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Abstract

In this research we introduce a plasmonic nanoparticle based optical biosensor for monitoring of 

molecular binding events. The sensor utilizes spotted gold nanoparticle arrays as sensing platform. The 

nanoparticle spots are functionalized with capture DNA sequences complementary to the analyte 

(target) DNA. Upon incubation with the target sequence, it will bind on the respectively complementary 

functionalized particle spot. This binding changes the local refractive index, which is detected 

spectroscopically as the resulting changes of the localized surface plasmon resonance (LSPR) peak 

wavelength. In order to increase the signal, a small gold nanoparticle label is introduced. The binding 

can be reversed using chemical means (10 mM HCl). It is demonstrated that a multiplexed detection and 

identification of several fungal pathogen DNA sequences subsequently on one sensor array is possible 

by this approach. 

Keywords: LSPR sensing, plasmonic nanoparticles, DNA detection, plasmonic array, Fourier-

transform-imaging spectroscopy

A fast and cost-efficient identification of a variety of pathogens in different matrices (air, water, food, 

blood, etc.) represents a major challenge in today’s bioanalytics and medical diagnostics. Although 

immunosensing is widely established 1 and routinely used, it is increasingly complemented by nucleic 

acid-based detection approaches due to the capability to identify species and strains of pathogens 2. 

Pathogens are usually identified based on their specific DNA, which is detected by highly selective 

binding (hybridization) to single-stranded DNA molecules of complementary base sequence. This 

recognition reaction can result in an amplification (such as PCR), or the enrichment of target DNA on a 

sensor surface, which can be read out optically based on color staining or fluorescent labels, 

electrochemically by changes in mass (QCM) 3,4 or refractive index (SPR, LSPR) 5,6, by magnetic labels 
7, etc.

For single detection reaction both simple (lateral flow) 8 as well as more sophisticated (real-time PCR) 

approaches are established and utilized 9,10. However, if a larger number of assays are required for one 
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2

sample, these methods scale poorly and are limited due to sample volume, reproducibility as well as 

price issues. Thus, multiplexed approaches, which provide a larger potential for integration of assays, 

preferably in a miniaturized format, are desperately needed. In the case of nucleic acid -based assays, a 

solution to this problem could be the combination of a multiplexed and/or consensus DNA-

amplification (such as PCR), that amplifies all target DNA of interest and results in a mixture of 

amplification (PCR) products 11,12. Subsequently, identification of the various possible mixture 

components is realized by a microarray hybridization step, where complementary (capture) DNA 

molecules are attached in an array of spots on a solid substrate surface. Again, any bound ensemble of 

target DNA has to be detected on the surface, which is usually done by fluorescence readout of labels on 

the target molecules 13,14.

Although optical readout is clearly preferred in multiplex arrangements, fluorescence detection exhibits 

serious limitations. The use of labels might alter the intrinsic properties. Also additional steps, and 

therefore higher time and cost requirements are required, as well as an inherently limited signal stability 

(photobleaching) 15,16. Another optical readout approach is based on surface plasmon resonance (SPR), 

an effect observed at the interface between a metal surface and a dielectric, based on interaction of light 

with the conduction electrons in the metal. This resonance is influenced by binding of the target 

molecules on the metal surface. The change in resonance can be detected based on a change of the 

angular or wavelength spectrum of incident light coupled to the surface plasmon 17. The incoupling of 

light requires a prism, grating or wave guide arrangement, thereby seriously limiting integration and 

miniaturization abilities 18. An interesting alternative based on a similar effect of light interaction with 

conduction electrons in metals, but in much smaller, nanoscale structures, is represented by localized 

surface plasmon resonance (LSPR) 19. Here, metal nanostructures interact directly with light, requiring 

no dedicated technical arrangement, and allowing for extreme miniaturization 20. The binding of the 

target DNA from solution to the complementary capture DNA (attached to the surface of metal 

nanostructures) results in a change (red-shift because increase in effective refractive index) of the 

resonance peak wavelength of this nanoparticle, which is measured and forms the sensor signal. Using 

this approach, the sequence-specific detection of DNA using a single 80 nm gold nanoparticle as a 

sensor was demonstrated 21.

In the fluorescence microscopy detection scheme, a regular array of spots, each one functionalized with 

a specific capture DNA, is fabricated. The presence of the target DNA is manifested as a bright spot at 

specific position, because the complementary DNA is fluorescently-labeled. This concept can be 

transferred to the LSPR field by fabrication of an array of spots involving metal structures and 

functionalized with a specific capture DNA sequence. Although the proof-of-principle of LSPR DNA 

sensors could be demonstrated, the full multiplexing potential was not yet realized. Ruemmele et al. 

demonstrated a parallel spectroscopic read-out of isolated circular regions of nanodisk arrays modified 

by hand with a pipette 22. 

Theoretically, each single particle with different capture molecules could act as an independent sensor. 

However, this demands independent and well controlled conjugation of each nanoparticle with different 

capture DNA. So far, such multiplexed conjugation was demonstrated by the technique of a time-

sequential adsorption of nanoparticles and bio-conjugation 23,24. However, this approach is hardly 

practical. It requires a single particle resolution, and does not allow routine applications outside of the 

research laboratory. Therefore, micro spots of metal nanoparticles were used, because they can be easily 

independently modified by capture DNAs. To fabricate the metal nanoparticles, two general approaches 
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are possible, lithographic (top-down) or self-assembly (bottom-up). Although lithographic approaches 

allow for a high-precision of the geometry of each sensor, and also the arrangement of the spots, it has 

the drawback of higher costs based on the required clean-room technologies. The last decades have 

witnessed the development of simpler replication tools such as soft-lithography including nanoimprint, 

improving the access to such technologies 25,26. On the other hand, the bottom-up side could be realized 

using chemically synthesized metal nanoparticles, which have superior plasmonic properties due to their 

crystallinity, compared to the rather polycrystalline lithographic sensors 27. 

Here we present the utilization of chemically synthesized nanostructures, using immobilization 

technologies - for both particles as well as for the attachment of capture DNA molecules – which are 

established in the DNA microarray field. The schematics of this new approach are in Figure 1.

Figure 1. Schematic of the sample preparation and measurement principle. (a) Nanoparticle immobilization on APTES modified glass 

substrates by a piezoelectric dispenser system. (b) Dark-field image of the resulting nanoparticle spot array (scale bar  = 200 µm). (c) After 

a washing step and ozone cleaning the nanoparticle spots were functionalized (by spotting) with various thiolated DNA sequences. (d) 

Subsequently the plasmonic microarray was integrated in a microfluidic chamber and the measurement of the whole assay was conducted 

by a Fourier-transform imaging spectrometer shown in (e). (f) Sensing priciple of the LSPR microarray. Upon the introduction of labeled 

complementary DNA sequences in the chamber, it will bind to capture DNA (which is immobilized on certain particle spots), thereby 

change the local refractive indes, which can be measured as a peak shift by the imaging spectrometer.

We used chemically synthesized gold nanoparticles (diameter 80 nm) as sub-monolayer in a spot array 

on a glass substrate where each spot is subsequently modified separately with a specific capture DNA 

sequence. Binding of the capture strands was enabled by the reaction of a terminal thiol functional 

group with the gold particle surface. Thus, when located in a flow chamber and incubated with a 

solution containing target DNA, this DNA will bind specifically to the spot with the complementary 

capture DNA. This binding induces a change of the spectroscopic properties of this spot (red-shift of the 

LSPR peak position), which is monitored by a Fourier-transform imaging spectrometer. The sensitivity 

of the assay is enhanced by conjugation of DNA with small nanoparticles (this step requires pre-

treatment of the sample by DNA amplification technique (PCR)). The multiplexing ability of this setup 

is successfully demonstrated for the detection of various pathogenic fungi and their identification. 

Control experiments using other DNA sequences demonstrated the high specificity of the hybridization-

based approach.  
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Results and Discussion 
To obtain the extinction spectra of a single nanoparticle spot, the hyperspectral data cube is cropped by 

object recognition into regions of interest (ROIs), each including one nanoparticle spot in the center of 

the cropped hyperspectral cube (see red outline in Figure 2a). Figure 2a shows the intensity of the spot 

array including 50 nanoparticle spots at 519.8 nm. The nanoparticle spots appear as dark greyish regions 

while the background appears brighter. The background intensity  under the nanoparticle spot 𝐼0(𝑥,𝑦,𝜆)

is interpolated by a hyperbolic surface fit. The nanoparticle spot and disturbances in the background are 

excluded in the calculation of the surface fit. Subsequently, the hyperspectral image slice is normalized 

on the background (see Figure 2c). The interpolation of the background and normalization is performed 

for all wavelength slices of the hyperspectral data cube. Chromatic aberration leads to lateral shifts in 

the x and y position between the wavelength slices of the hyperspectral data cube. These shifts are 

calculated by cross-correlating the normalized image slice  of the smallest wavelength with all 𝑁(𝑥,𝑦,𝜆)

consecutive wavelength slices. The obtained shift vectors are then used to correct for the shifts between 

the wavelengths slices. Locations of nanoparticles are identified by object recognition (green outline in 

Figure 2d). Due to the manufacturing process the distribution of the nanoparticles in the spots is not 

completely homogenous. Especially close to the edges the nanoparticle density is higher (see dark field 

image in Figure 1b). Furthermore there might be disturbances in the distribution due to dust particles, or 

areas where no nanoparticles attach. These areas are identified and excluded. The LSPR positions of the 

extinction spectra were determined if not stated otherwise as in Dahlin et al. 28.

The typical arrangement of the nanoparticles spot array is visible in the optical overview in Figure 2a: 

Spots of about 200 µm in diameter are fabricated in a 5x10 arrangement on a chip. In order to obtain the 

spectroscopic properties of each individual spot, the following image processing routines are utilized: 

Object recognition based on thresholding extracts the individual spots from the background (Figure 2b), 

and the background intensity is extrapolated for each wavelength slice (Figure 2c). Then, an averaged 

extinction spectrum is calculated of the given spot (Figure 2d). The high reproducibility of the 

measurements including the subsequent image processing routine is demonstrated in Figure 2d for 10 

different measurements of the very same spot. This achieved reproducibility ensures that the spectral 

shifts can be reliably detected.
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Figure 2. Image processing steps to calculate the extinction spectrum of a single nanoparticle spot. (a) Calculated bright field image of a 

nanoparticle spot array on glass at 519.8 nm. (b) Input area   for the calculation of the hyperbolic surface fit used to 𝑰𝟎(𝒙,𝒚,𝝀 = 𝟓𝟏𝟗.𝟖 𝒏𝒎)

extrapolate the background intensity under the nanoparticle spot. (c) Hyperspectral image slice after normalization by the calculated 

surface fit. (d) Averaged extinction spectrum of 10 subsequent measurements of the tagged nanoparticle spot. The standard deviation is 

plotted as grey area.  

Characterization of spots

Ten measurements on 50 not-yet functionalized particle spots in air were conducted to check for 

possible variations introduced by the manufacturing process of the spots. The LSPR extinction spectrum 

of each spot was obtained using the procedure described above (see Figure 2) and the LSPR peak 

position was determined by calculating the peak maximum of the extinction spectrum of each 

nanoparticle spot. Figure 3a shows the extinction spectra averaged over 10 measurements of all spots. 

Figure 4b shows the distribution of the peak maxima of these nanoparticle spots. The LSPR peak 

maxima range from 527.4 nm to 530.7 nm with an average of = 529.3 nm ( ). The analysis  𝜇 𝜎 =  0.7 𝑛𝑚

showed that the generation of sensor spots using a piezoelectric dispenser system leads to remarkably 

reproducible extinction spectra of the fabricated spots. As a measure of the instrument’s uncertainty of 

peak determination the standard deviation of the LSPR peak maxima obtained from ten measurements 

was calculated for each sensor spot. The distribution is shown in the inset in Figure 4b. The average 

standard deviation was 0.9 nm.

To estimate the particle density in the center region of a nanoparticle spot, an AFM measurement of a 

surface area of 100 µm2 in the center of a nanoparticle spot was conducted (see cutout of the 
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measurement in the inset of Figure 3a). The measured particle density was determined to be

. The average height of the investigated gold nanoparticles was 79 nm, which  ~ 2 particles/µm2

corresponds well with the manufacturer’s specification of 77.5 nm. 

The extinction cross section  of a 80 nm particle was calculated using Mie-Theory (Figure 3a 𝐶𝑒𝑥𝑡(𝜆)

dashed line). Substrate effects were taken into account as in Curry et al. 29 using an effective refractive 

index of  = 1.15 of the medium surrounding the particle. The calculated peak wavelength  was 𝑛𝑒𝑓𝑓 𝜆𝑀𝑖𝑒
𝑚𝑎𝑥

526.9 nm, which corresponds very well with the measured average value of  = 529.3 nm. By 𝜇

employing the value of the cross section at the peak maximum  and the 𝐶𝑒𝑥𝑡(𝜆𝑀𝑖𝑒
𝑚𝑎𝑥) =  2.3 ∗ 104 𝑛𝑚2

averages value at the extinction maximum  at the peak maximum we were 𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛(𝜆𝑚𝑎𝑥) = 0.018

able to estimate the particle density to be . Latter value is an average over the ~ 0.8 Particles/µm2

whole spot area. The size of the AFM investigated area represents only a small fraction of the whole 

sensor spot area explaining the discrepancy between the determined values. However, the results are 

still in good agreement with the theoretical expectations.

Figure 3. (a) Extinction spectra of 50 individual NP sensor spots averaged over ten measurements. The black dashed line shows the 

calculated extinction cross section for an 80 nm spherical gold nanoparticle. The inset shows a cutout of an AFM measurement of the 

center region of a sensor spot (b) Distribution of the determined peak wavelengths of the 50 individual nanoparticle spots. The vertical red 

line indicates the average at 529.3 nm. The inset depicts the distribution of the standard deviation (STD) of the LSPR peak maxima 

obtained from ten measurements. 

Page 6 of 20

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

Sensor preparation

After successful characterization of the plasmonic chip, sensor setup, and the image processing 

algorithm, the plasmonic chip bio-conjugation was optimized. Therefore, various capture DNA 

sequences (cf. Figure 7) were attached to the different sensor spots using covalent attachment on the 80 

nm particles via a terminal thiol-group. 

For this experiment, an ensemble of 40 nanoparticle spots was modified with five different kinds of 

capture DNA sequences, Cand_C, Asper_C, Pan_C, Bact1_C and Bact2_C (see Table 1) with five 

replicas each. Additionally, as negative control, citrate buffer (CB, representing the buffer used) was 

spotted on 15 nanoparticle spots (see Supporting information for spot layout). After the integration in a 

microfluidic flow cell, the given assay workflow was conducted. 

After attachment of capture DNA, the spectroscopic response of the spots in the array was measured and 

plasmon peak position was determined. Figure 4a shows the distribution of LSPR positions of the 

extinction spectra of the nanoparticle spots after the first washing step with 5xSSC (workflow step 2, 

Experimental Section). Clearly visible is a separation between the negative control (citrate buffer) 

around 555 nm, and the DNA-modified spots with a peak higher than 556 nm. The average LSPR 

position of the individual DNA modified groups ranges from 556.2 nm (for the Bact2_C), to 559.1 nm 

for the spot modified with Bact1_C DNA sequences. The larger LSPR positions of the spots modified 

with DNA indicate a successful binding of the thiolated DNA on the nanoparticles at each spot. A 

variation of the signals in each measurement of about 2 nm is apparent. Reasons can be assumed both 

on the particle side (inhomogeneity of the plasmonic particle size and distribution), but also on the DNA 

attachment as well as on the measurement side. 

Single-stranded DNA (such as the utilized capture) is known to adsorb along its strand on gold 

nanoparticles, lowering thereby the access for binding to complementary DNA (= hybridization), 

resulting in a lower efficiency of that reaction. In order to minimize this undesired adsorption, co-

adsorption with a short alkanethiol like MCH is suggested 30–32. This short molecule will – by binding of 

its thiol-terminus to the gold surface - cover the nanoparticle surfaces and therefore decrease the 

unspecific binding of DNA on the nanoparticle’s surface. On the other hand, unspecific binding of the 

DNA somewhere else in the flow-through setup has to be minimized, which is realized by incubation 

with herring sperm DNA 33. After these two steps (incubation with MCH as well with herring sperm 

DNA, each step followed by washing), which represents steps 3-6 of the protocol (see Experimental 

Section), another spectral measurement was conducted. Shifts of the peak wavelength are plotted in 

Figure 4b. The negative control (CB) shows no significant change, because the spectral shift induced by 

the MCH was below the detection limit of the hyper spectral system. However, an indirect prove of the 

MCH binding is given by the subsequent not binding of herring sperm DNA (This binding would induce 

positive LSPR shift similar to that in Figure 4a). The capture DNA show a negative shift, that means the 

application of MCH and then herrings sperm DNA induces a decrease in the (effective) refractive index 

at the particles surface. In contrast to a wider variation of measurements of the control (variation of up 

to 2 nm shift), the capture DNA modified particles show a narrower distribution of below 1 nm 

variation. The negative LSPR shift could be explained by a release of the surface-adsorbed (due to 

unspecific binding) DNA and conformational changes of the thiol-bound DNA strand due to the co-

adsorption of MCH on the particle surface 30. To estimate which effect dominates the induced blue shift 

a Mie-theory-based simulation of a core-shell nanoparticle-DNA-composition of a spherical gold 

nanoparticle with varying DNA confirmations was performed (see Supporting information). The 
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simulation shows that the after the adsorption of DNA the LSPR shift is around 2.5 nm, which is in the 

agreement with measured data (see figure 4a). The standing up of the DNA molecules induces a rather 

small blue shift (<0.5 nm) due to the decreasing sensitivity of the LSPR shift perpendicular from the 

surface. However, the mayor reason for the shift is desorption of not-covalently bound DNA on the 

surface induced by the adsorption of MCH layers, which is strong for DNA with more than 24 bases 

documented by Steel et al. 34. The effect of not-covalently adsorbed DNA is especially prominent in the 

used single stranded DNA 35. The simulation of standing up DNA and desorption of 50% DNA is also 

presented in Figure S 4 (Supporting Information) and leads to around 1.5 nm blue LSPR shift. There is 

no straightforward explanation of the different behavior especially of the first sequence (Cand_C) 

compared to the other four (like different length or the presence of certain base combinations at the 

end). However, as all spots are stronger blue-shifted there, it seems to be connected to the DNA 

sequence, which is apparently easier and/or more completely released from the surface. 

Figure 4. (a) Absolute LSPR positions of the NP spots modified (by spotting) with buffer only (negative control, CB) and various thiolated 

DNA solutions. (b) LSPR shift after the coadsorption with MCH and passivation with herrings sperm DNA (both by incubation the 

complete sample surface). 

Detection of DNA target sequence

The potential of the proposed approach is demonstrated using synthetic pathogen sequences of 19-27 

bases lengths as listed in table 1. Thereby, sequences from fungi involved in sepsis were utilized, 

including from Candida spp. and Aspergillus spp., as well as a more general fungal sequence 

(Panfungal), and complemented by two bacterial pathogen sequence (Bact1 and Bact2). 

In the hospital, the identification of pathogens is a key step towards an effective therapy, and can be 

realized using either culturing (which takes days and is therefore too long for sepsis application) or 

PCR. We envision a consensus PCR amplifying all fungi DNA in the patient sample, and a subsequent 

multiplex identification of the various individual fungi in the PCR mixture using the proposed array. 

Complex samples e.g. whole blood would be preprocessed by DNA purification similar as in Lehmann 

et al. 11 or cartridge systems to obtain pathogen DNA sequences for PCR amplification. This work-flow 

is simulated here using – instead of PCR products – synthetic target DNA containing the pathogen DNA 

sequence. 

Solutions containing one target DNA sequence with a 5 nm nanoparticle label (see Figure 7) were 

incubated with the complete sensor array. In the case of complementary capture and target sequence, 

binding should be observed, which should lead to a resonance peak shift of the respective particle spot. 

The spectroscopic readout was conducted as described earlier. 
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Binding of the labeled DNA sequences was crosschecked by investigating ca. 10 mm diameter sensor 

areas prepared by manual pipetting as in Jatschka et al. 36. Helium ion microscopy (HIM) 37 was 

conducted on such a sample after hybridization of 5 nm nanoparticle labeled DNA sequences on 80 nm 

spherical nanoparticles. These images confirm the efficient hybridization of the complementary DNA 

sequences (see Supporting Information for HIM images), which also agrees well with the spectroscopic 

results. Although hampered by surface charges, about five labels (5 nm particle) were visible on each 

larger (80 nm) nanoparticle. 

Each DNA sequence was immobilized on five separated spots. The contour of these spots are in 

Figure 5. Each spot is false color-coded according to the averaged wavelength shift observed at this 

spot. Figure 5a shows the sensor response upon injection of a labeled Aspergillus sequence (Asper_T). 

On the left, the averaged extinction spectra of the individual DNA modified nanoparticle spot groups 

before (red) and after (blue) the injection of the labeled Asper_T-DNA sequence are shown. 

The spots with a sequence complementary to Aspergillus (Asper_C) show the highest response with a 

significant signal (about 10 nm wavelength shift), some (but much less) shift is also observed for 

Candida and Bact2. This result demonstrates the high-specificity of the binding of DNA-DNA 

interaction in case of complementary sequences, and at the same time the quite minimal (non-

measurable) unspecific binding as visible for Pan_C and Bact1_C sequence, which serve as a negative 

control. The low but still observable binding at Cand_C and Bact2_C can be therefore attributed to 

some residual base complementarity based on the utilized sequences, which could be minimized by 

further sequence optimization. This work is focused primarily on the demonstration of the potential of 

such plasmonic based bio-sensors, and therefore the evaluation of the limit-of-detection (LOD) was not 

carried out at this stage. However, from the presented data we can assume the limit of detection is at 

least 60 nM of DNA if one-to-one hybridization between the target DNA and 5nm small gold 

nanoparticles is achieved. Moreover, this plasmonic sensor is envisoned to be combined with DNA 

enrichement technique (e.g. PCR), which should allow to achieve significantly lower LOD with a 

yes/no answer 38.

Alternativelly, the detection scheme can be based on the observation of dehybridization of a double 

stranded DNA. First, the target DNA is incubated in the sensor chip. The LSPR peaks of the spots are 

measured, dehybridization is carried out and then the LSPR shift is measured again. The presence of the 

target DNA induces a negative schift at the spots with the complementary capture DNA. This approach 

has potential to simplify the fluid handling. In principle, DNA hybridization can be reversed using 

temperature increase or chemical means, in order to open the involved hydrogen bonds. A regeneration 

step with 10 mM HCl for 10 min was determined as the optimal chemical approach for the studied 

system. The HCL-based regeneration of the sensor spots is shown in Figure 5b: The removal of the 

previously attached target DNA with nanoparticle label results in a negative LSPR shift, which is clearly 

observed in the case of Asper_C sequence, and rather weakly for Cand_C. These negative LSPR shifts 

indicate the successful dehybridization (release of the target DNA into solution). Moreover, this 

dehybridization protocol can be used to regenerate the plasmonic chip in order to use the chip 

repeatedly.
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Figure 5. Sensor response of DNA modified NP spots upon the injection of Asper_T labeled DNA sequence (a) and the regeneration 

(dehybridization) step with HCl (b): (a) Extinction spectra averaged over all NP spots modified with a specific capture DNA sequences 

before (red solid line) and after (blue solid line) the injection of Asper_T labeled DNA sequence. False color image of the LSPR shifts of 

the DNA modified NP spots. Each spot is color coded according to its LSPR shift. (b) Extinction spectra averaged over the NP spots 

modified with a specific capture DNA sequences before (red solid line) and after (blue solid line) the injection of 10 mM HCl. False color 

image of the LSPR shifts of the DNA modified NP spots. Each spot is color coded according to its LSPR shift. The complete hybridization 

and the corresponding denaturation shifts of the complete assay run are depicted in the bar graphs in figure 6. 

Multiplex assay

After investigating of just one target sequence (Asper_T) when incubated with the chip, now a series of 

different target sequences (Cand_T, Asper_T, Pan_T, Bac1_T, Bac2_T) were subsequently hybridized 

to the chip. After each sequence, the chip was regenerated using HCl treatment as described before. For 

Cand_C, Asper_C, Pan_C and the Bact1_C spots the largest LSPR shift were observed when the 

corresponding complementary labeled DNA sequences were injected and hybridized, with average 

shifts ranging from 7.2 nm to 10.7 nm indicating the specificity of the assay (Figure 6a). When Bact2_T 

sequence is injected the largest shifts were observed at spots modified with Asper_C capture DNA, and 

not – as expected – the complementary capture sequence Bact2_C. These unexpected unspecific 

bindings were also observed in additional measurements (see Supporting Information) and can be 

explained by the design of the DNA-assay. Apparently the selection of the sequences (Asper_C and 

Bact2) shows some homologies leading to (partial) cross complementarity. This was confirmed by in 

silico energy balance calculation 39 of the DNA hybridization between all capture DNA sequences and 

the target sequence Bact2_T (see Supporting information for further simulation details).

Note that at the denaturation step (shown in Figure 6b) after the injection of the first labeled DNA 

sequence (Cand_T), the negative LSPR shift upon the denaturation is smaller than the previous 

(positive) LSPR shift upon the hybridization event. This might be due to binding of the labeled DNA 

with nanoparticles on the APTES modified glass surface in close vicinity of the nanoparticles 

incorporated in the spot. For all subsequent hybridization and denaturation steps, the magnitude of the 

LSPR shifts upon hybridization and denaturation corresponds and correlates very well. 

The presence of single stranded capture DNA sequences after the dehybridization on the sensor spots 

was verified after the chemical removal of the target sequence Bact2_T. The very same sensor array was 

successively re-incubated with the corresponding labeled target sequences and spectral measurements 

were conducted after each incubation step (workflow steps 14-16, Experimental Section). Note that the 
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11

denaturation step was omitted between the incubation steps. The measured LSPR shifts after each 

incubation step are shown in figure 6c. The specific and unspecific shifts are smaller compared to the 

first hybridization event (see figure 6a). Due to the omission of the denaturation step the corresponding 

capture sequences were occupied after each incubation step. Therefore, the unspecific response of the 

Asper_C modified spots after the incubation with the target sequences Bact2_T is not so pronounced. 

Two more additional measurements showing the reproducibility of the measurement are in Section 

Reproducibility measurement of supporting information. 

Figure 6. (a) LSPR shifts of the DNA modified sensor spots upon injection of various labeled target DNA sequences and (b) the 

corresponding shifts after the denaturation. After each injection of target DNA a spectral measurement was conducted, followed by a 

denaturation step and another measurement. (c) LSPR shifts of the DNA modified sensor spots upon the re-incubation of various labeled 

target DNA sequences. Note: Compared to the data shown in (a) no chemical regeneration by was conducted between the incubations with 

various labeled target DNA sequences.
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Conclusion

The reported work demonstrates the potential of a spotted plasmonic nanoparticles array for multiplexed 

LSPR-based molecular detection. Various DNA sequences specific for pathogen DNA can be detected 

in parallel by attaching the complementary sequences as capture probes to the nanoparticle spots, and 

monitoring the binding using spectroscopic means. It is shown that the binding occurs highly specific 

depending on the sequences chosen, and that the attachment of complementary DNA can be reversed 

using chemical means (10 mM HCl). This regeneration allows for repeated use of the same chip for a 

specific detection of DNA sequences, no significant residual binding resulting in a chip aging was 

observed. This dehybridization can be also used as sensing principle in an assay. 

Additionally the advantages of LSPR sensing in a multiplexed assay have been demonstrated. Although 

in the example sequences labeled by nanoparticles were used, own as well as literature results 

demonstrated the LSPR detection of DNA hybridization events in a label-free manner for individual 

measurements, which will be extended to the multiplexed approach introduced here when the utilized 

setup is optimized regarding its sensitivity and signal-to-noise ratio. Thereby a highly multiplexed, 

LSPR-based detection approach with optical readout will be realized with a variety of potential 

applications in biosensing and biomedical diagnostics. 
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Experimental Section

Materials

20 x SSC buffer, nuclease free water and, HCl were purchased from Carl Roth GmbH (Carl Roth GmbH 

+ Co. KG, Karlsruhe, Germany). 6-Mercapto-1-hexanol, Tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), BSA and trisodium citrate dihydrate were purchased from Sigma (Sigma Aldrich, Munich, 

Germany). Citrate buffer (CB) was prepared by dissolving trisodium citrate close to a concentration of 

500 mM and adjusted to pH 3.0 with concentrated HCl. Subsequently the volume was adjusted to a final 

concentration of 500 mM. 

DNA: Capture and target sequences

All capture (DNA attached to the nanoparticle sensor) and target DNA oligonucleotides were purchased 

from biomers.net GmbH (Ulm, Germany) with 5’-C6-thiol modification. Before usage the thiolated 

DNA was treated 45 minutes with TCEP (200 x). DNA sequences from the following fungi species 

were used: Aspergillus spp. (Asper) and Candida spp. (Cand). As positive control a oligonucleotide 

(Pan_T) exhibiting a general fungal DNA sequence served as capture. As non-complementary 

(negative) controls, sequences (Bact1, Bact2) originating from the Bacillus subtilis were used  where 

Bact2 represents an antibiotic resistance gene.

Table 1: List of capture and target DNA sequences. Aspergillus spp. internal transcribed spacer 2 ribosomal DNA (Asper_C/T), Candida 

spp. 16S ribosomal DNA (Cand_C/T), panfungal translation elongation factor 2 DNA (Pan_C/T), Bacillus subtilis PAL-related lipoprotein 

(slp) gene (Bact1_C/T) and -lactase antibiotic resistance gene (Bact2_C/T). 

   Capture Sequences

Name Sequence 5’-3’

Asper_C 5’-Thiol C6-CAG-CAA-TGA-CGC-TCG-GAC-A- 3’

Cand_C 5’-Thiol C6-TCA-AAG-TAA-AAG-TCC-TGG-TTC-GCC-AT - 3’

Pan_C 5’-Thiol C6-AAG-GTK-TBC-CAG-GTG-AYA-AYG-TTG-GTT - 3’

Bact1_C 5’-Thiol C6-CGC-CTT-ATT-ACG-ATG-CAC-TGC-TT- 3’

Bact2_C 5’-Thiol C6-CCC-GAC-AGC-TCC-GAG-ACG-AAA-CGT- 3’

   Target Sequences

Name Sequence 5’-3’

Asper_T 5’-Thiol C6-TGT-CCG-AGC-GTC-ATT-GCT-G- 3’

Cand_T 5’-Thiol C6-ATG-GCG-AAC-CAG-GAC-TTT-TAC-TTT-GA - 3’

Pan_T 5’-Thiol C6-AAC-CAA-CRT-TRT-CAC-CTG-GVA-MAC-CTT - 3’

Bact1_T 5’-Thiol C6-AAG-CAG-TGC-ATC-GTA-ATA-AGG-CG- 3’

Bact2_T 5’-Thiol C6-ACG-TTT-CGT-CTC-GGA-GCT-GTC-GGG- 3’
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Figure 7. Schematics of the assay: A nanosensor (80 nm gold nanoparticle) on a glass substrate is functionalized with “Capture DNA” (in 

the example: Asper_C) which is complementary (and therefore specific binding) to a certain “Target DNA” (here: Asper_T). This Target 

DNA is labeled with a small (5 nm) gold nanoparticle. When the Target DNA is present in solution, it will bind to the complementary 

Capture DNA, and hence induces a local refractive index change, which results in a shift of the LSPR peak detected by the hyperspectral 

imaging system.

Labeling of the target DNA 

To enhance the shift upon hybridization, 5 nm gold spherical nanoparticles were used as labels. They 

were prepared by a seeding growth process after Jana et al. 40, and acted as labels (see Supporting 

Information for extinction spectrum). The particle concentration was 31 nM 41. The functionalization of 

these particles with thiolated target DNA was conducted by a modified citrate method 42. Briefly, 1 ml 

of the particle solution was mixed with 20 µl of thiolated target sequences (100 µM) after TCEP 

treatment. This was followed by the addition of 20.81 µl citrate buffer (0.5 M; pH 3.0) and the 

incubation under gentle rotation (Thermomixer, Eppendorf (Germany), 400 rpm) for 30 min at room 

temperature. Subsequently, the solution was centrifuged (30 min at 40514 g) and 950 µl of the 

supernatant was removed. The pellet was re-dispensed in 200 µl water and 250 µl 10xSSC.    

Substrate Preparation 

Coverslips (18 mm x 18 mm x 0.17 mm, Thermo Fisher Scientific, Waltham, MA) were used for 

deposition of gold nanoparticles, which acted as nanosensors. The affinity of amino-functionalized 

surfaces for gold nanoparticles was utilized for particle immobilization. Before deposition, the 

substrates were cleaned successively in an ultrasonic bath with water, ethanol, acetone, Rotisol ®, 

ethanol and water for 10 min each. Subsequently, the slides were treated with oxygen plasma for 1 h at 

380 W directly followed by silanization (Fang and Hoh 1998, modified) in 1% APTES (3-

aminopropyltriethoxysilane) (Carl Roth, Karlsruhe Germany) for 10 min. After cleaning with water in 

an ultrasonic bath, the chips were dried under nitrogen flow and stored under argon before usage within 

24 h. 

Spotting and Functionalization of NP spots 

Spherical gold nanoparticles with a diameter of 80 nm purchased from British BioCell International 

(Cardiff, UK) were 80 x concentrated by centrifugation in two steps (each 8 min at 3421 g). They were 

spotted by a piezoelectric dispenser system (Nanoplotter 2.1, GeSim, Grosserkmannsdorf, Germany) 

using a Nano-Tip J (GeSim, Grosserkmannsdorf, Germany), resulting in spots of about 200 µm 

diameter (cf. Figure. 1a). An array of nanoparticle spots (2 x 0.4 nl nanoparticle solution per spot) was 

generated. The center to center distance of the spots was adjusted to 400 µm.  After immbolization of 

the nanoparticles, the chips were washed under movement in water for 10 min and dried under nitrogen 

flow. The substrates were treated for 1 min under ozone (UV ozone cleaner UVC-1014 

NanoBioAnalytics, Berlin, Germany) before immobilization of thiolated capture DNA on the 

nanoparticle spots. A camera system at the print head of the piezoelectric dispenser unit allowed the 
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precise targeting of individual nanoparticle spots. They were then functionalized with individual DNA 

solution (10 x 0.4 nl 100 µM thiolated DNA capture in 250 mM CB buffer). After the immobilization 

the substrates were stored in the fridge at 4 °C for at least 12 h. 

RGB camera imaging

RGB-images were acquired using a commercial RGB camera (AxioCam MRc 5, Zeiss, Oberkochen, 

Germany) attached on a microscope (AxioImager Z1.m, Zeiss, Oberkochen, Germany) in dark field 

illumination. 

Fourier-Transform-Imaging Spectrometer

The hyperspectral imaging system is a custom-built machinery by SIOS Meßtechnik GmbH (Ilmenau, 

Germany) and ABS GmbH (Jena, Germany) on the basis of previous research 43. 

Using the Fourier transform-based imaging spectrometer, a stack of 1402 images with varying optical 

path differences (OPD’s) between the two arms of the interferometer is acquired in step scan mode 

(OPD step size = 100 nm). This image stack is normalized by subtracting an averaged dark image and 

division by a dark image corrected flat-field image. The flat-field image was generated by averaging 

over 100 images of the field of view without sample at large OPD’s. The dark image is acquired 

likewise with turned off light source.

The normalized interferograms were processed by subtracting the dc-offset, which was determined by a 

linear fit, from each interferogram. The interferograms were truncated to 1024 data points in such a way 

that the maximum intensity is located in the center of the truncated interferograms. Apodization was 

performed by a cosine bell curve, blending 1/10th of the beginnings and ends of each interferogram to 

zero. After these pre-processing steps a three-dimensional hyperspectral data cube  is obtained 𝐼(𝑥,𝑦,𝜆)

by taking the absolute value of a pixel-wise fast Fourier transformation followed by smoothing with a 

Gaussian filter ( ) along the third dimension. The first two dimensions of the data cube correspond 𝜎 =   2

to the x and y position of the field of view and the third dimension corresponds to the intensity of the 

image at specific wavelengths, i.e. spectral information.
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Assay workflow / flow assay

The assay chip was integrated in a custom-designed microfluidic chamber (see Supporting Information) 

and connected to a peristaltic pump (Ismatec Reglo ICC, IDEX, Lake Forest, IL). Subsequently the flow 

cell was mounted on the Fourier-transform imaging spectrometer setup and the following 

flow/measurement assay was carried out at a flow rate of 10 µl/min. To reduce the measurement 

uncertainty in the determination of the plasmon peak five repetitions were conducted at each spectral 

measurement step and averaged:

1. 10 min washing with 5xSSC 

2. spectral measurement under continuous 5xSSC flow

3. 15 min injection of a 10 mM 1-mercaptohexanole solution in 5x SSC (coadsorption) 31,32 

4. 10 min washing with 5xSSC 

5. 15 min injection of 100 µg/ml herrings sperm DNA in 5xSSC (surface blocking)

6. 10 min washing with 5xSSC 

7. spectral measurement under continuous 5xSSC flow 

8. 20 min injection of one target DNA sequence labeled with 5 nm particles

9. 10 min washing with 5xSSC 

10. spectral measurement under continuous 5xSSC flow 

11. 10 min injection of 10 mM HCl (sensor regeneration)

12. 10 min washing with 5xSSC 

13. spectral measurement under continuous 5xSSC flow (→ 8.)

After the 13th step the protocol repeats starting with the 8th step for other labeled DNA sequences. 

Subsequently on the sensor regeneration of the last labeled target DNA, the array was incubated with 

various labeled target DNA sequences and hyperspectrally measured. 

14. 20 min injection of one target DNA sequence labeled with 5 nm particles

15. 10 min washing with 5xSSC 

16. spectral measurement under continuous 5xSSC flow (→ 14.)

Supporting Information
Schematic drawing and photograph image of the microfluidic chamber. Absorption spectrum and TEM 

image of the 5 nm gold particles. Spot layout of the assay. Helium ion microscopy images. Additional 

measurements on a varied spot layout. Analysis of sequence homologies of Bact2_C and Asper_T.
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