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Abstract: High refractive index dielectric nanoresonators are attracting much attention due to 

their ability to control both electric and magnetic components of light. Combining confined 

modes with reduced absorption losses, they have recently been proposed as an alternative to 

nanoplasmonic biosensors. In this context, we study the use of semi-random silicon 

nanocylinder arrays, fabricated with simple and scalable colloidal lithography for the efficient 

and reliable detection of biomolecules in biological samples. Interestingly, electric and 

magnetic dipole resonances are associated to two different transduction mechanisms:  

extinction decrease and resonance redshift, respectively. By contrasting both observables, we 

identify clear advantages in tracking changes in the extinction magnitude. Our data demonstrate 
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that, despite its simplicity, the proposed platform is able to detect prostate specific antigen 

(PSA) in human serum with limits of detection meeting clinical needs.

Rapid, highly sensitive and specific detection of biomolecules is a common goal for many 

applications including early diagnosis and treatment monitoring. In this context, emerging 

integrated biosensing platforms (also known as lab-on-chip, LOC) aim at developing point-of-

care (POC) devices with reduced cost and ease of use.1–3 Among the diversity of transduction 

schemes, optical biosensors hold great promises owing to a combination of advantages, 

including highly sensitive, rapid and label-free detection schemes, which are also compatible 

with microfluidic platforms.4 

In particular, analyte detection using localized surface plasmon resonances (LSPR) in 

metallic nanoparticles has been extensively studied over the last decades5–7 and more recently 

integrated into LOC platforms for parallel, multiplexed and sensitive biosensing applications.8–

10 Despite their highly confined electromagnetic modes, LSPR sensors suffer from dissipative 

losses that limit their optical quality factors and hence, their sensing performances. 

High refractive index dielectric nanoparticles (HRDNs) have recently been suggested as a 

potential alternative to their metallic counterpart, due to their lower ohmic losses and highly 

tunable optical responses.11–16 High refractive index dielectric materials have already 

contributed to cloaking,17 super-lensing,18 negative refractive index19 and biosensing.12,20,21 

Light coupling with HRDNs result in both electric and magnetic multipole modes which can 

be engineered by controlling the nanostructure design.22–24 The sensitivity of those resonance 

modes to their surrounding media has been recently shown to be an attractive and competing 

alternative to LSPR biosensors.12,14,21,25–27

Owing to its high refractive index, abundance, compatibility with microelectronics industry 

and well-developed fabrication processes, silicon is one of the most widely used materials for 

dielectric nanophotonics. It was theoretically and experimentally shown that the optical 
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response of silicon nanostructures is highly sensitive to their surrounding environment.12,26,28–

33 First, silicon nanosphere dimers, fabricated by laser ablation, showed a broadening of their 

electric dipole modes upon increase of the surrounding refractive index.12 More recently, 

Bontempi et al. reported on biotin-streptavidin detection with silicon nanodisk arrays, 

fabricated by electron beam lithography (EBL).14 These recent efforts, both theoretical and 

experimental, suggest that Mie resonances in HRDNs have the potential to greatly benefit LOC 

technologies. As an important step towards this goal, EBL-processed periodic silicon nanodisk 

arrays were integrated into a state-of-the-art microfluidic chip to perform real-time detection 

of cancer biomarkers in human serum.21 While at that stage, Si-based nano-optical sensors have 

already reached comparable performances to LSPR counterparts, further developments are 

required to fully exploit their potential. In particular, there is a need to further understand how 

the control over both electric and magnetic dipoles could benefit the detection sensitivity. 

Furthermore, especially within the context of point-of-care applications, one need to identify 

cost effective strategies to fabricate HRDN sensors over large areas.

Here, we present a platform which contributes to both objectives. A semi-random array of 

silicon nanocylinders (Si-NCs), fabricated by low-cost and scalable colloidal lithography, is 

integrated into a microfluidic environment to perform prostate specific antigen (PSA) detection 

through two different transduction mechanisms: resonance redshift and extinction reduction. 

Interestingly, we find these observables are associated to electric and magnetic dipole 

resonances, respectively. Through real-time tracking of both signals, we demonstrate that 

extinction reduction, mainly related to the electric dipole, leads to better sensing performances 

in our configuration.

Our sensing chip consists of a semi-random array of Si-NCs integrated into a microfluidic 

environment. Similar arrays have previously been used in a LSPR biosensing schemes.34–38 

Electric and magnetic dipole resonances of a Si-NC depend on the cylinder height and radius, 
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as well as the surrounding media. In this study, we choose a Si-NC height of 130 nm, in order 

to support both electric and magnetic dipole resonances, as illustrated in Figure 1a. In order to 

determine the optimum radius of individual Si-NCs, we examine their refractive index 

sensitivity by numerical simulations using COMSOL FEM solver. Here, isolated Si-NCs are 

placed on a glass substrate and excited by linearly polarized light. In Figure1b, we study the 

extinction spectrum shift due to the change of the superstrate refractive index from 1.33 to 1.35. 

Figure 1b shows that 140 nm radius provides the highest sensitivity for resonance wavelengths 

below 1000 nm, which serves as the upper limit when using Si-based CCD cameras. As shown 

in Figure 1c, this optimum case corresponds to overlapping electric and magnetic dipole 

resonances that result in a single peak in the extinction spectrum. 

Figure 1. Numerical investigation of individual Si-NCs. a) 130 nm tall Si-NCs can support both 

(top) electrical and (bottom) magnetic dipolar resonances. b) The extinction cross section of 

130 nm tall Si-NCs with varying radius, situated on a glass support surrounded by media with 
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either n = 1.33 or n = 1.35. c) The extinction cross section is mainly composed of (top) electrical 

and (bottom) magnetic dipolar modes. 

In order to achieve fast, cheap and large-scale fabrication, we use colloidal lithography and 

fabricated semi-randomly distributed Si-NCs of height 130 nm and radius 140 nm with electric 

and magnetic dipole resonance at 900 nm in aqueous environment (Figure 2). We first coat Si-

on-quartz substrates with 50 nm gold with 2 nm titanium adhesion layer. Then, we drop-cast 

sulfate latex beads of 0.2% w/v on the gold surface (Figure 2b). The beads are charged and 

therefore repel each other and form a semi-random array, that is, without any long-range order, 

but with a typical nearest neighbour distance.39  We use them as a reactive ion etching mask 

for etching the gold layer with argon gas. Next, we remove the beads from the surface of the 

etched gold nanodisks by an adhesive tape (Figure 2c) and use the patterned gold mask for 

etching the silicon layer with RIE using SF6 and C4F8 gases. Finally, we clean the substrate by 

piranha solution, which removes the gold mask layer by etching away the Ti layer below (for 

further details on the fabrication, see the Methods/Experimental section below). 

The SEM image of the semi-randomly distributed Si-NCs are shown in Figure 2d. With this 

EBL-free method, the whole sample area can be patterned with nanostructures simultaneously 

without altering the fabrication time or cost. The areas on the substrate to be patterned can be 

selected by tape stripping the beads away before using them as an etch mask. More precise 

bead stripping method is described by Acimovic et al. for patterning the sample surface with 

precision of few micrometers using a homemade PDMS stripping tape.40 For our sensing 

device, we tape strip the edges of the sample, leaving the NCs only at the central region of 0.5 

cm2 on the chip. 

The extinction spectra of the semi-random Si-NC array measured in air and in water are 

shown in Figure 2e. The resonance position in air and in water was 870 and 900 nm, 

respectively, showing a clear redshift due to the large refractive index change of the local 
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environment. Furthermore, the extinction amplitude is reduced in water compared to the 

spectrum in air, which is in-line with previous reports.12,27,33

Figure 2: Semi-random silicon nanocylinder (Si-NC) arrays. (a) Fabrication steps of semi-

random Si-NC arrays. (b) Dark field microscopy image of the sulfate latex beads dropcasted 

on the gold layer. (c) The SEM image of the substrate after the tape stripping step showing the 

stripped regions with gold nanodisks (above the dashed line) and unstripped regions with the 

beads on top of gold nanodisks (below the dashed line). (d) The SEM image of the Si-NCs on 

quartz after piranha cleaning of the substrate to remove the gold mask. (e) The measured 

extinction spectra of the silicon disks in air (black) and in water (grey).

To test the sensing performance of the fabricated Si-NC arrays, we integrate it into a 

multilayer microfluidic network of PDMS,9 which enables the control of the sample flow on 

the sensing regions that are separated by microfluidic channels (Figure 3a). The eight distinct 

channels for sample detection are accessible by a common inlet or individually through 

different inlets on the chip, allowing parallel measurements, as illustrated in Figure 3b. The 
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sample flow is controlled by regulating the pressure on the control network of the chip through 

electronic valves. By altering the pressure on the control channels, the micromechanical valves 

on the chip are opened and closed, enabling and disabling the flow of reagents and samples in 

the chip. The electronic valves are controlled by a custom software that is programmed to run 

complex operational steps automatically. The microfluidic chip design and the operation 

principles, as well as the fabrication procedure are described in Acimovic et al.9 and Yavas et 

al.21 This configuration is crucial for rapid and practical execution of complex immunoassay 

steps in a highly controlled environment. 

Results/Discussions

Initially, we evaluate the bulk refractive index sensitivity (BRIS) of the Si-NCs by 

sequentially flowing different percentage glucose solutions through the channels and tracking 

the centroid position and the extinction amplitude. The centroid shift of the extinction peak 

with respect to the refractive index of the glucose solution is shown in Figure 3c-d. The semi-

random Si-NC arrays exhibits a BRIS of 86 nm/RIU by the conventional centroid tracking 

method. Previously, periodic arrays of 50-nm high silicon nanodisks were showed to exhibit 

significantly higher BRIS value (227 nm/RIU), due to diffractive modes induced by the 

periodicity.21 It is important to note that high BRIS value does not necessarily correspond to a 

lower limit of detection (LOD) in molecular sensing, as the mode volume and the spatial 

distribution of the BRIS also plays a crucial role in the biosensing performance.41,42
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Figure 3: Sensing chip and the bulk refractive index sensitivity (BRIS). (a) A photograph of 

the integrated microfluidic chip. The sensor array in the middle of the chip is seen as a darker 

region below the channels. The chip is 25x25 mm with a thickness of 0.5 cm. (b) The 

microfluidic flow (blue) and control (red) channel network with Si-NC array aligned with 8 

sensing channels. The fluids can be flown into all the 8 channels through a common inlet 

(yellow), or individually through individual inlets (green). Unlabelled blue channels are the 

waste outlets of the chip. (c) The extinction spectra of the sensors in glucose solutions of 

varying concentrations. (d) The respective centroid shifts from (c). The slope of the linear 

response of centroid position to changing refractive index is the BRIS. (e) The real time traces 

of the extinction amplitude response to changing refractive index by sequential flow of 

different percentage glucose concentrations. The inset shows the wavelength positions the three 

measurements: the peak wavelength (black line), at 900 nm (red line) and at 890 nm (blue line). 

(f) The extinction reduction sensitivity as a function of wavelength. The extinction reduction 

(ER) is the negative change of extinction signal with respect to the refractive index. The highest 

sensitivity was reached at 890 nm (blue). The change in extinction with respect to the refractive 
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index, n, of the surrounding medium is shown in the inset for 890 nm, 900 nm and at the peak 

position of the extinction.

In addition to the centroid shift, we notice that the extinction is reduced while increasing the 

surrounding refractive index, as seen in Figure 3c. Based on this observation, we evaluate the 

sensing performance of our sensors by tracking the extinction reduction in Figure 3e-f. We 

define extinction reduction as the negative change in the extinction signal. In Figure 3e, the 

real-time response of the extinction amplitude to the sequential flow of the distinct glucose 

concentrations, with washing steps in between, is presented for three different cases. We show 

the extinction amplitude change at the peak maxima, at 900 nm and at 890 nm, exhibiting a 

linear dependence to the refractive index. The whole wavelength range scanned for the 

maximum extinction reduction sensitivity is shown in Figure 3f, which shows that at 890 nm 

the sensitivity is the highest. These results suggest that detection could be performed by 

monitoring the extinction amplitude at a defined wavelength (without the need for measuring 

the entire extinction spectrum), hence strongly simplifying the optical set-up.

To back up our experimental observations and study the origin behind the two different 

transduction mechanisms, we performed extensive numerical simulations using COMSOL 

FEM solver (See SI for the semi-analytical calculations by island film theory16,43). First, we 

simulated and compared the single and ensemble of Si-NCs. Figure 4a and c show the 

resonances of an isolated silicon Si-NC in aqueous solution while Figure 4b and d demonstrate 

a small part of a semi-random array of Si-NCs under identical conditions. As seen in Figure 

4a, the resonance position of an isolated Si-NC redshifts and the extinction amplitude decreases 

as the surrounding refractive index increases. However, this effect is enhanced as more Si-NCs 

are assembled in a semi-random array. As can be seen in Figure 4f, the resonance shift for the 

array is about twice larger than for an isolated Si-NC. Also, the extinction reduction is increased 

by a similar amount (Figure 4g). These results are likely due to increased shielding effects on 
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the interparticle electromagnetic coupling induced by the increased refractive index of the 

surrounding medium. While plasmonic metal nanostructures in similar arrangements have 

shown negligible coupling,43 the mode extension for Si-NCs is significantly greater.21 

Furthermore, due to limited computation power, we only modelled 10 nanostructures in the 

semi-random array assembly. We foresee the observed effects to increase further in larger 

arrays, reducing the mismatch with experimental observations. 

For the parameters of the fabricated Si-NCs, both magnetic and electric fields are enhanced 

at resonance. Interestingly, by separating the extinction cross section into electric and magnetic 

dipolar components (Figure 4e), the underlying mechanisms behind resonance shift and 

extinction reduction can be unveiled. From Figure 4f and g, it appears that the magnetic 

resonance is responsible for the resonance redshift, while the extinction reduction is related to 

the electrical dipole. This observation explains the sources of the experimentally observed 

resonance redshift and extinction reduction reported above. 
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Figure 4: FEM simulations of Si-NCs. The extinction cross section of (a) a single Si-NC and 

(b) the average response from a semi-random Si-NC array of 10 particles, surrounded by media 

with different refractive indices. The E-field and H-field enhancements of (c) the single Si-NC 

and (d) the semi-random Si-NC array, around the resonance wavelength (940 nm). (e) The 

electric and magnetic dipolar (e.d. and m.d.) components of the extinction cross section of the 

Si-NC array. (f) The extinction peak shifts due to changing refractive index of surrounding 

medium. The m.d. resonance of the Si-NC array (red circles) and the total extinction of the Si-

NC array (blue squares) and total extinction of a single Si-NC (black triangles) are analysed 
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and compared separately. (g) The wavelength dependence of the extinction cross section 

reduction (ERσ) due to changing refractive index.

Finally, in order to demonstrate the biomolecule detection capability of our platform and 

compare both aforementioned transduction mechanisms, we focused on the detection of 

prostate specific antigen, PSA. PSA is a protein cancer marker whose concentration in serum 

tends to overpass its normal level (4-10 ng/ml) for patients affected by prostate cancer.44,45 The 

sandwich immunoassay scheme we use is sketched in Figure 5a. The binding events are 

observed in real-time as a redshift of the resonance centroid and a reduction of the extinction. 

First, a selective monoclonal capture antibody for PSA is immobilized on the sensor surface in 

all eight channels, through passive adsorption, as in enzyme linked immunosorbent assay 

(ELISA). Then, through individual inlets, eight calibration samples in PBS-BSA (Phosphate 

Buffer Saline-Bovine Serum Albumin, 1%) buffer with different PSA concentrations is flowed 

into the distinct channels and the PSA is captured by the antibody on sensor surface, leading to 

additional adsorption signals. One of the eight channels was used as a control channel, with 

only PBS-BSA(1%) buffer flowing and no PSA. Following the PSA capture step, a polyclonal 

antibody is then introduced in all channels as an amplification antibody, binding to PSA, 

resulting in larger and more detectable signals as well as a higher selectivity of the assay. Each 

step of the sandwich assay is adjusted to be 1 hour to have saturated signal shifts in each 

channel. 

The PSA calibration curves obtained by tracking the resonance centroid redshift and by 

tracking the extinction reduction at 890 nm are displayed in Figure 5b and c, respectively. The 

control channel shows no binding signal, suggesting a high specificity. The limit of detection 

(LOD), calculated conventionally as the EC10 value of the four-parameter logistic curve fit, 

reached by centroid shift tracking was 1.55 ng/ml, which is below the clinical cut-off 

concentration of PSA for prostate cancer detection (4-10 ng/ml). Interestingly, the LOD 
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reached by extinction reduction analysis of the same data is 0.83 ng/ml, outperforming the 

conventional centroid tracking method as well as the well-developed LSPR counterpart.9

Beyond the LOD, another relevant parameter for diagnostics purposes is the dynamic range 

of the calibration curves (EC20-EC80 range), determining the operating ranges of the sensor 

(shaded regions in Figure 5). The dynamic range for the centroid shift-based curve is 2.35 – 

9.79 ng/ml, while the dynamic range for the extinction reduction-based curve extends over 1.87 

– 30.0 ng/ml. While both calibration curves are within the clinically relevant range, the 

extinction reduction-based sensing offers a higher dynamic range and a smaller LOD, which is 

beneficial for diagnostic applications. Error bars in Figure 5 represent the replicas of the 

measurements on the same chip. The coefficient of variation (CV) for replicated measurements 

is between 1.1% and 16.3% for centroid shifts and 0.7% and 25.9% for extinction reduction.

We conclude that the electric dipolar mode, which dominates the extinction reduction 

mechanism, exhibits a better biomolecular sensing performance. This result is due to the higher 

exposure of the electrical mode to the surrounding medium. The magnetic dipolar modes are 

highly confined inside the Si-NCs, resulting in smaller sensitivity to changes at the Si-NC 

vicinity.
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Figure 5: PSA detection results. (a) The sketch of the sandwich assay steps for antigen 

detection. First the capture antibody is immobilized on the sensor surface by passive adsorption 

(i), then the antigen is captured by the capture antibody (ii) and finally the signal is amplified 

by an amplification antibody (iii). (b-c) The calibration curve by the (b) centroid shifts and (c) 

extinction reduction due to the amplification antibody step obtained from the eight channels of 

the chip. Error bars represents the replicas of the measurement on the same chip. 

Additionally, we have also calculated the total extinction reduction for the same 

measurement, by integrating the extinction peak over a wavelength range where the reduction 

is dominant, in order visualize the performance using a broadband illumination and detection 

scheme. Between 840 nm and 920 nm, the extinction reduction of the integrated signal lead to 
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a very similar calibration curve for the PSA detection with LOD of 0.83 ng/ml (data shown in 

supporting information, Figure SI 3), offering a possibility of even cheaper and simpler 

excitation and detection schemes. This result suggests that a LED light source and a simple 

CCD camera or photodiode can be employed for excitation and readout, simplifying and 

reducing the cost of the set-up and providing the opportunity for an efficient POC platform to 

be developed.

PSA detection results demonstrate that on-chip sensing performance of partially randomized 

Si-NC arrays are competitive with their LSPR based counterparts.21 Interestingly, the EBL-

free and scalable sensor fabrication combined with the simplicity of the surface chemistry 

based on passive adsorption, suggest Si-NC arrays as a cost effective solution. Possibilities for 

resonance mode tuning for obtaining higher sensitivities, leaves room for improvement of such 

sensors. 

Conclusions

In conclusion, we have demonstrated on-chip cancer marker detection using semi-

randomized Si-NC arrays, employing the electric and magnetic dipole resonances for sensing, 

with low LOD and clinically relevant operating ranges. The proposed geometry allowed us to 

isolate the biosensing performance of Mie resonances, eliminating the contribution of Bragg 

modes involved in our previous work.21 Two transduction mechanisms were studied and 

compared; extinction reduction that was associated to the electric dipolar mode and the 

resonance redshift mostly governed by the magnetic mode. Our PSA detection results show 

that the electric dipole mode, which is more exposed to the surrounding media, outperforms 

the magnetic mode. Interestingly, tracking the extinction reduction at a fixed wavelength could 

enable cheaper and simpler, spectroscopy-free, read-out, highly relevant to POC applications. 
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Methods/Experimental

Fabrication of Si-NC arrays - Semi-randomly distributed silicon nanoresonators are 

fabricated through a customized colloidal lithography technique. The 130 nm Si coated quartz 

substrates (25 x25 mm2) were purchased from Siegert Wafer, GmbH. After cleaning the 

substrates, they are coated with an adhesion layer of 2 nm of Ti layer and 50 nm of Au. The 

sample is then treated with O2 plasma for 5 s at 100 Watts (200 ml/min flow). Subsequently, 

the sample is incubated for 1 minute in 0.2% Poly-diallyl dimethylammonium chloride 

(PDDA) solution for surface activation, making the surface positively charged, and then 

washed with water and dried with N2. After the surface activation step, the sample becomes 

ready for the drop-casting of sulfate-stabilized (negatively charged) latex beads (Thermofisher, 

S37491, 0.2 µm). 0.2% w/v solution of beads is dropcasted on the substrate, covering the whole 

surface, and after 1 minute, the surface was quickly rinsed with water and dried with N2. In our 

sensing experiment, we removed the beads around the edges of the sample, using a scotch tape, 

leaving the beads only in the center of the substrate, which will be integrated with microfluidics 

and optically interrogated for sensing. The Au layer, masked by the beads, is etched by Ar gas 

(40 sccm) for 3 min 20 s in a reactive ion etching (RIE) chamber. The beads are then removed 

by tape stripping and the Au nanodisks used as a mask for etching the Si layer in RIE with C4F8 

(70 sccm) and SF6 (45 sccm), for 8 min. Finally, the sample is washed in piranha solution, 

which lifts off the Au layer by etching the underneath Ti layer and cleans the silicon nanodisk 

surface. The final radius and the density of the silicon nanodisks are 140 nm and 2.1 disks/µm2.

Preparation of PDMS chips - The PDMS chips are fabricated using multilayer soft 

lithography technique. The silicon wafer molds are fabricated by UV-lithography, using 
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photoresist, AZ9260 (Allresist, Gmbh). The dimensions and the design of the microfluidic 

channels are the same as in our previous works.8,21 The PDMS flow and control layers are 

prepared in respective ratios of 1:5 and 1:10 polymer to curing agent. The flow layer is spin 

coated on the flow mold to achieve the membrane micromechanical valves. The control layer 

is molded on the control mold to achieve 0.5 cm of chip thickness. The PDMS is cured for 1 

hour at 80 degrees. The PDMS is peeled off and the holes are punched to provide access to the 

channels. Two layers are aligned and bonded with the UV-Ozone plasma of 3 minutes. The 

final chips are baked at 80 degrees for 10 hours before they are bond with the substrate with 

sensors. Once the sensors are cleaned in 1:3 piranha solution, they are aligned and bond with 

the PDMS chips, which are surface activated by 3 minutes of UV-Ozone plasma. The 

integrated chip is then baked at 50 degrees for 10 hours before use. 

Numerical Simulations - Simulations using the finite elements method were performed in 

Comsol 5.3a. The refractive index of Silicon was taken from experimental values (Figure S1), 

the refractive index of the substrate was set to 1.45 and the ambient refractive index was varied 

between 1.33 and 1.35. For the semi-random simulations, the respective positions of 10 

nanocylinders were collected from SEM images of the fabricated samples and inserted into the 

simulation geometry. The electric ( ) and magnetic ( ) dipole moments were calculated from 𝑝 𝑚

the numerically solved electrical fields: 

𝑝 = ∫
𝑉

𝜀0(𝜀(𝑟) ― 𝜀1)𝐸(𝑟)𝑑𝑟

𝑚 =
―𝑖𝜔

2 ∫
𝑉

𝜀0(𝜀(𝑟) ― 𝜀1)𝑟 × 𝐸(𝑟)𝑑𝑟
,

where  is the radial frequency of light,  is the electric field at position  and  and   𝜔  𝐸(𝑟) (𝑟), 𝜀 𝜀1

are the permittivities of the nanostructure and the ambient, respectively.
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