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1 Nano(bio)sensors based on Plasmonic Effects 

of Nanostructured Metallic Surfaces: Concept, 

Fabrication and Applications 

 Abstract 

Biosensors utilizing plasmonic features have become a rapid growing field of interest 

due to the improvements of cheap and easy fabrication techniques of nanostructured 

materials. Especially plasmonic fields generated by nanostructured metallic substrates 

enable the tailoring of highly sensitive label-free platforms. This review (with 131 

references) covers the progress made on the past years. An introduction into the field 

(physical basis of plasmons and transducers) is followed by a section that covers progress 

made in design and fabrication techniques of nanostructured surfaces. (Bio)sensor 

applications of nanostructured surfaces, based on gold as an exemplary plasmonic material 

are introduced. Advantages and improvements of nanostructured sensing platforms for 

transduces like surface plasmon resonance, Raman, transmission and fluorescence 

spectroscopy will be identified, and underlined be examples. The review concludes with a 

discussion of future perspectives and current challenges. 
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Figure 1.1│ Schema of a nanoplasmonic sensor surface consisting of a biofunctionalized 

gold nanodisk array.  
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 Introduction 

The field of nano(bio)sensors is emerging in the last years as a new frontier of science, 

technology and engineering. Applications are manifold and reach from point-of-care 

diagnostic to cancer detection with the focus on the implementation of plasmonic based 

sensors [1,2]. Nano(bio)sensors are sensors that use effects occurring in the nanometer-

regime for improved performance. At the nano dimensions additional effects like 

plasmons occur, which can improve the sensor performance. One of the most promising 

phenomena for nanobiosensor development are plasmonic effects. Propagating surface 

plasmons polaritons (SPPs) appear in the presence of conducting materials and are 

defined as oscillations at the interface between a material with free electrons and a dielectric 

material [3]. SPPs have been applied for sensing for around half a century and from the 

basis for surface plasmon resonance (SPR) sensors [4]. The potential lies in the label-free 

and real-time monitoring of affinity binding and kinetics. In this regard, the scope of 

applications has extremely diversified and lead to the establishment of SPR sensing 

concepts in the analytical routine. Sensitivity, throughput and miniaturization are still difficult 

to realize with conventional SPR setups and pursuing to improve the drawbacks is 

important [5]. A large propagation length reduces the minimum sensing area and 

complicates multiplexing for the prize of large, multi-channel devices and less throughput. 

Another limitation results from the fundamental property of SPPs, having a penetration 

depth of several hundreds of nm in the dielectric layer on top of the nanostructure, which 

decreases the sensitivity, especially for small analytes. In most analytical fields, the target 

molecule is much smaller than this decay length and therefore only a small fraction of the 

sensitive layer will interact with the analyte, leading to low signals and not sufficient 

resolution of low concentrations [6]. Solutions for overcoming the problem use further 

steps or modifications. The addition of compounds or regents increase the molecular 

weight and lead to a signal enhancement. Such layer like systems are well known and a 

popular example is the secondary antibody sandwich assay with a for instance a modified 

gold nanoparticles (AuNP) [7]. Using this approach for improving the sensing performance, 

the procedure is more complex, highly error-prone and time consuming. Homola et al. 

additionally predict a limit of sensitivity for SPR sensors with reference to the angular, 

wavelength and intensity modulation and coupling modifications [8]. The most promising 

strategies, when taking into account the simplicity, are techniques modulating the optics 

and the metallic surface [8]. Nanomaterials are supposed to overcome the limitations and 

built the platform for high performance LSPR based biosensors. Until recently, 
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accompanied with the growth in nanofabrication technologies, nanostructured materials are 

boosted in many new applications as a consequence of the optical properties and a better 

understanding of the light-metal interactions [3]. Common nanostructures for 

nanobiosensors are metal nanoparticles (NPs). On the dielectric surface LSPs are excited 

and related to an enhancement of the EMF in vicinity of the NP: scattering and absorption 

of the light is improved [9]. In solution-based assays, NPs deal as a kind of label which is 

not suitable for online monitoring in microfluidic systems, due to high particle consumption. 

Therefore, a promising approach for next-generation plasmonic sensors are nanostructured 

surfaces. For the excitation of LSPs no bulky coupling techniques are needed, since their 

EMF can be directly excited, and enable multiplexing and miniaturization [10]. The presence 

of a solid metal interface on a substrate allow for easy incorporation in a microfluidic system 

necessary for continuous online measurements [11]. 

1.2.1 Principles of Plasmonics 

Plasmons are defined as collective oscillations of free electrons in metals [9]. These 

movements have a well-defined frequency. In a more pictorial way, they can be 

described as an electron gas displacement of a metal, which mechanically vibrates 

around the fixed ionic core in the presence of an electrical field [12]. The repetitive 

variations around a central point of the free electrons occurs, as for all oscillators with a 

characteristic frequency, for bulk plasmons at the plasma frequency: [13] 

𝑤𝑝 = √
𝑛𝑒2

𝑚eff ∙ 𝜀0
                (1) 

where meff is the effective mass, 0 is the permittivity of free space, n is the density of 

electrons and e is the charge of the electron. The effective mass represents the ability of 

an electron to move in response to an incident field [13]. Electrons will not oscillate if the 

light has a higher frequency than the plasma frequency. In this case the light will be 

absorbed or transmitted into interband transitions [9]. If the frequency of the incident light 

is smaller than the plasma frequency electrons will move 180° out of the phase and 

leading to a strong reflection [13]. The characteristic color of a metal is a result of the 

plasma frequency and the interband transitions of the metal [14]. 

 



Nano(bio)sensors based on Plasmonic Effects of Nanostructured Metallic 
Surfaces: Concept, Fabrication and Applications 

5 

The situation changes if the bulk metal is now shrunk to a thin film. Oscillations will only 

occur at the surface and result in a propagating charge wave, which is called surface 

plasmon polaritons (SPPs) [15]. It can be imagined as charge waves traveling along the 

interface of the surrounding dielectric and a metal (Fig. 1.2). The electromagnetic field 

(EMF) of the metallic surface and the coupling of the collective movements give rise to 

the SPPs [16]. As the occurrence at the interface constrains the frequencies of the 

electron oscillations in the incident field, the resonance conditions for SPP excitation are 

described as [15], 

𝑘𝑆𝑃𝑃 =
𝑤

𝑐
√

𝜀metal ∙ 𝜀diel

𝜀metal + 𝜀diel

                       (2) 

where metal is the relative permittivity of the metal, diel is the relative permittivity of the 

dielectric medium at the metal surface, w is the light frequency, c is the speed of light 

and kSPP is the wave vector (or momentum) of the SPPs. The dispersion curve (Equation 

2) reveals that the kSPP is always greater than the wave vector of free-space electrons in 

air at the same frequency [16]. Hence, the direct excitation of SPPs is not achievable. A 

coupling of the wave vector with a grating or prism in the Kretschmann configuration 

allows for excitation [15]. For sensor design the dependency of the SPP frequency on 

the dielectric permittivity (also known as the dielectric constant) at the interface is helpful. 

A change of the dielectric constant within the local EMF created by the SPP oscillations 

into the dielectric (100 - 200 nm [17]), influences the resonance conditions and shifts the 

frequency of the plasmons compared to air [18]. Substitution of the thin layer by 

structures in the nano-regime such as nanoparticles or nanostructured films overcomes 

this issue. When a surface plasmon is confined to a structure comparable to the light 

wavelength, the free electron of the nanostructure contributes to the collective 

oscillations (Fig 1.2). The phenomenon is termed localized surface plasmon (LSP) [19]. 

For other objects the models described here can easy be deducted. A more detailed 

explanation is reported by Maier [9] and Hafner et al. [19].The excitations of LSP coupled 

to the EMF are non-propagating, in contrast to SPP. Modes occur from the scattering 

problem of sub-wavelength structures in an oscillating EMF [9]. Because of the 

geometry, LSPs have an additionally momentum and can be direly exited by the incident 

field [16]. A change in the environment shifts the LSP resonance peak, that is detectable 

without any additional coupling. Mie theory provides an exact solution of the resonance 

conditions for LSP [20]. Scattering is negligible with respect to absorption and the 

extinction cross section, if the nanoparticles are around ten times smaller than the 
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incident light wavelength. In this case only the dipole term in the expression is significant, 

resulting in a simplified extinction the cross section: [21]  

𝜎 =
18 𝜋 𝑉 𝜀

𝑑𝑖𝑒𝑙

      3
2⁄

𝜆
 

𝜀2

(𝜀1 + 2 𝜀𝑑𝑖𝑒𝑙)2 + 𝜀2
  2            (3) 

where V is the volume of the nanoparticle, diel is the relative permittivity of the dielectric 

medium,  is the wavelength and 1 + i 2 is the complex dielectric function of the metal 

[22]. The resonance conditions are met when 1 = -2 diel [21] The LSPs have two 

important effects, that are utilized for sensors. First, the EMF extent is much short into 

the surrounding medium for nanoparticles (10 - 30 nm [17]) and hence is greatly 

enhanced at the surface with the highest enhancement directly at the surface. Second, 

an optical extinction maximum occurs at the plasmon resonance frequency [19]. 

 

Figure 1.2│ I l lustration of the different plasmonic modes : surface plasmons polaritons (left) 

and localized surface plasmon (right).  

1.2.2 Principles of Transducers 

For understanding how plasmons can improve nano(biosensor), a fundamental 

knowledge of the most prominent transducers used, such as surface plasmon resonance 

spectroscopy (SPR), transmission, Raman spectroscopy and fluorescence spectroscopy 

is required. In this review they will be shortly introduced. For more detailed information on 

these techniques some excellent reviews have been published [6,23-27]. 

Transmission spectroscopy is a well-established technique. Light of an intensity I0 

passes through a sample and is detected in an 180° angle to the incidence with a lower 

intensity I. The amount of light that is absorbed within the sample correlates with the 

concentration of the light-absorbing substances. Lambert-Beer law describes the light 
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absorption process physically [28]. For detection of low concentrations a certain volume 

of sample is necessary. Nanostructures with a high surface sensitivity are expected to 

confine the volume close to the surface.  

Light emission from a substance is called luminescence and occurs from electronically 

excited states. Fluorescence is one typ of luminescence. From an excited singlet state 

the electron returns rapidly by emission of a photon to the ground state. The transition is 

fast as it is spin allowed. Also, the electron in the excited orbital is paired (by opposite 

spin) to the second electron in the ground-state orbital [29]. Strategies for enhanced 

emission and decreased lifetimes are needed to expand the field of fluorescence. It 

would allow for weak quantum emitters to be incorporated, photobleaching can be 

reduced and imaging with higher resolution is possible [30]. Plasmons can improve the 

emission and absorption properties of molecules placed on nanostructures via 

enhancement of the incident electromagnetic field intensity and/or the radiative emission 

rates [31,32]. The combination of fluorophores with plasmonic surfaces is termed as 

surface enhanced fluorescence (SEF). 

Raman spectroscopy is a label-free and non-invasive technique to analyze the chemical 

composition. It utilizes the inelastic scattering of light, also known as Raman effect. A 

monochromatic light beam is illuminated on the sample. Spectral analysis of the 

scattered light reveals, that not only scattering without change of the energy of the 

incident light (Rayleigh scattering) is present but also discrete components of altered 

energy. Subtraction of those energies from the Rayleigh scattering gives the vibrational 

states of a molecule. Compared to fluorescence, Raman is a relatively weak scattering 

phenomena [33] and research is focused on improving the signal for sensors applications 

with high sensitivity. Interaction with plasmonic nanostructures is one way, which is 

derived from the electromagnetic field and chemical enhancement. Improved Raman-

signal by nanostructures is referred to as surface enhanced Raman spectroscopy 

(SERS) [34].  

Surface plasmon resonance (SPR) is a charge-density oscillation that occurs at the 

interface of dielectric constants of opposite signs, e.g. a metal and dielectric medium. If 

the resonance conditions are met by the incident light, the conduction electrons start to 

oscillate. A light wave can couple to a surface plasmon if the wavevector of light matches 

that of the surface plasmon. This is only achievable by coupling of the surface plasmons 

(SP), for instance, with a prism. Interaction of a molecule at the surface of the metal, 

affects the SPR signal, as it strongly depends on the refractive index of the dielectric 
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medium [23]. Sensing based on SPR offers advantages like label-free detection and 

online monitoring. The penetration depth of the SPP is often a drawback of this method 

in the case of small molecule detection at low concentrations. Introducing LSP to SPR, 

allows for variations of the plasmonic field, leading to better sensing performances.  

1.2.3 Nanoplasmonic Sensing Strategies 

Plasmonic (bio)sensors consist in general of a receptor (biorecognition element) and a 

metal or metal-dielectric nanostructure supporting plasmons [35]. The label-free nature 

of plasmons is especially interesting as the intrinsic features of an analyte can be 

exploited, which makes them suitable for long-time usage as no recovery of a receptor 

layer is required [36]. 

Basically, two different phenomena are responsible for the enhanced sensing capabilities 

of nanostructures: localized surface plasmons (LSP) and extraordinary optical 

transmission (EOT) (Fig1.3). On a film perforated with long-range or short range ordered 

holes, light interacts with the nanostructures and gives rise to EOT. It is caused by grating 

coupling of the incident light with surface plasmon modes and leads to the enhancement of 

the light transmission. The resulting transmission spectra is characterized by specific dips 

and peaks [37]. On non-interacting random arrangement of nanostructures (e.g. 

particles) LSPR emerge from the light interaction. Nanostructures smaller than the 

wavelength of the incident light are needed to generate LSPR. The resulting localized 

plasmon oscillations enhance the electromagnetic field and have a maximum at a specific 

plasmon resonance frequency [38]. 

A main advantage of nanostructures compared to a continuous film is the shorter and 

tunable plasmonic evanescent field, resulting in a smaller sensitive layer [39]. Molecules 

are occupying a much larger area of penetration depth in the dielectric medium close to 

the surface relatively to the classical approaches and lead to higher signal to noise ratio 

[40]. Optical processes like fluorescence and Raman scattering are influenced and 

improved by the EMF of both plasmonic modes [17]. The promising part are LSPs with 

the intense EMF confined to the structures, leading to a strong signal enhancement [41]. 

These region with a high EMF are called hot spots [42] and are important for SERS and 

SEF. The strongly enhanced light at the edges of nanostructures is able to interact with 

a fluorophore and enhances the absorption of photons next to the metal surfaces [43,44]. 

If the frequency of the plasmons overlaps with the fluorophore, the absorption process 

as well as the emission of photons are both getting enhanced by the plasmonic 
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nanostructures [45]. The SERS mechanism is resulting from a charge transfer resonance 

between the nanostructures, the analyte and the Raman scattering [46]. 

 

Figure 1.3│ Schema of the main nanoplasmonic sensing strategies. On nanohole arrays 

EOT is present.  Free standing nanostructures l ike nanodisks are characterized by LSP 

modes. 

The presence of an analyte at the surface alter the resonance conditions (kSPP) or 

interacts with the EMF at the dielectric metal interface, shifting or modulating the signal. 

For read-out of the analyte induced signal change, a few characteristics of the light can 

be used: angular, wavelength, intensity and phase modulations [47] (Fig 1.4). In SPR 

sensors most commonly used is the angular modulation, where the reflectivity is 

monitored as a function of the angle of incident of a monochromatic light source [48]. At 

the SPR resonance angle the reflectivity has a minimum. At this position the resonance 

conditions are met. An interaction of molecules at the surface changes the resonance 

conditions and shifts the SPR response [49]. Wavelength modulation is performed by 

excitation of SP with a polychromatic light source at a fixed angle [50]. 

The signal is measured as a function of wavelength with a spectrometer. At the 

resonance wavelength a spectral absorption minimum occurs. As the environment of the 

dielectric medium at the surface is changed, similar to angular modulation, the resonance 

wavelength is affected. Intensity modulation uses the alteration of the intensity at a 

constant angle or wavelength. The interaction of a molecule at the surface shifts the SP 

resonance angle and wavelength accompanied by a strong intensity variation at other 

angles of wavelength position [51]. In contrast to the angular or wavelength modulations, 

the intensity-based approaches are capable for integration into imaging systems [52]. 

The basis for phase modulation is the phase change of the light beam that is linked with 

the reflection of the light at a metal surface [53]. Interference is observed as a spatial 
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displacement of the light beam and results in a phase difference that is sensitive to 

molecule interaction at the surface [54]. For a more detailed overview including resolution 

and sensitivity refer to Aguilar et al. [47]. 

 

Figure 1.4│ Schematic of the different signal read-outs. Picture adapted with permission 

from Ref [47] © (2018) American Chemical Society.  

 Design of Nanostructured Plasmonic Surfaces 

The design of a nanostructured surface describes on the one hand the type of material(s) 

and on the other hand the structural dimensions such as shape size and density, all 

together orchestrating the plasmonic features. The main discrimination of nanostructured 

surfaces is introduced in Figure 1.5. Nanostructured films exhibit SPP on the gold film 

and LSP close to the structuring element, e.g. the holes in the film. On a nanostructured 

film SPP are present on the continuous part of the film. LSP are directly located at the 

structures, giving rise to a mixed plasmonic feature. A free-standing nanostructure is 

characterized only by LSP and the EMF strongly confined to the metal surface. 
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Figure 1.5│ Schema of nanostructured surfaces. The two variations are: a) nanostructured 

fi lms, characterized by LSP and SPP and b) free standing nanostructures, were only LSP 

are present. 

Before designing a nanoplasmonic sensor not only the composition, size and shape of 

the nanostructure must be well thought, the supporting material and its structure is also 

an important point. Structural changes of the carrier substrate result in different sensing 

applications and implementations in the systems. An overview of some concepts was 

published by Dahlin et al. [55]. Variations within the etching step at the end of the 

fabrication of nanostructures, e.g. nanoholes, enable the preparation of different pore 

structures. A structural change of the supporting platform facilitates the design of very 

specific sensors with the same analytical performance. For example, nanoholes can be 

used to study the behavior of molecules in a confined volume, nanowells offers an 

artificial biological nanopore and membrane pores are useful for analyzing molecular 

transport through nanopores. The plasmonic response is not effected by the structure of 

the support, though a change in the underlaying material shifts the resonance peak if the 

new support has a different refractive index [55]. 

A better understanding of the plasmonic feature of the materials and their variation with 

the specific design of the surface, will lead to improvements in the sensing capabilities. 

In this chapter the classical and recently developed plasmonic materials are depicted 

along with their advantages and drawbacks. The influence of the dimensional changes 

in the plasmonic repose will be discussed. An overview of the different design 

approaches is given in Figure 1.6. A lot more nanostructures as the here mentioned 

exists like stars [56], flowers [57] and raspberries [58]. They are all defined by the 

presence of LSP arising from the nanometer regime. The effect of the specific structure 

is difficult to discuss, but the effects can be traced by back to the well-known geometries. 
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Figure 1.6│ Schema of the most important design possibil i t ies for nanostructured 

substrates. Parameters for characterization of the dimension are indicated: gap size (G), 

diameter (D) length (L) and periodicity (P).  

1.3.1 Materials Giving Plasmonic Effects 

The frequency of a plasmon mainly depends on the dielectric constant of the metal and 

therefore influences the spectral response and the sensitivity. A key role for sensor 

development plays the stability of the plasmonic surface in complex media and the possible 

functionalization. Some metals are sensitive against oxygen and moisture, others offer only 

challenging routes for introducing selectivity by chemical surface modifications. For sensor 

design a compromise between sensitivity, stability and functionalization needs to be found 

[59]. The most studied metals for plasmonics are gold [60] and silver because of their higher 

near-field enhancement factor and unique optical properties [61]. Other materials like 

copper are not common as they are extremely sensitive to oxygen [62 ], though they 

exhibit auspicious promising plasmonic features. Aluminum and Cu form efficient 

nanostructures when directly compared to Au and Ag within surface-enhanced Raman 

spectroscopy [63 ]. Not only noble metals are employed as plasmonic material. Surface 

plasmon modes can be present on any material, which has a sufficiently high carrier density 

as e.g. metamaterials such as nanoscale metal oxides and chalcogenides. They allow for 

plasmonic absorbance over a large optical range to include the visible, near-infrared (NIR), 

and mid-infrared regions [64] (Fig 1.7), and provide the possibility to tune the plasmonic 

modes by particle doping, shape and compositions [65]. Therefore, they offer the option for 

sensor development with highly tunable plasmonic modes over a large range of dielectric 

constants. 
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Figure 1.7│ A absorbance spectra of metal and chalcogenide plasmonic materials spanning 

a large spectral range. Presented materials are si lver (Ag), gold (Au), tungsten oxide 

(WO2.83), cesium tungsten bronze Cs xWO3, tin-doped indium oxide (ITO), indium doped 

cadmium oxide (ICO) and aluminum-doped zinc oxide (AZO). Picture adapted with 

permission from Ref [64] © (2014) American Chemical Society.  

The use of multilayered materials is a more complex approach for variation and 

improvement of the plasmonic properties due to the elaborate fabrication processes. 

Plasmonic coupling of the materials and the connection of different material properties 

are exploited. The combination of ferromagnetic and noble metals enhances the sensing 

capabilities. Theoretically a stack of Au-Cu-Au film perforated with a periodic nanohole 

array results in two-times larger bulk figures of merit (FOM) compared to other plasmonic 

sensors. It needs to be taken into account, that such alloy arrangements tend to mix [66], 

leading to a reduced long-term stability. This issue is often not addressed but needs to 

be taken into account for sensor development. The nanohole array has a hole size of 

203 nm and a lattice parameter of 400 nm. For the copper layer a thickness of 110 nm 

was used in the multilayer system with a thickness of 250 nm. The sensor performance 

is boosted by interplay of the plasmonic properties of the Au with the magneto optical 

features of the ferromagnetic membrane [67]. A metal-insulator-nanohole array 

metasurface, built up from Al2O3, Cu and Al was investigated. Nanoholes in a Cu layer 

(20 nm) have a size of 158 nm and are protected from oxidation by Al2O3 coating 

(20 nm). As a spacer Al2O3 (75 to 115 nm) is used between the nanohole array and an 

Al mirror. Due to the relatively similar permittivity of Au and Cu, both nanohole arrays 

show similar spectra and resonance features are only slightly broadened. This substrate 

shows a high chromaticity depending on the thickness of the Al2O3 spacer, which 

changes the resonance wavelength of the surface plasmons and cavity modes due to 

coupling between the metal films [68]. The combination of a metal-insulator-metal 
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nanocup array with a cavity of 80 nm consisting of Au (90 nm), TiO2 (100 nm) and Au 

(90 nm) (Fig 1.8 A, B and C) demonstrates a high sensitivity for the detection of cancer 

biomarker carcinoembryonic antigen an LOD of 10 ng∙mL-
 

1 [69], which is in the relavent 

range (>10 ng∙mL-1) for the early diagnosis of several cancers [70]. Sensitivity arises from 

the degree of cavity-plasmon coupling and the plasmonic feature of the metal-insulator-

metal materials. Spectrometer-free refractometric detection and imaging based on 

transmission is realizable with this nanostructure. The peak resonance wavelength does 

not change and only the transmission depends on the refractive index value (Fig 1.8 B). 

The transmission value is monitored with an objective and a camera [69]. 

 

Figure 1.8│ Schematic of Au-TiO2-Au nanocup arrays. (a) and camera image of a wafer -

scale fabricated array(b). The reflected l ight off the surface is diffracted due to the periodic 

nanostructures. SEM image of the multi layer system (c). Experimental transmiss ion spectra 

with increasing RI values. Transmission intensity at the resonance wavelength increases 

with a fixed spectral location with RI increase (d). Picture adapted with permission from Ref 

[69] © (2018) American Chemical Society.  

1.3.2 Geometrical Properties of the Nanostructured Surfaces 

Size and shape of the nanostructures highly influences the plasmonic field. Resonance 

wavelength and penetration depth differ with various nanostructures and hence change 

the analytical parameters. Varying the nanostructures allows for tailored sensors with 

high signal-to-noise ratio regarding the type of analyte [71].  
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For a nanostructured film geometries which have an impact on the plasmonic features are 

the diameter, size and distance. Oh et al. investigated the effect of structural changes for a 

coaxial nanocavities in gold films. Decreasing the gap size from 10 to 2 nm results in a 

strong red shift of the resonance peak and increased area-normalized transmission within 

the mid-infrared region [72]. A decrease in the diameter of coaxial nanocavities with a 

constant gap size of 10 nm leads also to a decrease in the resonance wavelength. The 

concept can be used for multiband sensing, if mixed coaxial diameters are fabricated side-

by-side [73]. For nanohole arrays the hole size has a strong effect on the SPR peak position 

(change of ~200 nm), whereas the periodicity only slightly shifts (~30 nm) the response 

wavelength. Both parameters have a strong effect on the peak shape. With decreasing hole 

size at a constant periodicity, the peak sharpens and gets more intense as the array 

resembles in a continuous gold film. If the diameter to periodicity ratio is constant and the 

periodicity decreased, the peak broadens and weakens [74]. Within sensing a sharp and 

intense peak is important as small changes can be monitored very accurate, which is crucial 

0for high sensitivity. For SERS a only few laser wavelengths (mainly 532 nm and 785 nm) 

are used in commercial devices for excitation. Applications can profit from adjusted 

nanostructure design matching the exactions wavelengths.  

It is very difficult to extract a general trend for size changes on nanostructured films and the 

resulting plasmonic feature. The large range of structures, their different dimensions and 

the lack of an all-embracing detailed analytical study complicates the selection of the most 

suitable substrates for a specific application. Nevertheless, knowing the influencing 

parameter of the size and shape is an important aspect for developing nano(bio)sensors 

with high sensing performance.  

In contrast for freestanding nanostructures on a substrate, the distance between the 

structures has little impact on the sensitivity compared to the length/size of the 

nanostructures. A larger length of the structures shifts the resonance wavelength to longer 

values and to a higher extent compared to a decrease in the distance between the 

nanostructures. Iso-Y-shaped-nanopillars show a 30% higher LSPR sensitivity when the 

length is increased from 70 nm to 100 nm, whereas a variation of the distance does not 

change the sensitivity. The structures enable sensor design in the visible or near infrared 

region with the possibility to realize threshold or high sensitivity devices [75]. 

The thickness of the nanostructures has smaller effects on the plasmon resonance 

wavelength and the sensing properties like sensitivity, FOM and full width at half-maximum 

(FWHM) compared to the strong spectral changes with varying in the geometries. For gold-
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coated nanodisk arrays the overall best performance, which only slightly differed from other 

systems, was found for the thickest nanodisk of 75 nm deposited on a film array of 75 nm 

[76]. It has to be considered for nanosensor design, that a transition to PSP is found to be 

at around 100 nm thickness. For a nanohole array with constant hole size and periodicity 

thicknesses smaller than 100 nm the plasmonic response is similar to LSP. Thickness 

changes from 20 to 90 nm slightly red shift the spectra from around 500 to 540 nm. For 

thicknesses larger than 100 nm the plasmonic response is comparable to the one obtained 

by a continuous film [74]. For even larger thicknesses the layer has again bulk plasmonic 

properties.  

Very promising for future sensor designs is the concept using of stacks, especially 

nanostructure stacks, creating multiple hotspots advantageous for signal enhancement in 

SERS and fluorescence. The increasing number of hot spots is a promising feature that 

comes with the use of muli-stacked nanostructures. Plasmonic responses of gold nanowire 

stacks was studied by Jung et al. [77]. More stacks provide more hot spots, which allow for 

strong plasmonic coupling. The SERS signal increases with the number of stacks and the 

highest signal, was found for five-layer samples. Higher stack numbers did not further 

enhance the signal. Here, the finite penetration depth of light needs to be considered, as 

there is a maximum depth that the incident light can enter into the 3D structure and from 

which the Raman-scattered photons can get out [77]. 

 Fabrication Techniques 

In addition to the large structural variations, there is also a broad range of different 

fabrication techniques, from bottom-up methods to nanolithography. Main aspects for 

evaluation are here, resolution, reproductivity, the complexity of the fabrication process 

and the possibility to fabricate different structures. 

1.4.1 Electron-beam Lithography and Focused Ion Beam Milling 

Established techniques like electron-beam lithography (EBL) [78] and focused ion beam 

(FIB) milling [79] ensure high control of the process resolution and precision. Within FIB, 

first a thin metal layer is deposited before a focused ion beam locally splitters off the 

metal. The EBL process involves basically four steps: (1) deposition of a resist, (2) 

exposure and development of the resist with an electron-beam, (3) thin metal layer 

deposition and (4) lift-off of remaining residual and cleaning. Both techniques are suitable 
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for fabrication of sub-10-nm structures but are very time consuming with fabrication times 

of serval days [80]. In some applications, like single molecule analysis, a very high 

accuracy of the optimized nanostructures is inevitable to ensure a precise read-out with 

low variations. Edel et al. reported e.g. on a free standing nanopore of 20 nm ± 3 nm size 

surrounded by a plasmonic bullseye structure for single molecule detection. For 

preparing the very precise nanostructures a combination of gallium and helium FBI was 

essential [81]. Those techniques suffer from low throughput, limited scalability and high 

expenditure of time [82]. Laser interference lithography is an alternative, capable of large 

are patterning of up to a few cm2 with the possibility of manipulation of the geometries, 

like periodicity and diameter to some extent. This maskless technique is based on the 

optical interference of two laser beams to imprint a nanostructure into a photoresist [83]. 

1.4.2 Nanotransfer 

Nanotransfer approaches have received considerable attraction because they preserve 

the high reproducibility and precision of the lithographic methods. Solvent-assisted 

nanotransfer realizes sub-20 nm pattern with high accuracy in replication. 

Nanostructures are duplicated and transferred from a master mold fabricated by 

photolithography (0.2 – 200 µm) or block copolymers (8 – 15 nm). With injection of a 

solvent the adhesion between the replicas and a polyimide film is switched off and 

enables the release of the nanostructures on diverse and unconventional substrates, 

e.g. skin or an apple [84]. For a simple and easy transfer onto a substrate of choice, 

template-stripping can be applied. On a nanostructured photoresist-template a metal 

layer is evaporated, pressed against a glass slide modified with an epoxy adhesive, and 

after curing the patterned metallic structure is detached from the original template [83]. 

A transfer method to fabricate multi-layered nanostructures with high aspect-ratio utilizes 

an EBL-master for a covalent bonding-assisted nanotransfer lithography. The replica 

preparation and the nanotransfer procedure rests on the formation of a covalent bond 

between an adhesive layer on the substrate and transferring materials. Nanostructures 

dimensions down to ~20 nm are realizable on an area of ~100 cm2 and the process is 

not affected by the shape of the structure [85]. For rapid prototyping the classic 

lithographic techniques are beneficial due to the high precision and resolution [86]. 

Disadvantages of those methods for sensor design are still the dependence on beam-

based lithography, limited structural variations, residual layers and long manufacturing 

times. 
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1.4.3 Self-Assembly 

To improve nanofabrication techniques and make them accessible for a large 

community, techniques like colloidal or nanoimprint lithography have been developed. 

Among those approaches colloidal lithography [87] is a strategy with high potential for 

nanosensor fabrication. This bottom-up methods are versatile tools for fabrication of 

nanostructured surfaces on a large scale with simple adjustability of the size and 

dimension. Here, the self-assembly properties of colloidal particles are exploited. As an 

example, Pacholski et al. published a method for bottom-up fabrication of gold-capped 

hydrogel microspheres in periodic hole arrays. First a colloidal mask of hexagonal 

arranged microspheres was generated by self-assembly of a hydrogel on a glass 

substrate. For the formation of the metal nanostructure the substrate is placed in a gold 

nanoparticle dispersion. After an electroless deposition and a photochemical metal 

deposition the final structure is yielded. The holes have a diameter of 1.04 ± 0.02 μm 

and microspheres of 0.72 ± 0.03 μm. A long-range symmetry with regions in the mm2 

range is achieved [88]. This method demonstrates the benefits of colloidal lithography 

as it is scalable (covering areas of cm2) and only standard laboratory equipment is 

required. Different structural changes are not easy achievable since the nanostructure is 

defined by the hydrogel microspheres and the hole fabrication process is with ~1.5 days 

relatively long. Addressing the problem to adjust size and dimensions, the construction 

of nanostructures utilizing the self-assembly of nanoparticles, acting as plasmonic 

material or as a sphere mask, have been invented. Simple variations of the particle size 

or shape alter the dimensions of the nanostructures. Implementations of this principle 

are the direct formation of nanostructures by immobilizing of structures like Au 

nanoparticles on the substrate [89] or using the nanoparticles as a template e.g. for the 

fabrication of nanodisks [90].  

The dimensions range from ~20 to ~150 nm and depend on the size of the nanoparticles 

with act as a sphere mask. Introducing an etching step before metal deposition on the 

particle sphere mask overcomes this issue. For instance, nanohole arrays were 

fabricated by a modified nanosphere lithography. Polystyrene particles self-assemble in 

a closed-packed hexagonal monolayer and their diameter can be reduced with reactive 

ion etching, leading to variation of the size of the nanoholes [91]. With at least 20 h most 

of the fabrication time takes up the particle synthesis. This issue is can be overcome as 

a large variety of monodisperse nanoparticles of different size are commercial available. 

The resolution mainly is defined by the dispersity and shape variations of the 

nanoparticles. Diameters with low deviations from the nanometer (1.6 ± 0.3 nm [92]) up 
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to the micrometer (20 ± 0.5 µm [93]) regime are possible. The large range of available 

diameters of particles ranges, allows for the fabrication of nanostructures with in the 

same dimensional range, as the particles act as a mask for the nanostructures.  

In the case of structural variations an even higher degree of freedom is given by 

techniques using block copolymers [94] or colloidal nanocrystal superlattices [95]. They 

act as nanostructure building blocks and offer the opportunity to transfer the 

nanostructures. Depending on the environment and the polymer/nanocrystal a large 

variety of structures, consisting of different plasmonic materials, can be fabricated. E.g. 

nanoholes can be prepared with a diameter of 15 nm, a resolution ~1.5 nm, and a density 

over 400 holesμm2 by solvent assisted direct pattering of block copolymer master 

templates [82]. The resolution was improved to a limit comparable with classic 

lithography approaches. A high density of the nanostructures provides a high number of 

hot spots within the sensing spot, further enhancing the signal for SERS and SEF. Other 

structures like rings-in-mesh [96], lines and crosswires [97] in dimensions from 5 to 

20 nm can be fabricated. The templates are reusable and the transfer process ensures 

a high-yield transfer without further surface treatment [82]. The block copolymer master 

template formation is the time limiting factor (~14 h) and a lot of complex steps are 

necessary to yield the nanostructures. A variety of hierarchical material structures, like 

gold nanocrystals assembled in grids or lines, are prepared with self-assembled binary 

nanocrystal superlattices and pattern transfer printing. Size, shape and arrangement of 

the nanocrystals can be controlled by changing conditions such as temperature and 

solvent. Prepatterned PDMS molds are used for transferring self-assembled 

nanostructures via a liquid–interfacial assembly technique. Dimension of the gold 

nanocrystal are of 5.4 nm ± 0.4 nm on an area of ~400 μm2 [98]. The method is easily 

scalable as binary nanocrystals can cover areas of a few mm2 [99]. A fast fabrication 

time of ~ 5 h makes them attractive for nanosensor development. 

1.4.4 Summary 

Comparing the different fabrication approaches for nanostructured surfaces, FBI and 

EBL yield a very high resolution but self-assembly techniques are emerging and similarly 

low dimension of ~5 nm are realizable. In Table 1.1 the most important fabrication 

techniques are summarized along with the main advantages and disadvantages. As self-

assembly approaches do not require high equipment, almost every laboratory is able to 

fabricate nanostructured substrates and hence pushing this research field to a new level. 
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Better flexibility, faster production and cheaper manufacturing costs are present in 

colloidal approaches especially when combined with nanotransfer methods. They offer 

a sufficient resolution for read-out methods with micro- or millimeter measurement spot 

size and can be scaled up easily. In summary, for most applications like SEF, SERS or 

EOT techniques based on colloidal lithography are effective in case of sensor 

performance. Roughness of the surface or structural defects in the µm-range are not a 

drawback for those methods as the laser spot covers a larger area, which outperforms 

such variations. For SPR a roughness of the surface would lead to reflectivity loss and 

hence a lower sensitivity. Imaging approaches in the same dimensional regime as the 

nanostructures suffers from small structural defects, as the signal is not uniform over the 

sensing area. 

Table 1.1│ Overview of the most important fabrication techniques for nanostructured surfaces listed by their 

resolution. 

Technique 
Reso-
lution 

Time 
Scal-
ability 

Advantages Disadvantages 
Refer-
ences 

EBL/FIB 
<10 

± 0.1nm 
day(s) no 

ultimate 
precision 

equipment, 
limited flexibility 

[80] 

binary 
nanocrystal 
superlattice 

5.4 
± 0.4 nm 

~5 h Yes 
structural 

variations, high 
resolution 

complex 
fabrication 

[98, 
99] 

block 
copolymer 
assembly 

15 
± 1.5 nm 

~15 h Yes 

structural 
variations, 
reusable 
master 

complex 
fabrication 

[82] 

nanoparticle 
assembly 

17 
± 2nm 

>24 h Yes low resolution 
limited 

structures and 
dimensions 

[89, 
90] 

laser 
interference 
lithography 

>100 
± 8 nm 

~5 h no 
tunable 

dimensions 
limited 

structures 
[83, 100] 

nanosphere 
lithography 

250 
± 20 nm 

~10 h Yes 
tunable 

dimensions 

limited 
structures, 
resolution 

[91, 101, 
102] 
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 (Bio)sensor Applications 

The following section summarizes the (bio)sensing approaches based on nanostructured 

gold surfaces with SPR, Raman, EOT and fluorescence techniques.  

For a large variety of fields like food safety and medical diagnostics SPR has been applied, 

due to the ability to measure kinetic interaction. Compared to a continuous gold film, 

nanostructured surfaces detect refractive index changes only in a short volume close to the 

surface and hence show a higher surface sensitivity. Recently randomly distributed 

nanostructures like nanoislands or nanorods have been utilized as sensor platform due the 

exclusive presence of LSPR. With nanostructures the determination of concentrations is 

with an order of magnitude lower compared to a continuous gold based SPR sensor, as it 

has been shown for the analytes ssDNA [103] and Pb2+ [104]. From an instrumental point 

of view, parallelization is easy, as one surface can hold more than one receptor. The 

limitations come with a suitable technique in the chemical modification of the sensor 

array. Sensing spots need to be printed. An analogy can be found for monitoring volatile 

organic compounds (VOCs) were 72 spots can be assembled in high density for SPR 

readout. The features of a cross-sensitive microarray are combined with SPR. A high 

sensitivity allows to discriminate between VOCs by only a single carbon atom [105]. So 

far there are only a few examples to use this technology in plasmonic sensing. Proof of 

concept mainly done for dual sensing such as for ordered gold islands on glass, which are 

modified by self-assembly of SH-functionalities on the gold and NH2-funcionaliatzion of the 

glass substrate. The separated spatial functionalities are selective receptors for the 

detection of heavy metals ions Hg2+ and Cu2+, respectively [106]. The implementation of 

nanostructured surfaces makes high-throughput analysis with improved sensing 

performance feasible. 

The effect and potential of coupling fluorophores to nanoengineered surfaces has been 

demonstrated, but applications are limited up to now often by the time consuming or 

expensive fabrication of such substrates. As a result there are only a few reports on the 

implementation of such sensing systems [107]. The outstanding sensor properties in the 

presented examples, depicts the high potential of SEF platforms as very sensitive 

surfaces in nanobiosensors, which are achieved even with simple and cheap fabrication 

techniques, like nanosphere lithography. Applying this principle, for Au nanoparticle 

arrays interacting with upconversion (UC) nanorods [108] and for Au nanopillar arrays 

combined with UC nanoparticles [109], emission enhancements of around 2 to 5 can be 

achieved. Enhancing the quantum dot emission with gold nanopillars enables a low limit 
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of detection (LOD) for prostate specific antigen (PSA) of around 10 pgmL-1 [110] 

(Fig 1.9 C). Single-strand DNA, a common biomarker, has been used as a model 

concept. For a ssDNA modified with Cyanine 3 on a nanoporous Au disk a detection 

down to ~1500 molecules (estimated) and up to 1 nM was shown [111]. Using a gold 

nanorod array and a ssDNA probe modified with Quasar 670 a linear relationship is 

realizable from 10 pM to 10 nM [112] (Fig 1.9 B). Plasmonic Au nanotriangles improve 

the single-molecule fluorescence intensity by a factor of two for living vibrio cholerae 

cells expressing photoactivatable fluorescent proteins [113] (Fig 1.9 A). 

 

Figure 1.9│ Examples of SEF applications. (A) Gold nanotriangle arrays fabricated by 

nanosphere l i thography enhance the single molecule fluorescence intensity for imaging 

applications. (B) Schematic i l lustration of a nanopil lar array applied for the PSA de tection 

with a sandwich immunoassay and enhanced fluorescence of quantum dot s [110]. (C) An 

ordered nanorod array chip is used for ssDNA detection upon hybridization with a tagged 

reporter probe. Picture (A) adapted with permission from Ref [113] © (2018) American 

Chemical Society.  Picture (B) adapted with permission from [110] © (2015) Royal Society 

of Chemistry. Picture (C) adapted with permission from Ref [112] © (2018) American 

Chemical Society.  

Improved sensing capabilities of SERS with nanostructured surfaces have been shown. 

A high selective and portable SERS for the analysis of the Pb2+ concentration in water 

was published by Ayoko et al. [114]. The sensor surface consists of a solid substrate 

coated with gold nanoparticles and is functionalized with an aminobenzo-18-crown-6 as 

a selective recognition molecule, allowing for the detection of 0.69 pM Pb2+ [114]. SERS 

techniques based on AuNP are only able to detect 0.3 nM of Pb2+, indicating three orders 
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of magnitude lower LOF for nanostructured surfaces [115]. For cell analysis not only 

excellent sensitivity is needed, also the nanostructured surface should be highly 

reproduceable, yielding a homogeneous SERS response over the sensing area. Gold 

triangular nanoprism arrays, fabricated by electron beam lithography, show an 

enhancement factor (EF) of ~5105 especially in the characteristic frequency range of 

protein fraction and utilizes mapping experiments with compatible standard deviations of 

the SERS signal [116]. A gold nanorod array, modified with sensitive bovine serum 

albumin-coated 4-mercaptopyridine-linked as a receptor layer, exhibits an EF of ~6107. 

With the nanostructured platform, which is fabricated by evaporative self-assembly 

method, it is possible to determine the pH value in blood with good reliability and 

accuracy [117]. These examples point out the feasibility of nanostructured surfaces as 

sensitive platforms for the design of biosensors in various fields. Besides the simple 

concept of using nanostructured surfaces directly as SERS substrate, there are also 

more complex setups for further improving the Raman signal or other objectives. A lot of 

effort was made to find optimized geometries of nanostructures to enhance the signals 

for better LODs. The group of Vo-Dinh investigated a DNA bioassay-on-chip based on a 

bimetallic film over nanospheres [118]. For such structures, particularly high EF of 106 

to108 are enabled. By combination of nanowave structures with a thiolated reporter probe 

tagged with a Raman active dye, ~3.6 106 molecules of the target ssDNA was detected 

[118] (Fig. 1.10 C). The detection of 100 pM Rhodamine 6G was achieved by plasmonic 

trapping via laser excitation of Au nanoparticles in the middle of a nanobowtie structure. 

Hot spots arise from the trapped nanoparticles and act as additional SERS sites [119] 

(Fig. 1.10 B). Nanostructured substrates have also been used in super-resolution chemical 

imaging. A stochastic optical reconstruction microscopy (STORM) algorithm can be 

applied for processing the blinking behavior of SERS hot spots. The phenomena results 

from the large field enhancement of plasmonic nanoholes and enables localization to 

within 10 nm and high resolution imaging [120]. Additionally, nanostructures, as e.g. 

nanobaskets, can concentrate molecules or objects in the surrounding medium. A 

bubble, that acts as a fastmoving net, is generated by an ultrafast IR laser pulse and 

gains a locally high density of the analyte, making a detection at extremely low 

concentrations more effectively and requires no sample treatment [121] (Fig. 1.10 A). It 

needs to be considered that, SERS yields much narrower peaks compared to 

fluorescence, which are highly specific and therefore it has a great potential for 

multiplexed detection [118]. Taking this into account, the crucial point for the design and 

application of high performance SERS biosensors is the fabrication of reproducible and 

sensitive (high EFs) plasmonic nanostructures. The field of inexpensive and versatile 
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fabrication techniques shows tremendous progress, thereby paving the way for 

realization of commercial SERS sensors based on nanostructured surfaces.  

 

Figure 1.10│ Examples of SERS applications. (A) Sketch of the 3D nanostructured surfaces 

with the antennas, deflecting panels and target sites. The triggered nanobubble formation 

acts as a net for analyte molecules. (B) The Raman scattering is enhanced by plasmonic 

trapping of nanoparticles due to laser excitation at a nanobowtie structure. (C) Scheme of 

the detection of ssDNA on a multi layer nanowave structure, fabricated by the metal  

deposition on a clos packed polystyrene monolaye. Picture (A) adapted wi th permission 

from Ref [121]) © (2018) American Chemical Society.Picture (B) adapted with permission 

from Ref [119] © (2016) American Chemical Society. Picture (C) adapted with permission 

from Ref [118] © (2014) The Roylal Society of Chemstry.  

Transmission and reflectance monitoring of binding events in real-time are very 

attractive, since they offer high sensitivity in accordance with simple, inexpensive and 

scalable setups [122]. The response of such sensors results from LSPR and EOT, 

depending on the nanostructured substrate. In contrast to conventional SPR systems, 

which are still lacking in throughput compared to 96 well-plate or in resolution and array 

fabrication for imaging formats, transmission sensing is compatible with mulitwell plate 

readers [123]. Hence nanoplasmonic substrates are considered as next generation 

sensing platform and a lot of sensors are devolved in the last years [5]. Nanohole arrays 
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are a very common and attractive nanostructure for EOT. The group of Hatice Altug 

works on an integration of nanohole arrays in a multichannel microfluidic system. The 

design makes a fast, simple and highly sensitive point-of-care system possible. 

Multiplexed detection of bacteria by immobilization of specific antibodies in a one-step 

assay with outstanding sensitivities was demonstrated [37] (Fig. 1.11 A). Cytokine 

secretion of single-cells in real-time is shown with an antibody modified multifunctional 

optofluidic system and an outstanding LOD of 39 pgmL-1[11]. The system was further 

improved with the coupling of Au nanoparticles (NPs) to the nanohole arrays. Under 

bright-field imaging plasmonic heatmaps can visualize single labeled Au NPs and thus 

can quantify a single analyte binding event on the surface [124] (Fig. 1.11 B). Another 

possibility for improving the plasmonic sensing properties is the coupling of Au NPs on 

a gold-coated nanodisk arrays. The Bragg modes, which strongly interact with the 

AuNPs, induce an enhancement of the electromagnetic field and 7-fold lower LOD for 

ssDNA [125]. Structures utilizing LSPR are manifold, but most frequently used are 

nanorod arrays [126], nanodisk arrays [127] and nanoislands [128]. For the detection of 

the relevant cancer biomarkers prostate specific antigen (PSA) nanorod arrays with an 

antibody as recognition element [126] and nanodisk arrays functionalized with a DNA 

aptamer have been used and can analyze concentrations of PSA as low as ~1 ng∙mL 

[127]. Nanoparticle arrays as a sensing platform in combination with a cis-jasmone (CJ) 

selective nanocomposite-imprinted are able to detect 3.5 ppm of CJ in air [129]. A 

molecularly imprinted polymer film on a nanoisland structure allow the fast, reversible 

and highly selective detection of α-pinene γ-terpinene, and limonene vapors [128]. For 

nanorod arrays conjugated with a chelating agent of Co2+ ions a LOD of 100 pM is 

realizable [130]. 

Reflectivity setups are also very promising but not so common up to now. Lechuga et al. 

studied a periodic nanoslit array of commercial Blu-ray discs as a biosensor platform in 

the reflection mode. Under an oblique angle the sensitive is improved and an LOD in the 

pM range for a tumor associated antigen is achieved [131]. Most authors do not see any 

limitations in transferring their proof-of-concept sensing schemes into real world 

applications, as transducer can be miniaturized, and surface can be industrially 

fabricated. This points out the high potential of transmission or reflectance systems as 

portable biosensor. They offer other benefits such as real-time monitoring, integration 

with microfluidics and label-free detection.  
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Figure 1.11│ Examples of transmission applications. (A) Schematics of the plasmonic 

microarray sensor and a picture of the implementation with PDMS in a microfluidic system. 

Nanohole arrays are modified with neisseria gonorrhoeae (NG) (green), anti -chlamydia 

trachomatis (CT) (blue) and a control antibody (red). (B) For improved digital imaging of 

biomarkers on a nanohole array nanoparticles are used. The capture antibody (blue) is 

immobil ized on the nanohole array and recognizes the antigen (red). A detecti on antibody 

is bound to the NPs and also for capturing of the NPs by the antigen at the nanohole array. 

Picture (A) adapted with permission from Ref [37] © (2017) Elsevier. Picture (B) adapted 

with permission from Ref [124] © (2016) American Chemical Society .  

For comparison of the performance of the different approaches are summarized in 

Table 1.2, with respect to the analyte class and sorted by the LOD. The detection of 

ssDNA is remarkably low for SEF and SERS when compared to other sensing 

techniques. Those values were calculated taking into account the solution volume and 

the laser spot size [111,118] and not the intrinsic signal is taken. Other techniques 

achieve similar LODs in the pM-range with the larger dynamic range for SPR and SEF. 

Heavy metal ion detection is possible over a large dynamic range of around six orders 

of magnitude and with a pM-low LOD for SERS and transmission spectroscopy. In the 

case of protein detection transmission measurements with nanohole arrays offer a 

pg∙mL-1 low detectable concentration, comparable to SEF using nanopillars but here a 

larger dynamic range with three orders of magnitude is present.  
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Table 1.2│ General overview of nanostructured surfaces for nano(bio)sensors used for ssDNA, heavy metal 

and protein detection sorted by their LOD. 

Analyte LOD 
Dynamic  
Range 

Technique Structure 
Refer-
ence 

ssDNA 

2.4 zmole 
2.4 zM –  

1 nM 
SEF 

Nanoporous 
Disk 

[111] 

6 amoles 
0 –  

30 amoles 
SERS 

Bimetallic 
Nanowave 

[118] 

0.7 pM 
20 pM –  
20 nM 

SPR  Nanorods [103] 

7 pM 
20 –  

200 pM 
Transmission 

Nanodisk on 
a Film 

[125] 

10 pM 
10 pM – 
10 nM  

SEF  Nanorod [112] 

Heavy 
Metals 

Pb2+ 0.69 pM 
10-12 M – 
10-6 M 

SERS 
Particles on 

a Film 
[114] 

Cu2+ 100 pM  
100 pM – 

1 µM 
Transmission Nanorods [130] 

Pb2+ 0.011 ppb 
0.011 ppb – 

 5 ppm 
SPR  

Nano-
islands  

[104] 

Hg2+ 0.01 ppm  
0.01 – 

0.04 ppm 
SPR  

Nano-
islands  

106] 

Protein 

PSA 10 pg∙mL-1 
100 pg∙mL-1 –
100 ng∙mL-1 

SEF Nanopillars [110] 

bBSA* 10 pg∙mL-1  
500 pg∙mL-1 –

10 ng∙mL-1 
Transmission Nanoholes [124] 

cytokine  39 pg∙mL-1 
50 pg∙mL-1– 
1 ng∙mL-1 

Transmission Nanoholes [11] 

PSA 1.49 ng∙mL-1 
 1.7 – 

20.4 ng∙mL-1 
Transmission Nanodisk  [127] 

GTF2b 3.4 ng∙mL-1 
25 - 

1000 ng∙mL-1 
Reflectance 

Periodic 
Nanoslit 

[131] 

*biotinylated bovine serum albumin (bBSA) 

 

In summary the presented sensing techniques show comparable sensing performance, 

for this reason the limiting factor is the equipment needed for excitation and signal 

collection. For successfully designing a high-performance biosensor, low cost 

components and the possibility for miniaturization are very important. Additionally, a 

simple protocol for functionalizing and selective analyte detection should be available. 

Ultimately, there is not the perfect transducing technique for a particular for analyte, the 
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circumstances of a specific application need to be considered, keeping in mind the stated 

pros and cons of each transducer.  

 Conclusions and Perspectives 

Nanostructured surface sensing strategies are useful for a large variety of transducers 

due to the LSP or EOT. For a sensor application the design, in context of the plasmonic 

material and nanostructure, needs to be considered. Important aspects are the 

penetration depth of the plasmonic field, density of the nanostructures and the spectral 

position of the plasmonic band. One of the main issues within fabrication of 

nanostructured surfaces is the reproducible and high-resolution over large areas. Most 

promising are self-assembly approaches. They allow for tailored dimensions, shape and 

composition with a high scalability and do not depend on expensive laboratory 

equipment. In the near future the current drawback of resolution, when compared to 

established lithography methods, will be overcome, leading to large range of (bio)sensor 

with nanostructured surfaces. The diversity of fabrication techniques gives rise to all sort 

of structures, mainly subdivided into nanostructured films and free-standing 

nanostructures. The plasmonic properties and characteristics are in the focus of research 

at the moment. Often the application as nano(bio)sensor are still in the proof-of-concept 

stage. Basic aspects for nanostructured surfaces are the improved sensing performance, 

high-throughput possibility and microfluidic implementation compared to conventional 

plasmonic sensors. The successful accomplishment of super-resolution chemical 

imaging, single-cell analysis and single molecule detection should be emphasized as it 

is paving the way for point-of-care diagnostics and label-free online monitoring 

applications. The use of nanostructured surfaces would be very beneficial for daily-use 

applications, since they allow for integrated devices utilizing low-cost and facile 

experimental setups. 

Regardless all the existing challenges, which need to be addressed, nano(bio)sensors 

utilizing nanostructured surfaces as sensing platform is an interesting research field with 

enormous opportunities.  
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2 Aim of the Work 

Nanostructured surfaces offer unique plasmonic properties. The plasmonic field can be 

tuned and optimized by changing the geometries of the nanostructured surfaces. This 

seems to be promising in SPR (bio)sensor applications. A higher surface sensitive is 

expected to yield in better signal-to-noise ratios for the detection of small molecules. This 

postulation should be investigated in this work by the investigation of gold nanohole 

arrays of different hole diameters. The aim was to demonstrate the impact of the higher 

surface sensitivity in a sensor application for the detection of small molecules using SPR 

readout. When the sensing volume gets significantly decreased and highest sensitivity 

is expected next to the gold surface it becomes challenging to design a receptor for the 

detection of target analytes. Two-dimensional carbon nanomaterials, especially 

graphene, would be the best candidate to fulfil the requirement of providing a thin 

receptor layer. As this material is only one atom thick and possess large areas of sp2 

hybridization, it was planned to investigate the detection of small molecules via -

stacking on such a graphene-plasmon hybrid. Alternatively, the plasmonic effect of 

nanostructured surfaces is also known for a strong confined electromagnetic field close 

to the surface located at the edges of the structures. These so-called hot spots enhance 

sensing techniques based on transmission. A sensor concept utilizing the enhancement 

of nanostructured surface should be designed to proof the capabilities of such systems 

for (bio)analytical applications. 
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3 Graphene-enhanced Plasmonic Nanohole 

Arrays for Environmental Sensing in Aqueous 

Samples 

 Abstract 

The label-free nature of surface plasmon resonance techniques (SPR) enables a fast, 

specific, and sensitive analysis of molecular interactions. However, detection of highly 

diluted concentrations and small molecules is still challenging [M]. It is shown here that 

in contrast to continuous gold films, gold nanohole arrays can significantly improve the 

performance of SPR devices in angle-dependent measurement mode, as a signal 

amplification arises from localized surface plasmons at the nanostructures. This leads 

consequently to an increased sensing capability of molecules bound to the nanohole 

array surface [M]. Furthermore, a reduced graphene oxide (rGO) sensor surface was 

layered over the nanohole array. Reduced graphene oxide is a 2D nanomaterial 

consisting of sp2-hybridized carbon atoms and is an attractive receptor surface for SPR 

as it omits any bulk phase and therefore allows fast response times. In fact, it was found 

that nanohole arrays demonstrated a higher shift in the resonance angle of 250–380% 

compared to a continuous gold film [M]. At the same time the nanohole array structure 

as characterized by its diameter-to-periodicity ratio had minimal influence on the binding 

capacity of the sensor surface. As a simple and environmentally highly relevant model, 

binding of the plasticizer diethyl phthalate (DEP) via π-stacking was monitored on the 

rGO gold nanohole array realizing a limit of detection of as low as 20 nM. The 

concentration-dependent signal change was studied with the best performing rGO-

modified nanohole arrays. Compared to continuous gold films a diameter-to-periodicity 

ratio (D/P) of 0.43 lead to a 12-fold signal enhancement. Finally, the effect of 

environmental waters on the sensor was evaluated using samples from sea, lake and 

river waters spiked with analytically relevant amounts of DEP during which significant 

changes in the SPR signal are observed. It is expected that this concept can be 

successfully transferred to enhance the sensitivity in SPR sensors. 
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Figure 3.1│ Scheme of the SPR setup with a plasmon-graphene hybrid as substrate used 

for DEP detection (Left).  Normalized signal change at a constant angle in response to 

binding of DEP to rGO-modified nanohole arrays (D/P = 0.43) covering a concentration 

range from 0.05 to 5 μM aside with the chemical structure of DEP.  

This chapter has been published. 

Genslein C, Hausler P, Kirchner EM, Bierl R, Baeumner AJ, Hirsch T (2016) Graphene-

enhanced plasmonic nanohole arrays for environmental sensing in aqueous samples. 

Beilstein J Nanotechnol, 7:564-1573 

This paper contains research results that were in part described already in Christa 
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and descriptions of substrate fabrication and characterization. The Master’s thesis is 

entitled “Nanostructured Substrates for Bioanalytical Applications Based on Plasmonic 
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 Introduction 

Plasticizers are additives used in plastic industry, personal care products and especially 

in polyvinyl chloride (PVC) products. The most common plasticizers are phthalate acid 

esters (PAEs) [1]. Since PAEs are not chemically bound to the polymeric matrix, they 

can leach into the environment. The resulting wide distribution in aqueous systems, such 

as lakes and rivers, and disturbances of the ecological environment are caused by 

accumulation of PAEs in natural waters [2,3]. It has been reported that PAEs trigger 

adverse effects on human health and are readily absorbed through the skin. They can 

cause feminization of male infants, impact genital development and testes maturation. 

Metabolic products are also potential thyroid hormone disruptors [4-6]. Because of their 

carcinogenic and toxic characteristics determination of PAEs in environmental water is 

an urgent task. Most widely used techniques are gas chromatography and high 

performance liquid chromatography coupled with mass spectrometry (GC–MS and 

HPLC–MS), however often enrichment and extraction steps prior to the analysis are 

necessary [7]. An online detection system for natural water with detection limits in the 

environmental interesting concentration is important for water safety and direly needed. 

Surface plasmon resonance spectroscopy (SPR) is a widely-used technique for 

quantifying and characterizing biomolecular interactions in biosensors for medical 

diagnostics, food safety and environmental monitoring [M] providing important features 

such as real time measurements, high sensitivity and label-free assay [8]. The detection 

of highly diluted concentrations and small molecules (<200 Da) remains challenging 

within SPR sensing [9,M]. For (bio)analytical applications the sensitivity needs to be 

enhanced to achieve low detection limits. To address this issue nanomaterials ranging 

from metallic nanoparticles, carbon-based structures to liposomes were used [10-12,M]. 

Plasmonic transducers are sensitive to changes of optical properties such as the 

dielectric constant and hence the refractive index next [M] to their surface. The 

exponential decay of the plasmonic field generates a response affected by the 

penetrated volume [M] within the solution [13]. Within conventional SPR sensing 

propagating surface plasmons (PSP) are the main parameter, defined as propagating 

charge oscillations on the surface of a thin metal film. At a visible wavelength the decay 

of PSP on a planar surface is approximately half of the excitation wavelength and in the 

range of a few hundred nanometers [14,M]. For localized surface plasmons (LSP) 

occurring at nanostructures, the values are significantly smaller and are in the range of 

5–60 nm [14,15,M]. An enhancement of local electromagnetic fields and intense 
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absorption bands due to excitations of electrons at the nano-structures, results in a high 

sensitivity towards local changes of the refractive index [16,M]. A variety of 

nanostructured substrates, such as nanostructured arrays, has been designed and 

applied to bioanalytical sensing applications [17-20]. Nanohole arrays, which are 

characterized by combining localized and propagating surface plasmons, offer a 

possibility to tune the plasmonic features and therefore optimize the sensing 

performance for a specific application [21,M]. They have been shown to provide better 

sensitivity in wavelength [M] dependent SPR sensing. However, most commercial SPR 

devices are based on angle scanning by illumination at a constant wavelength and no 

studies are available investigating this interesting plasmonic effect [17, 22]. 

Nanohole arrays have been first fabricated 1995 by Masuda and Fukuda using a 

replication process of an anodized alumina structure [23,M]. Since then, a vast number 

of techniques has been invented. For example, as focused ion beam (FBI) milling allows 

a control of the size and shape of the nanoholes with good reproducibility it has been 

applied for biosensor development and theoretical studies [M]. With high fabrication 

costs and long milling times it is not adaptable to large volume manufacturing [24-26,M]. 

Standard lithography techniques can instead be used such as soft embossing. An 

imprinting mask is prepared by e-beam lithography and by printing numerous times on a 

surface, large areas of nanoholes are created [27-30,M]. Since for each different 

nanohole layout a new mask needs to be fabricated, this method is still time consuming 

and unfavorable for, optimization studies [M]. To provide tunability, rapid fabrication and 

low manufacturing cost that can also easily be done in low-class clean room areas, 

techniques such as polymer blend lithography or a modified nanosphere lithography 

(NSL) technique were recently developed [31,32,M]. Using colloidal lithography 

disordered nanoholes can be obtained. A combination of NSL with electrochemical 

deposition, ion-polishing, plasma treatment and glancing-angle deposition produces 

ordered nanohole arrays. Therefore, NSL is a promising tool to produce nanostructured 

substrates [M]. 

Here, nanohole arrays were prepared by a modified nanosphere lithography (Figure 3.2). 

The dominating parameters for sphere mask formation are the evaporation rate and the 

particle content [M]. Both can be tuned very precisely [33,M]. The most characteristic 

parameter for nanohole arrays is the diameter- to-periodicity ratio (D/P) [M], as visualized 

below in Figure 4B. Hole diameter (D) and periodicity (P, distance between the centres 

of neighbouring holes [M]) both significantly affect the plasmonic properties and therefore 

the sensitivity of nanohole arrays [34]. 
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Figure 3.2│ Outl ine of the fabrication steps to form a nanohole array with a modified 

nanosphere l i thography technique [M].  

For an analytical application the gold layer needs to be modified with a receptor layer. 

Reduced graphene oxide (rGO) is very interesting receptor layer as it serves two 

purposes. On the one hand, it improves the sensing performance as its high surface- to-

volume ratio leads to more efficient adsorption of molecules together with local plasmonic 

enhancement effects [35,36]. Thus, systems consisting of a plasmonic nanostructure 

and graphene are referred to as plasmon–graphene hybrids [37]. On the other hand, 

interactions of molecules with aromatic systems via π-stacking is strongly promoted by 

the sp2-hybridized carbon atoms arranged in a honeycomb structure [M]. In this study a 

sensor for diethyl phthalate as model analyte was developed. It is known that this type 

of plasticizers adsorbs on polystyrene resins by multiple adsorbent–adsorbate 

interactions such as hydrogen bonding and π-stacking [38], which makes them an ideal 

analyte for the evaluation of the graphene-modified gold surfaces in SPR. 

Nanostructured surfaces are promising in enhancing [M] the signals in surface-sensitive 

techniques. The excitation of localized surface plasmons are known to improve Raman 

signals on structured metal surfaces significantly, and often utilized in sensing systems. 

A Web of Science survey revealed more than 1600 publications on the concept of 

surface-enhanced Raman scattering (SERS) in the year 2015 alone. In contrast, in the 

same year only 25 publications report on the enhancement of SPR signals by introducing 

nanostructured surfaces. One reason can be attributed to the different size of the sensing 

spots used in these two prominent techniques. Commercial SPR devices usually 

illuminate spots in the range of several square millimeters. This is about 3·107-times 
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larger than the area in Raman microscopy using a 100× objective. This comes with the 

need to fabricate regular nanostructures in large lateral dimensions, while also ideally 

delivering fast and reproducible substrates. These requirements are easily met in 

nanosphere lithography as sphere size and monolayer formation allow for facile 

nanohole array design and systematic variation of its properties. 

 Results and Discussion 

A nanohole array modified SPR chip was fabricated according to the method described 

by Masson et al. [39,40]. Drop casting of the polystyrene particles [M] on a clean glass 

slide leads to a densely packed monolayer on the substrate (Figure 3.3). The sphere 

mask consists of ordered areas of several square millimeters covering more than the 

optical spot size of the SPR device (0.23 cm2) [M]. Highly ordered monolayers are 

mandatory to obtain a periodic and defined structuring of the substrates [M], as described 

for signal enhancement in wavelength-dependent SPR studies [41]. 

 

Figure 3.3│  SEM image (A) of a densely packed monolayer of polystyrene particles with a  

diameter of 1.02 μm. Substrates were covered by ~45 nm Au with a ~3 nm Ti adhesion 

layer. Scale bar is 10 μm. (B) The respective particle size distribution fi tted with a Gaussian 

function [M].  

The diameter and periodicity of the nanoholes strongly influences he plasmonic 

excitation and the sensitivity [42]. With hole sizes smaller than the wavelength of incident 

light [M], a large variety of optical properties such as filtering of wavelength and 

enhanced transmission of light through the holes occurs [43]. Understanding the 

principles of the optical properties of the arrays with a hole diameter smaller than the 

wavelength of light [M] has been in the focus of research in the last years [44,45]. In one 

example, the influence of the nanohole diameter at a fixed periodicity on the transmission 
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spectra was investigated. With decreasing hole diameter the SPR wavelength shifts to 

shorter wavelengths and hence changes the optical properties [46]. Yet, much is still 

unknown and further understanding of the potential in sensing applications of substrates 

with both surface plasmon modes can be achieved by comparison of their analytical 

properties. Thus, different diameter-to-periodicity ratios (D/P) for a specific analytical 

application were studied, as the optimal plasmonic properties, e.g., penetration depth of 

the plasmonic field and sensitivity depend on the excitation method [41]. 

In order to vary the D/P (Figure 3.4) of the nanostructured substrate, the spheres were 

changed in size without altering their position on top of the glass slide by plasma etching. 

The periodicity (P) is not affected by this process, as the particles remain at their initial 

positions [M]. Spheres were etched from 0.82 to 0.36 μm with a small standard deviation 

of a maximum of ±0.05 μm (particle-size distribution shown in Figure 3.5).  

 

Figure 3.4│  SEM images of the sphere masks etched by oxygen plasma at 18  W with 

different t imes (8–28 min). A decrease in the diameter of the polystyrene particles with an 

increase of the etching time can be seen. The periodicity is not affected by the etching 

process as the spheres remain at their init ial position. Substrates were covered by ~45  nm 

Au with a ~3 nm Ti adhesion layer after the etching process. All scale bars are 5 μm [M].  
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Figure 3.5│  The respect ive size distribution analysis of the particles is from the SEM 

images (compare Figure 3). A Gaussian function was used for f i tt ing. Substrates were 

covered by ~45 nm Au with a ~3 nm Ti adhesion layer. A decrease in the dia meter of the 

polystyrene particles with an increase of the etching time from 8 min (A) to 28 min (F) can 

be seen [M].  

The hexagonal arrangement of the closed-packed monolayer is still visible after oxygen 

plasma treatment [M]. By varying the etching time, a linear relationship to the particle 

diameter was determined (Figure 3.6) [M]. Hence, desirable hole diameters and 

consequently desirable D/P can be fabricated easily by adjusting the etching time. 

The sphere mask was then covered by a thin film of gold with a thickness of ~45 nm. 

This thickness is identically to commercial SPR slides with a continuous gold film and 

was chosen for providing optimal results in angle-dependent SPR devices using 650 nm 

excitation [47,48]. In a final step the substrates were sonicated in ethanol to remove the 

PS spheres [M]. Figure 3.7 shows an SEM image of a glass chip covered by the thin 

gold film structured as a nanohole array with a D/P ratio of 0.80, high regularity and sharp 

borders. 
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Figure 3.6│ Time dependence of the particle diameter reduction. Particles have a starting 

diameter of 1.02 μm. Etching is performed using reactive ion etching with oxygen plasma. 

Standard deviation is taken from the respective size distribution of the SEM image analysis 

[M].  

 

Figure 3.7│ SEM image of a nanohole array with a hole diameter of 0.82 ± 0.04  μm. 

Spheres were etched for 8  min. Substrates were covered by ~45 nm Au with a ~3 nm Ti 

adhesion layer. Particles were removed by sonication in ethanol. Scale bars ar e 1 μm (A) 

and 0.5 μm (B).  

For the fabrication of the plasmon–graphene hybrids, the nanostructured substrates 

were functionalized with rGO via spin coating. The resulting two-dimensional graphene 

nanomaterial was characterized using Raman microscopy (Figure 3.8). Reduced 

graphene oxide is identified by the three distinct Raman bands at 1345 cm−1 (D-Peak), 

1603 cm−1 (G-Peak), and 2682 cm−1 (2D-Peak) (Figure 5B) [49]. The presence of 

multilayers is indicated by the low intensity of the 2D-peak at 2690 cm−1 [50]. Raman 

maps showing the intensity of the D-, G- and the 2D-peaks over an area of 13 × 13 μm 
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demonstrate a full coverage of the nanohole array with rGO. Deviations in the Raman 

intensity can be ascribed to inhomogeneous multilayers, which is due to the spin coating 

process. 

 

Figure 3.8│ Microscopic image (A), exemplary Raman spectrum (B) and Raman maps (C –

E) of the sensor sl ide consisting of rGO on a nanohole array with a D/P ratio of 0.43. The 

maps show the Raman intensity of the D-peak at 1345 cm−1 (C), the G-peak at 1603 cm−1 

(D) and the 2D-peak at 2682 cm−1 (E) on the area shown in the microscopic image (A).  

The presence of localized surface plasmons was demonstrated by analyzing the 

resonance curves before and after functionalization with rGO (Table 3.1) [M]. Normally, 

it is expected that a decrease of the amount of gold is accompanied by a decrease in the 

sensitivity. However, the results display a contrary trend, which in turn indicates the 

excitation of localized surface plasmons arising from the nanostructures on the substrate 

and interactions with the rGO [51]. In fact, it was found that, in general, all nanohole 

arrays regardless of their D/P ratios demonstrated a higher shift in the resonance angle 

of 250–380% compared to a continuous gold film. Somewhat surprisingly the 

improvement in surface sensitivity achieved for different D/P ratios of 0.35 to 0.58 is 

almost of the same order. The SPR response is affected by the presence of different 

plasmonic properties and accordingly strongly influenced by the dimensions of the 

nanostructures. Possible explanations for the findings are variations in the plasmonic 
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band structure, leading to different excitation wavelengths and penetration depths. It has 

been reported that the periodicity only slightly impacts the shape of curve for smaller D/P 

ratios (<0.5) and is similar (low values for the full width at half maximum (FWHM)) to a 

continuous gold film, whereas for larger D/P ratios (above 0.5) the curve is broadened 

[52]. Here, i.e., for wavelength-dependent SPR, the shape of the SPR curve was 

investigated as a function of the D/P ratio. It was found that nanohole arrays with D/P 

ratios of 0.35 and 0.43 display FWHM values of 3.5° and 4.0°, which are similar to that 

of a continuous gold film with 3.5°. Starting with a D/P ratio of 0.58 the FWHM is 

increasing (4.9°). For higher D/P ratio values from 0.63 to 0.80 high FWHM values of 

5.9° to 6.4° are observed. As a less steep rise of the curve results in a lower sensitivity 

and as with decreasing D/P ratio a sharper curve and hence a higher sensitivity can be 

observed, the three D/P ratios of 0.58, 0.43 and 0.35 were chosen for additional studies. 

Table 3.1│ Change in SPR resonance angle of nanohole arrays with different D/P-ratios compared to a 

continuous gold film. Each value represents the average value of three measurements. Errors indicate the 

standard deviation of these measurements [M]. 

 
continuous 

film 

D/P of nanohole array 

 
0.80 0.73 0.63 0.58 0.43 0.35 

ΔθSPR 

/ ° 

0.13 

± 0.08 

0.5 

± 0.1 

0.49 

± 0.03 

0.6 

± 0.1 

0.6 

± 0.2 

0.5 

± 0.1 

0.6 

± 0.2 

 

To demonstrate the advantage of the plasmon–graphene hybrids within its sensing 

properties, the detection of diethyl phthalate as a plasticizer in water was investigated. 

The concentration-dependent signal change was studied with the best performing rGO-

modified nanohole arrays, and compared to rGO-modified continuous gold films (Table 

3.2). The binding of the analyte to rGO was studied by SPR measurements resulting in 

a saturation curve in good accordance to the Langmuir model (Equation 1): 

,
cK

c
Δs

+
=

 

where Δs is the signal change, c is the DEP concentration and K represents the 

equilibrium dissociation constant. 

(1) 
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Table 3.2│ Binding constants KA for rGO-modified nanohole arrays with D/P ratios 0.58, 0.43 and 0.35 

compared to a continuous rGO-modified gold film. Data were fitted with the Langmuir equation (Equation 1). 

Fitting parameters are shown in Table 3.3. 

 
continuous 

gold film 

D/P of the nanohole array 

 0.35 0.43 0.58 

KA / 106·M-1 6 ± 1 5 ± 1 7 ± 0.9 5 ± 1 

 

Table 3.3│ Fitting parameter for the interaction of DEP with rGO on various substrates. The Langmuir model 

was used. 

substrate K / µM KA / µM-1 R2 

Continuous film 0.17 ± 0.03 6 ± 1 0.9693 

Nanohole 
array 
with 
D/P 

0.29 0.22 ± 0.05 5 ± 1 0.9149 

0.43 0.15 ± 0.02 7 ± 0.9 0.9847 

0.58 0.20 ± 0.04 5 ± 1 0.9585 

 

All binding constants are almost identical, with the highest value for a D/P ratio of 0.43. 

This indicates a reproducible rGO layer deposition and no influence of the nanohole array 

structure on the interaction of DEP with rGO via π-stacking. 

Based on these findings a nanohole array with a D/P ratio of 0.43 was applied as sensing 

substrate for the analysis of DEP in double distilled water. The signal change of this 

system with increasing DEP concentrations was determined and compared to a 

continuous gold film (Figure 3.9). For the nanohole array with a D/P of 0.43, saturation 

is almost reached at 5 μM (97% according to the Langmuir fit) and a roughly 12-fold 

enhancement of the maximum signal response compared to a continuous gold film is 

observed. Therefore, a 10-times better limit of detection (LOD) of ca. 20 nM is found 

when measuring with substrates with D/P = 0.43 compared to a continuous gold film (ca. 

190 nM). The concentration covers the guideline values of the World Health Organization 

in fresh and drinking water for bis(2-ethylhexyl)phthalate (3–40 nM), the most 

widespread phthalate commonly used as reference for other phthalates [53,54]. The 

substrate provides therefore a very promising platform for detecting DEP in real water 

samples at low concentrations. 
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Figure 3.9│ Normalized signal change at a constant angle in response to binding of DEP 

to rGO-modified nanohole arrays (D/P  = 0.43) covering a concentration range from 0.05 to 

5 μM. For comparison the response of a continuous gold fi lm modified with rGO is shown.  

Error bars indicate S/N. Data were fi tted with the Langmuir equation (Equation 1).  

The applicability of plasmon–graphene hybrids in commercial SPR devices measuring 

the angle dependence at a constant wavelength is demonstrated by the investigation of 

real water samples. For all real water samples higher signal changes were achieved 

when the nanohole arrays were functionalized with graphene shown exemplary with 

water from the river Danube (Figure 3.10A). By switching back to washing conditions, 

the original baseline was again obtained. That means that no specific binding between 

sample components and the graphene layer was formed. Thus, synergistic plasmonic 

effects caused by the interplay of the localized surface plasmons with the plasmonics of 

the overlaid carbon nanostructures lead to the significant signal enhancement. Secondly, 

when the water samples were spiked with the model analyte DEP, which will bind to 

graphene via π-stacking, the binding was stable even upon washing with the water 

sample without spiked DEP (Figure 3.10B). Extensive washing with double distilled water 

for several hours is needed to recover the sensor surface again (data not shown). Finally, 

two lake water (Lake Starnberg, Germany and Lake Garda, Italy), a sea water (Ionian 

Sea, Greece) and a river water (Danube, Germany) samples were spiked with 0.05 μM 

DEP. The obtained signal changes were compared to 0.05 μM DEP in double distilled 

water. In all cases this low concentration of the analyte was recovered with a satisfying 
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yield (Figure 3.10C). From these results one can conclude that SPR on nanohole array 

modified with rGO enables a label-free online system to monitor changes in 

concentrations of phthalates as an example for analytes with the ability of π-stacking. 

This clearly demonstrates the advantage of the interplay of the nanostructured gold layer 

with the carbon nanomaterial as neither rGO on continuous gold nor a nanohole array 

without rGO modification will lead to such sensitive signal changes. 

 

Figure 3.10│  Exemplary signal traces at a constant angle for a nanohole array with D/P = 

0.43 (A) with and without rGO receptor layers recorded for the addition of Danube water 

and recovery with the addition of disti l led water, and (B) of Lake Starnberg w ater fol lowed 

by the same water spiked with 0.05 μM DEP and subsequent washing with original Lake 

Starnberg water again. (C) Signal change for various water samples for a nanohole array 

(D/P = 0.43) with rGO. Samples were spiked with 0.05  μM DEP. 
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 Conclusion 

Nanosphere lithography was demonstrated to be a versatile technique for the fabrication 

of size-tailored nanohole arrays on a large scale for plasmonic enhancement in angular-

dependent surface plasmon resonance with a constant wavelength setting. Plasmon–

graphene hybrids were fabricated by spin-coating of the carbon nanomaterial on top of 

the substrates. This system was able to demonstrate a 10-fold lower limit of detection for 

small molecules than continuous gold films in a surface plasmon resonance affinity set-

up. At the same time, very similar binding constants between the continuous gold film 

and various nanohole arrays emphasize that the nanostructured surface does not affect 

the interaction of DEP with rGO. The feasibility of the signal enhancement by localized 

plasmons was demonstrated for the detection of small molecules such as DEP in 

environmental water samples without pre-treatment. This enables the detection of even 

small molecules at low concentrations. Nevertheless, selectivity still needs to be 

improved. Specific receptors can be attached to the carbon nanomaterial or selective 

filters based on molecular imprinted polymer films can be applied. The combination of 

several semi-specific sensors to an artificial nose with chemometric analysis of a 

complex matrix will also offer a possible solution. Therefore, it is expected that hybrid 

materials consisting of nanostructured gold together with two-dimensional nanomaterials 

will be attractive in designing new sensor applications based on SPR transduction. 

 Experimental 

3.5.1 Nanohole Array Fabrication 

All substrates are based on glass slides (20 × 20 mm2) of F1-Type with a refractive index 

of 1.61 (Mivitec GmbH, Sinzing, Germany). All glass slides were cleaned in piranha 

solution for 90 min and in a mixture of water, ammonia and hydrogen peroxide at a 5:1:1 

(v/v/v) ratio for 60 min in an ultrasonication bath [M]. Between treatments the glass slides 

were rinsed with water and sonicated three times in water for 15 min. Each time the water 

was exchanged [M]. 

The fabrication of nanohole arrays consists of several steps [39,40, M]. First a sphere 

mask of a hexagonal, closed packed, two dimensional crystal of polymer particles needs 

to be formed [M] via self-assembly by a slow evaporation process. Subsequent etching 

of the particles [M] creates a void between neighboring particles, generating a non-close 
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packed ordered sphere monolayer. The obtained sphere mask acts as a pattern during 

gold deposition [M]. Varying the etching time results in different diameters of the spheres 

and respectively holes. Lift-off of the sphere mask is achieved by sonication in ethanol 

[M]. 

The sphere mask is gained by drop-coating of 40 μL of a water/ethanol solution 87:13 

(v/v) containing 13 mg·mL−1 polystyrene particles on a clean and dry glass slide. The 

polystyrene particles have a diameter of 1.04 μm (SD = 0.04 μm, microparticles GmbH) 

[M]. Covering with a Petri dish allows a slow evaporation rate, resulting in a close-packed 

monolayer. The sphere masks were dried overnight. In order to create a nanohole array 

the diameter of the spheres need to be etched by reactive ion etching using oxygen 

plasma (Plasmalab 80 Plus, Oxford Instruments, Abingdon, United Kingdom) prior to 

metallization [M]. Different diameters of the polystyrene spheres were achieved by 

varying the etching time from 8 to 28 min at 18 W. On the etched sphere mask a thin 

layer of ca. 3 nm Ti was deposited before Au deposition (ca. 45 nm) [M]. The resulting 

arrays were analyzed using SEM. Finally, the PS spheres were removed from the 

surface by sonication in ethanol for 2 min [M]. 

3.5.2 Reduced Graphene Oxide 

The rGO was synthesized starting from graphite following a modified Hummers method 

and a subsequent chemical reduction [55]. To cover the substrates with a uniform layer 

of reduced graphene oxide 200 μL of a 0.25 μg·mL-1 solution containing 1:1 (v/v) water 

and isopropanol was deposited in the middle on the surface and allowed to settle for 5 

min [M]. The solvent with excess on graphene was removed by spin coating (Laurell Spin 

Coater WS-400-6NPP-LITE; Laurell Technologies Corporation, North Wales, 

Pennsylvania, USA) at 1000 rpm for 11 min and 2500 rpm for 1 min. After treatment the 

slides were rinsed with ethanol and dried with N2 [M]. 

3.5.3 Surface Plasmon Resonance Spectroscopy 

The SPR analysis was performed with a BioSuplar SPR instrument (Mivitec GmbH, 

Sinzing, Germany) using a F1-65 glass prism installed on a swivel carriage. The 

substrate is placed on the top face with index-matching fluid between the chip and the 

prism [M]. A flow cell with two channels is placed on the chip and samples were passed 

through the cell. The device operates with a laser illumination at 650 nm [M]. The bulk 
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sensitivity to refractive index (intensity per refractive index units (RIU)) was measured 

with aqueous sucrose solutions (1–8% w/w) covering a range of 1.33–1.35 RIU. For 

measurements the change in intensity of reflected light at a fixed angle was monitored 

[M]. SPR slides covered with a continuous gold film of 45 nm thickness were obtained 

from Mivitec GmbH [M]. Four environment water samples were taken from Lake 

Starnberg (Starnberg, Germany), Ionian Sea (Laganas, Greek), Lake Garda (Limone sul 

Garda, Italy) and River Danube (Regensburg, Germany) in sealed glass bottles and 

stored in the dark until measurement. No sample pre-treatment was applied. Interaction 

of the respective DEP solution was allowed for 6 min. To remove unbound DEP and 

ensure an adsorption-based signal change on the sensor surface, a 10 min washing step 

was performed after each DEP solution analysis. 

3.5.4 Raman Microscopy Measurements 

Raman microscopy measurements (DXR Raman microscope, Thermo Fisher Scientific 

GmbH, Dreieich, Germany) were performed at 532 nm laser excitation (10 mW) and with 

a 50 μm slit [M]. The spectra were acquired [M] for 1 s and averaged over ten 

measurements. The microscopic image and the Raman maps were taken at 100 times 

magnification with a MPlan N objective (100×/0.90 BD, Olympus SE & Co. KG, Hamburg, 

Germany). 
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4 Detection of Small Molecules with Surface 

Plasmon Resonance by Synergistic Plasmonic 

Effects of Nanostructured Surfaces and 

Graphene 

 Abstract 

Surface plasmon resonance depends on the dielectric medium at the vicinity and makes 

it a quasi-universal detector. Therefore, and due to the label-free nature, SPR is a widely 

used sensing tool for real‐time monitoring molecular interactions of various analytes. 

However, detection of highly diluted analytes and small molecules (< 400 Da) is still 

challenging. Gold nanohole arrays provide plasmonic hotspots with improved surface 

sensitivity and 2D carbon nanomaterials enable binding near the surface. Both effects 

together are promising in the development of SPR sensors for the efficient determination 

of small molecules. Graphene is known for efficient binding of molecules with delocalized 

aromatic π-systems. Additionally, the electromagnetic field is locally enhanced and 

modulated by the interaction of graphene photonics with the plasmonics of metal 

nanostructures. The advantages of chemical vapor deposition (CVD) graphene over 

reduced graphene oxide (rGO) is illustrated by a proof of concept study. In comparison 

to substrates consisting of a continuous film the surface sensitivity is enhanced for a 

nanohole arrays and further improved for CVD graphene functionalization in contrast to 

rGO. The feasibility of the sensor was demonstrated for the detection of adenine down 

to a concentration of 0.9 μM. 

 

This chapter has been published. 

Genslein C, Hausler P, Kirchner EM, Bierl R, Baeumner AJ, Hirsch T (2017) Detection 

of small molecules with surface plasmon resonance by synergistic plasmonic effects of 
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 Introduction 

Surface plasmon resonance (SPR) is a well-established technique for analysis of 

biomolecular interactions of larger molecules, e.g. proteins, providing benefits like label-

free real-time monitoring of binding events based on refractive index changes. However, 

the detection of small molecules is still challenging, due to the limited sensitivity [1,2]. 

Approaches based on nanostructures, such as nanohole arrays, with a field depth 

confined close to the surface can improve the sensitivity and amplify the signal [ 3]. 

Nanohole arrays offer great promise for various applications, due to the modulation of 

the plasmonic properties by changing the dimensions and periodicity of the 

nanostructures. Such variations affect the penetration depth of the evanescent field [4]. 

Consequential enhanced surface sensitivity of nanohole structured thin metallic films 

within bioanalytical detection has been reported. [5] 

Recently, graphene, as the most prominent 2D-material, has gained interest in the use 

as receptor layer for sensing systems. A high surface-to-volume ratio, interaction of 

molecules via π-stacking, possible chemical modifications and the presence of intrinsic 

surface plasmons will boost the performance of surface plasmon resonance sensors 

[6,7]. Graphene can be derived by many ways from top-down exfoliation techniques 

starting from graphite or by bottom-up methods like chemical vapor deposition (CVD) on 

metal substrates [8]. The physical and chemical properties of the resulting 2D carbon 

nanomaterial differ a lot as one will obtain materials of different flake size and different 

number of layers [9]. Furthermore, all methods will introduce defects or impurities during 

the fabrication process. Due to the simple and inexpensive synthesis starting from 

graphite, reduced graphene oxide (rGO) is often used in development and in large scale 

applications of graphene based devices. It is described as graphene-like sheets with a 

certain number of defects, resulting from the remaining oxygen-containing groups [10]. 

CVD graphene is a high-quality monolayer readily accessible for the transfer on a 

receiver substrate [11]. In this study reduced graphene oxide, fabricated by chemical 

exfoliation as a top-down approach was compared to graphene obtained from a CVD 

process on a copper substrate. Raman microscopy can be utilized for characterization 

of different graphene types and the homogeneity of the transfer method based on 

representative peaks. The feasibility of nanohole arrays with rGO for the detection of 

small molecules like plasticizers has been reported, recently [12]. Enhanced sensitivity 

of graphene-modified nanohole arrays in the detection of the nucleobase adenine, a 

building block of DNA and a model for small molecules, is demonstrated. 
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 Results and Discussion 

Nanohole arrays are fabricated by a modified nanosphere lithography. In a first step a 

hexagonal closed packed monolayer of monodisperse polystyrene particles is 

assembled on a glass slide. The particles are etched by plasma treatment to diameters 

of the desired hole size. Deposition of gold, followed by sonication to remove the 

particles, creates structures described by a periodic arrangement of nanoholes [4]. For 

characterization of nanohole arrays and their plasmonic properties the diameter to 

periodicity ratio (D/P), described by the size of the holes and the distance between the 

center of two holes, is the most important parameter. The plasmonic properties, which 

strongly influence the sensitivity and penetration depth of the plasmonic field, depend on 

the application and need to be optimized. Hole diameters smaller than the excitation 

wavelength have been reported to enhance the surface sensitivity and applied within 

(bio)analytical sensing [13]. From former studies the best enhancement in the surface 

sensitivity was determined for D/P ratios from 0.6 to 0.35 [12]. Therefore, a nanohole 

array with a 0.35 D/P ratio was used as sensing substrate. Here, a hole diameter of 

0.37 µm and a periodicity of 1.04 µm was chosen (Figure 4.1). Regular periodic areas of 

nanohole arrays of several square millimeter in size are obtained. This is important as 

the area of interest which is investigated by the laser spot of most commercial available 

SPR devices covers the same range. 

 

Figure 4.1│ (A) SEM images of a nanohole array with 0.35 D/P ratio. Polystyrene particles 

had a starting diameter of 1.04 μm and were etched by oxygen plasma at 18  W for 28 min. 

The periodicity is not affected by the etching process as the spheres remain at their init ial 

position. Substrates were covered by ~45  nm Au with a ~3 nm Ti adhesion layer after the 

etching process. Scale bar  is 2 µm. (B) The respective size distribution histogram of the 

hole diameter obtained from SEM images describes a Gaussian profi le which can be seen 

by the fi tt ing.  
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By spin-coating of an aqueous dispersions of rGO substrates are modified with a thin 

film of the 2D carbon nanomaterial. However, it is difficult to apply a defined number of 

layers over large areas with good reproducibility. A controllable modification method of 

a homogenous film is important for the plasmonic enhancement. Therefore, CVD 

graphene is an alternative approach for functionalization. It contains less structural 

defects and the number of graphene layers can be controlled [6]. The functionalized 

substrates were analyzed using Raman microscopy (Figure 4.2). 

 

Figure 4.2│ Microscopic image of a nanohole array with a D/P ratio of 0.35 modified with 

rGO (A) and CVD graphene (E). The upper maps show the Raman intensity of the D -peak 

at 1345 cm−1 (B) and the G-peak at 1592 cm−1 (C) on the area shown in the microscopic 

image (A) and the lower maps show the Raman intensity of the G-peak at 1578 cm−1(F) and 

the 2D-peak at 2673 cm−1 (G) on the area shown in the microscopic image (E). Scale bars 

are 5 µm. Image (D) represents the division of two maps with the same intensity scale o f 

the D- and G Peak from rGO and the image (H) results from the division of two maps with 

the same intensity scale of the 2D- and G Peak from CVD graphene. Maps were recorded 

on the respective microscopic images.  

In general, the peak intensities are significantly higher for rGO and reflect larger 

fluctuations compared to CVD graphene (Figure 4.2 B, C, F and G). Drifts in the 

intensities over the large area can be attributed to a drift the in focal plane due to extreme 

long measurement times or chamfer and unevenness of the glass slide. For rGO the ID/IG 

ratio and for CVD graphene the I2D/IG ratio should be constant, if a homogenous layer is 

present. By division of the color information of two intensity maps of characteristic peaks, 

an image is generated presenting qualitative information of the film homogeneity. A 
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continuous color of the resulting images indicates a constant ratio and hence no 

variations in the layer thickness or number of defects. Intense fluctuations and sharp 

edges in the colors for the rGO image (Figure 4.2 D), can be ascribed to the formation 

of multilayers with stacks. A more homogenous layer with a low number of layers of CVD 

graphene is indicated by minor and smooth changes in the color intensity (Figure 4.2 H). 

The plasmonic enhancement of nanohole arrays functionalized with graphene is 

demonstrated by Raman spectra of graphene measured on a continuous film and a 

nanohole array with 0.35 D/P ratio (Figure 4.3). Higher peak intensities (~3-times for 

CVD graphene and ~12-times for rGO) are found on a nanohole arrays compared to a 

continuous film. The difference in the enhancement of rGO and CVD is attributed to 

different modification methods. Spin-coating of rGO yields areas with multilayer and 

larger variations, whereas wet transfer of CVD graphene results in a more homogenous 

film and monolayers. 

 

Figure 4.3│  Raman spectrum of rGO (A) and CVD graphene (B), averages over 10 

measurement spots, taken on a continuous gold fi lm and a nanohole array of 0.35 D/P ratio. 

All experimental settings for acquiring the spectra were kept constant.  

Different graphene types are characterized by analyzing the significant peak intensities 

of the Raman spectrum. The ratio of the D-Peak (~1350 cm-1) to G-Peak (~1585 cm-1), 

referred to as ID/IG, provides information about the flake size and the presence of defects. 

The D-Peak results mainly form graphene edges and is not present in monolayer 

graphene. Shape and intensity of the 2D-Peak (~2700 cm-1) changes with the number of 

layers and appears as a single narrow peak for monolayer graphene with around double 

the intensity of the G-Peak [9,14]. The ID/IG ratio was found to be 0.21 ± 0.05 and 1.05 ± 

0.04 for CVD graphene and rGO, respectively. In comparison, the intensity of the 2D-

peak and the G-peak (I2D/IG) was determined as 1.8 ± 0.1 for CVD and 0.11 ± 0.01 for 

rGO (Figure 4.3 A and B). Results indicate the successful transfer of CVD graphene onto 
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the substrates, due to the presence of a small single 2D-peak with around double the 

intensity of the G-peak and a ID/IG ratio in the range of 0.05 to 0.3, which is typical for 

CVD-derived monolayer samples [15]. Spectra of rGO show the typical features: broad 

peaks and most importantly a ID/IG ratio slightly higher than 1 [16]. 

Surface sensitivity was analyzed by the change in the SPR resonance angle before and 

after the modification with graphene (Table 4.1). The presence of localized surface 

plasmons of the nanoholes is indicated by a higher shift in the resonance angle 

compared to a continuous film and hence results in an enhancement in the surface 

sensitivity. For functionalization of a continuous gold film a 440% increase in angular 

change was observed for CVD graphene compared to rGO. An improvement of the 

surface sensitivity for a nanohole array with a 0.35 D/P ratio as receiver substrate is 

displayed by an 80% higher shift in the resonance angle. 

Table 4.1│ Change in SPR resonance angle and the bulk sensitivity of graphene modified nanohole arrays 

with a D/P-ratio of 0.35 D/P compared to a continuous gold films. Each value represents the average of 

three measurements. Errors indicate the standard deviation of these measurements. (*Values were taken 

from Genslein et al. [12] 

 surface sensitivity bulk sensitivity 
 ∆θSPR / deg ∆RU/∆RIU · 104 

 continuous 

film 

NA with 0.35 

D/P 

continuous 

film 

NA with 0.35 

D/P 

rGO 0.13 ± 0.08* 0.6 ± 0.2* 12.8 ± 0.2 5.7 ± 0.1 

CVD 
graphene 

0.7 ± 0.1 1.1 ± 0.1 11.2 ± 0.09 4.6 ± 0.02 

 

A simulation of the SPR response for the modification with CVD with the experiment 

parameters revealed an angle change of 0.47 for a monolayer of graphene and 0.94 for 

a bilayer [17,18]. The determined value for a continuous film is around the average of 

both, implying the presence of mono- and bilayers. An increase in the surface sensitivity 

for a nanohole array modified with CVD compared to a continuous film is assigned to the 

presence of localized surface plasmons. Accompanying with the higher surface 

sensitivity, a lower bulk sensitivity (change in refractive intensity (RU) per refractive index 

units (RIU)) for nanohole arrays is found, which supports the assumption of a localized 

plasmonic effect. Propagation surface plasmons are characterized by a longer decay 

length of the plasmonic field and hence a higher bulk sensitivity. Lower bulk sensitivity 
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arises from a shorter penetration depth as an effect of localized surface plasmons. 

Intrinsic surface plasmons of graphene are alerted by the number of layers or doping [7]. 

Differences in the interaction of the both graphene types with the nanohole arrays result 

in variations in the enhanced electromagnetic field at the nanostructures, due to the 

different plasmonic properties of CVD and rGO. 

The capabilities of nanohole arrays modified with graphene within specific sensing 

applications is illustrated in Figure 4.4 presenting the SPR signal changes of the 

graphene modified nanohole substrates upon binding of adenine. The concentration-

depended signal change was determined with the Kretchmann configuration at a 

constant angle. 

 

Figure 4.4│ Signal change at a constant angle upon binding of adenine t o rGO- and CVD-

modified nanohole arrays (D/P = 0.35) covering a concentration range from 1 to 50  μM. For 

comparison, the response of a continuous gold fi lm modified with rGO and CVD is shown. 

Error bars have been calculated from the signal -to-noise ratio. 

For substrates with CVD graphene a ~290% increase in the maximal signal response is 

found for a nanohole array in contrast to a continuous film. The higher surface sensitivity 

for substrates modified with CVD graphene is demonstrated by the ~850% signal 

enhancement for a nanohole array with a 0.35 D/P ratio with CVD graphene compared 

to rGO. The limit of detection (LOD) for continuous films modified with rGO or CVD 

graphene are both ~6 µM. A 3-times better LOD for the nanohole array with rGO of 

~2 µM and a 7-timer better LOD of ~0.9 µM for a nanohole array with CVD compared to 

a continuous film modified with the respective graphene type. The binding of adenine to 
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graphene is based on π-stacking and van der Waals interactions. Other purines will show 

similar behavior [19]. 

To evaluate the performance of substrates modified with CVD graphene in a complex 

matrix, the concentration of the purine bases of thermally denatured DNA was 

determined for a graphene modified nanohole array with a 0.35 D/P ratio Therefore, a 

purine content of 60% for a nanohole array was determined. Values are in good 

agreement with literature (~ 54%) [20,21]. In contrast to a graphene modified continuous 

gold film the nanohole array showed enhanced sensitivity, which enabled a successful 

determination of the purine content at 10-times lower analyte concertation (0.12 µg∙mL-
 

1) 

 Conclusion 

SPR substrates baes on graphene modified nanohole arrays were fabricated. Compared 

to rGO, CVD graphene results in more homogenous and reproducible graphene films. 

Within SPR measurements the highest surface sensitivity was determined for nanohole 

arrays modified with CVD graphene. A 7-fold lower LOD for the detection of adenine was 

found for this system, demonstrating the feasibility for the signal enhancement by 

localized surface plasmons in the detection of small molecules. The applicability was 

shown by the determination of the purine bases in thermally denatured DNA. For further 

studies the selectivity of the system should be improved. Here, 1-Pyrenebutyric acid can 

be attached to the 2D carbon nanomaterial via π-stacking and subsequently modified by 

a receptor, leading to a universal approach for selective (bio)assays.  

 Experimental 

4.5.1 Nanohole Array Fabrication 

Glass slides (20 × 20 mm2) of F1-Type with a refractive index of 1.61 (Mivitec GmbH, 

Sinzing, Germany) were used and cleaned in piranha solution for 90 min and 

subsequently sonicated for 60 minutes in a mixture of water, ammonia and hydrogen 

peroxide at a 5:1:1 (v/v/v) ratio. All SPR substrates were prepared according to the 

protocol described in Genslein et al [12]. Briefly, first a sphere mask of a hexagonal, 

closed packed polystyrene particles is formed via self-assembly by a slow evaporation 

process. A solution of 40 μL of a water/ethanol solution 87:13 (v/v) containing 
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13 mg·mL−1 polystyrene particles were drop-coated on the cleaned glass slides. 

Subsequent etching of the particles creates a void between neighboring particles. The 

particle assembly acts as sphere mask for the gold deposition on the glass. A gold film 

of 45 nm thickness was deposited on a approx. 3 nm thin titanium adhesion layer. 

Particle diameter and respectively hole diameter was prepared by etching for 28 min at 

18 W with reactive ion etching using oxygen plasma. Lift-off of the sphere mask is 

achieved by sonication in ethanol. The polystyrene particles have a diameter of 1.04 μm 

(SD = 0.04 μm, Microparticles GmbH). The resulting arrays were analyzed using SEM. 

4.5.2 Substrate Modification 

Substrates were functionalised with rGO and CVD graphene. The modification with rGO 

has been recently described [12]. Briefly, rGO was synthesized by a modified Hummers 

method and a subsequent chemical reduction. To cover the substrates with a uniform 

layer, 200 μL of a 0.25 μg∙mL-1 reduced graphene oxide solution containing 1:1 (v/v) 

water and isopropanol was deposited on the substrate surface and the solvent excess 

was removed by spin coating. For modification with CVD graphene a wet transfer method 

was used [22]. A 10 mm x 10 mm monolayer of graphene on a copper substrate with a 

PMMA coating (Graphenea, San Sebastián, Spain) was placed on a 400 µM aqueous 

FeCl3 solution. After complete etching of the copper, the film was thoroughly washed 

with water and transferred on the desired substrate. In order to remove residue water 

and to smoothen the film, substrates were shortly placed on a hotplate. By immersing 

the substrate in acetone for 15 min the PMMA layer was dissolved. After intensive rinsing 

with EtOH the modified substrates were dried overnight. 

4.5.3 Surface Plasmon Resonance Spectroscopy 

A BioSuplar SPR instrument (Mivitec GmbH, Sinzing, Germany) with a F1-65 glass prism 

installed on a swivel carriage was applied for SPR analysis. The substrates are placed 

on the prism with an index-matching fluid in between. For excitation of SP a 650 nm laser 

is implemented. Samples were passed through a two-channel flow cell integrated on top 

of the substrates. The bulk sensitivity, defined as the intensity of reflected light per 

refractive index units (RIU), was measured with aqueous sucrose solutions (1–4% w/w) 

covering a range of 1.33–1.34 RIU. SPR slides covered with a continuous gold film of 45 

nm thickness were obtained from Mivitec GmbH. During measurements, the angle of 

incidence was constant and the change in intensity was monitored. Adenine binding to 
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the modified substrates was studied by covering a concentration range of 1 to 50 µM in 

water. For real sample application, a 12 mg∙mL-1 aqueous solution of DNA from herring 

sperm (Sodium salt, Sigma) containing 1 mM HCl was heated for 15 min at 100 °C. After 

a fast cooling in an ice bath, the DNA solution was diluted to the desired concentrations 

with water. Respective adenine/herring DNA solutions were introduced to the system for 

6 min. After each solution, a 10 min washing step was carried out, in order to remove 

unbound adenine/herring DNA, ensuring signal change based on absorption. 

4.5.4 Raman Microscopy Measurements 

A 532 nm laser excitation (10 mW) and a 50 μm slit was used for Raman microscopy 

measurements (DXR Raman microscope, Thermo Fisher Scientific GmbH, Dreieich, 

Germany). The spectra were acquired for 1 s and averaged over ten measurements. For 

Raman maps and microscopic images a 100 times magnification with a MPlan N 

objective (100×/0.90 BD, Olympus SE & Co. KG, Hamburg, Germany) was applied. 
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5 Plasmonic Enhancement of NIR to UV 

Upconversion by a Nanoengineered Interface 

Consisting of NaYF4:Yb,Tm Nanoparticles and 

a Gold Nanotriangle Array for Optical Detection 

of Vitamin B12 in Serum 

 Abstract 

determination of vitamin B12 via simple luminescence readout in serum without any 

pretreatment. The interplay of Tm3+-doped NaYF4 nanoparticles (UCNPs) and a gold 

nanotriangle array prepared by a nanosphere lithography on a glass slide is responsible 

for an efficient NIR to UV upconversion. Hot spots of the gold assembly generate a local 

electromagnetic field enhancement, favoring the 4-photon upconversion process at low 

power excitation of approx. 13 W·cm-2. An improvement of about six-times of the intensity 

for the emission peaking at 345 nm is achieved. The nanoengineered interface has been 

applied in a proof-of-concept sensor for vitamin B12 in serum, which is known as a 

marker for the potential risk of cancer, Alzheimer disease or during pregnancy for 

neurological abnormalities in newborn babies. An outstanding limit of detection of 0. 

6 ± 0.2 nM can be achieved by a simple intensity-based optical readout, consuming only 

200 µL of a sample, which qualifies easy miniaturization for point-of-care diagnostics. 

Additionally, this label-free approach can be used for long-term monitoring because of 

the high photostability of the upconversion nanoparticles. 
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Figure 5.1│  Graphical abstract of the nanoengineered interface system.  
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 Introduction 

An increasing demand of sensors, especially in the field of health care and point-of-care 

diagnostics [1] motivates researchers to develop new concepts to overcome limitations 

of elaborative detection principles [2]. Online monitoring is highly desired in production 

lines in environment control, or in diagnostics, as it does not require periodic sampling 

and maximizes the information which provides efficiency, safety and health [3]. Label-

free approaches, especially those which monitor intrinsic features of an analyte, e.g. its 

absorption characteristics are most suitable for long-time usage [4]. Miniaturization and 

energy efficiency are also key players in the sensor development as they enable an easy 

integration in many systems. The tremendous progress in nanotechnology established 

a lot of new nanomaterials with outstanding properties, helping to advance sensor 

technologies. Upconversion nanoparticles (UCNPs) are one of these materials, as they 

efficiently convert NIR light to an UV/VIS emission [5]. In particular the good 

biocompatibility of the UCNPs and the reduction of the background fluorescence [6] 

make them attractive for applications like biological sensing [7-9] and bioimaging [6,10]. 

Despite the progress in the last years, for some applications the quantum efficiency of 

these nanoparticles, which is attributed to the general low absorption coefficient of Ln3+ 

ions, caused by the Laporte–forbidden 4f-4f-transitions, is still not sufficient [11,12]. 

Haase et al. have reported on the synthesis of erbium-doped core-shell nanoparticles of 

45 nm in size, which exhibit almost the same brightness as bulk material [13]. For 

biological applications UCNPs doped with thulium are of interest as they are capable to 

emit at 345 nm and 360 nm, realized by a four-photon process [14]. These emissions 

require usually a high laser power. Researchers develop many strategies [15] for 

enhancing the upconversion luminescence,[16] like optimizing the concentrations of the 

lanthanide ions, [17] modulating the shape and phase of the particles,[18] designing 

composite materials [19] Spectral management in UCNPs can enhance a particular 

emission peak by redistribution of the excitation energy [20]. Another promising strategy 

is the assembly of the particles onto solid supports [21] like the combination of the 

UCNPs with metallic nanostructured surfaces. Here, the key point is the occurrence of 

surface plasmons, appearing in the presence of conducting materials, defined as 

oscillations at the interface between a material with free electrons (e.g. gold) and a 

dielectric material [22]. Interaction of surface plasmons with UCNPs have been reported 

to enhance the upconversion efficiency [23,24]. These short-ranging, high-frequent 

electromagnetic resonances of electrons are changing the electromagnetic field (EMF) 
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in close proximity to upconversion nanoparticles [24]. The interplay of UCNPs and 

metallic nanostructured surfaces is influenced by the plasmonic properties of the material 

and the geometrical structures such as shape and size [25]. Localized surface plasmons 

(LSPs) are favored for emission enhancement. They are characterized by a confined 

EMF rather than propagating surface plasmons on a continuous metal film [26]. The 

optical phenomenon is generated by a light wave trapped at a structure smaller than its 

wavelength, called hot spots [27]. Light interactions are strongly enhanced at the edges 

of such structures and the energy is focused to a close vicinity at the metallic surface 

[28]. For sensor applications regular arrangements of these nanostructures need to be 

fabricated in large dimensions with sufficient reproducibility. Nanosphere lithography, 

based on the self-assembly of nanoparticles, covers these requirements. The use of 

different sphere sizes allows for facile hot spot design, in particular nanotriangle arrays 

[29]. In this work a gold nanotriangle array is merged with UCNPs to result in a 

nanoengineered interface, with the advantages of high UV luminescence and label-free 

online monitoring. The increased upconversion emission in the UV was selected for 

sensing the vitamin B12 (vitB12) concentration in serum. Recent studies have shown 

that vitB12 in blood serum is a marker for Altzheimer disease [30] and low vitB12 content 

in serum during pregnancy enhances the risk of neurological abnormalities in new born 

babies [31]. Both attractive scenarios for point-of-care diagnostics. 

 Materials and Methods 

5.3.1 Chemicals and Characterization Methods 

Lanthanide chloride hexahydrates (> 99.9%) were purchased from Sigma Aldrich and 

Treibacher Industrie AG. Oleic acid and 1-octadecene (both technical grade, 90%) were 

obtained from Alfa Aesar. Nitrosonium tertrafluoroborate (95%) was purchased from 

Sigma Aldrich. All other chemicals were of analytical grade and obtained from 

Sigma Aldrich, Merck or Acros. All chemicals were used as received without further 

purification. 

The size of the nanoparticles was determined by transmission electron microscopy 

(TEM) with a 120 kV Philips CM12 microscope (www.fei.com) on carbon coated copper 

grids (400 mesh) from Plano (www.plano-em.de). A small volume (10 μL) of particles 

dispersed in cyclohexane (1 mg·mL 1) was dropped on the grid and the solvent was 
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allowed to evaporate. The elemental composition was verified by using a flame-EOP 

(end on plasma) inductively coupled plasma optical emission spectrometer (ICP-OES) 

from Spectro (www.spectro.com). Dynamic light scattering (DLS) was performed with a 

Malvern Zetasizer Nano ZS (www.malvern.com) to characterize the particle-size-

distribution in dispersions. Disposable semi-micro poly(methyl methacrylate) cuvettes 

were used and the temperature was hold at a constant level of 20 °C. To analyze the 

crystal structure, X-ray powder diffraction patterns (XRD) with a resolution of 0.005° (2θ) 

were collected using a STOE STADI P diffractometer (www.stoe.com) equipped with a 

Dectris Mythen 1K detector (www.dectris.com). Monochromatic Cu Kα1 radiation (λ = 

1.54056 Å) was used. Extinction spectra of the functionalized glass slides were recorded 

with a portable high performance near-infrared (NIR) spectrometer with high-throughput 

Czerny-Turner optics and a fanless TEC-cooled InGaAs image sensor 

(www.broadcom.com). A halogen lamp dealt as light source. The beam was shaped by 

a combination of plano convex lenses and a positive meniscus lens. Spectra were 

averaged over 100 measurements with an integration time of 0.75 s. Luminescence 

measurements were carried out with an Aminco Bowman Series 2 luminescence 

spectrometer of Thermo Electron Corporation (www.corporate.thermofisher.com) 

equipped with a continuous wave (cw) 980 nm laser module (200 mV) from Picotronic 

(www.picotronic.com) for excitation. Absorbance measurements of the vitB12 solutions 

were obtained with a Varian Cary 50 spectrophotometer (www.agilent.com). 

5.3.2 Synthesis and Surface Modification of Upconversion Nanoparticles 

The synthesis of hexagonal phase, oleate-capped UCNPs with sizes of 26 nm was in 

accordance to the method reported by Wilhelm et al. [32].  

Synthesis of Hexagonal NaYF4:25%Yb,0.3%Tm 

A total of 5 mmol rare earth trichlorides of Y3+, Yb3+ and Tm3+ with the corresponding 

molar doping ratios as desired in the nanoparticle were dissolved in 40 mL methanol and 

transferred into a three necked round bottom flask under nitrogen flow. A mixture of 8 mL 

oleic acid and 15 mL 1-octadecene per 1 mmol of rare earth salts was added to the 

solution. The suspension was heated to 160 °C and vacuum was applied for 30 min to 

form a clear solution. The solution was cooled to room temperature and 0.148 g (4.0 

mmol) NH4F and 0.1 g (2.5 mmol) NaOH dissolved in 20 mL methanol were added per 

1 mmol of rare earth salts. The suspension was kept at 120 °C for 30 min and then 

heated to reflux (approx. 325 °C). The progress of the reaction was monitored with a 



Plasmonic Enhancement of NIR to UV Upconversion by a Nanoengineered 
Interface Consisting of NaYF4:Yb,Tm Nanoparticles and a Gold Nanotriangle 

Array for Optical Detection of Vitamin B12 in Serum 

82 

980 nm CW laser module. 10 min from the time on, when upconversion luminescence 

can be observed for the first time, the reaction mixture was cooled to room temperature. 

The particles were precipitated by the addition of ethanol in excess and collected by 

centrifugation at 1,000 g for 5 min. The precipitate was washed twice with 

chloroform/ethanol (1:10, v/v) and 3-times with cyclohexane/acetone (1:10, v/v) by 

repeated redispersion-precipitation-centrifugation cycles. Finally, the particles were 

dispersed in cyclohexane, centrifuged at 1,000 g for 3 min to remove aggregates, and 

the supernatant was collected and stored at 4 °C. 

5.3.3 Surface Modification of NaYF4:25%Yb,0.3%Tm 

The ligand exchange strategy with tetrafluoroborate is based on the method described 

by Dong et al. [33]. In a two-phase system consisting of equal volumes of cyclohexane 

and DMF the nanoparticles were dispersed. NOBF4 (1 mg per 1 mg UCNPs) was added 

and the dispersion was stirred and slightly heated (~40 °C) for 10 min. During this time 

the oleate capped hydrophobic UCNPs were transferred from the cyclohexane phase 

into the DMF phase. The process can be easily monitored by control of the upconversion 

luminescence via excitation with a 980 nm cw laser module (200 mW). Surface 

modification is complete when only the DMF phase shows upconversion luminescence. 

The clear upper cyclohexane phase was discarded, and the particles were precipitated 

by excess of chloroform. The suspension is centrifuged at 1,000 g for 5 min. The jellylike 

precipitate is washed twice with chloroform. Finally, the BF4--stabilized particles are 

dispersed in DMF, and aggregates were removed by centrifugation at 1,000 g for 3 min. 

Polyacrylic acid (MW 2100) was dissolved in water (2 mg·mL 1) and added to the BF4--

stabilized nanoparticles dispersed in DMF. The solution was stirred and also kept at a 

moderate temperature of 40 °C for 15 min. Afterwards the dispersion was centrifuged 

(13,600 g for 20 min) and washed twice for 20 min with water (13,600 g). The 

supernatants were finally collected after centrifugation at 1,000 g for 3 min. 

5.3.4 Functionalization of Glass Slides 

All substrates are based on glass slides (20 x 20 mm²) of F1 type with a refractive index 

of 1.61 (Mivitec GmbH, Sinzing, Germany). Glass slides were cleaned in a piranha 

solution (3:1 (v/v) mixture of conc. H2SO4 and 30% (w/w) H2O2) for 90 minutes and in a 

mixture of water, ammonia and hydrogen peroxide with a 5:1:1 (v/v/v) ratio for 60 min. 
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Triangle arrays were prepared according to a modified protocol described by Genslein 

et al [34]. In brief, polystyrene particles were dispersed in a water/ethanol solution with 

a ratio of 87:13 (v/v), with a concentration of 13 mg·mL-1. A sphere mask of particles with 

a diameter of 1.04 ± 0.04 μm was formed on the glass substrates by drop-coating of 

40 µL of particle dispersion. After evaporation of the solvent, the sphere mask was 

covered by a film of ~5 nm titanium and ~50 nm gold. The metal films were deposited by 

electron-beam vapor deposition consisting of a Leybold Univex 450 vacuum pump 

(www.leyboldproducts.de), a Ferro-Tec EVM-8 e-beam gun (www.ferrotec.com) and an 

Inficon oscillating quartz (www.inficon.com) device. In the last step the polystyrene 

spheres were lift-off from the surface by sonication in ethanol for 2 min, yielding triangle 

nanoarrays. Glass slides covered with a continuous gold film of ~50 nm thickness on a 

5 nm adhesion layer of chromium were obtained from Mivitec GmbH. Scanning electron 

microscopy (SEM) was used for characterization (JSM-6510 SEM-device, JEOL GmbH, 

Eching, Germany) with a voltage of 15 and 30 kV 

5.3.5 Preparation and Characterization of a Particle Layer via Self-

Assembly 

For monolayer formation on a continuous gold film and on the nanotriangle array 

1- mercaptohexadecane and for a glass slide hexadecyltrimethoxysilane was used. First, 

the gold was modified with an alkanethiol self-assembled monolayer (SAM). The gold 

modified glass slides (either with a continuous gold film or with a gold nanotriangle 

assembly) were washed with ethanol and dried with nitrogen. The monolayer on 

substrates with a continuous gold film or a triangle array was formed by immersion in a 

solution of 1-mercaptohexadecane in ethanol (200 μg·mL-1) overnight. For the SAM 

formation on a glass slide a solution of hexadecyltrimethoxysilane in ethanol 

(200 μg·mL 
-1) was used. After washing with ethanol, 200 μL of oleate capped 

NaYF4:Yb,Tm nanoparticles in cyclohexane (22 mg·mL-1) were deposited on the gold 

substrate. The solvent was evaporated at ambient air, and the slide subsequently 

washed with cyclohexane. To achieve a complete coverage of the substrates by 

particles, the NaYF4:Yb,Tm-solution was dropped on the surface for four times, after 

each deposition the substrate was washed thoroughly with cyclohexane. For 

characterization SEM (SUPRA 55VP ZEISS, Carl Zeiss AG, Oberkochen, Germany) at 

a voltage of 8 kV was used. 
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5.3.6 Measurement of Vitamin B12 

A homemade measure-ment cell was used for detection. On the nanoengineered 

interface a PDMS gasket was mounted and sealed with a glass slide. The cell holds a 

total volume of 200 µL of the analyte solutions and was fixed in the spectrometer. A 

980 nm laser (200 mW, cw) illuminates the nanoengineered interface via the glass cell. 

The upconversion luminescence was detected in a reflectometric configuration with a 

con-stant angle, to avoid any excitation light at the detector. 

 Results and Discussion 

5.4.1 Substrate Fabrication and Functionalization with NaYF4:Yb,Tm 

Upconversion Nanoparticles 

The nanoengineered interface is formed by an assembly of a nanostructured gold array 

with UCNPs on top as outlined in Figure 5.2. An interaction of the plasmonic features of 

the gold with the UCNPs is expected to enhance the luminescence properties of the anti-

stokes emission of the nanoparticle [35]. The structured gold on the glass was fabricated 

by nanosphere lithography [36]. 

This method offers outstanding and convenient possibilities in terms of a) the variability 

in the dimensions and periodicity of the metallic nanostructures, b) its fast and precise 

patterning of large-scaled surfaces in the cm2 regime, and c) the easy and cheap 

fabrication, which does not need any expensive instrumentation. In a first step an 

ethanolic solution consisting of polystyrene spheres (PSS) of a diameter of 1.0 µm was 

drop-casted on a clean glass slide (Figure 5.3). 
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Figure 5.2│  Schema of the fabrication of the nanoengineered interface. The left part  

i l lustrates the assembly and functionalization of the nanotriangle array. Starting with a 

glass sl ide, on which polystyrene spheres were drop coated (1) and then gold is d eposited 

by evaporation (2). After the sl ide was sonicated to remove the polystyrene spheres (3) and 

a nanotriangle array was obtained. This array was further functionalized with a self -

assembled monolayer of a thiol for coupling of the particles (4). The SEM image in (A) 

shows the polystyrene mask with gold on top and in (B) the resulting nanotriangle array. 

On the right the synthesis of the NaYF 4:25%Yb,0.3%Tm UCNPs by a bottom-up method is 

displayed. TEM images in (C) and the corresponding size distributi on (D) reveal 

monodisperse particles of about 26 nm in diameter.  In the middle the two nanoengineered 

interface is displayed by the self -assembly of the UCNPs on the surface funct ionalized gold 

nanotriangle array.  

Figure 5.3│ Outl ine of the fabrication steps to form a triangle array with a modified 

nanosphere l i thography technique. Polystyrene particles of ~1  µm in diameter were used 

for mask formation gold (~50 nm) was deposited on a ~5 nm Ti adhesion layer by thermal 

vacuum deposition. In a last step the  particles were removed by sonication in a water bath. 

The scanning electron microscope (SEM) images of the polystyrene sphere mask (left) and 

the triangle array (right) show the highly ordered hexagonal arrangement of the polystyrene 

spheres after the deposition of the gold layer and resulting array of the nanotriangles with 

a center to center distance of 1  µm and a gold nanotriangle area of 0.04  µm2. 
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The concentration of the spheres is set to allow the formation of a self-assembled, 

hexagonal closed packed monolayer arrangement. After slow evaporation of the solvent, 

an adhesive layer of ~5 nm titanium followed by ~50 nm gold is evaporated on top of the 

assembly. In a last step the particles are removed by sonication for two minutes. The 

PSS act as mask which define the area where the gold film is deposited on the glass. 

Scanning electron microscopy confirmed the hexagonal arrangement of the PSS as well 

as the formation of the gold nanotriangle array (Figure 5.3). An area on the glass slide 

of only 9% is covered by the gold (Figure 5.4 and calculation presented in the following), 

which concentrates the electro-magnetic field (EMF) generated by free electrons in the 

metal in so-called hot spots at the corners of the triangle. By changing the diameter of 

the PSS, the density, and the size of the gold nanotriangles can be easily adjusted. 

Therefore, it is expected that the plasmonic features, especially the EMF enhancement, 

can be tuned. 

 

Figure 5.4│  Scheme of the hexagonal arrangement of the polystyrene sphere  mask and the 

gold nanotriangle array.  

Calculation of the area covered by gold the nanotriangle array: 

𝑎 = 2 ∙ 𝑟 = 1 𝜇𝑚 

𝐴(𝑇𝑟𝑖𝑎𝑛𝑔𝑙𝑒 𝐴𝑟𝑟𝑎𝑦) = 𝐴(𝑇𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑟𝑒𝑑) − 3 ∙ 𝐴(𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑆𝑒𝑔𝑒𝑚𝑒𝑛𝑡, 𝑏𝑙𝑢𝑒) 

𝐴(𝑇𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑟𝑒𝑑) =
𝑎2 ∙ √3

4
= 0.43 𝜇𝑚2 

3 ∙ 𝐴(𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑆𝑒𝑔𝑒𝑚𝑒𝑛𝑡, 𝑏𝑙𝑢𝑒) =
𝜋 ∙ 𝑟2

2
= 0.39 𝜇𝑚2 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 =
𝐴(𝑇𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑟𝑒𝑑) − 3 ∙ 𝐴(𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑆𝑒𝑔𝑚𝑒𝑛𝑡, 𝑏𝑙𝑢𝑒)

𝐴(𝑇𝑟𝑖𝑎𝑛𝑔𝑙𝑒, 𝑟𝑒𝑑)
   

    =
0.43 µ𝑚2 − 0.39 µ𝑚2

0.43 µ𝑚2
= 9.3 ∙ 10−2 
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Upconversion nanoparticles of the composition NaYF4:25%Yb,0.3%Tm with oleic acid 

as capping ligand were prepared via a bottom up synthesis by a well-established method 

[32].Ytterbium ions act as sensitizer excitable at 980 nm and which transfer the energy 

in a multi-photon process sequentially to the Tm3+-ions. Upon relaxation anti-Stokes 

emissions of narrow bandwidth at 800 nm, 475 nm, 450 nm, 360 nm and 345 nm can be 

recorded [37]. In dispersion, at low power irradiation, the emissions at higher energy 

become less bright compared to those at longer wavelengths.  

 

Figure 5.5│  TEM-image (A) and corresponding size distribution (B) of NaYF 4:Yb,Tm 

particles. The diameter averaged from 4,123 particles is 26.4 ± 0.9  nm. The monodispersity 

of the particles was confirmed by a solvodynamic diameter of 33  nm with a polydispersity 

index of 0.086, measured by dynamic l ight scattering of the particle dispersion in 

cyclohexane (3 mg·L -1)  (C). No agglomeration of the particles in dispersion can be 

observed. The diffraction pattern (blue) reveals a hexagonal crystal phase as the ref lexes 

of the nanocrystals match the standard reference pattern of β -NaYF4 (ICDD PDF #16-334) 

(black) (D).  
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The emission intensity and the quantum efficiency depend not only on the excitation 

power density but also on the size and the crystallinity. A favorable low phonon energy 

of about 350 cm-1 of NaYF4 was the reason to choose this material as host [38]. 

Monodisperse particles with a diameter of 26 ± 0.9 nm estimated from TEM-images 

(Figure 5.5 A&B) were synthesized with pure hexagonal crystallinity as demonstrated by 

XRD measurements (Figure 5.5 D). Such a crystal structure is known for its one order of 

magnitude brighter upconversion luminescence compared to the cubic form [39]. No 

tendency for agglomeration in cyclohexane was found and verified by dynamic light 

scattering (Figure 5.5 C). ICP-OES measurements were performed to determine the 

exact composition and concentration of the UCNPs (Table 5.1). The content of Yb3+ 

(25% ± 0.2%, w/w) and Tm3+ (0.4% ± 0.1% w/w) is in good accordance to the ratio of the 

rare earth chlorides used during the synthesis. Finally, the nanoengineered interfaces is 

obtained by the linkage of the UCNPs to the gold nanotriangle array by self-assembly. 

Table 5.1│ The composition of the UCNPs was verified by ICP-OES measurements. The content of each 

rare earth ion in the particles is in accordance to the theoretical calculated amount of rare earth salts used 

in for the synthesis of NaYF4:25%Yb,0.3%Tm. 

Ion Y3+ Yb3+ Tm3+ Diameter 

Mole percentage 74.6 ± 0.2 % 25 ± 0.2 % 0.4 ± 0.1 % 26 ±0.9 nm 

 

The glass slides with the nanotriangle array were immersed overnight in an ethanolic 

solution of a long-chained alkanethiol (HS-(CH2)15-CH3) in order to form a self-assembled 

monolayer on gold which is needed to warrant a stable binding of the UCNPs via 

intercalation of the long-chained oleate capping ligands. After subsequently dropping of 

a total amount of 800 µL of a dispersion of the oleate capped UCNPs in cyclohexane 

(22 mg·mL-1) onto the glass slide with the thiol-modified gold nanotriangle array, a stable 

arrangement of the particles on the surface was achieved. Even after several washing 

steps a blue upconversion of the nanoengineered interface can be seen upon 980 nm 

excitation which proves the stable binding of the UCNPs, covering the whole surface. 

This was confirmed by SEM-studies (Figure 5.6) showing stacks of particles caused by 

van-der-Waals and hydrophobic interactions on top of the modified glass slide. 
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Figure 5.6│ SEM images of the three substrates : blank substrate (glass sl ide) (A), a 

continuous gold fi lm (B) and a nanoengineered interface (triangle array) (C) functionalized 

with NaYF4:25%Yb, 0.3%Tm particles.  

5.4.2 Luminescence Properties 

NaYF4:Yb,Tm nanoparticles were assembled on three different types of glass slides: a) 

a blank slide, b) modified with a continuous gold film and c) modified with a gold 

nanotriangle array. The thickness of the gold was identically on both types. The 

enhancement of the NIR to UV upconversion caused by the gold and especially by the 

nanotriangle array can be seen from the normalization of the spectra to the 450 nm 

emission (Figure 5.7). 

 

Figure 5.7│  Luminescence spectra of UCNPs attached on a blank substrate (glass sl ide, 

l ight blue), a continuous gold fi lm (blue) and a nanoengineered interface (gold triangle 

array, dark blue). The spectra in (A)  were normalized to the 450 nm emission and in (B)  

they were normalized on the gold area. Nanoparticles were excited by a 980  nm laser 

module (200 mW, cw). 



Plasmonic Enhancement of NIR to UV Upconversion by a Nanoengineered 
Interface Consisting of NaYF4:Yb,Tm Nanoparticles and a Gold Nanotriangle 

Array for Optical Detection of Vitamin B12 in Serum 

90 

For the emission at 344 nm and 360 nm a peak inversion can be observed when gold is 

in close proximity to the UCNPs. The peak ratio of I344 nm/I360 nm of 0.8 in case of a blank 

glass substrate changes to 1.7 for the continuous gold film and up to 3.2 for the 

nanotriangle array. On both gold surfaces plasmonic features are responsible for the 

higher efficiency of the 1I6 to 3H6 transition. The EMF is supposed to interact with the 

UCNPs to improve the up-conversion efficiency as demonstrated by a peak inversion in 

the UV. Li Min Jin et al. reported recently that the four-photon-process of the 

upconversion luminescence becomes more likely compared to the three-photon process 

when increasing the excitation power density, which will result in peak ratios >1.39. 

Under low power excitation of approximately 13 W·cm-2, as it was used throughout these 

studies, the probability of the 1I6 to 3H6 transition for particles is very unlikely. This is 

demonstrated by a spectrum of the dispersion of these particles in cyclohexane, with a 

peak ratio I344 nm/I360 nm of about 0.8 (Figure 5.7 A) which is very similar to the ratio 

measured for the UCNP-modified glass slide. An explanation for the extraordinary 

enhancement might be given by the hot spots, generating localized surface plasmons 

(LSP) at nano dimensions, in contrast to the propagating surface plasmons on a 

continuous gold film [41]. The EMF at the hot spots will confine the excitation power 

density and therefore the brightness of the 345 nm peak will be enhanced. In the study 

of Li Min Jin et al. the excitation power dependent change of the emission peak ratio was 

shown for larger NaYF4:Yb,Tm@NaYF4 nanorods with a length of ~46 nm and a width 

of ~25 nm. The highest value they report for I344 nm/I360 nm was ~1.5, recorded at an 

excitation power density of ~60 W·cm-2. This clearly shows that a massive enhancement 

of the small UCNPs of 26 nm diameter on the nanoengineered surfaces at low excitation 

power density of ~13 W·cm-2 takes place. Unfortunately, with the equipment in our lab 

we were not able to perform an excitation power dependent study. As a control 

experiment, extinction measurements with the three different types of substrates were 

carried out. For nanotriangle arrays the gold area is significantly lower as for a continuous 

gold film, therefore a lower absorbance at 980 nm is expected. This is not the case, as 

the extinction is increased in a similar way for both gold surfaces, indicating the presence 

of an additional plasmonic effect (Figure 5.8). Furthermore, luminescence 

measurements with increased distance between gold and UCNPs, realized by depositing 

the UCNPs on the opposite side to the nanotriangle array onto a glass slide of ~1 mm 

thickness, showed no enhancement of the NIR to UV upconversion, confirming the effect 

of the plasmonic features on the UCNPs (Figure 5.9). In Figure 5.6 B the spectra were 

normalized by the respective gold area. In such case a ~16 times higher upconversion 
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efficiency for the emission in the UV was found for the nanoengineered interface 

compared to the continuous gold film. 

 

Figure 5.8│  Extinction spectra of the UCNPs on a glass sl ide (blank), a continuous gold 

fi lm and a gold nanotriangle array (nanoengineered interface). Spectra were normalized for 

i l lustration of the peak variation and the excitation wavelength of 980  nm of the UCNPs is 

shown. Substrates were covered by ~50  nm Au with a ~5 nm Ti adhesion layer.  

 

Figure 5.9│ Luminescence spectra of the NaYF4 :25%Yb3 +,0.3%Tm3+  particles assembled 

on a continuous gold fi lm and a gold nanotriangle array upon 980  nm excitation at approx. 

13 W·cm -2. On the left  side UCNPs were placed on the gold, on the right side UCNPs were 

attached to the glass with the gold on the other side as symbolized by the schema in the 

inserts. The spectra were not normalized to any peak. The inversion of the intensity ratio 

of the two emission peaks in the UV range as well  as the increased emission intensity for 

both peaks shows the impact of the gold to the NIR to UV upconversion for the 

nanoengineered interface. 
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5.4.3 Luminescence Detection of Vitamin B12 at Nanoengineered 

Interfaces 

The outstanding enhancement of the UV emission of the UCNPs by the nanoengineered 

inter-face enables a novel kind of sensing application based on luminescence 

measurements. One of the biggest advantages can be attributed by the fact that the UV-

region of the electromagnetic spectrum gets accessible for simple label-free, intensity-

based readout of changes in analyte concentration caused by reabsorption processes. 

This is attributed to the excitation in the NIR which will minimize background caused by 

fluorescence of organic molecules, proteins, or tissue. Vitamin B12, as model analyte, 

exhibits an absorption peak at 361 nm overlapping the anti-Stokes emission of the 1I6 to 

3H6 and 1D2 to 3H6 transitions, peaking at 345 nm and 360 nm (Figure 5.10). Therefore, 

it is expected that the luminescence of the UCNPs in the UV will decrease in presence 

of vitB12. The determination of vitB12 by the same principle but in a classical cuvette 

assay with dispersed particles highlights the capabilities of the nanoengineered 

interface. Here the same UCNPs have been used with the exception that the ligand 

oleate was replaced by polyacrylic acid via a ligand exchange protocol [42]. 

 

Figure 5.10│  The upconversion luminescence of a nanoengineered interface (blue) showing 

a spectral overlap with the absorbance of vitB12 (purple).  
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For the determination of vitB12 using the nanoengineered interface a homemade 

measurement cell consisting of two glass slides, one modified with the nanoengineered 

interface, separated by a ~3 mm thin PDMS gasket, holding a total volume of 200 µL of 

the analyte, was used. Figure 5.11A compares the spectra for the different vitB12 

concentrations. With increasing the concentration of vitB12 from ~3 nM to ~630 nM the 

luminescence of the UCNPs in the cuvette is almost not affected. Therefore, this method 

cannot be used with low power NIR laser excitation in a complex media and high-power 

excitation at 980 nm suffers from the drawback that aqueous samples will be heated due 

to a local absorption maximum of water at this wavelength [43].  

 

Figure 5.11│  Luminescence spectra of NaYF4:Yb,Tm@PAA particles in aqueous solution 

(10 mg·mL -1) (A) and luminescence spectra of NaYF 4:Yb,Tm@oleate particles attached on 

a gold triangle array (nanoengineered interface) (B) in presence of an increasing amount 

of vitB12 ranging from 3 nM to 634 nM. In (C) the relative change of the emission spectra 

of the nanoengineered interface as a function of t he vitB12 concentration is depicted as a 

color map. All spectra were excited by a 980  nm laser module at ~13 W·cm -2 
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In contrast, the NIR to UV upconverted luminescence of the nanoengineered interface 

leads to a strong decrease of the signal in the UV (Figure 5.11 B) for small analyte 

concentrations and low excitation power density. All upconversion peaks in the UV and 

blue region of the spectrum are influenced in their intensity by the vitB12 concentration. 

For evaluation of the highest peak change a 2D-color map of the relative change in the 

luminescence intensity in the spectral range from 300 nm to 500 nm upon the increase 

in the vitB12 concentration is shown (Figure 5.11 C). For the emissions at 360 nm and 

450 nm nearly no change in the relative intensity is observed. The peak at 475 nm 

decreases at low concentrations similar to the one at 345 nm, but for the later one the 

dynamic range is larger. From Figure 5.10 it can be seen that there is no significant 

spectral overlap for the peak at 450 nm, therefore one explanation of the decrease may 

be attributed to the fact that the excited states in UCNPs might not be fully independent 

as they both get fed by energy transfer from Yb3+ ions. Another possible explanation 

might be that the gold interacts also with the deactivation pathway of the excited states 

of Tm3+(Figure 5.12). 

 

Figure 5.12│ Energy levels of Tm3+ and Yb3+ showing the transitions for 980 nm excitation 

of Yb3+ and the sequential energy transfer to Tm 3+ to populate the states 1I2, 1D2, 1G4 and 

3H5, resulting in emissions at 345 nm, 360 nm, 450 nm, 480 nm and 785 nm. Non-radiative 

transitions are colored in black.  
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Both postulations will be investigated in a future study describing the detailed photo-

physics of such nanoengineered interfaces. As a consequence, it is suggested to use 

the wavelength of 400 nm as a reference signal as it shows no dependence on the vitB12 

concentration (Figure 5.11 C). Serum spiked with vitB12 at concentrations from 3 nM to 

634 nM, without the need of any pretreatment and the low consumption of sample 

volume (200 µL), demonstrates the performance of the nanoengineered interface in 

sensing by the plasmonic enhancement of the NIR to UV upconversion. Two methods 

for data evaluation were compared. 

From the spectral overlap of the analyte with both upconversion emissions in the UV also 

the change in the peak area, integrated from 334 nm to 395 nm was monitored as a 

function of the vitB12 concentration. This result was compared to the change in the ratio 

I345 nm to I400 nm (Figure 5.13 A). Both methods of data evaluation correlate very well as 

can be seen by almost identical sensitivities. A limit of detection (LOD) of 1.3 ± 0.4 nM 

(peak area change) and 0.6 ± 0.2 nM (peak intensity change) was calculated (S/N = 3). 

The method comprises also by good selectivity towards molecules, commonly presented 

in the serum and expected to affect the luminescence measurements. No cross-

sensitivity was found for retinol, ascorbic acid, folic acid and pyridoxin hydrochloride 

(Figure 5.13 B).  

 

Figure 5.13│(A) Calibrat ion plots of the upconversion luminescence for peak intensity 

(blue) at 345 nm or peak area (red) integrated from 334  nm to 395 nm in serum, spiked with 

different amounts of vitB12. The luminescence spectra for both methods were no rmalized 

to the luminescence intensity recorded at 400 nm. Excitation was performed by a 980  nm 

laser module of ~13 W·cm -2 power density. (B) The cross sensitivity was evaluated by the 

peak inten-sity readout at 345 nm at concentrations of 634 nM of al l  molecules. The l ight 

blue bars represent the change of the intensity of the possible interfering substance and 

the dark blue bars show the impact of these substances to the vitB12 determination.  
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The LOD for vitB12 determination with the nanoengineered interface is approximately 

two orders of magnitude lower than for established analytical techniques like HPLC, 

Raman spectroscopy, fluorescence and surface plasmon resonance (Table 5.2). 

Immunoassays and mass spectrometry demonstrate the lowest LOD, with a remarkably 

value of 0.063 fM for mass spectrometry. Those techniques suffer from costly 

instruments, numerous processing steps and lengthy assay times. A microbiological 

assay already requires 25 hours exposure time, which is needed to be performed for the 

detection of vitB12 by HPLC [44]. 

Table 5.2│ Comparison of different techniques for the determination of vitB12 in real samples by their limit 

of detection (LOD). 

Technique LOD / nM 
Sample 
volume 

/ µL 

Assay 
time 

Pre- 
treatment 

Comments 
Refer-
ences 

Mass 
spectrometry 

0.63·10-8 n.r.1) 5 days Yes 
cost 

intensive 
[47] 

Immunoassays 0.001 50 - 100 20 h Yes laborious [48] 

Chemi-
luminescence 

0.016 30 - 50 3.6-6 s Yes not label free [45] 

Microbiological 
detection 

0.13 50 – 100 20 h Yes 

growth rate is 
also 

influenced by 
antibiotics 

[49] 

Nanoengineered 
interface 

0.6 200 1 min No - 
this 
work 

HPLC 51 20 5 min Yes 
No online 
monitoring 

[50] 

Surface plasmon 
resonance 

63 n.r. 5 min Yes 
poor 

specificity 
[51] 

Raman 
spectroscopy 

70 2.500 7 h Yes 
interfered by 

proteins 
[44] 

Fluorescence 100 2.000 7 h No 

high 
background 
due to UV 
excitation 

[52] 

1) n.r. = not reported 
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Here, the nanoengineered interface with assay times of a few minutes and a LOD 

sufficient for biosensor applications is beneficial. The most important fact, which 

emphasizes the capabilities of our system is the label-free nature. Chemiluminescence 

(CL) and radioimmunoassay enable a similar LOD but depend on labeling and high 

trained operators. The detection of vitB12 via CL relies on the presence of Co2+. Without 

a label discrimination between free and unbound cobalt is not possible [45,46]. 

In contrast, the method presented in this work can also be used for online monitoring as 

it does not require any label or sample pretreatment. Due to the low power excitation, 

cheap, small laser modules combined with microfluidics and a standard spectrometer in 

the size of a match box can be used. Both making this approach attractive for sensing 

applications. In contrast to surface plasmon resonance the nanoengineered interface 

can be assembled on all optical transparent materials and no need of high refractive 

index glass for coupling of surface plasmons is required.  

 Conclusions 

In conclusion, an enhancement strategy of the NIR to UV upconversion of NaYF4:Yb,Tm 

by the construction of an nanoengineered interface consisting of a glass slide modified 

by gold nanotriangle arrays with UCNPs on top is presented. It is demonstrated that such 

an assembly enhances the emission peak at 344 nm upon excitation at 980 nm by an 

excitation power density of only 13 W·cm-2 by a factor of ~6. Such a low power excitation 

makes this concept highly attractive for sensing application based on luminescence 

detection in the UV region, especially in bio-logical samples as the NIR excitation avoids 

autofluores-cence. This proof of concept can be used for an early readout of vitB12 in 

serum where upregulated concentrations indicate breast and liver cancer in early stage 

[53,54]. These results indicate that nanoengineered interfaces based on UCNPs 

deposited on nanotriangles arrays are promising for label free online monitoring of 

biomolecules. 
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6 Conclusions and Future Perspectives 

Nanostructured surfaces have emerged in the field of nanotechnology as a plasmonic 

sensing platform with unique optical properties and applied for a large range of 

transducing techniques [1]. The confined and strong electromagnetic field (EMF) 

combined with a shorter penetration depth of localized surface plasmons (LSP), present 

at the nanostructures, reduces the sensitive layer of the evanescent field in close 

proximity to the dielectric medium. Analytes attached to the surface consequently cover 

a larger fraction of evanescent field and lead to the higher signal changes [2]. This is 

somehow similar Förster resonance energy transfer (FRET) utilized in fluorescence-

based sensors, showing a comparable distance dependent sensitivity. This non-radiative 

energy transfer only occurs if two light-sensitive molecules are very close, usually within 

less than 10 nm [3]. 

The higher surface sensitivity, together with the advantage of low sample volumes in the 

µL range make nanostructured surface a powerful tool in label free detection for single-

shot devices as well as for continuous online monitoring in complex media. However, on 

the way of nanostructured surfaces to widespread applications as sensors still several 

limitations and challenges need to be addressed, which will be discussed in this chapter 

as well as future trends for improved design and performance. 

 Fabrication of Nanostructured Surfaces 

Important aspects for fabrication of nanostructured surfaces are flexibility, time 

consumption and scalability [4]. The represented results indicate that self-assembly 

techniques are highly advantageous for the design of sensors. Substrates can be quickly 

patterned over large areas (in the range of cm) and high throughput is enabled, 

overcoming the limitations of conventional lithography. Such bottom-up approaches rely 

on the arrangement of nanoparticles or co-polymers forming the shape of the structures 

influenced by parameters like type of solvents, evaporation time or mixing ratio [5]. The 

ease of manipulation of the shape and dimensions combined with large-area coverage 

makes them highly suitable for sensor applications in contrast to the rigid and lengthy 

conventional lithographic techniques. For prototyping and for fabrication that require a 

maximum control in terms of precision and resolution [6], techniques such as electron 
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beam lithography (EBL) and focused ion beam (FIB) milling are still the best solution [7]. 

In the case one needs to detect or image single molecules these lithographic techniques 

are still recommended as high regularity and high reproducibility will provide higher 

resolution and higher sensitivity [8]. For most applications, as shown for surface plasmon 

resonance spectroscopy (SPR) and plasmon-enhanced upconversion (PEU) 

applications, self-assembly techniques are sufficient. They allow for large scale 

fabrication with a high flexibility of the nanostructured surface and a sufficient resolution 

with a few defects due to formation process and its parameters [9]. Limitless structural 

variety in the nanometer range can be generated by self-assembly techniques like block 

copolymers [10] or colloidal nanocrystals [11] as nanostructure building blocks. In 

addition, the opportunities to transfer these nanostructured motives by pattern transfer 

printing [12], covalent bonding-assisted nanotransfer [13] or solvent assisted 

nanotransfer printing [14], extends their use to almost any substrate of choice, even 

complex hybrid materials which cannot resist high temperature, vacuum or certain 

solvents, needed for lithographic fabrication. Although for accessing new types of 

structures, sizes and a better understanding and control of influencing parameters like 

solvent, temperature and concentration of the components is still needed [12,15]. For 

transducing techniques utilizing hot spots, like surface enhanced Raman scattering 

(SERS) on nanostructured surfaces the number of spots and hence the sensing 

capabilities are limited to the surface area of the substrate. Concepts for increasing the 

number of hot spots by the use of stacks of nanostructures are currently developed. The 

group of Y. S. Jung used the self-assembly of block copolymers and solvent-assisted 

nano-transfer printing for the fabrication of different nanostructured stacks. Multistacked 

nanowires increased the sensing performance of SERS with a maximum enhancement 

factor (EF) of 4.1 × 107 for two-layer silver (Ag) nanorods on a continuous Ag film with 

regard to a continuous Ag film [5]. The additional hot spots contribute to the performance 

as well as plasmonic coupling between the layers. Limiting factor is the maximum 

penetration depth of the incident light into the substrate and from which Raman-scattered 

photons can get out to be collected by the detector. Nano-assemblies fabricated by 

stacks of gold allows for size miniaturization and hole densification. For such systems a 

four times larger shift in the resonance peaks in comparison to a continuous gold film 

was reported for changes in refractive index [14]. Nevertheless, it should be mentioned 

that these improvements come with more and complex fabrication steps. This makes the 

development of such systems somehow elaborative, but for an established system all 

fabrication steps can be easily integrated in a production line. 
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At the moment one can observe a trend in literature to investigate different fabrication 

methods for different nanostructures. The large variety of present nanostructures consist 

of many different objects, most prominently nanostars [16] or nanotriangles [17]. Often 

the research focusses on structural changes of the specific design to gain specific 

plasmonic properties enabling signal enhancements [18]. The lack of systematic studies 

of the impact of one nanostructure with different sizes, periodicity and materials for 

sensing makes the assessment an ultimate structure and dimension very difficult so far.  

 Concepts for Sensing 

Properties arising from the nanostructured surfaces lead to improved sensor designs. 

Various characteristics of the light interacting with the plasmonics of the nanostructure 

such as intensity, phase and wavelength can be measured, and their change 

subsequently translated to an analyte concentration. Therefore, a variety of techniques 

such as transmission, fluorescence, SPR and surface enhanced Raman scattering 

(SERS) take benefit from the localized plasmons, resulting in a boost of the sensing 

capabilities. It should be mentioned, that not all surface sensitive optical spectroscopy 

techniques can be improved by nanostructured substrates. Infrared attenuated total 

reflection (ATR) Spectroscopy depends on a diamond waveguide attached to an optical 

coupling element. Plamonic nanostructures attached to the surface provide enhanced 

spectral signatures in the infrared (IR) regime [19]. However, the plasmon frequencies 

of metals are fixed after structuring and limit the detection of multiple IR bands across a 

broad spectral range and the penetration depth of ATR configuration appears to be within 

a few micrometers [20]. Another very popular surface sensitive technique is 

reflectometric interference spectroscopy, which is based on white light beam inference 

with a glass transducer coated with a recognition layer, resulting in an interference 

patterns that shift with analyte binding. This method concentrates on changes in optical 

thickness and is sensitive within 100 nm, leading to an intrinsic high surface sensitivity 

[21] and does not require the use of nanostructured surfaces. 

The higher surface sensitivity was demonstrated in this thesis by the combination of 

nanohole arrays (NAs) as a nanostructured surface and graphene as a 2D nanomaterial. 

Analyzing the shift in the resonance angle with SPR for the assembly of reduced 

graphene (rGO) on NAs, a 250-380% higher effect was found compared to a continuous 

gold film. In this system the combination of graphene plasmonic modes interacting with 
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the plasmonic properties of the nanostructures in addition with an atomically thin receptor 

layer minimally extending into the EMF is decisive. For analytical application the 

resolution of refractive index changes induced by small biomolecules binding or 

absorbing in close distance to the surface is the key issue. In this context, the 

nanoengineered system was able to decrease the limit of detection by one order of 

magnitude for diethyl phthalate in sea water without any pretreatment compared to a 

continuous gold film. A homogenous surface coverage and functionalization is a 

fundamental requirement for all sensor designs. The increased sensitivity of the 

nanostructured surfaces, especially in combination with single molecule detection, 

generates the need to meet even higher standards [22]. The enhanced sensing 

performances for homogenous and highly regular receptor layers was demonstrated in 

this work with a comparative study of reduced graphene oxide and chemical vapor 

deposition (CVD) graphene on NAs with same nanodimensions. In this proof-of-concept 

studies the capabilities of label-free plasmonic sensors and the importance of a thin and 

uniform receptor layer in close proximity to the nanostructured surface are confirmed. 

The system and findings can be advantageous to other transducers that require LSP. 

For pushing graphene and other to 2D-matrials forward as receptor layers, better 

understanding of the optical and electrochemical (such as surface area and conductivity) 

properties by spectroscopic methods is important. Variations in the properties result from 

the fabrication process, which introduces defects and sheet size correlation [23]. Another 

parameter is selectivity, which is not intrinsically present in such materials. Approaches 

combining nanosheet generation and functionalization in parallel, like electrochemical 

exfoliation, become advantageous as the number of fabrication steps is reduced [24]. 

For better characterization of the functionalized 2D-material surface and their interaction 

with biomolecules atomic force microscopy and scanning tunneling microcopy analysis 

can be helpful.  

For PEU and SERS edges and corners of nanostructures, so-called hot spots, create 

the largest local EMF enhancement and therefore represent the area of the highest 

signal increase. Light is focused to the hot spots, which serve as nanoantennas [25]. 

Upconversion nanoparticles (UCNPs) can benefit from the attachment to nanostructured 

surfaces. A self-assembled monolayer (SAM) on the gold triangle arrays (TA) is a simple 

and effective method for binding of the oleic acid modified particles via van der Waals 

interaction. The luminescence of UCNPs in the UV is enhanced by a factor of about six 

on TA compared to a continuous film and an optical sensor for vitamin B12 with a limit 
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of detection of 0.6 nM was constructed. This approach overcomes the limits in 

transmission spectroscopy of reduced sensitivity by light scattering in the UV region of 

the electromagnetic spectrum. A further development of the system can be conducted 

with introducing selectivity by attaching an aptamer to the surface of the UCNPs, leading 

to better sensitivity for point of care diagnostics [26]. Since such intensity-based read-

out systems strongly depend on the excitation power density of the laser and the UCNP 

concentration, investigation of the FRET is an alternative option. Applications utilizing 

FRET take profit from plasmonic features, as demonstrated for gold nanoparticles 

(AuNPs) conjugated with aptamers and UCNPs functionalized with corresponding 

complementary DNA. The coupling with LSP extends the energy transfer rate and the 

distance of “classic” allowed dye-to-dye FRET pairs to ∼20 nm, resulting in a low limit of 

detection (LOD) of 3 cfumL-1 for E. coli and a large linear relationship in the detection 

range of 5-106 cfumL-1 [27]. Locally enhanced fields created at hot spots can be 

beneficial for SERS. In a short extent the plasmonic enhancement for NAs compared to 

a continuous gold film with the deposition of different graphene types on the surface was 

illustrated with a ~3-times and ~12-times higher Raman signal for CVD graphene and 

rGO, respectively. Raman spectroscopy was applied in this thesis only for 

characterization of different graphene types and the homogeneity of the transfer method 

and not as transducer for sensor design. It has already been shown that plasmonic 

feature are capable for improving in vivo diagnostics, multimodal imaging [28] and allow 

for label-free nanometer-resolution [29] based on SERS. In this context a remarkable 

super-resolution chemical imaging and localization within 10 nm is achieved with 

dynamic illumination technique on NAs [18]. A nanoengineered surface consisting of a 

TA and graphene can be utilized for SERS due to signal enhancement, resulting from 

the coupling of the LSP present at hot spots and graphene plasmonics. With Raman 

markers like 5-ethynyl-2´-deoxyuridine (EdU), which are taken up by the cell and show 

a signal in the “silent” cell region due to the presence of alkynes (C≡C), the high potential 

of Raman spectroscopy for cell analysis was verified [30]. Adapting this principle to the 

nanoengineered surface with an increased surface sensitivity and considering the 

biocompatibility of graphene [31], the analysis of cells with this system can improve 

imaging of cells and studying processes at the cell membrane. Long term monitoring can 

be performed, which is often a problem within fluorescence imaging due to 

photobleaching of the fluorophore. Additionally, with higher signals the laser power can 

be reduced, or the laser wavelength can be increased. Raman scattering is proportion 

to the laser wavelength (ʎ) with ʎ-4 and thus a longer wavelength results in a reduced 
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scattering. Therefore, a longer wavelength than 532 nm is often not used although it 

decreases interrupting fluorescence. If the signal is increased the sensitive is still high 

for a longer wavelength with the advantages of fluorescence reduction.  

Transmission spectroscopy is a simple, widely known and applied technique. Limitations 

are broad absorption peaks, the low sensitivity and high sample volume arising from 

Beer’s law [32,33]. Nanostructured surfaces can be operated in a such collinear optical 

configuration. The resulting effects can significantly improve transmission spectroscopy. 

NAs are a prominent plasmonic system, that is feasible for interrogation in such a setup 

[34]. Sharp extraordinary optical transmission (EOT) resonance is present on periodic 

NAs, arising from grating effects and interplay of coherently interfering resonant 

interactions [35]. For investigation of the transmission spectra of NA in the near infrared 

region (NIR) a self-made setup was designed (Fig. 6.1 B). A halogen lamp dealt as light 

source and portable high performance near-infrared (NIR) spectrometer of the size of a 

credit card with high-throughput Czerny-Turner optics with a fanless TEC-cooled InGaAs 

image sensor was used for detection. Optimized illumination of the NA and light 

collection was achieved by a combination of plano convex lenses and a positive 

meniscus lens, that ensures a short focal length without introducing significant spherical 

aberration. A holder for the nanostructured surfaces was designed and mounted on a 

motorized goniometer for angular changes. Preliminary results display a few sharp peaks 

sensitive to changes in the bulk refractive index in the investigated wavelength range 

(Fig. 6.1 A). The occurring sharp peaks in the spectra for EOT can be assigned with the 

Bloch-wave SPP equation [36] (Fig. 6.1 D). Only peaks resulting from the gold-dielectric 

are sensitive for refractive index unit (RIU) changes. The peak at around 1400 nm is 

assigned to the glass-gold interface and therefore not effected by the RIU. For the peak 

and dip of ~1200 nm the highest sensitivity was found. A large dynamic range was 

determined for EOT and compared to SPR (Fig. 6.1 C). The fit of the linear signal change 

upon refractive index change is slightly better in terms of the error for SPR. Even if the 

linear regression over such a large RIU range does not have the same precision for EOT 

compared to SPR, the sensitivity can be better, because wavelength changes can be 

monitored with higher precision than changes in angular positions. Changes in the µRIU 

range are of analytical interest. Using NA with SPR that means a mechanical movement 

of 3.4 angular seconds and for EOT a wavelength change of 0.008 nm needs to be 

monitored. The desired angular resolution can be hardly achieved with stepper motors. 

Bulky gear system need to be sued for such high resolution. The same seems to be the 

case for the spectrometer used in this study. It generates a resolution of 4 nm by a 
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512 pixel sensor. A 500 times improvement of the resolution is needed to discriminate to 

0.008 nm, meaning 256,000 pixel. Considering that sensors with 1.3 megapixels are 

available with similar chip size and minimization of the spectral range, for instance to the 

second biological window, allows to use all 1.3 megapixel for maximized wavelength 

resolution, the differentiation of µRIU with EOT seems feasible in near future. The 

development speed of miniaturized camera chips in smartphones [37] indicates that EOT 

has a very promising future and could outperform the SPR resolution in the future. 

 

Figure 6.1│ (A) Transmission spectra of a continuous gold fi lm and a nanohole arrays (NA) 

with a D/P ratio of 0.35. As a reference a blank glass sl ide was used. The interrogation 

time is 0.75 s and the spectra are averaged over 100 measurements. (B) Schema  of the 

transmission spectroscopy setup aside with a photo showing the laboratory system. (C) 

Comparison of the plasmonic shift upon refractive index change for SPR indicated as the 

angular shift and respectively the wavelength shift for EOT. (D) Exemplary  SEM image of 

a NA. Scale bar is 1 µm and indicated are the different plasmonic bands which can be 

assigned.  
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The key messages of the comparison of SPR and EOT are: a) both techniques cover a 

large range of RIU with linear signal change, b) EOT set-up is simpler and cheaper and 

c) EOT might have a better dynamic range and higher sensitivity. Notably, in SPR 

normally the intensity changes at constant angle is measured, which has an even higher 

sensitivity. These values are very difficult to compare as they strongly depend on the 

power of the incident light and they are only valid under certain conditions. For EOT also 

intensity-based measurements are possible. High power light-emitting diodes (LEDs) 

with a power of up to 60 mW (at the relevant wavelength in the NIR) will be beneficial 

compared to 640 nm laser diodes in the 10 mW used in SPR. Additionally, the simple 

experimental excitation setup of EOT allows for miniaturizing compared to the SPR, 

which has to fulfil the coupling conditions.  

The advantages of nanostructured surfaces in the UV/IVs range have been proven with 

UCNPs. Shifting the spectral range to the NIR comes with the following attractive 

features for future sensor design: Reduced phototoxicity and photobleaching, minimized 

scattering and absorption, and reduced background fluorescence [38]. 

The next challenge, which needs to be addressed is selectivity. Recently researchers 

are more and more working on concepts for introducing selectivity without losing the 

label-free nature of the LSP. A wider scope of nanostructured surfaces with impressive 

opportunities for spectroscopy has been depicted by H. Altug et al. in 2018. With the 

technique of a 2D pixelated dielectric metasurface neither a spectrometry nor frequency 

scanning or moving mechanical parts are required (Fig 6.2 C) [39]. The system only 

depends on a nanostructured surface, a beam splitter and an objective. Metasurfaces 

are artificial optical media consisting of subwavelength metallic and dielectric building 

blocks, characterized by optical phenomena not present in naturally occurring materials 

[40]. The metasurface consists of multiple arrays with sub elliptical structure (Fig 6.2 A 

and B). Ultrasharp resonances of the metasurface can be tuned to a discrete frequency 

and results in a molecular signature that can read out separately by multiple spectral 

points (Fig 6.2 D). Molecular absorption features can be read-out at various structural 

points. An absorption map similar to a barcode, that can be used for imaging is the result. 

Molecular fingerprint of a large range of biomolecules can detected with high sensitivity 

using this mid-infrared imaging system [39]. The findings will pave the way for other 

compact and high-performance multiplexing imaging applications of nanostructured 

surfaces without the need of bulky instruments.  
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Figure 6.2│  Experimental setup and detection with pixelated metasurfaces. (A) Optical 

images of the fabricated 100-pixel metasurface. (B) SEM image of the ell ipse structur e and 

the featured size. (C) Schematic of the imaging -based on the mid-IR microscopy system 

with metasurface arrays (D) Reflectance images of four recorded specific wavenumbers of 

the pixelated metasurface in the mid -IR spectral range. (E) Normalized reflectance spectra 

for 21 of the 100 metapixels. The colored curves of the resonance positions correspond to 

the respective reflectance images in (D). (F) Image of al l  metapixels at extracted resonance 

positions. Picture adapted with permission from Ref [ 39] © (2018) The American Association 

for the Advancement of Science. 

The label-free, multiplexing and esay-read out ability of nanostructured surfaces with 

various transducers is convenient for the design of sensor networks. The aim is to 

continuously monitor changes in real-time with high sensitivity and multiple sensor 

combinations. In contrast to label-free approaches, the requirement of labels for selective 

detection has the drawback of the recovery of the recognition united, leading to only 

short-time usage. The reduced selectivity of label-free approaches will be more than 

compensated by the network of multiple arrays on one sensor and with other sensors. 

By data acquisition, data fusion and correlation for long terms the sensor network 

progresses and “learns” to interpreted and translates signal patterns into user friendly 

results [41]. This concept is known as machine learning and has become a pervasive 

attempt to improve modern life e.g. license plate-reading algorithms based on digital 
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camera images for tracking [42]. Smartphones, smart homes, and smart cars are 

emerging technologies in which analytical chemistry becomes an integral part by 

incorporating sensors for e.g. temperature sensors or health monitoring. Distributed 

sensors communicating with networked analytical labs will provide information which 

drives automated and leads to applications including health care, industrial processes 

and environmental monitoring. [43]. In the last years, sensor networks combined with 

machine learning have been used for environment monitoring such as temperature, 

humidity and gas concentration [44]. Nanostructured surfaces will contribute in the future 

to this field as a highly sensitive and tunable platform for the design of sensor arrays with 

multiple transducing techniques. Nanoengineered surfaces in combination with machine 

learning can improve fabrication process, quality control and detection of counterfeits. 

The ambitious goal of the implementation of nanostructured surfaces is the increase of 

safety in all matters, leading to higher standards of living and improvements in daily life. 
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7 Summary 

The thesis describes the fabrication, functionalizing and (bio)analytical applications of 

nanostructured surfaces based on plasmonic effects. In Chapter 1 a review of the 

physical requirements of plasmons and as well as design and fabrications concepts are 

provided with emphasis on nanostructured platforms. Sensor applications of plasmonic 

nanostructured surfaces are introduced. The aim of this work is outlined in Chapter 2 to 

investigate nanostructured gold surfaces in their sensing capabilities in SPR and utilizing 

the hot spots of such structures in other optical transducing techniques.  

The fabrication of nanohole arrays with different hole sizes via a modified nanosphere 

lithography is reported in Chapter 3. Nanostructured surfaces were modified with 

reduced graphene oxide (rGO) as a thin receptor layer via spin-coating. In a comparison 

to a continuous film, nanohole arrays displayed a 250 - 350% higher shift in the SPR 

angle. The capabilities of nanohole arrays modified with rGO were investigated with the 

detection of the plasticizer diethyl phthalate in water. With the analysis of a small analyte 

binding to graphene via π-stacking on nanohole arrays with varying hole diameter, the 

effect of the plasmonic field on (bio)sensors was studied. For the nanohole array with a 

diameter-to-periodicity ratio of 0.43 roughly 12-fold enhancement of the maximum signal 

response was observed and a 10-times better LOD of ~20 nM was determined. The 

feasibility of the rGO-modified nanohole array as sensor platform was demonstrated with 

the analysis of environmental water samples without pre-treatment. Surprisingly the 

combination of the graphene with gold nanostructures resulted in further signal 

enhancement compared to continuous gold films. This effect can be assigned to an 

additional plasmonic enhancement by the 2D carbon nanomaterial itself. 

Chapter 4 deals with a more detailed investigation of the graphene receptor layer. The 

modification and sensing properties of differently prepared graphene, which differ in flake 

size, number of layers and numbers of defects types was studied on nanostructured 

surfaces. A wet transfer method for chemical vapor deposition (CVD) graphene was 

introduced. The more homogenous and reproducible graphene films on nanohole arrays 

were yielded for CVD graphene when compared to rGO with Raman spectroscopy. The 

higher signal response for CVD graphene is attributed to less defects and a large uniform 

layer. A 7-fold lower LOD 0.9 μM for a CVD-modified nanohole array for the detection of 

adenine with SPR revealed the enhanced sensing performance. 

In Chapter 5 the enhanced luminescence of NIR to UV upconversion at a nanostructured 

surface is described. An nanoengineered interface consisting of NaYF4:Yb,Tm 
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upconversion nanoparticles and a gold nanotriangle array was fabricated by a self-

assembly method. Upconversion nanomaterials are known for low quantum efficiency 

which clearly hinders a wider impact of these materials in many applications. Hot spots 

of the nanostructured surface provided a local electromagnetic field enhancement, that 

improved the 4-photon upconversion process at 345 nm with an about six-times higher 

emission intensity. For UCNPs dispersed in solution, this emission is usually too weak 

to be used in any analytical application. Assembled as a nanoengineered interface a 

sensor for the detection of vitamin B12 in serum was constructed. A LOD of 0. 6 ± 0.2 nM 

was found. The strong enhancement in the UV emission at a very low laser density of 

13 W·cm-2 is outstanding and a very promising fact for the development of miniaturized 

point-of-care diagnostics. 

Challenges of nanostructured surfaces are addressed in Chapter 6. Preliminary results 

of a designed transmission setup for nanostructured surfaces are presented. Nanohole 

arrays are capable of extraordinary optical transmission and can significantly improve 

(bio)sensors based on transmission. Future directions and perspectives of 

nanostructured surfaces are highlighted. 
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8 Zusammenfassung 

Die vorliegende Dissertation beschreibt die Fabrikation, Funktionalisierung und 

(bio)analytische Anwendungen von nanostrukturierten Oberflächen. Kapitel 1 gibt einen 

Überblick der physikalischen Voraussetzungen von Plasmonen sowie Design- und 

Fabrikations-Konzepte mit dem Schwerpunkt auf nanostrukturierte Plattformen. 

Sensorische Anwendungen dieser Strukturen werden vorgestellt. Die wissenschaftliche 

Fragestellung dieser Arbeit wird in Kapitel 2 beschrieben. Nanostrukturierte Oberflächen 

sollen hinsichtlich ihrer sensorischen Eigenschaften mit SPR untersucht werden. Eine 

weitere mögliche Anwendung wäre das Ausnutzen der Hotspots dieser Strukturen mit 

anderen optischen signalübertragenden Techniken.  

Die Herstellung von Nanohole Arrays mit unterschiedlichen Lochgrößen über eine 

Nanokugel-Lithographie wird in Kapitel 3 beschrieben. Über Rotationsbeschichtung 

werden die nanostrukturierten Oberflächen mit reduziertem Graphenoxid (rGO), das 

eine dünne Rezeptorschicht bildet, modifiziert. Im Vergleich zu einem kontinuierlichen 

Film, zeigen Nanohole Arrays eine 250 - 300% größere Verschiebung des SPR Winkels. 

Die Einsatzmöglichkeit von rGO-modifizierten Nanohole Arrays wurde mit der Detektion 

des Weichmachers Diethylphthalat in Wasser gezeigt. Der Effekt des plasmonischen 

Feldes auf (Bio)sensoren wurde durch die Veränderung der Lochgröße mit der Analyse 

der Bindung eines kleinen Moleküls über π-π-Wechselwirkungen an Graphen 

untersucht. Ein Nanohole Array mit einem Durchmesser-zu-Periodizität-Verhältnis von 

0.43 zeigte ungefähr eine 12-fache Verstärkung in der maximalen Signalantwort und 

eine 10-fach geringere Nachweisgrenze wurde festgestellt. Die Umsetzbarkeit der rGO-

modifizierten Nanohole Arrays als Sensorplattform wurde mit einer Analyse von nicht 

vorbehandelten ökologischen Wasserproben untersucht. Überraschenderweise, zeigte 

die Kombination von Graphen und Gold Nanostrukturen eine weitere Signalverstärkung 

im Vergleich zu einem kontinuierlichen Gold Film. Dieser Effekt lässt sich einer 

zusätzlichen plasmonischen Verstärkung durch das 2D-Kohlenstoff-Nanomaterial 

zuordnen.  

Kapitel 4 untersucht die Graphen Rezeptorschicht im Detail. Die Modifikations- und 

Sensor-Eigenschaften von unterschiedlich hergestelltem Graphen, welche in ihrer 

Flockengröße, der Anzahl der Lagen und der Anzahl an Defekten variieren, wurden auf 

nanostrukturierten Oberflächen untersucht. Durch chemische Gasphasenabscheidung 

(CVD) hergestelltes Graphen wurde über eine Nasstransfer Methode aufgebracht. Ein 
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homogenerer und reproduzierbarer Graphen Film auf Nanohole Arrays wurde für CVD 

Graphene gefunden, durch einen Vergleich zu rGO mittels Raman Spektroskopie. Die 

gesteigerte Signalantwort für CVD Graphene entsteht durch weniger Defekte und eine 

größere uniforme Schicht. Eine 7-fach kleinere Nachweisgrenze für CVD-modifizierte 

Nanohole Arrays für die Detektion von Adenine mit SPR demonstrierte die verstärkte 

sensorische Leistungsfähigkeit. 

Die erhöhte Lumineszenz der NIR zu UV Aufkonvertierung an nanostrukturierten 

Oberflächen wird in Kapitel 5 beschrieben. Eine nanokonstruierte Schnittstelle 

bestehend aus NaYF4:Yb,Tm aufkonvertierenden Nanopartikeln (UCNPs) und einem 

Gold Nanotriangle Array wurde über Selbstorganisation hergestellt. Die UCNPs zeigen 

eine geringe Quantenausbeute, welche eine breitere Auswirkung dieser Materialien in 

vielen Anwendungen deutlich erschwert. Eine lokale Verstärkung des 

elektromagnetischen Feldes entsteht an den Hotspots der nanostrukturierten 

Oberfläche. Diese führte zu einer ca. 6-fach größeren Emissionsintensität des 4-

Photonen aufkonvertierenden Prozesses bei 345 nm. Für in Lösung dispergierte UCNPs 

ist diese Emission normalerweise zu schwach um für analytische Anwendungen 

verwendet zu werden. Die zusammengeführte nanokonstruierte Schnittstelle wurde 

verwendet, um einen Sensor für Vitamin B12 zu entwickeln. Eine Nachweisgrenze von 

0.6 ± 0.2 nM wurde festgestellt. Die große Verstärkung der UV Emission bei einer sehr 

geringen Laserleistungsdichte von 13 W·cm-2 ist hervorragend und eine 

vielversprechende Gegebenheit für die Entwicklung von miniaturisierter Vor-Ort- 

Diagnostik. 

Kapitel 6 erörtert in einer abschließenden kritischen Diskussion die Herausforderungen 

an nanostrukturierte Oberflächen. Erste Ergebnisse, die mit einem selbst designten 

Transmission Messplatzes für nanostrukturierte Oberflächen erzielt wurden, werden 

vorgestellt. Nanohole Arrays zeigen eine außerordentliche optische Transmission und 

können (Bio)sensoren, die auf Transmission basieren, verbessern. Es wird ein Ausblick 

gegeben, als auch die Perspektiven von nanostrukturierten Oberflächen erörtert.  
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