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Preparation of porous methacrylate monoliths with oxidized
single-walled carbon nanohorns for the extraction of nonsteroidal
anti-inflammatory drugs from urine samples
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Abstract A copolymer was prepared from glycidyl methac-
rylate, ethylene glycol dimethacrylate and oxidized single-
walled carbon nanohorns via photo-polymerization and used
in spin columns for the extraction of nonsteroidal anti-
inflammatory drugs (NSAIDs) from human urine samples.
All microextraction procedures (loading, washing and elution)
can be performed by centrifugation. The hybrid monolithic
polymers were characterized by scanning electronmicroscopy
and nitrogen intrusion porosimetry. Following elution with
methanol, the NSAIDs (naproxen, fenbufen, flurbiprofen,
and ibuprofen) were quantified by reversed-phase HPLC with
UV detection. The detection limits varied between 0.1 and
10 μg·L−1, and the precision (relative standard deviation)
ranged from 3.5 to 11.8%. Relative recoveries between 81
and 106% were found when analyzing spiked urine samples.
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Introduction

Since the first synthesis of monolithic polymers at the end of
the twentieth century [1] organic monoliths derived from
methacrylates, acrylamides, and styrenes have been success-
fully applied as stationary phases in chromatography [2], and
as sorbents in sample treatment techniques [3] but to a lesser
extent. Among the microextraction formats where monolithic
sorbents have been used, spins columns can be cited as one of
the most advantageous. Thus, the spin-column format offers a
simple operation procedure, allows a high-throughput sample,
requires a low eluate volume and does not involve solvent
evaporation, all features in rough agreement with the princi-
ples of green analytical chemistry. Monolithic silica spin col-
umn was first introduced by Namera and Saito in 2008 [4, 5].
Themonolithic solid is packed in the bottom of the column unit
without using frits, and then solvents are passed through the
sorbent phase by centrifugation. This approach has been used
to extract target compounds from biological matrices [6, 7].
While there are already several monolithic silica spin columns
used to isolate and preconcentrate target analytes, a potential
growth area of interest may be the development of polymer-
basedmonoliths. In this context, Güzel et al. have developed an
erbium phosphate doped poly(glycidyl methacrylate-co-
ethylene glycol dimethacrylate (poly(GMA-co-EDMA)) spin
column for selective enrichment of phosphopeptides [8].

To achieve more specific interaction of the analytes with
the polymeric networks, nanomaterials including graphene
[9], carbon nanotubes [10, 11], and carbon nanohorns [12],
have been combined with monolithic material to prepare nov-
el stationary phases or sorbents with enhanced performances.

Single-walled carbon nanohorns (SWNHs) were firstly dis-
covered by Iijima et al. in 1999 [13]. Concretely, SWNHs are
cone-shaped carbon structures with a single wall, which have
natural tendency to form dahlia-shaped aggregates [14]. Their
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conical structure provides high porosity and large surface area
showing a good absorbent capacity for organic compounds
[15]. Up to date, their potential and usefulness has widely
demonstrated in microextraction techniques [16–19].

In this study, a hybrid monolithic phase based on a combi-
nation of methacrylate monomers and oxidized SWNHs (o-
SWNHs) has been synthetized into a spin column device
employing a UV-polymerization approach. To ensure covalent
attachment of the monolith to the inner wall of the polypro-
pylene device, a surface modificationwas first carried out with
grafted chains of EDMA. Then, the optimization of variables
affecting to the more convenient preparation of the hybrid
monolith in terms of uniformity, rigidity and robustness was
addressed. Moreover, the monolith copolymerized with o-
SWNHs was characterized by scanning electron microscopy
(SEM) and a porosimetry study was also carried out. The spin
column was evaluated for the extraction and preconcentration
of four nonsteroidal anti-inflammatory drugs (NSAIDs) in
urine samples prior to HPLC-UVanalysis.

Experimental section

Reagents and materials

All reagents were of analytical grade or better. Nonsteroidal
anti-inflammatory drugs (NSAIDs) (naproxen, fenbufen,
flurbiprofen, and ibuprofen) were purchased from Sigma-
Aldrich (Madrid, Spain. http://www.sigmaaldrich.com).
Standard solutions of each analyte were prepared in
methanol (Sigma-Aldrich) at a concentration of 1 g·L−1 and
stored at 4 °C. Working standard solutions were prepared on a
daily basis by rigorous dilution of the stocks in ultrapureMilli-
Q water. Methanol was also used for NSAIDs elution.

Single–walled carbon nanohorns (SWNHs) were purchased
from Carbonium S.r.l. (Padua, Italy. http://www.carbonium.
it/public/site/index.php). SWNHs form stable dahlia-shaped
aggregates with an average diameter of 60–80 nm.
Individually, the lengths of these SWNHs are in a range 40–
50 nm, and the diameter in the cylindrical structure varies be-
tween 4 and 5 nm. Laboratory-oxidized carbon nanohorns were
prepared following a procedure previously optimized [18]. In
brief, SWNHs were weighed (5 mg) and added to a glass vial,
which was further introduced into a microwave oven, being the
solid irradiated at 800 W for 10 min.

Acetonitrile, acetic acid (Scharlab, Barcelona, Spain.
http://scharlab.com) and ultrapure Milli-Q water were
employed as components of the chromatographicmobile phase.

The reagents used for the synthesis of the monolithic phase,
glycidyl methacrylate (GMA), ethylene dimethacrylate
(EDMA), cyclohexanol, 1-dodecanol, lauroyl peroxide
(LPO), ethanol, acetone, 2,2-dimethoxy-2-pheny
lacetophenone (DMPA), α,α′-azobisisobutyronitrile (AIBN),

and benzophenone (BP) were purchased from Sigma-Aldrich.
The spin columns were supplied by Sigma-Aldrich
(SigmaPrep™ Spin Columns with Break-Away Tip), which
have a maximum volume of 700 µL.

Blank urine samples were collected from healthy adult vol-
unteers and stored in polytetrafluoroethylene flasks at −20 °C
until analysis. Prior to the microextraction process, urine sam-
ples were diluted to 1:1 with phosphate buffer (pH 2.11,
25 mM). Next, each sample filtered through a disposable ny-
lon filter of 0.45 μm of pore size (Análisis Vínicos,
Tomelloso, Spain. http://www.analisisvinicos.com). In order
to validate the method, samples collected from individuals
treated with NSAIDs, were also employed.

Instrumentation

The photo-polymerization was carried out using a UV
crosslinker (model CL1000) from UVP Inc. (Upland, CA,
USA) equipped with UV lamps (5 × 8 W, 254 nm). SEM
photographs of monolithic materials were taken with a scan-
ning electron microscope (S-4100, Hitachi, Ibaraki, Japan)
provided by a field emission gun and an EMIP 3.0 image
data acquisition system (Rontec, Normanton, UK). Samples
for SEM analysis were previously sputter-coated with Au/Pd
for 2 min to avoid charging problems. This treatment was
necessary since these materials are not electrically
conducting. Optical microscope SZH (Olympus) was used
to obtain the pictures of the hybrid monolithic solid. An
ultracentrifuge (Sigma Laborzentrifugen, model 2–15
Osterode am Harz, Germany) was used for the different
extraction steps.

Nitrogen adsorption/desorption experiments were carried
out at −196 °C using a Quantachrome®ASiQwinTM-
Automated Gas Sorption Data. The specific surface area
values were calculated according to the BET (Brunauer-
Emmett-Teller) eq. T-plot method was used to determine the
micropore surface areas, and the average pore volumes were
evaluated from the desorption branches of isotherms based on
the BJH (Barrett-Joyner-Halenda) model.

An 1100 Series HPLC chromatograph (Agilent
Technologies, Waldbronn, Germany), provided with a quater-
nary pump, including a thermostatic column compartment and
a UV-Vis diode array detector was used. For the optimized
procedure, a Kinetex C18 column (Phenomenex, Torrance,
US, 2.6 μm, 100 Å, 150 × 4.6 mm) was used. The flow rate
was 1 mL·min−1. UV detection wavelengths were set at 220,
230, and 254 nm using 360 nm as reference. Separation was
accomplished using two mobile phase solvents: ultrapure
Milli-Q water (mobile phase A) and ACN (mobile phase B)
both containing 0.1% (v/v) of acetic acid. An isocratic gradient
(50% B) in 11 min was performed at 25 °C. Prior to use, all
mobile phases were degassed with a D-78224 ultrasonic bath
(Elma, Germany).
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Modification of spin wall surface and preparation
of hybrid monolithic material

To ensure covalent attachment of the monolithic beds to the
inner spin column wall for enhanced mechanical stability, the
polypropylene wall surface was previously photo-chemically
modified with BP and EDMA. For this purpose, the spin col-
umn was sequentially washed with ethanol and acetone, and
dried under a nitrogen stream. Next, it was filled with 80μL of
a 5%w/vmethanolic BP solution and irradiated with UV light
at 1 J·cm−2 for 10 min. BP was removed with methanol
followed by a drying step with nitrogen. Then, the spin col-
umn was filled with a 15% (v/v) methanolic EDMA solution
(80 μL) and placed again under UV irradiation for 10 min.
Finally, the spin column modified was washed with acetone
and dried under a nitrogen stream.

The polymerization mixture is composed of 60 wt%mono-
mers (48 wt% GMA and 12 wt% EDMA), 40 wt% porogens
(37 wt% cyclohexanol and 3 wt% 1-dodecanol) and 0.3 wt%
of LPO (out of the total weight of monomers) as free-radical
initiator. In the next step, o-SWNHs (0.1 wt%) was added to
the polymerization mixture. Afterward, the mixture was son-
icated for 10 min and purged with nitrogen for an additional
10 min. The spin column previously modified was filled with
70 μL of the polymerization mixture. Polymerization was
accomplished by irradiation of the spin column within the
UV crosslinker chamber at 1 J·cm−2 for 4 h. After polymeri-
zation, the spin columnwas thoroughly washed withmethanol
and Milli-Q water to remove the pore-forming solvents and
any possible unreacted monomers.

Microextraction procedure

The poly(GMA-co-EDMA-co-o-SWNHs) monolithic materi-
al was used for the extraction of NSAIDs from urine samples.
The general scheme of the microextraction procedure is
depicted in Fig. 1. Prior to extraction of NSAIDs, the hybrid
monolith was preconditioned with 0.1 mL of methanol and

0.1 mL of Milli-Q water by centrifugation at 14000 rpm
(18,000 g) for 10 min, respectively. Urine samples were dilut-
ed to 1:1 with phosphate buffer (pH 2.11) and filtered through
a disposable nylon filter (0.45 μm). Then, 0.6 mL of sample,
were placed into the pre-conditioned spin column, and it was
centrifuged at 18000 g (for 55 min. The monolithic phase was
then rinsed with Milli-Q water (0.1 mL) by centrifuging
(18,000 g) for 10 min. Finally, the adsorbed analytes were
eluted with 50 μL of methanol (5 min, 18,000 g) for further
HPLC analysis.

Results and discussion

Surface attachment of monolith to polypropylene spin
column

Polypropylene surface modification is required for the suc-
cessful attachment of the monolithic polymer. This fact pre-
vents both the formation of voids at the monolith-wall inter-
face due to the shrinkage of the monolith during the polymer-
ization process in bulk polymerization as well as the monolith
detachment during extraction operation steps. This is especial-
ly remarkable in non-treated conical housing materials.
Supersonic adhesion is usually used to fix monolithic silica
rod into the spin column devices. However, covalent binding
of the organic polymer-based monoliths to the spin column
inner wall has not yet been reported. In this work, a UV
grafting process based on the initial UV immobilization of
BP derived free-radical initiator followed by the grafting of a
polymer layer (EDMA) with a multiplicity of pendant double
bonds from the polypropylene inner surface has been opti-
mized. The influence of the UV irradiation time, at both steps,
keeping the irradiation power level fixed, has been studied
within the interval 5–60 min. The results showed that
10 min was selected as the time required to reach a covalent
attachment of the hybrid monolith to the spin column wall
(respective figure is given in the Supporting Information).

Fig. 1 Scheme of the microextraction procedure using the monolithic spin column
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Choice of materials

One of the benefits of polymer monolithic materials is
their high permeability due to their large through pores.
However, these materials exhibit small surface areas due
the absence of meso- and nano-porous structures, which
can reduce the number of interaction sites required to
achieve a sufficient sample loading capacity, an impor-
tant parameter in sorption-based extraction techniques.
Then, the combination of monolithic technology and
the specific features of SWNHs is an attractive way of
obtaining novel sorbents with enhanced adsorption
(retention) performances. In order to demonstrate the im-
provement in the extraction performance of polymeric
monoliths after incorporation SWNHs, monoliths from a
relatively polar monomer, glycidyl methacrylate (GMA)
were selected.

Incorporation of o-SWNHs to methacrylate monoliths

Taking into account these considerations, our approach was to
incorporate SWNHs in the monolith by direct addition
(dispersion) of these carbon nanostructures to the polymeriza-
tion mixture in order to obtain a hybrid monolith with me-
chanical stability and large extraction efficiency. To reach this
goal, initial polymerization conditions were as follows;
20 wt% monomers (15 wt% GMA and 5 wt% EDMA) and
80 wt% (75 wt% cyclohexanol and 5 wt% 1-dodecanol), in
the presence of different free-radical initiators. Furthermore,
0.1 wt% of o-SWNHs was well-dispersed in this mixture by
sonication for 10 min, and then purged with nitrogen. Once
the mixture was filled into the spin column, it was placed
under UV irradiation for 4 h.

Thus, several types of free-radical initiators were tested
in terms of the polymerization rate as well as homogene-
ity of the polymer formed. The behavior of AIBN
(1 wt%), DMPA (0.2 wt%) and LPO (0.3 wt% out of
the total weight of the monomers), which affects the ki-
netics of the free-radical polymerization as well as the
morphology of the resulting polymer [20, 21], was eval-
uated. When AIBN or DMPA were used as radical initia-
tor, the o-SWNHs were entrapped into the monolithic net-
work remaining some carbon nanoparticles on the pore
surface available to interact with the analytes. However,
a copolymerization of monomers (GMA and EDMA) with
o-SWNHs was produced using an organic peroxide initi-
ator such as LPO. This may be due to the existence of a
competition between monomer and o-SWNHs for the ini-
tiator radicals [22]. In this regard, the role of initiator is a
key point, AIBN and DMPA undergo a reaction mecha-
nism which leads to the production and subsequent prop-
agation of monomer radicals in comparison with the ac-
tive o-SWNHs surface generated by LPO. Thus, hybrid

monoliths initiated with LPO exhibited the most
favourable and homogeneous structure for the extraction
performance, and therefore LPO was selected as photo-
initiator.

The second variable studied, in order to obtain a rigid and
stable monolithic polymer with high extraction capacity, was
the monomers/porogens ratio within the following propor-
tions: 20/80% (w/w), 40/60% (w/w), 60/40% (w/w), and 80/
20% (w/w). The permeability and mechanical stability of the
hybrid monolith were controlled by the percentage of
porogenic solvents. While monoliths prepared with ratios of
20/80 and 40/60% (w/w) showed a too porous and brittle
structure causing their break in the centrifugation step, when
the proportion was 80/20% (w/w) the monolithic phase result-
ed in the smaller pores, hindering the flow of solvents through
it. The best morphological characteristics were obtained for a
60/40% (w/w) ratio and therefore it was selected for further
experiments.

Next, the amount of o-SWNHs was evaluated in the
range from 0.05 to 0.5 wt%. Monolithic polymers formed
at high concentrations of nanoparticles showed a more
rigid structure avoiding the breakage of the material dur-
ing the passage of the solvents through it and promoting
the reuse of the monolithic solid. By contrast, monoliths
were not formed in the absence of o-SWNHs in the poly-
merization mixture because polymer radicals for methac-
rylate monomers are not as reactive as the o-SWNHs con-
ical surface due to its reactivity is associated with their
areas rich in pentagons and heptagons [23].

When the percentage was 0.5 wt%, the solid resulted in the
smaller pores and therefore it led to an increased flow resis-
tance. Thus, an amount of 0.1 wt% of SWNHs was selected as
the best compromise for high throughput purposes. Figure 2
shows a picture of this hybrid monolithic polymer into the
spin column.

Fig. 2 Photograph of the hybrid monolith into the spin column device
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Characterization of hybrid monolithic material

The monoliths were characterized by SEM, elemental analy-
sis, and nitrogen adsorption/desorption measurements.
Figure 3 shows the SEM images of the UV polymerized
monoliths obtained in presence of 0.1 wt% of SWNHs at
different magnification powers. The macroporous structure
with different levels of pore sizes is visible which demonstrat-
ed large pore (∼3 μm) sizes, and consequently, an adequate
permeability (Fig. 3a). A larger magnification provided evi-
dence that the addition of SWNHs in the polymeric matrix led
to globules with larger surface roughness compared to those
found in the typical globular structure of polymeric monoliths
[1, 2, 20, 21].

Data from nitrogen adsorption-desorption isotherms evi-
denced that the monolithic solid exhibited an isotherm type
IV which is typical of solids with a mainly mesoporous struc-
ture. Furthermore, t-plots (using Harkins-Jura correlation)
from the adsorption branch of the isotherm, showed the ab-
sence of microporosity. The specific surface area of the hybrid
solid was determined by the BET method and the pore size
distribution by the method of Barrett, Joyner, and Halenda
(BJH). The values of surface area, pore diameter, and pore
volume, obtained are compiled in Table 1. Thus, the hybrid
monoliths containing o-SWNHs showed larger values surface
areas (ca. 700 m2·g−1) compared to the typical organic
polymer-based monolith, where these values did not exceed
few tens of m2·g−1 This remarkable increase in surface area
will benefit undoubtedly the retention and extraction efficien-
cy, which will be described in details below.

Application to the extraction and preconcentration
of NSAIDs from urine samples

The hybrid monolithic sorbent presented in this work was
employed for the extraction of the four NSAIDs (naproxen,
fenbufen, flurbiprofen, and ibuprofen) from urine samples fol-
lowing the microextraction procedure described previously. The
extraction conditions were adapted from previous studies of our
research group [24]. Prior to (micro) solid-phase extraction
using the poly(GMA-co-EDMA-co-o-SWNHs) spin column,
each sample was diluted to 1:1 with phosphate buffer and fil-
tered through a disposable nylon filter. The pH of the sample
was adjusted to 2.11 by using dilute phosphate buffer to maxi-
mize the interaction of the analyte with the hybrid monolith via
hydrophobic and hydrogen bonds interactions.

The method was validated in terms of sensitivity, linearity,
and precision. The corresponding calibration graphs were
constructed by extracting in duplicate nine working aqueous
standards containing the four analytes at different concentra-
tions (0.01–10,000 μg·L−1). For all the analytes, a good line-
arity (R > 0.99) was observed. The limits of detection (LODs)
were calculated by using a signal-to-noise ratio of 3, giving
values comprised between 0.1 (naproxen) and 10 (ibuprofen)
μg·L−1 (Table 2). The limits of quantification (LOQs), calcu-
lated as the concentration providing chromatographic peak
areas ten times higher than the background noise, ranged from
0.5 to 20 μg·L−1 (Table 2).

The precision of the method (intra and inter-units),
expressed as relative standard deviation (RSD) and also given
in Table 2, was calculated from three individual standards

Fig. 3 SEM micrographs of hybrid monolithic material at ×1000 a, and ×4000 b magnification

Table 1 Porous properties of the
synthesized hybrid monolithic
polymer

Specific surface area,
BET (m2·g−1)

Average pore
diameter (Å)

Average pore
volume (cm3·g−1)

Poly(GMA-co-EDMA-co-o-SWNHs) monolith 696.439 43.32 0.75
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prepared at a concentration of 50 μg·L−1 and it was lower than
11.8% for all the analytes. The enrichment factors for all the
analytes were calculated by comparison of the slopes of the
calibration graphs before and after the extraction process.
They were in the range from 10.4 to 13.2 (see Table 3). The
absolute extraction recoveries, which refer to the percentage
of total analyte that can be extracted efficiently by the sorbent
and finally eluted with methanol, were in the interval of 81–
106%.

The identification of potential interferences from the matrix
on the quantification of the analytes is a relevant issue, espe-
cially when analyzing unknown samples. Therefore, the accu-
racy of the method was evaluated through a recovery study.
Different blank urine samples were fortified with the four tar-
get analytes (naproxen, fenbufen, flurbiprofen, and ibuprofen)
at a concentration of 50 μg·L−1, and they were left to stand for
24 h prior to analysis. Then, the fortified samples were ana-
lyzed using the extraction method, and the concentration for
each NSAID was calculated by interpolating the peak area
obtained in the corresponding calibration graph. The recovery
values were calculated dividing the concentration found by the
concentration added, and expressed in percentage. Each sam-
ple was analyzed by triplicate; the results obtained are listed in
Table 3. As it can be seen, in all instances, excellent recovery
values (ranged from 81.3 to 105.6%) were obtained.

The method was then applied to the determination of the
NSAIDs in urine samples (3 h after drug intake). Urine sam-
ples, collected from an individual treated with naproxen

(550 mg) were analyzed. The extraction was carried out for
standards and spiked samples following the procedure de-
tailed above. The presence of naproxen was definitely con-
firmed by the comparison of its retention time with the spiked
standard of the same analyte. The corresponding value was
1.79 mg·L−1 which is comparable with pharmacokinetic
values for the NSAIDs, and is closely related to half-life
values reported in literature [25, 26]. Furthermore, the method
allows the quantitative determination of the target analytes
without interference of endogenous compounds.

Comparison with other nanomaterial-based extraction
procedures

Table 4 compares the characteristic features for our method
with other nanomaterial-based extraction methods reported in
the literature for the determination of NSAIDs in biological
samples. Regarding absolute extraction recovery values ob-
tained in this study, these were similar to those found in most
reported studies with the exception of those given in reference
[30], where the recoveries were quite low. Concerning the
LODs, most of these studies have been focused on the deter-
mination of naproxen, in this sense, our LOD value was sim-
ilar [31] or better [28] using magnetic SPE. Besides, our meth-
od provided the widest linearity range of all the methods re-
ported. Regarding to the preparation of sorbent few simple
steps are required, and moreover our protocol simplifies the
handling of more samples simultaneously and speeds the
preconcentration process of NSAIDs. In particular, this meth-
od allowed a sample throughput of 10 samples· h−1, whereas a
rate of 1–2 samples· h−1 may be achieved with other
nanomaterials-based protocols [27, 29].

Conclusions

A monolithic spin column, based on copolymerization be-
tween methacrylate monomers and o-SWNHs, was prepared
via in situ photo-polymerization. The potential of this new
sorbent was evaluated for the preconcentration of NSAIDs

Table 2 Analytical figures of merit of poly(GMA-co-EDMA-co-o-SWNHs) monolithic microextraction unit for determination of the target NSAIDs

Analyte λ (nm) LOD (μg·L−1) LOQ (μg·L−1) Precision

Intra- spin column
RSD (%, n = 3)

Inter- spin columns
RSD (%, n = 3)

Naproxen 230 0.1 0.5 4.0 3.5

Fenbufen 220 0.5 1 11.8 9.1

Flurbiprofen 254 0.5 1 5.4 8.0

Ibuprofen 220 10 20 5.8 9.8

LOD Limit of detection, LOQ Limit of quantification, RSD Relative standard deviation

Table 3 Recovery study for the four NSAIDs spiked to urine samples
analyzed following o-SWNHs monolithic spin column unit

Analyte R ± SD EF ER

Naproxen 99 ± 3.0 11.8 98.3

Fenbufen 81 ± 6.1 10.4 86.6

Flurbiprofen 106 ± 4.8 11.5 95.8

Ibuprofen 101 ± 5.6 13.2 110.0

R Relative extraction recovery expressed as percentage. SD Standard
deviation, EF Enrichment factor, ER Absolute extraction recovery
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from urine samples. The hybrid monolith was characterized
by SEM and nitrogen intrusion porosimetry. A UV-
polymerization strategy for the covalent functionalization of
the housing polypropylene surface to achieve a robust attach-
ment of monolith has been carried out, thus improving its
mechanical stability, without the need of retaining frits, in
comparison with non-anchored monoliths. To our knowledge,
this is the first report that employs this modification protocol
combined with organic monoliths confined within these
microextraction supports. The high adsorption capacity and
specific surface area has been attributed to the participation
of o-SWNHs as monomer in the polymerization reaction due
to their enhanced reactivity associated with their conical
shape. The results obtained demonstrated that the hybrid
monolithic spin columns can be successfully applied in
bioanalysis owing to its unique characteristic including their
cost-effective preparation, porosity and chemical stability in a
wide pH range. Although the method requires high centrifu-
gation rates in extraction procedure, it provides good analyti-
cal features in term of recoveries, excellent linearity and LODs
compared to other nanomaterial-based extraction methods,
and a high throughput sample preparation.
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