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ABSTRACT: Spatially controlled anchoring of NA probes onto microscope glass slides by a novel fluor-thiol coupling reaction is
performed. By this UV-initiated reaction, covalent immobilization in very short times (30 seconds at 254 nm) is achieved with probe
densities of up to 39.6 pmol/cm?. Modulating the surface hydrophobicity by combining a hydrophobic silane and a hydrophilic silane
allow the fabrication of tuned surfaces where the analyte approaches only to the anchored probe, which notably reduces nonspecific
adsorption and the background. The generated substrates have proven clear advantages for discriminating single-base-pair mis-
matches, and for detecting bacterial PCR products. The hybridization sensitivity achieved by these high-performance surfaces is about
1.7 pM. Finally, this anchoring reaction is demonstrated using two additional surfaces: polytetrafluoroethylene (PTFE) and polyvi-
nylidene fluoride (PVDF) membranes. This provides a very interesting pathway for anchoring thiolated biomolecules onto surfaces

with C-F motifs via a quick clean UV reaction.

Nowadays, the development of new biosensors to diagnose
and prevent different illnesses in specifically, selectively and
quickly using inexpensive devices is still required. NA micro-
arrays have revolutionized basic research in molecular and cel-
lular biology, biochemistry and genetics.: Although the tech-
nology in NA is most advanced, protein microarrays also
emerge as a potential and useful tool.*®

During the fabrication of NA microarrays, glass microscope
slides are widely used as a support because of their good optical
properties, high resistance and rigidity, low cost, and surface
chemical derivatization by organosilane chemistry.? Effective
surface activation and functionalization protocols are key for
microarray production. A good control of these processes im-
proves the performance and quality of assays. For instance, the
properties of functionalized surfaces will define efficient immo-
bilization of probes and their biorecognition capacity.

Regarding the immobilization process, covalent anchoring of
NA probes is preferred to adsorption because of its robustness
and reliability.% 7 Besides, photoactivated reactions like fluor-
thiol photocoupling chemistry that is herein reported, offer sev-
eral advantages, such as that associated with click chemistry re-
actions. These reactions are fast, clean and enviro-friendly, and
allow oriented immobilization® °® in aqueous media, which is
crucial for their bioutility.1® ! When light activates the reaction,
additional advantages, such as site-specific immobilization,
come into play. One example of these photo-click-chemistry re-
actions that has been recently applied to microarray technology
is thiol-ene coupling,’?*® which allows biomolecules to be an-
chored to silicon-based surfaces selectively under mild condi-
tions, with quantitative or near-quantitative yields.

Another important parameter to take into account in either the
immobilization or the hybridization process is the surface. Su-
perhydrophobic surfaces are based on nonreactive and low-sur-
face energy functional groups which prevent most chemical and

biological substances from adhering.'® Thanks to this good
property, hydrophobic surfaces can be applied to develop NA
microarrays with a water-repellent background that confines the
sample only to the point where the probe is anchored by reduc-
ing nonspecifity and improving sensitivity. Nevertheless, poor
surface wettability can hamper proper contact between the
groups on the surface and the probes in the solution by lowering

immobilization yields and hindering effective hybridization.t”
18

Although the use of perfluorinated surfaces is challenging, it
can be very useful for applications in microarray technology,
among others®22 In fact in this study we report the fluor-thiol
photocoupling reaction to covalently bond thiolated probes di-
rectly to a perfluoroalkyl surface for the first time. This meth-
odology allows the probes bearing a thiol group to be anchored
to the C-F bond of highly hydrophobic surfaces quickly and
cleanly. To support the nature of the formed bond, two addi-
tional surfaces (PVDF and PTFE membranes) containing C-F
motifs are used apart from silanized glass slides.

Given the extreme hydrophobicity of this surface, which hin-
ders effective hybridization, modulating surface hydrophobicity
by an optimal combination of paramount water-repellent silane
as 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFTS) and a
hydrophilic repellent silane, such as 2-[methoxy(polyethylene-
oxy)6-9propyl]trimethoxysilane) (PEGS), is necessary in the
functionalization process.

The new developed surface favors the selective approach of
the target solution only at the point to which the probe is an-
chored as it is the most hydrophilic area of the entire surface.
This fact minimizes the background and nonspecific binding
without having to resort to a blocking step before the hybridi-
zation assay. Following this strategy, DNA microarrays can be
applied to discriminate single nucleotide polymorphisms
(SNPs) and to detect bacterial DNA (e.g. Salmonella). SNPs are
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the most abundant form of genetic variation in the human ge-
nome?® and allow disease predispositions and drug responses to
be predicted,?* whereas Salmonella bacteria have been the main
cause of foodborne bacterial illnesses in humans in many coun-
tries for at least more than 100 years.?®

EXPERIMENTAL SECTION

Chemicals, reagents and buffers. The glass microscope slides
used as substrates for the microarrays were obtained from Lab-
box Labware, S.L. (Spain). The Immobilon-P PVDF mem-
branes were acquired from Merck (Spain). The PTFE mem-
branes came from Wolfpack (Spain). 2-[Methoxy(polyeth-
yleneoxy)s-gpropyl]trimethoxysilane was purchased from Ge-
lest (Germany). 1H,1H,2H,2H-Perfluorodecyltriethoxysilane
and vinyltrimethoxysilane were supplied bySigma-Aldrich
(Spain). Toluene was purchased from Scharlau (Spain).
3,3',5,5'-Tetramethylbenzidine liquid substrate was acquired
from SDT (Germany). Note: all the chemicals were handled fol-
lowing the corresponding material safety data sheets. All the
chemicals were used without further purification.

Milli-Q water, with a resistivity above 18 mQ, was used to
prepare the aqueous solutions. The employed buffers, phos-
phate buffer saline (PBS1x, 0.008 M sodium phosphate dibasic,
0.002 M sodium phosphate monobasic, 0.137 M sodium chlo-
ride, 0.003 M potassium chloride, pH 7.5), PBS-T (PBS1x con-
taining 0.05% Tween 20) and saline sodium citrate (SSCIx,
0.15 M sodium chloride, 0.02 M sodium citrate, pH 7) were fil-
tered through a 0.45-pum pore size nitrocellulose membrane of
the Fisher brand (Germany) before being used.

Table 1. Used oligonucleotides sequences

Name Sequence (5’ to 3°) 5-1 3-

Probe 1| CCCGATTGACCAGCTAGCA | Cy5| SH
TT- (T)1s

Probe 2| (T)1s- SH | -
CCCGATTGACCAGCTAGCATT

Probe 3| (T)is- SH | -
CCCGATTGACCTIGCTAGCATT

Probe 4| (T)is- SH | -
CCCGATTGATTAGCTAGCATT

Probe 5| (T)is- SH | -
CCATATTGACCAGCTATCATT

Probe 6| CGCCGATAACTCTGTCTCTG| SH | -
TA

Probe 7| TTTTGATTACAGCCGGTGTA| SH | -
CGACCCT

Probe 8| TTTTAGACGCAATACCGCG SH
AGGTGGAGCA

Probe 9| TTTTGATTACAGCCGGTGTA| SH | Dig
CGACCCT 2

Target | AATGCTAGCTGGTCAATCG | Ax°| -

A GG

a Digoxigenin, b Alexa Fluor® 647

The oligonucleotides in Table 1 were acquired from Eurofins
Genomic (Ebersberg, Germany). DNA concentration and qual-
ity were determined by measuring optical density at 260/280
nm in a NanoDrop ND 1000 Spectrophotometer (Thermo
Fisher Scientific, Wilmington, Delaware, USA). The PCR-

amplified Salmonella products were obtained as previously de-
scribed.?s:27

Instrumental methods. Contact angle system OCAZ20,
equipped with the SCA20 software, was provided by Dataphys-
ics Instruments GmbH (Filderstadt, Germany). Measurements
were taken in quintuplicate at room temperature with a volume
drop of 5 uL employing the 18 mQ water quality.

Microarray printing was done with a low-volume noncontact
dispensing system from Biodot (Irvine, CA, USA), model
AD1500. Irradiation at 254 nm was carried out in a UV-Ozone
Surface Cleaner (UVOH 150 LAB; FHR, Anlagenbau, Ger-
many, GMBH), while irradiation at 365 nm was performed with
amercury capillary lamp (6 mW/cm?, Jelight Irvine, CA, USA)
placed at a fixed distance (0.5 cm).

The fluorescence signal of the spots was recorded with a
homemade surface fluorescence reader (SFR) operating with a
high-sensitive charge couple device camera Retiga EXi (Qim-
aging Inc., Burnaby, Canada) with light-emitting diodes
Toshiba TLOH157P as the light source.?® A microarray scanner
Axon4000B (Molecular Devices, CA, USA) was employed for
the immobilization density determinations. The GenePix Pro
4.0 software (Molecular Devices, Inc. Sunnyvale, CA, USA)
was utilized for the microarray image analysis and subsequent
quantification.

X-ray photoelectron spectra were recorded with a Sage 150
spectrophotometer (SPECS Surface Nano Analysis GmbH,
Berlin, Germany). Nonmonochromatic Al Ka radiation (1486.6
eV) was used as the X-ray source operating at 30 eV constant
pass energy for the elemental specific energy binding analysis.
The vacuum in the spectrometer chamber was 9 x 10° hPa and
the analyzed sample area was 1 mm?. Attenuated total reflec-
tance infrared spectra were recorded by a Bruker Tensor 27 FT-
IR coupled to a Platinum ATR accessory.

Silanization of slides. Commercial glass slides were cut into
chips (2 x 1 cm) and were cleaned with a UV-Ozone Surface
Cleaner for 7 min at 254 nm to remove organic contaminants.
To introduce the reactive functional groups, these chips were
immersed in a 2% v/v solution of the corresponding silane in
toluene for 45 min at room temperature. Then samples were
withdrawn from the silane solution, washed several times with
toluene and air-dried. Next chips were baked for 1 h at 110 °C.
To generate the hydrophobic surfaces, chips were treated with
1H,1H,2H,2H-perfluorodecyltriethoxysilane  (surface  A),
whereas a combination of 2-[methoxy(polyethyleneoxy)s.spro-
pyl] trimethoxysilane and 1H,1H,2H,2H-perfluorodecyltrieth-
oxysilane was used at a ratio of 4:1 v/v (surface B) for the opti-
mized surfaces. The control substrates were functionalized with
vinyltrimethoxysilane (surface C), and with 2-[methoxy(poly-
ethyleneoxy)e.opropyl] (surface D), as explained before.

Oligonucleotide immobilization. The attachment of the thio-
lated and nonthiolated oligonucleotides onto different surfaces
was studied. On the one hand, glass microscope slides were
treated following the above-described procedure to obtain the
corresponding surface A, B and D. To prove covalent anchor-
ing, Probe 1 consisting of a 5’-Cy5- and 3’-SH-labeled oligo-
nucleotide, and Target A consisting of a 5’-AlexaFluor®647-
labeled oligonucleotide (Table 1), were spotted at 0.5, 1 and 2
UM in PBS1x onto surfaces A and D, and were exposed to UV-
light at 254 nm for 30 s to induce the immobilization. Afterward
slides were thoroughly rinsed with SSC1x and air-dried. On the
other hand, the PVDF and PTFE membranes were used as sup-
ports with no further modification. Probe 1 and Target A at 0.5,



1 and 2 uM in PBS1x were spotted onto both surfaces and ex-
posed to UV-light at 254 nm for 5 s to encourage immobiliza-
tion. Afterward substrates were thoroughly rinsed with PBS-T
and air-dried. Finally, in order to calculate immobilization den-
sity, increasing concentrations of Probe 1 (from 0.01 to 10 puM;
40 nL/spot; 4 spots/row) in PBS1x were spotted onto surface B
and exposed to UV-light at 254 nm for 30 s to produce immo-
bilization. Slides were thoroughly rinsed with SSC1x and air-
dried. The immobilization results were obtained from the fluo-
rescence signals using a microarray scanner.

Hybridization Assays. To study the hybridization efficiency
on the developed surface, glass chips were treated as described
above to obtain surface B. Afterward the solutions containing
serial dilutions of Probe 2 (from 0.25 to 5 uM) in PBS1x were
spotted (40 nL) onto surface B to create the microarray (four
spots per concentration). Then slides were exposed to UV-light
at 254 nm for 30 s, washed with SSC1x and air-dried. After
washing, 15 pL of Target A (concentrations ranging from
0.0005 to 0.25 uM in SSC1x) were spread over the surface with
a coverslip. After incubation in a humid chamber for 1 h at 37
°C, the coverslip was gently removed, and the chip was washed
with SSC1x. The fluorescence intensity of the spots was rec-
orded using the SFR as before.

Mismatches detection. Four oligonucleotide sequences,
Probes 2, 3, 4 and 5 having zero, one, two and three base mis-
matches for Target A, respectively, and Probe 6 as the negative
control (no complementary) were spotted (0.5 uM, 40 nL/spot)
with a noncontact dispenser onto surface B to create the micro-
array. After probe immobilization, the microarray was sub-
jected to hybridization with Target A (50 nM) in SSC under
different astringency conditions (salt concentration from 0.1x to
5x and formamide content from 0-25%) for 1 h at 37 °C. After
washing and drying, fluorescence was measured with the SFR.

Detection of the Salmonella PCR products. Glass slides were
perfluoro-functionalized as described above. Then the solutions
containing SH-labeled Probe 7 (the Salmonella-specific probe),
Probe 8 (the negative hybridization control) and Probe 9 (the
positive development control) at 1 and 2 uM were spotted in
PBS1x onto surface B to fabricate the microarrays. Afterward
slides were exposed to UV-light at 254 nm for 30 s and subse-
quently washed with SSC1x and air-dried. Then the digoxig-
enin-labeled PCR product solutions (15 uL) in hybridization
buffer (SSC1x) were distributed over the chip. PCR duplexes
were first denaturated by a 10-minute incubation at 95 °C fol-
lowed by fast cooling for 1 min on ice. After incubating 1 h at
37 °C, slides were washed with SSC1x and air-dried. Finally,
slides were incubated with an HRP-labeled anti-digoxigenin an-
tibody produced in goat (dilutions ranging from 1/10 to 1/10000
in SSC1x and 15% of formamide) for 30 min at room tempera-
ture, washed with SSC1x, air-dried and revealed with TMB so-
lution for around 2 min.

RESULTS AND DISCUSSION

Surface Chemical Derivatization. Surface functionalization
was studied to achieve a reproducible protocol to fabricate ho-
mogenous and stable surfaces that allowed the covalent anchor-
ing of NA probes and the hybridization process. First, glass mi-
croscope slides were cleaned with a UV-ozone lamp for 7
minutes to provide the high density of the hydroxyl groups on
the surface, which are key for effective silanization. Then sub-
strates were functionalized by immersion in organosilane solu-

tion (2% in toluene). Given the potential difficulties of the mi-
croarray in the later hybridization process due to the high hy-
drophobicity of perfluorinated surfaces (surface A), different
derivatizations to modulate surface wettability were studied.
The proper combination of an excellent water repellent as
PFTS, with a highly hydrophilic and anti-fouling compound as
PEGS, could allow tuned surfaces to be obtained on which the
analyte approaches specifically to the appropriate immobilized
probe, thus preventing nonspecific adsorption and lowering the
background.

In an attempt to achieve a commitment between the surface
repellence and bioavailability of the anchored probes, the
PEGS-PFTS ratio and functionalization times were optimized.
After several experiments to modulate surface hydrophobicity,
functionalization times of 45 minutes and a volume ratio of 1:4
(PFTS/PEGS) showed an optimal contact angle (about 100°)
and, thus, promising surfaces for successful hybridization.
Longer times or higher PFTS concentrations were not suitable
for the hybridization process because of the excessive surface
hydrophobicity, which lowered the surface wettability too much
by impeding the target solution to properly reach the anchored
probes. Thus, every substrate was functionalized for 45 minutes
at room temperature to acquire the corresponding surface prop-
erties, and hydrophobicity was controlled to ensure reproduci-
ble and homogeneous surfaces.

Six different surfaces were used in this study: first, a highly
hydrophobic surface only made of PFTS to prove the fluor-thiol
reaction (surface A). Second, a wettability-tuned surface with
an optimal PFTS-PEGS ratio (1:4) to facilitate the hybridization
process (surface B). Third, a control standard surface was func-
tionalized with vinyltrimethoxysilane (surface C)® in compari-
son to surface B. Fourth, an anti-fouling control surface using
organosilane PEGS (surface D) was prepared. Finally, two ad-
ditional surfaces (PVDF and PTFE membranes) were used to
support the anchoring mechanism. These surfaces did not re-
quire further activation or functionalization, which cut the assay
time.

The quality of the surface was monitored by thoroughly
measuring the water contact angle (WCA) on the whole surface.
As seen in Figure S1, the commercial glass slides displayed a
contact angle of 37°, whereas the activated surfaces showed
contact angles around 0° by the UV-lamp. This is attributed to
an increased number of hydroxyl moieties generated on the sur-
face by the oxidation and cleaning treatment. Upon functional-
ization with the corresponding organosilanes, hydrophobic sur-
face A, with a WCA of 110°, and modulated surface B, with a
WCA of around 100°, were obtained. Surfaces C and D pro-
vided a WCA of around 70° and 27°, respectively. The raw
PVDF and PTFE membranes displayed a contact angle of 130
%and 148°, respectively.

The X-ray photoelectron spectroscopy (XPS) experiments
with the raw glass slides, and with surfaces A and B, were per-
formed. The emergence of CF, and CF; peaks at 290 and 292
eV on the functionalized surfaces corroborated the success of
the functionalization process (Figure S2). The chemical compo-
sition of modulated surface B was established from high-reso-
lution XPS as a part of the surface characterization (Table S1).

DNA immobilization assays. Based on the paper of Al-Ghar-
abli et al. who established C-F cleavage in the presence of an
oxidizing agent,*® immobilization of a thiolated probe for its re-
activity with perfluorinated surfaces under UV irradiation was



investigated. This is an unknown reaction with an excellent po-
tential in microarray technology, among others, inspired in the
thiol-para fluor “click” chemistry. In this reaction, the para-F
position in the aromatic ring showed high reactivity to nucleo-
philic substitution.**-?! Thus in order to demonstrate the use of
the fluor-thiol photochemical reaction for tethering thiolated
DNA, a 5’ thiol-ended probe, labeled with Cy5 at its 3’ end (Ta-
ble 1, Probe 1), was spotted at different concentrations in
PBSI1x (from 0.01 to 4 uM; 40 nL/spot; 4 spots/row) onto sur-
face A, and displayed successful fluorescence intensity after
thorough washing.

Several irradiation times (from a few seconds to 1 h) and two
wavelengths (365 and 254 nm) were investigated. The best re-
sults in fluorescence intensity terms were obtained for UV ex-
posure times of 30 seconds at 254 nm. This time noticeably re-
duced those previously reported to create DNA microarrays by
thiol-ene and thiol-yne photo click reactions, where times of at
least 20 minutes, and 365 nm are used.'* 1% 2% 3 This difference
was due to the low-power irradiation of the 365 nm lamp (6
mW/cm?) compared to the current 254 nm lamp (50 mW/cm?),
and was also due to the change of wavelength itself from 365
nm to 254 nm, the latter of which is more energetic irradiation.

This novel immobilization has a clear advantage over the
published work as regards irradiation times, and is an interest-
ing technique to be applied to many fields, like nanoparticles
biofunctionalization.

Several assays were run to corroborate the linking nature and
to prove the reliability of the system.
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Figure 1. The labeled thiolated and nonthiolated probes were spot-
ted at different concentrations onto surfaces A, D, PVDF and
PTFE. Afterward, surfaces were irradiated. Fluorescence images
were recorded, after washing, by SFR. The control surfaces without
irradiation were also measured after the washing steps.

First, immobilization studies on surfaces A and D were per-
formed (Figure 1). Surfaces were spotted with the fluorescence-
tagged thiolated and non thiolated probes (Probe 1 and Target
A, respectively) at different concentrations (from 0.5 to 2 uM).
Afterward, surfaces were exposed for 30 seconds to UV-light at
254 nm, or were kept in dark, and washed. Then, the fluores-
cence of the microarray was recorded with the SFR. Successful
thiolated probe immobilization onto surface A occurred after ir-
radiation, whereas the nonthiolated probe did not anchor. The
thiolated and nonthiolated probes did not adsorb onto surface A
when kept in the dark without irradiation. Surface D showed the
expected anti-bioadsorption capability, and the thiolated and
nonthiolated probes were not immobilized after irradiation.
Therefore, we conclude that a thiol motif and UV irradiation are
necessary to achieve covalent bonding to surface A, and suggest
the formation of a reactive thiol radical.

Second to identify the anchoring moiety on the surface, the
above protocol was applied to two additional surfaces: PVDF
and PTFE (Figure 1). With surface A, three anchoring points
were possible; bonds Si-O, the C-H and C-F. Thus, the PVDF
membranes that only had C-H and C-F motifs were used. Dif-
ferent irradiation times, from 1 s to 1 min, were assayed. The
assays showed that a 5-second photoexposure were enough to
achieve successful probe immobilization. Regarding the results,
the attachment of the thiolated probe to this surface continued
to occur, whereas the nonthiolated probe did not anchor to the
surface. Moreover without irradiation, no fluorescence signal
was detectable. These results ruled out the bonding between the
thiol and the silane, and left open the possibility of nucleophilic
substitution or dehydrohalogenation taking place. To this end,
the same experiments on the PTFE surface -(CF,-CF,),- were
performed. These surfaces, irradiated with the thiolated probes
for only 30 seconds, showed successful probe immobilization
with high-fluorescence intensity after thorough washing. Addi-
tionally, the nonirradiated surfaces showed nofluorescence, as
well as the nonthiolated probes. These results support a covalent
attachment between the thiol and the C of the C-F bonds, with
F being displaced as it was the only common motif in all the
substrates.

Third, X-ray photoelectron spectroscopy (XPS) analyses
were done to know the nature of the chemical bonding between
a thiolated compound and the perfluorinated surfaces (Figure
2). Surface A was irradiated for 1 minute at 254 nm under the
UV lamp in presence of a thiolated probe and washed, and com-
pared with the raw surface A. The contribution of the C-C bond
increased dramatically and a new contribution from COO bonds
was observed. All this pointed to the attachment of the probe to
the surface. It should be noted that the profile of the C1s peak
did not vary significantly when the raw surface was irradiated
in the absence of the thiolated compound (Figure S2). The
CF3/CF; ratio remained unchanged for all the control surfaces
and only changed in the case of the surface A irradiated in pres-
ence of thiolated probe, demonstrating the role of C-F bonds in
the probe attachment.
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Figure 2. XPS high-resolution spectra. Left. C 1s spectrum of sur-
face A. Right C 1s spectrum of surface A + thiolated compound +
UV irradiation and washing. C-F2 bond at 291 eV and C-Fs bond at
293 eV.

Finally, the ATR-IR experiments on the PVDF membranes
were performed. This surface was chosen for its composition to
allow very thin layers to be better detected. No changes in the
glass slides and Teflon surfaces were detected using these in-
struments. Microscope glass slides are too wide compared to
the thin thiolated compound layer formed. With the Teflon
membranes, the C-F signals of the anchored compound
matched the C-F peaks of the membrane itself. Thus 40 uL of
1H,1H,2H,2H-perfluorodecanethiol 0.90 M in methanol were
added to a PVDF membrane (1 x 1 cm). After solvent evapora-
tion, membranes were irradiated for 1 minute at 254 nm under



the UV lamp. Afterward, membranes were washed with metha-
nol for 30 minutes to ensure the complete removal of the
nonanchored compound. After washing thoroughly, the C-F
signals of the thiolated compound remained. However, no sig-
nificant spectral change was observed after washing when the
membrane was not irradiated in the presence of the thiolated
compound. This corroborates a covalent attachment between
the thiolated compound and the PVVDF surface. Figure 3 shows
the FTIR-spectra obtained for the raw and treated membranes,
where new peaks appear and are attributed to the aliphatic -CF
(1000-1150 cm*) and —CF3 (1350-1100 cm'Y) stretchings, and,
more importantly, to the aliphatic CF stretching (1100-1000 cm
1y, which supports the bonding of the thiol compound to the CF;
moieties of the surface.

Therefore, we report that, upon irradiation, the formed radical
thiols attack the C of a CF, unit by displacing the F of the sub-
strate, and shows the anchoring of a thiolated probe to a C-F
bond for the first time (Figure S3).

Immobilization of 1H,1H,2H,2H-perfluorodecanethiol onto PVDF membranes
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Figure 3. ATR-FTIR spectra. Blue. Raw PVVDF membrane. Green.
PVDF membrane irradiated in the presence of 1H,1H,2H,2H-per-
fluorodecanethiol before washing. Red. PVDF membrane irradi-
ated in the presence of 1H,1H,2H,2H-perfluorodecanethiol after
washing.

Having demonstrated the fluor-thiol photo-click reactions, and
knowing that the low wettability of these surfaces can hinder
successful hybridization, immobilization efficiency and further
hybridization on surface B were studied. As explained above,
the wettability of surface B was tuned by a combination of two
different repellent organosilanes to provide an optimal WCA of
100°. Thus a standard calibration curve was constructed by
spotting Probe 1 in PBS1x onto surface B (from 0.01 to 10 uM),
irradiating 30 seconds with the UV-surface cleaner and record-
ing fluorescence with a microarray scanner. After washing, flu-
orescence was once again recorded and the resulting intensity
was interpolated to the calibration curve to determine immobi-
lization density (Figure S4). Under the studied conditions, sur-
face saturation was reached for Probe 1 at 4 uM with an immo-
bilization density of 39.6 pmol/cm? (Figure 4). Higher concen-
trations did not lead to any increment in fluorescence intensity.
These values were around 8-fold higher than those reported by
the thiol-ene coupling reaction on the vinyltrimethoxysilane
functionalized surfaces (C).** Moreover, surface B led to
smaller and reproducible spot sizes, and higher fluorescence in-
tensities than surface C, which implies better performance for
the new surfaces. These results support the potential application
of a fluorinated surface to construct high-density NA microar-

rays given that the covalent anchoring of thiolated oligonucleo-
tides to aliphatic fluorinated surfaces by photoactivation is
herein demonstrated. Taking into account that the maximum
packing density of double-stranded DNA is around 3 x 10%*
molecules/cm? (i.e., 50 pmol/cm?), %2 our surfaces came close to
a maximal feasible surface immobilization.
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Figure 4. (a) Fluorescence image of an array with Probe 1 immobi-
lized at different concentrations and (b) the oligonucleotide immo-
bilization densities obtained for Probe 1 vs. the spotted concentra-
tion. These values were obtained from the interpolation on the cor-
responding calibration curve. The error bars where obtained from
3 chips, with 4 spots per concentration for each chip.

DNA hybridization assays. To prove the capability of surface B
to improve the detection of complementary strands in a sensi-
tive and selective way, hybridization assays were carried out.
Serial dilutions of 3’ SH nonlabeled Probe 2 (from 0.25 to 5
uM, PBS1x) were immobilized onto surface B as optimized be-
fore, and hybridization with AlexaFluor647-labeled fully com-
plementary strand, Target 1, at different concentrations (from
0.0005 to 0.25 uM in SSC1x), was performed. After incubation
in a humid chamber for 1 h at 37 °C and washing, the fluores-
cence intensity of the spots was recorded by the SFR. The ob-
tained fluorescence intensity against the Target A concentration
is plotted in Figure 5 for each assayed concentration of Probe 2.
The hybridization signal increased with
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Figure 5. Neat fluorescence intensity vs. concentration of Target A
for different concentrations of Probe 2. The error bars where ob-
tained from 2 chips, with 4 spots per concentration for each chip.
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Figure 6. The relative fluorescence intensity signals obtained for
fully complementary, 1-3 mismatches, and noncomplementary
probes at 0.5 pM in PBS1x by hybridizing with Target A at 0.05
pM in SSCO.1x to display different formamide contents for the
analysis of SNPs on surface B. *ND not detectable. The error bars
where obtained from 3 chips, with 4 spots per concentration for
each chip.

target concentration, with up to 0.5 nM detected, which corrob-
orates the suitability of these microarrays to detect hybridized
oligonucleotide sequences at very low levels. This excellent
sensitivity was attributed to the hydrophobicity modulation, a
small spot size and the high immobilization density obtained by
the proposed approach. Identical experimental conditions were
used on surface C for comparison reasons. The lowest detected
Target A concentration improved the value obtained with con-
trol surface C 2-fold and, with previous reported work onto al-
kynyl surfaces,™* it fell within the order of the estimated limit of
detection, for the target, and the detection device used for these
experiments (calculated as the concentration providing the
blank signal, plus three times its standard deviation). Here, it
should be noticed that the ionic strength used (SSC1x) is low to
overcome the electrostatic repulsion due to the high probe cov-
erage achieved. But, the hydrophobic environment surrounding
the probe spots concentrates the target solution uniquely on the
hydrophilic areas where the probes are attached. Thus, water
evaporation leads to a selective concentration of target mole-
cules and salts on the probe spots, improving the efficiency of
the hybridization.

Hybridization assays with Target A were replicated to deter-
mine the intrachip and interchip relative standard deviations
(RSD). Intrachip RSD ranged from 6% to 11%, whereas inter-
chip RSD varied from 9% to 16%. Unlike most of the reported
methods in DNA microarrays, a blocking step was not neces-
sary, which simplified the process and reduced times.*

Having demonstrated the successful hybridization process,
which proves the wide applicability of these DNA microarrays,
patterned surfaces were used to discriminate single nucleotide
polymorphisms (SNPs) and to detect bacterial PCR amplifica-
tion products with high sensitivity and selectivity.

In the medical field, the use of SNPs assays allows the influ-
ence of different factors to be studied in disease susceptibility
and responses to drugs.* The ability to differentiate SNPs in
DNA assays is most important in selectivity terms.? % There-
fore, a base mismatch study was performed by immobilizing

five 5 SH modified probes at 0.5 pM in PBS1x (containing
from zero to three mismatches and an additional noncomple-
mentary probe) onto surface B. Afterward, substrates were sub-
jected to hybridization with a labeled target, complementary to
the zero mismatches probe, at 50 nM using different salt con-
centrations (SSC from 0.1x to 5x) and formamide content (from
0% to 25%). Fluorescence was measured by SFR after washing
and drying chips. The fully complementary probe displayed the
highest fluorescence intensity, while the other probes clearly
showed lower fluorescence. A higher formamide concentration
and a lower salt concentration made the hybridization process
difficult, which rendered it more specific (Figure S5). Using as-
tringency conditions (SSCO.1x, 25% formamide), the results re-
vealed a clear discrimination between the fully complementary
probe and all the probes (see Figure 6). The signals obtained for
one mismatch and the fully complementary probes were differ-
entiated by 85%, while three mismatches and noncomplemen-
tary probes did not exhibit any detectable signal. The results in-
dicate that under the described conditions, the microarray is
quite able to distinguish a single base mutant sequence at a very
good sensitivity level.

The early detection of pathogens, i.e. bacteria strains, in wa-
ter or food is paramount to maintain good human and animal
safety. In our case, as proof of concept, the optimized substrates
(surface B) were used to detect PCR products from an innocu-
ous serotype of Salmonella bacteria. A specific nucleotide se-
quence (Probe 7, 1 and 2 uM), complementary to the central
region of a 152 bp amplicon, was immobilized as before. Addi-
tional probes, used as a negative hybridization control (Probe 8)
and a positive development control (Probe 9), were also in-
cluded in the microarray. Hybridization with the digoxigenin-
labeled PCR product solutions (denaturated and cooled with ice
previously), incubation with anti-digoxigenin HRP-labeled an-
tibody produced in goat, and development with 3,3',5,5'-tetra-
methylbenzidine (TMB) substrate, were carried out.

As seen in Figure 7, the spots corresponding to probe 7 show
a dark precipitate, whereas no precipitation happened in the
negative controls (Probe 8), which indicates the specificity of
the hybridization process. Under the reported conditions, the
generated DNA microarray was able to detect up to 1.7 pM of
Salmonella amplification products. These figures were 75-fold
lower than those reported in the literature for vinyl-functional-
ized surfaces, where thiolated probes were attached by thiol-ene
coupling chemistry.?® These results corroborate the good perfor-
mance of our approach to determine genomic DNA at very low
levels. Thus combining light-induced probe anchoring with the
modulation of surface hydrophobicity properties, an advanced
surface material for microarraying was designed.

Probe 7 (1 uM)
Probe 8 (1 uM)
Probe 7 (2 uM)
Probe 8 (2 uM)

” Probe 9 (0.5 uM)

Figure 7. The absorbance signal obtained for the selective recogni-
tion of the PCR-amplified DNA samples of Salmonella using spe-
cific capture Probe 7 (1 and 2 uM), Probe 8 (1 and 2 uM) as the



nonspecific hybridization control, and Probe 9 (0.5 pM) as the de-
velopment control. Biochip after development read by a document
scanner.

CONCLUSIONS

The fluor-thiol photocoupling reaction has been demon-
strated in heterogeneous medium for the first time using non
aromatic fluoride compounds and light as the catalyst. The re-
action was successfully applied to prepare DNA microarrays by
probe covalent immobilization in a reproducible and oriented
manner onto glass microscope slides, PVDF and PTFE mem-
branes as substrates. These surfaces are very useful for the de-
sign and development of DNA biosensors as they allow the spe-
cific confinement of the analyte solution to the anchored probe
sites.

The reported immobilization process is fast, compatible with
aqueous media and enviro-friendly. Moreover, like the elevated
surface hydrophobicity, platforms showed a high density of
probes at the interface, which avoids nonspecific adsorption and
significantly reduces the background. Thanks to its simplicity,
quickness and use of green chemistry, this route is very prom-
ising for the immobilization of thiolated oligos onto any support
that involves C-F motifs (e.g. perfluoro-functionalized slides,
PVDF and PTFE membranes).

The optimized surfaces showed the maximum immobiliza-
tion density achievable for a DNA self-assembled monolayer.
The wettability modulation of the microscope glass slides
through specific functionalization allowed robustness, stability
and optimal surface conditions for later DNA probe strand hy-
bridization. This improved by 2-fold the limit of quantification
compared to a control surface and to previous works.

As demonstrated, the surface properties modulation and the
application of the fluor-thiol coupling reaction enabled to per-
form interesting applications, like discriminating single nucle-
otide polymorphisms and the sensitive detection of PCR ampli-
fied DNA products, and gave better results compared to con-
ventional methods.

From these results, we offer a very interesting pathway to de-
velop diverse detection devices with a heterogeneous format.
Moreover, linking chemistry can be applied to the biofunction-
alization of nanoparticles where, for instance, repellent proper-
ties would help to avoid aggregation.
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