Anal Bioanal Chem (2014) 406:7875-7886
DOI 10.1007/500216-014-8256-z

RESEARCH PAPER

Miniaturized DNA aptamer-based monolithic
sorbent for selective extraction of a target analyte coupled

on-line to nanoLC

Fabien Brothier - Valérie Pichon

Received: 21 July 2014 /Revised: 1 October 2014 / Accepted: 8 October 2014 /Published online: 22 October 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract A complete characterization of a novel target-
specific DNA aptamer-based miniaturized solid phase extrac-
tion (SPE)-sorbent coupled on-line to nanoLC is presented. A
miniaturized oligosorbent (mOS) was prepared via the in situ
sol-gel synthesis of a hybrid organic-inorganic monolith in
100 um 1.d. capillary columns using tetracthoxysilane and 3-
aminopropyltriethoxysilane as precursors, followed by cova-
lent binding of a 5’-amino-modified DNA aptamer with a C12
spacer arm specific for a molecule of small molecular weight.
Ochratoxin A (OTA), one of the most abundant naturally
occurring mycotoxins, was chosen as model analyte to dem-
onstrate the principle of such an approach. The mOS was
coupled on-line to RP-nanoL.C-LIF. Selective extraction of
OTA on several mOSs was demonstrated with an average
extraction recovery above 80 % when percolating spiked
binding buffer and a low recovery on control monoliths
grafted with a non-specific aptamer. Reproducibility of mOSs
preparation was highlighted by comparing extraction yields.
Otherwise, the mOSs demonstrated no cross-reactivity to-
wards an OTA structural analogue, i.e., ochratoxin B. Due to
the high specific surface area of the hybrid silica-based mono-
lith, the coverage density of DNA aptamers covalently
immobilized in the capillaries was very high and reached
6.27 nmol uL ™', thus leading to a capacity above 5 ng of
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OTA. This miniaturized device was then applied to the selec-
tive extraction of OTA from beer samples. It revealed to be
effective in isolating OTA from this complex matrix, thus
improving the reliability of its analysis at the trace level.
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Introduction

Solid phase extraction (SPE) is commonly used for sample
purification and preconcentration prior to analysis by chro-
matographic methods. Conventional hydrophobic or polar
SPE sorbents may nevertheless be ineffective for removing
some interfering compounds from complex matrices. Some
matrix constituents may indeed be co-extracted and then co-
eluted with the target analyte during the chromatographic
separation. To overcome this lack of selectivity, sorbents
involving molecular recognition mechanisms have been de-
veloped. Among these, extraction sorbents based on the im-
mobilization of biological tools on a solid phase are powerful
methods for rapid selection and purification of compounds
from complex matrices. The most common approach involv-
ing biological tools consists in the use of immunosorbents (IS)
based on the specific interaction between an antibody and a
target analyte [1-4]. ISs exhibit a high selectivity, high affin-
ity, and a wide range of antigens that can be targeted. Despite
these advantages, antibodies are limited by a number of con-
straints including the use of mammals, long time of regener-
ation or possible denaturation, and a large molecular size that
limits the surface loading and thus the sorbent capacity. More
recently, novel-selective sorbents, named oligosorbents (OS),
based on the immobilization of aptamers, i.e., short single-
stranded oligonucleotides (DNA or RNA), on a solid support
have been developed [4—7]. Aptamers are capable of
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specifically binding to a target molecule with very high affin-
ities, equivalent to those of antibodies. They are identified
in vitro from a large random combinatorial nucleic acid library
by an iterative selection process called SELEX [8]. Compared
to antibodies, aptamers exhibit many advantages including
minimization of the use of animals and regeneration within
minutes whereas antibodies recover their active conformation
after 1 or 2 days only [1, 4]. They also offer the possibility of
introducing some modifications during their chemical synthe-
sis to allow their detection or to facilitate their immobilization
on a solid surface [9]. Furthermore, their smaller size (M,,
~3000-20,000) may reduce steric hindrance during the im-
mobilization procedure, thus increasing surface coverage. The
choice of the immobilization strategy depends on the nature of
the terminal functional group that is available on the aptamers.
Three terminal modifications are commercially available: bi-
otin, amine, and thiol [6]. Aptamer immobilization has been
mainly achieved using the former one on streptavidin-
activated supports for aptamer-based bioassay, affinity chro-
matography [10—-12, 4], or development of OSs for SPE [4, 7,
6, 13]. Due to the simple and strong association between
streptavidin and biotin, immobilization is very easy to
achieve. However, when using this non-covalent approach, a
risk of leakage may occur especially when using organic
modifiers that may affect the biotin-streptavidin affinity dur-
ing the SPE procedure. To overcome these drawbacks, more
robust covalent immobilization of amino-modified aptamers
was considered. These aptamers consist in oligonucleotides
bound via their 5’ or 3’ end to a spacer arm (i.e., tetraethylene
glycol or an n-alkyl chain C6 or C12) terminated by an amino
moiety. In our previous works, 3’ and 5-C6/C12 amino-
modified aptamers specific for cocaine and ochratoxin A
(OTA) were successfully grafted on CNBr-activated sepharose
microbeads that were then conditioned in disposable SPE
cartridges for selective off-line extraction and preconcentration
of the target analytes [7, 6, 13, 14]. These OSs offered a higher
flexibility concerning the choice of the elution conditions and a
good stability for the treatment of biological and food samples.

Nowadays, miniaturization of such SPE sorbents involving
DNA or RNA aptamers is of great interest to reduce analytical
costs, solvent consumption, and sample volume. Novel strat-
egies are required for immobilizing aptamers in miniaturized
devices. Packing of aptamer-grafted microbeads in columns
[15-17, 10, 18], chip channels [19, 20], and capillaries [21,
11] has been reported. However, this approach generally
involves the use of frits whose synthesis may be tedious for
devices of very low diameter [22]. Open tubular capillaries
have also been employed to separate proteins or smaller
molecules after aptamer immobilization on the inner wall of
capillaries [23-30]. The main limitation of this approach
resides in the small loading capacity due to the limited surface
area of the inner wall [23]. The best compromise consists the
use of monolithic supports. These supports present many
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advantages, among which are fast mass transfer, low back
pressure, easier preparation than packed capillaries, and a high
surface area available for grafting. Until now, few studies have
focused on the grafting of aptamers on miniaturized mono-
lithic devices [31-34]. Grafting has been widely considered
using organic monoliths, mainly glycidyl methacrylate-based
monoliths, with both biotinylated [32, 33] and amino-
modified aptamers [31] for use in affinity chromatography.
However, shrinkage and swelling usually affect the stability of
such monoliths [35]. Moreover, a complete characterization of
the affinity columns in terms of repeatability of the synthesis
and of the immobilization procedure is not available. In addi-
tion, to our knowledge, no study focused for now on the
miniaturization of selective aptamer-based SPE sorbents by
using silica-based monoliths. We have recently described the
possibility to graft antibodies on a glutaraldehyde-activated
hybrid silica-based monolith in situ synthesized in 100 pm i.d.
capillaries by sol-gel approach [36]. The obtained miniatur-
ized immunosorbent (mIS) was coupled on-line to nanoL.C
and characterized. This approach led to reproducible extrac-
tion yields and high capacity. The same way of proceeding can
be now considered for amino-modified aptamers. N. Deng
et al. have recently established short proof of concept of
affinity chromatography based on the immobilization of a 5'-
C6 amino-modified aptamer specific for a protein, i.e., human
o-thrombin, in a 250 um i.d. capillary after in situ synthesis of
this kind of hybrid organic-inorganic monolith [34].

In the present work, a novel-miniaturized aptamer-based
SPE sorbent totally coupled on-line to RP-nanoL.C (flow rates
<500 nL min ") for the analysis of a small molecule from
complex samples is presented. The study particularly focused
on the complete characterization of the miniaturized
oligosorbent (mOS). Particular attention was given to the
evaluation of the repeatability of each step which was never
carried out in previous works. As previously described by our
group for the development of a mIS [36], a hybrid organic-
inorganic monolith was in situ synthesized in a 100 pm i.d.
capillary. A DNA aptamer specific for a molecule of low
molecular weight was covalently bound on this monolith.
The monolith was characterized in terms of structure and
permeability. Selectivity was checked no only by comparing
extraction yields on independent mOSs and controls but also
by studying the retention of a structural analogue. The success
of the immobilization was confirmed by quantifying aptamers
in the grafting solution before and after grafting. Finally, the
miniaturized selective tool was applied to the extraction of the
target analyte from a complex sample.

OTA was chosen as model analyte. It is an abundant
naturally occurring mycotoxin. OTA is nephrotoxic, with
carcinogenic properties and possesses teratogenic,
immunotoxic, and possible neurotoxic activities [37]. It can
easily contaminate food commodities prior to harvest and
when improperly stored [38—40]. Cereals (wheat barley,
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maize, etc.) and by-products such as beer and breakfast cereals
are its major source of intake [41]. It is thus of great interest to
develop novel techniques for detection and quantification of
OTA in food matrices. The aptamer sequence specific for
OTA was identified by Cruz-Aguado and Penner [5]. It dem-
onstrated a very high affinity towards OTA with a dissociation
constant in the nanomolar range. The same aptamer sequence
was used in sensors [42, 43] and in SPE cartridges [44, 13].
Otherwise, we recently showed that the 5'-C12 amino-
modified aptamer enabled to reach higher capacities than a
5'-C6 amino-modified aptamére [13]. The 5’-C12 amino-
modified aptamer specific for OTA was thus chosen as model
aptamer to make the proof of concept of the miniaturization of
OSs in this study.

Materials and methods
Materials and chemicals

Fused silica capillaries (100 pm i.d.x363 pm o.d.) were from
Polymicro (Photon Lines, St. Germain en Laye, France). 3-
Aminopropyltriethoxysilane (APTES), tetracthyl othosilicate
(TEOS), hexadecyltrimethylammonium bromide (CTAB),
glutaraldehyde, ochratoxin A (OTA), ochratoxin B (OTB),
sodium chloride, K,HPO,, Tris—HCI, and NaCNBH; were
from Sigma-Aldrich (Saint-Quentin Fallavier, France). Potas-
sium dihydrogen phosphate (KH,PO,) and hydrochloric acid
were from VWR (Fontenay-sous-bois, France). Sodium hy-
droxide (NaOH) was from Merck (Darmstadt, Germany).
HPLC-grade acetonitrile, HPLC-grade methanol, and anhy-
drous ethanol (EtOH) were from Carlo Erba (Val de Reuil,
France). High-purity water was obtained using a Milli-Q
purification system (Millipore, Saint-Quentin en Yvelines,
France). The previously described 5’-amino-modified C12-
aptamer specific for OTA (5'-GATCGGGTGTGGGTGGCG
TAAAGGGAGCATCGGACA-3') [13] and cocaine (5'-
GGGAGACAAGGAAAATCCTTCAATGAAGTGGGTC
GACA-3') [6] were synthesized and purified by HPLC by
Eurogentec (Angers, France).

The binding buffer (BB) consisted of Tris—HCI (10 mM),
NaCl (120 mM), KCI1 (5 mM), and CaCl, (20 mM). This
buffer was always stored and used at 4 °C. The phosphate
buffer solution (pH 8.0) consisted of a 0.1 mol L' of K,HPO,
and KH2PO4

Hybrid organic-inorganic monolith synthesis
and characterization

Synthesis of the monolith in a capillary

Water and anhydrous ethanol were previously degassed. The
procedure was adapted from previous studies [36, 34]. Fused

silica capillary was successively rinsed with NaOH 1 mol L™,
HC10.2 mol L™, water, and finally MeOH. The capillary was
then purged with nitrogen at 160 °C prior being filled with the
polymerization mixture. Polymerization mixture was prepared
as follows: 8 mg of CTAB, 32 uL of water, and 215 puL of
EtOH are mixed with 112 L of TEOS and 118 uL of APTES.
The polymerization mixture was vortexed prior filling the
capillary. Then, with both ends sealed by silicon, the capillary
was placed in a 40 °C water bath for 40 h and then rinsed
successively with EtOH and water.

Characterization of the monolith

Scanning electron microscopy (SEM) was used to qualitative-
ly characterize the synthesized monolith. The capillary was
cut, and its cross-section was observed under a Hitachi
S-3600N scanning electron microscope operated with a beam
energy comprised between 5 and 20 keV. Permeability mea-
surements were conducted using a nano-pump (NCP-3200RS
Nano Pump, Thermo Scientific Dionex) delivering 100 %
water (=107 Pa-s) at different flow rates and allowing to
record the resulting backpressure. The permeability was calcu-
lated using the Darcy’s law which expresses the permeability as
a function of the applied flow rate:

4xnxL
="~ _XF
7T x (d;)” x AP

K is the permeability (m?), F is the applied flow rate (m® s "),
7 is the viscosity of the solvent (Pa-s), L the length of the
capillary (m), AP the measured backpressure (Pa), and finally
d; is the capillary inner diameter (m).

Aptamer immobilization

The procedure was inspired from the methods described for
antibody and aptamer immobilization on hybrid organic-
inorganic monolith [36, 34]. A solution of glutaraldehyde at
10 % (v/v) in 100 mM phosphate buffer (pH 8.0) was pumped
through a 100-mm-long monolithic capillary column for 16 h
at room temperature (RT). The OTA-aptamer solution (1 g L™
in a 200-mM Na,HPO, and 5-mM MgCl,) was heated at
90 °C for 5 min to renaturate the oligonucleotides followed
by cooling at room temperature for 30 min. Then, 60 pL of
this solution was pumped through the capillary for 25 h at
room temperature (RT). The grafted capillary precolumn was
then rinsed with 6 uL of phosphate buffer and for 3 h with BB
solution containing 5 mg mL™' NaCNBH;. The remaining
aldehyde groups were thus deactivated with Tris—HCI
contained in the BB solution and the imide reduced to amine
by NaCNBHj;. The resulting mOS was then rinsed with BB
solution and water/ACN (70/30). It was finally filled with BB
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and stored at 4 °C for at least 24 h prior being used. The same
procedure was applied for the preparation of a mOS specific
for cocaine. This latter mOS was used as control. When not in
use, the mOSs were always stored at 4 °C in BB solution.

Aptamer quantification

Aptamers in the solutions resulting from the immobilization
procedure were quantified by LC-UV. Three solutions were
collected, evaporated, and redissolved in known volumes of
pure water: solution 1: aptamer solution recovered after
grafting and rinsing solution of phosphate buffer; solution 2:
rinsing solutions of BB+NaCNBHj; and BB; and solution 3:
rinsing solution of water/acetonitrile (70:30).

An Agilent 1200 series (Agilent Technology, Massy,
France) LC system equipped with a binary pump, an
autosampler, and a diode array detector controlled by
Chemstation software was used. Ion pairing chromatography
was achieved using a Waters SymmetryShield RP18 column
(150 mmx2.1 mm, i.d.; particle size, 3.5 um, Waters, Saint-
Quentin-en-Yvelines, France) maintained at 50 °C with 0.1 M
triethylammonium acetate (pH 7) as solvent A and acetonitrile
as solvent B. The gradient consisted in a linear increase of the
A/B mixture (93:7; v/v) in 30 min (85.5:14.5; v/v). The equil-
ibration time of the column was 10 min with the A/B mixture
(93:7; v/v). Aptamers were detected by UV absorbance mea-
surements at 260 nm.

On-line coupling with nanoLC-LIF
Apparatus and nanoLC-LIF analysis

OTA analysis was performed using a system composed of two
six-port switching nano-valves (Cheminert nanovolume 6
ports 2 pos 1/32”, manual CN2-4346). The first one was
connected to the injection loop (250 nL) and to a
preconcentration nano-pump (Utimate™™* NanoFlow LC sys-
tem, LC-Packings, controlled by Chromeleon 6.60 SP9). The
second one was connected to the mOS (70x0.1 mm i.d.)
placed at the loop position to the analytical nano-pump
(NCP-3200RS Nano Pump, Dionex, controlled by
Chromeleon 6.80 SR11) and to the analytical column
(Chromolith® CapRod® RP-18, 150 mmx0.1 mm i.d.,
Merck KGaA, Darmstadt, Germany). The mOS was main-
tained at a temperature of 6 °C with a column oven (TCC
3000RS column compartment, Thermo Scientific Dionex).
The analytical column was connected to the LIF detector.
Fluorescence excitation radiation was obtained from the
325 nm, 15 mW output of a HeCd laser (Model 3056-M-
A02, Melles Griot, Voisins-le-Bretonneux, France) coupled to
a Zetalif Evolution LIF detector (Picometrics, Toulouse,
France). The nanoLC separation of OTA was achieved in
isocratic mode with a mobile phase containing MeCN
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(30 %) and water (70 %) at a flow rate of 500 nL min . All
the connections were made thanks to 20 wm i.d. fused silica
capillaries (Upchurch Scientific, 360 um o.d.). Calibration
curves were performed by directly connecting the injection
loop to the analytical column and the analytical nano-pump
using only the first nano-valve.

On-line preconcentration procedure

The sample was loaded in the 250-nL loop. The first nano-
valve was switched allowing; thus, the continuous transfer of
the sample to the mOS is at a flow rate 0of 200 nL min ' thanks
to the preconcentration nano-pump. This nano-pump deliv-
ered the solvent composition necessary for the washing step.
After this washing step, the second nano-valve was switched,
thus allowing the mobile phase to flow through the mOS (flow
rate=500 nL min') to disrupt the interactions between the
target analyte and the sorbent and finally to transfer the analyte
to the analytical column.

Preparation of beer samples

A beer with a 4.2 % ethanol content was chosen. Degassing
was performed by sonicating 0.3 L of beer sample for 3 h,
previously cooled at 4 °C for 30 min to prevent fast foam
formation that may lead to pouring out of sample. The beer
was then filtered through a filter paper. A known volume of
beer was then diluted once in the same volume of binding
buffer (BB) to obtain a beer/BB (50:50) mixture spiked with
OTA at different concentration levels: 0.1, 0.3, 0.5, 0.75, 1.0,
1.25,and 1.5 pg mL ™.

Results and discussion
Monolith characterization

The hybrid organic-inorganic monolith was in situ synthe-
sized in 10-cm-long capillary columns (100 pum i.d.) via a
one-pot pathway [45—49]. Hydrolysis and co-condensation of
two precursors recently used to immobilize antibodies [36],
TEOS and APTES, were carried out in the presence of a
structure directing agent, i.e., CTAB, that allows the formation
of large-through pores. This monolith is thus supposed to
exhibit a low backpressure and a homogenous distribution
of the amino groups that would not be the case with a
postsynthetic functionalization [45, 4749, 46]. After removal
of CTAB, the monolith was characterized in terms of structure
and permeability.

Micrographs of the cross-section of the monolith are re-
ported in Fig. 1. As in our previous work [36], it is visible in
the first picture that the monolith structure was homogeneous.
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WD13 .5mm 5.00kV x2.0k

Fig. 1 SEM micrographs (X900, x2000) of the cross-section of a
100-pm i.d. monolithic support synthesized with APTES and TEOS as
precursors

No shrinkage occurred, and the monolith is tightly attached to
the capillary inner wall. Otherwise, the monolith is composed
of aggregates of silica spheres. Through pores presenting a
diameter that comprised between 1 and 2 pm are clearly

visible in the picture of magnification 2000. This structure
would enable a fast mass transfer and low back pressure.

The backpressure was monitored to get access to the per-
meability (K) of 12 monolithic capillaries prepared from
independent polymerization mixtures by percolating pure wa-
ter through each monolithic capillary column, thanks to a nano
pump. Four different flow rates (F) were applied on each
capillary, and the resulting backpressure (AP) was recorded.
The mean value of permeability was equal to 6.15+0.67x
10" m? (RSD=10.9 %, n=12). The generated backpressure
of'a 7-cm-long capillary column is thus expected to be around
4.8+0.5 bars in pure water or aqueous buffer (such as with an
aptamer binding buffer solution) at 200 nL min' and 12.1+
1.3 bars in an acetonitrile/water (30:70) mobile phase at
500 nL min'. The structure of the monolith thus allows a
low backpressure that is then compatible for on-line coupling.
Besides, a RSD value of 10.9 % (n=12) is very satisfying for a
silica-based monolith considering the lack of reproducibility
of sol-gel synthesis that is generally reported [50].

Optimization of oligoextraction parameters in pure media

Three monolithic capillaries (100 pm i.d.) resulting from three
independent sol-gel synthesis were modified by covalently
immobilizing OTA aptamers following the procedure illus-
trated in Fig. 2. The 10-cm-long capillaries were then short-
ened to a length of 7 cm. The same procedure was applied to
cocaine aptamers to constitute three control sorbents. It is thus
expected that the controls (i.e., mOSs specific for cocaine)
present no affinity for OTA. The resulting anti-OTA mOSs or
controls were then placed at the loop position of a six-port
switching nano-valve to be connected not only to a
preconcentration nano-pump but also to the analytical nano-
pump and thus coupled on-line to nanoLC-LIF.

Selectivity of the retention on mOSs

The first step of this study was to optimize the extraction
parameters and to compare the retention of OTA on mOSs
and controls. To do so, the minimal volume of washing buffer
necessary to eliminate possible non-specific interactions was

aptamers

glutaraldehyde

Organic - Inorganic monolith

2) NaCNBH;

Fig. 2 Immobilization of aptamers on the pores surface of a hybrid organic-inorganic monolith
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first determined. This step should allow maintaining a high
retention of OTA on the mOSs and its removal from the
controls. The washing solution, i.e., BB, allows first the
transfer of the full sample volume (250 nL) to the mOS (or
control). Washing step begins after percolation of 400 nL BB
(250 nL inj.+150 nL void volumes) with the preconcentration
nano-pump. Therefore, 250-nL BB spiked at 800 ng mL™
OTA was injected on three mOSs using increasing volume of
BB as washing solvent at a flow rate of 200 nL min™" before
switching the nano-valve to the inject position to transfer the
analyte from the mOS (or control) to the analytical column.
The recovery yields of OTA on both sorbents are reported in
Table 1.

It is actually visible that the retention remained very high
on the three mOSs after washing with 5.0 uL of BB equivalent
to more than 11 volumes of the monolithic capillary (assum-
ing a porosity of 0.8 as previously reported [36]). On the
contrary, the retention on the three controls quickly decreased.
It is thus noticeable that after 1.5-2 pL of washing (i.e., 3.5—
4.5 capillary volume), the recovery yields obtained on the
controls began to fall. After 5.0 uL of washing with BB, an
average recovery of only 14.1+9.5 % on the three controls
was obtained against 80.9+7.0 % on the mOSs. This
difference demonstrates the selectivity of the retention
process of OTA on the mOSs. These results indicate
that a washing volume of BB equal to 5.0 uL seems to
be at least necessary to remove most of the residual
non-specific interactions. Furthermore, the low RSD
values (<10.0 %) highlight the high reproducibility of
extractions carried out on supports that were indepen-
dently synthesized. The possibility to graft a DNA
aptamer on a hybrid organic-inorganic monolith in a
capillary with a reproducible method has thus been
demonstrated.

Table 1 Comparison of the recovery yields of OTA on three mOSs (70 %
0.1 mm i.d.) specific for OTA and on three control supports prepared with
cocaine aptamers (70x0.1 mm i.d.) after percolation of increasing
amounts of BB solution (Tris-HCI (10 mM), NaCl (120 mM), KCl

Reproducibility of the extraction procedure

To further investigate the reproducibility of the extraction
procedure, it was repeated three times on each mOS and
control coupled to nanoLC-LIF with the minimal washing
volume required to obtain a high selectivity and previously
determined, i.e., 5.0 uL BB. The obtained recovery yields are
reported in Fig. 3.

Recovery of 84.8+1.9, 72.84+0.4, and 73.6+£9.5 % (n=3)
were, respectively, obtained on mOS;, mOS,, and mOS;
when injecting 250 nL of BB spiked at 800 ng mL ™" OTA.
RSD values were particularly low for mOS; and mOS, (re-
spectively 2.2 and 0.6 %) and satisfactory for mOS; with a
RSD of 12.9 %. The repeatability of the extraction protocol
was thus highlighted. Furthermore, the recovery yields on
mOS, ;5 were not significantly different (ANOVA, p value=
0.07>0.05). It is also noticeable that the recoveries on three
controls are low in comparison with mOSs. Extraction yields
on control; 3 of 11.9£3.8, 7.2+5.0, and 25.0£11.6 % (not
significantly different, ANOVA: p=0.07>0.05) were obtain-
ed. These results again emphasize the high reproducibility of
the preparation of the supports and confirm the selectivity of
mOSs for OTA.

Evaluation of the cross-reactivity

The aptamer sequence used in this study presents an affinity
100 times higher for OTA than for OTB, the latter being a
structural analogue that lacks the chlorine atom in the
isocoumarin ring [5]. We have recently described that no
specific retention of OTB was observed with the 5'C12
aptamer sequence grafted on sepharose particles that were
conditioned in cartridges [13]. Actually, the selectivity
resulting from the binding mechanism of the target analyte

(5 mM), and CaCl, (20 mM)) during the washing step. Injection of
250 nL of BB spiked at 800 ng mL ™" OTA (72=1) onto mOSs and controls
coupled on-line with nanoLC/LIF

V washing

1.0 uL (%) 1.5 uL (%) 2.0 uL (%) 3.0 uL (%) 4.0 uL (%) 5.0 uL (%)
mOS, 85.3 932 101.9 98.7 89.7 85.7
mOS, 82.5 91.7 91.0 85.5 74.1 72.9
mOS; 101.0 108.7 105.4 101.0 78.1 84.1
Average 89.6+10.0 97.8+9.4 99.4+7.5 95.1+8.4 80.7+8.1 80.9+7.0
Control, 94.3 66.4 60.3 43.1 26.9 7.7
Control, 90.3 776 575 457 26.9 9.7
Controls 80.4 85.6 72.6 532 40.1 25.0
Average 88.3+7.2 76.5+9.6 63.5+8.0 473452 313+7.6 14.1£9.5

Vivashing Washing volume
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Fig. 3 Reproducibility of the extraction recoveries of OTA on the three
mOSs (mOS;, mOS,, and mOS3) specific for OTA and on the three
control supports (prepared with cocaine aptamers) coupled on-line with
nanoLC-LIF. Injection of 250 nL of BB spiked at 800 ng mL ™' OTA.
Washing with 5.0 uL BB (n=3)

to its aptamer, i.e., base pair binding in addition with a special
conformation of the DNA sequence in the presence of the
target analyte, is so high that this aptamer can be used to
separate OTA from its analogue. As a consequence, the reten-
tion of OTB on a mOS specific for OTA was studied to
confirm the selectivity of the miniaturized device towards
OTA and further optimize the washing volume of BB finally
used. To do so, a fourth mOS, named mOS,, was synthesized
using the same approach as the previous approach used for
mOS; . ana 3- This mOS was then coupled on-line to nanoLC-
LIF. BB spiked at 800 ng mL™" OTB was injected on the
device (injection loop=250 nL). Figure 4a presents the recov-
ery yields of OTB obtained after various washing volumes
with BB. It is visible that the retention of OTB on the mOS
quickly fell above 2.0 uL of washing, as previously observed
for OTA injections on control capillaries. The recovery after
washing with 5.0 uL of BB was equal to 27.8 %, above the
average recovery of OTA on controls (14.1£9.5 %, see Ta-
ble 1). This indicates that the mOS presents a slight selectivity
for OTB with a washing volume of 5.0 pL BB. To decrease
the retention of OTB on the mOS that is suspected to be only
retained by non-specific interactions because of the low affin-
ity of the aptamers for this compound, higher washing vol-
umes of 6.0 and 7.0 pL were considered. Recovery yields of
12.3 and 17.0 % of OTB were obtained respectively. It shows
that a washing with at least 6.0 uL of BB seems to be more
appropriate to obtain a minimal retention of OTB on the mOS
and strongly reduce non-specific interactions. Extraction of
OTB and OTA was finally carried out in triplicate after wash-
ing with 6.0 uL of BB. The results are presented in Fig. 4b. It

is visible that a very high recovery of 88.9+9.6 % was
obtained for OTA while a low recovery of only 18.7+£6.0 %
was observed for OTB on the same mOS. Considering the
standard deviation of 9.6 %, the recovery obtained for OTA
seems to be similar to the average values previously reported
in Table 1 and Fig. 3 with a washing with 5.0 uL of BB. This
highlights that retention of OTA remains constant when ap-
plying these new conditions of washing. The miniaturized
device was thus very specific for OTA and did not exhibit
any cross-reactivity towards OTB by using a washing volume
of 6.0 pL of BB. This high specificity for OTA confirms that
DNA aptamers were successfully grafted on the inorganic-
organic monolith and that the total and selective online anal-
ysis of a small molecule via the coupling of a miniaturized
oligoextraction device with nanoL.C is possible.

Determination of the amount of grafted aptamers and binding
capacity

The total amount of grafted aptamers was determined by
analyzing the amount of non-bonded aptamers in the various
solutions applied to the mOS after the grafting procedure. This
quantification included the buffer and hydro-organic solutions
percolated through the capillary column and that allowed
removal of aptamers simply adsorbed at the surface of the
monolith. As reported in Table 2, the aptamer density has been
determined to be 6.27+0.38 nmol uL ™' (R.S.D=6.1 %, n=3)
of OTA aptamers in mOSs and 5.14+0.54 nmol pL™'
(R.S.D=10.5 %, n=3) of cocaine aptamers in controls. These
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Fig. 4 A Recovery yields of OTB on mOS, (70x0.1 mm i.d.) specific
for OTA coupled on-line with nanoLC/LIF after percolation of increasing
amounts of washing solvent: BB solution (Tris—HCI (10 mM), NaCl
(120 mM), KCI (5 mM), and CaCl, (20 mM)). Injection of 250 nL of
BB spiked at 800 ng mL™' OTB (n=1). B Recovery yields of OTA and
OTB on mOS, coupled on-line with nanoLC-LIF after washing with
6.0 pL of BB. Injection of 250 nL of BB spiked at 800 ng mL ' OTB or
OTA (n=3)
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Table 2 Aptamer coverage density and binding capacity of mOSs, controls, and affinity capillary columns developed by Deng and co-workers [34].

Comparison of the grafting conditions and grafting yields

Target analyte mOS Control Deng et al. [34]
OTA Cocaine Thrombin
Grafted aptamers
Spacer arm Cl12 Cl12 C6
Coverage density (nmol pL™") 6.27+0.38 5.14+0.54 0.568
RSD (n=3) (%) 6.10 10.50 13.50
Binding capacity (pmol L") >22.5 n.d 30.7
Grafting conditions
Capillary i.d. (um) 100 100 250
Capillary length (cm) 10 10 10
Activation (h) 16 16 n.c.
TCgrafting RT® RT® 4 °C
Grafting time (h) 25 25 24
C®aptamer (M) 86.4 82.7 25
QtYapt. pere. (Nmol) 5.2 5.0 5.7
QYapt. pere/Veap (nmol pL™") 6.6 6.3 1.2°
Grafting yield (%) 96.4+1.6 83.3+9.1 48.9°

C° gpramer concentration of aptamers in the grafting solution, V., volume of the empty capillary, Oty perc. total amount of percolated aptamers, Oty
pere. |Veap- theoretical maximal achievable coverage density, RT room temperature

*Deduced from the reported data

results are 9 to 11 times higher than the density reported by
Deng and co-workers when immobilizing thrombin aptamers
on monolithic columns [34]. Indeed, these authors reported an
aptamer density of 0.568 nmol pL™'. This high difference
probably results from the percolation of a similar amount of
aptamers (5.2 and 5.0 nmol against 5.7 nmol) for a much
lower capillary volume in our case. It is indeed visible in
Table 2 that the maximal coverage density (i.e., the ratio
between the amount of percolated aptamers and the volume
of the capillary, Qtyap: perc/Vcap) that could be reached is,
respectively, equal to 6.6 and 6.3 nmol puL ™' for OTA and
cocaine aptamers. This is 5 to 6 times higher than the value
that can be estimated by the data provided by Deng et al., i.e.,
1.2 nmol pL™". A grafting yield of about 48.9 % for thrombin
aptamer was calculated with this value [34]. This yield is 1.7
and 2 times lower than the yields determined for cocaine and
OTA aptamers. Grafting yields were indeed 96.4+1.6 and
83.3£9.1 % for both corresponding mOSs. This difference
can be partly explained by the effect of the spacer length, that
is longer in our study (Table 2), on the accessibility of the
reactive amino group as previously reported by our group [6].
Moreover, no indication was given by Deng et al. on the
duration of the activation step with glutaraldehyde. In previ-
ous studies of the same group [51], the capillary columns were
activated for 6 h against 16 h in our case. A longer activation
may increase the number of activated sites accessible for the
immobilization, thus increasing the grafting yield of aptamers
and the total amount of grafted aptamers. Other parameters,

@ Springer

such as the temperature or the concentration of aptamers in the
solution, may also have an impact.

To conclude, the aptamer density has been confirmed to be
very high, thanks to the high specific surface area of the hybrid
inorganic-organic monolith and seemed to be consistent with
the grafting of thrombin aptamers previously reported. How-
ever, this experiment only allows estimating the amount of
immobilized aptamers without any information about the ratio
of active aptamers, i.e., aptamers that are able to selectively
trap OTA. Indeed, some aptamers can be immobilized with a
wrong orientation or fixed to the monolith at several points,
i.e., through amino groups of nucleobases, preventing them to
adopt the adequate conformation for the binding of OTA.
Capacity measurements were thus carried out to evaluate the
amount of active immobilized aptamers. The capacity corre-
sponds to the maximal amount of OTA that can be retained by
the mOS without loss of recovery. It is directly linked to the
number of active and accessible aptamers grafted on the
surface of the pores of the monolith. BB solutions (inj=
250 nL) spiked with increasing amounts of OTA, from 12.5
to 5.0 ng, were preconcentrated on-line on mOS; with a
washing volume of 5.0 uL. This upper limit of 5 ng
corresponded to the amount of OTA, above which, saturation
of the detector was reached. No decrease of recoveries was
observed for this concentration range. The capacity was there-
fore higher than 5.0 ng, i.e., superior to 22.5 pmol uL ™" active
aptamers. This value is higher than for the grafting of anti-
bodies. Indeed, a value of 0.543 pmol uL™' of active
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antibodies was previously reported by our group [36], i.e., at
least 40 times lower than for aptamers. Aptamers are thus
powerful tools to reach high capacities in comparison with
antibodies because of their low size. Otherwise, Deng et al.
reported a capacity of 1.95x107?* mol nm 2, i.e.,
31.2 pmol uL ™" with a hybrid silica-based monolithic column
(250 pm i.d.) [34], higher than the maximal value that could
be measured with our LIF detector. This value is equal to
5.4 % of the density of grafted aptamers reported in the same
work. For such a ratio, the capacity of a mOS would be equal
to 338 pmol uL ', i.e., 56 ng OTA. This value is much higher
than values reported for packed columns (33.8+
3.2 pmol uL ™" [18], 20423 pmol uL ™" [21]) or open tubular
capillaries (5.6 pmol uL ™' [23]) grafted with aptamers. This
again highlights the high potential of the silica-based mono-
lithic approach to reach a high binding capacity.

Selective oligoextraction from beer samples

The potential of the mOS was clearly demonstrated for the
selective extraction of the model analyte from aqueous pure
media. Extraction from a complex medium was then consid-
ered. OTA is generally determined in foodstuff such as cereal
by-products [13], wine [14], or beer [52, 53]. To illustrate the
selectivity in complex matrices, a beer sample, whose ethanol
content (4.2 %) is known to potentially affect the retention
mechanism, was chosen. Otherwise, the DNA aptamer takes
its conformation in the presence of a divalent cation (i.e.,
Ca®"). This implied to dilute the samples in BB. Cruz and
co-workers [5] reported that the dissociation constant
aptamer-OTA (Kp) is equal to 49+3 and 54+8 nM for Ca**
concentrations, respectively, of 20 and 10 mM in solution.
These two values are very similar; beer samples were thus
diluted only once with BB (containing 20 mM Ca") to obtain

10

6 (A) (B)

14
mOS,
12

10 6

RFU

a final concentration of 10 mM Ca”" and 2.1 % of ethanol in a
mixture Beer/BB (50:50).

Beer/BB (50:50) and BB solutions spiked with increasing
amounts of OTA (from 25 to 375 pg with an injection loop of
250 nL) were injected directly not only on the analytical
column but also on mOS, coupled to nanoLC-LIF using the
optimal washing volume of 6.0 uL that previously allowed
obtaining the best selectivity and specificity. The chromato-
grams corresponding to injections of beer/BB samples spiked
with 75 pg OTA are compared in Fig. 5 with chromatograms
corresponding to the injection of spiked BB. The chromato-
gram corresponding to the direct injection of beer/BB sample
(Fig. 5a) highlights the presence of many interfering com-
pounds when comparing it with the chromatogram of spiked
BB. A very intense peak around 6.5 min is observed corre-
sponding to the numerous compounds contained in the beer.
Furthermore, the retention time was delayed in comparison
with BB spiked with OTA and its standard deviation in-
creased. It was equal to 7.38+0.09 min in BB (n=7, RSD=
1.2 %) against 9.914+0.88 min in a mixture beer/BB (n=7,
RSD=8.9 %). For comparison, OTA in spiked pure water (not
shown in this figure, see Electronic Supplementary Material
(ESM)) presented a retention time of 6.77+£0.07 min (n=7,
RSD=1.1 %). The shift may be thus attributed to a modifica-
tion of the interactions with the analytical column due to the
modification of the buffer composition and particularly of the
pH of the injected solution. Indeed, the pH of the mixture
beer/BB is about 4.5 against a pH of 5.4 for BB. The pKa of
the carboxylic moiety of OTA is about 4.4; the protonated
form of OTA is thus more present in beer/BB than in BB, thus
favoring its retention in reversed phase mode. On the contrary,
the comparison between injection of spiked BB and injection
of the beer/BB sample preconcentrated on the mOS (Fig. 5b)
confirms that interfering compounds were mostly eliminated
during the percolation and washing steps on the mOS while

—— Beer/BB (50/50)
spiked at 300 ng mL! OTA

spiked at 300 ng mL! OTA

......................................

7

2
s & controly

8 9 10 11 12 13 14 15

Time (min)

Fig.5 NanoLC chromatograms corresponding to the analysis of 250 nL of beer/BB (50:50) and BB spiked with 75 pg OTA. A Direct injection of each
sample on the analytical column. B Extraction of each sample on mOS, and control; coupled on-line with nanoLC-LIF

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (min)
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OTA was on the contrary selectively retained on the device.
No shift of the retention time was observed in comparison
with injections of BB spiked with OTA. Indeed, when the
second nano-valve is switched to elute OTA retained in the
mOS, OTA is contained in BB, i.e., the washing solvent,
whatever the initial sample composition (beer/BB or BB).
Furthermore, OTA is not retained on the control device even
in complex samples.

Otherwise, by comparing the chromatograms correspond-
ing to the BB and beer/BB samples in Fig. 5a, it can be noticed
that the matrix affects also the peak area when injecting the
samples directly on the analytical column. To illustrate this
point, the curves corresponding to the obtained peak area as a
function of the amount of OTA are gathered in Fig. 6. It is
visible that a direct injection of beer/BB spiked with OTA on
the column caused a strong increase of the peak area com-
pared with injections of OTA in BB. A slope of 0.0164 was
obtained in the first case against 0.0097 in the second, i.e., 1.7
times lower. Injections of pure water spiked with OTA were
also carried out (not shown here, see ESM) and led to a slope
1.5 times lower than in BB. As for the retention time, the
composition of the buffer may have a strong influence on the
fluorescence properties of OTA as reported previously [54,
55]. This can interfere with the quantification of OTA. On the
contrary, when purifying the sample by injecting those same
samples on the device mOS/nanoLC-LIF, the peak area ob-
tained with Beer/BB was similar to the peak areas obtained
with OTA in BB. The slopes of the two curves are not
significantly different (¢ test, p=0.12>0.05) which is
highlighted by the superposition of the 95 % confidence bands
of the two sets of data in Fig. 6b. The extraction recovery can
be thus estimated to be comprised between 90 and 99 % in
those two kinds of matrices. This is consistent with the recov-
ery yields obtained previously (Fig. 4b) with a washing of

( A) O Beer/BB (50/50)
A BB

y =0,0164x
R =0,9996

Peak area

y = 0,0097x
R =0,9996

0 f:‘" T T T
0 100 200 300 400
Amount of OTA (pg)

6.0 uL for a pure BB spiked with OTA, thus highlighting the
fact that the matrix has no effect on the aptamer binding.
Therefore, a high level of purification can be achieved by
the on-line coupling of a mOS specific for a target molecule
with nanoLC by using very low amounts of samples.

Finally, more than 50 injections were achieved on the
mOSs without observing loss of retention after percolation
of both pure and complex samples, thus showing the stability
of this sorbent. The chosen monolithic approach followed by
covalent grafting of aptamers allowed obtaining a stable de-
vice for on-line selective preconcentration of small molecules.
In the case of OTA, our model analyte, the extraction of the
molecule from red wine or wheat extracts, could be now
considered.

Conclusions and perspectives

An innovative approach to miniaturize a selective DNA-
aptamer-based extraction sorbent was described. We have
demonstrated that a sol-gel approach can be used to immobi-
lize a DNA aptamer and develop a miniaturized oligosorbent
coupled on-line to nanoLC. The reproducibility of the mono-
lith synthesis and further grafting of aptamer were more
particularly highlighted. The selective extraction of a model
analyte for which an aptamer was available was successfully
carried out. The extraction procedure developed in pure aque-
ous solutions led to high and reproducible extraction recovery.
Furthermore, the measured aptamer coverage density and
binding capacity were high in comparison with aptamer-
immobilized open tubular capillaries or packed columns. This
miniaturized device was then successfully applied to the ex-
traction of the model analyte, OTA, from few hundred

4
(B) O Beer/BB (50/50)
A BB /
y = 0,0096x 7'
3 R=09986 . 2
[
I
= 72
< 2 ~~ y=0,0088x
& R = 0,9992
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Amount of OTA (pg)

Fig. 6 Peak area of OTA obtained by LIF detection as a function of the amount of injected OTA in two kinds of samples: beer/BB 50:50 (circle) and BB
(triangle). A Direct injection on the analytical column. B Oligoextraction on mOS, coupled on-line with nanoLC. Dashed line: 95 % confidence bands
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nanoliters of beer samples. This paper constitutes a proof of
concept of an approach that could be now easily adapted for
the development of other mOSs by just changing the nature of
the grafted aptamers and the type of detection.
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