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This paper presents the development, characterization and quality control of analytical methods based
on the use of disposable optical sensors for determination of heavy metals. Chromogenic reagents such as
1-(2-pyridylazo)-2-naphthol, (2-pyridylazo)resorcinol, Zincon, Ferrozine, and Chromazurol S were used
to develop optical sensors of heavy metal ions found as contaminants in pharmaceutical substances and
products, such as Zn(II), Cu(Il), Ni(II), Fe(Il), and Fe(Ill). The chromogenic reagents were immobilized
in polymeric membranes by spin-coating from cocktails containing all reagents needed. The methods
were prevalidated using a comprehensive quality control strategy based on a system of mathemati-
cal/statistical testing and diagnosis of each prevalidation step. This system involved characterization of
analytical groups; checking of two limiting groups; testing of data homogeneity; recognition of outliers;
and determination of analytical functions, limiting values, precision and accuracy. The prevalidation strat-
egy demonstrated the reliability of the proposed method and pointed out some limitations. Combining
the optical sensors with multicomponent linear regression allowed simultaneous determination of mul-
tiple metals in synthetic mixtures with different compositions. Good agreement between experimental
and theoretical amounts of heavy metals in the mixtures was obtained for the majority of sensors and
metals. Even better agreement was obtained between the experimental and theoretical total amounts of
metals in the mixtures. The proposed analytical methods were successfully applied to the determination
of zinc in pharmaceutical preparations of insulin and the determination of metal mixtures in a commer-
cial nasal spray of isotonic seawater. The reliable and sensitive individual optical sensors developed in
this study may be useful for designing a multimembrane optical tongue that with appropriate further
optimization can be used for screening heavy metals in various matrices.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metals are ubiquitous and monitoring them is important
in various fields because of their effects on ecosystems and living
organisms [1-5]. For example, an important part of drug quality
control is detecting and determining heavy metals. Bulk drug sub-
stances and their intermediates can be contaminated by metals in
many ways, such as from raw materials, reagents, and solvents;
from electrodes, reaction vessels, storage containers, plumbing and
other equipments used in synthesis; or from exposure to air-borne
particles. Metal catalysts and metal reagents, are substances used
in the synthesis of the drug substance or an excipient used in a
medicinal product, and, therefore, can also introduce metals into
drug preparations [6,7]. Although evaluated for their potential risk
to human health and placed into one of three classes (metals of
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significant, low, and minimal safety concern), some of them, such
as Fe, Zn, and Cu are also important in human nutrition.

For over a century [7], drug quality control departments have
relied on the heavy metal limit test recommended by most phar-
macopoeias [8-11]. Besides the heavy metal limit test, European
Pharmacopoeia [8] prescribes determination of specific metals in
drug substances, such as copper in ascorbic acid, zinc in insulin,
and nickel in polyols. The heavy metal limit test is based on sul-
fide precipitation in a weakly acidic medium and comparison with
a lead solution. The test can be easily transferred from one labo-
ratory to another and does not require expensive instrumentation
or highly trained laboratory personnel. However, it suffers from
several disadvantages. It requires subjective visual interpretation,
large amounts of sample, and usually a heating or ashing step
that causes losses of volatile elements. In addition, it does not
provide any qualitative or element-specific information. Several
attempts have been made to overcome these limitations [12,13],
but no major improvements have been achieved. Thus, this stan-
dard method remains suitable for only a few elements, and it cannot
specify the content of any particular metal ion but only the overall
content of ions [12].
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Recently, as another alternative to the pharmacopoeial heavy
metal limit test, a simple and sensitive methodology was proposed
for simultaneous determination of metals in mixtures using solid-
phase spectrophotometry [14]. This methodology was successfully
applied to the determination of several heavy metals as impurities
in pharmaceutical substances.

Several investigators have suggested replacing the heavy metal
limit test with more sophisticated analytical methods such as
ICP-MS to test drug substances, intermediates, and raw materials
[15-18]. ICP-MS allows sensitive, rapid and automated multi-
elemental analysis with a minimum of sample size and elemental
interferences. In spite of the promise offered by this technique, the
heavy metal limit test remains in use, mainly due to the lack of an
alternative that provides the required information with compara-
ble ease and simplicity.

In the past several years, the use of optical sensors for heavy
metal analysis has increased because they are simple and inex-
pensive, and they allow remote and continuous monitoring [2,19].
These so-called optodes for metal ion determination can be
fabricated by employing different types of reagents, such as chro-
mogenic, fluorescent, and ionophoric compounds and enzymes.
Numerous optical sensors based on chromogenic reagents have
been described, such as xylenol orange [20], dithizone [21],
chromeazurol S [22], PAN [23-25], PAR [25,26], TAR [27], Br-PADAP
[28-30], ACDA[31],NN [25], and pyrocatechol violet [32]. Although
some of these reagents are selective for certain metals under spe-
cific conditions, most of them show low selectivity.

Electronic tongues are a special case of optical sensors consist-
ing of an array of sensors exhibiting different selectivities; pattern
recognition systems analyze their responses to determine the pro-
file of analytes present in the sample [33]. These tongues have been
prepared using sensors based on a variety of principles, including
tin oxide catalysis, conducting polymers, acoustic waves, quartz
crystal microbalance, ion-selective field effect transistors (FET), ion
mobility spectrometry, and mass spectrometry techniques such as
atomic pressure ionization (API) and proton transfer reaction (PTR).
Tongues have also been prepared using sensors based on optical
techniques, principally fiber optics and fluorescence [34]. In opti-
cal tongue systems, the sensors should present low selectivity or
high cross-sensitivity, and they should have reproducible analytical
characteristics. In addition, the systems should be relatively inex-
pensive and portable. Ideally the sensors should be more sensitive
and more robust, which is contradictory to a certain degree, since
the more sensitive a sensor is, the less robust it becomes [35]. One
solution is to use disposable sensors that are not integrated into the
device.

We are developing an approach to analyze heavy metals which
are important in pharmaceutical practice (such as Zn, Cu, Ni, Fe
(1IT), and Fe(Il)) using an optical tongue that consists of an array of
membranes containing conventional chromogenic reagents immo-
bilized on a transparent support. At present, metals are selected
according to EMEA [6] classification for metallic residues in drug
substances and excipients, where besides platinoids, Ni (Class 1),
Cu (Class 2), Zn and Fe (Class 3) are metals with potential toxic
effect. It may even be possible to extend the use of optical tongue
to the analysis of other metals, such as Pb, Cd, Hg, Co, As, and
Mn. As a first step, we present here the development and char-
acterization of individual, disposable optical sensors that could be
assembled into a disposable multimembrane sensor for simulta-
neous determination of heavy metals. The analytical quality of the
individual membranes was assessed using a comprehensive preval-
idation strategy [36]. In addition, the sensors were tested using
synthetic metal mixtures and real pharmaceutical preparations;
optical response was processed using powerful multicomponent
analysis [37]. This analytical system may be a valuable alterna-
tive to the present pharmacopoeial heavy metal limit test, and it

may prove useful for the determination of heavy metals in different
matrices.

2. Experimental
2.1. Reagents and materials

Working standard solutions of zinc, copper, nickel, and iron(III)
(100 pwg mL~1) were prepared by appropriate dilution of the stan-
dard stock solution of each metal (1000 wg mL~1) (Sigma-Aldrich
Quimica S.A., Madrid, Spain) acidified with concentrated HNO3
(Sigma). Iron(Il) stock solution (100wgmL-') was prepared
by dissolving ammonium iron(Il) sulfate hexahydrate (Panreac,
Barcelona, Spain) in water acidified with concentrated HNOs. Solu-
tions of lower concentrations were prepared by dilution with water.

Sensor films were prepared using polyurethane hydrogel D4
(Tyndale Plains-Hunter, Lawrenceville, NJ, USA) and the follow-
ing reagents, were all purchased from Sigma-Aldrich (Madrid,
Spain): high molecular weight polyvinyl chloride (PVC), o-
nitrophenyloctylether (NPOE), tributyl phosphate (TBP), potassium
tetrakis(4-chlorophenyl)borate (TCPB), hexadecyltrimethylammo-
nium bromide (HTMAB), benzethonium chloride (BTC), cellulose
acetate (CA), and tetrahydrofuran (THF). Sheets of Mylar-type
polyester (Goodfellow, Cambridge, UK) were used as a support.

The following chromogenic reagents were  pur-
chased from Sigma: 1-(2-pyridylazo)-2-naphthol (PAN),
1-10-phenanthroline,  4,7-diphenyl-1,10-phenanthroline,  3-
(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4’,4"-disulfonic acid
sodium salt (Ferrozine, FER), (Z)-5-((3-carboxy-5-methyl-4-
oxocyclohexa-2,5-dien-1-ylidene)(2,6-dichloro-3-sulfophenyl)
methyl)-2-hydroxy-3-methylbenzoic acid (Chromazurol, CS),
2-carboxy-2’-hydroxy-5’-sulfoformazyl-benzene monosodium
salt (Zincon), 3,3'-bis[N,N-bis(carboxymethyl)aminomethyl]-
o-cresolsulfonephthalein  disodium salt (xylenol orange,
X0), 8-hydroxyquinoline, tetraphenylporphyrine, 1,8-
dihydroxynaphthalene-3,6-disulfonic ~ acid disodium  salt
(chromothropic acid disodium salt), salicylhydroxamic acid,
and dimethylglyoxime. In addition, the chromogenic reagents
1,2,4-trihydroxy-9,10-anthracenedione  (purpurin) and 4-
(2-pyridylazo)resorcinol (PAR) from Fluka (Madrid, Spain),
and 1,2-dihydroxy-9,10-anthracenedione (alizarine) from TCI
(Zwijndrecht, Belgium) were used.

All chemicals were of analytical-reagent grade, and reverse
osmosis-purified water (Milli-RO 12 plus Milli-Q station, Millipore)
was used throughout.

2.2. Preparation of disposable membranes and measurement
set-up

The following cocktails were prepared in order to make heavy
metal-sensing membranes: (a) PAN cocktail (133.7 mmol of PAN/kg
of PVC), containing 30.0 mg PVC, 60.0 mg NPOE, and 1.0 mg PAN dis-
solved in 1 mL of freshly distilled THF; (b) PAR cocktail (38.7 mmol
of PAR/kg of D4), containing 240.0 mg D4 polyurethane hydrogel,
2.0mg PAR, and 10.3 mg TCPB dissolved in a mixture of 3.6 mL
of ethanol and 0.4 mL of water; (c) Zincon cocktail (43.3 mmol of
Zincon/kg of D4), containing 100.0 mg D4 polyurethane hydrogel,
2.0 mg Zincon, and 10.0 mg BTC dissolved in a mixture of 3.0 mL of
ethanol and 0.2 mL of water; (d) FER cocktail (38.9 mmol of FER/kg
of D4), containing 100.0 mg D4 polyurethane hydrogel, 2.0 mg FER,
and 2.0 mg TCPB dissolved in a mixture of 3.0 mL of ethanol and
0.2 mL of water; and (e) CS cocktail (35.5 mmol of CS/kg of D4), con-
taining 100.0 mg D4 polyurethane hydrogel, 2.0 mg CS, and 10.0 mg
HTMAB dissolved a mixture of 3.0mL of ethanol and 0.2 mL of
water.
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To prepare membranes, the different cocktails (20 pL) were
placed individually on polyester sheets (14 mm x 4cm x 0.5 mm
thick) and subjected to spin coating. The sensing zone on each
membrane was a circle 7mm in diameter. The membranes were
stored in a closed container at room temperature to enable slow
solvent evaporation and then kept in a dark place until use to avoid
photodegradation.

The response of PAN and Zincon membranes was evaluated
using 8 mL of test solution together with 2 mL of 2M ammonia
buffer solution (pH 9.5); the response of PAR, FER and CS mem-
branes was evaluated using 2 mL of 2 M acetic acid buffer (pH 4.0).
Test solutions were prepared either of individual metals at con-
centrations ranging from 1.0 to 10.0 ugmL~!, or of mixtures of
2-5 metals at individual concentrations of 1.0-5.0 ugmL~!. The
mixtures of test and buffer solutions were placed in polyethylene
tubes (10 cm x 1.5 cm), a disposable sensor was inserted, and the
tube was capped. The samples were shaken for 10 min on a vibrat-
ing agitator at 800 oscillations per minute at room temperature.
The sensors were then removed from the tubes, residual solution
was dried from the membrane surface, and membrane absorbance
was measured using a Hewlett-Packard diode array UV/Vis spec-
trophotometer (Model 8453; Norwalk, CT, USA) equipped with
a custom-made membrane holder. The holder was an iron block
painted matte black and measuring 44 mm high and 12 mm wide
[38]. This cell holder enables measurements of a zone of constant
diameter that is smaller than the diameter of the sensor’s active
zone, which avoids noise due to variation in the surface area of
the membrane active zone. All sample and blank measurements
were carried out against a clear Mylar polyester strip, at room tem-
perature (20 + 3 °C). The membranes were not conditioned before
use.

Absorbance measurements were collected using Chemstation
software (Hewlett-Packard). Data were analyzed using the Stat-
graphics software package (version 6.0; Statpoint Technologies,
Warrenton, Virginia, USA).

2.3. Prevalidation study

A comprehensive prevalidation strategy [36] was carried
out to diagnose the accuracy and reliability of the procedures
using the PAN, PAR, Zincon, FER, and CS membranes (Me-
sensor systems). Prevalidation experiments were based on 24
measurements divided into six analytical groups (6 standard
solutions of metal j). Each analytical group comprised 4 repli-
cate experiments (i). For each measurement of the standard,
the corresponding blank solution was also measured (24 blank
measurements). Working solutions of heavy metals were pre-
pared by appropriate dilution of the standard stock solution of
each heavy metal (1.0xy=x;=10.0 ,gmL~!, upper end of ana-
lyte range; 0.8xy=x,=8.0mgmL™!, 0.6xy=x3=6.0pugmL;
0.4xy=x4=4.0 pgmL1; 0.2xy=x5=2.0pgmL"1; and
0.1xy=xg=x_.=pgmL"!, lower end of analyte working range),
and measurements were carried out according to the procedure
described in Section 2.2. Blank solutions were prepared and
absorbance was measured in the same way, but without analyte.
The data were analyzed using descriptive and prognostic statistics
to assess measurement quality at the lower end of the analytical
working range, assess data homogeneity, determine calibration
and analytical evaluation functions, detect outliers, and estimate
limiting values, precision and accuracy.

2.4. Method for multicomponent analysis of heavy metals
A combination of sensors (PAN, PAR, Zincon, FER, and CS

sensors) and a chemometric algorithm of multicomponent anal-
ysis by multiple linear regression (Metal-Sensor Multicomponent

Table 1

Characteristic wavelengths of sensing systems.
Sensor  Characteristic wavelengths, A (nm) K-matrix

Zn(Il)  Cu(Il)  Ni(Il) ~ Fe(Il)  Fe(Ill) Range

PAN 560 563 573 - - 520-600 3x10
PAR 520 530 540/580 - 720 490-720 4x12
Zincon - 624 675 - - 580-740 2x11
FER - - - 560 - 560-610 1x6
cs - - - - 680 600-710 1x4

Analysis, MeSeMA) was used as a valid methodological approach
for the simultaneous determination of heavy metals in a synthetic
mixture without previous concentration or separation.

2.4.1. Establishment of the molar absorptivity matrix K

The first step in the multicomponent analysis is the establish-
ment of the absorptivity matrix K, the elements of which are the
absorptivities of m components (metals) at n wavelengths. These
elements can be obtained from the spectra of the pure components.
Therefore, a concentration-normalized spectrum of each system
containing 10 wgmL~! of a particular metal was recorded in the
corresponding wavelength range (Table 1). The elements of the K
matrix were treated as the independent variables, and the num-
ber of wavelengths was equal to or greater than the number of
components. Matrix elements were apparent molar absorptivities
€ obtained at 4, 7, 9, 10 and 11 wavelengths from recorded spec-
tra of each metal for CS, FER, Zincon, PAN, and PAR membranes.
The order of the matrix (m x n) used for multicomponent analysis
depended on the number of metals in the mixture and ranged from
1 x 4 (CS sensor) to 4 x 12 (PAR sensor).

2.5. Determination of metals in synthetic mixtures

The MeSeMA methodology was used to determine total and
specific amounts of metals in synthetic mixtures with different
compositions and metal amounts. The following systems were
investigated: (a) PAN sensor with a mixture of Zn, Cu, and Ni; (b)
PAR sensor with a mixture of Zn, Cu, Ni, and Fe(III); (¢) Zincon sen-
sor with a mixture of Cu and Ni; (d) FER sensor with a mixture of
Zn, Cu, Ni, and Fe(Il); and (e) CS sensor with a mixture of Zn, Cu, Ni,
and Fe(III). The concentrations of individual metals in the mixtures
varied from 1.0 to 5.0 wg mL~!. Calculations were performed using
the appropriate absorptivity matrix K and a set of equations for
multiple linear regression [37,39]. To perform faster calculations,
SPIS software for multicomponent analysis of mixtures by multiple
linear regression was used [14].

2.6. Determination of zinc in pharmaceutical preparations of
insulin

Insulin preparations were obtained from the Croatian Agency
for Medicines and Medical Products, which had received them
from various pharmaceutical manufacturers for mandatory rou-
tine testing. The following preparations were obtained: Humalog®,
Humalog Mix25®, Humalog Mix50®, and Humulin M3® (Eli Lilly,
USA); Insulatard® Penfill® (Novo Nordisk, Denmark); and Lantus®
Solostar® (Sanofi Aventis, France). Each preparation was shaken
gently, and a volume containing 2001U of insulin was diluted to
25 mL with 0.01 M hydrochloric acid. A series of samples were pre-
pared by adding known amounts of zinc to 1 mL of the insulin
dilutions prepared in the previous step. The procedure described in
Section 2.2 was applied and zinc content was determined in spiked
samples according to the MeSeMA methodology.
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Fig. 1. Optical sensor before (blank) and after the reaction with metal.

2.7. Determination of metals in isotonic seawater

A series of samples were prepared by adding known amounts of
metals (Zn, Cu, Ni, and Fe(Ill)) to 8 mL of a commercial nasal spray
of isotonic seawater (Sterimar®, Sodibel-Laboratoires, Fumouze,
France). The procedure described in Section 2.2 was applied to
spiked samples and metal content was determined according to
the MeSeMA methodology.

3. Results and discussion
3.1. Selection of the reagents

The goal of this study was to prepare a set of heavy metal-
sensing membranes for the analysis of mixtures of Zn(II), Cu(Il),
Ni(II), Fe(Il), and Fe(IIl) ions based on absorbance measurement.
Fifteen different chromogenic reagents were studied (see Sec-
tion 2.1) in different cocktails containing different types and
amounts of membrane polymer, plasticizer, and lipophilic salt.
Membranes were prepared from selective and non-selective chro-
mogenic reagents in order to achieve different selectivity patterns
for the heavy metals with no leaching over the entire concentration
range studied.

Five membranes satisfying these criteria were selected: PAN,
PAR, Zincon, FER, and CS (Table 1). These membranes gave a fast
reaction, leaching of the reagents or reaction product was not
observed, and they were easily immobilized onto the appropriate
support (PVC or D4). PAN, PAR and Zincon showed non-selective
behavior, reacting with several metal ions. In contrast, FER and CS
were selective for Fe(Il) and Fe(Ill), respectively. These five reagents
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yielded membranes that gave the greatest color change in the pres-
ence of analyte.

The composition of five selected membranes was optimized to
(1) minimize leaching by varying the lipophilic salt, plasticizer, and
membrane polymer; (2) maximize color intensity by varying the
concentration of chromogenic reagent; and (3) minimize response
time by varying plasticizer, membrane polymer, and the volume of
cocktail used to prepare the membrane. The optimum compositions
areindicated in Section 2.2. The optimal lipophilic salt/reagent ratio
varied widely from 1:1 to 8:1.

3.2. Optimization of experimental parameters

The effect of pH on product formation and sorption on mem-
branes was investigated in the range pH 3-12. Maximal response
was obtained at pH 9.5 for PAN and Zincon membranes and at pH 4.0
for PAR, FER, and CS membranes. At pH values above 7.0, leaching
of PAR into the solution was observed. The Zincon sensor was sen-
sitive to Cu and Ni at basic pH, but it did not detect Ni at acidic pH.
Longer reaction time (over 30 min) increased the optical response,
especially for the PAN sensor, but leaching from the PAR membrane
was observed for reaction times longer than 15 min. Therefore, a
reaction time of 10 min was used for all sensing membranes.

3.3. Color change of sensing membranes

All the sensing membranes gave different color changes in the
presence of different metals (Fig. 1). The PAN membrane gave a
positive reaction in the presence of Zn, Cu, and Ni; the PAR mem-
brane, in the presence of Zn, Cu, Ni, and Fe(Ill); and the Zincon
membrane, in the presence of Cu and Ni. The FER and CS sens-
ing membranes showed a highly selective response than the other
three membranes; they gave color changes for Fe(Il) and Fe(IIl),
respectively.

In order to describe the sensing mechanism of our membranes,
we studied the complexation between PAN in the membrane and
Cu(Il) in solution at pH 9.5. We assumed a 1:1 stoichiometry
[40], which is usually observed when PAN is used as chro-
mogenic reagent for different metals in ion-exchange materials
[41-44], lipophilic salts [45] and adsorbents [46-48]. We therefore
described the complexation with Eq. (1):

Cu** + X~ +HL < CuLX + H* (1)

This co-extraction equilibrium is characterized by a constant
K. that includes, for the ion pair involved, a stability constant,
dissociation constant, distribution constant between aqueous and
membrane phases of different species, and dissociation constant.
The activity of the copper ion in the aqueous phase is related to the
equilibrium constant K, through a sigmoidal response function that
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Fig. 2. Absorption spectra of sensors for heavy metals. PAN sensor at pH 9.5: (a) PAN (blank); (b) Zn-PAN product (10 mgmL-! of Zn); (c) Cu-PAN product (10 mgmL-! of
Cu); (d) Ni-PAN product (10 mgmL-" of Ni). PAR sensor at pH 4.0: (a) PAR (blank); (b) Zn-PAR product (10mgmL-" Zn); (c) Cu-PAR product (10 mgmL-! Cu) (d) Ni-PAR
product (10 mg mL-! Ni); (e) Fe(IlI)-PAR product (10 mg mL-" Fe(Ill)). Zincon sensor at pH 9.5: (a) Zincon (blank); (b) Cu-Zincon (10 mg mL-" Cu); (c) Ni-Zincon (10 mg mL~!
Ni). FER sensor at pH 4.0: (a) FER (blank); (b) Fe(II)-FER product (10 mg mL-! Fe(II)). CS sensor at pH 4.0: (a) CS (blank); (b) Fe(IlI)-CS product (10 mgmL~! Fe(III)).
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Table 2
Precision of the measurements of Me-sensor systems.
sr (%)
Zn-PAN Cu-PAN Ni-PAN Zn-PAR Ni-PAR Cu-Zincon Ni-Zincon Fe(II)-FER Fe(II)-CS
B 25.8-140.8 21.8-81.0 10.1-95.4 2.8-124 2.5-24.8 22.9-50.0 21.6-42.5 6.7-27.7 7.9-24.2
y 0.8-5.4 1.6-3.5 4.1-7.7 1.3-8.8 0.6-7.0 1.7-14.7 2.0-12.5 2.5-9.6 0.4-11.1
S 0.9-5.8 1.5-3.8 4.2-8.0 1.7-13.5 0.7-9.0 1.9-23.6 2.0-16.3 2.4-9.8 0.7-12.7
A 0.9-5.8 1.5-3.8 4.2-8.0 1.7-13.5 0.7-9.0 1.9-23.6 2.0-16.3 24-9.8 0.7-12.7

includes the experimental degree of uncomplexed chromogenic
reagent « (Eq. (2)).
(] — 0[) - A+

Kp = ~ 22 7HY
o - aCu2+ . aX-

(2)

The good fit of experimental data to Eq. (2) (R%=0.9999) sup-
ports the 1:1 stoichiometry, with a K, of 1.2 x 1010,

3.4. Spectral characterization of sensing membranes

The spectral characteristics of all complexes investigated are
shown in Fig. 2. Substantial overlap of the spectra was observed,
due to the low selectivity of PAN, PAR, and Zincon sensors. The
complexes Zn-PAN, Cu-PAN, and Ni-PAN showed absorption max-
ima in the range of 520-580 nm. The absorption maxima of nearly
all products on the PAR sensor were in the range of 470-600 nm.
The absorption spectrum of Fe(IlI)-PAR differed significantly from

Table 3
The relationship between analyte and signal in Me-sensor systems.

that of the others, with a maximum at 730 nm. In the case of the
Zincon sensor, the overlap between the spectra of Cu-Zincon and
Ni-Zincon was less extensive. Of all the sensing membranes inves-
tigated, the FER and CS membranes showed the highest selectivity;
they were selective for Fe(Il) and Fe(IIl), respectively. Absorbance
of the reagent blanks for nearly all sensors was negligible in the
wavelength range where the reagent-metal complexes had their
absorption maxima.

3.5. Prevalidation of sensor results

A comprehensive prevalidation strategy was carried out to
diagnose the quality of Me-sensor systems and identify any limita-
tions. Initial prevalidation data were as follows: amounts of metal
ion (x) were within the working range from 1.0 to 10.0 pgmL~1,
absorbances were obtained from measurements of the blank (B)
and the sample (y), and the corrected absorbance (S) was calculated

Least square method

Calibration function

Analytical evaluation function

Zn-PAN y=0.1888x+0.0559 $=0.20x X=5.06S

% =0.9911 sy ==40.088 sy =40.44
Cu-PAN y=0.1430x+0.0262 §=0.15x X=6.81S

% =0.9983 sy =+0.031 sm=0.21
Ni-PAN y=0.0575+0.0229 $=0.06x X=16.38S

?=9916 sy =+0.027 sy=0.44
Zn-PAR y=0.0463x+0.0069 $=0.047x X=21.1S

?=0.9985 sy =+0.0092 sy =+0.194
Ni-PAR y=0.0464x — 0.0086 $=0.045x X=22.1S

?=0.9982 sy =+0.0103 sy =0.227
Cu-Zincon y=0.0311x+0.0136 $=0.03x X=30.2S

% =0.9925 su==40.014 sy =40.44
Ni-Zincon y=0.013x+0.0061 $=0.013x+0.006 X=77.0S-0.43

2 =0.9967 sy =+0.0035 sm=0.270
Fe(II)-FER y=0.020x+0.0134 $=0.02x+0.0134 X=49.75S-0.639

?=0.9973 sy =+0.0049 sy =40.244
Fe(II1)-CS y=0.039x+0.046 $=0.039x+0.046 %=25.55-1.07S

?=0.9904 sm=+0.018 sy =0.459

Table 4
Metrological characteristics of Me-sensor systems.
Analyte amount (pugmL~') Random deviations Systematic deviations Lp (pgmL-') Lo (pgmL~')

Actual (ngmL~'): 100 80 60 40 20 10 sz(pgmlL!) Srz (%) AX (ngmL-1) AX (%)
Found (pgmL~')
Zn-PAN 9.6 86 55 41 21 14 (£0.022)-(+0.489) (+£0.9)-(+5.8) (-0.46)-(+0.57) (—7.5)-(+40.8) 0.014 0.082
Cu-PAN 100 80 58 42 21 1.2 (40.046)-(£0.264) (£1.5)-(+3.7) (-0.23)-(+0.23)  (—3.8)-(+22.7) 0.008 0.049
Ni-PAN 9.7 80 58 45 24 1.0 (£0.067)-(+0.624) (£4.3)-(£8.0) (-0.34)-(+0.50)  (—3.4)-(+18.2) 0.050 0.302
Zn—-PAR 9.9 80 61 42 20 1.1 (£0.103)-(£0.220) (£1.7)-(£13.5) (-0.12)-(+0.20) (-1.2)-(+19.8) 0.080 0.460
Ni-PAR 9.9 82 61 38 19 0.8 (£0.059)-(+0.291) (£0.7)-(£9.0) (-0.21)-(+0.18)  (—21.0)—(+2.2) 0.147 0.891
Cu-Zincon 9.6 82 61 39 24 13 (£0.187)-(£0.490) (£1.9)-(£23.6) (-0.38)-(+0.43) (-3.8)-(+31.0) 0.592 3.601
Ni-Zincon 100 80 6.0 39 21 11 (£0211)-(£0.354) (£2.1)-(£23.0) (-0.15)-(+0.09) (-3.6)—(+4.2) 0.296 1.802
Fe(I)-FER 100 80 6.0 41 19 1.0 (£0.053)-(£0.467) (£2.6-(£11.3) (-0.08)-(+0.02) (-3.4)-(+3.3) 0.019 0.118
Fe(IIl)-CS 102 75 57 43 25 07 (+0.061)-(+£0.413) (+0.8)-(+32.2) (-0.49)-(+0.45) (—29.7)-(+22.6) 0.043 0.261
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Table 5
Content of specific metal in the mixture.
Sensor Metal Added (ngmL-1) Found (pgmL-1) SD? (mgmL-1) RSD (%) Recovery (%) Matrix
PAN Zn 3.00 3.20 0.071 2.21 106.7 Cu, Ni
0.00 0.0 0.000 0.00 0.0 Cu, Ni
1.00 1.06 0.058 5.41 106.7 Cu, Ni
Cu 3.00 275 0.071 2.57 91.7 Zn, Ni
4.00 433 0.141 3.26 108.3 Zn, Ni
1.00 0.95 0.071 7.44 95.0 Zn, Ni
Ni 3.00 2.85 0.212 7.44 95.0 Zn, Cu
4.00 3.90 0.000 0.00 97.5 Zn, Cu
5.00 5.05 0.354 7.00 101.0 Zn, Cu
PAR Fe(III) 3.00 2.85 0.071 2.48 95.0 Zn, Cu, Ni
2.00 1.80 0.566 31.43 90.0 Zn, Cu, Ni
3.00 2.50 0.000 0.00 833 Zn, Cu, Ni
Zincon Cu 3.00 3.10 0.000 0.00 103.3 Zn, Ni
5.00 5.75 0.212 3.69 115.0 Zn, Ni
1.00 1.00 0.000 0.00 100.0 Zn, Ni
Ni 2.00 2.05 0.212 10.35 102.5 Zn, Cu
4.00 3.40 0.212 6.24 85.0 Zn, Cu
4.00 4.25 0.071 1.66 106.2 Zn, Cu
FER Fe(II) 5.00 445 0.212 4.77 89.0 Zn, Cu, Ni
2.00 1.75 0.212 12.12 87.5 Zn, Cu, Ni
2.00 2.00 0.00 0.00 100.0 Zn, Cu, Ni
(&) Fe(III) 5.00 5.55 0.212 3.82 111.0 Zn, Cu, Ni
3.00 3.40 0.00 0.00 1133 Zn, Cu, Ni
2.00 1.65 0.354 2143 95.0 Zn, Cu, Ni

2 Mean of three determinations.

as the difference y — B. The following membrane-metal systems
were analyzed in the prevalidation: Zn-PAN, Cu-PAN, and Ni-PAN;
Zn-PAR, Ni-PAR; Cu-Zincon, Ni-Zincon; Fe(II)-FER; and Fe(III)-CS.

The first step in calculating descriptive statistics of the preval-
idation process was to characterize six analytical groups of all
investigated systems by calculating average values and stan-
dard and relative standard deviations. These values were used
to evaluate repeatability of the measurements as a part of preci-
sion (Table 2). Relative standard deviations of blank absorbances
showed low precision of blank measurements in most systems.
These fluctuations of the blank values may reflect variability in sen-
sor quality or method’s performance characteristics. Nevertheless,
even in the worst cases, the fluctuations in blank values could be
ignored because they were so small compared to the analyte signal.
In contrast, relative deviations of sample measurements and cor-
rected absorbances showed high precision for nearly all systems.

Table 6
Content of total metals in mixtures.

The Me-PAN system showed the highest precision; deviations (s;y
from +0.80% to +£5.40%, srs from +0.87% to £5.82%) satisfied the
strict prevalidation criterion of s, <+5% [36]. In most systems for
which s;y and s;s were somewhat higher than +5%, the offending
deviations occurred with the smallest quantity of analyte (xg).

A preliminary check of analytical groups 1 and 6, which limit
the working range of the proposed method, indicated good quality
of measurements and unambiguous distinction between analyte
and blank signals in the group with xg. The analyte signal in the
Me-PAR and Me-Zincon systems was slightly different from blank
signal, while the blank signal was significantly lower than analyte
signal in the group with xg in the case of Me-PAN (AC=158.7 for Zn,
AC=122.6 for Cu, and AC=12.6 for Ni), Fe(II)-FER (AC=21.4), and
Fe(III)-CS (AC=11.8). Additional checking of how well the systems
resolved analyte and blank signals at xg showed excellent reso-
lution in the case of Zn-PAN, Cu-PAN, and Fe(Il)-FER; very good

Analytical system Composition (pgmL-') Total amount (g mL~1) SD? (mgmL—') RSD (%) Recovery (%)
Added Found

PAN (Zn, Cu, Ni) (3:3:3) 9.00 8.75 0.071 0.81 97.2
(0:4:4) 8.00 8.20 0.212 2.59 102.5
(1:1:5) 7.00 7.00 0.141 2.02 100.0
PAR (Zn, Cu, Ni, Fe(1II)) (3:3:3:3) 12.00 134 2.263 16.89 111.7
(0:5:5:2) 12.00 11.2 0.656 5.85 93.3
(1:1:5:3) 10.00 13.7 0.990 7.23 137.0
Zincon (Zn, Cu, Ni) (3:3:2) 5.00 5.15 0.071 137 103.0
(0:5:5) 10.00 9.65 0.071 0.73 96.5
(1:1:5) 6.00 5.80 0.141 2.44 96.7
FER (Zn, Cu, Ni, Fe(II)) (3:0:3:5) 5.00 4.45 0.212 4.77 89.0
(0:3:3:2) 2.00 1.75 0.212 12.12 87.5
(1:1:3:2) 2.00 2.00 0.000 0.00 100.0
CS (Zn, Cu, Ni, Fe(III)) (3:0:3:5) 5.00 5.55 0.212 3.82 111.0
(0:3:3:3) 3.00 3.40 0.000 0.00 1133
(1:1:3:2) 2.00 1.65 0.356 21.43 95.0

2 Mean of three determinations.
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Table 7
Zinc in pharmaceutical preparations of insulin.

Sample Amount of Zn (ugmL-1) SD? (pgmL~1) RSD (%) Recovery (%)
Added Found
Humalog® 0.00 0.20 0.002 1.42 -
0.50 0.74 0.020 2.52 107.1
2.00 2.30 0.020 0.89 104.7
4.00 4.24 0.166 3.91 101.0
Humalog Mix25® 0.00 0.15 0.002 1.53 -
0.50 0.66 0.093 1.40 101.5
2.00 2.13 0.035 1.72 99.0
4.00 417 0.240 5.37 100.3
Humalog Mix50® 0.00 0.16 0.005 4.92 -
0.50 0.67 0.001 1.37 103.2
2.00 2.21 0.093 445 102.8
4.00 4.12 0.227 5.31 99.2
Humulin M3® 0.00 0.29 0.014 5.23 -
0.50 0.84 0.029 4.05 109.8
2.00 2.21 0.119 517 100.2
4.00 412 0.013 0.32 99.8
Insulatard ®Penfill® 0.00 0.27 0.004 1.43 -
0.50 0.77 0.036 4.68 101.0
2.00 2.28 0.024 1.08 100.3
4.00 4.26 0.000 0.00 99.6
Lantus® Solostar® 0.00 0.28 0.005 1.67 -
0.50 0.77 0.005 0.66 103.7
2.00 2.28 0.028 117 103.5
4.00 426 0.245 5.79 98.9

2 Mean of three determinations.

resolution in the case of Ni-PAN, Zn-PAR, and Fe(III)-CS; and good
resolution in the case of Ni-PAR, Cu-Zincon, and Ni-Zincon.

The homogeneity check was carried out using simple analysis
of variance (ANOVA) and Bartlett’s test. ANOVA of blank val-
ues indicated high homogeneity in all systems except Ni-PAN
and Ni-Zincon. However, although the blank values showed high
homogeneity, high values of sﬁw and 512313 gave a small ratio
value, suggesting that random and systematic errors were present.
According to auxiliary criteria [36], the influence of inhomogeneity
of blank values can be considered negligible if the inhomogeneity
is small in relation to the corresponding analyte values obtained at
X1, and if srgy does not exceed £50%. These criteria were satisfied in
the case of Zn-PAN and Cu-PAN, and nearly so in the case of Ni-PAN
and Fe(II)-FER, and each y value was corrected with a grand blank
mean. In contrast, although ANOVA of blank values showed homo-
geneity in the case of Zn-PAR, Ni-PAR, Cu-Zincon, and Fe(IIl)-CS,
the inhomogeneity was not small in relation to the corresponding
analyte values, so the influence of the blanks on the results could
not be neglected. Bartlett’s test was used to test the homogeneity
of s and s; values for y, S, A, and apparent mass (X) values for the
different analytical groups. The test indicated that most values of
s and s; in all systems were almost homogeneous, homogeneous,
or strongly homogeneous. Inhomogeneous s; values were obtained
only for gross (y) and corrected (S) values in the Zn-PAN system.

The relationship between analytical signal (absorbance) and
analyte content (heavy metal quantity) was determined using three
methods: preliminary linearity check, method of least squares, and
systematic t-testing of the reality of constants (Table 3). A prelim-
inary linearity check, applied to A values (measure of particular
sensitivity, Ap=Su/xn) of limiting groups 1 and 6, showed that
linear calibration functions were expected for Ni-PAN, Zn-PAR,
Cu-Zincon, and Ni-Zincon. The method of least squares showed
that correlation existed in all systems, with Cu-PAN, Zn-PAR,
and Ni-PAR showing the highest correlation coefficients. Through
systematic evaluation of analytical functions, constants were deter-
mined for the calibration and analytical evaluation functions over
the entire analyte working range, and ideal analytical functions

were found for most systems, except Ni-Zincon, Fe(II)-FER, and
FE(III)-CS, which were characterized by linear functions with an
intercept (Table 3). These analytical functions were used to test for
outliers, determine limiting values, and evaluate apparent signal
values (8) and apparent quantities of heavy metals ().

Outlier testing was performed to check whether any mea-
surement differed significantly from the others in the set of
signals used to carry out calibration (S) and in the set of heavy
metal quantities (x) used to generate the analytical evaluation
function. The presence of regression outliers was checked by
comparing |S*| and |x*| values with the t-values of the 95%
and 99% confidence intervals. Only one outlier was obtained
in each of the following systems: Zn-PAN (2.807 > |S¢| >

2.069), Ni-PAN (2.807 > Sis| > 2.069, 2.807 > |xj;| > 2.069),
Cu-Zincon (2.807 > |S5,| > 2.069, 2.80 > |x5,| > 2.069), and

Fe(I)-FER (2.807 > |S;5| > 2.069,2.80 > |xi;| > 2.069). Accord-
ing to the prevalidation criteria [36], the data remain homogeneous
despite these outliers. No outlier values were found in the other
systems.

Limiting values, such as limiting signal value, limit of detec-
tion and limit of quantification were estimated using the analytical
evaluation function and recommended concepts of limiting val-
ues [49,50]. For nearly all systems, estimated limiting values were
significantly lower than the amount of metal at the lowest level
of analyte (<1 pgmL-1), with Me-PAN and Fe(Il)-FER showing
the lowest limiting values (Table 4). In the Me-Zincon system,
the Ly was slightly higher than 1 pugmL-1; this could be due to
the high fluctuation of blank values observed in the homogeneity
testing.

The final calibration and analytical evaluation functions were
used to determine apparent signal values (5) and apparent masses
of analyte (&), respectively. The analytical evaluation function was
also used to evaluate the precision and accuracy of the systems.
Information on accuracy was further obtained by comparing actual
(x) and observed (X) amounts of heavy metal. The data structure
for the systems is given in Table 4. The systematic deviations,
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Table 8
Metals in isotonic seawater.
Sensor Metal Added (ngmL-1) Found (pgmL-1) SD? (mgmL-1) RSD (%) Recovery (%) Matrix
PAN Zn 1.00 0.94 0.095 10.1 94.0 Cu, Ni
1.00 1.07 0.042 4.08 104.0 Cu, Ni
Cu 1.00 1.06 0.064 6.08 105.7 Zn, Ni
2.00 2.10 0.085 4.16 102.0 Zn, Ni
Ni 4.00 3.78 0.257 6.84 94.5 Zn, Cu
1.00 0.98 0.021 2.20 96.5 Zn, Cu
Total 6.00 5.78 0.336 5.82 96.3
4.00 4.05 0.106 2.62 101.1
Zincon Cu 1.00 1.02 0.010 0.98 102.0 Zn, Ni
2.00 2.00 0.049 2.48 99.8 Zn, Ni
Ni 5.00 5.05 0.028 0.56 101.0 Zn, Cu
3.00 2.90 0.007 0.24 96.5 Zn, Cu
Total 6.00 6.07 0.042 0.70 101.2
5.00 4.89 0.042 0.87 97.8
(&) Fe(III) 2.00 2.04 0.042 2.04 102.2 Zn, Cu, Ni
3.00 3.04 0.035 1.16 101.2 Zn, Cu, Ni

2 Mean of three determinations.

a measure of accuracy, ranged from —29.7% to +40.8%. As could
be expected, the lowest degree of accuracy in all systems was
in the analytical group with the smallest amount of heavy metal
(1 wgmL~1), while in the other groups favorable accuracy was
obtained. It is likely that large deviations between blank values
and analyte values were the main cause of large systematic errors
and therefore lower accuracy. The highest level of accuracy was
obtained for Ni-Zincon (from —3.6% to +4.2%) and Fe(Ill)-FER (from
—3.4% to +3.3%). Random deviations, a measure of precision of
analytical systems, ranged from +0.7% to +£32.2%. Most systems
showed high precision, with Me-PAN showing the highest, based
on the prevalidation criterion of s; < +:5%. In systems showing lower
precision, such as Me-Zincon and Fe(III)-CS, unfavorable precision
was obtained only in the analytical group with the smallest amount
of heavy metal (xg).

In summary, evaluation of repeatability of the measurements,
homogeneity testing, reality of the linear analytical evaluation
function, agreement of actual and found amounts of heavy met-
als, as well as random and systematic deviations showed good
measurement quality. Very low limiting values indicated that the
procedures were sensitive and could be successfully applied to
the determination of heavy metal traces. A significant influence of
blank dispersion was found to be a possible disadvantage in some
systems. Me-Zincon was the only system where reliable measure-
ment could not be made at the lowest level of the working range,
because Ly was somewhat higher than the analyte amount in xe.
For this system, the working range should be changed and the
prevalidation procedure repeated.

4. Applicability of the MeSeMA procedure
4.1. Synthetic mixtures

New analytical procedures based on the use of disposable optical
sensors were used to develop a sensitive, fast, and simple procedure
for determination of heavy metals in mixtures without previous
concentration or separation of analytes. The combination of sen-
sitive sensors and the chemometric algorithm of multicomponent
analysis by multiple linear regression (MeSeMA procedure) enabled
determination of specific metals in synthetic mixtures, despite
similarity in the spectral characteristics of the various analytes
present. The results of the heavy metal screening are presented
in Tables 5 and 6.

Due to the low selectivity of the PAN, PAR, and Zincon
reagents, metal complexes sorbed onto the corresponding sensing

membranes showed similar absorption spectra, with some dif-
ferences in spectral characteristics and sensitivity. These small
differences in absorption spectra were exploited by powerful mul-
ticomponent analysis to simultaneously determine the content of
specific metals in metal mixtures. Metal mixtures for PAN and
Zincon sensors contained Zn, Cu, and Ni in different ratios. The
mixtures for the PAR sensor contained the same metals, as well as
Fe(IIl). In contrast to the other reagents, FER and CS were selective
for Fe(II) and Fe(IIl), even in the presence of the other metals.

An absorptivity matrix K was calculated for each metal mixture
using the procedure described in Section 2.4.1. Then the proce-
dure described in Section 2.5 was used to determine the content
of particular metals in the mixture, as well as the total amount of
metals. The good agreement obtained between experimental and
theoretical amounts of individual metals and total metals in the
mixtures confirmed the validity of the proposed method. The only
case where the MeSeMA procedure could not determine the amount
of particular metal in the mixture was the PAR system. Although
the total amount of metals was predicted with acceptable preci-
sion, the prediction of specific metal amounts using PAR sensor
was unsuccessful. Only the amount of Fe(Ill) could be predicted,
since its spectrum differed greatly from that of the other metals in
the mixture.

4.2. Pharmaceutical samples

The PAN sensor was used to determine zinc in pharmaceuti-
cal preparations of insulin, and the PAN, Zincon, and CS sensors
were used to determine three metals in nasal spray of isotonic
seawater (Tables 7 and 8). The European Pharmacopoeia [8] recom-
mends that zinc be determined in pharmaceutical preparations of
insulin, and that no more than 40.0 p.g per 100 IU of insulin should
be present. In all pharmaceutical samples of insulin, the amounts
of zinc determined ranged from 0.15 to 0.29 wgmL~! (Table 7), all
of which were above the limit of quantitation determined in the
prevalidation procedure (0.082 wg mL~1, Table 4). In the analysis
of isotonic seawater, the amounts of zinc, copper, nickel or iron(III)
were either below the limits of quantitation determined during
prevalidation of the PAN, Zincon and CS sensors (Table 4), or they
could not be determined.

In order to check the accuracy of the proposed method, recov-
ery experiments for different amounts of metals were carried out.
Highly satisfactory recoveries were obtained, ranging from 98.9% to
109.8% for insulin preparations (Table 7). Recoveries ranged from
94.0% to 105.7% for commercial nasal spray, showing that the PAN,
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Zincon, and CS disposable optical sensors could be successfully
applied to the determination of metals (Table 8).

Multicomponent analysis based on the MeSeMA method for
determination of total and specific heavy metals in mixtures may
prove to be an important advance in the development of pharma-
copoeial methodology. In contrast to official general methods for
analysis of heavy metals, the proposed MeSeMA method enables
identification of particular metal ions with a limit of determina-
tion lower than 5mgL-!, without the need to compare with lead
solution. The proposed optical sensors are especially sensitive for
zinc, copper, nickel, iron(Il) and iron(III). With the proposed proce-
dures, it is not possible to determine all heavy metals with the same
success. However, by adjusting experimental conditions, it may be
possible to determine a greater number of important heavy metals
such as lead, cadmium, cobalt, and, with less sensitivity, manganese
and mercury [14]. Furthermore, it may be possible to apply these
procedures to the determination of other heavy metals important
in pharmaceutical analysis, such as Ru, Rh, Pd, Pt, Ir, Au, Ag, As, Sb,
and Bi.

5. Conclusions

We have designed five disposable optical sensors using nonse-
lective (PAN, PAR, and Zincon) and selective (FER and CS) reagents
for determination of zinc, copper, nickel, iron(Il), and iron(IIl). By
combining these sensors with powerful chemometric multicompo-
nent analysis (MeSeMA), the levels of these individual metals can be
determined simply and rapidly, without previous concentration or
separation of analytes. A comprehensive prevalidation procedure
confirmed that most sensors showed a linear relationship between
analyte and signal, acceptable accuracy and precision and low lim-
its of detection. At the same time, the prevalidation revealed some
limitations of the proposed procedure, such as non-negligible influ-
ence of blank signals on measurements under certain conditions,
and lower sensitivity of the Zincon sensor. The proposed sensors
were used to determine the total and individual amounts of met-
als in various synthetic mixtures. Good agreement was obtained
between experimental and theoretical amounts of heavy metals,
showing that most of the optical sensors could be used for simulta-
neous determination of heavy metals. The agreement was slightly
better for total amounts of metals in the mixtures, indicating that
there is room for improvement in the proposed procedure. In the
case of the PAR sensor, it was not possible to resolve the mixture
of metal ions, which suggests the need for further optimization of
the sensor and experimental conditions. When the method was
applied to the determination of zinc in insulin preparations and
determination of metals in isotonic seawater, recoveries ranged
from 98.9% to 109.8% and from 94.0% to 105.7%, respectively. These
results confirm the accuracy of the proposed procedures obtained
during prevalidation.

This work describes the first step in our efforts to develop
disposable multimembrane tongues for simultaneous testing of
multiple metals in complex matrices. Our results suggest that the
disposable optical sensors described here can be integrated into
such tongues, though further optimization will almost certainly
be necessary in order for all sensors to work well under identical
experimental conditions. These sensors may prove to be an effi-
cient and inexpensive alternative to the present pharmacopoeial
heavy metal limit test. It may also be possible to integrate them
into a portable device for in situ analysis of heavy metals in different
matrices.
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