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This paper introduces the preliminary design and optimization of a micro-Sequential Injection lab-on-

valve system (mSI-LOV) with fluorescence detection for the direct determination of trace Zn2+ in an

unacidified seawater matrix. The method capitalizes on the sensitivity and selectivity of FluoZin-3,

which was originally designed to measure zinc in living cells. The optimum reaction conditions, sources

of blank signal and physical parameters of the mSIA-LOV are evaluated with the requirements of trace

metal analysis in mind, namely high sensitivity and low background signals. A detailed investigation of

the effect of sample and reagent sequencing on sensitivity is presented for the first time using mSIA-

LOV. We find that the order of sequencing greatly influences peak shape and analytical sensitivity with

the highest and smoothest peaks obtained when a large volume of sample (75 mL) is aspirated last in the

sequence prior to flow reversal and detection. The optimized reaction conditions and reagent/sample

sequencing protocol yield a detection limit of 0.3 nM Zn2+, high precision (RSD < 2.5%), a linear

quantification range up to 40 nM and an analytical cycle of�1 min per sample. This work demonstrates

that mSI-LOV is capable of attaining detection limits that are close to those needed for open ocean

determinations of Zn2+ without preconcentration or separation of the analyte from the seawater matrix.

The low reagent consumption (50 mL per sample), full automation and minimal maintenance

requirements of mSI-LOV make it well suited for shipboard analysis and, eventually, for development

to meet the pressing need for trace element measurements in unattended locations.
Introduction

Zinc is an essential constituent of several enzyme systems

involved in fundamental aspects of marine phytoplankton

metabolism such as bicarbonate1 and phosphate uptake.2 It has

been hypothesized that low surface water concentrations may be

limiting photosynthetic activity in vast oceanic regions and that

this may in turn influence global carbon cycling.1 However, the

paucity of dissolved zinc data in most regions of the world’s

oceans makes it difficult to evaluate its role in moderating upper

ocean biological processes.

Establishing the oceanic distribution of chemical compounds

and deciphering their geochemical cycles require the assembly of

a database of measurements over large areas of the ocean. This in

turn requires analytical methodology capable of producing

accurate and precise determinations rapidly. Instruments that

can be used onboard research vessels also provide an advantage

as they eliminate the need for sample storage and provide near
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real time data feedback that can illuminate any sampling prob-

lems associated with contamination prone elements and may

prompt modifications of the sampling strategy when unexpected

distributions are encountered. In the case of trace metals, strip-

ping voltammetry3,4 and flow injection analysis (FIA)5,6 are the

most popular shipboard techniques by virtue of their sensitivity

and portability. However, flow injection (FI) techniques are

better suited to the task of high-resolution sampling because their

sample throughput7,8 is typically much higher than that of vol-

tammetric methods,3,9 which require long deposition times.

There are several published FI methods for the determination of

Zn2+ in seawater samples which rely on a preconcentration step

to reach nanomolar sensitivity and eliminate interferences from

the seawater matrix.10–12 Of these, the method of Nowicki et al.10

is the only shipboard FIA technique with adequate sensitivity for

the analysis of Zn2+ at open ocean seawater concentrations.

Although FI techniques have improved considerably over the

last 20 years,13,14 application of the major technological advances

in FI to seawater analysis has been fairly limited. In the early

1990s, the impetus for the simplification of flow-based assays

coupled with the willingness to reduce waste generation led to the

launch of Sequential Injection Analysis (SIA).13,15 SIA is a fully

automated single channel flow system that uses a selection valve

through which precisely metered zones of sample and reagent are

aspirated sequentially into a holding coil by means of a syringe
Analyst, 2011, 136, 2747–2755 | 2747
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pump. The flow is then reversed and the stacked zones are

propelled into the detector. SIA has found a wide variety of

applications in areas as diverse as biomedical sciences, industrial

process control and environmental chemistry.16–18 The latest

evolution in SIA, micro-Sequential Injection in the Lab-on-Valve

(LOV) format (mSI-LOV),14 integrates channels for sample and

reagent metering into a block of polymethylmethacrylate that

sits on top of a selection valve. This block also contains an

internal flow cell which can be configured for absorbance, fluo-

rescence or chemiluminescence detection.14,19 Despite the benefits

of SIA in terms of lower reagent consumption and lower main-

tenance requirements, simplicity of operation, compactness and

analytical versatility, there are surprisingly few SIA applications,

and no LOV applications designed specifically for shipboard

oceanographic research.20–23 This manuscript is the first to

explore the suitability of mSI-LOV platforms for the spectro-

metric determination of trace elements in seawater.

Measuring zinc in seawater at the nanomolar level necessitates

a sensitive and selective reagent. The fluorescent indicator p-

tosyl-8-aminoquinoline (pTAQ) has been reported to provide

sub-nanomolar detection capability in seawater.10 However, this

reagent suffers from significant interferences from alkaline earth

cations (Ca2+ and Mg2+) that preclude its use for Zn2+ determi-

nation directly in a seawater matrix. This lack of selectivity

requires adding a matrix removal step prior to any determination

by this reagent. Recently, several fluorescent reagents have been

developed in an attempt to examine the role of zinc in extracel-

lular signaling functions and neurological disorders.24–26 These

probes were designed to respond to sub-nanomolar variations in

Zn2+ concentration with high selectivity26–28 and thus seem likely

candidates for the direct determination of trace levels of zinc in

seawater.

The objective of the present work is to develop a novel

approach for the automatic determination of zinc in seawater at

low nanomolar levels. The proposed methodology combines the

selective interaction between the fluorescence probe and the

target analyte with the easily automated analytical protocol of

mSI-LOV. The first part of this paper presents a screening study

in which several fluorescent probes, FluoZin-3, RhodZin-3,

FluoZin-1 and Newport Green DCF (Fig. 1), are evaluated for
Fig. 1 Chemical structures of FluoZin-3, RhodZin-3, FluoZin-1 and

Newport Green DCF. Excitation and emission wavelengths (Ex–Em/nm)

and dissociation constants (Kd/nM) are listed underneath each structure.

2748 | Analyst, 2011, 136, 2747–2755
their potential to determine trace levels of zinc in a seawater

matrix. After selecting the most suitable fluorescent reagent and

optimizing its associated reaction parameters, the flow parame-

ters are investigated to determine the most suitable aspiration

sequence for trace measurements in seawater. This manuscript

aims to highlight the potential of mSI-LOV for trace analyses in

a seawater matrix and its applicability to shipboard use, and to

encourage others in the field to consider this analytical platform

for further development in the field of oceanography.
Experimental

Reagents

Since zinc is a notoriously ubiquitous contaminant, trace metal

clean protocols were used throughout in order to minimize the

possibility of contamination.29,9 Hence, all solutions were

prepared using ultra high purity (UHP) water (Barnstead Inter-

national, Dubuque, IA), stored in acid washed high-density

polyethylene bottles and handled in a Class-100 laminar flow

hood. The LOV and all manifold tubing were initially cleaned by

soaking for 48 hours in UHP water acidified with Q-HCl to

24 mM and rinsed prior to and after each use with the same

solution.

Commercial solutions of glacial acetic acid and hydrochloric

acid (Q-HCl) (Fisher Scientific, Certified A.C.S. Plus, Pittsburgh,

PA) were purified by single distillation in a quartz-finger sub-

boiling still. Ammonium hydroxide (Fisher Scientific, Certified

A.C.S., Pittsburgh, PA) was purified by passive vapor phase

equilibration. A 0.25 M ammonium acetate solution (pH 7.5)

was then prepared by mixing appropriate quantities of purified

acetic acid (17.0 M) and NH4OH (4.90 M) with UHP water.

Water-soluble salts of FluoZin-1, FluoZin-3, RhodZin-3 and

Newport Green DCF were purchased from Molecular Probes,

Inc. (Eugene, OR). Stock indicator solutions (0.6–1.2 mM) were

prepared by diluting the salts in 1000 mL of 0.25 M ammonium

acetate buffer and were stored frozen in the dark27 at �20 �C in

acid washed microcentrifuge tubes. Working indicator solutions

(1–20 mM) were prepared daily by diluting the thawed stock

indicator solutions in 0.25 M ammonium acetate buffer. To

reduce the reagent blank for trace determination of zinc in

seawater, the FluoZin-3 solution (10 mM) was passed through

a 1250 mL tubular column packed with a cation-exchange

material (Toyopearl AF-Chelate-650 M, Tosoh Corporation,

Chiba, Japan) using a peristaltic pump at 0.3 mL min�1.

Zinc stock standards were made by diluting a 1000 mg L�1

commercial standard (Fluka Chemicals, TraceCERT, Buchs,

Switzerland) in UHP water acidified with Q-HCl to 24 mM. For

sensitivity and selectivity assessment of the four fluorescent

reagents, working standards were prepared by dilution of the

stock solution in UHP water or buffer solution. The seawater

optimization was performed using filtered (0.45 mm) low zinc

seawater collected using trace metal clean protocols30 in the

subtropical South Pacific Ocean. Ethylenediamine tetraacetic

acid (0.10 M), used to evaluate blank signals, was prepared by

dissolving 7.44 g of EDTA (Sigma Aldrich, St Louis, MO) in 200

mL of UHP water.

Stock solutions of Ca2+, Mg2+, Ba2+, Hg2+, Cu2+ and Pb2+ were

prepared by aqueous dissolution of their chloride, sulfate or
This journal is ª The Royal Society of Chemistry 2011
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acetate salts (Fisher Scientific, Certified A.C.S.), while solutions

of Cd2+, Fe2+ and Mn2+ were made using commercial standard

solutions (Fisher Scientific, Certified) as stocks. Working solu-

tions containing 20 mMof potentially interfering species, namely,

Ba2+, Cu2+, Pb2+, Mn2+, Fe2+, Hg2+, Cd2+, and 0.5 M of Ca2+ and

Mg2+, were obtained from dilution of the stock solutions with

UHP water.

System components

All experiments were carried out using a commercial mSI-LOV

system (microSIA, FIALab Instruments, Bellevue, WA), con-

sisting of a 1000 mL glass barrel syringe pump fitted to a three

way distribution valve and an opaque lab-on-valve� module

mounted on a six-port multiposition valve (Fig. 2). PTFE tubing

with an internal diameter of 0.8 mm (Optimize Technologies,

Oregon City, OR) was used for all manifold tubing including the

1 m long holding coil (500 mL). A spectrofluorometer (USB4000-

FL, Ocean Optics, Dunedin, FL) and a photomultiplier (PMT)

equipped with a HQ 525 � 25 nm bandpass emission filter

(FIALab Instruments) were used for detecting the emitted radi-

ation. In both cases, a Tungsten–Halogen lamp was used to

excite the fluorescent species (LS-1, Ocean Optics). The entire

mSI-LOV system was covered with a black plastic box to mini-

mize the influence of ambient light on the LOV device. The light

source, detectors and LOV flow cell were connected using optical

fibers with polyetheretherketone (PEEK) sheath terminations on

the flow cell end (FIALab Instruments).

Data collection and fluidic control were accomplished using

FIALab for Windows 5.9.3 software (FIALab Instruments)

installed on a MacBook Pro (Apple, Cupertino, CA) running

Windows XP (Microsoft, Redmond, WA) via VMware Fusion

2.0.5 (VMware Inc., Palo Alto, CA). Data processing was ach-

ieved using Matlab R2009a (The MathWorks, Natick, MA).

Protocol sequence

The analytical cycle for the determination of zinc in seawater

samples comprised five steps (Tables 1 and S1†). First, 500 mL of

carrier was aspirated from the carrier port (Fig. 2). The flow cell
Fig. 2 Schematic diagram of the mSI-LOV manifold for the determi-

nation of Zn2+ in seawater samples.

This journal is ª The Royal Society of Chemistry 2011
was then flushed after flow reversal by propelling 200 mL of the

same solution at a high flow rate (400 mL s�1). Next, the reagent

(50 mL) and the sample (75 mL) were sequentially aspirated into

the holding coil. After flow reversal, the reaction mixture was

sent to the flow cell. The detector was started simultaneously to

record the analytical signal. The laboratory temperature was

maintained at �22 �C during all experiments.

Results and discussion

Design of the mSI-LOV system

The manifold (Fig. 2) was designed with the general requirements

of trace metal analysis in mind, namely high sensitivity and low

background signals. In order to minimize potential contamina-

tion from zinc, the manifold was placed inside a Class 100

laminar flow hood during all experiments. Furthermore, optical

fibers with PEEK sheath terminations on the LOV flow cell were

used instead of the traditional metal terminations. The carrier

solution (ammonium acetate 0.25 M, pH 7.5) was introduced

into the system using one of the channels of the LOV so that the

buffer solution that participates in the reaction does not contact

the potentially contaminating glass barrel of the syringe pump

(Fig. 2).

In the fluorescence mode configuration of the LOV flow cell,

the two optical fibers were placed perpendicular to each other in

order to irradiate the sample (excitation) and collect the emitted

light (emission). The relative position of the two fibers was

chosen in order to maximize the path where the sample was

excited (Fig. 2). The volume of the flow cell was the section of the

LOV channel where the radiation from the excited molecules

could be collected. This refers to a one millimetre long tubular

section, which corresponds to a volume of 0.5 mL.

Fluorescence measurements were performed using two

different detectors, a spectrofluorometer (USB4000-FL) and

a PMT equipped with a bandpass emission filter. The spectro-

fluorometer was used during the evaluation of the different flu-

orogenic reagents because the individual emission wavelengths

can be selected without any physical reconfiguration of the

detection module. This was not possible with the PMT because,

in this case, the emission wavelength is set by adding a bandpass

filter placed at the entrance of the detector. The use of PMT led

to a 7-fold increase in sensitivity compared to the spectrofluo-

rometer under the same experimental conditions. Thus, a PMT

containing a suitable bandpass filter was adopted for the deter-

mination of trace Zn2+ in seawater once a reagent had been

selected.

Since calculation of peak height using the FIALab software

does not yet incorporate a baseline correction step and is inac-

curate when high frequency noise occurs near the maximum peak

height, the analytical record was processed using Matlab soft-

ware. The peak height quantification scheme consisted of

smoothing the raw data with a five point moving average, sub-

tracting the baseline and calculating peak height by differenti-

ating a second order polynomial fit at the peak maximum.

Reagent selection and optimization of reaction conditions

The first objective of this work was to characterize the analytical

potential of the four selected reagents (Fig. 1) for the analysis of
Analyst, 2011, 136, 2747–2755 | 2749
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Table 1 Recommended protocol for the determination of Zn2+ in
seawater using FluoZin-3 and the proposed mSI-LOV manifold

Step

Piston
pump
direction

Selection
valve
position

Flow
rate/
mL s�1

Volume/
mL Operation

1 Aspirate Carrier 200 500 Fill holding coil
with carrier

2 Dispense Flow cell 400 200 Flush flow cell
3 Aspirate Reagent 25 50 Aspirate reagent
4 Aspirate Sample 25 75 Aspirate sample
5 Dispense Flow cell 10 425 Flow reversal and

PMT detection
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trace Zn2+ in a seawater matrix. Therefore, the effect of pH on

reaction rate, sensitivity, stability and selectivity was considered

to select the most suitable probe for our application.

pH effects and sensitivity. The sensitivity of each reagent was

determined by calculating the slopes of calibration curves in the

pH range 4.5 to 8.5. To suppress mixing artifacts potentially

leading to a pH gradient in the reacting mixture, reagent, carrier

and working standards were all prepared in identical 0.30 M

buffers. Buffers with varying amounts of acetic acid and

ammonium hydroxide were prepared to cover the pH range 4.5

to 8.5. The reagent concentration was fixed at 20 mMand six Zn2+

standards (0–500 nM) were analyzed in triplicate to construct the

calibration curves.

Maximum sensitivity for each reagent was achieved in the pH

range 6.5–7.5 (Fig. 3). The fluorescence intensity drops sharply at

each end of the optimum pH range, either due to the protonation

of the phenolic hydroxyl groups24 of the probes at pH less than

6.0 or the formation of zinc hydroxide complexes outcompeting

the Zn2+ chelating capabilities of the fluorescent molecules at pH

8.0 and above. We note that our results are in contrast with those

of previous investigators,26 who reported that the fluorescence of

FluoZin-3 and RhodZin-3 was pH independent from pH 6 to 9.

However, as predicted by their dissociation constants (Fig. 1),
Fig. 3 Sensitivity of the four reagents as a function of pH. Sensitivity is

defined as the slope of a 6-point calibration curve (N ¼ 18, 0–500 nM

Zn2+). Reagents concentrations were fixed at 20 mM.

2750 | Analyst, 2011, 136, 2747–2755
FluoZin-3 and RhodZin-3 were the most sensitive to Zn2+

additions (Fig. 3). We therefore selected those two reagents for

further experiments and a reaction pH of 7.5, which was main-

tained using a 0.25 M ammonium acetate buffer.

Reagent concentration and stability following thawing. The

effect of reagent concentration on sensitivity was investigated by

comparing the slope of calibration curves (0–500 nM Zn2+)

determined at FluoZin-3 and RhodZin-3 levels ranging from 1 to

20 mM. Fig. 4 shows that sensitivity plateaus at 10 mM for both

reagents. To maximize sensitivity, we have therefore adopted

a reagent concentration of 10 mM, which is 5–20 times higher

than that adopted in previously published work for the deter-

mination of Zn2+ in living cells.24,27,28,31,32

A reagent that is stable over a period of at least 12 hours

greatly facilitates the analysis of large number of samples, a task

that is very common during oceanographic campaigns. There-

fore, the stability of working solutions of FluoZin-3 and Rhod-

Zin-3 was determined by repeatedly measuring a 500 nM Zn2+

standard every 2 hours during a 2.5-day period. Results indicated

that the fluorescent signal remained stable for 12 hours for both

reagents. After 2.5 days, however, the FluoZin-3 response was

60% lower than initially while the signal obtained using Rhod-

Zin-3 remained stable over the whole period. This suggests that

working RhodZin-3 solutions left at ambient temperature

(22 �C) may be used for at least 58 hours. We note that stock

solutions of FluoZin-3 and RhodZin-3 kept frozen in the dark at

�20 �C exhibited no detectable loss of sensitivity over a 3-month

period.

Selectivity. FluoZin-3 and RhodZin-3 are structurally similar

to EDTA28 and may thus have significant affinities for transition

and alkaline earth metals present in seawater. As such, identi-

fying the chemical elements that may contribute to the analytical

signal is crucial, particularly when dealing with a target ion

present at levels several orders of magnitude lower than major

seawater constituents. Nine potential interferents were selected

for study based on their chemical similarity with Zn2+, typical
Fig. 4 Influence of reagent concentration on sensitivity at pH 7.5.

Sensitivity is defined as the slope of a 6-point calibration curve (N ¼ 18,

0–500 nM Zn2+).

This journal is ª The Royal Society of Chemistry 2011
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seawater concentrations33 and published work on this matter.28,30

Particular attention was paid to the possible reactivity of Fluo-

Zin-3 and RhodZin-3 with Ca2+ andMg2+. These divalent cations

are present at millimolar levels in seawater33 and have been the

source of several conflicting reports in recent years regarding

their reactivity with FluoZin-3.34–37,27 We compared the fluores-

cence intensity of a 20 mM Zn2+ solution prepared in UHP water

with that of 20 mMBa2+, Cu2+, Pb2+, Mn2+, Fe2+, Hg2+, Cd2+, Zn2+

and 0.50 M Ca2+ and Mg2+ solutions.

The results showed that of the all cations tested (Fig. 5), only

Cd2+ and Hg2+ produced a fluorescent response that was signif-

icantly greater than that of unspiked UHP water (one-tailed t-

test, P < 0.05, N ¼ 4). RhodZin-3 exhibited the highest response

to Cd2+. Our results confirm, using an independent method, that

the presence of Ca2+ and Mg2+ at levels of 0.50 M does not

enhance the fluorescence intensity of FluoZin-3.27,24,26 Another

source of debate in the literature relates to the potential of Ca2+

and/or Mg2+ to substitute for Zn2+ on FluoZin-327,34,35 thereby

reducing the sensitivity of the probe to Zn2+ in the presence of

Ca2+. We evaluated this by comparing the fluorescent signal of

solutions containing 1.00 mM Zn2+ and 10.0 mM Ca2+, 1.00 mM

Zn2+ and 50.0 mM Mg2+ against a 1.00 mM Zn2+ standard. The

mean peak height resulting from the analysis of 1.00 mM Zn2+

was 13% higher than that of the 1.00 mM Zn2+/10.0 mM Ca2+

mixture and this result is significant (one tailed t-test, P < 0.05,N

¼ 3). No significant differences were observed with Mg2+ (two-

tailed t-test, P > 0.05, N ¼ 3). This suggests that, at typical Ca2+

levels found in seawater (10 mM), the sensitivity of the FluoZin-3

reagent to Zn2+ will be reduced.27 However, since Ca2+ levels are

relatively invariant in the open ocean33 and if standards are

prepared in seawater, the Ca2+ quenching effect observed here

should not affect the accuracy of Zn2+ measurements.

Mean total Hg2+, Cd2+ and Zn2+ levels in the open ocean are

�1 pM, 0.5 nM and 5 nM, respectively.33 In the present instru-

mental configuration, FluoZin-3 appears better suited to

seawater analysis than RhodZin-3 because it is less sensitive to
Fig. 5 Effect of nine potential interferents on the fluorescence intensity

of FluoZin-3 and RhodZin-3. Zn2+, Ba2+, Cu2+, Pb2+, Mn2+, Fe2+, Hg2+

and Cd2+ concentrations were 20 mM while Ca2+ and Mg2+ were 0.50 M.

DI refers to the analysis of unspiked UHP water. The error bars are the

relative standard deviation based on the injection of four replicates.

This journal is ª The Royal Society of Chemistry 2011
Cd2+ (Fig. 5). FluoZin-3 was therefore selected for further study.

Using FluoZin-3, Zn2+ has 2.2 times the fluorescence intensity of

Hg2+ and 3.7 times that of Cd2+ at equal concentrations (Fig. 5).

Therefore, at mean open ocean concentrations, the Hg2+ and

Cd2+ fluorescence contributions would lead to the overestimation

of a 5 nM Zn2+ signal by 0.009% and 2.7%, respectively. Clearly,

the Hg2+ contribution to the Zn2+ signal can be safely ignored. In

open ocean studies requiring pM accuracy and in polluted

coastal areas with high Cd2+ levels, however, the Cd2+ fluores-

cence may need to be corrected for.

Kinetics. The potential influence of the reaction kinetics

between Zn2+ and FluoZin-3 on the sensitivity of the method was

evaluated by comparing the fluorescence signal of three assays in

which sequenced zones of FluoZin-3 and a Zn2+ standard solu-

tion of 250 nM were held into the holding coil for increasing

periods of time prior to flow reversal and detection. The

analytical record shows that there was no significant difference in

the signal obtained after stopping the flow for up to 300 s. This

indicates that, at the optimized excess of reagent (10 mM) relative

to mean seawater Zn2+ levels (5 nM), the reaction goes to

completion almost immediately. Since the kinetics of reaction are

so rapid, there is no need to stop the flow to increase the sensi-

tivity of the method.
Optimization for trace analysis in seawater

Sample/reagent sequencing. The sensitivity and precision of all

SIA protocols are functions of the mutual penetration of sample

and reagent zones along the flow path and the reproducibility of

this process. When the analyte is monitored by means of

a chemical reaction, axial dispersion must be optimized to

maximize the interface between sample and reagent zones while

radial mixing is accomplished by means of flow reversal and

distortions at selected points along the flow path.15,14,19 In the

LOV format, there is no reaction/mixing coil placed before the

detector, and the flow path that connects the rotor of the injec-

tion valve to the LOV flow cell is a fixed volume of approximately

10 mL. Therefore, the most practical way to optimize dispersion

is to alter the aspiration sequence; the volume and order in which

sample and reagents are injected into the holding coil. Several

investigators have highlighted that the aspiration sequence is

assay specific and strongly influences analytical sensitivity using

classical SIA manifolds.38,16,39 In the LOV configuration,

however, this topic has received little attention.14,19 In oceano-

graphic applications, where the sample volume is virtually

unlimited and the target analyte is present at trace levels, opti-

mizing the aspiration sequence should maximize the chances of

encounter between an extremely sparse analyte and the fluores-

cent indicator. This would in turn yield maximum sensitivity.

Our desire to reach detection limits in the subnanomolar range

coupled with the novelty of the use of mSI-LOV platforms for

trace metal analysis thus prompted further investigations of

sample/reagent sequencing.

The influence of aspiration sequence on sensitivity was inves-

tigated following an experimental approach analogous to that of

van Staden et al.39 Zones of reagent (10 mM FluoZin-3) and

sample (unacidified seawater spiked with 50 nM Zn2+) were

aspirated into the holding coil using four different sequences
Analyst, 2011, 136, 2747–2755 | 2751
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(Fig. 6): (i) reagent first and then sample (RS where R stands for

reagent and S for sample; Fig. 6A), (ii) sample first and then

reagent (SR; Fig. 6B), (iii) reagent first, then sample and another

zone of reagent (RSR; Fig. 6C), (iv) sample first, then reagent

and then another zone of sample (SRS; Fig. 6D). The total

volume of reagent and sample aspirated was kept constant at

125 mL while the reagent/sample volumetric ratio was varied

from 4 : 1 to 1 : 4. This approach has the advantage of keeping

the magnitude of flow reversal constant whatever the aspiration

sequence, thus allowing a better appraisal of the most suitable

aspiration sequence and the reagent/sample ratio to adopt for

our needs. The resulting peak profiles (Fig. 6) should then reflect

the hydrodynamics of zone penetration and its effect on the

stoichiometry of the FluoZin-3/Zn2+ reaction kinetics in

seawater. It should also be kept in mind that the small volume of

the mSI-LOV flow cell (0.5 mL) configured for fluorescence will

have a significant impact on the peak shape since it sequentially

monitors small sections of a much larger reacting mixture, thus

resolving small concentration gradients in the product zone.

Fig. 6 clearly demonstrates that the order in which reagent and

sample zones are arranged in the holding coil has a profound

influence on peak shape. For example, compare the 2 : 3 peak of

Fig. 6A (RS) and 3 : 2 peak in Fig. 6B (SR). For both sequences,

dispersion at the interface between sample and reagent zones

should be identical since both have traveled the same distance

when they reach the flow cell. The resulting peak profiles are,

however, entirely different. A broad peak is produced when the

reagent is aspirated first (RS, Fig. 6A) whereas double peaks are

observed otherwise (SR, Fig. 6B). The troughs in Fig. 6B (SR)

become less pronounced with decreasing sample volume
Fig. 6 Peak profiles resulting from the analysis of unacidified seawater

spiked with 50 nM Zn2+ using four aspiration sequences. (A) RS, (B) SR,

(C) RSR and (D) SRS, where S is sample and R is reagent. For each

sequence tested, the reagent/sample volumetric ratio was varied from

4 : 1 to 1 : 4 and the total aspirated volume was held constant at 125 mL.

HC: holding coil and FC: flow cell.
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(compare peak 1 : 4 with 4 : 1), suggesting that a limited pene-

tration of reagent into the sample zone generates the troughs.

Fig. 6C shows that sandwiching the sample between two reagent

zones (RSR) results in peaks that resemble those of Fig. 6B.

Again, the magnitude of the troughs increases with the volume of

the sample zone (Fig. 6C), reflecting reagent deficiency in the

central part of the sample zone38 at reagent/sample ratios less

than 4 : 1. Sandwiching the reagent between two sample zones

(SRS, Fig. 6D), which should bring more analyte at the trailing

edge of the reagent zone, appears to be a viable option. In this

configuration, keeping the reagent/sample ratio below 2 : 2 will

maximize penetration of sample into the middle reagent zone

thus yielding smoother and broader peaks (Fig. 6D).

Although the first sharp peaks of the SR (Fig. 6B) and RSR

sequences (Fig. 6C) are of similar magnitude to those seen in

Fig. 6A and D, those first peaks correspond to a relatively

undiluted reagent zone with a very low sensitivity. The highest

sensitivity is therefore obtained by injecting a large volume of

sample last as a simple 2-zone sequence (RS, Fig. 6A) or by

sandwiching the reagent between two sample zones (SRS,

Fig. 6D). This finding is at odds with previous mSI-LOV14,19,40

recommended sequencing protocols that stipulate that the

sample should always be injected first or sandwiched between

two reagent zones to ensure a complete overlap of the sample

zone by the reagent. However, in these studies, the sample

availability was limited and the aspirated sample volume was

much smaller (10–25 mL) than that used in the most sensitive

experiments shown on Fig. 6A and D (50–100 mL). In SIA, the

zone that is injected last will undergo the least dispersion. As

a result, injecting the sample last rather than first will bring more

analyte in contact with the reagent and a signal of higher

magnitude is recorded provided that the reagent concentration is

sufficiently high. It can thus be concluded that similar to the

findings of Taljaard and van Staden16 for classical SIA mani-

folds, injecting a large volume of sample last in the sequence

using mSI-LOV appears best suited to trace assays requiring high

sensitivity, provided that sample consumption is not an issue and

that the reagent is in a sufficient excess in the product zone.

Maximizing the detection limit is only possible if the proce-

dural blank is eliminated. For trace metal analyses, most blanks

come from contaminated reagents and the simplest way to

circumvent this problem is to minimize the reagent use. Hence,

for the purpose of this work, the most suitable aspiration

sequence is not only the one providing smooth, high peaks but

also the one that consumes the least amount of reagent. Fig. 6

shows that the SRS sequence at a reagent/sample ratio of 1 : 4

(Fig. 6D) and the RS sequence at a 2 : 3 ratio (Fig. 6A) both

fulfill those criteria. Although the SRS technique should give

a lower reagent blank, we adopted the 2 : 3 RS sequence to

maximize the buffering of seawater samples.

In traditional mSI-LOV applications, notably when the sample

is injected first in the sequence and analytical sensitivity is not the

first priority, dispersion is enhanced by means of an inert spacer

and/or reagent volumes injected last in the sequence.14,19,40 This

pushes the sample–reagent mixture deeper into the holding coil

and thus promotes mixing and chemical reaction. A similar

process takes place in the reagent first (RS) sequencing approach

that was selected in this work. Fig. 7 shows that increasing the

volume of forward flow from 12.5 to 200 mL at a constant
This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 Peak profiles resulting from the analysis of unacidified seawater

spiked with 50 nM Zn2+ obtained using the RS sequence when the total

aspirated volume is increased from 12.5 to 200 mL. The volumetric

reagent/sample ratio is fixed at 2 : 3. HC: holding coil, FC: flow cell, R:

reagent and S: sample.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
e 

do
 P

or
to

 (
U

P)
 o

n 
21

 F
eb

ru
ar

y 
20

12
Pu

bl
is

he
d 

on
 1

8 
M

ay
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1A

N
15

03
3B

View Online
reagent/sample volumetric ratio of 2 : 3 not only improves

dispersion as seen by the broadening peak shapes shown on

Fig. 7 but also increases analytical sensitivity by �30%. The

reason for this is intrinsically tied to the aspiration sequence we

have adopted here. The seawater sample zone, which is injected

last, both supplies analyte at the reagent interface and also

functions as a spacer, which, due to the parabolic profile of

penetrated zones, promotes the contact area between sample and

reagent by increasing the distance travelled by the reagent/

sample interface. While higher sensitivity could be obtained at

200 mL (Fig. 7), we adopted a total volume of 125 mL as

a compromise solution between maximizing sensitivity and

minimizing reagent consumption.

Blank. At trace levels, the limit of detection (LOD) of spec-

troscopic techniques is usually not limited by the inherent

sensitivity of the detector but by the magnitude of the procedural

blank and its variability.9 Aspirating working solutions of
Fig. 8 Raw signal output and calibration curve (inset) resulting f

This journal is ª The Royal Society of Chemistry 2011
FluoZin-3 through a tubular column packed with a cation

exchange sorbent (Toyopearl AF-Chelate-650 M) prior to use

reduced the blank signal by �20% while increasing analytical

sensitivity by�5% compared to FluoZin-3 solutions that had not

been column cleaned. No significant decrease in blank values was

observed when the carrier was purified through the column,

indicating that the majority of the procedural Zn2+ blank stems

from FluoZin-3.

To investigate the presence of non-specific fluorescence blanks,

all reacting solutions (seawater, FluoZin-3 and carrier) were

spiked with 100 mM EDTA, which under these conditions of pH

and matrix41 should complex 99.94% of free dissolved Zn2+.

However, we found that the analysis of such a mixture yields

a significant and reproducible peak (RSD < 5%, N ¼ 16) whose

magnitude is about half of that obtained without spiking the

reacting solutions with EDTA. In other words, at least half of the

blank signal stems from fluorescence that is non-specific to Zn2+.

Auto-fluorescence from the ammonium acetate carrier or the

seawater can be ruled out as none yield a detectable baseline rise

in the absence of FluoZin-3. These observations suggest that the

source of this background fluorescence stems from the FluoZin-3

reagent,37,42 either on its own, or due to the formation of an

unidentified fluorescent compound resulting from the reaction

between FluoZin-3 and the ammonium acetate buffer.

Analytical performance. The analytical performance of the

proposed methodology was evaluated for linear range, precision,

limit of detection (LOD) and accuracy. Fig. 8 shows the detector

output obtained from the triplicate analysis of unacidified

seawater to which Zn2+ was added in concentrations ranging

from 0 to 40 nM. The resulting calibration curve (slope: 163.5 �
2.0 AU nM�1; intercept: 1275 � 39 AU) shows a linear range up

to 40 nM Zn2+ (Fig. 8 inset). If we assume that half of the

intercept value of the linear regression equation is due to the non-

specific fluorescence of FluoZin-3 highlighted in the aforemen-

tioned EDTA experiments, then the peak height of the intercept

corresponds to�4 nM Zn2+. This value reflects the concentration

of zinc that was originally present in the seawater used to

construct the calibration curve along with the reagent blank but

it excludes the non-specific fluorescence of FluoZin-3. The

precision of the method, defined as the relative standard
rom the addition of Zn2+ (2.5–40 nM) to unacidified seawater.

Analyst, 2011, 136, 2747–2755 | 2753
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deviation (RSD) of triplicate analyses of unacidified seawater to

which no zinc was added is thus 2.3% at 4 nM Zn2+ (Fig. 8). This

implies that the limit of detection (3s) of the present mSI-LOV

method is 0.3 nM Zn2+ in unacidified seawater. Although the

LOD of the FIA technique of Nowicki et al.10 is lower at 0.1 nM

Zn2+, their detection limit relies on the preconcentration of

a 4.4 mL sample.

Recovery was assessed by processing unacidified seawater

samples spiked at two different Zn2+ concentration levels (10.0

and 25.0 nM). The concentrations found were 10.4 � 1.9 and

25.0 � 0.8 nM for the two analyzed levels, respectively. These

values represent absolute recoveries of the analyte in the range

100–104% and demonstrate the ability of the new methodology

to quantify Zn2+ in a seawater matrix.
Conclusions

This work capitalizes on the attributes of mSI-LOV that are still

unexploited for oceanographic analysis and introduces, for the

first time, the groundwork for the fluorimetric determination of

trace Zn2+ in seawater in a fully automatic fashion. The minia-

turized nature of the LOV, which reduces reagent consumption

down to the microlitre level per sample, allows the exploitation of

the properties of an array of novel fluorescent indicators, whose

use was previously restricted to the study of cellular processes. Of

the four commercially available fluorescent indicators tested in

this study, FluoZin-3 was deemed the most suitable for zinc

analysis in open-ocean and unpolluted coastal waters on the

basis of its sensitivity and selectivity for the target analyte. This

work also highlights the importance of optimizing the sequencing

of sample and reagents for trace determinations using mSI-LOV.

We found that introducing the reagent first into the holding coil

followed by a larger volume of sample yielded the highest

sensitivity, with broad continuous peaks, relative to established

sequencing approaches in which a small volume of sample is

injected first or sandwiched between two reagent zones. Whether

this observation is specific to the reaction of FluoZin-3 with Zn2+

in a seawater matrix or specific to assays requiring high sensi-

tivity remains to be tested. Yet, the fact that our results are

consistent with that of previous investigators16 using classical

SIA suggest that aspirating the reagent first and using a large

sample zone in order to promote dispersion may be key to high

sensitivity SIA assays where the sample volume is not limited.

More work on sequencing fundamentals in the mSI-LOV format

will surely prove beneficial.

In the present configuration, the only way to further reduce the

LOD of the method is to eliminate the non-specific fluorescence

of FluoZin-3. Yet, reaching an analytical performance that is

compatible with the needs of the oceanographic community

(LOD ¼ 0.05 nM) will most likely require adding a sample

preconcentration/matrix removal step prior to the determina-

tion. While this could be performed by adding a metal chelating

column in the sample flow path as is done in FIA manifolds, the

Bead Injection Spectroscopy (BIS) technique19 seems more

promising and is better suited to mSI-LOV provided that Fluo-

Zin-3 can be immobilized on beads.

Although this method is not sensitive enough for open ocean

work, it constitutes the first demonstration of the potential of

mSIA-LOV platforms for the determination of trace elements in
2754 | Analyst, 2011, 136, 2747–2755
seawater. In its current configuration, the method uses 50 mL of

reagent per sample and features an analytical cycle of 52 s that

could be lowered twofold by increasing the flow rate past the

peak maximum during detection. This compares to a reagent

consumption of 2300 mL per sample for the FIA Zn2+ method of

Nowicki et al.10 Besides the substantial reagent savings, precise

programming of flow parameters via software control coupled

with the use of a high precision syringe pump offers a high degree

of versatility while maintaining adequate stability and repro-

ducibility of measurements over long periods. Over a 6-month

experimental period, the relative standard deviation of the slopes

of 17 calibration curves produced using different batches of

reagent, seawater and carrier was less than 20%, without any

maintenance of the flow manifold or instrumentation. The

aforementioned features coupled with the compactness and

robustness of mSI-LOV units suggest that the use of this

analytical platform potentially goes beyond deployment on

ships. Since the monitoring of oceanic processes will become

increasingly more reliant on remote monitoring in inaccessible

areas, the development of chemical sensors43 that can operate

autonomously on long time scales is becoming a priority. In this

respect, mSIA-LOV may have an important role to play.
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