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ABSTRACT

Heavy metal ions released into the environment from industrial processes lead to various health hazards. We propose an
on-chip label-free detection approach that allows high-sensitivity and high-throughput detection of heavy metals. The
sensing device consists of 2-dimensional photonic crystal microcavities that are combined by multimode interferometer
to form a sensor array. We experimentally demonstrate the detection of cadmium-chelate conjugate with concentration
as low as 5 parts-per-billion (ppb).
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1. INTRODUCTION

Silicon photonic biosensors belong to a type of integrated device that possesses the advantages of high-sensitivity, label-
free detection of biomolecules and the potential to achieve high integration density and low cost due to its small footprint
and CMOS compatible fabrication process. Over the last two decades, silicon photonic biosensors have become a rapidly
growing research topic. Various devices, including surface plasmon devices [1][2], microring resonators [3][4], silicon
nanowires [5], nanoporous silicon waveguides [6], Bragg gratings [7], one-dimensional (1D) and two-dimensional (2D)
photonic crystal (PC) microcavities [8][9], have been demonstrated. The 2D PC cavity sensors take advantage of their
slow light enhanced sensitivity within a miniature footprint and thus are able to detect very low concentrations down to
atto-gram levels[10].

Heavy metal ions released into the environment via industrial activities cause persistent environmental issues that lead to
various health hazards. Cadmium, lead and mercury metal ions are typical examples among those highly dangerous
substances. Cadmium is believed to have a biological half-life of more than 15 years in the human body [11]. Recently,
immunoassay-based detection approach for cadmium has been proposed and the antibody that recognizes cadmium-
chelate complexes has been developed and demonstrated[12].

In the paper, we propose a multi-channel biosensor array consisting of PC microcavity biosensors for the detection of
cadmium-chelate conjugate. The PC microcavity biosensors are combined by multimode interferometer (MMI) power
splitter. Two types of PC microcavites we demonstrated previously are used: the L13 PC microcavity formed by 13
missing holes in the I'-K direction and the L13 with nanoholes PC microcavity formed by adding defect holes in the L13
PC microcavity to enhance the mode overlap with biosamples. The biosensor array we proposed here can potentially be
used to detect multiple antibody-antigen interactions with high sensitivity, high throughput and without the need for
labelling.
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2. DEVICE DESIGN AND FABRICATION

Schematic of the proposed biosensor array is shown in Fig. 1(a). Four PC biosensors were combined in an MMI power
splitter to allow for simultaneous test. Subwavelength grating couplers were used to couple CW light in and out of the
waveguide devices [13]. Microfluidic channels are integrated on the chip to flow biosamples onto the surface of each
sensor.
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Figure 1. (a) Schematic of a biosensor array consisting of four photonic biosensors on the same chip; (b) Optical testing
setup with optical fibers coupled to silicon chip vertically through grating couplers; microfluidic channels are also integrated
in the setup.

PC microcavities

The devices were fabricated on a silicon-on-insulator (SOI) wafer with e-beam lithography process followed by reactive
ion etch. We have previously demonstrated that the same devices can also be fabricated by 193nm UV photolithography
in a commercial foundry[14]. The lattice constant of the PC are designed as a = 392.5 nm and the air holes have a radius
of r = 108 nm. In L13 with nanoholes device, the nanoholes have a radius of 0.4r = 43 nm. Fig. 2(a) shows a microscope
image of the MMI and the four optical channels. Waveguide crossings are introduced on both sides of the PC biosensors,
to prevent leakage of liquid from the microfluidic channels. Because the silicon strip waveguides are formed by etching
air trenches along both sides of the waveguides, when putting microfluidic channels on top of the biosensors, a leaking
path is formed in the trenches. The waveguide crossings serve as a block to seal the trenches and prevent leakage[15].
Scanning electron microscope (SEM) image of the waveguide crossings is shown in Fig. 2(a). Fig. 2(b) and (c) are SEM
images of the L13 with nanoholes PC biosensor and the subwavelength grating, respectively.
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Figure 2. (a) Microscopic image of the fabricated 4-channel PC biosensor array; (b)-(d) Scanning electron microscope
images of the (b) waveguide crossings, (c) PC microcavity biosensor (L13 with nanoholes shown) and (d) subwavelength
grating couplers.
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3. RESULTS

The fabricated device was tested with an optical testing setup that is integrated with microfluidic channels, as shown in
Fig. 1(b). Light from a broadband amplified spontaneous emission (ASE) source (1510 nm-1630 nm) is coupled into the
sensor chip to excite fundamental transverse-electric (TE) mode in the waveguide. Output light signal is coupled into an
optical spectrum analyzer (OSA) to generate the optical spectrum. Microfluidic channel made of polydimethylsiloxane
(PDMS) is sealed on the chip to flow biosamples onto the biosensor surface.
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Figure 3. (a) Optical spectrum of an L13 with nanoholes PC microcavity; (b) Optical spectrum of an L13 PC microcavity; (c)
Optical spectra of one of the resonances of an L13 PC microcavity at different steps of the experiment, showing the

resonance shift.

The optical spectra of the biosensor are characterized first. Fig. 3(a) and (b) show the output spectra of the two types of
PC biosensors used in the test: the L13 with nanoholes PC microcavity and the L13 PC microcavity, respectively.
Several clear resonance dips were observed in both spectra. The abrupt power drop at the right side of the spectra
indicate the PC band edge above which the guided modes are no longer supported, resulting in high propagation loss.
We chose the resonance dip closest to the band edge in both biosensors (at 1542.5nm for L13 with nanoholes, and 1558
nm for L13) to take advantage of the slow light effect. Fig. 3(c) shows an example of the resonance shift in the L13 PC
sensor at different steps of the experiment. In this way, we were able to detect the target biomolecules binding to specific
antibody that was immobilized on our sensor surface.

In order to covalently immobilize the antibody on the sensor surface, the silicon chip was treated chemically by flowing
3-aminopropyl-triethoxy-silane (APTES, 5% in ethanol) and glutaraldehyde (1.25% in phosphate buffered saline (PBS)).
During the process, the resonance wavelength in L13 PC sensor was monitored every two minutes and the resonance
shift versus time is plotted in Fig. 4(a) and (b). In Fig. 4(a), ethanol was first flowed in to create a baseline. When
APTES was flowed in subsequently, a red shift was observed due to a combined effect of bulk refractive index change
and the surface area mass change from the attached chemical groups. During the incubation, the curve rose to a
saturation level. After washing with ethanol, there is a net resonance wavelength shift of about 0.14 nm, indicating the
successful binding of amine groups from APTES. Fig. 4(b) shows similar trend for glutaraldehyde treatment where
aldehyde groups were generated on the surface of the chip.
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Figure 4. Real-time resonance shift monitoring during the surface treatment of the silicon sensor chip with (a) APTES and
(b) glutaraldehyde.

After the above surface treatment, the chip is ready to immobilize probe antibodies. Goat anti-mouse polyclonal
antibody and 2A81G5 monoclonal antibody (both in 50 pg/mL) were flowed in the microfluidic channel sequentially.
Then 3% bovine serum albumin (BSA) was introduced to saturate the surface and prevent any unspecific binding of
target molecules. Fig. 5(a) shows the resonance shift after the above three steps with respect to a same baseline. The
shifts indicate that the probe antibodies have been successfully immobilized on the sensor surface and that the vacant
binding sites have been covered by BSA.

Finally, target solutions containing different concentrations of cadmium-EDTA-BSA were introduced into the channel
and the resonance shifts were recorded for both L13 and L13 with nancholes biosensors. The results are shown in Fig.
5(b). For both sensors, there was negligible shift for negative control sample, where there is ho cadmium in it. With
increased concentration from 5ppb to 500ppb, the shift in L13 increased consistently. There is also increased shift in L13
with nanoholes from 5ppb to 50pppb, but the shift drops at the 500ppb probably due to accidental introduction of air
bubbles in the channel when the device was being tested. As expected, the shift values for L13 with nanoholes are
significantly higher than the L13 sensor because the nanoholes enhance the mode overlap with the biomolecules [8].
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Figure 5. (a) Resonance shift of the L13 PC biosensor for antibody immobilization and BSA blocking steps with respect to a
same baseline; (b) Resonance shift of the L13 and L13 with nanoholes PC biosensor after applying increasing concentration

of cadmium samples.
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4. SUMMARY

In summary, we demonstrated the detection of cadmium-EDTA-BSA conjugate down to 5ppb with an on-chip biosensor
array consisting of L13 and L13 with nanoholes PC microcavity biosensors. This type of silicon photonic biosensor
array is promising in label-free, high-sensitivity and high-throughput biosensing applications.
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