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Abstract We describe an on-chip microflow injection (1FI)
approach for the determination of aminoglycoside antibiot-
ics using chemiluminescence (CL) detection. The method is
based on the inhibition of the Cu(Il)-catalyzed CL reaction
of luminol and hydrogen peroxide by the aminoglycosides
due to the formation of a complex between the antibiotic
and Cu(Il). The main features of the method include small
sample volumes and a fast response. Syringe pumps were
used to insert the sample and the reagents into the micro-
fluidic device. CL was collected using a fiber optic bundle
connected to a luminescence detector. All instrumental,
hydrodynamic and chemical variables involved in the sys-
tem were optimized using neomycin as the aminoglycoside
model. Inhibition is proportional to the concentration of the
antibiotics. The dynamic ranges of the calibration graphs
obtained for neomycin, streptomycin and amikacin are 0.3—
3.3, 0.9-13.7, and 0.8-8.5 pumol L', and the detection
limits are 0.09, 0.28 and 0.24 umol L', respectively. The
precision of the methods, expressed as relative standard devi-
ation, is in the range from 0.8 to 5.0 %. The method was
successfully applied to the determination of neomycin in
water samples, with recoveries ranging from 80 to 120 %.
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Introduction

The development of analytical methods involving the use of
microfluidic devices is an interesting research trend due to
the special features of these miniaturized systems, such as
low reagent and sample consumptions, simple manipulation,
low analysis time and portability. The integration of separa-
tion, reaction and detection in microfluidic chips, which is
known as micro total analysis system (1-TAS) or “lab-on-a-
chip” system, is a general objective in the development of
miniaturized methods, although it still requires the improve-
ment of component integration for its consolidation and
easy application to the analysis of real samples. However,
several applications of microfluidic systems for food [1] and
environmental [2] analysis have been recently described.

The use of microchips for electrophoretical separations
(1CE) has been extensively studied in recent years, achiev-
ing very fast separations, at the level of seconds, with high
efficiencies [3—6]. On the contrary, the development of
liquid chromatography on microchips (LLC) is having a
slower development, which is ascribed to the need of over-
coming some technical limitations for the miniaturization of
instrumental components, such as valves and pumps. In
spite of these limitations, several pLC separations have been
recently described [7].

Another interesting application area of microfluidic devi-
ces involves the development of microflow injection (pFI)
systems, which allow the miniaturization of automatic ana-
lytical methods by integrating the reaction and the analytical
measurements in a limited space. Optical detection is usu-
ally used in these systems due to its non invasive nature,
rapid response and relatively easy coupling [8]. Absorbance
and fluorescence detection have been used in some of these
uFI systems. However, chemiluminescence (CL) detection
is usually preferred owing to its inherent high sensitivity,
low background noise and absence of excitation or stray
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light, as no light source is used [9]. Most UFI-CL methods
described involve the use of luminol or a ruthenium(Il) com-
plex. For instance, the luminol-ferricyanide CL system has
been used for the determination of glucose [10] and uric acid
[11] in human serum, and nitrite in food [12], obtaining detec-
tion limits of 18 pg mL™", 0.5 ug mL™", and 4 ng mL™",
respectively, and a sample throughput between 12 and
30 h'. The CL reaction of peroxidisulphate with the complex
of ruthenium(I) with 1,10-phenanthroline [13, 14] or 2,2'-
bipyridyle [15] has been mainly applied to the determina-
tion of therapeutic drugs in pharmaceutical formulations,
reaching low detection limits, at the level of ng mL™, and
high sample throughputs. These data show the usefulness
of WFI-CL systems for sensitive and fast determinations.
The method presented here is the first attempt to develop
a new UFI-CL approach, involving a reverse format, for the
determination of aminoglycoside (AG) antibiotics in water
samples. Figure 1 shows the chemical structures of the three
AG antibiotics assayed in this study, neomycin, streptomy-
cin and amikacin. These compounds are highly polar and
soluble in water and they inhibit the bacterial protein syn-
thesis by binding irreversibly to the bacterial ribosome.
After parenteral administration, they are excreted unchanged
by glomerular filtration in the urine within 24 h. In recent
years, AG antibiotics are less frequently applied in human
medicine because of their severe adverse effects, such as
oto- and nephrotoxicity, and also the availability of well-
tolerated 3-lactam antibiotics. However, they are frequently
used in veterinary medicine for the treatment of bacterial
infections such as mastitis, or for prophylaxis to prevent
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infection [16]. Also, streptomycin has been used as pesticide
to control bacterial diseases in certain fruits such as apples
[17]. The different applications of AG antibiotics have given
rise to the fact that they are considered potential pollutants
of aqueous environment owing to their stability and high
solubility in water [18].

A high number of methods have been described for the
determination of AG antibiotics, mainly using liquid chro-
matography, capillary electrophoresis and immunoassay,
which allow their individual quantification [16, 19, 20].
However, the aim of the study presented here has been the
development of a simple and fast method for screening
purposes, which has been applied to the analysis of water
samples. The method is based on the inhibitory effect of AG
antibiotics on the reaction between luminol and hydrogen
peroxide catalysed by Cu(Il) in basic medium. This inhibi-
tion is ascribed to the formation of Cu(Il)-AG antibiotic
complexes [21].A conventional FI method has been previ-
ously described for amikacin determination using the same
CL reaction [22], but the detection limit obtained was about
twenty-times higher than that obtained for this antibiotic in
the uFI method described here.

Experimental

Apparatus and instruments

A glass microreactor model FC R150.332.2 with dimen-
sions of 12x24 mm and an internal volume of 6 ul was
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assembled to a fluidic chipholder (4515) (Micronit, The Neth-
erlands, www.micronit.com). The CL emission was collected
using an optic fibre bundler assembled to a Cary Eclipse
Varian spectrofluorimeter (Walnut Creek, CA, USA), which
was used as a CL detector. The optic fibre bundler and the
microchip were adapted to an X-Y-Z positioner (Oriel Instru-
ments, USA, www.newport.com/oriel/) to allow fine position-
ing adjustments. The flow was driven through the microfluidic
reactor using a KDS220 syringe pump (KD Scientific Inc.,
MA, USA, www.kdscientific.com) The injections of hydro-
gen peroxide and Cu(Il) mixture and the cleaning solution
were carried out with Cheminert VA-CN2 injection valves
(Valco, Teknokroma, Barcelona, Spain, www.teknokroma.es).
Nylon syringe filters with a pore size of 0.45 um (Analisis
Vinicos, Spain, www.analisisvinicos.com) were used for sam-
ple treatment.

Reagents

All chemicals used were of analytical grade. A 2 mmol L™
luminol (Sigma) stock solution was prepared in
0.5 mol L™ 'sodium hydrogencarbonate/disodium carbonate
(Panreac) buffer solution, adjusted to pH=10.9 with sodium
hydroxide. Copper(II) sulphate pentahydrate (0.01 mol L ™",
Panreac), neomycin (200 pg mL~!, Fluka), amikacin (200
ug mL ' Sigma) and streptomycin (200 pug mL ™', Fluka)
solutions were prepared using deionized water, which was
purified with a Milli-Q system (Millipore, Bedford, Ma,
USA), and stored at 4 °C until use. Hydrogen peroxide
solution (10 mmol L™") was prepared daily by diluting
adequately 33 % (w/v) hydrogen peroxide solution
(Panreac) in water. The cleaning solution (CS) of the flow-
system consisted on 0.4 mol L™" nitric acid (Merck) solution.

Fig. 2 Scheme of the
microfluidic system for
aminoglycoside determination
with chemiluminescence
detection. L+S: luminol

(0.2 mmol L") and sample

Other solutions used were 1 mol L™'sodium chloride (Merck),
1 mol L™'sodium nitrate (Sigma), 1 mol L™'potassium chloride
(Merck),1 mol L™ potassium nitrate (Sigma),0.05 mol L ™" diso-
dium hydrogenphosphate (Merck) and 0.05 mol L™ disodium
tetraborate (Merck) solutions.

Procedures
Determination of aminoglycoside antibiotics

Figure 2 depicts a scheme of the microfluidic approach
used, in which a syringe driven system (SDS) propels all
solutions from five syringes, at a flow-rate of 1.4 uL s '.
Water was used as carrier (C), in which 5 pL of a mixture
from two different syringes containing 10 mmol L™" hydro-
gen peroxide and 200 pmol L' Cu(ll) was inserted as
reverse FI mode with an injection valve (IV;). Then the
reagent plug merges in the microfluidic chip with a pre-
mixed solution containing 0.2 mmol L™" luminol solution
and AG antibiotic standard or sample solution, prepared in
the carbonate buffer solution (pH 10.9). A second injection
valve (IV,) provides a cleaning cycle between each deter-
mination. The reactant mixture goes through the microreac-
tor in which the CL reaction takes place. The signal is
recorded at A=425 nm with an optic fibre (OF) connected
to the luminescence detector. The OF was adapted to a
micrometrical system which performs translational move-
ments in a 3-D space extended along the X-Y-Z axes. Each
standard or sample solution was assayed three times. The
linear calibration graphs were obtained by plotting the ana-
lytical signal, which was the difference in the CL intensity
obtained in the absence an in the presence of the analyte,
versus the antibiotic concentration.
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Analysis of water samples

Two tap and two river water samples were analysed to
determine neomycin, which was used as the analyte model.
Each sample (1 mL) was spiked with 0.1 mL of standard
neomycin solutions, containing 2.5 or 7.5 nmol, and filtered
using a nylon syringe filter with a pore size of 0.45 yum.
Then, 500 pL of 2 mmol L™ luminol solution prepared in
carbonate buffer solution (0.5 mmol L™, pH=10.9) was
added. The solution was diluted to a final volume of 5 mL
using deionized water and inserted into the microfluidic
system as described above.

Results and discussion
Study of the miniaturized system

A FI system driven by a syringe pump was connected to the
microfluidic device to monitor the CL intensity from the
reaction between luminol and hydrogen peroxide catalyzed
by Cu(ll) and its decrease in the presence of neomycin,
which was chosen as the AG antibiotic model. As can be
seen in Fig. 2, five syringes were used to introduce the
reactant solutions, the carrier and a cleaning solution in the
microfluidic system. The distribution of the reactants in the
syringes and the position of the optic fibre to measure the
CL signal from the microfluidic device are two critical
experimental variables of the system, owing to the temporal
variation of the CL intensity during the development of the
reaction.

Several assays were carried out to study the distribution
of the reactants in the syringes. A reverse FI mode was
selected, in which hydrogen peroxide and Cu(Il) solutions
were pre-mixed and injected into the flow, which contained

the luminol solution in basic medium, as Fig. 2 shows. This
reverse mode was chosen to avoid the accumulation of Cu
(ID) in the internal surface of the microfluidic device, which
was observed by a continuous increase of the CL signal
when the Cu(Il) solution was introduced in the system in a
direct mode. The analyte solution was pre-mixed sequen-
tially with each reagent (hydrogen peroxide, Cu(Il) and
luminol), in order to select the best way to obtain the
maximum difference in the CL intensity in the absence
and presence of the analyte. The results obtained showed
that the CL signal obtained in the presence of the analyte
was only slightly lower than that obtained for the blank
signal when the analyte was pre-mixed with hydrogen per-
oxide or Cu(Il) solution. However, a relatively high CL
inhibition, which was proportional to the analyte concentra-
tion, was attained when the analyte was pre-mixed with the
luminol solution in basic medium. This behaviour can be
ascribed to the fact that this distribution improves the inter-
action of the analyte with Cu(lIl), increasing its inhibitory
effect. The catalyst/analyte concentration ratio in this in-
stance is lower than in the other assays, in which the analyte
was premixed with hydrogen peroxide or with Cu(Il) solu-
tion. A 0.4 mol L ™" nitric acid solution was used as cleaning
solution, which was injected after each standard or sample
measurement, to avoid the accumulation of Cu(Il) in the
microfluidic channel. The assays carried out demonstrated
that three injections can be executed without affecting the
repeatability of the method.

The position of the optical fibre was fixed by using a
micrometrical system in which the fibre was adapted. This
system allows the movement of the fibre in a 3-D space
extended along the X-Y-Z axes, as can be seen in Fig. 2. In
order to enhance the sensitivity of the method, a 40 x
magnification lens was coupled between the optic fibre
and the microfluidic device.

Table 1 Optimization of

variables Type of variable Variable Range studied Value Chosen
Instrumental Wavelength (nm) 300-600 425
Gate time (ms) 300-1000 800
Emission slit (nm) 5-20 20
Energy (V) 600-1000 800
Hydrodynamic Flow rate (uL s~ ') 0.1-2.1 1.4
Injection volume (uL) 1-5 5
X-Y-Z system X axis (mm) 0-24 7.5
Y axis (mm) 0-10 0
Z axis (mm) 0-12 7.5
Chemical [Luminol] (mmol L") 0.1-0.6 0.2
[H,0,](mmol L") 2.5-35 10
CuSO0y (umol L™ 10-300 200
[NaHCO;/Na,CO;] (mmol L) 10-100 50
pH 9.0-12.8 10.9
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Fig. 3 Influence of a Cu (II) and b luminol concentrations, and ¢ pH
on the chemiluminescence reaction. [neomycin]=1.5 pmol L™"; [lumi-
n0l]=0.2 mmol L™ 'in (a) and (c); [Cu(I)]=200 pmol L™" in (b) and
(¢); pH=10.9 in (a) and (b)

Table 2 Analytical features of the compounds assayed

Optimization of variables

The variables affecting the system were optimized following
the univariate method. The analytical signal used was the net
CL signal, which is the difference in the CL intensity emitted
by the luminol reaction in the absence and in the presence of
neomycin, as indicated above. Each analytical result was the
average of at least three measurements. Table 1 summarizes
the variables studied, the range assayed for each variable and
the optimal values chosen.

The emission wavelength chosen was 425 nm, which
corresponds to the emission of the aminophthalate ion
formed by the oxidation of luminol. The study of the influ-
ence of the gate time in the net CL signal showed that it
increased up to a value of 800 ms, remaining constant at
higher values. The highest emission slit of the instrument,
20 nm, was chosen to obtain the maximum CL signal,
bearing in mind that it is not interfered by potential stray
radiation as it occurs in fluorimetry. The energy of the
detector was studied in a range between 600 and 1000 V,
obtaining an exponential increase in the CL signal as the
energy was increased. A value of 800 V was chosen because
higher values caused the saturation of the detector and the
CL signal cannot be measured.

Regarding the hydrodynamic variables, the flow rate is
crucial for reaching the maximum net CL signal. The influence
of this variable was studied in the range of 0.1-2.1 uL s ',
obtaining an increase of the net CL signal by raising the flow-
rate until an optimum value of 1.4 uL s '. The CL signals
obtained in the absence and in the presence of the analyte
remained practically constant at higher flow-rate values. The
study of the influence of the injection volume of the hydrogen
peroxide and Cu(Il) mixture solution was studied in an interval
between 1 and 5 uL, obtaining increasing CL values as the
injection volume increased. This last value was selected as
optimal bearing in mind that the internal volume of the micro-
fluidic device is 6 pL and, also, because a band broadening
was obtained when higher values were assayed. The position
of the optic fibre in the microfluidic system is a critical variable

Analytes Calibration graphs 2 Gy @ Linear range LOD ® %RSD®
(umol LY (umol LY
Low level High level
Neomycin CL =—-12(£04) +11.9(£0.2) x C 0.994 1.017 0.3-3.3 0.09 5.0 4.4
Streptomycin CL =2.8(£0.3) + 1.12(£0.01) x C 0.994 1.305 0.9-13.7 0.28 2.5 0.8
Amikacin CL =5.2(4+0.4) + 5.15(£0.09) x C 0.990 1.374 0.8-8.5 0.24 4.6 1.1

@ oOyx: standard deviation of residuals

® L0D: limit of detection.

© Relative standard deviations (n=10) achieved at two concentration levels: limit of quantification (low level) and concentration corresponding to

the middle of each calibration graph (high level)
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Table 3 Figures of merit of chemiluminescence methods for aminoglycoside determination

Aminoglycosides ~ Method/Chemical system Analytical range LOD Applications/Comments Reference
(umol LY (umol LY
Amikacin Conventional FI 16.9-34.2 5.1 Pharmaceutical formulations [22]
Luminol/H,O,/Cu(II)
Amikacin RP-HPLC 0.3-3.4 8.5x1072 Human plasma and urine samples [24]
Luminol/H,O,/Cu(Il) Post-column CL reaction
Amikacin Strong cation-exchange-HPLC 43x10°-8.5x1072  1.2x107° Water samples. [25]
Streptomycin Luminol/H,O,/Cu(Il)/Triton 43x1072-0.9 1.2x1072 Sample preconcentration using SPE
X-100 micelles and post-column CL reaction
Kanamycin B 6.2x1072-1.5 2.1x1072
Paromomycin 4.9x107-0.1 1.4x1073
Neomycin B 5.5x107°-0.1 1.6x107°
Amikacin Conventional FI 5.1x1072-5.1 1.9x1072 Serum samples [26]
Luminol/diperiodatoargentate DPA was freshly prepared using
(1) (DPA) AgNO;, NalOy4, K;,S,05 and KOH
Streptomycin Conventional FI 107%-1.7 52x107°  Milk samples [27]
Luminol/KIO/Mn(II)
Gentamicin Conventional FI 2.1-8.4 5x107 Pharmaceutical formulations [28]
Luminol/NaClO
Gentamicin Conventional FI 8.2-62.8 2.5 Pharmaceutical formulations [29]
TCPO/H,0,/Imidazole/SDS A previously formed gentamicin-
micelles OPA-NAC derivative participates
in the CL reaction
Gentamicin Conventional FI 2x1072-168 1072 Pharmaceutical formulations [30]
Electrogenerated Co(I11)/H,SO4 Direct CL reaction of gentamicin
and Co(III)
Neomycin uFI 0.3-3.3 9x1072 Water samples This work
Streptomycin Luminol/H,0,/Cu(1l) 0.9-13.7 0.28
Amikacin 0.8-8.5 0.24

TCPO bis(2,4,6-trichlorophenyl)oxalate; OPA o-Phthaldehyde; NAC n-Acetylcysteine

to obtain the maximum CL signal, as indicated above. This
study was carried out by placing the microfluidic device and
the fibre in a system that can be moved in the x-y-z directions
(Fig. 2). The optimal CL signal was obtained when the fibre
was placed 7.5 mm in the x axis, 0 mm in the y axis and 7.5 mm
in the z axis.

Regarding the optimization of the chemical variables,
Fig. 3a shows the influence of Cu(ll) concentration on the
system, which was studied in the range 10-300 pmol L™". A
200 pmol L' concentration was selected for the develop-
ment of the method. The influence of hydrogen peroxide
concentration was assayed in the range 2.5-35 mmol L™,
obtaining that the net CL signal remained constant and
maximum from a 10 mmol L™'concentration. The behaviour
of the luminol concentration on the system is shown in
Fig. 3b, in which can be seen that the best CL signal was
obtained for a 0.2 mmol L' luminol concentration.
Figure 3c shows the influence of the pH on the system, in
which can be seen that the CL signal was independent of
this variable in the pH range of 10.3—11.2, choosing a value
of 10.9 for the development of the method. A borate buffer
solution was assayed to fit this pH, but it decreased the CL

@ Springer

signal. Better results were obtained using phosphate and
carbonate buffer solutions, selecting the last one for the
development of the method. The influence of the concen-
tration of this buffer solution was studied in an interval 10—
100 mmol L™!, achieving the best CL signal for a value of
50 mmol L™". Several salts were assayed in order to evaluate
the influence of the ionic strength. The addition of sodium
or potassium nitrate, in a concentration interval from 0 to

Table 4 Determination of neomycin in water samples

Sample Added Found Recovery (%)
(umol LY (umol LY

Tap water 1 0.5 0.5+0.1 100.0

1.5 1.6+0.1 106.7
Tap water 2 0.5 0.4+0.1 80.0

1.5 1.5+0.1 100.0
River water 1 0.5 0.5+0.1 100.0

1.5 1.46+0.06 97.3
River water 2 0.5 0.6+0.1 120.0

1.5 1.55+£0.07 103.3
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500 mmol L' did not modify practically the CL signal, but
a slight decrease was obtained in the presence of sodium or
potassium chloride.

Analytical features of the method

Table 2 shows the features of the calibration graphs obtained
for neomycin, streptomycin and amikacin under the opti-
mum experimental variable values. The limits of detection
(LOD), calculated according to IUPAC recommendation
[23], are also included, in which can be seen that neomycin
shows the lower LOD value because this antibiotic, which is
a four-ring AG antibiotic, binds Cu(Il) with higher affinity
than the three-ring AG antibiotics, such as streptomycin and
amikacin [21]. These compounds coordinate Cu(Il) ions
mostly by their terminal amino sugar donors, while neomy-
cin binds Cu(Il) by its deoxystreptamine residue, improving
the stability of the complex.

Precision data, expressed as the percentage of relative
standard deviation, are also shown in Table 2. These
values were obtained for two concentration levels of each
analyte (n=10), the lowest concentration of each calibra-
tion graph, which corresponds to the quantification limit,
and an analyte concentration corresponding to the centre
of the calibration graph. The values obtained ranged
between 0.8 and 5.0 %. The estimated sampling frequen-
cy under the working conditions was about 15 h™', in-
cluding three measurements and the corresponding
cleaning steps, which is a relatively low value owing to
the reverse mode used, although similar sample through-
puts have been described in other uFI methods [10, 11].

A comparison of the figures of merit of this work with
those of other methods for the determination of aminoglyco-
side antibiotics involving CL detection [22, 24-30] is shown
in Table 3. As can be seen, the luminol-hydrogen peroxide-
Cu(Il) system has been described for the CL detection of
amikacin alone [24] and AG mixtures [25] by liquid chro-
matography, reaching very low LOD values in this last
method, which includes a previous preconcentration step.
However, a relatively high LOD for amikacin was obtained
by using the same CL system in a conventional FI method
[22]. Conventional FI methods using other luminol systems
have been also described for several individual AG anti-
biotics [26—28], but the method described here is the first
one which uses a microfluidic system for AG determination
using CL detection.

Applications

The method was applied to the analysis of two tap and two
river water samples using the procedure above described.
Aliquots of the samples were first analysed to check the
potential presence of AG antibiotics but no analytes were

detected. A recovery study was carried out by adding two
different neomycin amounts to each sample, so that the
analyte final concentrations were 0.5 and 1.5 pumol L™".
Table 4 shows the recovery values obtained, which ranged
between 80.0 and 120.0 %.

Conclusions

The method describes for the first time the miniaturized
determination of AG antibiotics by developing a FI system
in a microfluidic device. The results obtained confirm the
usefulness of this approach for quantitative purposes, using
the inhibition caused by these compounds on the CL reac-
tion between luminol and hydrogen peroxide catalyzed by
Cu(Il). The use of microfluidics provides several advan-
tages, such as simplicity and low consume of sample and
reagents. Also, the method allows the fast automatic deter-
mination of AG antibiotics and can readily be adapted to the
miniaturized determination of other analytes, owing to the
versatility of the system. Thus, for instance, the use of
microfluidic systems is a trend in the development of new
bioassays [31].
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