I3menicrep, Hotmxenep — UccnenoBanusi, pe3ynbTatel. Ne 3 (75) 2017
ISSN 2304-334-02

UDK 502.5:520.626:549.28
Ismagulova I., Alzhanova L.

Kazakh national agrarian university, Almaty

A HIGH-THROUGHPUT SOLID-PHASE EXTRACTION MICROCHIP COMBINED WITH
INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY FOR RAPID
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Annotation

Herein, a hyphenated system combining a high-throughput solid-phase extraction (htSPE)
microchip with inductively coupled plasma-mass spectrometry (ICP-MS) for rapid determination
of trace heavy metals was developed. Was improved the processing speed for individual samples
by increasing the operation flow rate during SPE procedures. To this end, an innovative device
combining a micro mixer and a multi-channeled extraction unit was designed. Furthermore, a
programmable valve manifold was used to interface the developed microchip and ICP-MS
instrumentation in order to fully automate the system, leading to a dramatic reduction in
operation time and human error.

Validation procedures demonstrated that the developed method could be satisfactorily
applied to the determination of trace heavy metals in natural water. Each analysis could be
readily accomplished within just 186 s using the established system. This represents, to the best
of our knowledge, an unprecedented speed for the analysis of trace heavy metal ions.

Key words: heavy metals, monitoring, multi-isotopic analysis, analytical reagent, matrix-
mimic solution, microchip, multi-channeled extraction, concomitant ions, turbulence
mechanisms, microscopic scale.

Introduction

Trace heavy metal elements occur naturally in the earth's crust [1] and are fatally
discharged into the environment by either natural processes or human activities [2]. High levels
of these metals in aquatic environments are well - known to cause serious pollution problems and
are toxic to a variety of ecosystems [3]. Conversely, some metal species are essential for certain
physiological reactions, and enter the human body through the food chain [4]. However,
excessive intake of these metals is harmful to human health [5]. Thus, from the viewpoint of
environmental management and contamination prevention, the fast and accurate monitoring of
the levels of trace heavy metals in natural water is of great importance.

Inductively coupled plasma-mass spectrometry (ICP-MS) is widely recognized as one of
the most powerful methods for trace metal analysis by virtue of its superior analytical features,
such as its wide linear dynamic range, its suitability for simultaneous multi-elemental and multi-
isotopic analysis, and its ability to facilitate the ultra sensitive analysis of numerous samples
[6]. However, the effects of salt build-up and polyatomic interference remain problematic for
accurate determination of trace metals in complicated matrices using ICP-MS instrumentation
[7]. Thus, while raw samples are unsuitable for direct analysis, applying appropriate pretreatment
procedures to the collected sample prior to ICP-MS measurement is indispensable [10].

Up to date, numerous sample pretreatment techniques, such as liquid extraction [11], solid-
phase extraction (SPE) [14] and microwave digestion [19, 20], have been successfully applied to
the determination of trace heavy metals with ICP-MS instrumentation. Of these techniques, SPE
is especially popular because both sample clean up and analyse concentration can be
accomplished simultaneously [21]. Recently, the development of small SPE-capable devices has
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surged due to their unique advantages, such as very low reagent/sample requirement, potential
for multi-functionality, and so on, which benefit from downsizing the dimensions of analytical
systems [22].

Materials and methods

Chemicals and materials. All chemicals were of analytical reagent grade and used as
received unless otherwise stated. Were used deionized water, sodium dodecyl sulfate (SDS),
sodium hydroxide (NaOH), nitric acid (HNOs, 70.0%, ultra pure reagent grade), and ammonium
hydroxide (NH4OH, 20%, ultra pure reagent grade) and Maleic acid disodium salt hydrate and
rhodamine B. Stock solutions of analytes (Mn, Co, Ni, Cu, and Pb) and elements (Na, Mg, Al, K,
Ca, Sr, and Ba) were purchased from Merck (Darmstadt, Germany).

Fresh working standards for calibration were prepared daily by stepwise dilution of stock
solutions using DI H,O. The matrix-mimic solution used to evaluate interference effects was
prepared by diluting stock solutions of possible interferon’s using DI H,O. Detailed information
on the components of the matrix-mimic solution is provided in Table 1. All processes involving
reagent preparation were carried out in a class 100 laminar flow hoods.

All containers and pipet tips used in this study were cleaned by overnight immersion in
concentrated HNOs, followed by rinsing with DI H,O. The tubes used to connect the
components of the apparatus were flushed with DI H,O until all contaminants were eliminated.
To avoid additional contamination, fully plastic Norm - Ject syringes (Tufflingen, Germany)
were used throughout this study.

Table 1 - Composition of the matrix-mimic solution.

Composition of the matrix-mimic solution
Element Concentration

Na 20

Mg 8000

Al 100

K 2000

Ca 30 000

Sr 300

Ba 500

Fabrication of the htSPE microchip. Was used the microchip with carbon dioxide laser
micro machining system (LES-10, Laser Life Co. Ltd., Taipei, Taiwan). Consists five-layered
htSPE microchip divided into mixing unit (the first, second, and the third layer) and extraction
unit (the fourth and fifth layer). And mixing unit consisted of a chamber containing a small bar.
The extraction unit consisted of eight circle-shaped extraction channels and each channel had
two semicircular channels connected via an access hole. [28].

The channel features were inspected using a high-resolution optical microscope. The
length of each effective extraction channel, defined as the distance around the circumference of a
circle-shaped channel, was approximately 25 mm. All the channels and ports used for
sample/reagent introduction and confluent outlet were machined meticulously. The microchip
was completed after subjecting the two units to cleaning, bonding, and conduit installation. The
fluid flow in the htSPE microchip is illustrated in Fig. 1.

The developed micro mixer was assessed by visually estimating the degree of mixing of
two different liquids. DI H,O and 0.5% rhodamine B were selected as indicators [36] and loaded
into the microstructure via the reagent introduction ports. Photographic images of the detection
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points positioned at 2 mm upstream and downstream from the micro mixer in the micro channel
were acquired using an optical microscope with a charge-coupled device camera (0.41 million
pixels, 40 ms exposure time). Photographs captured at the two positions were used to compare
the liquid streams in the initial state and after the two liquid streams had passed through the
micro mixer. The color photographs were converted into grayscale images and then analyzed
using the freely available image processing program [37, 38].

Figur 1 - The fluid flow in the htSPE microchip.

Construction of the hyphenated htSPE micro chipe ICP-MS system. A diagram of the
hyphenated htSPE micro chipe ICP-MS system can be divided into two main parts; the sample
pretreatment system and the detection system. The sample pretreatment system consisted of a
six-port electric actuator valve, two ten-port electric actuator valves, and the in-house-fabricated
htSPE microchip. All of the valves were programmed and controlled by a personal computer via
a serial valve interface. An ICP-MS instrument was used as the detection system. A Micromist
nebulizer was fitted to a Scott-type quartz double-pass spray chamber. Polytetrafluoroethylene
(PTFE) tubes were used to connect all components of the system. A peristaltic pump with
peristaltic tubing was employed to deliver sample solutions and reagents. The outlet of the
peristaltic tubing was modified for attachment to the PTFE tube via a conical adapter.

Analytical procedure. Initially, a conditioning solution (0.2% NH4OH) was passed through
the microchip to transform the channel surface into a chemical form suitable for the retention of
metal ions. The sample solution and buffer solution were then simultaneously introduced to the
microchip and mixed via the micro mixer to attain the desired pH for on-chip extraction, and the
desired analytes were retained in the channel interior. Finally, the retained analytes were eluted
from the channel interior by a 0.5% HNO; solution, and directly delivered into the ICP-MS
detection system.

Sample preparation. The water sample was collected from the river using polyethylene
(PE) screw-cap bottles containing an aliquot of concentrated HNOs. The bottles were cleaned
with 40% HNO3 and then flushed with DI H,O. The bottles were rinsed thoroughly with the
designated water prior to sample collection. The collected samples were stored at 4 ° C in the
dark and filtered through a PTFE membrane prior to use.

Results and discussion

Design of the htSPE microchip. Efficient on-chip SPE techniques that can rapidly complete
analytical work are needed for trace metal analysis. Thus, an alternative strategy based on
increasing the operation flow rate during SPE procedures and shortening the processing period
for individual samples was adopted in this study. However, adverse effects on the extraction
efficiency of this strategy might be possible. For example, insufficient mixing between sample
and buffer solutions caused by increasing the operation flow rate during SPE procedures might
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lead to undesired extraction conditions for analytes. Also, lower residence time for analytes
caused by increasing the operation flow rate during SPE procedures could lead to insufficient
contact with the extraction medium. To overcome these problems, both a micro mixer and a
multi-channeled extraction unit were integrated into the developed device.

Efficient mixing in order to assist effective reactions is essential in various analytical
applications. However, mixing two or more fluids at the microscopic scale within a short period
is extremely difficult because mixing in micro-space relies mainly on diffusion rather than
traditional convection or turbulence mechanisms [40]. A diverse range of micro mixers have
been designed for enhancement of fluid mixing in micro fluidic systems [43, 44]. However, most
of these micro mixer designs are complicated in terms of fabrication. Therefore, a simple way to
prepare a mixing unit was proposed in this study.

To address problems associated with limited contact time between analytes and extraction
media at increased flow rates during SPE procedures, a two-layer crossing extraction unit in
which eight circle-shaped extraction channels were connected in parallel was employed. The
extraction unit distributes the stream into eight channels from the center and then recombines the
separated streams at the confluent outlet (see Fig. 1A). The logic behind this design is that the
linear flow rate of the stream is reduced by a factor of eight as the stream transfers from a single
channel to the eight circle-shaped channels [44]. Consequently, the residence time for analytes is
8-fold longer than in a single channel design at the same flow rate. This separated two-layer
arrangement was used to efficiently exploit the substrate space so that the size of the htSPE
microchip could be reduced.

Optimization of htSPE in the microchip. To optimize the analytical performance of the
htSPE microchip for collecting analyte ions from sample matrices, operating conditions, such as
the pH of the extraction environment and the extraction flow rate, were investigated.

Influence of pH on extraction efficiency. Complexation between metal ions and the
carboxylate moieties in the functionalized PMMA microchip is the main mechanism facilitating
the efficient retention of analytes in the channel interior [28]. In other words, such retention
behavior is critically dependent on ionic interactions. Considering the extraction mechanism of
metal ions on the channel surface used in this study was essentially the same as that used in our
previous work, the acidity of the extraction environment that determines the charge status of the
analytes was examined. As shown in Fig. 3, an increasing trend in the extraction efficiency for
all metal ions was observed in the pH range from 3.0 to 6.0, and the extraction efficiency for
most ions reached a plateau as the pH exceeded 6.0.

120 -

100

Figur 2 - Variations in the extraction efficiency of analytes with respect to pH.
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Nevertheless, some ions present in natural water might hamper efficient extraction of trace
metals. Thus, the competition between analyte ions and concomitant ions for the carboxylate
moieties on the interior of the extraction channels needed to be carefully evaluated. Fig. 4 shows
the difference in the extraction of analyte ions from a matrix-mimic solution and matrix-free DI
H20 (EMatrix/ EMatrix-free) at pH 6.0 and 7.0. The ratio at pH 6.0 was quite apparently
superior to that obtained at pH 7.0, suggesting that the adverse effects caused by the
concomitants could be lessened by using an extraction environment of pH 6.0. Therefore, a pH
value of 6.0, which provided desired signal intensity for each analyte in the presence of
concomitant ions, was selected as the working pH for the subsequent experiments.

R pH 6 CpH7

3

5

B/ Evurin ()
8

Mn Co Ni Cu Pb

Figur 3. Change in the extraction efficiency of analytes prepared in the matrix-mimic solution to
those prepared in matrix-free DI H20 (EMatrix/EMatrix-free) at pH 6 and 7. Information on the
components of the matrix-mimic solution is provided in Table 1.

Conclusions

In this work, high-throughput sample processing for trace heavy metals was accomplished
by an htSPE microchip which consisted of a micro mixer and a multi-channeled extraction unit.
Successful combination of the developed htSPE microchip, a programmable valve manifold, and
ICP-MS instrumentation expedited fully automated analysis. Satisfactory analytical results
indicated that the proposed system exhibited superior features of rapidly determining metal ions
of interest in natural water. Remarkably, the hyphenated htSPE microchip system developed in
this study can complete an individual analysis for trace heavy metal ions in an unprecedented
time scale.
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Hcmaryaosa J.C., Aabxkanosa JLA.

TABUFU CYJIAPJA AYBIP METAJIAAPJBIH MUKPOSJIEMEHTTEPIH TE3 AHBIKTAY
YIUTH )XOFAPBI - BIPT'E CbIMbIM/IbUUIBIKTBI MHIYKTUBTI ITNTASMAJIBIK MACC-
CIIEKTPOMETPUA KATTBI ®A3AJIbI MICROCHIP KOJIJAHY

Tyiiin

AybIp MeTaln i3epiH Te3 apaja aHbIKTay YIIiH KaTThl (a3anmbl eHuipy OipiKTipeTiH
KYHeClH WHAYKTHUBTI-OalllaHbIcKaH Iuta3ManblK Macc-criektpometpusi  (ICP-MS)  sxorapsl
CBIMBIMIBUIBIFBl  MUKPOUHUI JalbIHAANAB. AHANIUTUKAIBIK KaOiuneTiH apTTeipy ymiH, SPE
paciMaep eHAeY KbUIIAMABIFBI KE31HJe aFblH KbUIIAMIBIFBIH apTTHIPY apKbLIbl JKEKE YITiIep
xakcapTeUibl. Ocbl MakcarTa 0i3 MUKpPO-MHUKCEp JKOHE KOIl apHaJbl eHAIpyIIi OJ0K yilecTtipe
WHHOBAIMSUTBIK KYPBUTFBI AabHIa 6. COHBIMEH KaTap, )KYHEHI TOJIBIK aBTOMATTaHIBIPY YIIIiH,
OarmapramanaHAbIpFaH KiamnaH KOJMAaHIbl, MUKpouun xoHe ICP-MS KypannapbiH KOCy YIIiH
apHaJIFaH, )KYMbIC YaKbIThIH J)KOHE aJlaM KaTeJIKTep alTapibIKTall TOMEHETyre apHaJFaH acrarn
Konnauael. ChIHAK Tanmjay ofici, TaOWUFM Cylapia MeTalIapiblH 137epiH aHBIKTAy YIIiH
naijananyra MyYMKiH eKeHiH kepceTTi. OpHaThUIFaH Jkyie OoiibiHIIa opOip Tanmay oHail, 186 ¢
1IIiH/e KY3€ere achIpbLTYbl MYMKIH.

Kinm ce30ep: ayblp mMeraniap, MOHUTOPUHT, MyJIbTUM30TONTHIK OaKpliay, aHATUTUKAJIBIK
peareHT, MaTpULAIBIK MUMUKAJIBIK €pITiHII, MUKPOYHUII, KOTIAPHAIIBI SKCTPAKLIUs, OAlIaHbICTHI
HOHAAp, TypOYJICHTTIK MEXaHNU3M, MUKPOCKOIHSITBIK MacIITal.

Hcmaryaosa J.C., Aabxkanosa JL.A.

MUKPOUUII C BBICOKO - TIPOITYCKHOM TBEPJJO®A3HOMN DKCTPAKIIUEI B
COYETAHUU C UHJIYKTUBHO CBSI3AHHOM TJIA3ZMOI MACC-CITEKTPOMETPUU
JUIS1 BBICTPOT'O OIPEJIEJIEHUSI MUKPODJIEMEHTOB TSIKEJIBIX METAJIJIOB B
[TPUPOTHBLIX BOJAX

AHHOTALUSA

Jlist OBICTPOTO OMpEeNeNeHUsT MUKPOAJIEMEHTOB TSDKEIBIX METaUIOB OBLIO pa3paboTaHO
CHUCTEMHOE€ KOMOHMHHMPOBAaHHE OJKCTPAKIUM TBepAOH (a3bl € BBICOKOM MPOIyCKHOU
CITOCOOHOCTHI0O MHUKPOYHMIIA C MHIYKTUBHO CBS3aHHOW Tma3Mon macc-cnekrpomerpun (ICP-
MS). 115t MOBBIIIEHUST aHATUTUYECKOM MPOITYCKHOW CIIOCOOHOCTH, ITyTEM YBEIIMYCHHSI CKOPOCTH
noToka Bo BpeMs npouenyp SPE Obuia yiydiieHa ckopocTs 00pabOTKU JaHHBIX Ui OTAEIBHBIX
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o0pa3uoB. C 3Toi 1enpio, ObUIO pa3pabOTaHO MHHOBALMOHHOE YCTPOMCTBO KOMOMHUPOBAHUS
MHUKpPO-CMECUTENSI U MHOTOKaHAJIBbHOro OJoka 3KcTpakuuu. Kpome TOro, 4roObl MOJHOCTBIO
aBTOMATHU3MPOBATh CUCTEMY ObUI MCIOJB30BaH MPOrPaMMUPYEMBIIl KJIallaHHbIM KOJUIEKTOP IS
coeuHeHus: paspaboraHHoro Mukpouuna u ICP-MS u3meputenbHbIX MpuOOPOB, UTO TaKXKe
MPUBOJUT K TPEAOTBPALICHNIO OITUOOK U TPATHI JIMIITHET0 BpEeMEHH. AHAIIN3 MTPOBEPKH MMOKA3al,
YTO pa3pabOTaHHBI METOJ MOXXET OBITh YIOBJIETBOPUTEJILHO MCIOJIb30BaH IS ONpeAeTIeHUs
MHUKpPOIIPUMECEN TSKEIbIX METAIOB B NPHUPOAHBIX BoAax. Kaxapli aHaJIW3 € IOMOIIBIO
YCTaHOBJIEHHOM CUCTEMBI MOXKET OBbITh JIETKO OCYLIECTBIICH B TeueHue 186 c.

Knrwouesvie cnosa: Tsxkenvle METalibl, MOHUTOPUHT, MyJIbTUU30TOMHbIN aHAIN3, aHAIH-
TUYECKUI peareHT, MaTpUYHBbI MUMUYECKUN PacTBOpP, MUKPOUYMI, MHOIOKAHAJIbHAs 3KCTPAaK-
1[Us1, CONTYTCTBYIOILUE HOHBI, MEXaHU3MbI TYpOYJIEHTHOCTH, MUKPOCKOITMYECKUI MacITao.

YIK: 634.17
KabacoBa A., Kenrdoaena b.A.

Kaszaxckuu nayuonanvHulll acpapHulil yHugepcumen
TTIOJIOXXUTEJIbHAS POJIb PACTEHII B TEXHOI'EHHOM CPEJIE

AHHOTAIUA

B crarbe mpuBeneHbI JaHHBIE MOJOKHUTEIBHON POJM PACTEHUN B TEXHOIEHHOM cpene.
[Tokazarenu ra3000MeHa B TEUYCHHE BErE€TAllMOHHOTO IMEPHOJa Yy Pa3HBIX JIEPEBHEB HEOH-
HakoBbl. M3BecTHO Gonee 500 BHIOB pacTeHWil, 00iagaroOmuX B pa3HOW CTENeHH (PUTOHIUA-
HBIMH CBOHCTBaMH.

Kniouegwle cnosa: pactenus, ra3000MeH, BIAKHOCTh BO3/yXa, MbUIC3AIIMTHBIE CBONCTBA,
TEXHOTE€HHAsl CpeJla, CHUYKEHUE IIIyMa.

BBenenue

Pactenus oboramaroT Bo3ayX KHCIOPOJOM, YBIQXKHIIOT U OYUIIAIOT €r0, CIIOCOOCTBYIOT
CHIDKEHUIO IIyMa, BIUSIOT Ha MUKPOKJIMMAT TEPPUTOPUHU. 3arpsi3HEHUE BO3yXa, BOIbI, TOYBBI
OKa3bIBAeT BIUSHUE Ha (Pu3nonornyeckue QyHKINU PACTCHH, NX BHEIIHUN OOIUK, COCTOSIHHE,
MIPOJIOKUTEILHOCTD JKU3HH, TCHEPATUBHYIO cepy. BelecTBa — TOKCHKaHTBI aICOPOUPYIOTCS Ha
KJIETOYHBIX O0OJIOUKAaX pacTEeHUM, MPOHUKAIOT BHYTPh KJIETOK, HApYIIalOT OOMEH BEIIECTB; B
pe3ysibTaTe pe3Ko CHIDKAeTCs (OTOCHHTE3, ycuiumBaeTcss nabixaHue. OOBIYHO TPH3HAKU
MOpaXEHHs PACTEHUI TOKCUKAHTaMU BBIPAXKAIOTCSl B HEKPO3€ Kpast TUCTa, MOOYPEHUHU JTUCTHEB U
XBOH, TOSIBIICHUH YPOJACTB, OTMUpaHuu. [IblIb, Ocenaromas Ha JUCThA, ACUCTBYET KaK JKpaH,
CHIKAIOIIMKA JOCTYIl CBETA M yCWIMBAIOLIMN MOTJIOIIEHHE TEIIoBOM paauanuu. Kpome Toro,
BO3MO>KHA 3aKyTOpPKa JINCTHEB MBIJIEBHIMU YaCTHIIAMHU.

Martepuajibl 1 METOABI UCCIETOBAHUI

B xone ucciemoBaHuii ObUTH KMCIOJIB30BaHbl OMOJOTMYECKHE METO/bI MCCIIEIOBAHUN JIJIs
M3YYEeHHS COCTOSIHUS JIeCHOTO (oHIa B Hanbosiee TUIMMYHBIX yyacTkax [1,2].

Pe3yabTaThl M 00Cy:KIeHHE

Hacaxxnenusi, kak W3BECTHO, MOIVIONIAIOT M3 BO3JAyXa YTIJEKHUCIOTY, BBIIEISAEMYIO
YEeJIOBEKOM, M 00O0TaIIal0T BO3AYX KHCIOPOJOM. ITO CBOMCTBO HACAKICHUU HCIIONB3YETCS ISt
YIYUYIIEHUs] COCTaBa BO3AyXa, €ro 0370pOoBiIeHUS. HEeKOTOphIMU YUEHBIMH [1a)K€ BBIABUTAIACH
TEOpHs] HOPMUPOBAHUS KOJIMUECTBA HACAKIECHUN B TOPOJaX MPUMEHUTEITHFHO K 3TOMY CBOMCTBY
pacteHuid. B3pocaslii 310poBbIif Jiec Ha momanu 1 ra nornomniaet 220-280 KT yriIeKUCIOro rasa,
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