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A B S T R A C T

Novel microarray platform for single nucleotide polymorphisms (SNPs) detection has been developed using
silicon nanowires (SiNWs) as support and two different surface modification methods for attaining the necessary
functional groups. Accordingly, we compared the detection specificity and stability over time of the probes
printed on SiNWs modified with (3-aminopropyl)triethoxysilane (APTES) and glutaraldehyde (GAD), or coated
with a simpler procedure using epoxy-based SU-8 photoresist.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) were used for com-
parative characterization of the unmodified and coated SiNWs. The hybridization efficiency was assessed by
comprehensive statistical analysis of the acquired data from confocal fluorescence scanning of the manufactured
biochips.

The high detection specificity between the hybridized probes containing different mismatch types was de-
monstrated on SU-8 coating by one way ANOVA test (adjusted p value ***< .0001). The stability over time of
the probes tethered on SiNWs coated with SU-8 was evaluated after 1, 4, 8 and 21 days of probe incubation,
revealing values for coefficient of variation (CV) between 2.4% and 5.6%. The signal-to-both-standard-devia-
tions ratio measured for SU-8 coated SiNWs platform was similar to the commercial support, while the APTES-
GAD coated SiNWs exhibited the highest values.

1. Introduction

DNA microarray technology revolutionized the areas of genetics and
molecular biology in the mid 90's by facilitating the simultaneous in-
vestigation of the expression levels for thousands of genes, enabling
high-throughput analysis [1,2]. Further studies recommended the
technique for single nucleotide polymorphism (SNP) genotyping and
have a key role in the identification of DNA variants which increase the
predisposition to various disorders [3–5]. Improvements in limit of
detection down to fM and the enhanced specificity of single base mis-
match detection were recently reported [6,7]. The dedicated analysis of
thermodynamically stable single nucleotide mismatches was conducted
by means of atomic force spectroscopy (AFS) [8] and DNA melting
temperature analysis [9].

In microarray, the use of a flat support inhibits the amount of bio-
logical samples attached to a chemically modified surface, thus

decreasing the sensitivity and specificity of the technique [10–14].
Therefore, three-dimensional (3D) detection platforms became a pro-
mising approach for achieving a higher probe binding capacity as
compared to the typical two-dimensional substrates [15–18]. Sig-
nificant enhancement of the detection specificity and sensitivity has
been reported on nanostructured quartz [19], polymer-based three-di-
mensional substrates [20] or three-dimensional dextran matrix cova-
lently coated on glass surface [6]. Among them, silicon-based substrates
tailored in customizable geometries through processes applied in mi-
croelectronics came into focus due to their specific technological traits:
control, reproducibility, stability [21,22]. Silicon nanowires (or black
silicon) possess low reflectance capabilities and a broadband light ab-
sorption [23–26], characteristics which are essential in microarray
applications. Hence, this architecture reduces the autofluorescence due
to the multiple reflections on substrate and SiNWs “forest”, enhancing
the transmittance due to the coupled guided modes which propagate
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along the length of SiNWs, thus resulting in improved light absorption
and signal intensity.

The most common mechanisms for DNA binding onto a surface
(glass, silicon, synthetic polymer) involve chemically-modified probes
with amino or thiol nucleophilic groups covalently attached to epoxide,
aldehyde, succinimidyl ester or isothiocyanate functionalized substrates
[27,28]. Glycidyl ether of bisphenol A (SU-8) is a low-cost epoxy-based
photosensitive polymer, thermally and chemically stable, with excellent
physical and optical properties, commonly used as negative photoresist
in micromachining and microelectronics, suitable for immobilization of
bio-molecules in Bio-MEMS and biosensors [29,30]. The feasibility of
SU-8 coated glass slides for microarray fabrication by directly im-
mobilizing modified oligonucleotides is already established [31,32].
Sensitive hybridization was achieved on Blu-ray disk coated with SU-8,
opening a way to high-density microarrays [33]. However, there are no
reports regarding the use of SU-8 on 3D architectures supporting the
uniform attachment of DNA probes.

Our previous studies were mainly focused on assessing the dis-
crimination efficiency between perfect-matched (PM) and mismatched
sequences (MM) by developing a microarray chip based on silicon na-
nowires (SiNWs) functionalized with (3-Aminopropyl)triethoxysilane
(APTES) and glutaraldehyde (GAD) [34], but the controlled spot size
and the long term stability of the tethered probes remained to be settled
in order to claim its commercial destination. Starting from the previous
findings, we developed herein a new chemically stable biochip for ac-
curate control of the microarray spot sizes by using SU-8 coating of
SiNWs, with superior detection specificity and reproducibility. BRCA1-
corresponding sequences were employed, because any modification -
such as single nucleotide polymorphisms - increases the lifetime risk for
the development of breast and ovarian cancer [35–38], as revealed by
SNP arrays [39]. The perfect complementarity of the BRCA1 canonical
probe sequence (containing the common C allele) with the target mo-
lecules and the effect of the mismatches in terms of specificity were
analysed by replacing the C nucleotide with another nucleotide (C>A
and C>T), or two adjacent nucleobases (CG>AA) generating three
other variants of BRCA1 probe sequences. The replaced single nucleo-
tides form DNA duplexes containing A/G and G/T mismatches which
are the most stable among other types of disparities [40], whereas the
sequence containing two mismatches was designed to form destabi-
lizing AA/GC duplexes. Negative control probe sequences were also
used to certify the appropriate hybridization conditions.

In this article, we report high detection specificity among the hy-
bridized probes containing different mismatch types on SiNWs support
covered with SU-8. Accordingly, the hybridization data collected using
confocal fluorescence scanning from 320 technical replicates/probe
type (PM, C>A and C>T) were normalized. After removing the
outliers, the datasets were analysed by one way ANOVA, leading to the
adjusted p value *** < 0.0001 which demonstrated the high detection
specificity among the hybridized probes containing different mismatch
types on the new SU-8 coated SiNWs support. It is notable that the
signal-to-both-standard-deviations ratio measured for SU-8 coated
SiNWs platform is similar to the commercial support, while SiNWs
coated with APTES-GAD display the highest values. Furthermore, we
shown a significantly improved stability over time of the probes teth-
ered on this substrate, revealing variation coefficients between 2.4%
and 5.6% at our evaluations after 1, 4, 8 and 21 days of probe in-
cubation.

2. Experimental section

2.1. Materials and reagents

Superaldehyde 3 Premium Microarray Substrates were purchased
from ArrayIt Corporation (Sunnyvale, USA). The p-type silicon wafers
were ordered from SIEGERT WAFER (Germany). The oligonucleotides
were provided by Biomers.net (Germany).

SU-8 2002 photoresist was acquired from Microchem (USA).
Nuclease-free water and coverslips were purchased from Roth
(Germany). Herring sperm DNA was obtained from Promega (USA).
Adhesive films for microtiter plates were purchased from EXCEL
Scientific (USA). Sterile microtiter plates were acquired from BRAND
(Germany). Unless otherwise specified, all the other chemicals were
supplied by Sigma-Aldrich (Germany).

2.2. Fabrication of 3D microarray platforms

The generation of SiNWs as 3D substrates employed one-step metal-
assisted chemical etching (MACE), where AgNO3 was used as an
etching catalyst [41]. As described in our previous study [34], the p-
type Si substrates were immersed in 0.06M AgNO3 and 4.5M HF, for
40min in the absence of light. At this point, SiNWs were formed and the
chips were dipped into 60% v/v HNO3 solution for 30min, in order to
remove any residual catalyst and, followed by immersion in 5% v/v HF
solution for 1min.

Two types of SiNWs functionalization were done and their impact
on hybridization efficiency and data reproducibility was investigated:
(i) the standard APTES-GAD protocol providing the –CHO functional
groups (GAD/SiNWs); and (ii) the SU-8 coating yielding the epoxy
functional groups (SU-8/SiNWs). Thus, a set of SiNWs substrates was
modified with APTES and GAD, using the optimized protocol previously
reported [42]. The other set was dipped into 5% HF for 1min, cleaned
under O2 plasma for 10min and covered with SU-8 2002 photoresist, by
spinning at 4000 rpm. Afterwards, the SU-8/ SiNWs supports were soft
baked for 1min at 65 °C and 2min at 95 °C, followed by the post-baking
performed at 180 °C for 30min. Unlike the deposition on a standard flat
substrate [43], the 3D architecture assured a much thinner deposition
due to the uniform polymer dispersal into the substrate, reducing the
auto-fluorescence level [32].

2.3. Microarray experiment

The oligonucleotide probes and target sequences used in this study
correspond to BRCA1 gene [44]. The negative control (fully mis-
matched sequence) and BRCA1-specific probes were designed to have a
C6 amino-link modification at 5′ end and to contain two types of single
nucleotide mismatch in the same locus (Table 1).

The mismatched sequences were designed in accordance with the
SNPs reported for the pathogenic allele, available in “The Single
Nucleotide Polymorphism Database (dbSNP) of nucleotide Sequence
Variation [45,46]. Rs28897696 is a polymorphism which, if found in
homozygous form (two copies), is very likely to increase the risk of
developing breast or ovarian cancer [47]. A second mismatch corre-
sponding to rs1057520432, with likely benign allele was introduced in
one of the probe types in order to generate a stronger destabilizing
effect on the duplex. The complementary target sequence had a Cy3 dye

Table 1
Probe and target sequences.

BRCA1

Perfect Matched Sequence (PM) 5′-C6-NH2-
CTAGGAATTGCGGGAGGAAAATGGG− 3′

Sequences with 1
mismatch
(MM)

C>A 5′- C6-NH2-CTAGGAATTGA
GGGAGGAAAATGGG− 3′

C>T 5′- C6-NH2-CTAGGAATTGT
GGGAGGAAAATGGG− 3′

Sequence with 2
mismatches
(2MM)

CG>AA 5′- C6-NH2-CTAGGAATTGAA
GGAGGAAAATGGG− 3

Negative control sequence (Nc) 5′-C6-NH2-
TTGCATCTTCTGGGTCAGGTACGGA− 3′

Complementary sequence (C) 5′-Cy3-CCCATTTTCCTCCCGCAATTCCTAG− 3′
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attached to the 5′ end, necessary for fluorescent detection of hy-
bridization. The immobilization buffer consisting of 200mM Na2HPO4

(sodium phosphate, dibasic), pH 8.5, was used for probes’ preparation,
subsequently spotted at 50 µM concentration using an Omni Grid Micro
Contact printer (Genomic Solutions) with controlled humidity (80%)
and temperature (25 °C) in the printer chamber. The spotting, im-
mobilization, washing and blocking conditions were previously estab-
lished [33,48]. The layout of the probes spotted on the surfaces is
presented in Fig. 1. Namely, 3 subgrids of 4×80 spots (320 replicates)
corresponding to perfect matched (PM), C>A and C>T single mis-
matches, respectively, were spotted on both aldehyde-modified com-
mercial glass support and the homemade new supports based on SiNWs
by using a 200 µm tip. For control experiments, 4 subgrids corre-
sponding to negative control Nc, perfect matched PM, single mismatch
C>A and double mismatch CG>AA probes were deposed on alde-
hyde-modified glass slide, functionalized SiNWs, as well as on func-
tionalized flat Si substrate. Overnight incubation of the supports was
done at room temperature, for attaining a covalent bonding of the
probes on surface. The removal of unbound probes was subsequently
achieved by washing the slides three times successively in each of the
following solutions: (i) 2× SSC/0.1% w/v SDS (saline sodium citrate/
sodium dodecyl sulphate); (ii) 1× SSC; (iii) DIW (deionized water).
The blocking of unreacted sites was performed by immersing the mi-
croarray platforms for 30min at 42 °C and 250 rpm in a preheated so-
lution (42 °C) of 1% w/v BSA (bovine serum albumin) in 5× SSC and
0.1% w/v SDS.

Carefully prepared samples were stored for 1 day and 21 days at 4 °C
in N2 atmosphere before hybridization, aiming to analyse the short- and
long-term stability of the platforms, with additional 4 and 8 days in-
tervals dedicated to SU-8/SiNWs. An optimized hybridization protocol
involved the Cy3-complementary sequences diluted to 10 µM in a buffer
preheated to 60 °C, which consisted of 2×Denhardt's solution,
10× SSC and 200 µg/mL herring sperm DNA. The hybridization solu-
tion was dispersed on the surface by encasing each biochip with a
coverslip and the target's evaporation was prevented by incubating the
slides in a humid chamber for 4 h at 42 °C. Prior to scanning, the un-
bound target sequences were discarded by washing the slides for three
times successively in 2× SSC/0.1% w/v SDS, 1× SSC and DIW.

2.4. Characterization and analysis

2.4.1. Equipments
The morphological imaging and measurements of the as-prepared

SiNWs, GAD/SiNWs and SU-8/SiNWs microarray substrates were
performed with a Field Emission Scanning Electron Microscope (FE-
SEM), FEI-NOVA NanoSEM 630. The wettability of the functionalized
substrates was determined at room temperature by employing the KSV
Theta Optical Tensiometer equipment. Deionized water was used in the
sessile drop tests, and the droplet volume was controlled using an au-
tomatic dispensing system. Hybridized DNA was detected with a laser
scanning confocal fluorescence system (GeneTAC UC4 Microarray
Scanner, Genomic Solutions), by scanning the slides with Cy3 (532 nm)
excitation laser at 10 µm/pixel. Raw images were imported into
GenePix® Pro 7 Software for spot detection and quantification of the
intensity of hybridization signal. The acquired data points were not
flagged as “bad” at this stage; they were removed afterwards from the
graphical and statistical analysis of the mismatches.

2.4.2. Statistical analysis
Datasets based on 320 technical replicates/probe type were gener-

ated by GenePix® Pro 7 software for extracting the average signal in-
tensities and the local background intensities, subsequently processed
and analysed in RStudio 1.0.136 [49] environment for R 3.4.0, and the
microarray layout accompanied by the steps for data processing are
illustrated in Fig. 1 [50]. The datasets corresponding to the control
experiments were analysed using exactly the same steps applied for the
slides containing PM, C>A and C>T. The graphics were generated
using background-corrected values, normalized by log10 transforma-
tion, to make the data interpretation easier and more meaningful [51].
The values situated 2σ (standard deviation) away from the mean were
treated as outliers and removed from the graphical and statistical
analysis of the mismatches. All the graphs were generated using ggplot2
R package [52]. For the control experiments engaging Nc, PM, C>A
and CG>AA probe types, these datasets were analysed using exactly
the same steps applied for the slides containing PM, C>A and C>T.

One way analysis of variance (ANOVA) with Tukey's honestly sig-
nificant difference (HSD) post hoc tests (α=0.05), available in RStudio
was used for the statistical analysis of the hybridization data in control

Fig. 1. Layout for PM, C>A and C>T probes spotted on the test supports and data processing steps for statistical analysis.
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conditions compared with mismatches. A * p < 0.05 was deemed in-
dicative of a statistically significant difference for these tests and is
mentioned as *p < 0.05, **p < 0.01, and ***p < 0.001 – sig-
nificance levels for F statistics.

To further assess the quality of the developed microarray supports,
we compared the signal-to-both-standard-deviations ratio (SSDR) using
the calculation method reported [53]. The SSDRs of the GAD/SiNWs
and SU-8/SiNWs were related to the ones obtained on aldehyde-
modified commercial glass support (REF).

3. Results and discussion

3.1. Characterization of the 3D-modified microarray support

Extended surface and in-depth examination was conducted to assess
the morphological changes exhibited by the SiNWs substrate after
APTES-GAD and SU-8 functionalization. In Fig. 2, representative areas

are illustrated along with high-resolution details intended for an ac-
curate depiction of the 3D supports prepared for DNA probe im-
mobilization. The in-plane view of the nanostructured support shows
the natural bundling tendency of SiNWs, due to their high aspect ratio
and surface tension generated by the evaporation of the liquid media
involved in the fabrication procedure [54,55]. Adding the functional
layers intensifies this process, as a result of the viscous material accu-
mulation on the tips of the nanowires [56–58] and on the length of their
exposed regions. The functionalization with APTES-GAD gathers the
peaks of the nanowires and covers a significant portion of their length,
as seen in the SEM micrograph. In addition, SU-8 not only encapsulates
large nanowire groups into a polymeric mass, but, during the poly-
merisation process it forms bridges between adjacent blocks increasing
the active surface, as indicated by the image acquired after tilting the
sample. The cross-section investigation certifies the modification of the
nanostructured Si substrate by functionalization and allows the mea-
surement of nanowires (between 30 and 70 nm in diameter and ~ 4 µm

Fig. 2. Morphological examination of the (a) SiNWs; (b) SiNWs functionalized with APTES and GAD; (c) Si NWs covered with SU-8. The upper row depicts the in-
plane view with high-resolution details, the middle row illustrates the 60° tilted images with representative micrographs, whereas the lower row shows the cross-
section measurements of the configured Si substrate.
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in length). Compared to the uncoated control sample, we observed a
small reduction in thickness of the SiNWs layer after the functionali-
zation step, explained by the clustering process mentioned above.

Complementary to the visual characterization, EDX analysis (Energy
Dispersive X-ray spectroscopy) was performed for the accurate depic-
tion of the specific elemental composition, revealing the presence of C,
N and O related to APTES-GAD, and the C and O peaks associated with
the SU-8 coating, respectively (Fig. S1, Supporting Information).

3.2. Immobilization mechanism

There are two factors that depend on the efficient recognition of the
tethered probes by target DNA: the concentration of tethered probe has
to be optimal to avoid crowding effect and steric hindrance, and the
probes have to be oriented ideally in an upright position [59]. The use
of a 3D configuration should eliminate the possibility of crowding effect
and steric hindrance, and thus it increases the hybridization efficiency.
The tendency of ssDNA and dsDNA molecules is to swing, bend or twist
in the solvent towards the interface [60], but in the case where DNA
probes have an NH2 modification on 3′ or 5′ end, they provide covalent
attachment with the surface-specific functional moieties, favouring the
vertical orientation of DNA probes towards the surface and an efficient
hybridization of ssDNA [61]. Our DNA probes had a 5′-NH2-C6 linker
which interacts with the aldehyde and epoxy-modified substrates, fa-
vouring the vertical orientation in relation to the surface, in accordance
with Wong and Pettitt's [62] simulations on neutral epoxy-based
monolayer indicating that the molecules tilt to 55° and back to the
upright position, while the 5′-NH2-C6 linker remains extended. Based
on the SEM/EDX analyses, we expect in our cases to have slightly dif-
ferent orientation of the DNA probes. While in the case of APTES-GAD
functionalization, the DNA molecules go deep into the 3D matrix and
are immobilized quasi-vertical on the walls created by the grouping
SiNWs, the SU-8 bridges restrict the in-depth DNA penetration and keep
the molecules in vicinity of the surface, becoming more accessible for
the hybridization process and favouring an increased sensitivity in de-
tection. Fig. 3 illustrates the immobilization mechanisms on 3D Si based
platforms modified with APTES-GAD (GAD/SiNWs) and with SU-8 (SU-
8/SiNWs), respectively. In the first case, the Schiff base reaction be-
tween aldehyde and amine groups enables the covalent attachment of
amine-modified DNA on 5′-end on SiNWs support, leading to a high
binding strength and less random immobilization – Fig. 3(a). When SU-
8 is coating the SiNWs, SN2 type II nucleophilic substitution is promoted
between the epoxy rings and the amine [63], ensuring superior binding
strength and stability of the tethered probes [28] – Fig. 3(b).

3.3. Investigation of detection specificity over time

The probes’ stability and specificity are essential properties for
homemade microarrays targeting the commercial implementation. The
few existing studies approached the short-term stability (up to 16 h) of
unchanged and amine-modified probes printed on acid-washed or si-
lanized surfaces [64], or up to 42 days evaluation of antibody arrays
prior to data processing [65]. We periodically analysed the printed
arrays on the 3D Si-based platforms (GAD/SiNWs and SU-8/SiNWs) by
taking the commercial glass support as reference (REF) up to 21 days,
probing the DNA attachment accuracy and the hybridization efficiency.
Besides the scrutiny of fluorescent microarray images, the histograms
and coefficients of variation were analysed to certify the stability over
time. Furthermore, the graphical analyses were correlated with ANOVA
statistics to demonstrate the detection specificity of highly stable oli-
gonucleotides.

Resulting microarray optical images reveal significant differences
between the spots obtained for each support type. Thus, the aldehyde-
modified commercial glass substrate yields after 1 day of incubation
good quality spots, with regular shapes and intensities, with diameters
around 250 µm, larger than the pin tips (Fig. S3 (a)). After 21 days, a

morphological alteration appears, caused by Marangoni and "coffee-
ring" effects [66] (Fig. S3 (b)). The spot size is correlated with the
wettability of the surface, the aldehyde-modified commercial support
exhibiting hydrophilic characteristics with a mean contact angle of
74.3° (Fig. S2 (a)). The spot morphology and hybridization intensities
on GAD/SiNWs platform are acceptable after 1 day, with an obvious
decrease in signal intensity after 21 days of storage (Fig. S4). Higher
diameters are obtained (~ 360 µm) due to the capillary diffusion of the
immobilization solution containing single-stranded DNA probes and
hybridization solution containing target oligonucleotides among the
SiNWs [34], confirmed by the contact angle mean (76°), standard de-
viation (36°) and its reduction in time (Fig. S2 (b) and (d)). In contrast,
the fluorescence images corresponding to SU-8/SiNWs after 1 and 21
days of storage disclosed uniform intensities and good spot morpholo-
gies besides smaller spot diameters (Fig. S5), principally due to the
support's surface hydrophobicity, confirmed by the mean contact angle
θ of 101° (Fig. S2 (c)). Their size is approximately 200 µm, close to the
pin footprint, confirming the suitability of this type of surface func-
tionalization in the development of experimental arrays close to the
designed ones.

The signal-to-noise ratio (SNR) is widely used in microarray to
measure the level of fluorescent signal related to hybridization, ex-
cluding the background noise [67,68]. The values of signal-to-both-
standard-deviations ratio (SSDR) were calculated using Eq. 1
(Supplementary Information) and the results illustrated in Fig. 4 show
on the one hand that the REF and SU-8/SiNWs microarray supports
exhibit similar values, with improved stability over time for the latter,
where the SSDR value decreases only by 10%. On the other hand, GAD/
SiNWs presented the best SSDR values, 1.949 after 1 day and 1.803
after 21 days of storage, respectively, consistent with our previous re-
sults reported for fewer replicates [34], which are probably determined
by the enlarged areas of microarray spots.

3.3.1. Analysis of PM probes stability over time
Following the blocking and washing steps, the stability of the PM

probes was evaluated by hybridizing the slides after 1 day and 21 days
of incubation at 4 °C. The graphical representation of normalized signal
intensities was correlated with the average hybridization fluorescent
intensities (Ī), the standard deviations (σ) and coefficients of variation
(CV), as presented in Fig. 5.

The histogram corresponding to REF support depicts the overlaid
distributions of the signal intensities assessed after 1 and 21 days. For
GAD/SiNWs, the peaks of the distributions are off-centred with sig-
nificant left skewing emerged after 21 days. Superior grouping ten-
dency was observed for SU-8/SiNWs, slightly left-shifted after 1 day of
incubation, but greatly improved after 21 days. This fact has demanded
a supplementary evaluation of middle intervals to confirm the long
term stability, hence 4 days and 8 days were selected for investigations
(Fig. S6, Supporting Information). The additional statistical analyses
confirm this improving trend, showing two overlapped normal dis-
tributions (Fig. S7, Supporting Information).

The mean signal intensities (Ī) were calculated using Eqs. (2) and (3)
(Supporting information) for all the substrates and revealed that the
highest hybridization signal intensities were obtained for REF with
Ī1 day = 4.427 and Ī21days = 4.463, followed by SU-8/SiNWs with Ī1 day

= 4.409 and Ī21days = 4.140, and by GAD/SiNWs with Ī1 day = 4.359
and Ī21days = 3.852. The increase of average intensity calculated for the
REF microarray is visually confirmed by simple comparison of the
optical images (Fig. S3), where the saturation effect induced by the
coffee-ring build-up was evident.

The standard deviations (σ) for 1 day and 21 days of storage were
calculated according to Eqs. 4 and 5 (Supporting Information). The
average quality of the spots in the case of commercial substrate is not
substantially affected, the spreading of the results leading to values of
σ1 day = 0.081 and σ21days = 0.099 (Fig. 5(a)). Different results were
obtained for the homemade supports: while the degree of preservation
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for GAD/SiNWs is initially σ1 day = 0.153 and suffers a decrease with
time to σ21days = 0.256 (Fig. 5(b)), the SU-8/SiNWs presents an op-
posing behaviour, where standard deviations improve from σ1 day

= 0.248 to σ21days = 0.115 (Fig. 5(c)).
The reproducibility of hybridized spots on the developed platforms

is mainly given by the coefficient of variation (CV), calculated using Eq.
6 (Supporting Information). A value of CV smaller than 10% is in
general acceptable, denoting better calculation accuracy when more
technical replicates are involved [69–71]. All our analysed microarrays
presented coefficients lower than 7%, reflecting the performance of the
assay which guarantees the consistency of the manufacturing process.
As expected, the highest stability over time was exhibited by REF with
CV after 1 day (CV1 day) = 1.8% and CV after 21 days (CV21days)

= 2.2%. Inferior value of this coefficient was calculated for GAD/
SiNWs after 1 day (CV1 day = 3.5%) and it got even worse after 21 days,
reaching CV21days = 6.6%, anticipated by the skewed data distribution
with disparate bimodal peaks. These findings can be associated with the
removal of APTES/GAD/hybridized DNA layers caused by the hydro-
lytic instability of APTES after preserving the slides at 4 °C, in atmo-
sphere with high humidity [72,73]. Analyzing the new SU-8/SiNWs
configuration data, we obtained a coefficient that was, after 21 days,
only slightly higher than the ones calculated for commercial slides, i.e.
CV21days = 2.8%.

3.3.2. Statistical investigation of the mismatch detection capabilities over
time

A control experiment was performed by spotting all supports with
negative controls, PM probe types, probes having C>A stable mis-
match and with probe sequences containing two mismatches
(CG>AA). The commercial glass support was taken as reference (REF)
and single crystalline silicon surface modified with APTES-GAD and SU-
8 (GAD/Si and SU-8/Si) was included for a comparative view with the
3D Si-based platforms (GAD/SiNWs and SU-8/SiNWs). One-way
ANOVA test with Tukey's HSD post-hoc correction was performed on all
substrates used for control experiments to assess the discrimination
accuracy between the hybridized probes. The signal intensities nor-
malized according to Eq. 2 (Supporting Information) were taken into
consideration for PM probes in comparison with the MM probes
(Fig. 6).

No fluorescent hybridized spots could be observed for negative
controls which had been spotted and attached on all types of support. In
Fig. S8 from Supporting Information, the pin features are clearly ob-
served on the SiNWs, where the negative controls were tethered. The
graphical analysis of REF shows statistical discrimination between PM,
C>A and CG>AA mismatched probes (***p < 0.0001) (Fig. 6(a)).
The statistical analysis of hybridization results on GAD/Si shows

Fig. 3. Schematic illustration of the immobilization mechanisms of NH2 – modified probe DNA on a) GAD/SiNWs and on b) SU-8/SiNWs.

Fig. 4. Measurement of signal to both standard deviations ratio for the three
types of biochips, after one day and twenty one days of printed slide incubation.
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significant discrimination between PM and CG>AA probes
(***p < 0.0001), whereas, the signal intensity higher for C>A
(3.631) than PM (3.521) makes the GAD/Si an inaccurate detection
platform (Fig. S9(a), Supporting information). By analogy, the hy-
bridization results on GAD/SiNWs revealed enhanced signal intensities
(Fig. 6(b)), 4.198 instead of 3.521 on GAD/Si for PM, and statistical
discrimination between all probe types (***p < 0.0001), although the
average intensity of C>A (4.137) is slightly lower that PM.

On both SU-8/Si (Fig. S9 (b), Supporting information) and SU-8/
SiNWs (Fig. 6(c)), superior results were obtained in terms of detection
specificity (***p < 0.0001), with a coefficient of variation equal to
2.16% of hybridized PM on SU-8/Si and 1.24% on SU-8/SiNWs. The
CG>AA probes have shown strong duplex destabilization when at-
tached onto SU-8, as the fluorescent signal could not be clearly dis-
cerned from background and extracted for data analysis, whereas on the
surfaces exposing aldehyde active moieties, the sequence with two
mismatches could be detected, having the lowest hybridization signal
intensity. Based on these findings, it was clear that not only the na-
nostructured surface, but also the functional groups play a major role in
the accuracy of DNA detection, with a better hybridization specificity
due to the higher reactivity of epoxy groups from SU-8 [74].

The REF, GAD/SiNWs and SU-8/SiNWs slides spotted with PM,
C>A and C>T mismatch types and hybridized have also been ana-
lysed after data extraction, normalization and outliers’ removal by one-
way ANOVA to assess the discrimination accuracy between the three
types of hybridized probes. The normalized signal intensities were
taken into consideration for PM probes in comparison to the MM probes

(Fig. 7).
The graphical analysis of REF hybridization data after 1 day of in-

cubation depicted in Fig. 7(a1) showed statistical discrimination be-
tween PM and C>T probes (***p < 0.0001), and also between C>A
and C>T probes (***p < 0.0001). While the difference between PM
and C>A is not statistically significant (ns 0.0675), the discrepancy
was accentuated after 21 days, when although the difference PM vs.
C>A could be considered significant, the higher hybridization signal
of C>A probes made the analysis unreliable (red highlighted text in
the table associated to Fig. 7(a2). This behaviour might be determined
by the predilection of C>A to generate stable A/G DNA duplexes after
hybridization, having equal or higher signal intensity than C/G DNA
duplex [75,76].

The same situation was found on GAD/SiNWs platform regarding
the differences between the C>A and PM hybridized probes, both after
1 day and after 21 days of storage. If initially the coefficient value was
reliable, its alteration was noticed also for C>T and PM after 21 days.
Actually, it is notable that all the ‘p’ values become sub-standard after
long-time storage.

Great specificity is achieved on SU-8/SiNWs biochip, revealing
good distinction between the PM hybridized probes and C>A, C>T
hybridized oligonucleotides (***p < 0.0001) after 1 day of incubation,
with a slight difference (ns 0.9844) between the two mismatch types.
An opposite behaviour in time could be observed for the last type of
platform. Interestingly, the quality of mismatch detection on SU-8
coated substrate improved, showing good distinction between PM and
MM probes, and also statistical differences between C>A and C>T

1 day 21 days
Ī σ CV Ī σ CV

4.427 0.081 1.8% 4.463 0.099 2.2%

1 day 21 days
Ī σ CV Ī σ CV

4.359 0.153 3.5% 3.852 0.256 6.6%

1 day 21 days
Ī σ CV Ī σ CV

4.409 0.248 5.6% 4.140 0.115 2.8%

(a) REF (b) GAD/SiNWs (c) SU-8/SiNWs

Fig. 5. Evaluation of the stability over time of surface-attached PM probes on: (a) commercial glass slide – REF; (b) glutaraldehyde-functionalized SiNWs – GAD/
SiNWs; (c) SiNWs coated with SU-8 – SU-8/SiNWs, coupled with descriptive statistics for each type of substrate.

PM vs. C>A 
***<0.0001

(a) REF 

PM vs. CG>AA. 
***<0.0001 

Adjusted p values

C>A vs. CG>AA
***<0.0001 

A PM vs. C>A
***<0.0001

(b) GAD /

A PM vs. CG>A
1 ***<0.000

Adjusted p v

/ SiNWs 

AA. C>A vs. CG
1 ***<0.00

values

G>AA 
001 

(c) SU

P
*

Adjuste

U-8 / SiNWs 

PM vs. C>A 
***<0.0001
ed p value

Fig. 6. Evaluation of the hybridization signal intensity differences between PM probes and the probes containing one (C>A) and two mismatches (CG>AA) on (a)
commercial glass slide – REF; (b) glutaraldehyde-functionalized SiNWs – GAD/SiNWs; (c) SiNWs coated with SU-8 – SU-8/SiNWs correlated with statistical analysis.
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fluorescent hybridization intensities (***p < 0.0001). Thus, although
low immobilization density and slow reaction between DNA and epoxy
supports were reported in the literature [28], our study emphasizes the
tendency of the tethered probes to stabilize over time and to allow the
discrimination between the most stable mismatches of BRCA1.

4. Conclusions

We presented the manufacturing of a stable SU-8 coated SiNWs
biochip for enhanced mismatch detection, with hydrophobic properties
leading to an average spot size very close to the imprint area of the pin
tips. Consequently, the new platform allows the implementation of high
density arrays addressed to end users engaged in detection of SNPs and
various genotyping applications.

The uniform distribution of the probes increases the hybridization
efficiency and consequently the detection specificity of single base
mismatches. The statistical analyses conducted on 320 technical re-
plicates/probe type indicate that the uniform SU-8 coverage of the
SiNWs substrate in regard with both aldehyde-modified commercial
slides and SiNWs-based homemade substrates with standard APTES-
GAD functionalization improves the parameters which are related to
the reproducibility of hybridization process. Uniquely, our compre-
hensive statistical approach highlighted the tendency of the tethered
probes on SU-8/SiNWs platforms to stabilize over time, confirmed by
the improvement of the calculated coefficient of variation up to 2.8%
after 21 days. The capability of the new microarray support to allow
detection of the highly stable mismatch types is remarkable, with sig-
nificance levels between the different types of hybridized DNA probes
of ***p < 0.0001, even after long storage period. Thus, we demon-
strated that the use of a 3D architecture on Si and a simplified surface
modification process with epoxy groups correspond to a reliable and
inexpensive solution to achieve discrimination between the most stable
mismatches of BRCA1. Real DNA samples will be involved in future
experiments, as a final step in manufacturing an accurate diagnostics
instrument.
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