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Abstract

:

A porous silicon microcavity (PSiMC) with resonant peak wavelength of 635 nm was fabricated by electrochemical etching. Metal nanoparticles (NPs)/PSiMC enhanced fluorescence substrates were prepared by the electrostatic adherence of Au NPs that were distributed in PSiMC. The Au NPs/PSiMC device was used to characterize the target DNA immobilization and hybridization with its complementary DNA sequences marked with Rhodamine red (RRA). Fluorescence enhancement was observed on the Au NPs/PSiMC device substrate; and the minimum detection concentration of DNA ran up to 10 pM. The surface plasmon resonance (SPR) of the MC substrate; which is so well-positioned to improve fluorescence enhancement rather the fluorescence enhancement of the high reflection band of the Bragg reflector; would welcome such a highly sensitive in biosensor.
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1. Introduction


PSi is a biocompatible photonic material, which has potential applications in the field of biosensing [1,2]. In particular, functionalized PSi can be fabricated into multiple sensors. Rapid desorption of nicotine from respiratory gas has been achieved by analytical ionization on the porous silicon surface [3]. Metal (Ni and Bi) coatings on the PSi nanostructure surface were prepared for high capacity and the stable performance anode material lithium ion battery [4]. As previously described, PSi has been used for the preparation of a variety of sensors, especially in the field of optical sensor.



Currently, labeled-free and labeled biosensors are summarized as the two common types of PSi optical biosensors. The variation of the effective refractive index of the PSi film is caused by the entrance of biomolecules attached to the PSi, which is directly translated to the movement of the spectrum [5,6,7] in labeled-free biosensor, and the change of luminescence center [8,9]. Labeled biological detection has the characteristics of high sensitivity, good selectivity, less biomass, and fast response time. Two main approaches utilizing fluorophore-labeled for the amplification of the optical signal in biosensor applications were developed. In refractive index-enhanced reflectance spectrum movement, the binding of fluorophore-labeled molecules to biomolecular recognition elements attached to a PSi sensor surface is probed by the movement of reflectance spectrum. This method was implemented by using the high refractive index of quantum dots [10]. In SPR-enhanced fluorescence, the enhanced field of metal NPs increases the fluorescence intensity of the fluorophore-labeled molecules [11,12,13].



Metal NPs combined with photonic crystal technology can further enhance the optical signal and improve sensitivity. Fluorescence enhancement of the Au NPs in TiO2 inverse opal photonic crystal has achieved SARS and HIV virus detection using label-free DNA, the signal intensity and the detection sensitivity is improved by one order of magnitude [14]. Park et al. [15] reported the formation of photonic crystals from the resin and further enhanced the fluorescence by embedding Ag NPs. In order to further explore the new method of high sensitivity detection of the biology based on the PSi photonic devices, the combination of the unique photon transmission control capability (band-gap of Bragg reflector, defect mode of MC etc.) of the PSi photonic crystal device noble metal NPs is dedicated to develop a biosensor with better performance based on fluorescence detection. In recent years, some new advances in the fluorescence enhancement analysis of the probe molecules on the PSi Bragg mirror obtained by our group are summarized. When the fluorescence emission peak of the probe molecules falls into the high reflection band of PSi Bragg reflector, the fluorescence intensity of the probe can be increased [16]; DNA has been specifically selected by fluorescence resonance energy transfer(FRET) from quantum dots and Au NPs on PSi Bragg reflector substrate [17]. However, few studies are concerned with the PSi photonic crystal fluorescence enhancement for biological detection [18,19,20]. Especially, the combination of metal NPs and the PSi photonic crystal is used to further improve the performance of biosensors based on fluorescence detection technology. Therefore, the PSi with biological characteristics, large surface area characteristics, and easy preparation of all kinds of photonic devices could be combined with SPR to futher enhance the sensitivity of biosensors for detecting fluorescence changes.



This paper mainly studies (1) the impact of Au NPs adsorbed on PSiMC and the Bragg reflector on the fluorescence enhancement, (2) the specificity identification of DNA on the Au NPs/PSiMC device sensor, and (3) the linear correlation between fluorescence intensity and the concentrations of RRA-DNA. The flow chart of the PSiMC device substrate for the detection of DNA is shown in Figure 1. Firstly, the PSiMC were functionalized to adsorb Au NPs; secondly, the thiol modified DNA was connected with the Au NPs as a target DNA; then, complementary DNA modified with RRA was hybridized with target DNA.




2. Experimental Details


2.1. Fabrication of PSiMC


PSi was prepared by standard anodic etching technique [21]. The material used is p-type monocrystal silicon <100> (resistivity 0.03–0.06 Ω·cm). The etching solution for electrochemical etching of PSi is 10% hydrofluoric acid alcohol solution. Prior to preparation of the samples, the parasitic layer of highly doped p-type silicon wafer was removed by short electrochemical etching and dissolution in NaOH. It has been proved that the existence of this parasitic film affects the optical properties of the photonic structure, reduces the pore size of the surface [22], and prevents the molecules from entering the porous silicon structure. The preparation parameters of PSiMC are shown in Table 1. As shown in Figure 2, the distribution of MC layers: a cavity layer is introduced into the two symmetrically distributed Bragg reflectors; the corrosion current density of cavity layer is 110 mA/cm2, the A layer is a high porosity layer with a current density of 110 mA/cm2, the B layer is the low porosity layer, and the current density is 60 mA/cm2. The arrangement of the PSiMC structure is (AB)6A4(BA)6, and the resonance cavity wavelength is 635 nm. Bragg reflectors with 14 cycles, which are arranged as (AB)14, are predicted to have the same thickness of MC. The fresh samples were thoroughly cleaned with deionized water and dried under N2 airsteam.



More significantly, however, the 3D AFM image corresponding to the porous silicon layer, was illustrated in Figure 3. In fact, AFM images have shown, before gold deposition, almost irregular and randomly dis-tributed nano-crystalline silicon pillars (pointed silicon tip). Consequently, the gold deposit will follow this morphology and it will overlay each surface at a certain distance.




2.2. The Functionalization of PSi


The fresh PSi devices are easy to oxidize, which affects the stability of the fabricated sensors. The fresh PSi devices are fully oxidized in hydrogen peroxide (30%) for 24 h at room temperature. After oxidation, the PSi device surface will form relatively stable silicon oxide, and then, oxidized PSi samples are aminated for 1h in 5% (3-aminopropyl) triethoxysilane (APTES), cleaned with deionized water and dried under N2 airsteam. The surface of the PSi after aminated treatment is positively charged and can electrostatically adsorb Au NPs prepared by citrate reduction [23,24]. The interaction was stable and irreversible.




2.3. The Fabrication of Gold Nanoparticles


Au NPs were prepared by hydrothermal method given in [25]. Chlorauric acid solution (50 mL, 1.0 mM) was heated to 100 ℃ by heat collecting magnetic heating stirrer. Under boiling, sodium citrate solution was quickly added (8 mL, 1 wt %), with continuous heating while stirring. Until the color of the solution changed from yellow to red wine, heating did not commence, and cooling to room temperature was preserved. After being soaked in colloidal Au solution for 5 h, the aminated PSi samples were removed and rinsed with deionized water.



The absorption spectra of the Au NPs are presented in Figure 4a, and the strongest absorption peak is located at 518 nm. Regarding the morphology of functionalized PSi deposited with Au NPs as shown in Figure 4b, Au NPs evenly distributed on the surface and the pores of PSi can be clearly observed, and the diameter of Au NPs is 7 ± 2 nm. A zoom-in SEM characterization figure of porous silicon microcavity (PSiMC) and the hybrid nanostructure are provided in Figure S1 (supporting information).




2.4. DNA Fragment linked to Metal NPs


DNA fragments are purchased from the INVITROGEN TRADING Co., Ltd. (Shanghai, China). The sequence of DNA fragments is shown in Table 2; sample 1 and sample 2 are applicable for Au NPs/PSiMC metal enhancement substrate; sample 3 is applied to bare PSiMC substrate without Au NPs.



TE buffer is made up of Tris(hydroxymethyl)aminomethane (Tris) and ethylenediaminetetraacetic acid (EDTA), which is mainly used to dissolve DNA and can store DNA steadily. Before being diluted with TE buffer (pH = 8.0), the DNA fragments were centrifuged for 30 s and aggregated to the bottom of the tube. In aseptic operation, DNA fragments were diluted to 10 µM, stored at −20 °C, and protected from light. The DNA primer modified with 50 µL Thiol-C6 S-S (THS) was activated with Tris (2-carboxyethyl) phosphine hydrochloride (TCEP, 1 mM) to cut off the disulfide bond for 1 h at room temperature. The concentration of TCEP is 1 mM. 50 µL THS-DNA (10 µM) was dripped into PSiMC adsorbed with Au NPs, incubated for 10 h in a 37 °C incubator and removed from the unconnected DNA with TE buffer. Then, the samples were blocked with EA (3 M HEPES buffer, pH = 9.0) 37 °C for 1h. THS-DNA was immobilized on Au NPs as a target DNA, and the final aim was to achieve hybridization with the captured probe RRA-DNA. The UV-Vis absorption spectrum of RRA-DNA is shown in Figure 5. The peak at 260 nm is the absorption peak of DNA, and the absorption peak of RRA is located at 572 nm. 40 µL Rhodamine Red o-X (RRA)-modified DNA fragments with a concentration of 10 µM–10−4 µM were dripped on PSiMC linked with target DNA, and incubated at 37 °C for 10 h. Then, the sensors were cleaned with TE buffer and dried.




2.5. Measurements


The measurement of fluorescence spectrum employed the UV-Vis fluorescence spectrophotometer (Hitachi F-4600, Tokyo, Japan) with a slit width of 5 nm. The excitation power was 700 mW, and the response time was 0.004 s. The data were collected for five different positions from each sample, and averaged.



The reflectance spectra were collected using U-4100 (Hitachi, Tokyo, Japan). The incident angle is 5°.



Measurement of surface topography was achieved by FESEM (ZEISS SUPRA55 VP, Oberkochen, Germany).





3. Results and Discussion


The excitation and emission fluorescence spectra of RRA-DNA fragment are described in Figure 6. The main excitation peaks are 360 nm, 530 nm and 572 nm, respectively. The emission wavelength is 597 nm, which is close to the fluorescence excitation wavelength (572 nm) of RRA-DNA; when measured, it is not conducive to obtaining the complete emission fluorescence spectra. The ultraviolet light of 360 nm easily causes damage to biological molecules, so the excitation wavelength of 530 nm is adopted in the experiment.



The changes in the reflectance spectra of the PSiMC and PSi Bragg reflector substrate prepared for biosensor are presented in Figure 7. In the process of sensor preparation, the resonant peak and band-gap center of the two devices are shifting with every process. Finally, the resonant peak and band-gap center after the detection of RRA-DNA are expected to coincide with the fluorescence emission peak of RRA-DNA detected on the sensors, through the reasonable choice of the wavelength for the resonant peak and band-gap center of the two devices is 635 nm. The whole process of experimentation involved the following: the fabrication of fresh PSi, oxidation, alkylation, adsorption of Au NPs, linked target THS-DNA, and detection probe RRA-DNA. Blue shift of the reflection spectrum reached 100 nm from the complete oxidation process; red shift of the reflection spectrum by alkylating is 30 nm; deposition of Au NPs gave rise to the blue shift of reflection spectrum; the resonant cavity wavelength of the PSiMC and the central wavelength of the band-gap of PSi Bragg reflector are both at 530 nm; both THS-DNA connection and RAA-DNA detection cause the red shift of the reflection spectra. After the connection of RAA-DNA to the substrates, the resonance peak wavelength and the center band-gap wavelength shifted to 585 nm.



Two kinds of PSiMC sensors were fabricated. One is a fluorescence enhancement sensor based on the surface of Au NPs/PSi substrate; THS-DNA fragment of sample 1 in Table 2 is used as a target DNA. The other is a bare PSi substrate functionalized by glutaraldehyde without Au NPs, and target DNA is the NH2-DNA fragment in Table 2. The two sets of target DNA have the same base sequence, and the probe RRA-DNA fragment is complementary to the target DNA. The average intensity of the fluorescence emission peak on the two kinds of sensors substrate (five samples for every kind) is presented in Figure 8, enhanced fluorescence signals are observed on Au NPs/PSi substrates. To be far from the differences in fluorescence signal caused by the amount of probe DNA (complementary DNA) attached to each sensor, the excessive target DNA (50 µL) is required to attach to each sensor substrate, while 40 µL of fluorescently labeled complementary DNA was attached to each sensor. In this case, even if the target DNA attached to each substrate is different, ultimately, it does not affect the amount of specific binding of the probe DNA, considering that the enhancement of fluorescence signal is most likely due to the difference in the amount of probe DNA that they bind to each type of sensor. The movement of the reflection spectra from the probe DNA binds to each type of sensor exhibited in Figure 9. An almost identical movement occurred after complementary DNA detected on S1 (the first type sensor substrate) and S2 (the second type sensor substrate), hence two types of sensor substrates bind the same amount of probe DNA. Consequently, fluorescence enhancement for the two type sensors is independent of the different amount of target DNA. Generally, FRET occurs between Au NPs donor and the fluorescent receptor. The overlapping reduction between the emission spectrum of RRA and the absorption spectrum of Au NPs (as shown in inset map of Figure 8) is expected to keep away from the occurrence of FRET. PSi field is helpful to effectively regulate the distribution of Au NPs, which can reduce fluorescence quenching due to the tiny distance. The pore size of porous silicon is in 20–25 nm as presented in Figure S1 (supporting information), and the pores and silicon walls of PSi can help to regulate the distribution of Au NPs, so that the distance between Au NPs is not too dense. As shown in Figure S1, the distance between the Au NPs is 10–20 nm. In the system we fabricated, the distance between the Au NPs and the fluorophore immobilized on Au NPs was less than 5 nm (for 14 base pairs), resulting in fluorescence quenching [26]. However, the diameter of our Au NPs is 7 ± 2 nm, the distance between the Au NP surface and the fluorophore is about 4.5 nm, and the detected fluorescent enhancement in the presence of Au NPs is a factor of ~2. This moderate fluorescent enhancement value observed in our experiment is in line with the theoretical and experimental results obtained by Kang et al. [27]. They reported that when the diameter of Au NPs is 8 nm, and the distances between dye molecules and Au NPs is 4.5 nm, thus, the relative maximum fluorescent enhancement obtained is about 2. Then, it is plausible that the observed moderate plasmonic fluorescent enhancement effect can be due to single Au NP in our sensor. In the competition between fluorescence quenching and fluorescence enhancement, fluorescence enhancement is more advantageous. More significantly, however, the fluorophores connected to Au NPs deposited on PSi through DNA fragments act as an optical antenna [28]. According to the description in the article, the fluorescence enhancement starts to drop for very short distances, indicative for the onset of quenching. However, for fluorophores placed at such short distances from the surface of the Au NPs (3~5 nm), there still exists fluorescence enhancement. Fluorescence enhancement is more competitive than fluorescence quenching, which is a good illustration of fluorescence enhancement based on the fabricated Au NPs/PSi substrates.



Au NPs were deposited on PSiMC for DNA detection; the fluorescence spectra are shown in Figure 10. THS-DNA fragment (THS-5’-GGCCTATCAGCTTG-3’) is arranged for the target DNA; two kinds probe DNA for PSiMC structure device have been chosen, which are complementary RRA-DNA (RRA-5’-CAAGCTGATAGGCC-3’) and non-complementary RRA-DNA (RRA-5’-GGCCTATCAGCTTG-3’). The target DNA is hybridized with the complementary RRA-DNA, and the DNA is detected by the fluorescence signal of RRA. Strong fluorescence signals can be observed from Figure 10. The non-complementary DNA cannot specifically be hybridized with target DNA, and fluorescent signals cannot be observed on the PSi sensor substrate. The enhanced fluorescence signal from Au NPs/PSiMC substrate is stronger than that obtained on Au NPs/PSi Bragg reflector. The fluorescence molecules are bound in the active layer of the PSiMC, which makes the interaction between the molecules and the optical field strong, and enhances the fluorescence emission of RRA. A similar effect has been reported, that is, the dye molecules (Rhodamine) in the PSiMC structure are expected to amplify the emission spectrum by optical excitation limited [29]. In addition, glucose oxidase (GOX) and fluorescein isothiocyanate (FITC) labeled streptavidin were confined in PSiMC, and the enhancement of fluorescence was demonstrated by comparing the surface fluorescence intensity [30]. In order to exclude the contingency of the experiment, five samples were prepared for each type with the same condition, five different points were collected for every sample, and the average value was taken. Although the fluorescence emission wavelength range in the high reflection band-gap of Bragg reflector structure (585 nm, Figure 7b), after the RRA-DNA is connected to the sensor substrate, can improve the detection of the fluorescent signal, the fluorescence enhancement on Au NPs/PSi substrate depends not only on the PSi photonic crystal structure, but also the plasma resonance with Au NPs. RRA-DNA is connected to the PSiMC, and the wavelength of the MC resonance peak is located at 585 nm. This occurred because of the fluorescence peaks overlap; therefore, it cannot achieve high fluorescence enhancement from high reflection, and the phenomenon of fluorescence enhancement can be interpreted as the plasma resonance produced by the combination of MC structure and Au NPs. Both the wavelengths of resonant cavity and band-gap are at 530 nm (fluorescence excitation wavelength) for PSi adsorbed with Au NPs as shown in Figure 7. Therefore, a strong SPR can be produced on the MC substrate. The advantage of fluorescence enhancement produced by SPR is more prominent than that caused by the reflection band-gap.



Unlike that reported in this literature [29], spectral narrowing on PSiMC substrate for the fluorescence detection of RRA in this paper is not observed compared with the Bragg substrate. The reason for this phenomenon is that there are many layers of Bragg reflector in PSiMC, and the pore size of the PSiMC is not enough to allow the RRA-DNA molecules to enter into the deep layer of Bragg until entering the cavity layer.



THS-DNA (10 µM, 50 µL), which was connected with Au NPs/PSiMC substrate, causes hybridization under different concentrations (10 µM-10−4 µM, 40 µL) of complementary RRA-DNA. The fluorescence spectra are shown in Figure 11. There is a red shift for the emission peak of the fluorescence spectra with increasing DNA concentration. The reason for this phenomenon is that more DNA will attach to a gold nanoparticle with increasing DNA concentration, making the particle size increase and a red shift for the emission peak of the fluorescence spectra. According to the linear fitting graph (Figure 12), it shows a good linear correlation between the fluorescence intensity and the concentration, the minimum detectable concentration can reach 10−5 µM. Let us note that the sensitivity of the presented simple preparation and low cost assay is superior to that reported for complex biochip [31], enabling the detection of IgG molecules at the concention of 11 pM and Au nanograting [32] for the detection of DNA (100 pM).



Although many studies based on SPR fluorescence enhancement for DNA detection have been carried out in the past few years [32,33,34], there remains a huge challenge of detecting short sequence DNA, because the short distance between Au NPs and fluorophore can hardly be useful for fluorescence enhancement. The demonstration of Au NPs-enhanced fluorescence for the detection of short sequence DNA in our sensing configuration will play an important role in designing future novel sensing platforms.




4. Conclusions


The fluorescence enhancement of probe RRA-DNA on the PSiMC substrate is better than that of the PSi Bragg reflector. The fluorescence intensity of RRA-DNA detected on the PSiMC substrate is twice as much as that on the Bragg reflector substrate. The results show that the fluorescence enhancement caused by plasmon resonance of Au NPs/PSiMC and Au NPs has advantages over that caused by the high reflectivity of the Bragg reflector. This fluorescence-enhanced substrate achieves highly sensitive DNA detection with a detection threshold of 10 pM. The enhancement of fluorescence emission on MC demonstrates that these structures are excellent materials to evolve into easy-to-use biosensors, which utilize the luminescence response of the molecules to be detected.
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Acknowledgments


This work was supported by the National Science Foundation of China (No. 61575168, 61665012).




Author Contributions


J.W. and Z.J. conceived and designed the experiments; J.W. performed the experiments; J.W. and Z.J. analyzed the data; Z.J. contributed reagents/materials/analysis tools; J.W. and Z.J. wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Haidary, S.M.; Mohammed, A.B.; Córcoles, E.P.; Ali, N.K.; Ahmad, M.R. Effect of coatings and surface modification on porous silicon nanoparticles for delivery of the anticancer drug tamoxifen. Microelectron. Eng. 2016, 161, 1–6. [Google Scholar] [CrossRef]

	



Hiraoui, M.; Haji, L.; Guendouz, M.; Lorrain, N.; Moadhen, A.; Oueslati, M. Towards a biosensor based on anti resonant reflecting optical waveguide fabricated from porous silicon. Biosens. Bioelectron. 2012, 36, 212–216. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Guinan, T.M.; Abdelmaksoud, H.; Voelcker, N.H. Rapid detection of nicotine from breath using desorption ionisation on porous silicon. Chem. Commun. 2017, 53, 5224–5226. [Google Scholar] [CrossRef] [PubMed]

	



Ensafi, A.A.; Abarghoui, M.M.; Rezaei, B. Metal (Ni and Bi) coated porous silicon nanostructure, high-performance anode materials for lithium ion batteries with high capacity and stability. J. Alloys Compd. 2017, 712, 233–240. [Google Scholar] [CrossRef]

	



Gaur, G.; Koktysh, D.S.; Weiss, S.M. Immobilization of Quantum Dots in Nanostructured Porous Silicon Films: Characterizations and Signal Amplification for Dual-Mode Optical Biosensing. Adv. Func. Mater. 2013, 23, 3604–3614. [Google Scholar] [CrossRef]

	



Jane, A.; Dronov, R.V.; Hodges, A.; Voelcker, N.H. Porous Silicon Biosensors on the Advance. Trends Biotechnol. 2009, 27, 230–239. [Google Scholar] [CrossRef] [PubMed]

	



Pacholski, C. Photonic Crystal Sensors Based on Porous Silicon. Sensors 2013, 13, 4694–4713. [Google Scholar] [CrossRef] [PubMed]

	



Sailor, M.J.; Wu, E.C. Photoluminescence-based sensing with porous silicon films, microparticles, and nanoparticles. Adv. Func. Mater. 2010, 19, 3195–3208. [Google Scholar] [CrossRef]

	



Jeffrey, M.L.; Grace, M.C.; Julie, L.H.; Michael, J.S. Reversible luminescence quenching of porous Si by solvents. J. Am. Chem. Soc. 1992, 114, 1911–1912. [Google Scholar]

	



Lv, C.; Jia, Z.; Lv, J. High Sensitivity Detection of CdSe/ZnS Quantum Dot-Labeled DNA Based on N-type Porous Silicon Microcavities. Sensors 2017, 17, 80. [Google Scholar] [CrossRef] [PubMed]

	



Mirkin, C.A.; Letsinger, R.L.; Mucic, R.C.; Storhoff, J.J. A DNA-based method for rationally assembling nanoparticles into macroscopic materials. Nature 1996, 382, 607–609. [Google Scholar] [CrossRef] [PubMed]

	



Tang, H.; Liu, C.; He, H. Surface plasmon enhanced photoluminescence from porous silicon nanowires decorated with gold nanoparticles. RSC Adv. 2016, 6, 59395–59399. [Google Scholar] [CrossRef]

	



Mikac, L.; Ivanda, M.; Gotić, M.; Maksimović, A.; Trusso, S.; D’Andrea, C. Metal nanoparticles deposited on porous silicon templates as novel substrates for SERS. Croatica Chemica Acta 2015, 88, 1–8. [Google Scholar] [CrossRef]

	



Shen, W. Hierarchical optical antenna: Gold nanoparticle-modified photonic crystal for Highly-sensitive label-free DNA detection. J. Mater. Chem. 2012, 22, 8127–8133. [Google Scholar] [CrossRef]

	



Park, S. Nanosilver Colloids-Filled Photonic Crystal Arrays for Photoluminescence Enhancement. Nanoscale Res. Lett. 2010, 5, 1590–1595. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Jia, Z.; Lv, X.; Lv, C.; Shi, F. Enhancement of QDs’ fluorescence based on porous silicon Bragg reflector. Physica B 2015, 457, 263–268. [Google Scholar] [CrossRef]

	



Zhang, H.Y.; Lv, J.; Jia, Z.H. Efficient Fluorescence Resonance Energy Transfer between Quantum Dots and Gold Nanoparticles Based on Porous Silicon Photonic Crystal for DNA Detection. Sensors 2017, 17, 1078. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; An, Z.; Ren, Q.; Wang, H.; Chen, Z.; Shen, X. Localized-surface-plasmon enhanced luminescence from porous silicon by gold nanoparticles. In Proceedings of the 2010 3rd International Nanoelectronics Conference (INEC), Hong Kong, China, 3–8 January 2010. [Google Scholar] [CrossRef]

	



Cohen, A.; Bocobza, S.; Veksler, I.; Gabdank, I.; Barash, D.; Aharoni, A. Colored porous silicon as support for plasmonic nanoparticles. J. Appl. Phys. 2012, 111, 21793. [Google Scholar]

	



Mulazimoglu, E.; Nogay, G.; Turan, R.; Emrah, U.H. Enhanced localized surface plasmon resonance obtained in two step etched silicon nanowires decorated with silver nanoparticles. Appl. Phys. Lett. 2013, 103, 267–297. [Google Scholar] [CrossRef]

	



Tinsley-Bown, A.M.; Canham, L.T.; Hollings, M.; Anderson, M.H.; Reeves, C.L.; Cox, T.I.; Nicklin, S.; Squirrell, D.J.; Perkins, E.; Hutchinson, A.; et al. Tuning the Pore Size and Surface Chemistry of Porous Silicon for Immunoassays. Phys. Status Solidi A 2000, 182, 547–553. [Google Scholar] [CrossRef]

	



Sciacca, B.; Secret, E.; Pace, S.; Gonzalez, P.; Geobaldo, F.; Quignard, F.; Cunin, F. Chitosan-Functionalized Porous Silicon Optical Transducer for the Detection of Carboxylic Acid-Containing Drugs in Water. J. Mater. Chem. 2011, 21, 2294–2302. [Google Scholar] [CrossRef]

	



Kwon, D.H.; An, H.H.; Kim, H.S. Electrochemical albumin sensing based on silicon nanowires modified by gold nanoparticles. Appl. Surf. Sci. 2011, 257, 4650–4654. [Google Scholar] [CrossRef]

	



Williams, S.E.; Davies, P.R.; Bowen, J.L. Controlling the Nanoscale Patterning of AuNPs on Silicon Surfaces. Nanomaterials 2013, 3, 192–203. [Google Scholar] [CrossRef] [PubMed]

	



Frens, G. Controlled Nucleation for the Regulation of the Particle Size in Monodisperse Gold Suspensions. Nat. Phys. Sci. 1973, 241, 20–22. [Google Scholar] [CrossRef]

	



Estrada, L.C.; Roberti, M.J.; Simoncelli, S. Detection of low quantum yield fluorophores and improved imaging times using metallic nanoparticles. J. Phys. Chem. B 2012, 116, 2306. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Moore, J.; Laulhe, S. Fluorophore-gold nanoparticle complex for sensitive optical biosensing and imaging. Nanotechnology 2012, 23, 095501. [Google Scholar] [CrossRef] [PubMed]

	



Novotny, L.; Bharadwaj, P. Spectral dependence of single molecule fluorescence enhancement. Opt. Express 2007, 15, 14266–14274. [Google Scholar]

	



Setzu, S.; Létant, S.; Solsona, P.; Romestain, R.; Vial, J.C. Improvement of the luminescence in p-type as-prepared or dye impregnated porous silicon microcavities. J. Lumin. 1998, 80, 129–132. [Google Scholar] [CrossRef]

	



Palestino, G.; Agarwal, V.; Aulombard, R.; Pérez, E.; Gergely, C. Biosensing and protein fluorescence enhancement by functionalized porous silicon devices. Langmuir ACS J. Surf. Colloids 2008, 24, 13765–13771. [Google Scholar] [CrossRef] [PubMed]

	



Toma, K.; Vala, M.; Adam, P. Compact surface plasmon-enhanced fluorescence biochip. Opt. Express 2013, 21, 10121–10132. [Google Scholar] [CrossRef] [PubMed]

	



Moon, S.; Dong, J.K.; Kim, K. Surface-enhanced plasmon resonance detection of nanoparticle-conjugated DNA hybridization. Appl. Opt. 2010, 49, 484–491. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, S.; Baillargeat, D.; Ho, H.P. Nanomaterials enhanced surface plasmon resonance for biological and chemical sensing applications. Chem. Soc. Rev. 2014, 43, 3426. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, S.; Sreekanth, K.V.; Shang, J. Graphene-Gold Metasurface Architectures for Ultrasensitive Plasmonic Biosensing. Adv. Mater. 2015, 27, 6163–6169. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 18 00661 g001 550] 





Figure 1. The flow-process diagram of DNA detection on metal NPs /PSiMC device. (I) Au NPs adsorbed on functionalized PSiMC; (II) the immobilization of target DNA on Au NPs /PSiMC device substrate; (III) the hybridization of probe RRA-DNA sequences with target DNA. 
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Figure 2. The cross-section image of PSiMC. 
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Figure 3. AFM image of PSi layer. 
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Figure 4. (a) The UV-Vis spectra of Au NPs, and (b) surface morphology of PSiMC after deposition of Au NPs. 
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Figure 5. The UV-Vis absorption spectra of RRA-DNA. 
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Figure 6. The absorption spectrum and emission spectrum of RRA-DNA fragment. 
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Figure 7. The reflection spectra vary with the preparation process of (a) PSiMC biosensor, and (b) Bragg reflector sensor. 
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Figure 8. The fluorescence spectra of RRA-DNA obtained on Au NPs/PSiMC sensor substrate and PSiMC substrate without Au NPs (the concentration of RRA-DNA is 1 µM). The inset map shows (a) the absorption spectrum of Au NPs and (b) the emission spectrum of RRA. 
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Figure 9. The movement of the reflection spectra from the probe DNA binds to the sensor substrates. The first type sensor substrate (S1) functional with glutaraldehyde, is easy to connect with amino-modified DNA fragments; the second type sensor substrate (S2) is readily connected sulfhydryl -modified DNA by adsorbed Au NPs. 
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Figure 10. The fluorescence spectra of RRA-DNA detected on PSi biosensor. The concentration of RRA-DNA is 1 µM. There are two spectra from two different samples for one kind of sensor. One of the spectra is the fluorescence spectrum for the detection of complementary probe DNA (the solid square), and the other one is the spectrum for the detection of non complementary probe DNA (the solid regular triangle). 
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Figure 11. The fluorescence spectra of RRA-DNA with varying concentrations. 
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Figure 12. The fitting graph of the RRA-DNA concentration and fluorescence intensity. 
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Table 1. Experimental parameters of PSiMC.
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Sample

	
Current Density

	
Corrosion Sequence






	
MC

	
Layer A: 110 mA/cm2

	
(AB)6AAAA(BA)6




	
Layer B: 60 mA/cm2




	
Cavity layer: 110 mA/cm2




	
Bragg reflector

	
Layer A: 110 mA/cm2

	
(AB)14




	
Layer B: 60 mA/cm2











[image: Table] 





Table 2. The sequence of DNA fragment.






Table 2. The sequence of DNA fragment.





	
Sample Number

	
DNA Fragment






	
Sample 1

	
Target DNA fragment: THS-5′-GGCCTATCAGCTTG-3′




	
Probe1 DNA fragment: RRA-5′-CAAGCTGATAGGCC-3′




	
Sample 2

	
Target DNA fragment: THS-5′-GGCCTATCAGCTTG-3′




	
Probe2 DNA fragment: RRA-5′-GGCCTATCAGCTTG-3′




	
Sample 3

	
Target DNA fragment: NH2-5′-GGCCTATCAGCTTG-3′




	
Probe3 DNA fragment: RRA-5′-CAAGCTGATAGGCC-3′
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