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a b s t r a c t

In the present report, new protocols are introduced for automatic mesofluidic handling of irregularly
shaped and non-uniformly sized bead materials for renewable micro-solid phase extraction (�SPE) under
the lab-on-valve (LOV) format. To this end, two alternative strategies were studied comprising either (i)
the direct aspiration of bead suspension placed at a container attached to LOV device or (ii) the aspiration
of beads after a resuspension step, allowing the formation of a fluidized bed inside the beads’ container.
Suspensions with homogeneously dispersed beads were also tested in the first strategy above, as prepared
by increasing the viscosity of the suspension milieu with 75:15:10 glycerol/MeOH/H2O (in wt). The bead
injection protocols were applied to four commercial reversed-phase sorbent materials with different
sorptive surfaces: Oasis HLB, SupelMIP �-receptors, Lichrolut EN and Discovery DSC-MCAX, and the
mass of sorbent packed in each microcolumn was assessed. Direct aspiration of methanolic suspensions
gave rise to bead stacking and clogging of the LOV microconduits, resulting in a source of results with
poor precision (RSD: 3.8–67.6%). The use of glycerolic suspensions was merely effective for repeatable
sampling and packing of Oasis HLB and SupelMIP �-receptor beads without sorbent settlement along
time. The resuspension strategy was able to handle all the materials tested with acceptable precision
(RSD: 1.6–13.8%). Enhanced precision was attained (RSD <4.1%) when the sorbent bed was physically

restricted to the volume of the LOV microchannel cavity. Different volumes of suspension aiming at a
target mass of sorbent of 10 mg were successfully handled (RSD: 3.1–13.8%), showing the reliability of
the bead resuspension approach for varied nominal bead sampling volumes. The proposed bead handling
protocols were applied to �SPE of propranolol taken as a model of �-blocker from aqueous solutions by
SupelMIP �-receptors and Discovery DSC-MCAX beads with high repeatability (RSD <6%) and absolute
recoveries between 69 and 74% in a bead-injection mode.
. Introduction

Over the past few decades, flow injection analysis and related
echniques have been a tool for new developments in the ana-
ytical chemistry field [1,2]. In this context, the handling of solid
uspensions in a fully automatic fashion, where the solid-phase
in form of micrometric beads) could be renewed in each indi-
idual analytical cycle, and defined as bead injection (BI) [3],
merged as a disruptive concept in the automation of chemical

ssays and sample preparation [4]. In BI, the solid-phase sus-
ended in a given solvent is a dynamic part of the system that

s treated as a homogeneous solution, in a deep contrast with
he classical use of solid-phase reactors in flow analysis, where

∗ Corresponding author. Tel.: +351 222078994; fax: +351 222078961.
E-mail addresses: msegundo@ff.up.pt, msegundo@mail.ff.up.pt (M.A. Segundo).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.02.011
© 2011 Elsevier B.V. All rights reserved.

the packed microcolumn is viewed as a permanent part of the
manifold that should be replaced occasionally [5]. The BI con-
cept started a new era for the automation of sample processing
based on flow analysis, making possible the development of new
SPE methodologies that overcome the decrease in performance
caused by surface deterioration along the time. Not the least, BI
allows the simultaneous monitoring of both effluent and solid
phase itself (optosensing) in real time, which leads to comple-
mentary and enhanced insight into the SPE procedure in a single
assay [6]. Though effective alternatives capitalized on flow injec-
tion have been reported [7–9], launching and evolvement of the BI
technique were associated with the introduction of programmable

flow; firstly by sequential injection analysis (SIA) [10], where flow
cells with special configurations [11] including jet-ring cells [3,12],
magnetic flow-through cells [13–15], rotating rods [11,16] and frit
restriction-based containers [11,17] were assembled to the man-
ifold, and more recently, with the introduction of lab-on-valve
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Table 1
Physicochemical properties of the sorbents used in the present work as per manu-
facturer specifications.

Sorbent Shape Particle size/�m Specific surface
area/m2 g−1

Oasis HLB Spherical 30 800
SupelMIP �-receptors Irregular 56a n.a.
Lichrolut EN Irregular 40–120 1200
H.M. Oliveira et al. / T

LOV), the so-called third generation of flow injection analysis
18,19].

As a result of the progress towards automation, miniaturiza-
ion and integration of overall analytical processes, the LOV module
omprises a monolithic structure with microconduits machined
n a polymethylmethacrylate or polyetherimide unit, which is

ounted atop the multiposition valve in SIA modules. Due to the
esofluidic scale of the assays, integrated detection and compati-

ility with real-world samples [20], LOV is becoming an attractive
nalytical tool, with a particular impact in the bioanalytical field
21,22]. The open architecture and simple design, associated with
he flexibility provided by programmable flow operation, con-
erted LOV in the preferential way to develop new BI protocols.
espite the wide range of BI-LOV applications reported to date,

enewable sorptive surfaces have been particularly exploited in
ethods involving color development and optical measurements

23,24], but also SPE protocols for handling of environmental sam-
les [23,25]. The use of BI-LOV as front end to chromatographic
echniques is also a current topic of growing interest [26–31].

Reliable manipulation of bead suspensions within the flow
anifold is the major challenge in mechanized BI protocols for

epeatable trapping of beads in microcolumns with subsequent
inimization of the uncertainty measurement of the overall ana-

ytical method. Previous works about this topic [3,4,23,32] are con-
ensual about the requirements that should be fulfilled by the bead
aterials in order to obtain homogeneous suspensions, usually

repared in an aqueous, hydro-alcoholic or alcoholic solvent [32].
pherical shape, uniform size distribution and water-wettability
for reversed-phase materials) have been identified as imperative
haracteristics. To this end, the materials commonly used in BI have
heir backbone structures based on polystyrene-divinylbenzene
PS-DVB), polyvinylpirrolidone, or agarose. With the use of high
ensity polytetrafluoroethylene [33] or silica-type [34] chunks,
spiration of sorbent material into the LOV was proven trouble-
ome as a consequence of the stacking of the sorptive surfaces at
he bottom of the reservoir and within the LOV central communi-
ation channel. This shortcoming was alleviated to a large extent
y promoting a continuous recirculation of the suspension by a
eristaltic pump [33,34]. Another strategy proposed for ensuring
omogeneity of the sorbent suspension was the continuous stir-
ing of the bead-containing reservoir [35]. Although both strategies
rovided improved precision in bead sampling and in-line micro-
olumn formation, they are associated with the use of additional
nstrumentation that increases the complexity of the manifold.

Therefore, the current state-of-art of BI-LOV excludes a diver-
ity of sorbent materials with physicochemical properties able to
roaden the application scope of this technique, particularly to
utomated �SPE for processing of samples of high matrix complex-
ty. Hence, the objective of the present work was the development
f a universal BI-LOV approach, able to cope with non-spherical and
on-uniformly sized distributed beads applied routinely to solid
hase extraction protocols. For this, different strategies for in-line
ead suspension handling and column packing will be assessed
egarding their precision through evaluation of the sorbent mass
acked. Moreover, the impact of the proposed strategies on the
nalytical performance of SPE protocols will be evaluated by tak-
ng propranolol as a model �-blocker with further quantification
y HPLC.

. Experimental
.1. Reagents and solutions

Chemicals were of analytical grade and used with no further
urification. All aqueous solutions were prepared in ultra pure
Discovery DSC-MCAX Irregular 50 480

n.a.: not available.
a Average value.

water (resistivity >18 M� cm) obtained from a MilliQ (Millipore,
Bedford, MA, USA) system. Methanol (MeOH) and acetonitrile
(ACN) HPLC grade, supplied by Merck (Darmstad, Germany) were
also used as solvents.

Four sorbents with different physicochemical characteristics
(see Table 1) were tested: Oasis HLB (Waters, Milford, MA, USA),
Lichrolut EN (Merck), SupelMIP �-receptors (Supelco, Bellefonte,
PA, USA) and Discovery DSC-MCAX (Supelco). Methanolic and glyc-
erolic sorbent suspensions were prepared by adding 1000 �L of
MeOH or 200 �L of MeOH followed by 800 �L of 87.5% (w/w)
aqueous glycerol (Sigma–Aldrich, St. Louis, MO, USA) to 100 mg
of sorbent, respectively. For Discovery DSC-MCAX, 200 mg mL−1

methanolic suspensions were also prepared.
The stock solution (500 mg L−1) of propranolol (Sigma–Aldrich)

was daily prepared by dissolving the appropriate amount of solid in
10.00 mL of MeOH. Working standards for direct injection into the
liquid chromatograph were prepared by diluting the stock solution
in mobile phase. For SPE of the �-blocker, a 2.00 mg L−1 propra-
nolol standard solution was prepared in 5.0 mmol L−1 ammonium
acetate (Sigma–Aldrich) at pH 6.7, or 2% (v/v) CH3COOH in water
(Sigma–Aldrich) as per sorbent type for analyte uptake. 1% (v/v)
HCOOH in ACN and 5% (v/v) NH4OH in MeOH were used as elu-
ents for MIP �-receptor and Discovery DSC-MCAX, respectively. An
isocratic mobile phase composed of a 1:1 volume ratio of MeOH
and 0.1% (v/v) trifluoroacetic acid (TFA) (Sigma–Aldrich) was used
for chromatographic separation and determination of propranolol,
adapted from Cabrera et al. [36]. The mobile phase was filtered
through 0.45 �m Millex-HV filters (Millipore) and degassed by
ultrasound irradiation during 15 min before use.

2.2. Lab-on-valve manifold

The flow system used for the mesofluidic handling of bead sus-
pension and automatic �SPE of propranolol in a BI fashion (Fig. 1)
comprised a BU4S multisyringe module (MS) (Crison Instruments,
Allela, Spain), as propulsion unit equipped with two 2500 �L glass
syringes (Hamilton, Bonaduz, Swizterland), labelled as S2 and S3.
The access to the solutions reservoirs (position off) or LOV (position
on) was controlled by the three-way commutation valves (NRe-
seach, Caldwell, NJ, USA) placed at the head of each syringe. The
propulsion unit was connected to a customized mesofluidic plat-
form (Ideia.M, Porto, Portugal) containing a central channel and
eight peripheral ports with channels of 1.5 mm i.d. engraved in a
polyetherimide block (Fig. 1). This monolithic device was mounted
atop of an eight-port multi-position selection valve (MPV, Crison
Instruments). The access to the complete array of peripheral ports,
one at a time, was provided by the central channel (CC), which
was connected to S3 by the holding coil (HC). For the bead suspen-
sions handling experiments only S3 was used and ports 3, 6 and 7

were closed. During automatic �SPE of propranolol, all ports were
used and S2 was connected to the dual port 3, facilitating sample
exchange. The beads were retained at the outlet of microchannel
1 by a 1 mm thick polyethylene frit with a pore diameter of 20 �m
(Supelco). The bead container was attached to port 4 of the LOV
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Fig. 1. Illustration of the LOV manifold used for automatic handling of bead suspen-
sions and performing �SPE of propranolol in a bead injection mesofluidic format.
MS, multisyringe; Si , syringes (2500 �L capacity); LOV, lab-on-valve; HC, holding
coil; CC, central channel; W, waste; Ca, carrier solution; EC, eluent collector; S, sam-
ple; B, bead suspension; C, conditioning solvent (methanol), A, air; E, eluent; BR,
exceeding beads removal; PF: polyethylene frit. For the sake of simplicity the con-
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ection between S2 and the LOV dual-channel (3) was omitted and represented by a
ashed line. For the extraction of aqueous propranolol by MIP �-receptors, the LOV
hannel 8 was connected to water reservoir and the exceeding beads were discarded
hrough the waste channel (2).

t 45◦. Polytetrafluoroethylene tubing (Omnifit, Cambrigde, UK)
ith 0.8 mm i.d. was used to connect the LOV ports to the solution

eservoirs. The connections between the syringes and respective
olution reservoirs and the HC (5000 �L capacity) were made of
.5 mm i.d. tubing of the same material.

All the programmable flow sequences were executed by a per-
onal computer running lab-made software written in Quick Basic
.5 (Microsoft, Redmond, WA, USA). The parameters controlled
y the software through an RS232 interface were the direction
aspiration/propulsion) and speed (flow rate) of fluid handling unit
multisyringe module), the position of commutation valves, and
lso the selection (one at a time) of the different ports on the MPV.

.3. Strategies employed for mesofluidic handling of beads

Procedures commonly used for �SPE under BI-LOV format com-
rise four main operations that can be defined as (1) sorbent

acking and conditioning, (2) sample loading and matrix removal,
3) elution and (4) bead discarding. In the present work customized
rotocols for operation (1) were evaluated (Table 2 and Table S1),
ollowed by application of operation (4), aiming at bead recollec-
ion for mass evaluation. For propranolol extraction, operations (2)

able 2
ummary of the protocol sequences for the two strategies proposed for microcolumn
acking of bead suspensions under LOV format.

Step description Strategy

Direct
aspirationa

In-line
resuspensionb

Aspiration of
MeOH/water

√ √

Resuspension of beads × √
Beads settling × √
Aspiration of bead

suspension

√ √

Packing and
conditioning of the
microcolumn

√ √

, step included; ×, step not performed in this strategy.
a This strategy was applied to methanolic and glycerolic suspensions.
b This strategy was applied to methanolic suspensions, with partial or full packing

f LOV microconduit.
84 (2011) 846–852

and (3) were added (Table S2), in order to perform the retention and
elution of the analyte. For the sake of simplicity, the steps respect-
ing to the refilling of S3 were omitted in the following description
of the operating procedures.

Microcolumn packing and conditioning. Four different proto-
cols (I–IV, Table S1) for performing the automated aspiration
of bead suspension into the LOV and packing of the integrated
sorptive microcolumn, based on two different strategies, were eval-
uated (Table 2). They were characterized by direct aspiration of a
methanolic (I) or glycerolic (II) bead suspension or by effecting a
resuspension step to generate fluidized-bed conditions before aspi-
ration into the LOV of a bead suspension in MeOH (III and IV). In
the latter, the sorbent bed was physically confined to the volume
of microchannel 1 after discarding the excess of beads previously
aspirated. In all cases, the flow rates for bead aspiration and column
packing were fixed at 0.5 and 2.0 mL min−1, respectively:

(I) Direct aspiration of methanolic suspensions. 500 �L of MeOH
and 125 �L of bead suspension were sequentially aspirated
into the HC. Syringe 3 was refilled, and after flow reversal, the
LOV microcolumn was generated and further conditioned with
MeOH and water (see Table S1).

(II) Direct aspiration of glycerolic suspensions. After aspiration of
750 �L of water, 125 �L of glycerolic suspension were inserted
into the HC and the column was packed by flow reversal. Next,
a plug of 625 �L of MeOH was aspirated into the HC for sor-
bent conditioning. When a sorbent mass of 10 mg was targeted,
the sorbent suspension aspiration step was adjusted to 86 and
72 �L for Oasis HLB and MIP �-receptors, respectively. For the
propranolol extraction with MIP, the volumes were adjusted
and extra conditioning steps were added (Table S3).

(III) Aspiration of methanolic suspensions after a resuspension step. In
this case, after the aspiration of 525 �L of MeOH and the repo-
sitioning of the syringe piston, a burst of 125 �L was delivered
to the bead suspension reservoir. For a period of approximately
10 s, S3 was refilled while the beads were settling in the con-
tainer placed at microchannel 4. Thereafter, 125 �L of sorbent
were aspirated. Then, the flow direction was reversed and the
LOV microcolumn was generated and conditioned. For exper-
iments for which the sorbent mass targeted was 10 mg, the
volumes of suspension aspirated were modified to 58, 95, 75
and 34 �L, when Oasis HLB, MIP �-receptors, Lichrolut EN and
Discovery DSC-MCAX were used.

(IV) Aspiration of methanolic suspensions after a resuspension step
with full packing of LOV microchannel 1. In this strategy only
two extra steps were added to the above described (III). After
sorbent aspiration, trapping within LOV and bead condition-
ing, S3 was refilled and the exceeding beads remaining stored
in the MPV rotor and central channel were discarded to waste.

Beads disposal. The sorbent packed inside the microchannel 1
was wetted with 100 �L of MeOH, previously stored in the HC. Next,
the beads were aspirated back into the HC and immediately dis-
posed into waste by 1275 �L of carrier solution that was collected
into a 2 mL capacity vial for subsequent sorbent mass determi-
nation. Finally, the LOV column cavity was rinsed with 200 �L of
carrier solution (MilliQ water).

2.4. Microcolumn weighing procedure

As mentioned above, sorbent microcolumns packed by different

automatic fluidic protocols were collected (after discarding proce-
dure) by placing 2 mL glass vials (Supelco) in port 2 in the course of
step (e) (Table S1). The vials were previously cleaned by a N2 stream
and weighed (AG285 balance, Mettler-Toledo, Columbus, OH, USA).
The liquid content of the vials was evaporated overnight by oven
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Table 3
Analytical protocol for automatic in-line SPE of propranolol using SupelMIP �-
receptors and Discovery DSC-MCAX in BI-LOV format.

Operation MIP
�-receptors

Discovery
DSC-MCAX

Conditioning 500 �L of 1%
(v/v) HCOOH in
ACN + 500 �L
H2O + 1400 �L
of 5 mmol L−1

NH4COO

500 �L of
MeOH + 500 �L
of 2% (v/v)
CH3COOH

Sample loading 1000 �L of
2.00 mg L−1

propranolol
standard

1000 �L of
2.00 mg L−1

propranolol
standard

Washing 1000 �L of
5 mmol L−1

1000 �L of 2%
(v/v) CH3COOH
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NH4COO
Analyte elution 1500 �L of 1%

(v/v) HCOOH in
ACN

1000 �L of 5%
(v/v) NH4OH in
MeOH

rying with temperatures between 80 and 90 ◦C. After cooling, the
ials were weighed again. The sorbent amount in the microcol-
mn was calculated as the difference between the mass obtained
or the vial containing the dried sorbent and for the mass of the
ame empty vial. For quality control purposes, control charts of
he mass of individual empty vials were constructed (n > 10) and
utliers (SD > 5%) were eliminated from the experiment.

.5. Automatic �SPE and chromatographic determination of
ropranolol

Solutions containing 2.00 mg L−1 of propranolol prepared in
mmol L−1 ammonium acetate at pH 6.7 or 2% (v/v) CH3COOH were
xtracted by MIP �-receptors and Discovery DSC-MCAX sorbents,
espectively. The automatic �SPE-BI protocol (Table S2) is sum-
arized in Table 3 and was designed on basis of the information

ndorsed by sorbent suppliers. The eluate was diluted 1:1 with 0.1%
v/v) TFA before analysis. A given volume of diluted eluate (50 �L)
as analyzed by liquid chromatography aimed at the potential
etermination of mixtures of �-blockers and/or �-agonists follow-

ng class-specific molecularly imprinted-SPE or mixed-mode SPE.
Chromatographic assays were performed on a liquid chro-

atography setup Merck/LaChrom 7000 series (Hitachi, Tokyo,
apan). It was composed of a high-pressure pump (L-7455), an
V–Vis detector (L-7100) and an interface (D-7000). The system
ontrol and data acquisition were performed by D-7000 software.
nalyses were conducted in the isocratic elution mode using 50%

v/v) MeOH:aqueous 0.1% (v/v) TFA at a flow rate of 1.50 mL min−1

nd a monolithic column (100 mm × 4.6 mm i.d., Chromolith RP-
8e, Merck, Darmstadt, Germany) as analytical column connected
o a guard column (5 mm × 4.6 mm i.d.) of the same material. Elu-
tes were manually injected through a Rheodyne 7725i injector
Rohert Park, CA, USA) equipped with a 50 �L loop.

Retention time and spectra were used for propranolol identifica-
ion. Peak area at the maximum absorbance wavelength (288 nm)
as used as analytical signal. A linear response (r2 ≥ 0.998)
as found for calibration curves established over the range of

.25–1.5 mg L−1.

. Results and discussion
.1. Mesofluidic-based strategies for handling bead suspensions

The sorbents used in the present work (Table 1 and Fig. S1)
ere chosen considering their physicochemical properties and the
otential application in reversed-phase SPE protocols under an LOV
84 (2011) 846–852 849

fluidic format. Therefore, SupelMIP �-receptors, Lichrolut EN and
Discovery DSC-MCAX selected in this work. MIP �-receptors and
Lichrolut EN are irregularly-shaped polymeric materials. The for-
mer is a molecularly-imprinted polymer for the selective extraction
of drugs with affinity for �-receptors and the latter is a PS-DVB
sorbent of large surface area suitable for reversed-phase extraction
of polar organic compounds at trace levels. Discovery DSC-MCAX,
composed of functionalized C8-silica-based non-spherical particles
bearing benzene sulfonic acid moieties, is a mixed-mode solid-
phase that retains molecules by hydrophobic interactions and
cation-exchange mechanisms. For comparison purposes, Oasis HLB,
a spherical polymeric sorbent previously used in BI-LOV protocols
[27,30], was also applied. Considering the differences in the back-
bone structure, particle size and physicochemical properties, these
sorbents can be regarded as a relevant sample of commercially
available products for reversed-phase SPE.

The sorbents studied were suspended using methanol or
75:15:10 glycerol/methanol/water (in wt%) as solvent. These sus-
pensions were handled by different flow programs that involved
two different strategies (Table 2): (i) the direct aspiration of the
beads from the container or (ii) the aspiration after a resuspension
step, where a fluidized sorbent bed was generated. Concerning the
amount of beads packed in each protocol sequence, two different
approaches were tested. The first approach involved the aspira-
tion of a fixed volume of suspension from the container (125 �L),
while the second involved the sampling of a variable suspension
volume for a fixed amount of ca. 10 mg of sorbent. Thus, it was pos-
sible to evaluate the precision of the mesofluidic column packing
at different nominal volumes of bead suspension uptake.

3.1.1. Direct aspiration of the beads from methanolic and
glycerolic suspensions

In BI-LOV methods described so far, the physicochemical prop-
erties of bead materials were taken into consideration for choosing
the suspension milieu. Hence, the hydrophilic (polysaccharide-
based materials) are generally suspended in aqueous solutions
[35,37] while hydrophobic (reversed-phased) materials are fre-
quently suspended in alcoholic media [26,30]. Considering the
hydrophobic character of the sorbents used in this work, the first
approach for handling of the beads involved direct aspiration of
suspensions prepared in 100% MeOH (see Table S1). For 125 �L of
bead suspension, lump formation was noticed in the second or third
aspirate replicate of MIP �-receptors and Lichrolut EN beads. This
resulted in a poor precision in sorbent packing with relative stan-
dard deviation values (RSD) of 67.6 and 24.2%, respectively (see
Table 4). For spherically-shaped beads (Oasis HLB), this strategy
provided better within-run precision (namely, 3.8%).

Polysaccharide-based beads (Sepharose® and Sephadex®), often
used in BI-LOV protocols [4], are spherical and have a density sim-
ilar to that of water. Thus, homogeneous suspensions might be
readily prepared whereby column packing into the LOV microchan-
nels is reported to be highly reproducible [20,31,32]. In contrast,
the reversed-phase sorbents used in this work, except for Oasis
HLB, were non-spherical. On the other hand, the introduction
of the reversed-phase beads into the LOV unit from a homoge-
neous bead suspension was investigated. To this end, the viscosity
and density of the suspension solvent were increased by the
addition of glycerol. This alcohol was selected considering its high-
viscosity and compatibility with both organic and aqueous solvents
commonly used in solid-phase extraction procedures. Preliminary
experiments were made preparing glycerol/water solutions in the

range of 50–75% (w/w). Considering our previous knowledge with
another MIP material [29], different suspensions containing 100 mg
of MIP �-receptors per mL of solvent were prepared and homo-
geneity was evaluated by naked eye. The use of 75% (w/w) glycerol
seemed to provide a homogeneous suspension. However, when
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Fig. 2. Mass of sorbent weighed for consecutive packing procedures of beads sus-
pended in 75:15:10 glycerol/MeOH/H2O (in wt%): �, Lichrolut EN; �, Discovery
DSC-MCAX; ©, SupelMIP �-receptors; �, Oasis HLB.

processed by the automatic fluidic system, the masses of sor-
bent obtained were not reproducible (RSD% > 20), in disagreement
with visual inspection because there were still very small bead
aggregates in the suspension. This source of impaired results was
circumvented by wetting the beads with methanol before the addi-
tion of the glycerol solution, ensuring a subsequent homogenous
solvation of the sorbent by glycerol and water molecules. Thus,
glycerolic suspensions were prepared by suspending 100 mg of sor-
bent in 200 �L of methanol followed by the addition of 800 �L of
87.5% (w/w) glycerol, resulting in the original 75% (w/w) glycerol
in the final solvent composition. The four sorbents in test were
suspended by this procedure and packed into LOV microchannel
1 by the fluidic protocol (II) described in Table S1. In this partic-
ular case, 125 �L of bead suspensions were collected and packed
by the carrier solution. The volume for conditioning the beads was
increased aiming at complete removal of the glycerol from the sur-
face of the beads (Table S1). The sorbent mass weighed for Oasis
HLB and MIP �-receptors (Table 4) deployed a precision suitable
for use in �SPE protocols, with RSD values of 6.1 and 3.5%, respec-
tively. On other hand, Lichrolut EN and Discovery DSC-MCAX beads
migrated throughout the time (<10 min) either to the top or bot-
tom of the suspension, respectively, because of their lower or higher
density when compared to the suspension milieu. This migration
was observed by naked eye and by the increase or decrease of the
mass packed throughout the time (Fig. 2). Hence, for these two
materials, 75% (w/w) glycerol was not a suitable solvent to prepare
homogenous suspensions.

For aspiration of smaller volumes of suspension containing
ca. 10 mg of sorbent (58 �L for Oasis HLB and 95 �L for MIP
�-receptors), the RSD values (4.7–6.9%) were similar to those previ-
ously obtained in the aspiration of 125 �L of glycerolic suspension
(3.5–6.1%) (see Table 4), demonstrating the appropriate precision
of the propulsion unit for bead handling and the reliability of pro-
grammed flow protocol.

3.1.2. Aspiration of beads in methanolic suspensions after a
resuspension step

The second strategy tested in the present work was based on
the introduction into the mesofluidic protocol sequence of a bead
resuspension step (see Table 2) before sorbent uptake. Taking into
account that beads in 100% MeOH were permanently settled at

the bottom of the reservoir, this procedure involved bead flush-
ing by a burst of solvent (125 �L), resulting in the resuspension
of the particles within the solvent medium, followed by resettle-
ment within a short time frame of 10 s. Since the collection of beads
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egan well before complete bead settlement, compactness associ-
ted with the mass of sorbent accumulated at the bottom of the
ontainer was overcome, and thus a reproducible, well-defined
mount of beads could be aspirated through LOV microchannel
.

The four sorbents under evaluation were subjected to three dif-
erent operating procedures that included a resuspension step with
25 �L of methanol (Table S1, (III–IV)). The first two approaches

ncluded the aspiration of a fixed volume of 125 �L for all sor-
ents or the aspiration of a variable volume, respectively, aiming
t a sorbent mass of 10 mg, as performed before with glyc-
rolic suspensions. In the third approach, after aspirating 125 �L
f suspension, the surplus of beads over the volume capacity
f microchannel 1 were discarded to waste, restricting the sor-
ent bed to the volume of the LOV microchannel cavity. In
ontrast to direct aspiration of methanolic suspensions, the for-
ation of lumps and clogging of the channels was not noticed

or any of the resuspension approaches, which made repeatable
acking of all sorbents in an automatic mesofluidic format feasi-
le.

Repeatability values of the bead packing procedures for fixed
olume (125 �L) or fixed mass (10 mg, suspension volumes vary-
ng from 34 to 95 �L) experiments (see Table 4), were similar in
he range of 6.0–10.4% and 3.1–13.8%, respectively. The approach
ased on restriction of the sorbent bed to the overall capacity of
he LOV microchannel rendered enhanced precision as compared
ith the approaches described above for the suite of investigated

orbent materials with RSD values comprised between 1.6 and
.1%. These results are in agreement with our previous obser-
ations using a similar strategy for uptake of water-compatible
IP into LOV [29]. However, in this case, it is not possible to

hange the amount of beads loaded without physical resizing of
he LOV microconduit. A possible way of resizing the microchannel,
ithout manufacturing a new device, would be the implemen-

ation of a rigid polyetheretherketone (PEEK) rod of appropriate
imensions inside the channel [27], which serves simultaneously
or decreasing the channel volume and as bead stopper as well.
otwithstanding, it should be considered that the use of PEEK tub-

ng could also result in some restrictions upon the maximum flow
ates allowed through the operation sequence as reported earlier
30].

.2. Solid-phase extraction of propranolol in a bead-injection
esofluidic format

In order to assess the influence of the column packing proto-
ol on the performance of the �SPE-BI procedure, one millilitre of
tandard aqueous solutions containing 2.00 �g mL−1 of propranolol
ere processed using either MIP �-receptors or Discovery DSC-
CAX sorbents. In both cases, �SPE was performed using either

0 mg of sorbent or the mass that occupies the LOV microchannel
apacity, exploiting bead resuspension in a methanolic milieu. In
ddition, direct aspiration of 10 mg of beads from a 75% (w/w) glyc-
rol suspension was also assessed for MIP �-receptors. The protocol
equences used (Tables S2 and S3) were summarized in Table 3. The
nalytical procedure involving the storage of beads within the HC
nd central channel of LOV was proven troublesome for expedient
PE assays in the LOV format. To prevent band broadening effect
n the propranolol peak, the eluate was diluted 1:1 with 0.1% (v/v)
FA before injection into the chromatographic equipment.

Using 10 mg of sorbent, the absolute masses of propranolol

ecovered were 1.37 ± 0.06 and 1.39 ± 0.08 �g for MIP �-receptors
nd Discovery DSC-MCAX, respectively. These values changed to
.43 ± 0.03 and 1.46 ± 0.08 �g, respectively, when confining the
orbent bed within LOV microchannel, corresponding to 10.1 ± 0.1
nd 22.4 ± 0.9 mg of sorbent, respectively. In addition, for direct
84 (2011) 846–852 851

aspiration of 75% (w/w) glycerolic suspension of MIP �-receptors
beads, the mass of propanol recovered was 1.44 ± 0.03 �g using
a sorbent amount of 7.8 ± 0.3 mg. One-way ANOVA analysis was
applied to this set of results (5 experiments, 6 replicates of each),
providing a calculated F value of 2.46 (critical F = 2.76, for a confi-
dence level of 95%). This indicates that the variances between bead
handling protocols are not significantly different from the variance
obtained in 6 consecutive extractions using a given bead sampling
strategy. In addition, there is no evidence of statistically significant
differences in absolute recovered masses when applying either of
the sorbents tested [38]. The excellent coefficients of variation (RSD
<6%) and acceptable absolute recoveries (69–74%) demonstrated
that the proposed approaches have potential for the determination
of propranolol in real samples. Moreover, it should be emphasized
that the multivariate optimization of the �SPE protocol via exper-
imental design procedures, which was not aimed at the present
work, could result in an improvement of the recovery levels.

4. Conclusions

In the present work, several strategies for mesofluidic handling
in a bead-injection format of irregularly shaped beads with non-
uniform size distribution were evaluated. Direct aspiration of the
tested sorbents into LOV did not provide repeatable packing, even
when the viscosity of the media was modified by addition of glyc-
erol. In fact, the change in viscosity of bead suspending media
worked for one of the sorbents (MIP �-receptors beads), requiring
further tailoring of glycerol concentration for the other sorbents
(Lichrolut EN and Discovery DSC-MCAX) to maintain a homoge-
neous suspension. Hence, a careful selection of the viscosity and
density of the bead suspending solution needs to be effected for
individual sorbents, whereby cannot be regarded as a universal
approach.

The bead resuspension mode, providing fluidized bed condi-
tions within the sorbent container, was indeed effective to foster
a repeatable packing for all sorbents tested. The precision in sor-
bent packing was even enhanced when the protocol was designed
to confine the mass of sorbent within the physical dimensions of
the LOV microchannel. Considering the excellent coefficients of
variation (RSD <6%) and acceptable absolute recoveries of propra-
nolol from aqueous solutions, the packing conditions offered by
the resuspension approach are deemed appropriate for analyti-
cal applications, providing a universal approach for bead handling
within the LOV format. Future research in this area will be focused
on broadening the sorptive materials investigated, as well as on
launching new developments in LOV technology towards enhance-
ment of its performance in renewable �SPE-BI applications.
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