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Abstract—We describe the design and fabrication of biochips based on 1-D photonic crystals supporting Bloch surface waves for label-free optical biosensing. The optical properties of Bloch surface waves are studied in relation to the geometry of the photonic crystals and on the properties of the dielectric materials used for the fabrication. The planar stacks of the biochips are composed of silica, tantala, and titania that were deposited using plasma-ionassisted evaporation under high-vacuum conditions. The biochip surfaces were functionalized by silanization, and appropriate fluidic cells were designed to operate in an automated platform. An angularly resolved ellipsometric optical sensing apparatus was assembled to carry out the sensing studies. The angular operation is obtained by a focused laser beam at a fixed wavelength and detection of the angular reflectance spectrum by means of an array detector. The results of the experimental characterization of the physical properties of the fabricated biochips show that their characteristics, in terms of sensitivity and figure of merit, match those expected from the numerical simulations. Practical application of the sensor was demonstrated by detecting a specific glycoprotein, Angio-poietin 2, that is involved in angiogenesis and inflammation processes. The protocol used for the label-free detection of Angiopoietin 2 is described, and the results of an exemplary assay, carried out at a relatively high concentration of 1 μg/ml, are given and confirm that an efficient detection can be achieved. The limit of detection of the biochips for Angiopoietin 2, based on the protocol used, is 1.5 pg/mm2 in buffer solution. The efficiency of the labelfree assay is confirmed by independent measurements carried out by means of confocal fluorescence microscopy.


I. INTRODUCTION
The increasing demand for non-invasive early detection of diseases has pushed the scientific community to develop more and more sensitive techniques to detect disease biomarkers in extremely low concentrations [1], [2]. Among other techniques, optical label-free bio-sensing is considered to be the most promising tool for high throughput detection of biomolecules. Surface plasmon resonance (SPR), operating in a variety of configurations, is commonly used in biology and pharmaceutical laboratories [3]. Among other label-free optical approaches [4]–[6] those based on the excitation of electromagnetic modes (Bloch surfacewaves—BSW)at the truncation edge of one dimensional photonic crystals (1-DPC) [7] were proposed and demonstrated as a practical route to enhanced resolution and constitute an attractive alternative to surface plasmon polaritons
(SPP) [8]–[12].

With respect to SPP, the localization of BSW at the interface between a finite 1-DPC and an external medium is provided by Bragg reflection and total internal reflection on the two sides of the interface, respectively [9]. Similar to SPP, the excitation of a BSW at a given wavelength λ0 can be obtained by a prism coupler in the Kretschmann–Raether configuration [13] and may appear as a dip in the angular reflectance spectrum. The angular position of such dip is very sensitive to perturbations of the refractive index at the interface and therefore can be used for bio-sensing.
The main advantages of BSW for bio-sensing, in comparison to SPR, lie in the favourable properties of the 1-DPC such as the small absorption of the dielectric materials and the tenability of the layer thicknesses to operate in any wavelength range.

The small absorption gives rise to dips in the reflectance that are much narrower than those observed for SPP, leading to a potentially larger performance of a properly defined figure of merit (FoM) and limit of detection (LoD) [14]–[16]. Besides, the use of BSW in fluorescence-based bio-sensing does not suffer from quenching of the fluorophores emission at the 1-DPC surface [17], [18]. The possibility to fabricate 1-DPC by using either different dielectricmaterials or different geometries enables tunability of BSW biosensors to be developed in a wide range of wavelengths [10], [19]. Properly designing the 1-DPC geometry allows one to achieve both TE and TM polarized BSW, and their combined form [20], [21].

In the present study, we report on the development of BSW biochips operating in an angular interrogation scheme where the reflectance of a focused laser beam at λ0 is monitored by a
CMOS array detector and demonstrate the BSW-based biosensor for the detection of a clinical biomarker related to angiogenesis and early cancer development, Angiopoietin 2 (Ang 2).
We first describe the design and fabrication of 1-DPC sustaining BSW at their truncation edge, followed by the layout of the optical setup used for the bio-sensing experiments. Surface functionalization and original methods for the effective immobilization of proteins on the 1-DPC sensing surface are discussed. The use of novel microfluidic cells is described. Experimental results based on the BSW technique are presented and the results of the assay are compared to measurements obtained by conventional confocal fluorescence microscopy.

II. DESIGN AND FABRICATION OF 1-DPC BIOCHIPS
A. One Dimensional Photonic Crystals
Fabrication Technology

We selected plasma ion assisted evaporation of dielectric materials under high vacuum conditions for the fabrication of the 1-DPC biochips. Such a deposition technique enables the fabrication of dielectric multilayers with low absorption losses and the possibility to deposit on different substrates including plastics. We used SiO2 (silica), Ta2O5 (tantala) and TiO2 (titania) as the dielectric multilayers. In the present work, the 1-DPC were deposited on standard microscope slides (Menzel). The complex refractive indices of the dielectric materials were determined either by reflection/transmission spectroscopy on single supported thin films or by ellipsometry on test multilayers sustaining BSW to be nSiO2 = 1.474 + i5 × 10−6 , nTa2O5 =2.160 + i5 × 10−5 , and nTiO2 = 2.28 + i1.8 × 10−3 at the chosen wavelength of operation λ0 = 670 nm [12]. After cleaning, the microscope slides were preconditioned by plasma etching at low ion energies for 1 min before starting the deposition of the SiO2/Ta2O5/TiO2 1-DPC, according to the optimized design. In order to achieve low absorption losses, a medium level argon ion assistance with ion energies of about
120 eV was applied [22]. Material evaporation was performed by an electron beam gun to obtain deposition rates of 0.5, 0.4, and 0.25 nm/s for SiO2, Ta2O5 , and TiO2 layers, respectively.

B. One Dimensional Photonic Crystals Design

Based on the refractive indices of the selected materials at the wavelength of operation λ0 , we designed 1DPC stacks according to the optimization procedures published elsewhere [23].
The optimization was carried out for TE polarized BSW; nevertheless in the following we also describe the TM polarized BSW sustained by the same biochip. The 1-DPC biochips were designed to operate in an external medium constituted by water with nW = 1.33. The final structure of the 1-DPC is presented in Fig. 1(a).

Starting from the substrate side, the 1-DPC is composed of a first SiO2 matching layer that is used to improve the reliability of the subsequent high index layer. Given the small difference of the refractive index with respect to the substrate, such a layer does not play any significant optical role. The core of the 1-DPC is a periodic structure with two Ta2O5/SiO2 bilayers with period Λ = dTa2O5 + dSiO2. The 1-DPC is then topped by a thin TiO2/SiO2 bilayer.

First, we focus on the photonic properties of the core of the 1-DPC. In the case reported here the thicknesses used for the matching layer and the core of the 1-DPC are: dSiO2 =275 nm and dTa2O5 = 120 nm. In Fig. 2, where β is the transverse component of the wavevector and ω is the angular frequency, we show the calculated photonic band diagrams for an infinite 1-DPC with the same dTa2O5 and dSiO2. Such diagrams are invariant with respect to Λ, provided the ratio dTa2O5/dSiO2 is constant. The permitted and forbidden bands are filled with grey and white colors, respectively, and the dispersion of light in the external medium (LL) is plotted as a black dashed curve.
The diagrams were calculated by means of an iterative plane wave Eigen–Solver method [24] for both the TE and the TM polarizations.
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Fig. 1. (a) Geometry of the 1-DPC. The thicknesses of the SiO2 and Ta2O5 layers in the periodic part are dSiO2 = 275 nm and dTa2O5 = 120 nm, respectively. The thicknesses of the two top layers are dTiO2 = 20 nm and dSiO2= 20 nm, respectively. (b) Numerically calculated transverse intensity distributions for the TE and TMBSW at λ0 = 670 nm. (c) Reflectances for the TE and TM polarization at λ0 = 670 nm calculated numerically, assuming the light is coming from the substrate side.

The finite 1-DPC schematically presented in Fig. 1(a) can sustain BSW confined at the truncation interface, between the 1-DPC and the external medium, whose dispersion must lay in a forbidden band of the 1-DPC [7]. In Fig. 2 (blue curves), we show the numerically calculated dispersions of such BSW when the top bilayer is absent, for both the TE and TM polarizations. The dispersions are located beyond the LL, therefore the BSW can be excited only in a total internal reflection configuration. The curves were derived from the spectrally and angularly resolved reflectance, for excitation from the substrate side, calculated by means of a plane wave transfer matrix method [21]. 
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Fig. 2. Photonic bands for a periodic and infinite 1-DPC with dSiO2 = 275 nm and dTa2O5 = 120 nm, for the TE and TM polarizations. The permitted and forbidden bands are filled with grey and white colors, respectively. The light line in the external medium (LL) is plotted with a black dashed line.
The dispersion of the BSW for the finite 1-DPC shown in Fig. 1 (a), either without (blue) or with (red) the top layers are also plotted. The horizontal green dashed line corresponds to the wavelength used in the experiments λ0 = 670 nm.

Fig. 2 (red curves) shows the dispersions of the BSW obtained when the top bilayer is present, calculated by the same method. The thicknesses of the two top layers are: dTiO2 =
20 nm and dSiO2 = 20 nm. The effect of the dielectric load of such TiO2/SiO2 bilayer is to shift the BSW dispersion towards larger β values. For the TE polarization, this has the effect to bring the dispersion at the centre of the forbidden band and far from the LL, increasing the field localization of the BSW at the truncation interface.

At the chosen λ0 that is used in the experiments, whose corresponding normalized angular frequency is marked with a horizontal line in Fig. 2 (green dashed line), we therefore obtain two BSW, one TE and one TM.

In Fig. 1(b) we show the normalized transverse intensity distributions of such BSW at λ0. The TE BSW is much localized at the interface, whereas the TM BSW extends down into the substrate. This makes that both BSW are leaky into the substrate but with a coupling coefficient that is small for TE and large for the TM polarization. Such coupling coefficient corresponds to radiation loss of the surface wave’s energy.

In Fig. 1(c) we show the TE and TM angular reflectances of the 1-DPC biochip from the substrate side, calculated at λ0. The excitation of the TE BSW reveals as a narrow dip. The characteristics of such dip (depth, width) are the result of a balance between the radiation loss, which is related to the number of periods of the 1-DPC, and the absorption losses in the 1-DPC [21]. The thickness and absorption coefficient of the high index top layer can be tuned to optimize the position of the
BSW dispersion in the 1-DPC forbidden band and the depth of the resonance. This leads to the choice of TiO2 as high index layer with a thickness of 20 nm and an absorption coefficient that matches the need of balanced losses. Given its stronger coupling to the substrate, the TM BSW resonance is much broader and the depth of the resonance is limited to not more than 1%.
A last SiO2 top layer was introduced to provide a suitable surface for robust chemical functionalization method via silanization approach. The effect of both SiO2 and TiO2 top layers on the properties of the TE BSW was taken into account when designing the 1-DPC.
The optimization procedure used here to design the 1-DPC [23] maximizes the sensitivity S of the BSW resonance angle θ with respect to the change of the thickness h of a biological adlayer, with nBIO = 1.42, bound at the biochip surface (S = dθ/dh). The performance of the optimized biochips can be characterized by means of the figure of merit (FoM) defined as [21]:

where W is the angular full width half maximum of the BSW resonance and D is the resonance depth, as shown in Fig. 1(c). Maximizing the FoM corresponds to minimizing the LoD of the biochips [23]. For the 1-DPC design sketched in Fig. 1(a), we numerically evaluated that, for the TE BSW, S = 0.037 deg/nm, W = 0.14 deg, D = 0.9. Therefore we have FoMBSW = 0.24 nm−1. This FoMBSW value is larger than the experimentally determined value for standard SPR biochips (FoMSPP = 0.05 nm−1), indicating that BSW biochips can provide a smaller LoD, a highly crucial feature for bio-sensing applications.

C. Surface Functionalization and Bioconjugation of Proteins onto 1-DPC Biochips

The 1-DPC biochips were first cleaned in piranha solution (3:1 mixture of sulfuric acid and 30% hydrogen peroxide) for 10 min. The biochips were then rinsed thoroughly with deionized
(DI) water and dried under a stream of nitrogen gas. This procedure allows the removal of all organic contaminants and exposes hydroxyl groups for the following functionalization step. The cleaned biochips were immersed into a 2%solution of (3-aminopropyl) triethoxysilane (APTES from Sigma-Aldrich) in ethanol/water (95:5 v/v) mixture at room temperature (RT) for 1 h. The chips were then removed from the APTES solution, sonicated, rinsed with ethanol and baked on a hot plate at 110 °C for 1 h. The APTES-modified chips were allowed to react with 1% (v/v) glutaraldehyde (Sigma-Aldrich) in 100 mM sodium bicarbonate buffer (pH 8.5) in the presence of 0.1 mM sodium cyanoborohydride (from Sigma-Aldrich) for 1 h at RT. A further sonication and rinsing in DI water was followed.

The glutaraldehyde-activated surface of the biochip was then divided into two regions, reference and signal regions, by means of a hydrophobic marker, as shown in Fig. 3. The signal and reference regions were incubated with Protein G (PtG, 0.5 mg/ml, Thermo Scientific) in sodium bicarbonate
buffer or Bovine Serum Albumin (BSA, 10 mg/ml, Sigma-Aldrich) in D-PBS 1x, respectively, for 1 h at RT. Subsequently, the chip was immersed in a solution of BSA (10 mg/ml) in DPBS 1x to block the remaining reactive sites (overnight at 4 °C).

At the end of such incubation steps, on the biochip surface there are a signal region (PtG), which is capable to bind and orient the capture antibodies, and a reference region (BSA), which is biochemically inert. Immediately before their use in a detection assay, the surface of the biochips was treated with a regeneration solution made of glycine (20mM, Sigma-Aldrich) in DI water and HCl with a pH of 2.5 for 10 min at RT. This procedure removes any adlayers formed on both the signal (PtG) and reference (BSA) regions upon BSA blocking step. All other reagents such as ethanol
(99.8%), sulfuric acid (95%), 30% hydrogen peroxide solution and phosphate buffer saline (D-PBS, pH 7.4) were obtained from Sigma-Aldrich and were used as it is.
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Fig. 3. Schematic of the 1-DPC biochip and the fluidic cell. The microscope slide with four holes and the patterned adhesive tape is pressed on top of the 1-DPC biochip. Both fluidic channels contain a PtG and a BSW region. The coupling prism position is also shown; the prism is coupled to the biochip by means of a contact oil.

D. Microfluidics

After the bioconjugation steps, the biochips with the two different regions were attached with a microfluidic flow cell in a sandwich structure (see Fig. 3). As shown in Fig. 3, along each fluidic channel there are a PtG and a BSA region that can be used for self-referenced assays. Each of the fluidic channels was used in a separate assay.

The flow cell is composed of a microscope glass slide with four connection holes and a structured adhesive spacer (Lohmann Adhesive Tape GL-187, thickness 200 μm) to define two parallel channels. The two parallel parts of the channels are 18 mm long, 1 mm wide and 2 mm distant from each other. The surface and volume of each channel are 63.5 mm2 and 12.7 μL, respectively.

The glass slides and structured adhesive spacers are manufactured by laser-induced material ablation with a laser microstructuring device (3-D-MICROMAC, micro STRUCT vario) and ultra-short-pulse lasers. The machining device is equipped with high precision linear axes as well as a galvanometer scanning head and additional complex measurement devices for analysis of the resulting microstructures. With this technology it is possible to generate and reproduce microstructures of approximately 5 μm.

For the structuring of the microscope glass slides with overall dimensions of 76 × 26 mm2 a wavelength of 355 nm, pulse duration of 30 ns and a repetition rate of 50 kHz (Coherent,
AVIA 355-X) was used.

The structuring of the adhesive spacer with overall dimensions of 76 × 26 mm2 was executed with a wavelength of 355 nm, pulse duration of 10 ps and a repetition rate of 66 kHz (Time-Bandwidth Products, FUEGO).

III. MEASUREMENT TECHNIQUES
A. Angularly Resolved Ellipsometric Optical Bio-Sensing

The optical set-up used to perform the bio-sensing experiments is schematically presented in Fig. 4. The 1-DPC biochip is contacted to a BK7 prism coupler in theKretschmann-Raether configuration by means of a matching oil and is topped by an aluminum back plate with a PDMS contact layer that provides the fluidic connections.

The light beam emitted by a temperature stabilized (±0.01°C) laser diode (LD) at λ = 670 nm (Thorlabs LPS-675-FC) is collimated and linearly polarized at 45 deg with respect to the incidence plane of the prism coupler by means a first polarizer.

A liquid crystal phase retarder (LCR) (Newport 932-NIR) allows changing the phase Ψ between the TE and TM components in order to access any state of elliptical polarization. The laser beam is then expanded by means of a telescope and the central portion is selected by means of a circular aperture. A rotating scatterer in the telescope destroys the spatial coherence of the beam. The integration time of the array detector is set to integrate temporally the scattered light, thus ruling out the effect of speckles. We checked experimentally that the scatterer is not affecting the polarization of the probe beam.

The beam is then focused by means of a cylindrical lens (f1 = 100 mm) onto the coupling prism within an angular range Δθ ∼3.8°. The θ–2θ rotation stages are used to set the average incidence angle around the resonance to be tracked. The system is aligned in a way that the beam illuminates a sharp line at the biochip surface perpendicularly to the incidence plane and along one of the two fluidic channels of the biochip. In such a way it is possible to interrogate simultaneously several different regions along one fluidic channel, a feature that is necessary for referencing purposes as it will be shown below. By translating the biochip is also possible to illuminate the second fluidic channel and to perform another assay without un-mounting the biochip.
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Fig. 4. Experimental apparatus used in the bio-sensing experiments. The illumination beam is focused along a line at the biochip surface that is orthogonal with respect to the incidence plane (plane of the figure). The biochip can be translated and the illumination line can be positioned inside one of the two parallel fluidic channels. The two fluidic channels are perpendicular to the incidence plane.

The reflected beam is collected by a second cylindrical lens (f2 = 150 mm) and analyzed by a polarizer crossed with respect to the input one. Such cylindrical lens is generating a Fourier image of the reflected light on the array detector; therefore each pixel of the detector rows, lying in the incidence plane, corresponds to an angular component of the reflected beam. A third cylindrical lens (f3 = 70 mm) oriented perpendicular to the previous one images the sensor surface on the array detector; therefore each pixel of the array columns corresponds to a position along the illuminated region. The array detector used here is an 8 bit CMOS array detector (Thorlabs DCC1645C).
This optical configuration sets a width of the angular detection range of 1 deg along the largest dimension of the CMOS array (1280 pixel), therefore 1 pixel corresponds to an angular width of 0.775 mdeg. Along the other axis of the CMOS array (1024 pixel) the position along the illumination strip is obtained, where the imaged region is 4 mm wide.

The angular intensity distribution captured by the CMOS detector can show a dip, as found in the pure TE case, a peak, and all the intermediate conditions, depending on the value of Ψ [12], due to the 2π phase jump of the TE component when crossing the BSW resonance with respect to the phase of the TM component that remains almost constant. In 1-DPC with very small losses the TE resonance can be very shallow and the polarization sensitive scheme allows for a large contrast of the reflectance, permitting to efficiently track the resonance and to improve the LoD [21].
In this work the characteristics of the 1-DPC biochips are such that the TE BSW resonance is deep enough to be efficiently detected and tracked. Therefore the measurements were carried out in a pure TE scheme, where the polarizer and analyzer are set along the TE direction and the LCR is removed from the optical path.

In the experiments the analytes were injected in the fluidic channels by means of a computer controlled syringe pump (TECAN CavroCentris Pump). During the incubation phase the
analytes were recirculated by pumping back and forth a given volume of analyte.

B. Fluorescence Microscopy

Fluorescence high-resolution images were acquired through an inverted Olympus IX83 microscope, equipped with an UPlanSApo 10X/0.40NAobjective. The light beam from a 635 nm, 20 mW laser diode was injected into the microscope via a FV1200 MPE laser scanning confocal device. A dichroic mirror plus band-pass filter (655–755 nm) deflected the fluorescence emitted radiation into a Hamamatsu R3896 photomultiplier detector for integrated light intensity measurements.

IV. RESULTS AND DISCUSSION
A. Test of the 1-DPC Biochips
The fabricated 1-DPC biochips were mounted on the optical apparatus and their physical properties tested before performing the biological assays. Preliminary tests were carried out with biochips without surface functionalization and with glucose solutions at several different concentrations in order to determine the sensitivity of the TE BSW resonance angle with respect to changes of the refractive index of the external medium, i.e. the volume sensitivity SV. We found SV = 31.8 deg/RIU [12]. SV can be converted to the sensitivity defined above, which is related to surface changes, by means of the relation:

where LPEN is the penetration depth of the TE BSW evanescent tail in the external medium [12]. From the data shown in Fig. 1(b) we have LPEN = 114 nm and S = 0.026 deg/nm. Such value is in good agreement with the design value reported above, demonstrating that the design performances can be achieved by the fabrication technology.

In Fig. 5 we show the TE angular reflectance spectra for a biochip ready for an assay operating in D-PBS 1x. In the inset of Fig. 5 we show one CMOS array image. The BSW resonance appears as a vertical dark line that is interrupted where there is the marker that is separating the two regions where PtG and BSA are present. Each time a CCD image is read, information on the signal and reference regions can be simultaneously retrieved.

The two curves in Fig. 5 were obtained by averaging 320 lines on the CMOSimage in the two regions. It could be observed that the BSW resonance is very narrow and deep. In the PtG region we found W = 116 pix = 0.088° and D = 0.72, that are in the range of what is expected from the design. The experimental value of the FoM is therefore FoMBSW = 0.21 nm−1, in good agreement with the design value.

The resonances in the two regions are shifted (Δθ =35 mdeg), indicating a small difference of the thickness/refractive index of the immobilized protein layers.

[image: ]
Fig. 5. Angular reflectance spectra for both signal (PtG, red line) and reference (BSA, blue line) regions. The spectra were obtained averaging 320 lines of the CMOS array image. In the inset the CMOS image of both PtG and BSA regions.

B. Cancer Biomarkers Label-Free Detection

Biochips prepared according to the procedures reported above were used to carry out Ang 2 detection assays by means of the optical apparatus shown in Fig. 4. In the assays we used Ang 2 (Recombinant Human Angiopoietin 2, P.N.623-AN from R&D Systems) spiked in a D-PBS 1x + 0.1 wt% BSA buffer. Under these non-reducing conditions the Ang 2 molecules are mostly (90%) in a dimer form, with a small presence of trimers (9%) [25].

At the beginning of the assay the buffer is injected in the fluidic channel and the BSW resonance is tracked until a stable baseline is obtained. In Fig. 6 we show the time traces of a sensorgram recorded during one exemplary Ang 2 detection assay. The curves are related to the BSA reference (blue) and PtG signal (red) regions, together with the difference signal (black). The angular position of the BSW resonance is extracted from the CMOS array images in both the signal and reference regions, at the sampling rate fsamp = 12.5 Hz. BSW resonance curves similar to those shown in Fig. 5 are obtained by averaging 64 lines of the CMOS image in each region, corresponding to 0.25 mm wide measurement spots. In each spot the angular position of the BSW resonances minima were found by fitting with a parabola the data in a range that is adapted to the resonance width, here ±50 pix. Both BSA and PtG traces shown in Fig. 6 are the average of the traces measured in five different spots of the respective region.

To specifically detect the presence of Ang 2, a monoclonal anti-human Ang 2 capture antibody was used in the present work (Anti-Ang 2,Monoclonal anti-human Angiopoietin 2 Antibody, P.N.MAB0983 from R&D Systems). The Anti-Ang 2 capture antibody was diluted in the buffer at the concentration of 2 μg/ml. At the beginning of the assay (t = 3 min) a volume of 100 μl of the Anti-Ang 2 solution is directly injected in the fluidic channel at a rate of 4 μl/s by means of the motorized syringe pump and incubated for 16 min. During the incubation a recirculation procedure is applied, in which a 27 μl volume of the Anti-Ang 2 solution is pushed back and forth through the channel at a rate 1 μl/s. The recirculation gives rise to the oscillations observed in the curves due to pressure induced changes of the analyte refractive index.

A clear binding curve is observed in the PtG signal region, whereas the BSA reference region shows a linear slope with steep changes, as a function of sample injections. While the slope is due to a slowtemperature drift, the steep changes should be the result of refractive index changes upon different analytes injection, and transient temperature and pressure effects. By subtracting the signal and reference curves one can rule out such parasitic drifts and recover the information related to the specifically binding of Anti-Ang 2 only.
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Fig. 6. Sensorgrams recorded during the label-free Angiopoietin 2 detection assay in the PtG (red) and BSA (blue) regions. The black solid curve is the difference signal from which we extracted the relevant quantities reported in Table I.

TABLE I
DATA ON THE PROTEIN LAYERS IN THE LABEL-FREE ASSAY
	Protein
	MW  [kDa]
	C [µg/mL]
	Δθ [mdeg]
	Γ [ng/cm2]
	Σ [1012/cm2]

	Anti-Ang 2
	150
	2
	18.6 ± 3.8
	35.1 ± 7.2
	0.14 ± 0.03

	Ang 2 (dimer)
	140
	1
	12.4 ± 3.8
	23.4 ± 7.2
	0.10 ± 0.03



Fig. 6 demonstrates that the PtG layer in the signal region binds efficiently with the Anti-Ang 2 capture antibodies providing a proper orientation on the 1-DPC surface, maximizing the detection of the antigens. On the other hand, the BSA layer in the reference region effectively blocks non-specific adsorption on the 1-DPC surface.

At the end of the Anti-Ang 2 incubation a 500 μl volume of buffer is injected in the channel at 4 μl/s for washing. Dissociation of Anti-Ang 2 is observed as expected, due to the removal of excess non-specifically bound Anti-Ang 2. The total residual angular shift Δθ at the end of the washing step, that reflects Anti-Ang 2 binding to PtG, is reported in Table I.
Under the conditions reached at the end of the precedent steps the biochip is ready for the detection of the Ang 2 cancer biomarker. Upon injection of a 2 μg/ml Ang 2 solution in the buffer (t = 24 min, injected volume 100 at 4 μl/s, incubation for 20 min with recirculation of 27 at 1 μl/s) again a clear binding curve is observed in the signal region with respect to the reference region. The difference-signal shows a well-defined exponential growth, indicating that indeed Anti-Ang 2 efficiently detects the Ang 2 antigens present in the test solution. At the end of the incubation the biochip is washed with 500 μl buffer injected at 4 μl/s. The total residual angular shift Δθ, due to
the specific binding of Ang 2 to Anti-Ang 2, at the end of the washing step is reported in Table I.
The angular shifts Δθ depend on the target (Anti-Ang 2 or Ang 2) concentration, on the surface concentration and affinity of the probe (PtG for Anti-Ang 2 or Anti-Ang 2 for Ang 2, respectively), and on the incubation time. From the experimental Δθ reported in Table I we can evaluate the mass surface coverage Γ forAnti-Ang 2 and Ang 2making use of the following formula [26] derived from the De Feijter formula [27]:

where ∂n/∂C is the refractive index increment of the molecules and ∂n/∂C = 0.19 cm3/g for most of proteins [27]. From Γ, we calculate the surface densityΣ = Γ/MW , whereMW is the molecular weight.
The analysis of the sensorgram confirms that the 1-DPC biochips can efficiently detect the presence of Ang 2 in a buffer solution. The experimental value of Σ for Ang 2 dimers is smaller than that found for Anti-Ang 2, as expected for Langmuir isotherm equilibrium far from saturation conditions [28].
The Angiopoietin 2 concentration used here for the detection assay in a buffer (1μg/ml) is very large with respect the clinical values that are found for healthy and unhealthy people, that are in the range of 1 to 2 ng / ml and up to 10 ng / ml, respectively [29]. Detection experiments carried out with smaller Angiopoietin 2 concentrations, aiming at the determination of the resolution of the biochips in terms of minimum detectable biomarker concentration, are on the way.

It is nevertheless possible to estimate the minimum biomarkers surface concentration that can be detected by the BSW biochips prepared for Angiopotien 2 detection assay as described above. Analyzing the noise of the difference signal we find σNOISE = 0.1 pix=7.75E–5 deg. From the Eq. (3), assuming that the minimum detectable resonance shift is σNOISE, one can calculate the limit of the 1-DPC biochip for Ang 2 detection as ΓLoD = 1.5 pg/mm2 at fSAMP = 12.5 Hz.

C. Fluorescence Microscopy

In order to confirm effective recognition of Ang 2 biomarkers by Anti-Ang 2 antibodies in the PtG signal region, we performed the assays by introducing fluorescent labels, similar to the standard enzyme linked fluorescence assays. This part of the assay was carried out without monitoring the label-free signal. A specific biotinylated-detection Anti-Ang 2 antibody (Anti-Ang 2∗, Polyclonal Human Angiopoietin 2 Biotinylated Antibody, P.N. BAF623 from R&D Systems) was used to detect the presence of Ang 2 at the biochip surface. A 100 μl volume of a solution of Anti-Ang 2∗ in the buffer at a concentration of 2 μg/ml was injected in the fluidic channel at the rate of 4 μl/s, incubated for 16 min adopting the same recirculation procedure shown above and washed with the buffer.

[image: ]
Fig. 7. (a) Confocal fluorescence microscopy image of the dry 1-DPC biochip at the end of the complete Angiopoietin 2 detection assay. (b)Average intensities in the PtG and BSA regions, confirming that efficient detection of Ang 2 was achieved.

Then, a solution of neutravidin labeled with fluorophores emitting at λMAX = 670 nm (NeutrAvidin650, DyLight 650 conjugated from ThermoScientific) was injected in the channel.
Neutravidin with very high affinity for biotin should enable detection of the Anti-Ang 2∗ antibody. A 100 μl volume of a solution of NeutrAvidin650 in D-PBS 1x at a concentration of 10 μg/ml was injected in the fluidic channel at the rate of 4 μl/s, incubated for 16 min adopting the same recirculation procedure as above and washed with D-PBS 1x.

At the end of this process, the biochip fluidic channel was emptied, dried and the biochip unmounted from the optical apparatus. It was immediately transferred to the confocal microscope to investigate the fluorescence emission in the two regions. The confocal fluorescence detection was performed exciting the dried biochips from the 1-DPC side. In Fig. 7(a) we show the confocal fluorescence image obtained when exciting at λEXC = 635 nm and detecting in the λEM ϵ [655, 755 nm] window. The average intensitiesmeasured in the two regions are shown in Fig. 7(b). The strong fluorescence contrast confirms the efficient detection of Ang 2 in the PtG region.

V. CONCLUSION
We have successfully demonstrated and achieved label-free detection of cancer biomarker Ang 2 based on BSW on functionalized 1-DPC biochips. The biochips were designed and fabricated with specific geometry to obtain maximum FoM and minimum LoD. The LoD for Ang 2 from the label-free BSWbased bio-sensing assay was determined to be 1.5 pg/mm2 in buffer solution. Fluorescence microscopy further confirmed the specific detection of Ang 2 on the 1-DPC chips. The current assay presents new and exciting opportunities for the development of a diagnostic test for disease biomarkers.
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