensity occurring at the metal 

surface is key [60]. A high enhancement of the field intensity is observed around the θSPR as was reported 

by Benner at al in 1979 [61]. The intensity of the SPPs decreases exponentially from the metal surface, 

with a characteristic decay length LSP/2, which is around 100 nm (Figure 5).  

 

Figure 5. Distance dependent electric field intensity distribution on thin gold film (50 nm) in the direction normal 
to the surface into a water dielectric at critical angle (θ = 48 deg) and resonant angle (θ = 57 deg). Calculated for 
Kretschmann configuration at λ= 633 nm with optical constants taken from literature [62]. Image adapted from 

[63] 

This evanescent field at the metal interface can enhance fluorescence intensity from fluorophores placed 

in its proximity through the interplay of three effects: 1) the excitation rate of the fluorophore is enhanced 

[64], 2) the quantum yield is changed to favor radiative decay [65] and 3) the isotropic emission is altered 

and preferably directed to a certain angle [66]. By combining the SPR optical setup with simultaneous 

measurement of the emitted fluorescence light intensity from the metal surface side, the surface plasmon 
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field-enhanced fluorescence spectroscopy (SPFS) is possible and exploited for highly sensitive biosensors. 

Attridge et al [67] have reported the first application for immunoassay in 1991 and later Liebermann and 

Knoll [68] re-introduced this method. Angular measurement of the fluorescence intensity F (Figure 6) 

shows a peak of fluorescence intensity near the resonance angle θSPR. The peak angle of fluorescence is 

typically used for the time resolved measurements to monitor the assay kinetics. Additionally, SPFS 

discriminates fluorescence occurring in the bulk medium from the surface bound fluorophores, that 

allows for reduction in signal-to-noise ratio as compared to solution based homogenous fluorescence 

sensors [58].  

 

Figure 6. An angular reflectivity and fluorescence spectrum of SPFS measurement showing the reflectivity and 
fluorescence intensity changes around the critical angle (bulk) and resonance angle (surface). 

An important factor to take into consideration is the dependence of fluorescence intensity on the distance 

to the metal, since fluorophore located in very close proximity are quenched [69]. It is caused by the 

process of fluorescence resonance energy transfer (FRET), where the fluorophore in the excited state acts 

as a donor and the metal as an acceptor. This process is highly distance dependent as seen from the energy 

transfer rate expressed as 𝑘𝑘nr(𝑟𝑟) = 1
𝜏𝜏D

(𝑅𝑅0
𝑟𝑟

)6, where 𝜏𝜏D is the donor decay rate, R0 is the Förster distance, 

and r is the distance between donor and acceptor [70]. The distance dependency is used as a ruler in 

biomolecular interaction studies and it will be elaborated in chapter 4. 

.  
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1.5. SPR biosensor surface architectures 

1.5.1. Planar gold film 
The sensor chip commonly used for SPR sensing is composed of a planar thin gold film deposited onto a 

glass substrate. Gold is mainly used for surface plasmon excitation, as unlike the other metals like silver, 

aluminum, copper and indium that exhibit SPR as well, it is more chemically inert, has a narrow resonance 

dip and numerous procedures for chemical modifications have been developed. The thickness of gold for 

the ATR-based excitation in Kretchmann geometry should typically be around 50 nm thick for sensor 

applications. An example of the dependence of field intensity enhancement on the metal thickness is 

shown in Figure 7 [71].  

 

Figure 7. Angular field intensity enhancement spectra for different thicknesses of gold thin layer. The dielectric is 
water (n= 1.33) and incident light has λ= 700nm. Image from [71] 

The glass substrates are coated with a very thin (1-2 nm) adhesion promoting layer, most commonly 

chromium, and the gold layer by thermal evaporation or sputtering technique. To attach the 

biorecognition elements (BREs) onto the gold surface, many different anchoring chemistries are used, 

from which the most prominent are those utilizing the strong and stable interaction of organosulfur 

(sulfur, disulfide, thioethers) groups with Au. These sulfur groups are conjugated to a variety of spacer 

chains (alkyl) with other functional moieties on the other end for the immobilization of biological 

recognition elements. The sulfur group and the spacer (van der Waals interaction ~1.5 Kcal/mol CH2 

group) usually aid the formation of a robust self-assembled monolayer (SAM) onto the Au film with a total 
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hat of adsorption of ~45 Kcal/mol. They also should be inert towards the different proteins and other 

molecular species present in many complex samples analyzed in biosensors, for which alkyl chains with 

multiple polyethylene glycol (PEG) as terminal groups are famously applied.  Ideally, the inert spacer 

should be hydrophilic and neutral in charge. Thickness of this layer mainly ranges from 2 to 10 nm and 

chains form a well-ordered SAM. The density of SAMs is around 1013-1014 molecules/cm2 given ≈20-30 

Å2/molecule and most commonly applied content of inert carpet layer [72] and immobilization of specific 

functional groups in the SAM mixtures is usually 4:1 or 9:1 molar ratio [73]. For the immobilization of 

biomolecules serving as BREs, chemistries targeted at the protein reactive groups like amine, carboxyl and 

sulfurs are exploited [74]. Similar approaches are also applied for peptides, oligonucleotides and other 

biomolecules chosen as the BRE. The commonly used BRE immobilization chemistries [74] are summarized 

in Table 1. The general concept of sensor chip functionalization SAM is illustrated in Figure 8. Importantly, 

the coupling technique should be optimized for each type of biomolecule that is immobilized to achieve 

sufficient coverage, retain the vital recognition properties and be accessible for the analyte binding. The 

linker and the spacer chain however should be stable and fully cover the sensor chip to prevent non-

specific adsorption (fouling). Since alkanethiols on Au surface are tilted by 30 deg (see Figure 8), the area 

per molecule increases with the chain length. When PEGylated SAMs are exposed to aqueous media, the 

assembly changes from an all-trans to helical conformation, which provides water accessibility and 

stability by forming hydrogen bridges, further enhancing protein resistance through water hydration. 

Water hydration layer formed at the PEG SAM films is the sole mechanism of the anti-fouling, which 

improves with increasing layer thickness [72].  

 

Figure 8. Idealized depiction of a mixed self-assembled monolayer (SAM) formed at a gold surface with 
functional coupling group for BRE immobilization and inert spacers for surface passivation. 
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BRE immobilization 
techniques 

Principle Comment 

Non-covalent Adsorption to metal without underlying linker High loss of binding 
Low stability 

Covalent Amine coupling through reactive esters 
-carboxyl- groups on the sensor surface is activated to 
esters, by carbodiimides like EDC (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide), that readily reacts 
with primary amines and other nucleophiles. The short-
lived intermediate O-acylisourea is stabilized through N-
hydroxysuccinimide.  

Coupling orientation not well defined 
N-terminal amines of proteins as a source of 
primary amines, through careful 
manipulation of pH to suit the pI of other 
amines in lysines.  
Carboxylate- and amine- containing buffers 
reduce reaction efficiency. 

 Amine coupling through reductive amination 
-carbonyl groups on the sensor surface is reduced by 
sodium cyanoborohydride to form Schiff base with amine 
groups.  

Reaction takes a long time 
Ideal for polysaccharide surfaces 
 

 Disulfide exchange between reduced sulfhydryl and 
active disulfide 

Orientation of immobilization defined 
Reversible by reduction 

 Sulfhydryl coupling to maleimide through alkylation 
Maleimide has pH specific reaction to sulfhydryl and 
amines 

Orientation of immobilization defined 
Irreversible 
Bifunctional organosulfur on gold surface 
difficult to prepare 

 Hydrazines on the sensor surface couples to the aldehyde 
groups of the carbohydrate via sodium periodate 
oxidation 

Ideal for glycoprotein immobilization 

 Epoxy groups are a highly reactive group to many other 
groups 

Orientation random 

Electrostatic Nitrilotriacetic acid (NTA) complex with Ni2+ binds to poly-
His tags (5-6 His) in proteins and peptides 

Orientation of immobilization defined 
Reversible and relatively stable 

Specific Immobilization of avidin proteins (Streptavidin, 
Neutravidin) to biotinylated sensor surface or vice versa 
The biotin-avidin interaction is strong and highly stable. 

Orientation of immobilization is defined 

 Protein A can be easily immobilized onto the sensor 
surface and be used to capture IgG molecules 

Directed orientation of immobilized IgG 
Reversible 

 

Table 1. List of commonly applied BRE immobilization principles. Summarized from [74] 

1.5.2. Hydrogel binding matrix 
Although two-dimensional (2D) architecture mentioned above is used for studying different biomolecular 

interactions, with relatively simplistic models to describe analyte binding to immobilized BRE on the 

surface in terms of affinity studies, the coverage of BRE is limited to a monolayer. This can in turn limit 

the detection sensitivity of certain molecules that have low molecular weight or are present in trace 

amounts in real samples. To overcome the surface coverage limitation and make high density BRE sensor 

surfaces, polymer chains and networks known as polymer brushes or hydrogels can be utilized. Hydrogels 

are hydrophilic polymers forming a network by crosslinking through some structural units introduced 

during their synthesis. Many crosslinking chemistries exist, like benzophenone (BP) units through UV light 

irradiation, as well as other intrinsic property based crosslinking mechanisms like chain entanglement, 

electrostatic, hydrophobic and dipole-dipole interactions [75]. The formed polymer network is easily 
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hydrated by water, hence forming a hydrogel, which has a solid/liquid hybrid property. Hydrogels are 

composed of chemical monomeric subunit polymers called homopolymer if they are the same subunits 

or copolymer if there are different subunits. There are naturally occurring polymers that form hydrogels, 

mostly polysaccharides or polypeptides, and synthetic ones like vinyl derivatives (poly(meth)acrylic acid, 

poly(vinyl alcohol), etc.). The subunits forming the polymers ideally contain sufficient hydrophilic groups 

to maintain the hydrogel characteristic.  

 

 

Figure 9. Depiction of 3D swelling of bulk hydrogels and 1D swelling of surface attached hydrogel films. A. 3D 
hydrogel, B. microgel, C. polymer brushes and D. surface attached hydrogel film. Image from [75] 

The main morphologies of hydrogels as shown in Figure 9 are categorized as 3D hydrogels, microgels, 

polymer brushes and thin surface attached hydrogel films [75]. Through synthesis and conjugation of the 

polymer units with the above mentioned BRE immobilization chemistries (Table 1), these 3D structures 

can be used for biosensing as a high capacity binding matrix. Within the frame of this thesis, hydrogels as 

thin films will be further discussed in detail, focusing on their applications in biosensing and separation. 

For thin-film hydrogels on biosensor surfaces, naturally occurring dextran-based and synthetic N-

isopropylacrylamide based hydrogels are prominently used [75], with the relevant crosslinker and surface 

attachment chemistries introduced into the polymeric monomer subunit through synthesis. The same 

crosslinkers can be used to attach hydrogels to gold in combination with the 2D chemistries. Other 

adhesion layers can also be used that allows stable attachment of hydrogel polymer chains to gold surface, 

such as thin layers of epoxy. To attach the polymer to the surface in the form of brushes, processes termed 

“grafting to” or polymer chains formed from precursors on the surface, termed “grafting from” can be 

used. To deposit the polymers on the sensor surface to form a hydrogel coating, several techniques can 

be applied such as spraying, casting and spin coating the polymer solution. Spin coating is used most 

prominently [75].  
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By carefully designing the lengths and spacings of the crosslinking units of the polymer chains, the mesh 

size of the hydrogel can be optimized [76]. This affects the overall morphology it takes when swollen and 

can be used to study molecular diffusion through this network [77]. The swelling can be influenced by the 

density of crosslinking, either through increased content of the crosslinking units in the polymer chains or 

post-synthesis crosslinking. Higher degrees of crosslinking reduces the polymer volume fraction in the 

swollen state, resulting in a compact hydrogel [78]. Density of the hydrogel is described by the swelling 

ratio, which is defined as the ratio between the thicknesses of swollen and dry hydrogel layer. 

Fluorescence correlation spectroscopy (FCS) is one of the methods to study the hydrogel mesh size and 

homogeneity of the network, by tracking the movement of fluorescent dyes and labeled macromolecules 

through the hydrogel matrix [79]. Several other techniques are used to study the structural properties of 

hydrogels on a surface such as dynamic light scattering (DLS) [80], X-ray scattering [81], atomic force 

microscopy (AFM) [82], ellipsometry [83] and SPR optical waveguide spectroscopy [84, 85].  

Hydrogels can be responsive to external stimuli (light, heat and solutes) through incorporating chemical 

units that changes the polymer chain network morphology. These changes result in their collapse or 

swelling, and this aspect has found applications as actuators, pumps and valves, tissue and cell culture 

scaffolds, in biosensors and filters [75]. For the purpose of applying hydrogels as a high capacity binding 

matrix for biosensors, the diffusion characteristics of molecules through the network is fundamental [77]. 

In the design of hydrogels, parameters like polymer chain stiffness, amount of charged groups and 

crosslinking density are vital to obtain high interaction between hydrogel and water for efficient swelling 

and larger mesh sizes for the ease of solute and water diffusion. By controlling the diffusion of different 

sized solutes through the hydrogel matrix, filtration and separation can be performed [86, 87]. Hydrogels 

serving as selective filtration membrane can be prepared with the aid of other robust materials (nylon, 

polycarbonate and etc) as mechanical support [88].   

Solid nanoparticles were introduced into the hydrogel matrix to improve certain properties such as 

mechanical strength. These nanoparticles can serve as the crosslinking unit or structural template and be 

grown within the matrix [89, 90]. Benzophenone functionalized silica nanoparticles were crosslinked with 

benzophenone modified poly-N-isopropylacrylamide (pNIPAAm) copolymers to form a composite film 

with enhanced robustness through reduced swelling, yet retaining the hydrogel polymeric 

thermoresponsive behavior [91].  
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1.6. SPR-based biosensors 

1.6.1. Biorecognition elements 
There are numerous reports on biosensors that take advantage of a variety of different BREs, including 

antibodies, peptides, oligonucleotides, aptamers, low molecular weight compounds and molecularly 

imprinted polymers (MIPs) [92]. The most prominently applied type of BREs are antibodies and the type 

of assay utilizing them for biosensors is called immunoassays. Antibodies are the product of the body’s 

defense mechanism against external threats, for instance bacteria, virus, fungi and toxins, to name a few. 

From early on in the exposure, the body recognizes external species and recruits other defense 

mechanisms to recognize, destroy and eliminate, through different antibody and chemokine productions. 

From decades of immunological studies, several classes of antibodies were identified and understanding 

their exact mechanism is progressively improving. The main class of antibodies that are produced as a 

component of the humoral immunity is Immunoglobulin G (IgG) (Figure 10). Antibodies bind to the foreign 

body through the recognition of antigens and this interaction comprises the basis of immunoassay 

development.  

 

Figure 10. A. Graphical representation of the structural units and B. crystal structure of IgG molecule. Image 
from [93]. 

Antibodies, or the antigens they specifically bind to, can be immobilized onto solid surfaces in order to 

capture their affinity counterparts. Such interactions can be monitored by using biosensors. The types of 

immunoassays are classified and detailed in later sections. Antibodies or antigens serving as BREs can be 

immobilized through their signature moieties, like carboxyl, primary amine, sulfides and heavy regions by 

amine coupling, sulfide bonders and protein A, respectively. A summary of the coupling chemistries is 

mentioned previously in section 1.5.1 immobilization techniques. Antibodies are produced in polyclonal 

or monoclonal manner, depending on the different sources of production cells. Initially antigens are 
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prepared via conjugation to an immunogen carrier and either injected to laboratory animals to produce 

polyclonal antibodies, or produced by monoclonal hybridoma cell lines in a cell culture medium. The 

resulting pool of antibodies can be precipitated to obtain total immunoglobulins, affinity purified 

according the antibody classes or affinity purified for the specific antigen it was produced for [94]. As the 

antibodies recognize a certain structure or sequence of protein antigens called epitopes, that region can 

be independently used for biosensors [95-97]. The antigen binding variable region of the antibody can 

also be defined by sequencing methods. These short sequences of amino acids are called peptides and 

when their sequence is elucidated, they are easily mass synthesized.  

MIPs are an emerging class of recognition elements that mimic the biological species. A 3-dimensional 

structural target binding pocket is imprinted into a polymer network forming a film or particles [98, 99] to 

specifically capture target analytes.  

Another class of BREs appearing in spotlight is aptamers. They are oligonucleotide strands with sequences 

that bind to the target analyte through the specific conformations. RNAs were studied extensively for their 

intrinsic, self-sufficiency functionalities as early as 1980s in the context of ribozymes [100] that eventually 

lead to engineering of functional RNA introns [101]. To fully grasp the extent of RNA functions, a random 

library of sequences was ideal to establish and screen for possible functions. The production of such 

libraries was established and RNA sequences that interact with a given analyte were isolated. The term 

“aptamers” was first reported by Ellington and Szostak in 1990 [102] and the process through which 

aptamers are selected is termed Systematic Evolution of Ligands by Exponential enrichment (SELEX) 

reported by Tuerck and Gold also in 1990 [103]. The sequence space possible for oligonucleotides with a 

given length is vast (1043) and the largest possible library produced had 1016 different sequences. First step 

in the SELEX procedure (Figure 11) is generating a random sequence library by mutation prone 

transcription, yielding sequences that are outside the common occurrence sequences. From the produced 

library of RNA or DNA sequences, ones with highest specificity and affinity are chosen and undergone 

binding and sequencing studies. It is possible for both RNA and DNA aptamers to bind to the same analyte, 

however their sequences can be unrelated (as shown for the DNA version of the RNA aptamer that binds 

adenosine triphosphate (ATP) [104]). Shortly following the initial upcoming of the selections, aptamers to 

various molecules were reviewed [105]. Further insights into the aptamer and analyte binding conditions 

revealed a significant requirement for metal ions for stabilization [106]. In order to further stabilize the 

oligonucleotides in environments where nucleases are present, sugar modification like 2’-O-Me, 2’-F or 

2’-NH2 can be introduced to protect ribozymes from degradation [107]. According to studies considering 
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the appropriate length of functional sequences, it is preferred to keep shorter sequences with maximum 

length around 70-80 bases [108] and even a minimalistic design was also possible with aptamers 

consisting of only 2 different bases [109]. The chosen aptamer sequences to different analytes may have 

similar secondary structure, yet completely different tertiary structure or vice versa [110]. The complexity 

in the secondary structure usually is an indicator of the affinity of the aptamer to its target, as illustrated 

by Carothers in 2004 [111]. It is associated with the likelihood of sequences yielding complex structures 

to exist in the random selection library being low. Engineering already existing conserved binding regions 

of an aptamer and adopting them during further selections with complex secondary structure yielding low 

probability sequences can help find higher affinity sequences. However, higher affinity aptamers do not 

always translate to high specificity [112]. Aptamers can adopt different conformations in the absence of 

the target binding, some having defined secondary structures whereas others are flexible and 

unstructured. Aptamer in vitro selection and isolation are simpler than that of antibodies, as they can 

interact directly with the target analyte without the complications of eliciting an immune response and 

the selection does not require recruitment of haptens or any other conjugations, especially small molecule 

ligands [113]. In vitro selection techniques are continually being improved from the initial reports to the 

recently developed technologies [114-118]. 

 

Figure 11. General scheme of a SELEX process. Image from [119] 

The wide varieties of identified aptamers are applied to biosensors with different modes of readout 

principles. One prominent feature of aptamers is the possibility to design molecular beacons [120-122]. 

Aptamers are not only extensively used for diagnostic [123] and environmental monitoring biosensors 
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[27, 124], they have also been proven vital for therapeutics [125]. Recent progress in aptamer-based 

biosensors for monitoring of drugs in realistic samples [126-128] and integration into plasmonic nanoruler 

[129] have been reported.  

 

1.6.2. Assay schemes 
The most common assays applied for SPR-based biosensing can be categorized into several schemes 

depending on the nature of the interaction of the analyte with the BRE. These assay schemes are not only 

applied to immunoassays, but is translatable for any other assays with a different BRE. Direct 

immunoassay represents an assay where the capture antibody is immobilized onto the sensor surface, 

the antigen/analyte to be detected is in solution, and the binding event leads directly to a measurable 

signal. Components of the assay can be inverted to detect binding of antibodies to surface immobilized 

antigens. The analyte here can be non-labeled for direct SPR measurement [130] or labeled with 

fluorophores for SPFS detection [131]. Besides immunoassays, direct assays have been reported for 

numerous biosensors with MIP [132], peptide [133] and aptamer [134].  

When the analyte exhibits molecular weight, that is insufficient to cause a detectable SPR signal change, 

signal enhancement methods such as conjugation to high refractive index label [135] is applied for 

competition assay [136]. The free analyte is spiked with conjugated analyte and introduced to the sensor 

surface where they compete in binding to immobilized antibody. The signal due to the conjugated analyte 

binding decreases with increasing concentration of free target analyte. Competition assays are suitable 

for detecting low molecular weight analytes like drugs and toxins with biosensors utilizing aptamers [137] 

and MIPs [138]. A similar scheme is employed in inhibition assay, which involves free analyte binding to 

the sites of the antibody spiked into the sample solution. The free analyte binding to the antibody inhibits 

its binding to surface immobilized conjugate of target analyte.  

Alternatively, if the analyte is large enough to accommodate the binding of two antibodies, a sandwich 

assay is performed. Here, one antibody is immobilized onto the surface and allowed to capture the 

analyte, preferably with high affinity. Then, the detection antibody, responsible for causing a maximum 

detectable change in the biosensor signal is introduced to bind to a different site on the analyte. The 

detection antibody can either be unlabeled or labeled with gold nanoparticles (AuNPs) or fluorophores 

for signal enhancement. Aptamer based sandwich assays have been reported for the detection of various 

proteins [139-141] and other analytes [142, 143]. Also, a full length aptamer sequence was split in two or 
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more sections that bind into a complex in the presence of the analyte, but otherwise no interaction occurs 

between them [144].   

 

1.7. State-of-the-art in surface plasmon field-enhanced 
fluorescence biosensors 

The principle of surface plasmon field-enhanced fluorescence, which will be applied throughout this 

thesis, is also associated with names like metal-enhanced fluorescence (MEF) [145], surface plasmon 

coupled emission (SPCE) [146] and plasmon enhanced fluorescence (PEF) [58]. Since initial reports of 

applications of such types of optics for highly sensitive biosensors [67, 68], continuous improvements and 

exploitation to different aspects of biosensors are reported [147]. This section describes the recent 

progress on the enhancement of fluorescence with different plasmonic structures and their performances 

with regards to sensitivity.  

Enhancement of fluorescence can be achieved through the different forms of SPs, namely the LSP, SPP 

and long-range surface plasmons (LRSP) [147]. As mentioned earlier, the decay length of SPPs is in the 

range of about 100 nm, which limits the probing depth. In order to probe longer distances or large 

analytes, LRSP with a strong evanescent field enhancement that can probe up to a micrometer into the 

adjacent medium was implemented. Here, the detection of the bacterial pathogen E.coli O157:H7 was 

demonstrated by using LRSP to probe the fluorescence signal from the fluorophore labeled detection 

antibody in a sandwich assay, with a detection limit of below 10 cfu/mL [148]. A similar approach was also 

applied to detect low molecular weight analyte aflotoxin M1 in real sample (milk) with a detection limit 

of 0.6 pg/mL using an inhibition immunoassay [149].  

In order to further increase the sensitivity of similar biosensors, a hydrogel binding matrix was utilized to 

increase the surface density of BRE on the biosensor surfaces. Hence, LRSP fluorescence spectroscopy was 

applied to the detection of the cancer biomarker prostate specific antigen (PSA) in highly sensitive manner 

with the aid of a dextran based hydrogel binding matrix. Limit of detection (LOD) in the low femtomolar 

level (34 fM) in buffer and 0.33 pM in serum was reported [150].  

Highly sensitive detection of PSA levels is important for the diagnosis of breast cancer [151] and prostate 

cancer [152], therefore much effort is put into the developments of sensitive PSA detection biosensors 

[153]. The LOD for PSA was further challenged by metallic nanoparticle-enhanced fluorescence 
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immunoassay and a lower detection limit of 12 fM in buffer and 52 fM in serum was achieved [154]. 

Recently, a plastic sensor chip was developed for a highly sensitive detection of PSA through surface 

plasmon field-enhanced fluorescence immunoassay. Two approaches of immunoassays were applied 

here, firstly a sandwich immunoassay comprising surface immobilized capture antibody and fluorophore 

labeled detection antibody to detect free PSA. Second, a two-step immunoassay with surface immobilized 

of anti-PSA antibody and fluorophore labeled wisteria floribunda agglutinin to detect GalNAcβ1−4GlcNAc-

linked PSA, LacdiNAc-PSA in order to discriminate prostate cancer and benign prostate hyperplasia in 

patient sera. LOD of 0.04 pg/mL free PSA and 20 pg/mL for LacdiNAc-PSA was reported. The LacdiNAc-

PSA determination with this system showed efficient discrimination of prostate cancer and benign 

hyperplasia with an area under the ROC curve of 0.851 compared to 0.559 for total PSA. The plastic sensor 

chip gave stable signal with both SPR and SPFS measurements [155].  

The PEF concept was reported for application in microscopy to study live human epithelial kidney cells 

HEK 293 behavior upon stimulation with angiotensin-II, in terms of cellular contraption and actin 

structural changes. It has proven to be a powerful tool to elucidate the cellular footprints on the sensor 

surface [156].  

Besides continuous gold films, sensor surfaces used to enhance fluorescence can be structured that allow 

PEF and SPCE. The amplification of fluorescence signal was achieved by using a crossed grating gold 

structure as the sensor surface by an epi-fluorescence readout as compared with continuous gold films. 

Such structures allow the near field coupling of SPs and fluorophores with a fluorescence signal intensity 

enhancement factor of two orders of magnitude as was predicted by simulations, which was in agreement 

with a sandwich immunoassay to detect a pro-inflammatory cytokine, Interleukin-6 (IL-6) [157]. In 

contrast, a similar sandwich immunoassay to detect IL-6 utilizing SPFS was reported to exhibit detection 

limit of 100 fM, with the advantage of direct immobilization of capture antibody to an unstructured sensor 

surface through dopamine coating [158]. A metal diffraction grating structure was applied to excite SPs 

that would then couple to concentric grating structures near a flat metal sensing area for an efficient 

focusing of the SPCE, where a fluorescence intensity enhancement more than 10-fold was achieved. A 

model immunoassay was used to demonstrate the sensing concept and a low detection limit of 11 pM 

was reported [159].  

A very high field intensity enhancement was explored by the concept of LSP and SPPs to co-excite 

fluorescence on a gold nanohole array. A 50 nm thick gold layer with 140 nm diameter nanoholes were 

used to perform a fluorescence sandwich immunoassay for the detection of PSA, and in comparison to 
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singular LSP excitation of the fluorescence, co-excitation presented > 4-fold higher fluorescence signal 

intensity. The LOD for the co-excited fluorescence immunoassay (140 fM) was ~7-fold higher as compared 

to LSP excitation alone (0.9 pM) [160].  

In addition to the different plasmonic structures implemented for the enhancement of fluorescence, 

utilization of a variety of fluorophores were reported. Yuan et al., recently reported the application of 

silicon substrates with around 200 nm silver islands (Ag@Si) for metal enhanced fluorescence microscopy 

for the detection of proteins and living cells. The fluorescence signal intensity when detecting proteins 

labeled with dyes with different emission wavelengths were studied, presenting strong wavelength 

dependency in the signal enhancement and the highest was observed for IR800 dye of 57.3-fold compared 

to bare Si surface. For fluorescence imaging of cells, IR800 dye labeling exhibited 4.1-fold increased 

fluorescence signal compared to reference Si substrate. This difference in the degree of enhancement 

between cells and proteins is possibly due to the probing height of fluorescence from the sensing surface, 

as protein detection assay would be much closer to the probing depth than cells [161].     

A sandwich immunoassay with a detection limit of 0.01 ng/mL norovirus virus-like particles was reported 

with SPR-assisted fluorescence readout for quantum dot labeled detection antibody. Quantum dots (QD) 

are applied here for their large Stokes shift observed compared to typically applied fluorophore dyes, with 

the intent of reducing the sensor noise. The appropriate excitation wavelength 390 mn was chosen for 

the quantum dot label Qdot 705, according to the electric field intensity desirable for the Al film 

(|E/E0|2=16.7) and to minimize background noise. For the sensing area applied in this study, with a V-

trench shape, the actual number of particles detectable was calculated as 100 virus-like particles [162]. 

Quantum dots were also applied for AuNP mediated FRET assay to detect influenza virus surface antigen 

hemagglutinins (HAs). An anti-HA antibody conjugated AuNPs and glycan modified quantum dots that 

form a complex in the presence of HA antigens, resulting in quenching of the QD fluorescence. Detection 

limit of 60 nM and 190 pM for H1N1-HA and H5N1-HA were reported, respectively. In sera, the LOD for 

both antigens were 0.96 nM [163]. Another scheme of utilizing QDs was reported for the detection for 

influenza virus H3N2. Here, a plasmon-assisted fluoro-immunoassay was constructed with anti-HA 

antibody immobilized carbon nanotubes (CNTs) with AuNPs (AuCNTs) that binds influenza viruses and an 

anti-NA conjugated CdTe QDs was used to complete the sandwich assay. The synergistic effect of both the 

CNT and AuNPs increased the plasmonic QD fluorescence intensity that was used to enhance the assay 

sensitivity. The detection system exhibited an 8-fold increase in signal intensity upon analyte binding 
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compared to no analyte blank and a detection limit of 50 PFU/mL H3N2 influenza virus,  a value that is 

100-fold higher than the commercial diagnostic kit counterpart [164].   

Other plasmonic nanostructures have also been applied for PEF based biosensors. Based on the strong 

near infrared (NIR) field enhancement of noble metal nanoclusters and their low cytotoxicity and stability, 

gold nanoclusters were applied for live imaging. Gold nanoclusters functionalized with folic acid were used 

to detect and image in live mice Hela tumors via their expressed folate receptors (FR), through NIR 

fluorescence imaging system. The probe was proven to be highly specific and a sensitive imaging of 

cancers was possible [165]. Gold nanorods (AuNR) were applied to plasmonically enhance the NIR 

fluorescence signal from meso -tetra(4-carboxyphenyl)porphyrin (TCPP) and using SiO2 layer as the spacer 

to fine tune their distance that favors the desired field intensity. When Cu2+ is added to this architecture, 

the fluorescence from TCPP is quenched and this formed the basis of the detection of pyrophosphate (PPi) 

in a fluorescence turn-on sensor, as Cu2+ and PPi forms a complex that dissociates from the sensor surface 

leading to fluorescence recovery of TCPP.  With this method, detection limit of 0.82 pM PPi was achieved 

and also PPi detection in living cells was demonstrated [166]. Another approach for the detection of PPi 

upon quenching and recovering by Cu2+ was reported using NIR dye Cy7 in combination with gold 

nanobipyramids (AuNBPs) to enhance the fluorescence better than Au NRs. The LOD for PPi for this 

method was 80 nM and was successfully applied for the imaging of HeLa cells. Additionally, microRNA 

detection was performed with the approach through rolling circle amplification (RCA) technology based 

on the release of PPi from dNTPs during RCA process in the presence of the microRNA and polymerase, 

resulting in fluorescence recovery. The detection limit for the microRNA let-7d was 8.4 pM [167].   

Many reports of fluorescence signal turn-on or turn-off approaches applying different homogenous assays 

and plasmonic nanoparticles or structures are reported [168-173]. A surface bound and quenched 

fluorophore labeled molecular beacon (MB) was used to detect a 24 bases oligonucleotide through their 

hybridization, resulting in the opening of the MB to an extended helix that brings the fluorophore at a 

distance that allows for PEF.  This method allowed for efficient discrimination of single mismatch 

oligonucleotides to fully complementary targets. By simply washing the used sensor surface with water 

completely dehybridized the oligonucleotides, that allowed for the sensor to be reused more than 10 

times [174]. A similar but modified approach that used sandwich-like assay to detect oligonucleotides 

based on the hybridization of Au surface bound capture probe with a target sequence and the fluorophore 

labeled detection probe was developed. The resulting PEF signal provided a detection limit of 50 pM for 

both targets comprising 40 and 60 Ts [175].  
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A recent work reports on a MB detection scheme concerning gold nanorod array sensor chips to enhance 

fluorescence signal. A fluorophore labeled MB was immobilized onto the hotspot region of arrayed AuNRs 

to obtain maximum enhancement of fluorescence. Initially the folded hairpin MB would be quenched 

through close proximity of the fluorophore to the surface and in the presence of complementary target 

sequence, the MB opens and hybridizes to a helical structure bringing the fluorophore away from the 

surface. This method allowed enhancement of fluorescence signal up to 0.8 and 10 pM  LOD for a 45 

nucleotide long target [176]. 

Excellent reviews on the enhancement of fluorescence through plasmonic structures are found, that give 

further insight into their progress and applications in biosensing [147, 177, 178]. It is observed that all 

reported PEF-based biosensors involve target analyte and BRE with high affinity binding or are 

homogenous assays with end-point measurements.  

 

1.8. State-of-the-art in fluorescence aptamer sensors 
Out of the different BREs typically applied to biosensors as discussed in section 1.6.1, aptamers are chosen 

for this thesis due to the flexibility of design and manipulation possible for this class of BREs. This choice 

stems from the intention of developing assays for reversible sensing of target analytes. Such reversible 

sensors can be achieved by employing BREs with low affinity interaction with the target analyte [179], 

avoiding regeneration and hence make continuous monitoring sensors possible. Since the initial report of 

aptamers [102, 103], an upsurge in their application in biosensors is seen with around 2000 hits in ISI 

webofknowledge by June 2017, and terminologies like “Aptasensor” are coined [180]. Their 

implementations range all types of biosensor transduction methods, however within the scope of this 

thesis, aptamer-based fluorescence sensors will be discussed in terms of current trends. Most prominent 

uses of aptamers for fluorescence biosensors are based on the single stranded and conformational 

switching properties of these oligonucleotides (mostly molecular beacon designs) and the high 

fluorescence quenching ability of graphene and carbon nanostructures as well as noble metal 

nanoparticles and films [181-183].  

Graphene is a material that shows great potential for a wide variety of applications including sensing [184, 

185]. Recent reports of graphene based “signal-on” or “signal-off” fluorescence aptamer sensors show 

detection of various target analytes. For example, a fluorescence turn-on aptamer sensor for the 

detection of epithelial cell adhesion molecule, EpCAM protein based on graphene quantum dots (GQDs) 
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as donor and molybdenum disulfide (MoS2) as acceptors for FRET was reported [186]. In this report, a 

GQD labeled aptamer that binds EpCAM was adsorbed onto the MoS2 causing fluorescence quenching 

through FRET and the fluorescence was recovered in the presence of analyte protein EpCAM as a result 

of aptamer GQD dissociation from the MoS2 sheet. A LOD of 450 pM and a detection range from 3 – 54 

nM was achieved, and this approach was additionally applied for the detection of breast cancer cell MCF-

7 that expresses EpCAM. Joo et al., recently reported an aptasensor for aflatoxin B1 (AFB1) detection based 

on graphene oxide sheet fluorescence quencher and FAM dye labeled aptamer. Interestingly, the 

fluorophore-labeled aptamer in the absence of AFB1 would have no interaction with the GO and hence 

give fluorescence signal, whereas in the presence of the analyte, the aptamer conformational change 

allows it to interact with graphene oxide (GO) and result in fluorescence signal intensity to be reduced 

(quenched). This method allowed to reach 4.5 ppb LOD [187]. The sensor specificity suffers slightly from 

interfering aflatoxins, a drawback that could be overcome by a different aptamer sequence. Alternatively, 

aptamers can easily adsorb onto GO surfaces in the absence of the analyte leading to the fluorescence 

dye label to be quenched, or in one case the fluorophore labeled complementary signal probe [188]. An 

ATP binding aptamer with an extra sequence that is complementary to the fluorophore labeled 

complementary sequence was adsorbed onto GO surface in the absence of the analyte, due to π-stacking, 

causing the fluorescence to be quenched. In the presence of the analyte-ATP, the probe and aptamer 

desorb from the surface that enables recovery of the fluorescence signal. In this report, a 

deoxyribonuclease (DNase) enzyme was used to recycle the target and enhance the fluorescence signal. 

When aptamer/probe is adsorbed onto GO, it is protected from the enzymatic cleavage and when in 

complex with the analyte, it is prone to cleavage allowing for target recycling as well as large amounts of 

fluorescent probes to the cleaved for amplified signal. This sensor allows the detection of ATP in 10 to 400 

nM range, with 0.2 nM LOD.  

Well-known hazardous compound bisphenol A detection with the use of “signal-on” aptamer sensor was 

reported [189]. Here, a fluorescein-labeled bisphenol A binding aptamer was adsorbed onto the surface 

of magnetic oxidation graphene (MGO) in the absence of the analyte, causing fluorescence quenching. 

Upon exposure to bisphenol A, the aptamer/analyte complex is formed and detaches from the MGO to 

yield recovery of the fluorescence signal. The composite of GO and magnetic Fe3O4 additionally permits 

efficient separation of MGO from the fluorescent probe, allowing for increased signal intensity and the 

recycling of MGO. The analytical performance was relatively good with a low detection limit of 0.071 

ng/mL. An approach to covalently attach aptamers onto GO to study the stability of the probe to avoid 

nonspecific desorption from the surface was reported [190]. An aptamer specific for ATP labeled with a 
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fluorophore was immobilized onto GO through amine coupling and was applied for ATP detection in buffer 

and cells, and demonstrated improved performance and stability compared to physisorbed aptamer. 

Concentration of ATP from 0.125-2 mM in buffer was detectable and 31.8% fluorescence signal 

enhancement was achieved in comparison to physisorbed aptamer probe. This work highlights the 

importance of probe immobilization onto surfaces for increased stability and sensitivity of fluorescent 

sensors. Numerous other reports of graphene oxide based aptamer sensors for a wide range analytes are 

reported and a detailed review by Goa et al., on GO-DNA based sensors give a thorough update [191].  

Besides application of graphene oxide as fluorescence quencher for aptamer based sensors, metallic 

nanoparticles are equally popular. Here, the fluorescence signal enhancement resulting from the localized 

surface plasmon or the fluorophore quenching by FRET from the metal surface is of interest and will be 

highlighted. It should be noted that reports on observation of these effects on immobilized aptamers is 

the main focus of this section. A mercury detection sensor applying fluorophore labeled aptamer 

immobilized onto AuNPs through sulfur groups was demonstrated. Due to the opening of aptamer 

structure in the absence of the analyte, fluorescence signal is generated by the fluorophore label located 

at an extended distance from the metal. In the presence of the analyte, the analyte/aptamer complex 

formation causes the fluorophore to move closer to the metal within the Förster radii and fluorescence 

quenching is observed as a function of the Hg2+ concentration. The sensor demonstrated LOD of 16 nM. 

and high specificity to mercury when tested against other metal cations [192].  

In order to control the distance of the fluorophore from a metal surface for optimal fluorescence 

enhancement, Lu et al., [193] introduced 80 nm silica shell around the 50 nm silver nanoparticles (AgNPs) 

and applied Cy5-labeled aptamer probe to detect ATP. A complementary cDNA sequence to the aptamer 

probe was immobilized onto the silica coated AgNPs and in the absence of the analyte ATP, the two 

strands hybridized to give enhanced fluorescence from the surface plasmons. In the presence of the 

analyte however, aptamer sequence melts from the hybridized state which results in decrease in 

fluorescence. With this scheme, ATP was detected with LOD of 8 µM within a linear range of 0.008 to 0.5 

mM.  

A metal enhanced fluorescence readout of a bivalent aptasensor for Lactoferrin detection in milk was 

reported by Chen et al., [194]. The aptamer is split in two sequences that bind to different sites of the 

protein lactoferrin (Lac) and by modifying them separately with AgNP and fluorescein FITC, an enhanced 

fluorescence signal yield is made possible. In the absence of the analyte, the AgNP immobilized split 

sequence does not interact with the FITC labeled aptamer split segment, resulting in very low fluorescence 
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intensity. When the analyte Lac is present, both aptamers bind to the respective sites and FITC label 

coming in proximity to the metal nanoparticles emits high fluorescence signal. Consequently, 1.25 pM Lac 

detection limit was achieved and efficient detection was possible in 100-fold diluted milk spiked with the 

analyte. 

QDs are also popularly utilized for fluorescence sensors aside from fluorescein or fluorophore dyes. Their 

high quantum yield, photostability, wide absorption spectra and tunable emission spectra by varying sizes 

make them preferable. Various applications of QDs in combination with metal structures for enhanced or 

quenched fluorescence for aptamer based sensors are reported, for instance surface plasmon field-

enhancement from gold nanoholes [195], quenching by AuNPs in the absence of the analyte [196] and in 

presence [197].  

This overview represents a number of possibilities to exploit aptamers and in order to achieve reversible 

sensors, it is evident that planar surface-based methods would need to be employed. By combining the 

structural switching properties of aptamers and the distance dependent effect of metal on fluorophores, 

the above reviewed (section 1.7) SPFS readout can be realized for aptamer-based fluorescence sensors. 

Additionally, the possibility of splitting aptamer full sequence to construct a sandwich-type assay [144] 

can be exploited for the same purpose. Interestingly, surface plasmon field-enhanced fluorescence or 

surface plasmon-coupled directional emission on metal films is reported in relatively lower numbers for 

aptamer biosensors thus far [198-200]. 
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2. Research aims
This thesis aims at establishing sensor concepts that allow for the development of a new class of 

biosensors capable of continuous monitoring of target analytes. Such continuous monitoring sensors 

represent attractive tools for therapeutic drug monitoring (TDM), as demanded for instance for drugs with 

a narrow therapeutic range. Examples of such drugs are vancomycin, theophylline and digoxin, most of 

which cause toxicity at doses higher than its therapeutic range whereas lower doses lead to therapeutic 

inefficiency and patient suffering [201]. In current practice, therapeutic drug monitoring is carried out on 

samples collected at certain intervals and analytical methods requiring minutes to hours are applied to 

obtain quantitative results [202, 203]. Significant efforts at improving the real-time measurement aspect 

of TDM [204, 205] are reported for electrochemical [5, 127, 206] and optical detection methods [207, 

208]. To realize such type of sensors, three main functionalities need to be implemented: assay to 

reversibly capture detect target analyte, biointerface design to allow long-term sensing in complex 

samples, and a sensitive detection method of analyte capture. The aims of the thesis address these 

challenges and the work is organized in the following three blocks:  

1. The use of weak-affinity ligand [179] to establish a continuous and reversible biosensor, namely

by choosing aptamers for their flexibility in design. The developed low-affinity aptamer-based

reversible sensors are presented in Chapters 4 and 5.

2. Use hydrogel materials to serve as binding matrix and switchable filters. Low fouling, robust filter

membranes are vital to the unperturbed performance of biosensors in biofluids for TDM. The

means of constructing a stable, semi-permeable and free-standing membrane over a sensor area

to apply for analysis in crude samples is presented in Chapter 6. Application of hydrogel material

as binding matrix for immunoassay with enzymatic signal amplification method is presented in

Chapter 7.

3. Implement optical readout method with increased signal-to-noise ratio. When applying low-

affinity ligands for assays, the sensor would suffer from low sensitivity. In order to compensate

for the loss of sensitivity, plasmonic amplification of optical signal can be implemented to increase 

signal-to-noise ratio. Chapters 4 and 5 describe the SPFS detection method applied to amplify the

fluorescence signal for the reversible aptamer sensors.
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3. Methods
The current section describes the general methods used in the following chapters of the thesis. 

3.1. Spectroscopy instrumentation 

3.1.1. Surface plasmon resonance and hydrogel optical waveguide 
spectroscopy 

The SPR instrument (Figure 13) used in all measurements throughout the thesis was custom-built and 

employed the Kretschmann configuration. A Helium-Neon (HeNe) laser beam (λex = 632.8 nm) first passed 

through a polarizer (Glan-Thompson, Thorlabs, Germany) and then travelled through a chopper 

(frequency = 1331 Hz) connected to a lock-in amplifier (EG&G, Model 5210, Germany). The incident 

laser beam was coupled to LASFN9 prism (Schott, n= 1.85), where the sensor chip was optically matched 

using an index matching immersion oil (n = 1.700, Cargille Laboratories Inc, USA). The reflected beam is 

focused by a lens (f = 30 mm, NA= 0.2) and detected by a photo-diode lock-in amplifier. Prism and sensor 

chip assembly was rotated by a stage to control the laser beam incident angle θ .  

A dielectric medium placed between metal and low refractive index material can function as a waveguide. 

Dielectric waveguide modes can be guided within such geometry with a hydrogel film (waveguide) 

attached to gold surface. The propagation constant β of hydrogel guided waves can be defined from:  

𝐭𝐭𝐭𝐭𝐭𝐭(𝜿𝜿𝒅𝒅𝐡𝐡) = 𝜸𝜸𝒅𝒅𝒏𝒏𝒉𝒉
𝟐𝟐 𝜿𝜿𝒏𝒏𝒅𝒅

𝟐𝟐� +𝜸𝜸𝒎𝒎𝒏𝒏𝒉𝒉
𝟐𝟐 𝜿𝜿𝒏𝒏𝒎𝒎𝟐𝟐�

𝟏𝟏−(𝜸𝜸𝒅𝒅𝒏𝒏𝒉𝒉
𝟐𝟐 𝜿𝜿𝒏𝒏𝒅𝒅

𝟐𝟐)� �𝜸𝜸𝒎𝒎𝒏𝒏𝒉𝒉
𝟐𝟐 𝜿𝜿𝒏𝒏𝒎𝒎𝟐𝟐� �

.  Eq.  3 [209] 

where nd, nh and nm are the refractive indices of the aqueous dielectric, hydrogel and metal, respectively 

and dh is the thickness of the hydrogel. The transverse propagation constants of dielectric, hydrogel and 

the metal are 𝛾𝛾𝑑𝑑2 = 𝛽𝛽2−𝑘𝑘02𝑛𝑛𝑑𝑑2 , 𝜅𝜅2 = 𝑘𝑘02𝑛𝑛ℎ2 − 𝛽𝛽2 and 𝛾𝛾𝑚𝑚2 = 𝛽𝛽2−𝑘𝑘02𝑛𝑛𝑚𝑚2 , respectively. The resonant 

excitation of waveguide modes in the Kretschmann configuration is achieved by phase-matching, 

𝑘𝑘0 sin(𝜃𝜃) = Re{𝛽𝛽}. Contrary to SPPs excited by the p-polarized light, transverse magnetic (TM) modes of 

the waveguide are detectable as well as the transverse electric (TE) mode. Through SPR spectroscopy with 

the Kretschmann configuration using p-polarized laser beam, an angular reflectivity spectrum R(θ) of the 

hydrogel layer structure can be performed and the corresponding waveguide modes are manifested as 

sharp resonant dips, numbered accordingly from the order of occurrence with increasing angle of θ (Figure 

12). Observation of the field intensity profile of hydrogel waveguide modes revealed confinement within 

the hydrogel matrix. In comparison to SPR spectroscopy based biosensors, hydrogel optical waveguide 
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spectroscopy (HOWS) is highly sensitive to refractive index changes due to its high field intensity, a quality 

useful for biosensor applications. The thickness and RI information of the hydrogel matrix in different 

conditions can be determined using the Fresnel box model. 

For HOWS measurements, the previously mentioned SPR setup was applied with the angular reflectivity 

spectra R(θ) measurements ranging from 45° - 62°, with 0.01° - 0.2° steps. Angular ranges where 

waveguide modes occur required finer steps. All spectroscopy measurements were performed and 

recorded by the software WasPlas (Max Planck Institute of Polymer Research, Mainz, Germany). 

A. B. 

Figure 12. Left. A. Schematic depiction of the surface attached hydrogel sensor architecture for hydrogel optical 
waveguide spectroscopy and B. the corresponding angular reflectivity spectrum showing the TM modes.  

3.1.2. Surface plasmon and hydrogel optical waveguide field-enhanced 
fluorescence spectroscopy 

Surface plasmon-enhanced fluorescence spectroscopy (SPFS) and hydrogel optical waveguide 

fluorescence spectroscopy (HOW-FS) measurements were performed using the same optical setup as 

used for SPR, with the addition of fluorescence intensity measurement components. The fluorescence 

light emitted normal to the surface at a wavelength around λem= 670 nm was collected by an objective 

lens and then passed through two bandpass filters (transmission wavelength λ=670 nm, 670FS10-25, 

Andover Corporation Optical Filter, USA) and a notch filter (central stop-band wavelength λ= 632.8 nm, 

XNF-632.8-25.0M, CVI Melles Griot, USA). Afterwards, it was coupled to a multimode optical fiber 

(FT400EMT, Thorlabs, UK) connected to an avalanche photodiode photon counter (Count-200-FC, Laser 

Components, Germany). The intensity of fluorescence light (F) was measured by a counter (53131A, 

Agilent, USA) in counts per second (cps). Where deemed necessary to reduce the emission intensity and 

avoid fluorescence dye bleaching, a neutral-density filter with and optical density of 2 (OD= 2, Linos Plano 

Optics) was applied. 
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As the same with SPFS (Figure 13), HOWS can be combined with fluorescence spectroscopy to observe 

the high field intensity aided fluorescence signal intensity from fluorophore labeled biomolecule 

interaction to the BRE present within the hydrogel matrix.  

Figure 13. Schematic representation of the optical instrumentation setup applied for SPR, HOWS and 
fluorescence measurements performed throughout the thesis.  

3.2. Biosensor preparation 

3.2.1. Sensor chip preparation 
The 2 x 2.5 cm BK7 glass substrates were washed with 1% Hellmanex (Hellma Optics,USA) solution for 25 

minutes in sonicating water bath. Afterwards, the detergent was briefly rinsed with water and the 

substrates were washed for 25 minutes in MilliQ water (Arium Pro, Sartorius Stedim, Germany) with 

sonication. Lastly, glass substrates were rinsed and washed with absolute ethanol for 25 minutes while 

sonicating. All substrates were dried under stream of air before thermal evaporation of 2 nm chromium 

and 50 nm gold thin films using thermal vacuum evaporation instrument (HHV Auto306 Lab Coater, UK). 

After gold deposition, all sensor chips were rinsed with absolute ethanol, dried and stored under Ar 

atmosphere until further surface functionalizations. 

3.2.2. Surface functionalization 
All sensor chips used throughout the thesis were functionalized with sylfhydryl (henceforth referred to as 

thiols) or disulfide terminal groups.  
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Aptamer functionalization of sensor chips 

For direct thiolated aptamer functionalization of sensor chip surface as depicted in Figure 14, 1 µM of 

aptamer buffer solution was reacted with gold in situ for 2 hours. The thiol modified aptamer sequences 

were reduced by 100-fold molar excess of Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) for 4 hours 

in the Tris buffer (pH= 7,4, 10 mM Tris, 5 mM MgCl2), to ensure that each aptamer contains monothiol. 

All liquid delivery to sensor surface was carried out through fluidic tubing (Tygon LMT-55) with the aid of 

a peristaltic pump (Ismatec, IDEX Health & Science SA, Switzerland). 

In order to immobilize biotinylated aptamers, initially the sensor chips were immersed overnight in 1 mM 

ethanol solution of mixed biotinylated and pegylated thiols dissolved at a ratio of 1:9, under inert 

atmosphere by purging with Ar. After rinsing and drying, the biotin functionalized sensor chip was 

mounted onto the prism and a flow cell assembly with a thin polydimethylsiloxane (PDMS) gasket 

(thickness ~130 µm) was attached. Sensor surface was washed and allowed to stabilize in HEPES buffer 

(pH= 7.4, 20 mM HEPES, 150 mM NaCl, 5 mM MgCl2, 0.05 % Tween 20). Neutravidin solution with 50 

µg/mL concentration was flowed over the sensor surface for 1 hour to obtain a monolayer coverage 

followed by 5 minutes washing with buffer. Subsequently, 1 µM biotinylated aptamer in HEPES buffer was 

injected for 30 minutes and washed with buffer for 5 minutes.  

Figure 14. Direct immobilization of thiolated aptamer sequences onto gold sensor chips and thiolated PEG 
molecules for surface passivation.  
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Hydrogel film deposition 

Sensor chips were immersed overnight in 1 mM solution of benzophenone disulfide (BP-diS, 4-AMBP 

University of Siegen, Germany [210]) dissolved in DMSO. After rinsing the benzophenone functionalized 

sensor chips with copious amounts of ethanol and drying under a stream of air, ethanolic solutions of 

pNIPAAm polymer was spin coated onto the surface at 2000 rpm for 60 seconds.The deposited polymer 

film was dried at 50 °C under vacuum overnight and subsequently attached to the gold surface by UV 

crosslinking the benzophenone groups with 365 nm UV light at irradiation dose of 4 J/cm2. Uncrosslinked 

polymer chains were removed by washing with ethanol and the polymer coated sensors were dried and 

stored in the dark until use.  

3.2.3. Data analysis 
Determination of sensor surface properties 

The surface mass density of the immobilized molecules and hydrogel can be calculated from the shift in 

the SPR angle seen from the angular reflectivity spectra. Obtained spectra are fitted using the transfer 

matrix-based model described elsewhere [211] implemented in the software Winspall (MPI for Polymer 

Research, Germany) and the RI n is determined, which then helps in determining the thickness d of layers 

formed above the sensor surface. When the RI and thickness values are available, the surface mass density 

Γ of immobilized layer is calculated as:  

𝚪𝚪 = (𝒏𝒏𝐡𝐡 − 𝒏𝒏𝐛𝐛)×𝒅𝒅𝐡𝐡× 𝝏𝝏𝝏𝝏
𝝏𝝏𝒏𝒏𝐡𝐡

. Eq.  4 

where 𝑛𝑛hand 𝑛𝑛b are the RI of hydrogel and buffer, respectively and 𝑑𝑑his the thickness of the surface 

immobilized layer. The RI change associated with the concentration of proteins is assumed as 𝜕𝜕𝑛𝑛h
𝜕𝜕𝜕𝜕

=

0.2 µL/mg. 
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4. Plasmon field-enhanced fluorescence 
energy transfer for hairpin aptamer assay 
readout 
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ABSTRACT: Surface plasmon field-enhanced fluorescence energy transfer is employed for
sensitive optical readout of a reversible hairpin aptamer assay that is suitable for continuous
monitoring of low-molecular-weight chemical analytes. A hairpin aptamer specific to adenosine
and adenosine triphosphate with Alexa Fluor 647 fluorophore attached to its 5′ end was
anchored via 3′ end thiol to a gold thin film. Molecular spacers were used to control the
distance of the fluorophore from the surface in the aptamer “off” and “on” states. The specific
binding of the target analyte changes the aptamer conformation, which alters the distance of
the fluorophore from the gold surface and translates to variations in the detected fluorescence
intensity. The plasmonically mediated fluorescence signal increases the measured signal-to-
noise ratio and allows for real-time observation of the analyte binding. Theoretical as well as
experimental study of the optical signal dependence on fluorophore orientation, design of
spacers, and angular distribution of collected light is presented for rational design of the assay. The detected sensor signal
increased by a factor as large as 23 upon switching the aptamer from the “off” to “on” state due to the hairpin opening associated
with the specific capture of target analyte.

KEYWORDS: aptamer, surface plasmon field-enhanced fluorescence, plasmonic amplification, quenching, adenosine triphosphate,
fluorescence energy transfer

The coupling of fluorophores with the confined field of
surface plasmons originating from collective oscillations of

the electron density at metallic surfaces offers powerful means
for the amplification of emitted fluorescence light intensity.1,2

The plasmonic confinement is associated with the enhanced
intensity of the electromagnetic field and the local density of
optical states which has been exploited in fluorescence studies
of single molecules3 as well as in the measurement on
ensembles of fluorophore-labeled biomolecules.4,5 The inter-
action of fluorophore labels with the plasmonically enhanced
electromagnetic field allows an increase of excitation rate and
improvement of the collection yield of emitted fluorescence
photons. The combined coupling of fluorophores at their
absorption and emission wavelengths with propagating surface
plasmons (PSPs) on metallic films or localized surface
plasmons (LSPs) at metallic nanoparticles can be engineered
to enhance detected fluorescence intensity by a factor
exceeding 3 orders of magnitude.6

In plasmonically amplified fluorescence assays, biomolecules
that are labeled with fluorophores are affinity captured on a
metallic sensor surface at distances in the range of 15−20 nm at

which the plasmonic fluorescence enhancement typically
reaches its maximum.7−9 At shorter distances the quenching
becomes dominant and the emitted florescence signal is
attenuated rather than enhanced while at longer distances the
binding events occur outside the evanescent surface plasmon
field. Aptamers become increasingly popular in analytical
technologies for specific capture and sensitive detection of
low-molecular-weight analytes10,11 for which more commonly
used antibody immunoassays are not possible. These versatile
building blocks can be employed in numerous detection
formats that take advantage of the measurement of fluorescence
quenching,12 plasmonic fluorescence enhancement,13 or
plasmonic near-field coupling between metallic nanoparticles.14

Such variety of readout modality is possible through the
flexibility in aptamer design that can be tailored for assays
relying on conformation changes,14 displacement,15 or
formation of sandwich16 which are architectures not possible
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to realize with conventionally used antibodies against low-
molecular-weight analytes. A particularly interesting aspect of
the aptamer flexibility in design is the possibility of their
implementation to molecular beacon-based biosensors. In
short, single-stranded nucleic acids are modified at their
opposite ends with a fluorophore and a quencher and specific
analyte binding is detected by changes in the fluorescence
intensity. Fluorescence intensity is mediated by the aptamer
analyte complex formation that leads to structural changes or
most commonly displacement of complementary stem region
of a hairpin aptamer, rendering the quencher and fluorophore
pair to separate to a distance farther than energy transfer or
quenching to occur.17

The majority of plasmon field-enhanced fluorescence assays
that has been pursued with aptamers carrying a fluorophore
attached to their DNA or RNA strand relied on chemically
synthesized metallic nanoparticles that support LSPs. These
modes typically confine electromagnetic energy at distances of
few tens of nanometers and they have been used in
fluorescence displacement assays that employ the distance-
modulated plasmonic enhancement18 of fluorescence signal or
quenching.19 In these works, the difference in the fluorescence
signal from the aptamer with and without analyte captured was
typically <6-fold. An aptamer fluorescence assay that is
mediated by PSPs on metallic films has been reported to
offer higher, 18-fold change, of fluorescence intensity upon
analyte binding20 when probed with less confined PSP field
reaching about 100 nm from the metal surface.
This paper reports on the reversible direct detection of a

small molecule analyte by conformational changes of a hairpin
aptamer which is labeled with a fluorophore and attached to a
metallic film supporting PSP modes. Plasmonic amplification of
the fluorescence signal enabled in situ continuous monitoring
of variations in concentration of low-molecular-weight
analytesadenosine and adenosine triphosphate. By using
simulations and experiments, the rational design of the aptamer
molecular spacers and optical readout is investigated based on
the emitted fluorescence intensity dependence on distance,
orientation of the emitter, and angular range used for the
collection of the fluorescence light.

■ EXPERIMENTAL SECTION
Materials. Sodium chloride, tris hydrochloride, 4-(2-hydroxyethyl)-

piperazine-1-ethanesulfonic acid (HEPES), polyethylene glycol
sorbitan monolaurate (Tween 20), magnesium chloride hexahydrate,
adenosine, guanosine, adenosine 5′-triphosphate (ATP) disodium salt
hydrate, and tris(2-carboxyethyl)phosphine hydrochloride solution
(TCEP) were purchased from Sigma-Aldrich (Austria). (11-
Mercaptoundecyl)triethylene glycol (PEG-thiol, SPT-0011) was
obtained from SensoPath Technologies (USA). Two DNA aptamers
were synthesized by Integrated DNA Technologies (IDT-DNA,
Leuven, Belgium). The ATP hairpin aptamer with the short loop
sequence (SLA) consisted of Alexa Fluor 647N 5′-CA CCT GGG
GGA GTA TTG CGG AGG AAG GTT PEG6 CCA GGT G-SH 3′
and the long loop ATP hairpin aptamer (LLA) sequence was Alexa
Fluor 647N 5′-CA CCT GGG GGA GTA TTG CGG AGG AAG
GTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT CCA
GGT G TT PEG6 -SH 3′. All reagents were used as received and
buffer solutions were prepared using ultrapure water (Arium Pro,
Sartorius Stedim).
Preparation of the Sensor Chips. A BK7 glass substrate was

coated with 2 nm Cr and 50 nm Au films by thermal vacuum
evaporation (Model HHV FL400, HHV Ltd., UK). The Au surface
was rinsed with ethanol, dried under a stream of air, and stored under
argon atmosphere until use. LLA or SLA aptamer was dissolved at

concentration of 1 μM in 200 μL of 10 mM Tris buffer (pH= 7.4)
containing 6 mM MgCl2. Afterward, the aptamer was reacted with
100-fold excess TCEP (100 μM). After 4 h of incubation, the reduced
ATP hairpin aptamer solution was spiked with PEG-thiol at
concentration of 10 μM and the mixture was flowed over the Au
surface in a closed loop system for 2 h in order to form a self-
assembled monolayer (SAM).

Optical Setup. A schematic of the optical setup can be seen in
Figure 1. The sensor chip with the aptamer biointerface on top was

optically matched to an LASFN9 glass prism by using refractive index
matching oil (from Cargille Inc., USA). The HeNe laser (λex = 632.8
nm, ∼2 mW) beam was transverse magnetically (TM) polarized by
passing through a polarizer (POL) and was coupled to the prism to
resonantly excite the PSPs by the Kretschmann configuration of the
attenuated total reflection (ATR) method. The prism and sensor chip
assembly was mounted on a rotation stage to control the angle of
incidence θ and the angular reflectivity spectra R(θ) were measured by
a photodiode detector connected to a lock-in amplifier (EG&G, USA).
The enhanced field intensity occurring upon the coupling to PSPs at a
resonant angle θSPR were used to excite Alexa Fluor-647 molecules at
the sensor surface. The fluorescence light emitted at a wavelength
around λem = 670 nm to the direction normal to the surface was
collected by a lens (focal length 30 mm, numerical aperture of NA =
0.2), passed through two bandpass filters (FBF, transmission
wavelength λ = 670 nm, 670FS10−25, Andover Corporation Optical
Filter, USA) and a notch filter (LNF, central stop-band wavelength λ =
632.8 nm, XNF-632.8−25.0M, CVI Melles Griot, USA). Then the
fluorescence light was coupled to a multimode optical fiber
(FT400EMT, Thorlabs, UK) that was connected to an avalanche
photodiode photon counter (Count-200-FC, Laser Components,
Germany). Its intensity (F) was measured by a counter (53131A,
Agilent, USA) in counts per second (cps) and recorded by the
software Wasplas (Max Planck Institute for Polymer Research, Mainz,
Germany). During the fluorescence measurements, the intensity of the
laser beam illuminating an area of about 1 mm2 was decreased by using
a neutral-density filter (NDF, optical density OD = 2, Linos Plano
Optics) in order to reduce the effect of fluorophore bleaching. The
measurement of reflectivity R and fluorescence intensity F as a
function of time t was performed at an incidence angle θ that was fixed
close to the resonance.

Aptamer Assay. A flow-cell with a volume of 10 μL was clamped
to the sensor surface to contain liquid samples transported via fluidic
tubing (Tygon LMT-55) with 0.25 mm inner diameter at a flow rate of
15 μL/min. The flow-cell consisted of a PDMS gasket (thickness of
∼130 μm) and a transparent glass substrate with drilled inlet and
outlet ports. Throughout the assay measurements, 10 mM Tris buffer
(pH = 7.4) containing 6 mM MgCl2 was used (further referred to as
hairpin aptamer assay bufferHAB), which was similar to the buffer
condition used during the aptamer selection process with minor
modifications.21 Following the aptamer immobilization, the sensor
surface was washed for 15 min with HAB to establish a stable baseline

Figure 1. Schematics of the optical configuration used in the surface
plasmon field-enhanced fluorescence measurements.
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of the fluorescence signal F0. Then, a series of samples spiked with
target and reference analytes were sequentially injected. Each sample
was flowed for 3 min during which the sensor signal F(t) reached
saturation. For comparison, a high ionic strength HEPES buffer was
used (10 mM HEPES pH = 7.4 containing 150 mM NaCl, 5 mM
MgCl2, and 0.005% Tween 20) for the affinity binding studies besides
HAB.
Optical Simulations. Numerical simulations were carried out in

order to determine the light intensity emitted to the far field by
fluorophores that are exposed to the evanescent field of PSPs in close
proximity to a metallic surface. The simulations were performed by
using the finite difference time domain (FDTD) method that was
implemented in the package FDTD Solutions (Lumerical Solutions
Inc., Canada). Fluorophores were represented by an infinitely small
dipole source placed above a plane gold surface at a distance f with the
orientation parallel (∥) or perpendicular (⊥) to the surface. The
angular distribution of emitted light intensity to the far field was
determined by using a monitor placed above the structure. Perfectly
matched layer boundary conditions were applied at all interfaces of a 1
μm × 1 μm × 3.5 μm simulation volume. A region of 120 nm × 120
nm × 300 nm around the emitter was studied with a 1 nm mesh, while
the remaining volume was partitioned with a nonuniform conformal
mesh. Water, as background medium surrounding the emitter, was

described by a constant refractive index medium with n = 1.332 and
the wavelength-dependent refractive index of gold was obtained by
fitting CRC data.22 In order to determine the emission probability to
the defined numerical aperture NA, the emitted intensity at λem = 670
nm was integrated over the angles falling in the defined range and
normalized with the total emitted power at the same wavelength. The
emission rate to a chosen NA was obtained as a product of emission
probability and excitation rate. The excitation rate of a fluorophore was
assumed proportional to the electric field intensity |E|2 at λex = 633 nm
which was simulated for the resonant coupling to PSPs.

Analysis of Aptamer Conformations. A random-coil approach23

was used based on a model in which the end-to-end distance of
polymer chain with N elements is determined as αaN1/2, where a is the
length between the monomers and α is a coefficient. An average
distance of a = 0.63 nm was assumed for nucleic acid monomers24 and
a = 0.15 nm for the bonds within PEG segments. The segments of
oligonucleotide strains were assumed to rotate completely freely and
thus α was set to α = 1. For the PEG spacers, α was set to 21/2 to take
into account their stiffer chain. It is important to note that this model
neglects a wide range of effects including repulsive Coulombic
interactions (e.g., between negatively charged bases in the DNA strand
and with the negatively charged Alexa Fluor 647N), steric hindrance,
or defined DNA strand conformations as a result of the affinity bound

Figure 2. (a) Schematics of the aptamer-based assay on the gold sensor surface that utilizes a fluorophore coupled to surface plasmons (PSP). Short
loop hairpin aptamer (SLA) or long loop hairpin aptamer (LLA) were anchored at the gold surface via a thiol group at the 3′ end and their surface
density was diluted by using polyethylene glycol-thiol (PEG). (b) Examples of possible closed hairpin conformations of SLA (left) and LLA (right)
in the absence of analyte and with Alexa Fluor 647 fluorophore attached to the 5′ DNA strand end.
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target analyte. Visualizations of possible conformations of the studied
aptamers were created in the Molecular Operating Environment
(MOE, 2013.08, Chemical Computing Group Inc., Canada).

■ RESULTS AND DISCUSSION

As seen in Figure 2a, the gold sensor surface carried a DNA
hairpin aptamer anchored via a thiol group at its 3′ end. The
thiol-PEG SAM was used to dilute the surface density of the
aptamer to reduce steric hindrance during analyte binding and
aptamer unfolding, as well as to serve as an antifouling carpet.
The aptamers specific to adenosine and adenosine triphosphate
(ATP) were derived from the structure which was reported to
exhibit dissociation constant in the bulk solution of Kd ∼ 6 μM
for adenosine.21 In order to utilize a readout strategy based on
surface plasmon field-enhanced fluorescence energy transfer,
the 5′ end of the aptamer strand was labeled with Alexa Fluor
647N dye. Seven bases of the aptamer at two locations close to
the 5′ and 3′ ends were designed to be complementary
(marked blue in Figure 2a) to form the stem. By using these
sequences, the aptamer forms a hairpin structure with the
fluorophore present close to the metal surface at a distance of
foff. The sequence of the stem region close to the 5′ end
partially overlaps with the sequence of 22 bases that is specific
to the target analytes adenosine and ATP (analyte specific
segment marked green in Figure 2a). Therefore, the affinity
binding of ATP disrupts the hairpin structure and switches the
aptamer to its open conformation state with a fluorophore
present at longer distance fon from the gold surface. By using
molecular spacers between the thiol anchor and the stem
sequence (spacer 1) and between the stem sequence and the
analyte specific sequence (spacer 2), the distance between Au
and Alexa Fluor 647 dyes in the “off” state foff and in the “on”
state fon can be tuned in order to achieve a maximum difference
in the detected optical signals.
Distance of the Fluorophore from the Surface. Two

designs of ATP aptamers with different molecular spacers 1 and
2 were used. The long loop aptamerLLAcarried spacer 1
with 6 PEG groups and two T bases between the anchor group
and the 3′ stem sequence. In addition, spacer 2 composed of 32
T bases was inserted between the ATP specific sequence and
the stem sequence. The second hairpin aptamer with short loop
sequenceSLAhad no spacer 1 and a shorter spacer 2 (two
T bases and 6 PEG groups). To estimate the distance between
the fluorophore and gold surface in the “off” and “on” states,
possible conformations of the SLA and LLA were analyzed.
Two examples of conformations of the stem region with the
fluorophore in the closed hairpin SLA and LLA can be seen in
Figure 2b. The distances of the fluorophore from the metal
surface in the absence foff and the presence fon of the analyte
were estimated based on random-coil model for polymers. For
LLA with longer molecular spacers, the average distance in the
closed hairpin conformation was estimated as foff ∼ 1.6 nm and
in the open hairpin conformation as fon ∼ 6.6 nm. In the closed
hairpin conformation, the spacer 1 (6 PEG groups and two T
bases) and linker between the fluorophore and the aptamer
were assumed to be flexible. Similarly, for the SLA the average
distances were estimated as foff ∼ 0.9 nm and fon ∼ 5.2 nm (see
summary in Table S1). The range of rotational freedom of the
fluorophore dye attached to SLA and LLA in the foff state is
visualized in Figure S1. The Alexa Fluor 647N dye in SLA
appears less flexible as compared to LLA where it possesses a
broader range of possible conformational states (rotational
freedom). As in the readout of the assay, the fluorescence signal

F(t) is collected with about 1 s integration time, the orientation
of the fluorophore is expected to be averaged and the mean
polar angle is Ξ ∼ 60° for both “off” and “on” states when the
fluorophore is free to rotate. For SLA in the closed hairpin, the
fluorophore is in close proximity to the gold surface which may
sterically hinder its rotation and thus a parallel orientation is
likely preferred, Ξ > 60° (note that a parallel orientation of the
dipole corresponds to Ξ = 90° and the perpendicular
orientation to Ξ = 0°).

Simulations of Competing Plasmonic Enhancement
and Quenching. The optical response of Alexa Fluor 647N to
conformation changes of the investigated SLA and LLA
aptamers between the closed and open hairpin states were
numerically simulated by FDTD. As Figure 3a shows, PSPs

probe the gold−water interface with a characteristic profile of
the electromagnetic field that evanescently decays away from
the gold surface with a penetration depth of about Lp = 190 nm
(defined as the distance from the surface at which the field
amplitude |E| decreases by a factor of e). In addition, it shows
that the field component |E⊥|

2 that is perpendicular to the

Figure 3. (a) Simulated parallel and perpendicular component of
electric field intensity upon the resonant excitation of PSP at λex = 633
nm depending on distance from the surface f. (b) Emission probability
for a dipole representing the fluorophore emitting at λem = 670 nm to a
cone above the gold surface with NA = 0.2 and NA = 1 as a function of
distance f and dipole orientation. (c) Emission rate of a fluorophore
emitting to NA = 0.2 at λem = 670 nm that is excited via PSPs at λex =
633 nm for its parallel and perpendicular orientation and varied
distance f.
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surface is enhanced by a factor of about 35 with respect to that
of the incident field component. The intensity of the parallel
component |E∥|

2 is approximately 5 times lower than that of the
perpendicular one |E⊥|

2.
In general, the radiation of fluorescence emitter placed above

the plane interface between gold and water can be quenched,
coupled via the near field to PSPs traveling along the gold
surface, or it can be emitted to the far field. The total emission
probability to the far field (represented by numerical aperture
NA = 1) from a radiating dipole above the gold surface is close
to 1 at long distances and it rapidly drops when decreasing the
distance f below 15 nm, see Figure 3b. These data also reveal
that the emitter oriented parallel (∥) to the gold emits to the far
field with smaller probability than that with perpendicular
orientation (⊥). Interestingly, this behavior is opposite if light is
only collected to a narrow cone of angles close to the normal
direction. The reason for the stronger emission probability
from the parallel dipole (that is more quenched) into the
normal direction is that emission occurs dominantly in the
direction normal to dipole oscillation. Let us note that for the
in situ measurement of fluorescence signal through a flow-cell,
the numerical aperture NA of lens used for the collecting of
fluorescence light is limited as it cannot approach close to the
sensor surface. The value used herein of NA = 0.2 holds for
typically used configurations in diffraction as well as ATR-based
plasmon field-enhanced fluorescence biosensors.25

Figure 3c presents the emission rate of fluorophore that is
coupled by the resonantly excited PSPs waves at wavelength λex
which occurs in a narrow angular range within NA = 0.2. It
shows that the difference between the emission probability
from parallel (∥) and perpendicularly (⊥) oriented emitter is
partially compensated by the stronger excitation of perpendic-
ular dipoles (see |E⊥|

2 in Figure 3a) than parallel dipoles (see |
E∥|

2 in Figure 3a). For short distances (1 < f < 15 nm), the
emission rate rapidly increases with increasing distance similar
to the emission probability as the PSP field decays slowly.
However, when increasing the distance f toward the PSP
penetration depth, the emission rate decreases with the distance
as the excitation field gets substantially weaker. In summary,
simulations predict that fluorescence intensity detected from a
fluorophore that is placed at the distance f < 15 nm and excited
with enhanced PSP field is more than an order of magnitude
stronger for the parallel dipole orientation (∥) than for the
perpendicular orientation (⊥). The emitted fluorescence
intensity rapidly increases with the distance f. For the estimated
changes in the distance of randomly oriented emitter attached
to LLA, the simulated intensity increase for the distance switch
from foff = 1.6 nm to fon = 6.6 nm is a factor of about 45. For the
SLA aptamer with preferably parallel oriented dye in the closed
hairpin conformation, slightly lower fluorescence signal change
of about 40 is predicted when the distance changes from foff =
0.9 nm to fon = 5.2 nm.
Measurement of Plasmon Field-Enhanced Fluores-

cence Energy Transfer Aptamer Assay. As seen in Figure
4a, the resonant excitation of PSPs at λex manifests itself as a
narrow resonant dip in the reflectivity spectrum R(θ).
Interestingly, the measured reflectivity spectra did not show
significant shift of the SPR dip located at θSPR upon the binding
of ATP which increases refractive index on the surface and also
leads to its redistribution due to the conformation change of
the aptamer. The lack of SPR signal to such variations can be
ascribed to two effects. First, ATP exhibits low molecular
weight (507.2 Da) which translates to weak increase in

refractive index that is proportional to δθSPR. Second, the
switching of the aptamer from its closed to open loop
conformation by the capture of ATP should lead to
counteracting small decrease in θSPR. Decrease of SPR angle
by about δθSPR = 0.01−0.02° was reported for swelling of
polymer brushes with molecular weight 50−3000 kDa26 which
was attributed to increase in their thickness and accompanied
decrease in refractive index. The switching of the aptamer
structure should lead to similar effects, but as its molecular
weight of 22.6 kDa is lower, the respective SPR changes are
expected to be weaker.
In the surface plasmon field-enhanced fluorescence regime,

the resonant coupling to PSPs leads to the excitation of
attached Alexa Fluor 647 dyes which can be seen as a strong
peak in the fluorescence intensity F centered at an angle θ
slightly lower than that where SPR occurs (see Figure 4b).
Interestingly, the maximum fluorescence intensity occurs at
angle θ that is slightly lower than that where the minimum
reflectivity occurs. Such small angular shift can be attributed to
the interference between the laser beam, that directly reflects
from the gold layer and undergoes a phase shift and the
resonantly excited surface plasmon waves that are leaky to the
substrate. When incubating the sensor surface with the ATP
target analyte, an increase in the fluorescence signal F is
observed. This is caused by a change in the aptamer
conformation that leads to an increase in the distance of the
emitter from the surface f and reduced effect of quenching.
Experimental measurements with SLA show 10.3-fold increase
in fluorescence intensity for 12 mM ATP in comparison to the
measurement taken in the absence of analyte, while for LLA, a

Figure 4. (a) Angular SPR reflectivity spectra R(θ) and (b) respective
fluorescence intensity spectra F(θ) measured for a sensor surface in
contact with HAB buffer spiked with the concentration of ATP of 0, 1,
5, and 10 mM. The gold sensor surface was functionalized with LLA.
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stronger 23.3-fold increased fluorescence intensity was
observed. For the SLA, this value is about 4-fold lower than
predicted and for the LLA aptamer, the measured value is about
2-fold lower than predicted. These discrepancies can be
attributed to inaccuracy of the model, particularly to the
simplified means of determining the distances in the open and
closed hairpin conformation and approximations used in the
FDTD simulations where the size of the real emitter (of about
2 nm) was replaced by an infinitely small dipole.
Real-Time Detection of the Reversible Aptamer

Interaction with Target Analyte. For the experimental
observation of affinity interaction with tethered aptamers, the
angle of incidence was set close to θSPR= 57° (where the
strongest fluorescence signal amplification occurs) and the
fluorescence intensity was measured as a function of time F(t).
As can be seen from Figure 5, the injection of the HAB spiked

with ATP leads to a rapid increase in the fluorescence signal F.
Increasing the ATP concentration from 0.9 μM to 12 mM leads
to a gradual increase in equilibrium signal F. Exposure to the
highest concentration followed by rinsing in buffer (without the
analyte) resulted in a rapid dissociation of the ATP-aptamer
complex that manifests itself as a drop of the fluorescence signal
to the original baseline value F0. This observation confirms a
fully reversible aptamer interaction for repeated measurements
without regeneration. Moreover, virtually no bleaching of
attached dyes was observed over the time course of the
experiment. The aptamer assay showed a comparable reversible
response for the detection of adenosine, but no observable
response was recorded for the negative controlguanosine
which is a structural analogue of adenosine. The data for the
long LLA ligand shown in Figure 5 were similar for the SLA
(Figure S2).
Calibration Curves. From the data of the titration

measurements, the equilibrium response F was obtained for
each analyte concentration. The limit of detection (LOD) was
determined as the concentration at which the calibration curve
intersects with the value of the background signal F0 plus 3
times the standard deviation, 3σ(F0).
For SLA, the determined LOD for ATP was 108 μM and 24

μM for adenosine. This was greatly improved by the LLA
where LOD values were ∼1−2 μM for both ATP and
adenosine. The obtained detection limits of the sensor is
within the reported values in the literature, that ranges over
several orders of magnitude (ATP detection limits from 0.5

pM27 up to 0.65 mM28) for a plethora of fluorescence detection
schemes.29,30 Although our reported sensor may fall in the low
sensitivity range, it is comparable to surface supported real-time
detection sensors31,32 and has the added value of effortless
reversible detection. As can be seen in Figure 6a, the baseline

fluorescence intensity is higher for the interface with LLA
compared to that for SLA. This can be attributed to its longer
distance in the “off” aptamer statefoff(see Table S1) which
is accompanied by higher emission rate (see Figure 3c). In
addition, Kd values were determined from the calibration curves
fitted with Langmuir isotherm model (presented in the
Supporting Information) and the Kd for adenosine was of 90
μM for SLA and of 50 μM for LLA (Figures S3a,b). The
calibration curves for ATP in both aptamers deviated from the
Langmuir isotherm (Figure 6a). However, fitting the calibration
curve for ATP concentrations up to 2 mM, where initial slight
saturation was seen (Figure 5a), yields Kd values of 300 μM and
120 μM for SLA and LLA (Figure S3c,d), respectively. These
values are probably increased by either the interaction of the
strongly negatively charged molecule ATP with the surface-
anchored aptamer that carries also negatively charged
fluorophore, possibly affecting its orientation. It is worth of
noting that the overall reduced affinity of fluorophore labeled
aptamers with respect to the unmodified one was reported
previously.33,34 Besides the molecular charge mentioned above,
surface and label induced reduction in affinity of the aptamer,
the competition of target-induced conformational change from
the initial closed hairpin state is a likely contributor.

Figure 5. Example of the fluorescence signal F(t) measured at a fixed
angle θ = 57° during titration of ATP, adenosine, and guanosine at
concentration increments up to 12 mM in HAB buffer. Gold sensor
surface was functionalized with LLA.

Figure 6. Calibration curves measured with SPFS detection principle
for ATP and adenosine analytes. Each data points (ΔF) derived from
triplicate titration measurements (an example shown in Figure 4). (a)
Comparison of the response for LLA and SLA aptamers and analyte
dissolved in HAB buffer. (b) Comparison of the response for LLA
aptamer and analytes dissolved in HAB and HB buffers.
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It was reported that the ATP binding aptamer can be
described using a “conformational selection” recognition of
ATP where the analyte-free state is more stable in high salt
concentration, which leads to a deteriorated distinction of
conformational changes when ATP is bound.35 Therefore, the
assay buffer (HAB) used in this study did not contain NaCl, in
order to increase the contrast between aptamer conformations
in analyte-free/hydridized and analyte bound states. However,
it is important to observe the performance of the assay in
buffers with compositions similar to samples relevant to
applications in the field of medical diagnostics. For this
purpose, HEPES buffer (HB) with salt concentration close to
physiological conditions was used to evaluate LLA. Fluo-
rescence intensity changes resulting from increasing analyte
concentrations, in both HAB and HB, for both ATP and
adenosine analytes can be seen in Figure 6b. The baseline
fluorescence intensity F0 of the sensor with HB is around 4-fold
higher (F0 HB ≈ 11 × 103 cps and F0 HAB ≈ 3 × 103 cps);
nevertheless the assay can be seen to perform similarly in terms
of dynamic range for the detection of adenosine in both buffers.
However, for ATP detection, saturation of sensor response is
reached earlier in HB at 2 mM ATP, which is in contrast to 12
mM ATP for HAB and the peak intensity in HB is lower than
for HAB. This decreased signal to background ratio and higher
F0 can be attributed to the influence of high salt concentration
in HB, that leads to an analyte-free folded aptamer
conformation and consequently lower structural change in
the ATP bound state.

■ CONCLUSIONS
A DNA aptamer sequence specific to ATP was utilized in a
plasmon field-enhanced reversible assay based on fluorescence
energy transfer. The presented work demonstrates that the
reversible interaction of a fluorophore-labeled aptamer with
low-molecular-weight target analytesadenosine and ATP
can be sensitively monitored in real time by plasmon field-
enhanced fluorescence light intensity. The optical simulations
qualitatively agree with the measured dependence of
fluorescence light intensity on conformational changes of the
used aptamers and they allowed ascribing the observed effects
to variations in the fluorophore orientation and distance from
the surface controlled by the molecular spacers. The plasmon
field-enhanced fluorescence is shown to offer the advantage of
continuous probing of aptamer capturing the target analyte for
more than 1 h without bleaching of the dye, with a limit of
detection of 1 μM. The observed design rules may provide
leads to prepare more sensitive and robust assays that take
advantage of versatile aptamer recognition elements and
coupling with the confined field of surface plasmons in various
optical configurations.
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Calculated possible lengths of aptamer linkers between metallic surface and Alexa Fluor 

647 dye 

min, nm random, nm max, nm 

SLA foff 0 0.9 4.7 

fon 3.8 15.3 

LLA foff 0 1.6 9.6 

fon 5.7 35.5 

Table S1. Summary of distance values determined for the length of aptamer linkers separating 

Alexa Fluor 547 dye from metallic surface in both SLA and LLA aptamers in their off foff and on 

fon states. The minimum in foff set at 0 is due to the possible collapsing of the dye on the metallic 

surface, resulting in complete quenching. The values for random (freely rotating polymer- 

ssDNA stretch) was determined using the random coil model with the function sqrt(N)·a, where 

N is the polymer units and a the length between each unit. Values of a for ssDNA subunits was 

0.63 nm
1
 and all other bonds 0.15 nm. The value maximum is defined as N·a, of a maximum

extended polymer.    
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Dihedral angle scan of foff states for SLA and LLA 

Figure S1. Dihedral scans of SLA (a. and b.) and LLA (c. and d.) aptamers in the foff state. The 

rotational freedom of the Alexa Fluor 647 dye (sticks) attached to 5’ end of complementary 14 

base linker DNA (colored spheres) anchored onto a gold film (yellow spheres), is demonstrated. 

The Alexa Fluor 647 dye in the SLA linker shows more restricted rotational freedom, as seen in 

a. side view and b. top view, compared to the LLA attached dye as seen in c. side view and d. top

view.     
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Fluorescence signal kinetics of SLA binding with ATP and Adenosine 
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Figure S2. Real-time fluorescence signal F(t) measured at a fixed angle θ=57 deg upon 

sequential injection of ATP and adenosine at concentrations 0-12 mM in HAB buffer for gold 

sensor surface functionalized with SLA.   
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Dissociation constants Kd of adenosine and ATP for SLA and LLA aptamers 
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Figure S3. Calibration curves established from changes in fluorescence intensity F as a result of 

increasing concentrations of analytes adenosine (a. and b.) and ATP (c. and d.). Dissociation 

constants (Kd) are determined by fitting with Langmuir isotherm model.  
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A surface plasmon field-enhanced fluorescence
reversible split aptamer biosensor†

K. Sergelen,a,b,c B. Liedberg, b W. Knolla and J. Dostálek *a

Surface plasmon field-enhanced fluorescence is reported for the readout of a heterogeneous assay that

utilizes low affinity split aptamer ligands. Weak affinity ligands that reversibly interact with target analytes

hold potential for facile implementation in continuous monitoring biosensor systems. This functionality is

not possible without the regeneration of more commonly used assays relying on high affinity ligands and

end-point measurement. In fluorescence-based sensors, the use of low affinity ligands allows avoiding

this step but it imposes a challenge associated with the weak optical response to the specific capture of

the target analyte which is also often masked by a strong background. The coupling of fluorophore labels

with a confined field of surface plasmons is reported for strong amplification of the fluorescence signal

emitted from the sensor surface and its efficient discrimination from the background. This optical scheme

is demonstrated for time-resolved analysis of chosen model analytes – adenoside and adenosine tri-

phosphate – with a split aptamer that exhibits an equilibrium affinity binding constant between 0.73 and

1.35 mM. The developed biosensor enables rapid and specific discrimination of target analyte concen-

tration changes from low µM to mM in buffer as well as in 10% serum.

Introduction

In recent years, a rapidly increasing number of analytical
technologies have taken advantage of cost-effective production
and flexibility in the design of oligonucleic acid aptamer
ligands.1–3 Among others, aptamer biosensors found their
applications in sensitive analysis of species that serve as bio-
markers of cancer,4–6 cardiovascular diseases,7,8 and
inflammation9–11 as well as for the detection of patho-
gens.3,12,13 The optical readout of the specific interaction of an
aptamer ligand with a target analyte mostly utilizes
fluorescence.14–16 The majority of fluorescence-based aptamer
biosensors rely on distance-dependent fluorescence resonance
energy transfer (FRET)17,18 or quenching of the fluorescence
signal in the vicinity of graphene13,19,20 and other quench-
ers.21,22 The performance of fluorescence-based biosensors is

often limited by the background signal and bleaching of
fluorophore labels. This problem may be overcome by the use
of surface plasmon resonance (SPR) biosensors which provide
a facile platform for the direct detection of a target analyte that
does not require labels.23–25 SPR aptamer biosensors exploit-
ing localized surface plasmons supported by metallic nano-
particles12,26,27 and propagating surface plasmons travelling
along thin metallic films11 were reported. Moreover, surface
plasmon optics can be employed for the amplification of the
fluorescence assay readout by probing of aptamer binding
with plasmonically enhanced intensity of the electromagnetic
field. This phenomenon was exploited with the use of
propagating surface plasmons on metallic surfaces28–31 as well
as with localized surface plasmons supported by metallic
nanoparticles spiked to the analyzed liquid sample.32,33

Besides the plasmon-enhanced fluorescence (PEF) intensity,
this detection scheme typically decreases the lifetime of
the used fluorophore labels which reduces the effect of
bleaching.34,35

The sandwich format is routinely used in immunoassays
for the detection of medium and large molecular weight ana-
lytes. In this method, one antibody is attached to a sensor
surface to capture the target analyte from the analyzed sample.
Subsequently, the surface is reacted with the second antibody
that is labeled with a reporter (e.g. fluorophore or nano-
particle).36 These two antibodies are designed so that they
bind to different epitopes of the target analyte without steric
hindrance. This approach is generally not possible for low

†Electronic supplementary information (ESI) available: Surface mass density
values of the functionalized sensor chip and fitted calibration curves of each of
the target analytes with determined dissociation constants. See DOI: 10.1039/
c7an00970d
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molecular weight analytes. Aptamers on the other hand provide
an interesting alternative to established immunoassays and they
are particularly attractive for rapid detection of low molecular-
weight analytes.10,17,18,26 Single strand oligonucleotide aptamers
were also implemented in biosensors utilizing a sandwich
assay.37–39 In contrast to immunoassays, they offer means to
design sandwich-type assays even for low molecular weight
analytes40–44 by using an aptamer sequence divided into two sep-
arate strands in a way that allows maintaining the binding activity.

The sandwich aptamer assay was utilized for continuous
sensing of biologically active analytes45 which was reported for
time-resolved measurements of species secreted by cells to
their local environment. Indeed, the vast majority of bio-
sensors rely on high affinity ligands. Then regeneration proto-
cols need to be applied to strip the captured analyte from the
ligand for their repeated use.46,47 However, such regeneration
complicates the operation in emerging applications such as
cell-on-chip48 or therapeutic drug monitoring.49 In principle,
more facile monitoring of time dependent analyte concen-
tration variations can be utilized by low affinity ligands.50–53 In
sandwich aptamer assays that utilize SPR metallic nano-
particles as reporters, usually multiple aptamer (oligo-
nucleotide) strands are attached which often leads to avidity-
enhanced irreversible interactions with the analyte. This can
be overcome by tedious purification steps45 or with the use of
fluorophore tags that do not increase affinity.54

The use of weak affinity ligands for reversible fluorescence-
based sandwich assaying is challenging due to the high fluo-
rescence background and weak specific signals associated with
the analyte capture. We report herein the implementation of
PEF as a sensitive readout method for reversible split aptamer-
based fluorescence biosensing. A split DNA aptamer55,56 that
binds to ATP and adenosine was chosen for a proof of concept
demonstration of real-time continuous monitoring of concen-
tration changes without the need of regeneration.

Experimental
Materials

Adenosine 5′-triphosphate disodium salt hydrate (ATP), adeno-
sine, guanosine, sodium chloride, magnesium chloride hexa-
hydrate, tris hydrochloride, 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) and polyethylene glycol sorbitan
monolaurate (TWEEN 20) were obtained from Sigma-Aldrich
(Austria). Neutravidin protein was purchased from
ThermoFisher (Austria). Biotinylated alkane PEG thiol (BA
thiol, SPT-0012D) and (11-mercaptoundecyl) triethyleneglycol
(PEG thiol, SPT-0011) were purchased from SensoPath
Technologies Inc. (USA). Buffer solutions were prepared using
ultrapure water (arium pro, Sartorius Stedim) with all reagents
used as received. The ATP and adenosine binding split DNA
aptamer55 sequences Biotin 5′-TTTTTTTTTTAGA GAA CCT
GGG GGA GTA T-3′ (segment S1-Biotin) and AlexaFluor647N 5′-
TTTTTTGC GGA GGA AGG TAG AG-3′ (segment S2-AF647) were
synthesized by Integrated DNA Technologies (Belgium). The

serum sample was collected from a healthy donor using a
Vacuette Z Serum Clot Activator (Freiner Bio One, Germany),
centrifuged for 10 minutes at 1800g and stored at −20 °C until
analysis.

Sensor chip preparation

Sensor chips were prepared on BK7 glass substrates which
were subsequently coated with 2 nm chromium and 50 nm
gold films by thermal vacuum evaporation (HHV Auto306 Lab
Coater). The thickness of gold was chosen to maximize the
coupling strength to propagating surface plasmons based on
previous work reported in the literature.57 The gold surfaces
were rinsed with ethanol, dried under a stream of air and
immersed in 1 mM ethanolic solution with BA and PEG thiols
dissolved at a 1 : 9 ratio. This ratio was reported as optimum
for the immobilization of oligonucleotide strands by streptavi-
din–biotin interactions.58 After 48 hours of incubation under
an argon atmosphere, a mixed self-assembled monolayer
(SAM) was formed on the gold surface which was subsequently
rinsed with ethanol and dried under a stream of air. A 10 mM
HEPES buffer (pH = 7.4) containing 150 mM NaCl, 5 mM
MgCl2 and 0.005% Tween 20 was used throughout the immo-
bilization of the ligand. Initially, 0.5 mL of 50 μg mL−1 neutra-
vidin solution was flowed over the mixed thiol SAM for
25 minutes to form a monolayer.57 Then, 0.5 mL of 1 µM solu-
tion of biotinylated split aptamer segment 1 (S1-Biotin) was
reacted with the surface for 25 minutes in which the saturation
was reached. After each incubation step, the sensor surface
was rinsed for 10 minutes with buffer.

Optical measurements

For the optical measurements, an instrument that combines
surface plasmon resonance (SPR) and surface plasmon field-
enhanced fluorescence (PEF) was used as described pre-
viously.59 Briefly, the sensor chip with the mixed thiol SAM
was optically matched to an LASFN9 glass prism with refractive
index matching oil (Cargille Inc., USA) and a flow-cell was
clamped onto its top. The volume of the flow-cell was 10 µL
and it consisted of a PDMS gasket (thickness of ∼130 μm) and
a transparent glass substrate with drilled inlet and outlet
ports. Liquid samples were transported via a tubing (Tygon
LMT-55) with a 0.25 mm inner diameter at a flow rate of 15
μL min−1. This assembly was mounted onto a rotating stage and
a monochromatic transverse magnetically (TM) polarized HeNe
laser (λex = 632.8 nm) beam was coupled to the prism. The
angle of incidence θ was controlled to resonantly excite the
propagating surface plasmons (PSPs) on the gold surface by
the Kretschmann configuration of the attenuated total reflec-
tion method. The reflected light intensity R was measured by
using a photodiode detector connected to a lock-in amplifier
(EG&G, USA). In addition, the fluorescence intensity F emitted
at wavelength λem = 670 nm through the flow-cell in the direc-
tion normal to the gold surface was collected with a lens (focal
length 30 mm, numerical aperture NA = 0.2). Two bandpass
filters (transmission wavelength λem = 670 nm, 670FS10-25,
Andover Corporation Optical Filter, USA) and a notch filter
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(central stop-band wavelength λex = 632.8 nm, XNF-632.8-25.0
M, CVI Melles Griot, USA) were used to block the excitation
light at λex. Afterwards, the beam at λem was coupled to a multi-
mode optical fiber (FT400EMT, Thorlabs, UK) and detected
with an avalanche photodiode (Count-200-FC, Laser
Components, Germany). The fluorescence light intensity F was
measured using a counter (53131A, Agilent, USA) in counts per
second (cps). Both the reflectivity and fluorescence signals
were recorded using the software Wasplas (Max Planck
Institute for Polymer Research, Mainz, Germany). Time
resolved measurements of reflectivity R and fluorescence
intensity F were performed at a fixed incidence angle θ.

Split aptamer assay

In the split aptamer assay, the HEPES buffer solution with 100
nM S2-AF647 aptamer (concentration derived from data shown
in Fig. S2†) was continuously flowed over the sensor surface
with immobilized aptamer S1-Biotin. After establishing a
stable baseline in the acquired fluorescence signal F0 in about
15 minutes, sequential analysis of samples with the target
(ATP, adenosine) and reference (guanosine) analytes was per-
formed. These analytes were spiked into the buffer with 100
nM S2-AF647 and each sample was allowed to react with the
surface for 5–8 minutes until a steady level of fluorescence
signal F(t ) was reached.

Results and discussion
Surface plasmon field-enhanced fluorescence split aptamer assay

As can be seen in Fig. 1, the used split aptamer ligand is com-
posed of two segments. The segment S1-Biotin was immobi-

lized on the sensor surface by using the biotin tag, while the
second segment S2-AF647 carrying Alexa Fluor 647 label was
contained in a solution above the surface. Split aptamer
sequences that specifically bind to adenosine and ATP were
adopted from studies reported in the literature.55,56 In the
presence of the target analyte, the segment S2-AF647 forms a
complex with tethered S1-Biotin, whereas in the absence of the
target analyte the segments do not interact. The S2-AF647
binding events triggered by the presence of the target analyte
were monitored by probing of the gold sensor surface with
resonantly excited surface plasmons – PSPs. The excitation of
PSPs generates an increased intensity of electromagnetic field
at a wavelength of λex = 633 nm which coincides with the
absorption band of the used fluorophore. Due to its confined
field profile, the PSP-enhanced excitation of fluorophores
occurs only in the close proximity of the sensor surface (below
<100 nm). The fluorescence light intensity F that was emitted
perpendicularly to the surface at a wavelength of λem = 670 nm
was collected and detected in time.

The intensity of the emitted fluorescence signal is strongly
dependent on the distance of the fluorophore from the gold
surface.29 In order to prevent quenching occurring at short dis-
tances of <10 nm, surface architecture with a neutravidin
spacer layer was used for the immobilization of the S1-Biotin
segment. Then the affinity binding occurs further away from
the gold and the effect of quenching is substantially reduced
as reported previously for the surface plasmon-enhanced fluo-
rescence detection of DNA hybridization.60

Aqueous samples with varying concentrations of ATP were
prepared. Each sample was spiked with the same concen-
tration of aptamer segment S2-AF647 of 100 nM and flowed
over the sensor surface for 5–8 min. Upon the flow of samples,
a series of fluorescence intensity scans F(θ) were measured for
different angles of incidence θ of the excitation laser beam at
λex. As shown in Fig. 2, strong fluorescence intensity F was

Fig. 2 Angular fluorescence intensity spectra F(θ) measured upon the
affinity binding of ATP to the sensor surface from samples with ATP con-
centration from 0.125 to 2 mM.

Fig. 1 Schematics of the split aptamer sandwich assay and surface
architecture.
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observed at angles θ below the critical angle (θc = 47.3 deg).
This fluorescence signal originates from fluorophores dis-
persed in the bulk solution that are excited with a laser beam
partially transmitted through the gold layer. When increasing
the angle θ above the critical angle θc, the fluorescence signal
F drops and an additional fluorescence peak is observed at a
higher angle θSPR ∼ 57 deg. This peak is ascribed to the
fluorescence signal emitted from the surface when PSPs are
resonantly excited at λex. Interestingly, when increasing the
concentration of ATP in the solution, the fluorescence signal
below the critical angle θc does not significantly change. In
contrast, probing of the sensor surface with the confined field
of PSPs at angle θSPR is accompanied by fluorescence intensity
that increases with ATP concentration. The reason is that
below the critical angle θc the measured fluorescence signal
F mostly originates from the fluorophore labeled segment of
the aptamer S2-AF647 that is contained in the bulk solution.
This signal apparently masks the response due to the affinity
binding on the sensor surface. However, above the critical
angle θc the fluorescence excitation via the enhanced intensity
of the evanescent PSP field occurs. Such optical enhancement
is selective for the surface and efficiently makes the affinity
binding of the target analyte distinguishable from the bulk.
The simultaneously measured angular reflectivity spectra R(θ)
(Fig. S3†) reveal no measurable shift in the SPR angle (rep-
resented as a minimum of the respective reflectivity dip) as the
local refractive index variations associated with low molecular
weight analyte binding are too weak.

Time-resolved fluorescence readout

In order to measure the fluorescence response upon the
affinity binding of the target analyte in time, the angle of inci-
dence was fixed at θ = 57 deg where the strongest fluorescence
enhancement was observed. Firstly, a steady baseline in the
fluorescence signal F0 was established for a flow of a blank
sample with 100 nM S2-AF647. Then, a series of samples

spiked with the target analytes (ATP or adenosine) and the
reference analyte (guanosine) were sequentially injected.
Increasing the concentration of adenosine leads to a gradual
increase of the fluorescence signal F which saturates in about
5–8 min (see Fig. 3, left). For the highest injected ATP concen-
tration of 2 mM, the equilibrium fluorescence signal
F increased by a factor of ∼4 with respect to the baseline F0.
For the ATP concentrations above 2 mM, the fluorescence
signal reached saturation. Compared to ATP, the binding of
adenosine showed a stronger response and for the concen-
tration of 5 mM the fluorescence signal increased by a factor
of ∼22 with respect to F0, reaching saturation. This observation
can be ascribed to differences in the interaction of ATP and
adenosine with the split DNA aptamer. Possibly the weaker
association of ATP with the aptamer complex than that of ade-
nosine can be attributed to the strong negative charges of both
ATP and the fluorophore AF647 conjugated split aptamer
segment S2-AF647. The reference analyte guanosine did not
interact with the selected aptamer.

Importantly, the interaction of the split aptamer with the
target analytes is fully reversible. When switching the flow of
samples to a blank buffer sample with the same concentration
of S2-AF647, but without the target analyte, the fluorescence
signal quickly drops to the original baseline F0 in 1 minute.
The right panel in Fig. 3 confirms the full reversibility of the
assay and demonstrates the potential for real-time continuous
sensing by running several cycles of injection of the sample
series with increasing ATP concentration. In the context of
applying such a sensor for therapeutic drug monitoring, there
would be a need to reach time resolution that is comparable to
the drug half-life (mostly hours to days) or time to reach the
peak concentration of the drug (30 min to >hours).61–64 The
presented assay offers a much faster response as the sensor
signal reaches equilibrium in several minutes after a change of
the target analyte concentration. Indeed, it should be men-
tioned that the response time is probably dictated by diffusion

Fig. 3 The titration measurements illustrating the reversibility of the split aptamer based assay. Left. The red and blue lines indicate the specific ana-
lytes ATP and adenosine, respectively, and guanosine as the negative control (green line). Right. Demonstration of the reversible and reproducible
detection of the assay for 3 rounds of ATP detection. Concentrations of analytes are indicated in sequential numbers: 0 – 0; 1 – 0.062 mM;
2 – 0.125 mM; 3 – 0.25 mM; 4 – 0.5 mM; 5 – 1 mM; 6 – 2 mM; 7 – 3 mM; 8 – 5 mM, respectively.
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of the analyte to the surface and mixing of solutions in the
used flow injection.

Calibration curves

From the titration experiments presented in Fig. 3, the equili-
brium response was determined for each concentration as the
difference of equilibrium signals ΔF = F − F0. The established
calibration curves for ATP and adenosine are presented in
Fig. 4 together with a fit using the Langmuir isotherm.
From these data, the equilibrium dissociation constant Kd for
the affinity interaction of ATP and adenosine with the split
aptamer was determined. This parameter was obtained as the
half saturation concentration and it yields a Kd of 0.35 mM
and 1.35 mM for ATP and adenosine, respectively (Fig. S4†). It
is worth noting that these values are in the range proposed for
reversible continuous sensing, Kd > µM.50 In addition, they are
about two orders of magnitude higher than those for the
affinity interaction with the native (not split) aptamer in the
bulk solution, Kd ∼ 6 µM.56 The weaker affinity with respect to
the reported heterogeneous assay can be partially attributed to
the labeling of aptamer strands with fluorophores which was
observed before (Kd = 273 µM54).

The limit of detection for the assay was determined for
each calibration curve as the concentration at which the value
of 3 times the standard deviation of the background signal F0
(3σ = 2.5% of F0 for ATP and 3σ = 2% of F0 for adenosine) inter-
sects with the fitted calibration curve. The LOD values of
78 µM and 42 µM were determined for ATP and adenosine,
respectively. Such a detection limit is not sufficient for the ana-
lysis of ATP or adenosine as a biomarker in clinical samples
such as plasma65 or extracellular space66 where they are
present at concentrations in the low nM range. However, it
may be feasible to apply a similar split aptamer for the sensing

of the cellular sub mM levels of ATP67 in cell-on-chip systems
that are combined with fluorescence microscopy.68 Plasmonic
amplification of the fluorescence signal in such a detection
scheme can be implemented with the use of an epifluores-
cence readout as reported before by our group.28 In addition,
the limit of detection can be improved by using more powerful
plasmonic amplification schemes69 and by using biointerfaces
that accommodate higher amounts of ligands such as those
relying on 3D hydrogel matrices.70 Moreover, depending on
the needed time resolution in the monitoring of target analyte
concentration changes, the implementation of ligands with
higher affinity would directly translate to an improved LOD.

Assay performance in real samples

Finally, the performed split aptamer assay was tested for the
analyte spiked into 10% serum with the same concentration
ranges as used for sensing in buffer. Detection was performed
in triplicate and from the obtained calibration curves, the LOD
of the sensor in 10% serum is slightly increased to 122 µM
for ATP and 58 µM for adenosine (Fig. 5). Although there is
slight loss in the LOD of the reported assay in diluted serum,
the reversible detection of analytes is retained (Fig. S5†) and
the overall biosensor performance is comparable to that in
buffer.

Conclusions

A DNA split aptamer assay with a surface plasmon field-
enhanced fluorescence sensor was demonstrated to allow for
reversible and label-free detection of small molecular weight
analytes, ATP and adenosine. Real-time probing of the analyte/
aptamer specific interaction with the spatially confined
surface plasmon field enabled the efficient suppression of the
effect of the fluorescence background. A fully reversible

Fig. 4 Calibration curves of the detection of ATP and adenosine ana-
lytes. Each data point (ΔF) is derived from triplicate titration measure-
ments as in Fig. 3. Calibration curves were fitted with the Langmuir iso-
therm model.

Fig. 5 Comparison of the calibration curves of ATP and adenosine
detection measurements in buffer and 10% serum.
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aptamer biosensor with a detection limit in the low micro-
molar range was established. The applicability of the sensor
scheme was proven for 10-fold diluted serum and the revers-
ible detection of concentration changes of the analytes was
possible in the time range of minutes. The reported reversible
sensing scheme can pave a way for the future development of
continuous optical sensors for the many medically relevant
markers that require close monitoring, which is vital to the
improved evaluation and treatment of patient states71 or it may
find its application in lab-on-chip systems for the rapid monitor-
ing of cellular constituents and metabolites over time.48
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Characterization of the biointerface architecture

The surface mass density of neutravidin and S1-Biotin segment at the sensor surface was measured as 
1.49 ng/mm2 and 0.47 ng/mm2, respectively. These values were determined from shifts of SPR dip in the 
angular reflectivity spectra presented in Figure S1. The surface mass density of neutravidin (molecular 
weight of 60kDa) is comparable to full packed monolayer [1]. The three – fold smaller surface mass 
density of the aptamer segment S1-Biotin (molecular weight of 9.37kDa) corresponds to about 2 strands 
immobilized per attached neutravidin. 

Figure S1. Angular reflectivity spectra R() measured at sensor chip functionalization steps. 
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Thicknesses of immobilized NA and S1-Biotin were calculated by fitting the angular reflectivity spectra 
using transfer matrix-based model with the software Winspall (Max Planck Institute  for Polymer 
Research, Germany). In the fitting, refractive index of buffer was assumed as nb= 1.333, nSAM and 
refractive index n of polymer layer with a thickness dp on the top of the gold surface was np=1.45. The 
surface mass density  is calculated with the obtained thickness values using the formula Γ=(np-nb) 
·dp·∂c/∂n , where ∂n/∂c= 0.2 mm-3 mg-1. 

Optimization of S2-AF647 concentration

In the fluorescence assay, the concentration of S2-AF647 aptamer segment was chosen based on data 
presented in Figure.S2. Fluorescence signal intensity was recorded for ATP-assisted formation of the 
complex between S1-Biotin and S2-AF647 segments. S2-AF647 concentration of 10 nM and 100 nM and 
varying ATP concentrations between 1 µM and 1 mM were used and the limit of detection (LOD) 
determined as a concentration for which the calibration curve intersects with the baseline noise. As the 
LOD for 100 nM concentration out-performed that for 10 nM S2-AF647 concentration, the higher one 
was used in the assay. The even higher concentration was not considered as the further increased 
background signal F0 would limit the dynamic range of the fluorescence detection. 

Figure S2. Titration measurements performed with S2-AF647 concentration of 10 nM and 100 nM and 
varying ATP concentrations between 1 µM and 1 mM. 
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Figure S3. Angular reflectivity spectra R() measured upon the affinity binding of ATP to the sensor 
surface from samples with ATP concentration from 0.125 to 2 mM (Figure 2 of manuscript). 

Determination of equilibrium affinity binding constants

Figure S4. Calibration curves of A) ATP and B) Adenosine detection fitted with the Langmuir isotherm 
model. Dissociation constant Kd values determined as the half saturation concentration of the analyte.
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Reversibility of the assay performed in 10% serum

Figure S5. The titration measurements illustrating the reversibility of the split aptamer based assay in 10 
% serum. Analyte concentrations indicated in sequential numbers are as follows: 0- 0; 1- 0.062 mM; 2- 
0.125 mM; 3- 0.25 mM; 4- 0.5 mM; 5- 1 mM; 6- 2 mM; 7- 3 mM; 8- 5 mM, respectively. 
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The preparation and investigation of a free-standing membrane made from a composite of 

thermoresponsive poly(N-isopropylacrylamide) (pNIPAAm) and polystyrene 

nanoparticles (PS NP) with temperature-controlled permeability is reported. The method 

exploits the light-induced crosslinking of the photo-reactive pNIPAAm-based polymer 

and mechanical reinforcement of the membrane structure by the polystyrene 
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nanoparticles. About micrometer thick layers were either directly attached to a gold 

surface or prepared as free-standing layers spanning over arrays of microfluidic channels 

with a width of about hundred microns by using template stripping. Diffusion of liquid 

medium, low molecular weight molecules, and large molecular weight proteins contained 

in blood through the composite membrane was observed with combined surface plasmon 

resonance (SPR) and optical waveguide spectroscopy (OWS). The swelling ratio, 

permeability, and non-specific sorption to these composite membranes were investigated 

by SPR and OWS as a function of molecular weight of analyte, loading of PS NP in the 

composite film, and temperature. We show successful preparation of a defect-free 

membrane structure that acts as a thermoresponsive filter with nanoscale pores spanning 

over an area of several square millimeters. This membrane can be reversibly switched to 

block or allow the diffusion of low mass molecules to the sensor surface by temperature-

triggered swelling and collapsing of the hydrogel component. Low unspecific sorption 

and blocking of diffusion of proteins contained in blood serum is observed. These 

features make this platform interesting for potential future applications in continuous 

monitoring biosensors for the analysis of low molecular weight drug analytes or for 

advanced cell-on-chip microfluidic studies. 

 

I. INTRODUCTION 

Hydrogel materials are increasingly used in important fields spanning from tissue 

engineering,1 drug delivery,2 implants,3 and wound dressings4, 5 to various analytical 

technologies.6-8 Sensor and biosensor analytical applications typically take advantage of 

hydrogels that exhibit large surface area, are resistant to fouling by biomolecules present 
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in complex media and can be tailored to provide additional biological function.9, 10 They 

can be used as thin layers attached to a sensor surface that serve as a highly open binding 

matrix when post-modified with ligands specific to target analytes.11-13 Besides affinity 

biosensors for in situ detection of analyte species, hydrogels are also pursued to advance 

implanted biosensors by preventing adhesion of cells and thus prolong their lifetime.14 In 

addition, cell-on-chip microfluidic systems increasingly employ hydrogels that mimic the 

extracellular matrix and which allow for design of complex artificial architectures 

resembling 3D living tissues.15,16 For instance, bulk silk hydrogels that were 

enzymatically crosslinked in a microfluidic device were successfully utilized for 3D cell 

culturing.17 In another approach an agarose based hydrogel was employed to form 

microfluidic channels for controlled biomolecule delivery to cell cultures.18 Besides bulk 

materials, structuring of hydrogels was demonstrated to be vital for culturing of specific 

cell types, for example vascularization by endothelial cells19, or neural cell network 

formation.20 More complex hydrogel microstructures have been exploited in microfluidic 

actuators for stimuli-responsive control of liquid flow.21, 22, 23 In particular, they allowed 

fabrication of microfluidic valves24, 25 and reservoirs for pre-concentration of selected 

biomolecules.26, 27  

Among various geometries, hydrogel membranes attract increasing attention for 

many applications.28 Such membranes were prepared by layer-by-layer polymer 

deposition onto a sacrificial layer through spin-coating to form a very thin (30-100 nm 

thick) suspended structure spanning over 10 µm gaps.29 However, the majority of free-

standing hydrogel membranes reported are much thicker. A porous, flexible free-standing 

composite hydrogel film with around 7 micron thickness was fabricated by filtration of 
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graphene and polyaniline hydrogel composite aggregates.30 A crosslinked free-standing 

polyvinyl alcohol-based hydrogel film with 300 micrometer thickness was fabricated 

through solution casting in a predefined mold.31 Free-standing hydrogel macrostructures 

are also reported for syringe polymerization to yield tubular or cylindrical hydrogel 

structures32 or for molecular self-assembly into various predefined shapes.33 Free-

standing structures with various shapes and functionalities make an attractive means for 

sensing applications. In a recent report, free-standing molecularly imprinted photonic 

hydrogels with thickness of around 100 microns were constructed through a colloidal 

crystal templating method and applied for the detection of analytes.34 A free-standing 

composite film composed of a gold nanoshell microsphere colloidal crystal and a 

polyacrylic acid-based hydrogel was prepared by photopolymerization and was utilized 

for sensing of pH changes.35 Furthermore, the application of free-standing hydrogel 

structures expands to cellular studies, where for example, hydrogel biopaper substrates 

with 50-200 micron thickness were made with living cells and a hydrogel composite 

through polymerization on micropatterned substrates.36 Thermoresponsive poly-(N-

isopropyl)acrylamide (pNIPAAm) based free-standing hydrogel films (100-300 micron 

thickness) were constructed by injection compression molding.37 Free-standing 

polyethylene glycol diacrylate-based hydrogel films with a thickness around 200 microns 

were prepared by polymerizing between Teflon-coated quartz plates and with these high 

water intake, anti-fouling, antimicrobial and oil/water filtration activities were 

demonstrated.38 Recent studies have sought to improve hydrogel mechanical stability, 

stretchability39 and macroshaping40 that could be further applied for wearable sensors or 

tissue engineering. 
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We report on the facile preparation of a mechanically robust, thermoresponsive, 

free-standing pNIPAAm hydrogel-polystyrene nanoparticle (PS NP) composite 

membranes that span over a distance of 100 micrometers across microfluidic channels 

with a mere film thickness as low as one micrometer. These free-standing hydrogel 

membranes are prepared by template stripping over a channel array casted onto a surface 

plasmon resonance (SPR) sensor chip. Rapid diffusion of low molecular weight 

molecules and soluble constituents present in blood plasma is investigated for these 

pNIPAAm-PS NP composite membranes, and their on demand switching from a 

permeable to a closed states is demonstrated by combined optical waveguide 

spectroscopy (OWS) and SPR measurements.  

 

II. EXPERIMENTAL 

A. Materials 

D-(+)-Maltose monohydrate was obtained from Carl Roth (Germany), phosphate 

buffered saline (PBS, 140mM NaCl, 10mM phosphate, 3mM KCl, pH 7.4) was 

purchased from Calbiochem (Germany), off-stoichiometry thiol-ene polymer (OSTEmer 

322 Crystal clear) was obtained from Mercene Labs (Sweden), Hellmanex III was 

obtained from Hellma Analytics, Polybead 100nm microbeads (Polystyrene- PS) were 

purchased from PolySciences (Germany), newborn calf serum was purchased from 

Invitrogen (Germany), polydimethylsiloxane (PDMS, Sylgard 184) was obtained from 

Dow Corning (USA).  

 

B. Experimental setup and methodology 
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1. pNIPAAm-based polymer 

The pNIPAAm-based terpolymer with 94:5:1 molar ratio of N-isopropylacrylamide, 

methacrylic acid and 4-methacryloyloxy benzophenone was synthesized as previously 

described11 and its structure is showed in Figure 1A. 
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FIG. 1. Chemical structure of (A) the benzophenone-modified, crosslinkable, 

carboxylated pNIPAAm terpolymer and (B) the benzophenone-modified disulfide (4-

AMBP-disulfide). 

 

2. 3,3’-Disulfanediylbis(N-(4-benzoylbenzyl)propanamide 

For the surface attachment of the respective pNIPAAm-based composite films to the gold 

substrates, a novel benzophenone derivative with a disulfide anchor group was 

developed, see Figure 1B. For this purpose, bis(2,5-dioxopyrrolidin-1-yl) 3,3’-
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disulfanediyldipropanoate was reacted with 4-(aminomethyl)benzophenone (4-AMBP)41 

in the presence of triethylamine at room temperature, see Figure S1. Bis(2,5-

dioxopyrrolidin-1-yl) 3,3’-disulfanediyldipropanoate (0.74 mmol, 0.30 g) was dissolved 

in DMSO (14 ml) and cooled with an ice-water bath to 0°C. 4-

(Aminomethyl)benzophenone (3.30 mmol, 0.70 g) dissolved in DMSO (6 ml) and Et3N 

(3.20 mmol, 0.45 ml) were added and the solution stirred for 16 h at room temperature. 

DCM (20 ml) was added and the organic layer was washed with water (2 × 20 mL). The 

formed precipitate in the organic layer was filtered off and washed with small portions of 

DCM, followed by drying of the remaining product under reduced pressure. The yield 

was of 51 % (0.38 mmol, 0.26 g) of a white solid. The resulting product was 

characterized by 1H and 13C NMR spectroscopy (provided in the Supporting Information 

in Figures S2 and S3), showing only minor impurities of a mono-substituted product.IR 

spectroscopy showed bands (cm-1) at 3295 (N-H), 3052 (C-Haromatic), 2907 (C-H), 1641 

(C=O).  

 

3. Nanocomposite hydrogel thin film preparation 

Composite hydrogel films were prepared by spin-coating an ethanolic solution with 

dissolved pNIPAAm and suspended polystyrene nanoparticles at weight fractions as 

specified in Table I. These films were either attached directly to a gold surface for the 

SPR/OWS studies or on top of an array of OSTEmer channels in order to serve as a free-

standing membrane. Both types of structures were prepared on BK7 glass substrates that 

were cut into 20 × 25 mm pieces and sequentially washed with 1% Hellmanex III 

solution, distilled water and absolute ethanol, amid sonicating, and dried under air stream. 
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Subsequently, 2 nm chromium film and 50 nm thick gold films were deposited by 

vacuum thermal evaporation (HHV Auto306 Lab Coater). 

TABLE I 

 

For the preparation of attached composite films, gold-coated substrates were 

immersed overnight into 1 mM solution of 4-AMBP-disulfide dissolved in DMSO in 

order to form a self-assembled monolayer (SAM). Such benzophenone SAM-

functionalized substrates were rinsed with copious amounts of ethanol and dried in a 

stream of air. An ethanolic solution with pNIPAAm and PS nanoparticles was then spun 

onto the sensor chip at 2000 rpm for 60 seconds followed by drying overnight at 50 °C 

under vacuum (Heraeus Vacuum Oven VT 6025, Thermo Scientific). The resulting films 

were crosslinked and simultaneously attached to the sensor chip via the photoreactive 4-

AMBP-disulfide SAM by exposure to 365 nm UV light with an irradiation dose of 4 

J/cm2 followed by rinsing with ethanol and dried before measurements.  

In order to prepare a free-standing pNIPAAm/PS NP-based membrane, the 

modified procedure introduced in Figure 2 was developed. Firstly, nanocomposite 

polymer layer was deposited on a flat PDMS block (2 × 2 × 0.5 cm) by spin coating at 

pNIPAAm, wt % PS nanoparticles, wt % Ratio PS/pNIPAAm, rc 

2.5 0 0 

2.5 0.625 0.25 

2.5 1.25 0.5 

2.5 2.5 1 

2.5 3.5 1.4 

1 5 5 
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1000 rpm for 60 seconds followed by drying overnight at 35 °C. Meanwhile, a PDMS 

stamp with casted arrays of grooves was placed above a gold-coated substrate (step A in 

Figure 2) and the formed channels were filled with an OSTEmer resin by the capillary 

effect (step B in Figure 2). The OSTEmer was then UV-cured with an irradiation dose of 

0.8 J/cm2 at a wavelength of 365 nm. Subsequently, the PDMS stamp was removed 

exposing arrays of adhesive OSTEmer ribs with reactive epoxy groups (step C in Figure 

2). The hydrogel nanocomposite membrane on the flat PDMS (step D in Figure 2) was 

then placed over the OSTEmer structure and allowed to bond at 40 °C overnight (step E 

in Figure 2). Finally, the flat PDMS support was lifted off the hydrogel membrane to 

reveal a free-standing membrane spanning over the OSTEmer channel structure (step D 

in Figure 2). The resulting cavities, which were capped with the composite pNIPAAm-

based polymer films, had a depth of dc=45 µm and a width of wc=30-95 µm. 

 

 

FIG.2. Preparation of thin hydrogel composite films attached as a free-standing 

membrane spanning over a narrow channel: (A) filling of PDMS channels with OSTEmer 

on gold surface followed by (B) UV curing and (C) detachment of the PDMS support to 

reveal epoxy-activated OSTEmer channel structures, then (D) transfer of spin-coated, 
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dried and crosslinked hydrogel-PS NP composite film on flat PDMS onto OSTEmer 

channels and subsequently (E) thermal hardening and bonding of OSTEmer channels to 

the composite hydrogel films. Finally, (F) lifting off the PDMS support to reveal free-

standing composite hydrogel membrane over OSTEmer channel structures.  

 

4. Visualization of the hydrogel composite morphology 

Hydrogel composite films and membranes were investigated using an optical 

microscope (Olympus BX51M) and a scanning electron microscope (SEM) operated at a 

low voltage of 5 kV (Carl Zeiss EVO). Samples of hydrogel composite films or 

membranes were sputtered (Cressington Sputter Coater 108auto) for SEM with a 13 nm 

thick layer of platinum.  

 

5. Optical setup for SPR/OWS measurements 

SPR and OWS measurements were carried out by using an optical setup with the 

Kretschmann configuration of attenuated total reflection (ATR) which was described in 

our previous works in more detail.42 As Figure 3 shows, the glass substrate with hydrogel 

nanocomposite film was optically matched onto a LASFN9 glass prism with an 

appropriate immersion oil. A laser beam at λ=633 nm was coupled to the prism to hit the 

gold surface at an angle θ. The angular reflectivity spectrum R(θ) was measured by using 

a rotation stage for transverse magnetic (TM) and transverse electric (TE) polarization. In 

order to flow aqueous samples over the surface of the pNIPAAm-based composite film, a 

flow cell was clamped and connected to a peristaltic pump (Ismatec, IDEX Health & 

Science SA, Switzerland) by using Tygon tubing with an inner diameter of 0.25 µm. For 
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temperature-controlled permeability measurements a Peltier element was integrated into a 

flow-cell as described before.11  

 

 

FIG. 3. Optical setup for the observation of thin hydrogel films and diffusion of 

biomolecules based on combined surface plasmon resonance (SPR) and optical 

waveguide spectroscopy (OWS).  

 

6. Acquisition and evaluation of SPR/OWS data 

The swelling properties of hydrogel composite film attached to a gold surface 

were investigated by OWS. In this method, the refractive index nh and thickness dh of the 

layer were determined by fitting the measured angular reflectivity spectra R(θ). These 

spectra exhibit series of characteristic dips at certain angles due to the resonant excitation 

of surface plasmons (SPs) and higher waveguide modes (TEM1,2…), see Figure.S3 in 

Supporting Information. By using transfer matrix-based model implemented in the 
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software Winspall (MPI for Polymer Research, Germany), the optical properties of 

prepared films were assessed.43 Parameters of the BK7 glass substrate, chromium, gold 

and disulfide linker SAM layers are kept constant throughout all fitting as determined on 

substrates without the hydrogel composite.  

For the study of permeation of blood serum and low molecular weight maltose 

analyte to the attached composite hydrogel film, changes in the refractive index of the 

film nh were compared to those measured for the solution ns flowed over the surface. 

Refractive index ns was determined from changes in the critical angle θc (see Figure S4). 

Changes in these refractive indices Δns and Δnh were assumed to be proportional to the 

concentration of the analyte molecules in the liquid sample cs and in the hydrogel 

composite ch, respectively. Consequently, the concentration ratio of biomolecules in the 

layer and that in the sample relates directly to the corresponding ratio of refractive index 

changes ch/cs= Δnh/ Δns. 

For the study of permeation of low molecular weight analyte through the free-

standing hydrogel composite membrane, the gold surface at the bottom of the OSTEmer 

channel was probed by resonantly excited SPs (see bottom right of Figure 3). Changes in 

the reflectivity R due to the refractive index changes induced by the analyte diffusion 

were recorded in time at incidence angle θ fixed at the slope of the SPR dip. 

 

III. RESULTS AND DISCUSSION 

A. Morphology of prepared membranes 
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The surface morphology of the crosslinked polymer films being composed of 

pNIPAAm-based polymer and PS nanoparticles was firstly scrutinized by SEM. The 

panels of the left row in Figure 4 shows the acquired top view for films prepared with the 

weight fraction ratio for PS nanoparticles versus pNIPAAm of rc=0.25, 0.5, and 1. These 

images reveal that the PS nanoparticles are homogeneously embedded in the pNIPAAm 

matrix and that an increasing concentration of the nanoparticles in the solution spun on 

the surface leads to an apparent increase of the NP density in the film. For the studied 

range, the middle and right panels of Figure 4 confirm that the dry composite films with a 

thickness of dh-dry=70-280 nm could be successfully transferred on top of the OSTEmer 

channels with a width of wc=30 µm. From previous studies of the pNIPAAm matrix on 

planar PS substrates it can be inferred that the PS particles are covalently attached to the 

pNIPAAm network after photocrosslinking,44 which is also corroborated by the 

robustness of the composite membrane in the swelling studies described below. 
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FIG. 4. SEM images of dry prepared composite films. Columns show (A) top view of 

composite films, (B) broad view of a free-standing composite membrane spanning over a 

channel and (C) close-up view of the edge of the free-standing composite membrane. 

 

B. Swelling properties of nanocomposite films 

When exposed to aqueous media, the hydrogel matrix is able to swell and form a 

permeable structure. To test the swelling of prepared membranes spanning over the 

channels in water, optical microscopy was used. Figure.5 shows series of images 

obtained for hydrogel films with varied composition rc=0, 0.25, 0.5, and 1. The upper 

panel was measured in water at room temperature T=20 °C and the lower panel is 

measured after removing the water and letting the membrane dry for 10 minutes at room 

temperature. The composite hydrogel membranes show 3D swelling behavior that leads 

to their buckling. However, with increasing content of PS particles, the composite 

hydrogel membranes swell less, which reduces this effect. The increasing mechanical 

rigidity of the hydrogel composite membrane was visually observed during preparation, 

however membranes with the higher concentrations of PS (rc=0.5, and 1) were more 

brittle.   
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FIG. 5. Optical microscope images of free-standing composite membranes spanning over 

a 30 micrometer-wide microfluidic channel. Columns show structures with varied wt % 

PS/pNIPAAm ratio rc=0, 0.25, 0.5, and 1. Upper row shows images acquired in water 

and bottom row after drying in air. 

 

With the aim of characterizing the role of embedded PS nanoparticles on the 

swelling behavior and mechanical stability of hydrogel membranes, OWS was used to 

measure the changes in the swelling ratio of the composite films attached to a planar gold 

surface. The swelling ratio (SR) of composite films was calculated as the ratio of the 

swollen film thickness dh to the dry thickness dh-dry. The measured dependence on the 

loading with PS nanoparticles rc is presented in Figure 6. The SR of hydrogel composite 

is strongly suppressed by a factor of about 2-fold when PS nanoparticle loading is rc=0.25 

compared to the native hydrogel film (rc=0). Further reduction in the swelling of 

hydrogel composite films with increased loading of PS nanoparticles is observed. For 

higher PS loads of rc=1 and 5, almost no swelling occurs, as evidenced by the measured 
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SR of around 1. The reduction or the SR for composite hydrogels with PS nanoparticles 

is consistent with previous reports of a similar system.45 
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FIG.6. Swelling ratio of surface-attached hydrogel composite films with varying loading 

ratio of PS nanoparticles in the pNIPAAm matrix. Temperature of measurement T=20°C. 

 

The swelling ratio SR relates to the mesh size of the polymer networks. For 

instance, for a similar native pNIPAAm hydrogel film swollen in ethanol with SR=12 

exhibited a mesh size of 3.4 nm as determined by fluorescence correlation 

spectroscopy.46 In addition, it is worth noting that the herein performed OWS 

measurements capture only swelling in the direction perpendicular to the substrate plane 

as the studied films were covalently attached to the solid substrate. In contrast, the 

swelling of free-standing membranes can also occurs laterally by a buckling mode 

(visible in Figure 5), which the OWS data does not take into account. 
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C. Permeability of the attached nanocomposite films  

For the observation of diffusion of biomolecules through the composite 

membrane, the same OWS technique was employed with a series of aqueous sample 

being flowed over the surface-attached composite films. The diffusion of biomolecules 

dissolved in such liquid samples were determined from the measured refractive index 

changes Δns and Δnc which are directly proportional to the biomolecule concentration. 

These measurements were performed at T=20 °C, which is below the LCST of the 

pNIPAAm matrix in order to assure appropriate swelling. 

Firstly, diffusion of the small analyte maltose with a molecular weight of 0.36 

kDa, dissolved in PBS buffer at a concentration of cs=0.2 M, was measured. Before the 

beginning of the diffusion experiments, each composite film was exposed to PBS 

solution to allow equilibrium swelling. Then, PBS with maltose was flowed for more 

than 10 min until equilibrium in diffusion was reached. The reflectivity spectra were 

measured for the structures immersed in PBS and in PBS with maltose (see Figure S3 in 

Supporting Information). The analysis of the acquired spectra allowed the determination 

of the maltose concentration in the composite film that was normalized with that in the 

bulk solution ch/cs. Results in Figure 7 show a slow decrease of the ch/cs from about 0.85 

to 0.4 when increasing the loading of PS nanoparticles in the composite from rc=0 to 5. 

These data indicate efficient diffusion of the low molecular weight analyte through the 

hydrogel network between the PS nanoparticles (which are impermeable by the aqueous 

solution) and are consistent with complementary FCS data on diffusion of small 

fluorophore tracers.47  
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FIG. 7. OWS investigation of the diffusion of a low molecular weight analyte (maltose, 

MW=0.36 kD, at a concentration of 0.2 M in PBS buffer) and undiluted blood serum 

(molecular weights of major protein components 66 kDa – 160 kDa) through the surface-

attached hydrogel composite film with varying wt% ratio of PS NP/pNIPAAm rc=0-5. 

 

In order to assess information on the diffusion of biomolecules with larger 

molecular weight, the interaction of composite films with undiluted blood serum was 

studied by OWS. The majority of proteins present in serum exhibit a molecular weight 

between 66 kDa and 160 kDa. The obtained data presented in Figure 7 indicate that for a 

hydrogel film without PS nanoparticles, the concentration of biomolecules that diffuse 

into the polymer network is ten times lower compared to that in serum ch/cs=0.1. When 

decreasing the swelling ratio SR by introducing PS nanoparticles, the permeation of 

proteins is further hindered to ch/cs=0.03 for rc=1.5. Surprisingly, the amount of serum 
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proteins that is present in the composite film is enhanced to about ch/cs=0.25 when 

increasing the loading with PS nanoparticles to rc=5. This effect can be attributed to only 

partial coverage of PS nanoparticles with pNIPAAm hydrogel which leads to unspecific 

sorption of proteins to polystyrene surface. In addition, the mechanical swelling stress 

may lead to the occurrence cracks of brittle membranes with high rc. This effect in 

conjunction with low content of hydrogel can strongly increase the pore size to values 

much greater than the hydrodynamic radius of large proteins like IgG (Rh = 6.5 nm).48 It 

is worth of noting that a similar effect was observed for the pNIPAAm-based composite 

film with molecularly imprinted polymer nanoparticles.49  

In order to distinguish between protein molecules diffusion through the membrane 

and their unspecific sorption, OWS measurements were performed after the exposure to 

undiluted serum for 30 minutes and rinsing with PBS for 10 min. Indeed, the effect 

fouling of the network with serum was not measurable for the composites with rc=0-1.5. 

Contrary to these results, composite with very high nanoparticle content rc=5 showed a 

significant increase in the refractive index Δnh=2×10-4 due to the unspecific sorption of 

serum proteins. This value translates to an increase in the surface mass density of the 

composite film by 2.1 % and it can be attributed to the fact that at high rc, PS 

nanoparticles are not caped with hydrophilic pNIPAAm hydrogel and thus are prone to 

unspecific sorption of proteins.49, 50  

 

D. Permeability of free-standing nanocomposite film 

The permeability of the free-standing membrane spanning the channel structure 

(refer to scheme in Fig. 2), which was prepared with a thickness of ~1 µm and a PS 
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nanoparticles loading of rc=0.33, was tested for the low molecular weight analyte 

maltose. In these experiments, the possibility to reversibly switch the permeation by 

controlling the swelling state of the pNIPAAm-based membrane with temperature was 

explored. The pNIPAAm polymer exhibits a lower critical solution temperature at 

LCST=32 °C and increasing the temperature above the LCST leads to the collapse of the 

networks. In the collapsed state a denser membrane will result possessing a smaller pore 

size. The transport of maltose through the composite film in the permeable "open" state at 

T=20 °C and in the collapsed "closed" state at T=40 °C was monitored by probing the 

liquid volume in the channel below the membrane by resonantly excited SPs at the gold 

surface (see Figure 3). The distance of the membrane from the gold was of about dc=45 

µm which is more than two orders of magnitude longer that the probing depth of the 

evanescent SP field of about 0.1 µm. Therefore, the measured changes in SPR can be 

specifically attributed to only species that diffuse into the cavity through the membrane. 

Firstly, the membrane was heated to T=40 °C (collapsed state) and water was 

circulated through the flow-cell over the top of the composite membrane. After 

equilibration to establish a stable baseline in the SPR signal, the 0.2 M maltose PBS 

solution at this elevated temperature was injected at t=5 min followed by rinsing with 

warm water at t=12 min. The respective SPR kinetics are shown in Figure 8 (curve 1). 

Apparently, the maltose diffusion across the membrane is hindered at T=40 °C, thus no 

measurable increase in the refractive index within the channel under the membrane 

occurs.  

Secondly, the membrane was cooled to T=20 °C and the same experiment was 

repeated. Contrary to the previous data, the measured curve 2 in Figure 8 shows that the 

80



 21 

injection of maltose induces a strong increase in SPR signal after t=5 min, which reaches 

equilibrium after several minutes. When rinsing the top flow cell with cold water, the 

maltose quickly diffuses out through the membrane, which is manifested as a decrease in 

the reflectivity after t=12 min. The observed time response of several minutes is in 

agreement with the diffusion-controlled transfer, which can be described based on Fick’s 

law as Δt~dc2/D. Assuming a diffusion coefficient of maltose of D=5×10-6 cm2s-1,51 the 

characteristic time of Δt~5 s is predicted to fill the channels. The measured response time 

in the minute range is significantly longer, which can be ascribed to the slower, hindered 

diffusion through the hydrogel composite membrane and to the mixing occurring upon 

the transport in the flow-cell and tubing. 

Finally, the membrane was kept at T=20 °C for which maltose can diffuse through 

the swollen composite membrane and fill the probed channels. After saturating the liquid 

volume in the channel with maltose, the membrane was heated to T=40 °C which 

switches it to the collapsed, non-permeable state. As curve 3 in Figure 8 reveals, when 

the volume of the flow-cell above was rinsed with warm water, the diffusion of maltose 

through the sealed membrane is strongly hindered and only a slow decrease in the SPR 

signal is observed. 
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FIG. 8. SPR investigation of diffusion of low molecular weight analyte (maltose, 

MW=0.36 kD, dissolved 0.5 mM in PBS buffer) across the free-standing PS / pNIPAAm 

composite membrane with rc=0.25. The permeability of the membrane was switched by 

changing the temperature from the "open" state at T=20 °C below the LCST of NIPAAm 

(around 32°C) to the "closed" state at T=40 °C above the LCST. Curves (1) indicate the 

closed state, (2) the open state, and (3) diffusion of molecules through open membrane 

and their trapping by switching to closed state. 

 

IV. SUMMARY AND CONCLUSIONS 

In this report, PS nanoparticle were incorporated into a pNIPAAm hydrogel 

matrix to produce free-standing hydrogel membranes with improved mechanical stability. 

We utilized a thiol-ene-epoxy resin OSTEmer to fabricate microchannel structures that 

can be firmly bound to the hydrogel composite in a simple two-step process, yielding a 
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free-standing membrane over a total area of about one square millimeter. Investigation of 

the morphology in the hydrogel-nanoparticle composite revealed a reduced bulging of the 

membranes when swollen in water as compared to a neat hydrogel membrane without PS 

nanoparticles. Surface-attached films of these hydrogel composites were investigated by 

SPR/OWS for their swelling behavior, as well as the selective permeability for low 

molecular-weight compound and large proteins present in complex blood serum samples. 

Hydrogel composites with an excess of the hydrogel component compared to the PS 

nanoparticle content showed efficient semi-permeability to maltose while blocking serum 

proteins, as well as sound non-fouling capability. In contrast, an excess of PS 

nanoparticle loading in the hydrogel matrix lead to an enhanced adsorption of the serum 

proteins (potentially by a large increase of the fouling PS particle surface), in addition to 

loss of the semi-permeability. Finally, the thermal response of the swelling state in the 

pNIPAAm hydrogel was exploited to dynamically control the permeability of the free-

standing composite membrane. The SPR observation showed rapid diffusion of low 

molecular weight molecules through the swollen membrane at temperatures below the 

LCST of 32°C and blocking of the diffusion when collapsing the hydrogel at a 

temperature well above its LCST. The herein reported semi-permeable, free-standing 

hydrogel composite membranes can be applied to various microstructures and 

microfluidic architectures, paving the way for a wide range of novel applications in lab-

on-a-chip52 or biosensing53 of crude samples (e.g. whole blood or serum).54  
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1 

Supporting information: 

FIG. S1 Bis(2,5-dioxopyrrolidin-1-yl) 3,3’-disulfanediyldipropanoate (1) reacted with 4-

(aminomethyl)benzophenone (4-AMBP) in order to prepare 3,3'-disulfanediylbis(N-(4-

benzoylbenzyl)propanamide). 

1
H NMR (400 MHz, DMSO-d6) δ 8.60 (t, J = 6.0 Hz, 1H), 7.76 – 7.62 (m, 5H), 7.55 (t, J 

= 7.6 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 4.38 (d, J = 5.9 Hz, 2H), 2.96 (t, J = 7.1 Hz, 2H), 

2.60 (t, J = 7.1 Hz, 2H). 
13

C NMR (101 MHz, DMSO-d6) δ 196.67, 171.52, 145.81,

138.41, 136.77, 133.84, 131.06, 130.78, 129.80, 128.42, 43.19, 36.18, 35.13.  
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FIG. S2. 
1
H-NMR Spectrum of 3,3'-disulfanediylbis(N-(4-benzoylbenzyl)propanamide) 

(recorded in DMSO-d6). 

 

 

FIG. S3. 
13

C-NMR Spectrum of 3,3'-disulfanediylbis(N-(4-benzoylbenzyl)propanamide) 

(recorded in DMSO-d6). 
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 3 

 

 

FIG. S4. Examples of measured angular reflectivity spectra of composite films swollen 

in: (a) 0.2 M maltose in PBS buffer, (b) undiluted serum, and (c) in 0.2 M maltose spiked 

to undiluted serum. Line connected empty triangles represents spectra measured after 

washing with PBS.  (1) Hydrogel with no nanoparticles. Composites with a PS NP versus 

hydrogel weight fraction ratio of (2) 0.5 and (3) 5. 
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7. Enzymatic amplification of fluorescence 
immunoassay in hydrogel binding matrix 

 

This work was carried out within the frame of European Union’s Horizon 2020 research and innovation 

programme funded project ULTRAPLACAD (ULTRAsensitive PLAsmonic devices for early Cancer Diagnosis) 

numbered 633937.  

 

Introduction 

Many disease biomarkers require highly sensitive detection methods, as they are present in trace amounts 

[212-214]. Among the many signal transduction methods, fluorescence based sensors offer exceptional 

sensitivity through signal enhancement strategies [147]. The surface plasmon field-enhanced 

fluorescence PEF method is demonstrated for ultrasensitive biosensors detecting protein biomarkers 

[154]. In combination with high binding hydrogel matrix, further improvements of the sensitivity of such 

sensors were reported [150]. For the commonly used immunoassays applied for such biosensors, the 

detection antibodies used are usually available with fluorophore dye conjugate of choice. Such antibodies 

with fluorophores conjugates typically yields 3-5 fluorophore dye per antibody molecule [215] due to the 

limited availability of reactive groups on the immunoglobulin G molecules. An efficient signal amplification 

method for fluorescence immunoassays through the enzymatic coupling of fluorophore conjugated 

reactive tyramide to tyrosine groups has been reported for immunohistochemistry (IHC) [216], 

fluorescence in-situ hybridization (FISH) [217]. This method allows for localized high density labeling of 

proteins with fluorophores. Tyramide signal amplification was investigated in microarrays relying on 

monolayer architecture of immobilized protein ligands [218]. However, the enhancement factor was 

moderate which could be ascribed to short lifetime of activated fluorophore conjugates and low density 

of available tyrosine moieties in the 2D architecture. The current chapter pursues the implementation of 

such amplification strategy in a 3D hydrogel binding matrix that can accommodate higher amounts of 

ligands with tyrosine moieties and is suitable for the subsequent implementation of surface plasmon field-

enhanced fluorescence based detection (Figure 15). 
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Figure 15: The principle of fluorescence assay that utilizes horseradish peroxidase label and fluorophore-

tyramide conjugates for the label-mediated fluorophore attachment on proteins within hydrogel binding matrix 

in contrast to pre-labeled detection antibody.  

Materials and methods 

Materials 

pNIPAAm-based terpolymer (with 94:5:1 ratio of N-isopropylacrylamide, methacrylic acid, 4-

methacryoyloxy benzophenone) [211] as well as sodium para-tetrafluorophenolsulfonate (TFPS) [219] 

and 3,3’-disulfanediylbis(N-(4-benzoylbenzyl)propanamide (4-AMBP-disulfide) [210] were provided by 

University of Siegen. IgG from mouse serum, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 

polyethylene glycol sorbitan monolaurate Tween 20 were purchased from Sigma Aldrich (Austria). Goat 

anti-mouse IgG labelled with AlexaFluor 647 (AF647), Tyramide AlexaFluor 647 (Tyr-AF647) reagent and 

bovine serum albumin (BSA) were from Invitrogen (USA). Horse radish peroxidase labelled goat anti-

mouse IgG and tyramide signal amplification (TSA) 1X Plus amplification reagent were obtained from 

Perkin Elmer (Austria). Phosphate buffered saline was prepared from PBS tablet (Calbiochem, Germany) 

in ultrapure water (arium pro, Sartorius Stedim, Germany) to obtain 1X buffer solution (PBS, 140 mM NaCl, 

10 mM phosphate, 3 mM KCl, pH=7.4).  
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Sensor chip preparation 

Hydrogel film deposition 

BK7 glass substrates (20 X 25 mm) were sequentially washed with 1% Hellmanex III solution, distilled water 

and absolute ethanol by sonication and dried under stream of air. Subsequently, 2 nm Cr and 50 nm Au 

were deposited through vacuum thermal evaporation (HHV Auto306 Lab Coater). Gold coated substrates 

were immersed overnight in 1 mM solution of 4-AMBP-disulfide dissolved in DMSO to allow SAM 

formation. After rinsing the sensor chips with copious amount of ethanol and drying under stream of air, 

2.5 wt% ethanolic solution of pNIPAAm was spin coated at 2000 rpm for 60 seconds. The polymer coated 

sensor chips were dried overnight at 50 °C under vacuum (Heraeus Vacuum Oven Vt 6025, Thermo 

Scientific, Austria) and the resulting films were exposed to 365 nm UV light (BLX-E365, Vilber, Germany) 

with an irradiation dose of 4 J/cm2, for both polymer crosslinking and attachment to the gold surface. The 

non-crosslinked polymer chains were rinsed with ethanol and polymer films were dried before 

measurements. All steps of the preparation were performed under minimal light exposure.  

 

Characterization of hydrogel films 

To characterize the hydrogels and calculate the surface mass density of immobilized ligands, firstly, the 

thickness (dh-dry) of the dry film and swollen hydrogel matrix dh and refractive index nh were determined 

by the analysis of hydrogel optical waveguides (HOWs) [2]. Reflectivity spectra R(θ) were analyzed by using 

the transfer matrix-based model with the software Winspall (MPI for Polymer Research, Germany). 

Parameters of other layers and materials on the sensor chip were fixed at values taken from literature or 

from independent measurements. These include BK7 glass nBK7= 1.845, chromium nCr= 3.1+3.3i and dCr= 2 

nm, gold nAu= 0.2+3.5i and dAu= 50 nm, 4-AMBP-disulfide SAM nBP-dS= 1.48 and dBP-dS= 1 nm, dry hydrogel 

film nh-dry= 1.48 and PBS buffer nPBS= 1.333. By fitting the reflectivity spectra R(θ) measured in both TM 

and TE polarization, the values of hydrogel thicknesses dh-dry, dh and hydrogel refractive index nh at swollen 

states were determined. The swelling ratio (SR) of the hydrogel layers was determined as dh/dh-dry. The 

surface mass density of hydrogel before and after ligand (mouse IgG) immobilization was calculated as Γ 

= (nh −nb)dh∂c/∂nh, with ∂c/∂nh= 0.2 mm3/mg, and the resulting difference was ascribed to the surface 

mass density of immobilized ligand.  
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Ligand immobilization in hydrogel matrix 

A flow-cell with a volume of 10 μL was attached to the sensor surface to contain liquid samples 

transported via fluidic tubings (Tygon LMT-55) with 0.25 mm inner at 15 µL/min flow rate. The flow-cell 

consisted of a PDMS gasket (thickness of 127 μm) and a transparent glass substrate with drilled inlet and 

outlet ports. Mouse IgG molecules were used as ligand for the (model) immunoassay and immobilized 

covalently in situ using the flow-cell construct. Initially, the hydrogel matrix was allowed to swell in PBS 

buffer for around 2 hours and reflectivity spectra R(θ) were measured in both TM and TE polarizations. 

Next, hydrogel was swollen in acetate buffer (ACT, 10 mM acetate buffer, pH=4) buffer for 30 minutes 

and then –COOH groups were activated by injection of 21 mg/mL TFPS and 75 mg/mL EDC aqueous 

solution for 15 minutes. After washing with ACT buffer briefly for 3 minutes a 50 ug/mL mIgG (500 µL) in 

ACT buffer was injected for 60 minutes, to allow for amine groups of the protein to couple to active TPFS 

ester groups in the hydrogel. The unreacted mIgG molecules were washed with ACT buffer for 3 minutes, 

followed by injection of 1 M ethanolamine for 15 minutes to passivate the remaining active TFPS ester 

groups. To determine the thickness and refractive index changes after protein immobilization, the 

hydrogel was washed with PBS buffer for 5 minutes and R(θ) were measured.  

 

Detection assay 

Fluorescence immunoassays detection were performed with mouse IgG as the ligand and two types of 

detection antibodies serving as target analyte: a) directly fluorophore-labelled goat anti-mouse IgG and 

b) horse radish peroxidase (HRP) enzyme-labelled goat anti-mouse IgG along with tyramide-fluorophore 

conjugate for enzymatic amplified labelling. All antibodies were diluted in series with PBST buffer (assay 

buffer) and before and after injection of each concentration, the mouse IgG immobilized hydrogel was 

washed for 5 minutes with assay buffer, followed by fluorescence angular spectrum F(θ) measurement. 

In the case of the enzymatically amplified assay, after each detection antibody injection and washing, the 

tyramide-AF647 conjugate diluted in 1X TSA amplification reagent was injected followed by washing with 

assay buffer for 5 minutes and fluorescence angular spectra F(θ) measurements.  

 

Readout of the fluorescence assay 

The sensor chip was optically matched to an LASFN9 glass prism with refractive index matching oil. TM or 

TE polarized beam from a HeNe laser (λ=632.8 nm) was coupled to a prism in order to excite the hydrogel 
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waveguide modes by the Kretschmann configuration of ATR method. The prism and sensor chip assembly 

was placed on a motorized rotating stage and by changing the incident angle θ, the angular reflectivity 

R(θ) and fluorescence spectra were recorded. Refractive index (nh) and thickness (dh) of hydrogel layers 

were determined by fitting the measured angular reflectivity spectra using transfer matrix-based model 

with the software Winspall (MPI for Polymer Research, Mainz, Germany). 

The enhanced field intensity occurring upon the resonant coupling to hydrogel waveguide modes excites 

the Alexa Fluor-647 molecules on the sensor surface. The fluorescence light emitted at wavelength around 

λ=670 nm to the direction normal to the surface was collected by an objective lens, made pass through 

two bandpass filters (transmission wavelength λ=670 nm, 670FS10-25, Andover Corporation Optical 

Filter) and a notch filter (central stop-band wavelength λ= 632.8 nm, XNF-632.8-25.0M, CVI Melles Griot), 

and it was coupled to a multimode optical fiber (FT400EMT, Thorlabs) connected to an avalanche 

photodiode photon counter (Count-200-FC, Laser Components). The intensity of fluorescence light (F) was 

measured by a counter (53131A, Agilent) in counts per second (cps) and recorded by the software Wasplas 

(MPI for Polymer Research, Mainz, Germany).  

 

Results 

Immobilization of ligands and characterization of hydrogel matrix 

By fitting the angles at which resonant coupling to hydrogel waveguide modes occrus in the measured 

reflectivity spectra R(θ), the following thickness and refractive index value ranges were determined for 

the prepared hydrogel films both in dry and swollen (in PBS buffer) states:  dh-dry= 137- 143 nm, dh= 943- 

975 nm and nh= 1.3554 – 1.356. The mean swelling ratio in the swollen state (PBS) was determined to as 

SR=6.9 ± 0.1. The hydrogel films were prepared so that the thickness of swollen hydrogel films was around 

1 µm, for the purpose of obtaining only one hydrogel waveguide mode, as multiple waveguide modes 

would complicate the analysis of fluorescence measurements during assay performance. From the 

calculated surface mass density, Γ values of hydrogel films with and without ligand immobilized, the 

surface mass density of immobilized mIgG ligand was determined as ≈ 50.6 ± 1.32 ng/mm2. It is plausible 

to conclude that the preparation of the sensor chips was consistent and supporting details of the hydrogel 

characterizations can be found in Table 2.  
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Table 2. Summary of calculated refractive indices (nh and nh-dry) and thicknesses (dh, dh-dry and dmIgG) of prepared 

hydrogel films, in dry, swollen and ligand immobilized states, for representative samples. Immobilized ligand 

concentration, Γligand, determined from surface mass densities. 

Enzymatically amplified fluorescence immunoassay optimization 

The pNIPAAm terpolymer that was used for the preparation of hydrogel binding matrix exhibit a net 

negative charge, due to the carboxylic acid (-COOH) moieties that serve for covalent immobilization of 

protein ligands. This charge can be changed upon protein immobilization, mostly depending on the 

isoelectric point (pI) of the immobilized protein and the pH of buffer solution used. In this case, the 

immobilized mIgG ligand has a pI around 7.3-8 and PBS buffer (same as in PBST assay buffer) used 

throughout the immunoassay performance has pH= 7.4. The extent of the change after mIgG 

immobilization in the hydrogel was not defined, however, the red fluorophores (either detection antibody 

labelling or tyramide conjugated) available had either net negative (-2 for Alexa Fluor 647) or positive (+1 

for Cy5) charges. The effect of these two differently charged fluorophores in terms of Coulombic attraction 

to the polymer network and their contribution to background fluorescence signal intensity were studied. 

First, PBST was spiked with of fluorophore labelled (AF647 or Cy5) goat anti-mouse IgG detection 

antibodies (125 pM) and used in a model fluorescence detection experiment. The affinity binding of 

n d, nm Γ ng/mm2
mIgG immobilization, Γligand 

ng/mm2
Swelling ratio

Sample 1
Dry 1.48 142.7 NA
Swollen 1.356 975 114
mIgG immobilized 1.3678 944 166
Sample 2
Dry 1.48 137
Swollen 1.3558 943 109.85
mIgG immobilized 1.369 882 160.96
Sample 3
Dry 1.48 140
Swollen 1.3558 956 111.37
mIgG immobilized 1.3694 876 161.62
Sample 4
Dry 1.48 137
Swollen 1.3554 966 110.6
mIgG immobilized 1.3676 909 159.5

Mean 50.55 6.89

48.9
7.05

6.82

6.88

6.83
52

51.1

50.2
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detection antibody resulted in an increase in fluorescence intensity, ΔFAF647 and ΔFCy5 from the original 

values, F0-AF647 and F0-Cy5, respectively, measured after the immobilization of ligands in the hydrogel binding 

matrix. As can be seen in Figure 16, the angular fluorescence spectra exhibit distinct peak at the angle 

θ=47.7 deg. Further, the peak fluorescence signal is compared for different assays. For 125 pM detection 

antibody labelled with AF647, ΔF was 2.8 x 104 cps and 1.9 x 104 cps for Cy5 labelled detection antibody, 

as can been seen in Figure 16. Values for ΔF were obtained by subtracting the F0-AF647 and F0-Cy5 from 

labelled antibody binding generated F (peak values of red lines in Figure 16).  

 

Enzymatic amplification fluorescence using HRP activity to activate and bind tyramide fluorophore 

conjugate to tyrosine residues of the proteins in the near proximity requires a two-step immunoassay 

protocol, where first the HRP labelled detection antibody is introduced, followed by tyramide fluorophore 

conjugate in appropriate buffer suited for HRP enzymatic activity. To evaluate the baseline signal for this 

assay, the tyramide-fluorophore solution is exposed to ligand immobilized hydrogel matrix for 30 minutes, 

before any HRP labelled detection antibody is injected. After washing with assay buffer, fluorescence 

angular spectra F(θ) were measured to determine baselines, F0-Tyr-AF647  and F0-Tyr-Cy5 (green lines in Figure 

16). Further, 125 pM HRP labelled detection antibody is flowed for 30 minutes and after washing with 

buffer, enzymatic labelling reaction is allowed to occur by flowing tyramide-fluorophore solution for 30 

minutes. Finally, the fluorescence angular spectra F(θ) was measured and the resulting increase in 

fluorescence signal intensity, ΔFTyr-AF647  and ΔFTyr-Cy5, compared to baseline is taken as the tyramide-

fluorophore labelling of proteins by enzymatic reaction of bound HRP labelled detection antibody. 

Baseline fluorescence signal intensity for Tyr-AF647 was 4.47 x 104 cps compared to 6.46 x 105 cps for Tyr-

Cy5, was more than ten-fold lower. Regardless of the high baseline F0-Tyr-Cy5 for Tyr-Cy5, the FTyr-Cy5 = 2.52 

x 106 (blue line- right) from specific labelling with enzymatic activity is at comparable level as that of Tyr-

AF647, FTyr-AF647= 2.34 x 106 (blue line- left) where baseline was considerably lower F0-Tyr-AF647. This leads to 

the conclusion that positively charged fluorophore (Cy5 +1) is strongly attracted in mIgG immobilized 

hydrogel matrix, that would disrupt the sensitivity of detection assay by raising background signal 

intensity. For this reason, throughout the enzymatic amplification assay optimization experiments, the 

negatively charged fluorophore AF647 (-2) conjugated to tyramide was used.  
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Figure 16. Evaluation of non-specific adsorption of differently charged fluorophore (Left. AF647 -2 and Right. Cy5 

+1) tyramide conjugates in ligand immobilized hydrogel matrix. Non-specific adsorption of Tyr-AF647 (Right) to 

sensor surface is lower compared to and Cy5 (Left) as depicted by the green line. 

Commonly used strategy to suppress non-specific adsorption of proteins with a senor surface 

immunoassays is to introduce detergents like Tween 20 and blocking reagents like bovine serum albumin 

BSA. Therefore, 0.05 % Tween 20 and 1 mg/mL BSA was added to PBS buffer used on later experiments. 

The effect of these components on the reduction of background signal was tested by stabilizing mIgG 

immobilized hydrogel in PBS or PBST buffer and later exposing to Tyr-AF647 diluted 1:50 in TSA reaction 

buffer. Sensor surface was first washed and allowed to stabilize in the respective wash buffers (PBS or 

PBST) for 1 hour, followed by fluorophore exposure for 30 minutes and finally washed for 5 minutes with 

wash buffer. By comparing the change in signal intensity between fluorescence angular spectra F(θ) 

measurements (Figure 17) taken before and after fluorophore exposure, the extent of baseline and 

background F reduction was evaluated. Tyr-AF647 in PBS and PBST buffers resulted in fluorescence signal 

intensity increase of ΔFPBS= 4.2 x 104 cps and ΔFPBST= 2.6 x 104 cps, respectively. The 1.6-fold decrease in 

fluorescence signal intensity for PBST in comparison to PBS buffer washing is owed to blocking of the 

sensor surface. The fluorescence observed at θ≈ 47.0- 47.3 or critical angle is considered background 

fluorescence and as it is significantly reduced in PBST (blue line) than PBS (red line), indicating likewise 

efficient blocking of sensor surrounding surfaces such as flow-cell walls. These results were taken into 

consideration and henceforth PBST buffer was used as assay buffer for further immunoassay 

performances.  



 

98 

 

Figure 17. Comparison of buffers PBS and PBST on reducing non-specific adsorption of Tyr-AF647. Fluorescence 

signal intensity at waveguide mode (θ≈ 47.8- 47.9) and critical angle (θ≈ 47.0- 47.3) lower for PBST (difference of 

grey and blue lines) compared to PBS (difference of black and red lines) buffer suggests less non-specific 

adsorption. Low F at critical angle indicates low adsorption of fluorophores to flow-cell walls rather than on the 

sensor surface. 

The nature of Tyr-AF647 interaction with sensor surface was studied by exposing it to unmodified or mIgG 

immobilized hydrogel matrix. Both types of sensor surfaces were stabilized, blocked and washed with 

assay buffer and Tyr-AF647 diluted 1:50 in TSA reagent buffer was flowed for 30 minutes and washed 

again with assay buffer. As shown in Figure 18, the unmodified hydrogel matrix showed significantly lower 

fluorescence signal intensity increase ΔFunmod= 2.4 x 103 cps compared to 10-fold higher increase for ligand 

modified hydrogel, ΔFmIgG= 2.6 x 104 cps. The unmodified, negatively charged hydrogel in buffers with pH≈ 

7.4 repels negatively charged AF647 fluorophores (-2) quite effectively, whereas replacing these 

negatively charged -COOH moieties with mIgG proteins introduces changes in pI that leads to adsorption 

of the dyes.  
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Figure 18. Role of ligand mIgG on Tyr-AF647 adsorption evaluated by comparing unmodified (black and red lines) 

and mIgG immobilized (green and blue lines) hydrogel matrices. 

Next, the duration required for enzymatic reaction to occur was considered for further assay optimization. 

Two durations of sample exposure were studied, t1=15 and t2=30 minutes, applying to both HRP labelled 

detection antibody and 1:50 diluted Tyr-AF647. The increase in fluorescence signal intensity resulting from 

tyramide-AF647 labelling by the 125 pM HRP detection antibody (Cg-αmIgG-HRP), is higher in the case of t2, 

ΔFt2= 2.3 x 106, than t2, ΔFt1= 1.8 x 106 (Figure 19. Left). To ensure that this higher fluorescence signal 

generation is not solely from more detection antibody binding from extended exposure, but also from 

saturation of enzymatic activity, the Tyr-AF647 fluorophore flowed for a second time for 30 minutes 

without adding more enzymes. Here, no significant increase in signal intensity can be observed (Figure 19. 

Right), suggesting that 30 minutes is sufficient for Tyr-AF647 labelling.  
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Figure 19. HRP enzyme activity saturation observed by increasing reaction duration (Left) as well as repeated 

exposure to Tyr-AF647 (Right). t1= 15 minutes, t2= 30 minutes, Cg-αmIgG-HRP= 125 pM. 

With the above-mentioned observations, a protocol was devised to perform the immunoassay involving 

both directly fluorophore-labelled detection antibody and HRP-amplified Tyr-AF647 post-labelling 

schemes. All detection antibody binding reaction and washing was performed with PBST buffer and for 30 

minutes and 5 minutes, respectively. Enzymatic reaction was allowed to take place for 30 minutes. From 

a series of detection antibody dilutions, the fluorescence signal intensity increase (ΔF) was recorded and 

a calibration curve was established. Tyr-AF647 was diluted either 1:50 or 1:500 to observe whether 

background intensity can be reduced while simultaneously retaining efficiency of labelling. From the 

established calibration curves (Figure 20. Left) for all three detection schemes, directly labelled (black 

squares), 1:50 (red squares) and 1:500 (blue squares) diluted Tyr-AF647 fluorophores, we can realize upto 

more than 250-fold enhanced fluorescence signal intensity. The enzymatic amplification efficiency is 

highest when fluorophore is diluted 1:50. Amplification efficiency is taken as ΔF1:50 Tyr-AF647/ ΔFAF647 or ΔF1:500 

Tyr-AF647/ ΔFAF647, comparing to directly fluorophore labelled detection antibody (5 dye/protein).  For each 

calibration curve, the LOD was determined as the concentration at which the calibration curve intersects 

with the value of the background signal F0 (dashed lines with colors corresponding to the assay schemes 

in Figure 20. Right). Enzymatic signal amplification assays with CTyr-AF647 1:50 or 1:500 both had around 

100-180 fM LOD whereas assay performed with AF647 direct labelled detection antibody had 0.5 nM. This 

translates to around 2.7-5-fold improvement in LOD.  
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Figure 20.  Left. Calibration curve of ΔF from AF647-labeled detection antibody and HRP-antibody generated Tyr-

AF647 labelling, and the ratio of the values expressed as signal amplification. Right. Determined LOD of the 

different assay schemes. 

Conclusions 
The use of HRP-labelled antibodies in conjunction with catalyzed reaction of tyramide-Alexa Fluor 647 

fluorophore conjugates enabled for the enhancement of fluorescence signal and assay LOD by a factor of 

about 10 with respect to that utilizing antibodies directly labelled with Alexa Fluor 647. This type of 

chemistry was utilized for immunoassay in a 3D hydrogel binding matrix. In such a surface architecture, 

IgG ligand with surface mass density of ~50 ng/mm2 was immobilized which is more than ten times higher 

value than that for IgG in a 2D monolayer. By using the enzyme amplification, one can estimate that the 

affinity binding of a target analyte is associated with about 50 fluorophores attached to the surface 

compared to about 5 for directly labelled detection antibody. The optimization of the amplification 

protocol to reduce (parasitic) background signal and maximize the (specific) signal associated to the 

affinity capture of target analyte is presented. The increased background signal clearly relates to the 

immobilization of ligands rather than to the interaction of fluorophore conjugates with the synthetic 

hydrogel matrix itself. The charge of used fluorophores plays a major role in the background signal and 

Alexa Fluor 647 possessing negative charge are preferred compared to Cy5 with positive charge. The 

enzymatically catalyzed reaction reached saturation in about 15 min for the concentration of Alexa Fluor 

647-conjugate of 125 pM and buffer composition PBST (PBS, 0.05% Tween20 and 1 mg/mL BSA). The

blocking of the fluidic chamber is essential to minimize parasitic fluorescence signal from unspecifically

adsorbed fluorophores to tubing and transparent flow chamber lid.
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8. Summary and outlook

Within the scope of this thesis, novel concepts for reversible fluorescence-based biosensors, advanced 

hydrogel-based biointerfaces and means for amplification of fluorescence signal in sandwich 

immunoassays were pursued. New aptamer-based surface plasmon-enhanced fluorescence biosensors 

that reversibly bind low molecular target analyte were developed with a hairpin (Chapter 4) and split 

aptamer configurations (Chapter 5). The use of responsive hydrogel layers in the form of attached 

(Chapter 7) or free-standing membranes (Chapter 6) were carried out and the interaction of such 

structures with biomolecules was performed by the use of optical waveguide spectroscopy and 

fluorescence correlation spectroscopy. These structures were implemented for sensitive affinity 

biosensing that took advantage of enzymatically amplified fluorescence spectroscopy readout (chapter 

7). 

This work successfully demonstrates key functionalities that would need to be combined in a flow through 

biosensor for the analysis of medically relevant compounds such as drugs with narrow therapeutic range. 

Therefore, it may provide solid grounds for future development of such type of monitoring systems and 

e.g. new aptamer ligands for desired analytes identified by the use of SELEX process. Aptamers are suited 

for low molecular weight compounds and identifying signature structures of aptamers applicable for 

implementation in SPR-based biosensors is imperative. This thesis described two types of aptamer-based 

assays (Chapters 4 and 5) in combination with fluorescence readout, however, other schemes of detection 

assays for medically relevant compounds would need to be explored along with the optical signal 

enhancement concepts. The aptamer-based low-affinity instigated reversible sensing was seen to 

compromise the sensitivity of the biosensor slightly, therefore finding the appropriate level of affinity 

to obtain highest possible sensitivity while still achieving reversible sensing would need to be studied.

Of high importance for the potential future developments of in vivo aptamer-based therapeutic drug 

monitoring optical systems is the protection of the sensing components from the sample matrix, as it 

should be in contact with blood for an extended time. Considering that, the latter section (Chapters 6 and 

7) of the thesis describes the exploitation of hydrogels in different contexts. Specifically, a strategy to 

introduce a free-standing membrane on an SPR sensor chip was described in chapter 6, that demonstrated 

the controllable diffusion of molecules of various sizes and very low fouling upon exposure to complex
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biological fluid like serum. In chapter 7, the surface attached hydrogel films served to increase the binding 

capacity in enhanced fluorescence immunoassays. The investigated hydrogel materials can find their 

applications in advanced microfluidic devices for e.g. cell-on-chip in the emerging field of precision or 

personalized medicine. This can be greatly complemented by the many new functional properties of 

hydrogels and improved fabrication techniques for various nano and micro scale structures. The 

pieces of the carried out work may be used as building blocks for other types of sensor devices that 

are wearable [220], ingestible [1] or even implantable [221]. 

Combining the different concepts demonstrated within this thesis opens possibilities for 

exciting new sensor device constructions. For instance, the aptamer hairpin-based fluorescence 

assay can be deployed in a hydrogel structure that can be brought in contact with biological fluids 

such as blood serum [222] and its readout performed through skin [8] in the near infrared spectral 

window.  
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LSP  localized surface plasmon 
MB  molecular beacon 
MEF  metal-enhanced fluorescence 
MGO  magnetic oxidation graphene 
NIR  near-infrared 
NTA  nitrilotriacetic acid 
OSTE  off-stoichiometry thiol-enes 
PBS/PBST phosphate buffer saline/ tween 
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PDMS  polydimethylsiloxaneex 
PEF  surface plasmon field-enhanced fluorescence or plasmon enhanced fluorescence 
PEG  polyethylene glycol  
pNIPAAm poly-N-isopropylacrylamide 
PPi  pyrophosphate 
PS  polystyrene 
PSA  prostate specific antigen 
QD  quantum dot 
RCA  rolling circle amplification 
RET  resonance energy transfer (also FRET) 
RI  refractive index 
RNA  ribonucleic acid 
SAM  self-assembled monolayer 
SELEX  systematic evolution of ligands by exponential enrichment 
SP  surface plasmon 
SPCE  surface plasmon coupled emission 
SPFS  surface plasmon field-enhanced fluorescence spectroscopy 
SPP  surface plasmon polariton or propagating surface plasmon 
SPR  surface plasmon resonance 
TCEP  tris(2-carboxyethyl)phosphine hydrochloride 
TCPP  meso -tetra(4-carboxyphenyl)porphyrin 
TDM  therapeutic drug monitoring 
TE  transverse electric 
TFPS  sodium para-tetrafluorophenolsulfonate 
TM  transverse magnetic  
TSA  tyramide signal amplification 
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