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1. Introduction

A mesofluidic platform integrating restricted
access-like sorptive microextraction as a front end
to ICP-AES for the determination of trace level
concentrations of lead and cadmium as
contaminants in honeyf

Alexandra Sixto,® Marta Fiedoruk-Pogrebniak,” Maria Rosende,® David Cocovi-
Solberg,® Moisés Knochen? and Manuel Mir6*c

An automatic programmable-flow system capitalizing upon mesofluidic Lab-On-Valve (LOV) sample
processing coupled on-line to inductively coupled plasma atomic emission spectrometry (ICP-AES) is
proposed in this work as a quality control tool for expedient assessment of potential contamination
episodes of food safety elements (namely, Cd and Pb) in a variety of undigested ripened honeys, taken as
a model of an edible matrix. On-chip micro-solid phase extraction (uSPE) is effected in a bead-injection
disposable sorbent mode using a cationic exchange restricted access-like material (viz., Bond Elut Plexa
PCX). We have proven that the lifetime of the miniaturized solid reactor on-chip (11 + 0.6 mg) is limited
to processing less than 6 mL of unfiltered sample suspension (5% (w/w) honey buffered at pH 4.5) after
which the analytical performance is severely deteriorated because of strong adherence of the sample
matrix to the bead surface. Several physicochemical parameters including the nature of the sorbent
material and its ionic form were investigated in detail so as to maximize absolute recoveries and
enrichment factors of Pb and Cd. Variables for the elution process were explored by means of a full
factorial design. Using 4.0 mL of sample and 200 pL of 3.0 mol L™* HNOs as an eluent, enrichment
factors of ca. 15 with extraction/elution efficiencies close to 80% and relative recoveries ranging from
90-111% in honey were obtained for both Pb and Cd. The limits of detection (LODs), based on the
3BSintercept Criterion, were 26 ng g tand 68 ng g~* for Cd and Pb, respectively, which are far below those
endorsed by current regulatory agencies (namely, 100 and 300-500 ng g~* for Cd and Pb, respectively).
Demonstrated by the analysis of a suite of off-the-shelf honey brands, the proposed LOV-uSPE platform
hyphenated to ICP-AES is deemed suitable for the reliable quantitation of trace level concentrations of
Pb and Cd in honey and the detection of heavy metal contamination episodes.

Mn, Fe and Zn as macro- and micro-nutrients.>* The content of
metals in honey is greatly variable and relates to the botanical

Honey is a natural sweet substance produced by Apis mellifera
bees from the nectar and secretions of plants or from excretions
of plant-sucking insects on the living parts of plants." Honey
possesses important nutritional value because of its elevated
sugar content, with about 80% of carbohydrates and electrolytes
in percentages from 0.02-0.4%, including Ca, K, Na, Mg, Cu,
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and the geographical origin of floral resources available for
bees. Bees are deemed fit-for-purpose environmental bio-
monitors as a result of exposure to contamination events.* The
occurrence of harmful trace elements in honey at trace
concentration levels, viz., lead, cadmium, nickel and mercury to
name a few, might be indicative of air, water and soil pollution
in the neighborhood of nectar collection, and of potential
contamination episodes of hive materials and supplies for
feeding bees or in the course of honey processing, packing and
storage as well.' It should be noted that maximum allowed
concentrations (MACs) of trace metal contaminants in honey
have not been set at the international level, but individual
countries or regions have their own regulations. For example,
MACs by Mercosur are set to 0.10 and 0.30 mg kg™ for
cadmium and lead, respectively.>® The Brazilian Ministry of
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Agriculture, Livestock, and Supply (MAPA) approved a technical
protocol to define the identity of bee products and minimal
parameters for their quality control with MACs of 0.1 and
0.5 mg kg~ for cadmium and lead, respectively.”

A great deal of effort has been made over the past few years to
evaluate trace metal contamination in honey. As a consequence
of matrix complexity, practitioners are commonly calling for
appropriate sample preparation procedures involving ashing
methods,® acid digestion (usually using concentrated nitric acid
or mixtures of the former with sulfuric or perchloric acids and
hydrogen peroxide as the oxidizing agent)*** with or without
prior heating and sonication for enhanced homogenization,
besides alternate procedures encompassing cation-exchange
sorptive separations,'>'* UV photolysis™ or microwave-assisted
digestion.'®**'® For example, the French Committee of Accred-
itation endorses ICP-MS for assays of Pb, Hg, Cd, and As in
foods and substances of animal origin-including honey - after
microwave digestion.”” Macronutrients in honey might be easily
analyzed by flame atomic absorption spectrometry as demon-
strated by Pohl and coworkers in a series of publications
exploiting fractionation procedures with a variety of sorptive
materials’®*>® or by appropriate honey dilution and direct
injection in inductively coupled plasma (ICP) detectors using
dedicated micronebulizers or glow-discharge detectors.>* Caroli
and co-workers® demonstrated that simple dilution with
distilled water was proven equally effective than acid-assisted
microwave digestion for honey processing and interference-free
ICP analysis with negligible cross-contamination effects.
Unfortunately, sample dilution fails in assays of trace level
contaminants in honey because of the lack of preconcentration
and clean-up capabilities. In fact, direct injection methods of
ICP are reported to provide biased results for honey for some
trace elements, e.g., Pb,” unless undertaking isotope dilution
mass spectrometric assays* though undigested honey might
jeopardise the performance and reliability of the measurements
by carry-over effects and/or potential clogging of the capillary in
direct injection nebulization.*

In this work, a novel automatic programmable-flow platform
is proposed for on-line processing of honey as a front end to
inductively coupled plasma atomic emission spectrometry (ICP-
AES) as a quality control tool to detect low abundance inorganic
contaminants, such as Pb and Cd. Using a restricted-access
material (RAM)-like cation exchanger accommodated in
a mesofluidic Lab-On-Valve (LOV) manifold configuration,?*2*
manual manipulations are kept to minimum while facilitating
expeditious on-line sample clean-up and concomitant analyte
enrichment with no need for prior sample digestion. On-line
fully renewable sorptive RAM-based protocols are also evaluated
in a bead-injection configuration®***** using a fresh amount of
sorbent in every individual assay so as to avoid potential sample
cross-contamination effects, bead surface deactivation and
irreversible uptake of honey matrix components. It should be
noted that RAM-type mixed-mode sorbents are increasingly
attracting interest as advanced copolymeric/hybrid materials
for clean-up of honey samples.**** To the best of our knowledge,
automatic mesofluidic platforms integrating micro-solid phase
extraction in a renewable mode for on-chip processing of
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foodstuff with elevated carbohydrate content aimed at trace
metal content assays have not been reported as of yet. A litera-
ture survey has in fact revealed that there is merely one paper
by Wang and Hansen® on the coupling of LOV to ICP for the
on-line determination of non-radioactive trace elements but
environmental samples were in all instances digested prior to
analysis.

2. Experimental

2.1. Reagents, sorbent materials and samples

All chemicals were of analytical reagent grade and used without
further purification. Ultra-pure water (specific resistivity of 18.2
MQ cm) obtained from a Milli-Q system (Millipore, Bedford,
USA) was employed to prepare all solutions. All glassware and
polyethylene containers were previously soaked in 10% (v/v)
HNO; and rinsed with deionized water prior to use.

Individual elemental stock solutions of 1000 mg L™* of Cd
and Pb were obtained from Scharlab (Barcelona, Spain). Diluted
working standard solutions were prepared in the range of 5-40
and 10-80 ng mL ™' for Cd and Pb, respectively, using matrix
matched calibration (5% (w/w) honey at pH 4.5) by using a Cd
and Pb-free honey sample.

A stock buffer solution of 0.05 mol L' acetic acid/acetate
(also used as a carrier) was prepared by adding 0.3 mL of ultra-
trace glacial acetic acid (Sigma Aldrich) to 90 mL Milli-Q water
to which concentrated ammonia was added dropwise until pH
4.5, followed by making up to 100 mL with Milli-Q water.

Different types of commercially available strong cation-
exchanger and chelating materials were tested in this work as
sorptive surfaces for sample clean-up and uptake of Cd and Pb
from honey. The physicochemical characteristics of the sorptive
materials are listed in Table S1.} Dilute solutions of Trace Select
grade HNO; (69%, Sigma Aldrich, St. Louis, MO, USA) were
assayed as eluents for on-line stripping of Cd and Pb from the
LOV microcolumn.

Five different honey samples were purchased from local
markets in Uruguay. Prior to analysis, 5.0 g of honey were dis-
solved in water with manual agitation, adjusted to pH 4.5, by
adding 7.5 mL of 0.05 mol L™" acetic acid/acetate buffer, and
made up to 100 g with water. The honey solution was analysed
directly by the LOV-uSPE assembly without prior filtration.

2.2. Analytical instrumentation

A diagrammatic description of the mesofluidic LOV system for
the on-line processing and detection of trace level inorganic
contaminants in honey is illustrated in Fig. 1.

The flow manifold consisted of a micro-sequential injection
system (uSI, FlAlab, Bellevue, Washington, USA) comprising
a 3000-step syringe pump (Cavro, Sunnyvale, USA) furnished
with a 5.0 mL gas-tight syringe (Cavro) for automatic fluid
handling, a three-way distribution valve at its head, which
allowed connection with either the manifold or the carrier
(buffer at pH 4.5) solution, and a six-port selection valve on top
of which is mounted a mesofluidic conduit platform, the so-
called Lab-On-Valve (LOV) unit. The LOV microbore assembly

This journal is © The Royal Society of Chemistry 2016
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Fig.1 Schematicillustration of the LOV mesofluidic platform integrating RAM-type bead injection uSPE for clean-up and preconcentration of Pd
and Cd as contaminants in honey as a front end to ICP-AES (HC — holding coil, PP — peristaltic pump, IV — injection valve, LOV — Lab-On-Valve,
W - waste, CC — communication channel, C, — uSPE column). The IV is activated in the figure to the load position.

(diameter, 5 cm; thickness, 1 cm) made from hard polyvinyl-
chloride contains a central port which can communicate with
the other six conduits (1.66 mm ID/12.0 mm length). The
central port in LOV was connected to a holding coil (HC) made
of 300 cm x 1.5 mm ID polytetrafluoroethylene (PTFE) tubing.
The microchannel connecting the central port with port 4 serves
as a conduit for on-chip sorptive microcolumn extraction in
which a 1 mm thick polypropylene frit with a pore diameter of
10 pm (MoBiTec, Goettingen, Germany, ref. #2210) is used for
retaining the beads while allowing the solution to flow freely.
Bead suspensions were prepared by suspending ca. 100 mg of
sorbent material in 1 mL of methanol as contained in a 1 mL
glass barrelled, Teflon-lined Cavro syringe mounted onto port 1
in the LOV. The outlet of the LOV microcolumn is via a 22 cm X
0.76 mm ID PTFE tubing (transfer line in Fig. 1) allied to
a secondary microprocessor-controlled 6-port injection valve
(Iv, IDEX V 1451 DC, Scivex, Denver, Colorado, USA) furnished
with a 55 cm x 0.76 mm ID PTFE loop, which is in turn con-
nected to the inlet tubing of the inductively coupled plasma
atomic emission spectrometer (ICP-AES) (Perkin Elmer Optima
5300DV, Waltham, Massachusetts, USA) for on-line eluate
analysis. The detector is equipped with a GemCone high dis-
solved solid nebulizer and a cyclonic spray chamber. The
readouts were recorded on-line at 1 Hz with a 250 ms integra-
tion time. The area of the transient peak was used as an
analytical signal, except for enrichment factor calculations and
evaluation of method repeatability. Further operational condi-
tions of the ICP-AES are given in Table S2.}

An XYZ autosampler (AIM3000, Aim Lab Automation Tech-
nologies, Brisbane, Australia) equipped with a 60 position
sample rack for 12 mL vials is nested to the LOV platform (port
2) for probing of samples and standard solutions unattended.

Cocosoft 4.3. software package written in Phyton* and the
extensions for uSI and IDEX V 1541 DC are utilized in this work

This journal is © The Royal Society of Chemistry 2016

for user-friendly control of the syringe pump displacement and
flow rate, position of the distribution and injection valves,
selection of distinct ports of the LOV platform, and relay acti-
vation of the detection instrument (ICP-AES) via the contact
closure output of the puSI setup.

2.3. Automated analytical procedure

The bead injection workflow for single-use RAM-type (Bond Elut
Plexa PCX) pSPE microcolumn is composed of a first step in
which a well-defined air plug (200 pL) is drawn in the holding
coil in order to separate the beads from the carrier solution. A
measured portion of methanolic bead suspension (50 pL) was
whereupon introduced through port 1 and then directed to port
4 in order to pack the column on-chip with a flow rate of 8 uL s~ *.
In this work, a surplus of beads was brought into the LOV so as
to fully load the conduit of port 4 with the sorptive material, the
excess of which being discarded to waste. Under the above
experimental conditions the LOV microcolumn contained
a sorbent mass of 11 + 0.6 mg (n = 10). Prior to sample loading
the LOV microcolumn was rinsed subsequently with 350 uL of
3.0 mol L™ ! nitric acid, and 350 pL of 0.05 mol L™" acetic acid/
ammonium acetate buffer (carrier). The syringe pump was then
programmed for sample line priming by drawing 500 pL of the
next sample. The pSPE protocol in a programmable-flow auto-
matic mode involved the aspiration of 4.0 mL of honey (or
alternatively standard solution) in the holding coil between two
small segments of air to define a discrete sample segment, and
pushed to the microcolumn at 20 uL s~ followed by column
rinsing with 300 uL buffer.

The elution procedure was carried out using 200 uL of 3.0
mol L™ nitric acid at 14 uL s~ * in air-segmentation mode so as
to preclude eluate dispersion. The syringe pump was then
activated to dispense 900 uL toward the IV so as to fill the
injection loop with the acidic eluate, whereupon the ICP-AES
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was triggered via the relay and the IV activated for eluate anal-
ysis. To finalize the bead injection protocol, the spent column
was rinsed with buffer solution and the entire volume of beads
was aspirated back to the holding coil at 200 pL s~ and dis-
carded to waste, whereby the LOV system was ready to initiate
a new sample analysis. To assure quantitative removal of beads
the above cleansing protocols were usually repeated twice.
Sample cross-contamination was proven to be negligible by
washing the holding coil at 200 uL s~ with 5 mL of 0.05% (v/v)
nitric acid, 20 mL of Milli-Q water and 20 mL of buffer solution
(0.05 mol L™" acetic acid/acetate, pH 4.5), all located in auto-
sampler vials, following each individual series of measurements
(calibration and sample cohort analysis). Detailed information
of the operational analytical sequence is given in Table S3 in
the ESLt

2.4. Full factorial design

A multivariate procedure®**” was undertaken for evaluating the

effects of distinct variables upon the in-line bead injection-
based uSPE-LOV protocol for the uptake preconcentration of Cd
and Pb and clean-up of honey samples. The criterion was to
maximize the absolute recoveries of both targeted metal
species. A two-level full factorial screening design was employed
to detect the main factors that significantly influence the
dynamic sorptive preconcentration process. The screening
design was performed in a dimensionless coordinate system
using factor coding. In this factor space, the highest and lowest
levels are given as +1 and —1, respectively. The involved coded
and uncoded levels for each factor are presented in Table S4.f
Three replicates of the center of the design (center point) were
also included to ensure that the variability found is on account
of the factor effect rather than the random error. Along with the
main effects associated with individual factors, the 3 two-term
interactions were calculated to explore the potential degree of
twisting of the first-order planar model.

The statistical computer package StatGraphics Centurion XV
(Stat Point Inc., Herndon, VA, USA, 2005) was used to build the
two-level factorial design with 11 runs including center points
(2* + 3).

3. Results and discussion

3.1. Selection of the sorbent material

Preliminary experiments were undertaken in a batchwise mode
so as to assess the sorptive capacity of four different cationic
exchange bead materials, namely, Oasis MCX, Dowex 50X8,
Plexa Bond Elut PCX, and Chelex 100 for the uptake of low
abundance Pb and Cd in honeys. To this end, 5 mL of 5% (w/w)
honey sample spiked with known amounts of analytes at the
endorsed regulation levels,® that is, 5 ng mL~" and 15 ng mL ™"
for Cd and Pb, respectively, were loaded through 200 mg of
sorbent beds in triplicate assays and eluted quantitatively in 5
mL of 2 mol L' HNOj;. Both the effluent and eluate were
collected and Pb and Cd were measured by ICP-AES.

The experimental results compiled in Fig. S1f demonstrate
that the retention and elution efficiencies of Cd and Pb under
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the abovementioned conditions, onto Chelex 100, Oasis MCX
and Plexa Bond Elut PCX, were virtually the same at the 0.05
significance level with quantitative uptake and stripping of both
targeted elements. On the contrary, functionalized co-polymeric
styrene-divinylbenzene ion-exchange sorbents rendered recov-
eries down to 50%. Chelex 100 is also a cross-linked styrene-
divinylbenzene resin but containing anchored iminodiacetate
chelating moieties. As a result of the hydrophobic nature of the
sorbent bead, slow mass transfer might be expected in dynamic
flow-through SPE protocols in aqueous samples. Further, the
wide particle size distribution of the chelating resin hinders
repeatable handling of the reactive surfaces via programmable
flow in a renewable bead-injection mode out and into the LOV
system, as a result of which assay repeatabilities (RSD) were
above 20%. To circumvent Chelex-100 shortcomings, Bond Elut
Plexa PCX and Oasis MCX of hydrophobic/hydrophilic mixed
mode nature are deemed suitable alternates for bead injection-
LOV procedures because of the narrower particle size distribu-
tion, the bead spherical shape and the hydrophilic water rich
component of the polymers allowing excellent phase transfer
rates. On the other hand, a unique feature of Plexa PCX is the
RAM-type nature of the sorbent for retaining small cationic
species whilst excluding potential matrix interfering ingredi-
ents (e.g., protein traces, disaccharides and other sugars) from
accessing the binding sites inside the pore structure. Hereto,
the latter sorbent, previously used in the preconcentration of
trace metal assays from water samples in a flow-based config-
uration,® was selected for the remainder of the studies.

The feasibility of the cationic exchange sorbent for on-chip
USPE was also tested in the NH," form by conditioning - prior to
use - the sorbent with 350 pL of acetic acid/ammonium acetate
buffer (0.05 mol L', pH 4.5) inasmuch as previous researchers
indicated the suitability of assessing distinct counter ions on
sorbent performance in LOV platforms.**** The experimental
results indicate that better enrichment factors under optimized
experimental conditions were encountered for ammonium
against oxonium forms. The enrichment factors calculated as
the sample to eluate volume ratios for the quantitative retrieval
of the target elements were estimated to be 14 and 6.7 for NH,"
and H' forms, respectively.

Sorbent reusability in LOV was investigated by repeated
loading of fortified honeys onto a single sorbent microcolumn
followed by metal quantification in every assay. The shelf-life of
the miniaturized solid reactor (11.0 £+ 0.6 mg) was proven to be
down to 10 mL of sample (regardless of the concentration of the
targeted species) after which the analytical performance dete-
riorated significantly (absolute recoveries for Pb and Cd drop-
ped down to 30 and 40%, respectively) because of strong
adherence of sugar components from the matrix to the bead
surfaces, which resulted in a progressive tighter packing of the
sorbent bed and undue flow backpressure effects.

Analyte breakthrough was studied by loading the LOV
microcolumn, which contained ca. 11 mg resin with fortified
sample (5% (w/w) honey) volumes spanning from 2-10 mL at
the 15 and 45 ng mL ™" levels for Cd and Pb, respectively. Analyte
breakthrough was observed for both target metals from sample
volumes of about 6 mL and onwards, whereby bead-injection

This journal is © The Royal Society of Chemistry 2016
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protocols with a renewable sorbent material using 4 mL sample
(to prevent metal pre-elution in low to moderately contaminated
honeys or breakthrough in the case of highly contaminated
samples) were used throughout.

3.2. Investigation of experimental variables for dynamic
HUSPE-LOV assays of Pd and Cd in honey

A two-level full factorial design with three replicates of the
central point was used to ascertain those experimental factors
with the greatest influence on the pSPE-LOV integrated system
for quality control of trace element contamination in honey.
Three critical factors related to the elution process, namely, the
concentration and volume of nitric acid (eluent), and the
elution flow rate were evaluated as experimental variables
within the screening design.

The eluent concentration domain ranged from 1 to 3 mol L%,
in view of the vulnerability of the LOV platform to elevated
concentration of acids. The eluent flow rate varied within the
range of 8-20 pL min~' according to preliminary univariate
assays in which the uptake of Cd and Pb was proven in all
instances to be quantitative. Higher flow rates are not deemed
applicable because of the buildup of unendurable backpressures.
The eluent volume domain of 100-600 uL was selected so as to
ensure quantitative elution of Cd and Pb without significant
deterioration of the enrichment factors. Table S41 lists the
experimental design matrix in which the highest and lowest
values of each factor and the analytical response, viz., the absolute
recoveries of Cd and Pb, are compiled.

Evaluation of the significance of the influence of factors and
their second-order interactions on the analytical response was
explored using ANOVA.*** The standardized factor effects for
Cd and Pb can be readily visualized using Pareto charts (see
Fig. S21).

Pareto charts are histograms where the length of every
individual bar is proportional to the absolute value of the esti-
mated effect, viz., eluent concentration, eluent flow rate and
eluent volume. The cross-vertical line indicates the t-critical
value at the 0.05 significance level, corresponding in our case to
a t of 2.78 for four degrees of freedom. An effect exceeding this
vertical line should be regarded as statistically significant in the
mesofluidic pSPE-LOV system for the detection of Cd and Pb in
honey. The positive (light grey) or negative (navy blue) bars
denote those scenarios where the absolute recovery is improved
or reduced, respectively, when increasing the given factor from
the lowest to the highest level in the experimental domain.

The Pareto chart for Pb revealed that the eluent concentra-
tion was statistically significant at the 0.05 significance level.
The higher the eluent concentration the better was the absolute
recovery of Pb, indicating a strong binding to the exchange sites
within the RAM-type pores. In contrast, the eluent volume and
the eluent flow rate and interactions thereof have no influence
on the absolute recovery of Pb within the investigated range of
experimental conditions. As to Cd, the Pareto graph demon-
strated that neither the main factors nor their interactions do
affect significantly the elution of Cd from Plexa PCX in an LOV-
bead injection mode. These observations led us to conclude that

This journal is © The Royal Society of Chemistry 2016
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the sorptive behavior of the RAM-type hydrophilic/hydrophobic
sorbent resembles that of organic co-polymeric cation exchange
resins, for which the selectivity coefficient of Pb is usually
superior to that of Cd by 2.5-fold.**

Lack of fit tests for both target elements were undertaken to
determine whether the first order model is adequate to describe
the observed data or whether a second-order model should be
used instead. The tests are performed by comparing the vari-
ability of the predicted errors by the current model against the
variability between observations at replicate settings of factors,
in our case, at the center point level. The p values of 0.51 and
13.18 for Pb and Cd, respectively, which are greater than 0.05,
revealed that the first-order model appears to be appropriate to
describe the influence of elution parameters in the LOV-bead
injection system at the 0.05 significance level with no need to
build further second-order multivariate designs.

Taking into account that a further increase of the eluent
concentration is not feasible inasmuch as the chemical stability
of the flow system components might be jeopardized along with
the strong dependence of the eluent volume on the system
enrichment factor, a more exhaustive univariate investigation of
the effect of the eluent volume on the preconcentration capa-
bility of the sorptive procedure was carried out. The experi-
mental range selected in this test was 100-1000 pL, with an
eluent concentration and a flow rate of 3 mol L™ ! HNO; and 14
uL s~ respectively. We have observed that faster flow rates
should not be used in combination with eluent concentrations
above 2.0 mol L' HNOj; because of increased pressure drop in
the LOV assembly.

The experimental results revealed that absolute recoveries
were in all instances above 60% at the 5 and 15 ng mL™" levels
for Cd and Pb, respectively, (see Fig. 2), which is in good
agreement with previous results by experimental design explo-
rations. However, repeatabilities of absolute recoveries,
expressed as % RSDs, for a 100 pL-eluent volume were 13.6%
and 9.3% for Cd and Pb, respectively, against <6% for both
elements for a 200 pL-eluent volume. The latter was thus
selected for the remainder of the studies so as to assure Pb and
Cd enrichment factors of about 15 (no significant differences in
absolute recoveries were found at increasing eluent volumes,
see Fig. 2) with a good repeatability and absolute recoveries

DNNWN recovery Cd

m recovery Pb

Absolute recovery [%]
enrichment factor

- -@- enrichment
factor Pb

—— enrichment
factor Cd

100 200

300 400 500
Eluent volume [pL]

750 1000

Fig. 2 Absolute recoveries (extraction/elution efficiencies) and
enrichment factors of Pb and Cd as obtained by uSPE-LOV on the basis
of the volume of 3.0 mol L™* HNOs used as the eluent.
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Table 1 Analytical performance of the mesofluidic pSPE-LOV-ICP-AES hyphenated system

Parameter

Lead Cadmium

Calibration graph: Y as relative intensity (peak area) and X as concentration (ng mL™")

Correlation coefficient

Linear range (ng mL ")

LOD (ng g™ ")

LOQ (ngg )

Repeatability (based on peak height)
Repeatability (based on peak area)
Intermediate precision (based on peak area)
Absolute recoveries (%)

Enrichment factor

>75% while precluding the injection of excessive volumes of
moderately concentrated nitric acid (ca. 19% (w/v)) into the ICP
instrument.

The feasibility of the miniaturized LOV Plexa PCX-sorptive
microcolumn for on-line honey clean-up was systematically
assessed by evaluating analyte recoveries in fortified honey by
external calibration (in acetic acid/acetate buffer, pH 4.5). To
avoid potential differences in the elution profile, the eluent
volume was here fixed at 1000 pL. Relative recoveries in honey
ranged from 100.3-107.5% and 101.3-116.5% for Cd and Pb,
respectively. Therefore, there is no appreciable matrix effect on
the sorptive retention by the RAM-type Plexa PCX sorbent in an
LOV configuration with quantitative uptake of both metals.
However, the binding strength (distribution constant) in
a dynamic flow-through mode is found to be matrix-dependent
on the basis of differences in the elution profiles for external
standards against fortified analyte-free honeys with narrower
on-line metal stripping profiles for matrix matched standards. A
matrix-matched calibration approach, previously adopted in
RAM-SPE procedures for honey samples,**** in combination
with the optimized elution protocol (200 pL of 3.0 mol L ™"
HNO; at 14 puL s~ ') is thus chosen in this work for real-sample
analysis.

Y = 251.51X + 436.88 Y = 1733.70X + 845.06

0.9968 0.9981
10-80 5-40
68 26
230 87
5.9% 6.4%
9.9% 5.9%
10.9% 8.1%
76.0 79.5
15.2 15.9

3.3. Analytical figures of merit and real sample analysis

The analytical performance of the mesofluidic nSPE-LOV
system for the sorptive preconcentration and determination of
Cd and Pb as potential contaminants in off-the-shelf honey
samples is shown in Table 1. The matrix-matched calibration
standards were processed in LOV and analysed by ICP-AES
using the very same analytical method as for honey samples. A
schematic illustration of ICP-AES readouts for on-line analysis
of standards and honey samples is presented in Fig. S3.f The
detection (LOD) and quantification (LOQ) limits were calculated
on the basis of the standard deviation of the regression line
intercept, taken as an estimate of the standard deviation of the
blank.*>** The LOQs (see Table 1) are below the regulation
limits set for quality control of metal contamination in honeys
(100 and 300-500 ng g~ ' for Cd and Pb, respectively).>” The
absolute recovery is calculated as the ratio of the amount of
analyte in the eluate under the optimized experimental condi-
tions to the total amount loaded in the LOV microcolumn
using a matrix matched standard. The enrichment factor is
defined as the product of absolute recoveries and the sample to
eluent volume ratio. The repeatability and intermediate
precision are calculated as intra-day measurements (n = 8) at

Table 2 Automatic pnSPE-LOV-ICP-AES analysis of honeys and spike recoveries for quality control of Pb contamination®

Concentration Concentration
Honey sample* added [pg g ' Pb] found [ug g ' Pb] SD (n = 3) t-calculated** Relative recovery [%]
1 0.000 <LOD

0.233 0.231 0.004 1.03 99

0.332 0.34 0.03 0.65 102
2 0.000 0.76 0.05

0.220 0.99 0.03 0.65 105

0.316 1.060 0.008 2.46 96
3 0.000 <LOD

0.213 0.235 0.006 0.83 110

0.321 0.34 0.02 1.32 106
4 0.000 <LOD

0.223 0.20 0.04 0.85 90

0.314 0.31 0.01 0.83 99
5 0.000 <LOD

0.231 0.24 0.08 0.23 104

0.319 0.33 0.03 0.90 103

¢ *Samples were purchased at local Uruguayan markets. For the sake of confidentiality we do not disclose the actual sample trade names. Note that
honey no. 2 was contaminated as much as twice the MAC of lead in commercial honeys by Mercosur.® **t-Critical: 4.30. SD: standard deviation.
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Table 3 Automatic uSPE-LOV-ICP-AES analysis of honeys and spike recoveries for quality control of Cd contamination®

Concentration Concentration

Honey sample* added [pg g ' Cd] found [ug g ' Cd] SD (n = 3) t-Calculated** Relative recovery [%]
1 0.000 <LOD

0.067 0.068 0.006 0.23 101

0.113 0.118 0.002 3.92 104
2 0.000 <LOD

0.060 0.065 0.009 0.99 108

0.108 0.106 0.003 1.26 98
3 0.000 <LOD

0.061 0.06 0.002 0.50 98

0.117 0.118 0.001 0.89 101
4 0.000 <LOD

0.060 0.063 0.005 1.06 105

0.105 0.11 0.01 0.68 105
5 0.000 <LOD

0.060 0.061 0.002 0.45 102

0.118 0.131 0.007 3.2 111

“ *Samples were purchased at local Uruguayan markets. For the sake of confidentiality we do not disclose the actual sample trade names.

**¢-Critical: 4.30. SD: standard deviation.

the 5 and 15 pg L™ " level for Cd and Pb, respectively, and inter-
day sensitivity from the slopes of the calibration curves (n = 6),
respectively, using the renewable LSPE-LOV mode.

Notwithstanding the increasing interest and effort in
preparing reference materials for trace elements in honey via
certification tests,” to the best of our knowledge, no certified
reference material is commercially available from the major
manufacturers for food safety elements in honey. A variety of
certified reference materials were used incorrectly in the literature
to assess the trueness (lack of bias) of new methods for the
determination of metal species in honey, e.g. rice flour NIST
1568a,* tomato leaves NIST 1573a and peach leaves NIST 1547,
just to name a few. In view of the lack of a certified reference
material for trace metal contaminants in honey matrices, the
analytical trueness of the dynamic RAM-like pSPE-LOV method
was assessed by spike recoveries of five real honey samples at ca.
the MAC by current regulatory authorities (viz., 100 and 300-500
ng ¢ ' of Cd and Pb, respectively).>” A second spike at a concen-
tration just below the LOQ of the proposed method (namely, ca.
60 and 200 ng g~ of Cd and Pb, respectively) was undertaken to
further assess the reliability of the proposed method at the low ng
mL " level of target elements. Experimental data compiled in
Tables 2 and 3 indicated that relative recoveries spanned from 90
to 110% and 98 to 111% for Pb and Cd, respectively, with ¢
calculated values for the overall assays far below the ¢-critical value
at the 0.05 significance level, thereby signaling the reliability and
trueness (lack of bias) of the proposed flow method for trace level
assays of Cd and Pb in honey samples.

4. Conclusions

A novel approach based on mesofluidic LOV and on-chip
renewable PSPE concepts is herein proposed for automatic
handling of honey samples without clogging of the sorptive
microcolumn while fostering the identification of potential

This journal is © The Royal Society of Chemistry 2016

cases of trace metal contamination. The enrichment factors (ca.
15) and LODs (68 and 26 ng g ' for lead and cadmium,
respectively) of the optimized LOV sorptive preconcentration
procedure using RAM-type hydrophilic/hydrophobic cation
exchangers do suffice for the sensitive determination of Pb and
Cd at concentration levels below those regulated in honey. By
user-friendly programmable-flow control of the automatic setup
and the autosampler, and activation of ICP-AES using the very
same software package, manual sample handling is limited to
a mere preparation of a honey suspension (5% (w/w)) in buffer
with no need for ashing methods,® acid digestion,*** microwave
digestion*>*® or filtration as is the case with previous methods
reported in the literature. It should be noted that direct analysis
methods involving honey dilution and injection into ICP-based
instruments do not usually cope with the sensitivity and reli-
ability required for trace metal analysis® and assays are usually
restricted to inorganic macronutrient detection.”*** As
compared to a recent paper dealing with dispersive liquid phase
microextraction (DLPME) for trace metal assays in honey"” our
work showcases improved repeatability and intermediate
precision values for Pb and Cd (<11% against up to 20% by
DLPME?Y) and superior relative recoveries in honeys ranging
from 90-111% against 61-115% by DLPME.*"

Current work is underway in our lab to extend the bead
injection-RAM type LOV protocol to environmental assays for
sample clean-up and preconcentration of inorganic and organic
pollutants in troublesome matrices as a front end to column
separation systems.
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