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ABSTRACT 8 

Selective covalent immobilization of thiolated oligonucleotides onto an epoxy-functionalized 9 

silicon-substrate can be achieved via light radiation (365 nm). Following this approach, thiol-10 

modified oligonucleotide probes were covalently attached as microarrays, reaching an 11 

immobilization density of 2.5 pmol·cm-2, with a yield of 53%. The developed method 12 

presents the advantages of, spatially controlled probe anchoring (by means of using a 13 

photomask), direct attachment without using cross-linkers and short irradiation times (10 14 

min). Hybridization efficiencies up to 65%, with full complementary strands, were reached. 15 

The approach was evaluated by scoring single nucleotide polymorphisms with a 16 

discrimination ratio around 15. Moreover, sensitive and selective detection of bacterial 17 

Escherichia coli was demonstrated.  18 

 19 

20 



-2- 
 

1. INTRODUCTION 21 

The development of highly performance methods for the sensitive and selective detection of 22 

DNA and RNA targets has become a key point in biomedical studies (1). Especial emphasis 23 

has been focused on DNA microarrays as they allow continuous, fast, sensitive, and selective 24 

detection of DNA hybridization (2). Thus, DNA microarrays have many applications such as 25 

clinical diagnostics (3), gene expression (4), disease prevention (5,6), reaction discovery (7), 26 

forensic determination (8), and bioterrorism (9). DNA chip technology uses microscopic 27 

arrays of DNA molecules immobilized on solid supports, frequently glass (10), but the 28 

silicon-based materials are also used as biosensing platforms due to its favorable properties, 29 

such as biocompatibility, versatile chemical functionalization, huge surface-to-volume ratios, 30 

and mass production using the well established semiconductor microelectronic technology 31 

(11). Additionally, the use of silicon as solid support for the construction of DNA microarrays 32 

has several advantages among all the commonly employed surfaces. First, silicon wafers have 33 

less surface roughness, which allows better uniformity of DNA deposition with a higher 34 

density and smaller size of DNA spots. Second, silicon surfaces provide a better S/N ratio 35 

because silicon wafers show less background fluorescence. Finally, silicon chip-based DNA 36 

microarrays facilitate the fabrication of “lab-on-a-chip” devices (12). 37 

One of the critical issues in the development of a biosensor is the effective immobilization of 38 

the DNA probe onto the solid support. The most commonly used methods for immobilizing a 39 

DNA or oligonucleotide probe to solid surfaces are adsorption, affinity interaction and 40 

covalent attachment. Among them, the last one has been established as the preferred approach 41 

on silicon because of the higher stability, reproducibility, probe directionality, reduces 42 

background noise, controlled immobilization and hybridization efficiency when compared to 43 

the noncovalent immobilization strategies (13). The modification of silicon-based materials 44 

for the fabrication of an effective biorecognition surface is typically accomplished via silane 45 

chemistry on the previously oxidized silicon surface. Although there are different organic 46 

molecules that can self-assemble on silicon surfaces and modify their intrinsic properties, 47 

silane compounds have been widely used to covalently attach adhesion promoters and cross-48 

linkers onto these surfaces (14). In this regard, organosilane chemistry is applied to introduce 49 

amine, carboxyl, vinyl, or thiol groups onto the surface, which are used for further 50 

functionalization and for the immobilization of polymers or biomolecules (15). Among 51 

functionalized supports, epoxy-based surfaces are significantly interesting, as epoxides are 52 

known to be reactive toward electrophilic as well as nucleophilic groups. As example, 53 

Preininger et al. immobilized amine- and thiol-modified oligonucleotide probes onto a glass 54 
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slide coated with an epoxy resin; in this way they generated high-capacity surfaces used to 55 

detect PCR products from Rhizobium freezi. However, low reproducibility and high 56 

background signal were observed (16).  57 

Thus, 3-glycidoxypropyltrimethoxy silane (GOPTS) has been widely used in the field of 58 

DNA microarrays in order to attach oligonucleotide probes covalently to the glass and silicon-59 

based surfaces. The attachment of thiolated oligonucleotides on epoxylated silicon (111) 60 

surface by classical substitution reactions with immobilization efficiencies around 45% has 61 

been reported (17), but long incubation times, around 12 h, were required. Also, Mahajan et 62 

al.(18) proposed the covalent attachment of thiol-modified probes to epoxy-activated glass 63 

slides under microwave activation for 12 min reaching immobilization efficiencies up to 24%. 64 

Patnaik et al. (19) immobilized carboxyalkyl-modified oligonucleotides using the same 65 

epoxy-functionalized surfaces to develop biochips for diseases diagnostic.  66 

The ability to pattern surfaces is a central topic of numerous chemical studies (20). In this 67 

regard, the use of selective irradiation through a photomask constitutes an easy approach to 68 

get spatially resolved chemical functionalities. The photoimmobilization of biomolecules onto 69 

surfaces has become a fast, smart and selective strategy to perform biomedical analysis and 70 

click reactions have also been successfully applied to functionalize different substrates (21). 71 

Light mediated reactions are fast clean and allow localized and selective attachment on the 72 

surface, which is critical when developing efficient biosensor. In our previous studies, we 73 

have applied thiol-ene chemistry as a selective strategy for functionalizing silicon-based 74 

platforms to develop DNA microarrays, showing excellent performances and indicating that 75 

light-induced reactions onto thiol groups result highly promising (22).  76 

 77 

FIGURE 1 78 

 79 

In this article, we describe the photoinduced covalent attachment of thiol-modified probes to 80 

epoxy-activated silicon-based surface. This strategy is a novel, clean and fast methodology to 81 

develop microarraying platforms applicable to nucleic acid detection. Under the described 82 

conditions, oligonucleotides have been successfully attached in a spatially controlled manner 83 

through a photomask irradiation. Furthermore, the constructed microarrays efficiently 84 

discriminated base mismatch and have been further used for the detection of bacterial 85 

Escherichia coli DNA. 86 

 87 
 88 
 89 
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EXPERIMENTAL PROCEDURES 90 
Chemicals 91 

The silicon-based wafers were provided by the Valencia Nanophotonics Technology Center 92 

(NTC) at the Universitat Politècnica de València (Spain) as 3-m-thick silicon oxide layer 93 

grown on (100) silicon wafer. Hydrogen peroxide (35% w/w), 3-glycidoxypropyl 94 

dimethoxymethyl silane, 3-glycidoxypropyldimethylethoxy silane and 2-mercaptoethanol 95 

were purchased from Sigma-Aldrich Química (Madrid, Spain). 3-Glycidoxypropiltrimetoxy 96 

silane was from Acros (Barcelona, Spain). Toluene, dichloromethane and sulfuric acid 95-97 

98% were purchased from Scharlau (Madrid, Spain). In all cases GOPTS was distilled 98 

previous to use and diluted in different solvents. Oligonucleotides sequences acquired from 99 

Thermo Fischer (Madrid, Spain) are shown in Table 1. Escherichia coli PCR products were 100 

kindly provided by Mobidiag (Helsinki, Finland). Note: All the chemicals should be handled 101 

following the corresponding material safety data sheets. The buffers employed phosphate 102 

buffer saline (PBS, 0.008 M sodium phosphate dibasic, 0.002 M sodium phosphate 103 

monobasic, 0.137 M sodium chloride, 2.7 M potassium chloride, pH 7.5), PBS-T (10×PBS 104 

containing 0.05% Tween 20), saline sodium citrate (10×SSC, 0.9 M sodium chloride, 0.09 M 105 

sodium citrate, pH 7) and carbonate buffer (10×CB, 0.5 M sodium carbonate, pH 9.6) and 106 

washing solutions were filtered through a 0.22 μm pore size nitrocellulose membrane from 107 

Whatman GmbH (Dassel, Germany) before use.  108 

 109 

Table 1. Nucleotide Sequence of Probes and Targets Used. 110 

Name sequence (5’ to 3’) 5’ end 3’end 

Probe A (T)15-CCCGATTGACCAGCTAGCATT SH Cy5 

Probe B (T)15-CCCGATTGACCAGCTAGCATT SH none 

Probe C (T)15-CCCGATTGACCTGCTAGCATT SH none 

Probe D (T)15-CCCGATTGACTTGCTAGCATT SH none 

Probe E (T)15-CCATATTGACCAGCTATCATT SH none 

Probe F (T)15-CCCGATTGACCAGCTAGCATT NH2 Cy5 

Probe G (T)15-CGCCGATAACTCTGTCTCTGTA SH none 

Probe H (T)15-TTCACGCCGATAACTCTGTCTCT SH none 

Target A AATGCTAGCTGGTCAATCGGG Cy5 none 

 111 
 112 
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Instruments 113 

Microarray printing was carried out with a low volume non-contact dispensing system from 114 

Biodot (Irvine, CA, USA), model AD1500. Contact angle system OCA20 equipped with 115 

SCA20 software was from Dataphysics Instruments GmbH (Filderstadt, Germany). The 116 

measurements were done in quintuplicate at room temperature with a volume drop of 10L 117 

employing 18mwater quality. X-ray photoelectron spectra were recorded with a Sage 150 118 

spectrophotometer from SPECS Surface Nano Analysis GmbH (Berlin, Germany). Non-119 

monochromatic Al K radiation (1486.6 eV) was used as the X-ray source operating at 30 eV 120 

constant pass energy for elemental specific energy binding analysis. Vacuum in the 121 

spectrometer chamber was 9×10-9 hPa and the sample area analyzed was 1 mm2. Atomic force 122 

microscopy (AFM) images were obtained with a Veeco model Dimension 3100 Nanoman 123 

from Veeco Metrology, (Santa Barbara, CA) using tapping mode at 300 kHh. Imagining was 124 

performed in AC mode in air using OMCL-AC240 silicon cantilevers (Olympus Corporation, 125 

Japan). The images were captured using tips from Nano World with a radius of 8 nm. 126 

Automated Mask Alignment System from EVG model EVG620 was employed to irradiate 127 

UV light. The fluorescence signal of the spots was registered with a homemade surface 128 

fluorescence reader (SFR) having a high sensitive charge couple device camera Retiga EXi 129 

from Qimaging Inc, (Burnaby, Canada) with light emitting diodes Toshiba TLOH157P as 130 

light source (23). For microarray image analysis and subsequent quantification, GenePix Pro 131 

4.0 software from Molecular Devices, Inc. (Sunnyvale, CA, USA) was employed. 132 

Silanization of slides 133 

Si-based wafers were cut into pieces of 2×1 cm2 and cleaned with piranha solution 134 

(H2SO4:H2O2 3:1 v/v) for 1 h at 50 ºC to remove organic contaminants. Caution: Piranha 135 

solutions react violently with organic materials and should be handled with extreme care. 136 

Then the chip was washed with deionized water and air dried. For achieving the surface 137 

functionalization, the chip was immersed under an argon atmosphere into a solution of 3-138 

glycidoxypropiltrimetoxy silane 2% in toluene for 2 h at room temperature. Then the chip was 139 

washed with CH2Cl2 and air dried. Finally, the chips were baked for 10 min at 150 ºC and 140 

stored under inert atmosphere. 141 

Oligonucleotide immobilization 142 

Silicon-oxide slides were treated following the above-described procedure to obtain the 143 

corresponding epoxy-functionalized slides. To perform this study, oligonucleotide probe A 144 

(Table 1), consisting in 5’ SH-, 3’ Cy5 oligomer of sequence (T)15-(CCC GAT TGA CCA 145 
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GCT AGC ATT) was used to evaluate the efficiency of the platform towards oligonucleotide 146 

immobilization. For that, different probe A solutions were prepared (40 nL) onto the epoxy-147 

functionalized surface and exposed to UV-light at 365 nm (6 mW/cm2) for 10 min through a 148 

photolithography apparatus to induce the immobilization. Finally, slides were thoroughly 149 

rinsed with PBS-T and water and air dried. Immobilization results were obtained from the 150 

fluorescence signals using the SFR.  151 

Hybridization assays 152 

To study the hybridization efficiency on the developed platform, silicon-based slides were 153 

functionalized with GOPTS as described above. Afterwards, solutions containing 154 

oligonucleotide 5’ SH-labeled (probe B) were spotted (40 nL) onto the functionalized slides 155 

creating the microarrays. Then slides were exposed to UV-light at 365 nm (6 mW/cm2) for 10 156 

min. The slides were washed with PBS-T (15 min) and water (5 min) and air-dried. At this 157 

point, 50 L of 2-mercaptoethanol 0.1M in CB 1× was spread under a coverslip and irradiated 158 

with UV light to block the remaining active sites. After washing, 50 L of the complementary 159 

oligonucleotide 5’ Cy5-labeled (target A) dissolved in SSC 1× were spread under a coverslip 160 

and incubated in a dark and humidified chamber for 1 h at 37 ºC. After rinsing and drying, the 161 

fluorescence intensity of the spots was registered with the SFR. Measurements were made by 162 

accumulation of emitted light by the samples during 15 seconds with a device gain of 5. 163 

Oligonucleotide surface density 164 

The immobilization density was quantified using fluorescence detection with probe A. 165 

Hybridization density was determined through fluorescence detection of target A after 166 

hybridization with probe B. For that, calibration curves were made by detecting the 167 

fluorescence of 50 nL dilutions dispensed on activated surfaces at concentrations ranging 168 

from 1 to 100 nM. The amount of immobilized and hybridized DNA was obtained from 169 

interpolation in the respective calibration curves. The yield of DNA hybridization was 170 

calculated as the ratio of the target to probe densities.  171 

Mismatches detection 172 

To investigate the sensitivity of the system, four oligonucleotides sequences, namely, SH-173 

(T)15-(CCC GAT TGA CCA GCT AGC ATT) (probe B), SH-(T)15-(CCC GAT TGA CCT 174 

GCT AGC ATT) (probe C), SH-(T)15-(CCC GAT TGA TTA GCT AGC ATT) (probe D) and 175 

SH-(T)15- CCA TAT TGA CCA GCT ATC ATT) (probe E) having zero, one, two and three 176 

base mismatches, respectively, were spotted (40 nL/spot, 0.5M) with a noncontact dispenser 177 

onto an epoxy-functionalized silicon oxide chip creating matrix of 4×5 spots. After 178 
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immobilization and blocking as described above, the microarray was subjected to 179 

hybridization with a labeled oligomer (target A), Cy5-(AAT GCT AGC TGG TCA ATC 180 

GGG) in SSC under different conditions for 1 h at 37 ºC. After washing and drying, the 181 

fluorescence was detected by SFR. 182 

Detection of bacterial Escherichia coli 183 

Silicon-based slides were functionalized with GOPTS as described above. Then, solutions 184 

containing SH-labeled probe G (E. coli specific probe) and probe H (control probe) were 185 

spotted onto the functionalized slides creating the microarrays of 4×4 spots, alternating rows 186 

of probe G (odd rows) with probe H (even rows) . Afterwards, slides were exposed to UV-187 

light at 365 nm for 10 min and subsequently washed and air-dried. After blocking the 188 

remaining active sites with 2-mercaptoethanol 0.1 M in PBS 1×, Cy5-labeled PCR product 189 

solutions (50 μL) in hybridization buffer (SSC 1×) were distributed on the chip. PCR 190 

duplexes were firstly melted by 5 min incubation at 95 °C followed by fast cooling for 1 min 191 

on ice. After incubating 1 h at 37 °C, the slides were washed with PBS-T, rinsed with 192 

deionized water, and air dried. 193 

 194 
3. RESULTS AND DISCUSSION 195 

Immobilization of thiolated oligonucleotides onto epoxy-functionalized Si-based surfaces 196 

Initially, a study of the silanization process was carried out after a surface oxidation pre-197 

treatment using piranha solution. Organosilane reagents are commonly used to functionalize 198 

silicon oxide. Thus, the silanization time, using GOPTS 2% in toluene under argon 199 

atmosphere was optimized. Initially, a rapid increase of the water contact angle (WCA) was 200 

observed during the first 10 min, followed by a slight variation for the first 2 h, reaching a 201 

plateau at 4 h. For that, the final conditions were set at 2 h. (see Supporting Information 202 

Figure S1).  203 

Then, the application of these epoxy-functionalized Si-based surfaces for selective covalent 204 

immobilization of thiolated oligonucleotide probes, using UV activation and further 205 

development of DNA hybridization assays, was demonstrated for the first time. As shown in 206 

Figure 1, a surface consisting of 3-m-thick silicon oxide layer grown on (100) silicon wafer 207 

was first functionalized with GOPTS and, afterwards the 5’ SH-modified oligonucleotide 208 

probe was covalently attached through a thioether linkage. The immobilization under both 209 

UV and thermal conditions was compared by spotting probe A (Table 1) onto the epoxy-210 

functionalized surface. The results showed that the reaction between the thiolated probe and 211 

epoxy groups is reached in 10 min under UV radiation, while 10 h at 37 °C were needed 212 
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under thermal conditions (Figure 2). It is noticeable, that in this short period of time no 213 

fluorescence was detected in the absence of UV light. It has been reported, that the kinetics of 214 

this reaction can be accelerated by means of microwave radiation (18), which can generate 215 

radicals, as well as UV light, that may react with the epoxy group and complete the reaction 216 

in several minutes. Additionally, to further investigate the oligonucleotide immobilization and 217 

optimize the optimal conditions, several irradiation times were assayed, and no significant 218 

differences in fluorescence were obtained for times longer than 10 min. Therefore, this 219 

irradiation time was applied for the rest of experiments.  220 

 221 

FIGURE 2 222 

 223 

The optimal buffer and pH conditions required for effective immobilization of the labeled 224 

oligonucleotide (probe A) were investigated because the reactivity of the epoxy group to a 225 

number of nucleophiles for immobilization can be influenced by the pH (24). Consequently, 226 

the photoinduced attachment was studied under different pH values (from 6 to 12). The 227 

results showed slight influence of pH on the immobilization of probe A, and maximum 228 

immobilization was achieved using PBS 1×, pH 6 (see Supporting Information Figure S2). As 229 

the pH was increased from 6 to 12, the fluorescence intensity decreased, which might be 230 

attributed to partial oxidation of thiol functions at higher pH values. In the case of the reaction 231 

mediated by thermal activation, maximum fluorescence was obtained for pH values around 9. 232 

It has been reported that alkaline conditions are needed to reach good density of the non 233 

protonated thiol group of the modified oligonucleotide and for a nucleophilic attack to occur 234 

at the functionalized surface (pKa of aliphatic thiol is approximately 8.0) (25). 235 

The hydrophilicity of the treated surfaces causes the spreading of the printed spots increasing 236 

the evaporation speed, hindering reaction of probes with the surface. To control that issue, 5% 237 

glycerol was added to the printing solution. 238 

Usually, the chemistry of the reactive organosilicon compounds RnSiX3-n, (X methoxy or 239 

ethoxy) is complex and it has been shown that the condensation reaction at a surface depends 240 

sensitively on the structure of the silane compound (26). The influence of the silane on DNA 241 

immobilization was also investigated by using several 3-glycidoxypropylalkoxysilanes having 242 

zero, one and two inactive alkyl groups (Figure 3A). For that, 3-glycidoxypropyltrimethoxy 243 

silane (1), 3-glycidoxypropyl dimethoxymethyl silane (2) and 3-244 

glycidoxypropyldimethylethoxy silane (3) were used to functionalize the surface after piranha 245 

activation. Then, probe A was spotted onto the modified surface and irradiated with UV light 246 
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to photoinduce the attachment, and after washings, the fluorescence measured. The influence 247 

of the silane functionality was in agreement with previous studies with other silanes (27). This 248 

can be seen in Figure 3B, higher fluorescence intensities were obtained in the case of the 249 

trifunctional (1) and difunctional (2) silanes as compared to the monofunctional silane (3); 250 

reaching maximum intensities when silane 1 was used. 251 

 252 

FIGURE 3 253 

 254 

To investigate the oligonucleotide immobilization efficiency, probe A was serially diluted to 255 

several concentrations (ranging from 0.7 to 5 M) and spotted onto the functionalized slide 256 

(see Supporting Information Figure S3). The immobilization efficiency was stablished from 257 

the standard calibration curve. Under the studied conditions (2.5 M of spotted probe, see 258 

Supporting Information Figure S4), immobilization efficiencies up to 52.7% corresponding to 259 

immobilization densities around 2.5 pmol·cm−2 were reached for. This density was similar to 260 

that reported by others authors working on silicon-based materials (28,29).  261 

The developed strategy based on UV light activation was compared with the epoxy-amine 262 

methodology (30). For that purpose, two immobilization experiments were run in parallel on 263 

two epoxy-modified chips. On the first one, probe A was spotted and immobilized following 264 

the optimized procedure. For the second one, a Cy5 labeled oligonucleotide, containing the 265 

same sequence than probe A but 3’ NH2-modified (probe F), was incubated for 8 h. After 266 

immobilization, slides were subjected to usual washing and drying. The immobilization and 267 

hybridization efficiencies of the proposed method (53%) were found to be significantly higher 268 

than the method employing epoxide-amine chemistry (12%), which shows the potential of the 269 

proposed methodology (see Supporting Information Figure S5). 270 

The light induced immobilization is fast, clean and permits the patterning of the surfaces by 271 

using a photomask. This photopatterning is especially interesting when developing micro and 272 

nanobiosensors, where a selective attachment of the bioreceptors on the sensing area is of 273 

outmost importance to reach the optimal sensitivity. To demonstrate the patternig of surfaces, 274 

probe A at 3  in PBS was spread out onto the epoxy-functionalized slides, which were 275 

covered immediately with a photomask. After irradiation and washings, the slide was read 276 

with the SFR. As can be seen in Figure 4, selective immobilization of DNA probe can be 277 

achieved by means of UV irradiation in a simple, clean, fast and efficient way. It is 278 

noteworthy, that although previous strategies describing the covalent immobilization of 279 

thiolated oligonucleotides onto epoxy-functionalized surfaces have been described by 280 
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conventional nucleophile attack, to our knowledge this is the first time that light-induced 281 

selective immobilization is reported employing these reagents. On the other hand, the 282 

photoimmobilization is an effective and clean strategy to perform localized attachment of 283 

probes, as it has been recently demonstrated by Vong et al. (31) They locally patterned a silica 284 

microchannel by means of photochemical attachment of a trifluoroethyl 1-alkene ester by 285 

irradiation at 254 nm, and employed such patterned channel to perform 30 hybridization 286 

assays after immobilization of aminated DNA oligomers. Using such alkenylated surface and 287 

aminated oligonucleotides, long irradiation times (10 h) were required. In our case, only 10 288 

min were needed to achieve efficient oligonuclotide attachment, featuring an important 289 

advantage regarding to this and other reported methods for DNA covalent immobilization on 290 

silicon-based materials.  291 

 292 

FIGURE 4 293 

 294 

 295 

Surface Characterization 296 

The chemical surface functionalization was characterized by X-ray photoelectron 297 

spectroscopy (XPS), atomic force microscopy (AFM) and water contact angle (WCA) 298 

measurements. 299 

For all the raw material and treated surfaces the WCA was measured in ambient atmosphere 300 

at room temperature. The WCA of different samples was determined as the averaged of at 301 

least five repeat measurements for each sample. The hydroxylated silicon substrate before 302 

treatment with the piranha solution showed a WCA of about 33.5º. The hydrophilicity is 303 

attributed to the outer oxygen groups in the surface. After treatment with the piranha solution, 304 

it a WCA equal to 0, which is attributed to the high density surface hydroxyl groups generated 305 

with the piranha treatment. Upon reaction with GOPTS, WCA increased to 46.0º, in 306 

accordance with the presence of a more hydrophobic surface. After DNA immobilization, 307 

WCA increased to 51.1º, as observed for similar systems (50º for DNA immobilization on 308 

catecholamine polymer coated Si surfaces) (32). 309 

The chemical composition change of the silicon oxide surfaces after functionalization was 310 

also investigated by XPS (see Supporting Information Figure S6 and Table S1). As expected, 311 

the Si 2p spectra for raw material and epoxy- and DNA-functionalized surfaces showed a 312 

sharp peak at 102-105 eV that is characteristic of oxidized silicon. For both functionalized 313 

surfaces, a superposition resulting from the different varying chemical environments of the 314 
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corresponding C atom was observed in the C 1s peak spectra (Figure 5). C1s signal for the 315 

epoxy-functionalized surface can be deconvoluted into three components at 288, 286 and 285 316 

eV, that are assigned to C-O and C-C carbon atoms, respectively (Figure 5A). For the DNA-317 

functionalized surface, the C1s spectrum was decomposed into four different carbon positions 318 

with varying intensities. Thus, to the bands of 287, 286 and 285 eV, assigned to C-O, C=O 319 

and C-C carbon atoms, additionally new band at 289 eV corresponding to C-N carbon atom is 320 

present (Figure 5B). This confirmed the presence of DNA. The XPS data also show the 321 

attachment of DNA on the surface with a strong peak in the N 1s region and an increase in the 322 

intensity of the C 1s peak at 288 eV characteristic of carbons associated with electron 323 

withdrawing groups such as nitrogen and oxygen (see Supporting Information, Figures S7 and 324 

S8). All electron binding energies of the different type of carbon peak positions were derived 325 

from literature for other similar systems(33). 326 

 327 

FIGURE 5 328 

 329 

Surface sample roughness was measured by AFM in order to obtain reliable data from the 330 

different functionalized surfaces. Figure 6 shows AFM images of typical clean SiO2 surface 331 

after treatment with piranha solution (A) and a uniform monolayer after treatment with 332 

GOPTS (B) and DNA functionalization (C). Unmodified Si wafers were relatively flat, but 333 

distinctive circular and oval particles were visible as islands. These defects were similar to 334 

those observed by Wong et al.(34) and may have been etched back by the piranha treatment. 335 

The surface roughness changed after the GOPTS treatment and AFM images confirmed a 336 

complete surface coverage (see Supporting Information, Table S3). The roughness of bare 337 

surface was evident from its RMS surface roughness of 0.21 nm. In order to compare the 338 

surface roughness of the probe area to the silanized surface between the probes, the peak 339 

heights and RMS values of the surfaces were calculated. Difference between the peaks and 340 

the planes for the silanized silicon substrate was 1.34 nm with an RMS value of 0.37 nm, 341 

while the peak height after DNA probe attachment increased to 3.84 nm with an RMS value 342 

of 1.14 nm, indicating the effective coverage of oligonucleotide probe to the surface, which 343 

suggests that the probe is in a flattened configuration (35). 344 

 345 
FIGURE 6  346 

 347 

 348 
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DNA Hybridization Assays 349 

In order to test the hybridization capability of the developed surfaces, microarrays were 350 

prepared by immobilizing oligonucleotide probe B under the optimized conditions. Then, 351 

chips were blocked with 2-mercaptoethanol (0.1 M in CB) to deactivate the remaining active 352 

sites. After hybridization with target A for 60 min at 37 ºC and washing, fluorescence was 353 

read. No signal was obtained when the complementary oligonucleotide was incubated onto a 354 

functionalized surface lacking of probe B, demonstrating that nonspecific adsorption of target 355 

did not occur. The hybridization experiment performed at 37 ºC for 60 min showed significant 356 

hybridization, beyond which no appreciable increase occurred. Once established the time in 357 

60 minutes, hybridization experiment was performed at various temperatures ranging from 30 358 

to 50 ºC showing the best results from 40 to 45 ºC. The yield of hybridization was determined 359 

by comparison of the response obtained for target A and the response tor he immobilization of 360 

probe. As shown in Figure 7A, hybridized target density increased with target concentration, 361 

reaching a plateau at 200 nM for the tested probe concentrations and a maximum DNA target 362 

density of 1.4 pmol·cm−2 (probe, 5 μM; target, 200 nM) obtained from the interpolation in the 363 

corresponding calibration curve (see Supporting Information, Figure S10). The lowest 364 

detectable concentration for the target DNA recognized by the platform was 200 pM, which 365 

means a similar sensitivity than other reported surfaces (36). 366 

In order to test the stability of the probe-coated surface, weekly hybridization assays were 367 

performed. The immobilized probes on GOPTS-functionalized silicon surfaces were active 368 

during, at least, six weeks after being printed on the chips without significant loss (15%) in 369 

the hybridization signal. 370 

 371 

FIGURE 7 372 

 373 

The selectivity of our approach was evaluated through hybridization with different 374 

oligonucleotides probes containing mismatched sequences towards target A. The ability to 375 

discriminate single nucleotide polymorphism (SNP) has important applications in predicting 376 

disease predispositions, drug responses in individuals (37) and for genetic analysis in drug 377 

discovery (38). In this assay, different oligonucleotide probes, consisting in a full 378 

complementary probe (B) and three mismatched probes (C, D and E) were immobilized onto 379 

a functionalized slide. All the probes contained a spacer tail of 15 thymines at the 5’ end to 380 

physically separate the sequence from the surface, avoiding steric interferences (39). After 381 

washing and blocking with 2-mercaptoethanol, the hybridization with target A at 0.5 nM 382 
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concentration was done. Under the studied hybridization conditions (SSC 1×), it was not 383 

possible to discriminate satisfactory perfect match from single base mismatch target. But 384 

working under stringency conditions (40), by adding different formamide contents ranging 385 

from 0 to 30% (v/v), discrimination was possible. The addition of formamide at 30% (v/v), 386 

allows maximum discrimination ratio of 14.5 (Figure 7B). This result is in the range of those 387 

achieved with other approaches for oligonucleotides of similar length (41). Negligible 388 

responses (S/N < 3) were obtained assaying 5 and 10 base-pair mismatch targets for a broad 389 

range of concentrations (from 0.5 to 200 nM). An increase of the ionic strength of the 390 

hybridization buffer (3×) resulted in a worsening of the discrimination efficiency (see 391 

Supporting Information Figure S12), whereas a decrease of the ionic strength (0.1×) allowed 392 

us to discriminate even one single nucleotide mismatch lowering the formamide content (see 393 

Supporting Information Figure S13). 394 

Finally, the response of the microarray platform for sensitive and selective detection of PCR 395 

amplified DNA products of pathogens was tested. The nucleotide sequence of the 396 

immobilized probe G was complementary to the central region of 300 bp amplicon specific to 397 

detect an innocuous serotype of Escherichia coli, a versatile bacterium with a number of 398 

unique features (42). Although most E. coli strains are harmless, some serotypes are 399 

pathogenic and can cause serious food poisoning in humans. Thus, the specific probe of the E. 400 

coli gene (probe G) and a noncomplementary probe (probe H), as control, were immobilized 401 

onto an epoxylated chip, and subjected to hybridization with the Cy5-labeled PCR amplicons. 402 

The PCR product concentration was determined by UV-Vis spectroscopy, resulting 46.21 403 

ng/L. A dilution of 1/1000 ratio was employed for the hybridization assays. Spots pertaining 404 

to probe sequence specific to E. coli gene of bacteria showed fluorescence (Figure 8), while 405 

lines containing the control spots pertaining to the control did not show fluorescence at all, 406 

showing specific detection of the system to prepare biochips for the detection of bacterial E. 407 

coli. 408 

 409 

FIGURE 8 410 

 411 

 412 

4. CONCLUSIONS 413 

In summary, a simple and efficient method for preparation of oligonucleotide microarrays via 414 

light-activated thioether linkage is reported for the first time. Immobilization yields up to 53% 415 

under very short times (10 min) and hybridization efficiencies of 65% are reached. The 416 
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methodology shows potential for the construction of microarray platforms for DNA diagnosis, 417 

as demonstrated with the proof-of-concept detection for PCR products of E. coli. The main 418 

features of the proposed approach are the short times required (only 10 min) for 419 

oligonucleotide immobilization and the cleanness (no subproducts are generated). Also it 420 

permits the patterning in the biofunctionalization, which is highly interesting in the 421 

construction of high-Q nanobiosensors, where the selective attachment of the bioreceptors on 422 

the sensing area is a key step to yield optimal sensitivity performances. This strategy 423 

potentially simplifies the preparation of DNA microarrays and may be useful for the 424 

immobilization of different types of biomolecular probes, such as cDNA, peptides, aptamers, 425 

or direct polymerase chain reaction (PCR) products. 426 
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 544 

Figure 1. Proposed strategy for DNA immobilization and hybridization. 545 
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 548 
 549 

 550 

Figure 2. Kinetics of photo (left) and thermal (right) activation of silica surface strategies for oligonucleotide 551 

immobilization. 552 
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 556 

 557 

Figure 3. (A) Chemical structures of the assayed organosilane reagents; (B) Effectiveness of each reagent on 558 

probe A immobilization. 559 
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 563 

 564 

Figure 4. Fluorescence image obtained after irradiation through a photomask. 565 
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 568 
 569 

 570 

Figure 5. C1s XPS spectra of: (A) epoxy- and (B) DNA-functionalized slide. 571 
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 575 

 576 
Figure 6. AFM scan of (A) non-functionalized silicon surface, (B) silicon surface coated  577 

with GOPTS, (C) silicon surface coated with GOPTS after DNA attachment. 578 
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 581 
 582 

 583 
Figure 7. (A) Hybridized target density for different probe B concentrations. (B) Comparison of hybridization 584 

efficiency of target with complementary (PM), single-base mismatch (MM-1), two-base mismatch (MM-2) and 585 

three-base mismatch (MM-3) probe oligonucleotide. 586 
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 589 
 590 

 591 

Figure 8. Detection of bacterial Escherichia coli. Lines 1 and 3 E. coli probe. Lines 2 and 4 control probe. 592 
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