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Abstract:

The paper reviews the methods described in the literature for the determination of total dissolved free
primary amines (TDFPA) by fluorescence. A wide set of reaction conditions can be found, but they rely
on few experiments for their validation. Among fluorogenic compounds, o-phthaldialdehyde (OPA) is
more sensitive than fluorescamine and was thus examined here. However, the use of
mercaptoethanol (ME) in the reaction (as an additional derivatization compound) is able to generate
unreliable results, in particular when standardization relies on glycine. We suggest replacing ME with
3-mercaptopropionic acid (MPA) which induces more stable and comparable fluorescence among
amine compounds. A systematic study was therefore undertaken to define reagent concentrations and
pH effects on the reaction rates for a variety of primary amines with particular focus on amino acids.
The reaction rate is increased by increasing OPA concentration and pH, but slowed by excess MPA.
Ammonium interference is influenced by several factors, but spectral investigation showed that the
choice of conditions can drastically reduce it. The magnitudes of natural and OPA-induced background
fluorescence signals have been assessed in various mediums and it is shown that their contribution to
the signal amounts to a large fraction, when not most, of the measured fluorescence. A segmented
flow method is proposed with a protocol for adequate correction of biases.
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ABSTRACT

The paper reviews the methods described in thalitee for the determination of total
dissolved free primary amines (TDFPA) by fluoresmerA wide set of reaction conditions can be
found, but they rely on few experiments for thaligdgation. Among fluorogenic compounds,
phthaldialdehyde (OPA) is more sensitive than fiseamine and was thus examined here. However,
the use of mercaptoethanol (ME) in the reactiora(aadditional derivatization compound) is able to
generate unreliable results, in particular whenddadization relies on glycine. We suggest reptacin
ME with 3-mercaptopropionic acid (MPA) which indsamore stable and comparable fluorescence
among amine compounds. A systematic study wasftrerandertaken to define reagent
concentrations and pH effects on the reaction fates variety of primary amines with particular
focus on amino acids. The reaction rate is incitgancreasing OPA concentration and pH, but
slowed by excess MPA. Ammonium interference isuieficed by several factors, but spectral
investigation showed that the choice of conditicas drastically reduce it. The magnitude of natural
and OPA-induced background fluorescence signals haen assessed in various mediums and it is
shown that their contribution to the signal amouata large fraction, when not most, of the measure
fluorescence. A segmented flow method is propos#davprotocol for adequate correction of biases.
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1 INTRODUCTION

Naturally occurring dissolved free primary amineslude several classes of compounds such as
aliphatic amines, hexosamines and amino acidsltiresfrom metabolic processes of degradation,
hydrolysis and excretion at various levels of thed chain. Although no data are available on the
specific composition of the whole group of compasirdissolved free amino acids (DFAA) have been
widely studied. Determination of total dissolveddprimary amines (TDFPA) can be operationally
defined as the response of an amine-sensitive tigalynethod standardized against glycine. The only
comparison of TDFPA and chromatographic analysiSfeAA made on a wide set of samples
(Delmas et al., 1990) led to a relatively good elation between these two pools, indicating that
variations of TDFPA can mostly be attributed to DEADaumas (1976) stated that amino acids are
involved in abiotic (metal complexation) and bigtexcretion, assimilation, enzymatic regulation)
processes (Fuhrman, 1987; Jgrgensen, 1987; Cenitarel Delmas, 1999). While their main source
in seawater is primary production, they accounbfdy a minor fraction of dissolved organic matter
(DOM) because of their high turnover rate which ggthem an important source of carbon and
nitrogen for heterotrophic bacteria (Fuhrman anti, B885), and to a lesser extent for phytoplankton

In order to measure the concentrations of tensitalifeds of nanomoles of total DFAA in
seawater generally reported (Fuhrman and Bell, 198%al methods required a pre-concentration
step (e.g. Siegel and Degens, 1966) followed byeeiional liquid chromatography with colorimetric
detection. Progress in high performance liquid ofatmgraphy (HPLC) coupled with fluorometric
detection has enabled seawater to be analyzedwrithe need for pre-concentration (Lindroth and



Mopper, 1979). While some studies require the dateation of individual DFAA, the total
concentration is often the pertinent parameter wawasidering the overall class of DFAA, for
instance as a source of nitrogen and carbon fatopliankton. Additionally, a fairly constant
distribution of individual amino acids has been caonly observed in marine and estuarine waters
(Laanbroek et al., 1985). Glycine, serine, alaninesonine and ornithine generally account for one
half to two thirds of total dissolved free aminadsc(Macko and Green, 1982; Garrasi et al., 1979;
Jargensen, 1987). Hence, methods have been desfoiltbe determination of total DFAA by adding
the fluorogenic reagents directly to the seawaderse and measuring the resulting fluorescence.
Unfortunately, the reagents used to detect amimdsace not specific to the amino acid function
(-(NH2)COOH), but to the amine group alone (-IHherefore, in contrast to chromatographic
methods, which separate amino acids from each attgefrom the matrix, the response of ‘total’
methods includes that of amines other than amifds @&nd should be called total dissolved free
primary amines (TDFPA; North, 1975; Jgrgensen, 19&mas et al., 1990). Josefsson et al. (1977)
mentioned that they should be regarded as procethae give a quick picture of which samples
should be further studied by chromatography and4oavand Liebezeit (1981), stating that the values
obtained by ‘total’ methods are somewhat ill-defirzes to the nature of compound analyzed, called
the result ‘ORS, i.eo-phthaldialdehyde reactive substances’. No attemast made to check the
comparability of methods, but all published valhase invariably been expressed in glycine-
equivalents, which gives the data apparent comsigte

Several fluorogenic compounds are available fomasiand amino acids (e.g., Aminuddin and
Miller, 1995). OPA, in the presence of various Sidups, has been well documented and does not
reveal any major problem in our experience. Siheaxork by Roth (1971) describing the reaction of
OPA, 2-mercaptoethanol (ME) and amino acids, reaatbnditions were all developed for HPLC
analysis (see Mopper and Dawson, 1986, for examipl€pntrast,no precise optimization
experiments could be found in the literature folFHA determination. Our experience in this field
suggested that re-examining the procedure couldovepthe data's comparability. The aim of this
paper is therefore to review the literature on O&#Aio acid derivatization in order to clarify the
analytical background of TDFPA methods, with splegigention given to biases and artefacts.
Experiments were performed to identify criticaltfars for satisfactory reaction conditions and signa
detection, with regard to sensitivity and intenfigrisources of fluorescence. Accordingly, a segnaente
flow analysis (SFA) of TDFPA is proposed, with tygpropriate controls and corrections.

2 LITERATURE REVIEW

2.1 General features

The few papers which have dealt with TDFAA methodglin seawater have been closely
derived from that of North (1975), a manual methalgling on fluorescamine derivatization, and that
of Josefsson et al. (1977), a continuous flow aatech method using-phthaldialdehyde (OPA).

Fluorescamine was used by Jgrgensen (1979), Jergenal. (1980) and Sellner and Nealley
(1997). According to North (1975), the sample ifféned at pH = 9 with sodium borate then
fluorescamine is added as an acetone solution. thateeand thorough mixing is necessary because
fluorescamine degrades rapidly in water into a fiosorescent compound. The time period of
fluorescence recording was not specified, but, @iog to Fourche et al. (1976), it is not very
important since the fluorochromes formed are stable

OPA, like fluorescamine, has been widely used mwlatographic analysis. Fourche et al.
(1976) showed that OPA derivatives, while relatvghstable, produced maximal fluorescence
intensities 5 to 10-fold higher than those produsgfluorescamine. This large increase in sensjtivi
reduces the signal/noise ratio as well as theivel&tackground fluorescence of natural DOM. In
addition, Fourche et al. (1976) showed that thatined intensities of most OPA-amino acid derivagive
were in a narrower range than those obtained Wwitréscamine. OPA methods also require thiols for
the formation of the fluorochromes, the most wideted of which is 2-mercaptoethanol, which has a
very unpleasant odor. Despite some disadvantages,i@came popular as a reagent for total DFAA



determination and several versions of Josefssah'®(1977) method have been described. These
include a manual method by Parsons et al. (1984) aatomated versions like segmented flow
analysis (SFA) by Dawson and Liebezeit (1981, 1288) Liebezeit and Behrends (1999) and flow
injection analysis (FIA) by Petty et al. (1982) ddelmas et al. (1990). A FIA-like method including
molecular weight column separation of OPA-positeepounds was described by Nagel and
Liemann (1987).

2.2 Reaction conditions and relative response of aminacid with OPA

Reaction conditions of amino acid derivatizatiothWDPA significantly differ according to
authors (Table 1): pH = 9-10.5, [OPA] = 0.25-33 niindME] = 1.1-47 mmol/L and [ME]/[OPA] ~
1-10. The reaction time is as low as 6 s in FIA apdo 10 min in manual analysis.

A pH of 9.5-10.5 is generally given as optimal floe reaction of amino acids with OPA, but
fluorescence intensity is nearly constant in theyesof 8-11 for most amino acids (Roth, 1971).
Increased intensities obtained in seawater at Af#.5 by Liebezeit and Dawson (1981) were
subsequently attributed to the enhancing effecatifium at pH > 9 (Mopper and Dawson, 1986).

Roth (1971) mentioned that fluorescence intensigs in 5 min, followed by a slow decrease,
allowing routine determination up to 25 min aftaximg the sample and reagents. Fourche et al.
(1976) indicated that the maximum was reached2miin, Lindroth and Mopper (1979) in 2-3 min
and Liebezeit and Dawson (1981) in 10-20 min. Thiferences had not been discussed in the
literature. The optimal reaction time is governgdhe rates of the fluorochromes' formation and
decomposition. The high instability of some amieala, such as glycine, lysine and ornithine, is
sometimes mentioned (Fourche et al., 1976; Lindaoith Mopper, 1979).

Using an excess of 200 times the reagent was steghsovercome the reagent being
consumed by high concentrations of non-amino agighes in physiological fluids (Lindroth and
Mopper, 1979), but an overly large OPA excess wpserted to catalyze the instability of OPA-
derivatized amino acids (Mopper and Dawson, 19863ording to Roth (1971), fluorescence
intensity sharply increases with increasing OPAcemitrations, then is nearly constant (slow
decrease) in the range from 2.4 to 14 mmol/L OPthéreaction medium (JOPA]/[AA] = 150 to 900;
values calculated from Roth’s data). For ME, Rotimtioned little effect in the range of 0.003-

1.8 mmol/L ME ([ME]/[AA] = 11 to 5700), but fluoregnce decreases when [ME] > 28 mmol/L
(Dorresteijn et al., 1996). The high [ME]/[OPA] naolratios used in various methods (up to 10; see
table 1), despite equimolar reaction stoichiometegm unwarranted (unless it is to overcome ME
decay). While the OPA-ME pair was widely used, dretterivative stability can be obtained by
replacing ME by other thiols (Mopper and Dawsor8@3uch as 3-mercapto-propionic acid (MPA)
or N-acetyl-L-cysteine (Molnar-Perl and Bozor, 1298

The fluorescence intensity resulting from derivatiian of individual amino acids with OPA has
been determined by several authors. Relative iiltesifiave been normalized to glycine in order to
obtain a fair comparison of these data (figureThjs points out the low or insignificant responsge o
some amino acids (¥2Cys, Cys, Lys, Pro, Orn) whathaly account for a small part of total DFAA
in seawater, with the exception of ornithine. Weoatoted a large dispersion of the relative resgmons
recorded by each of the authors, along with a ntadkecrepancy for a given amino acid from one
author to another.

2.3 Fluorescence due to compounds other than amino asid

Ammonium is acknowledged to be the compound whitdrferes most frequently. Using
fluorescamine, North (1975) mentioned no detectalbiienonium interference, but Jgrgensen (1979;
1980) measured about 1 % of the ammonium concemtras glycine equivalents. Using OPA, the
ammonium derivative is relatively more fluorescend its interference (with respect to glycine) was
reported as 3 % (Delmas et al., 1990), 5 % (Lindestd Mopper, 1979; Dawson and Liebezeit, 1981;
Liebezeit and Behrends, 1999), 7 % (Tada et a@81%5-19 % (Petty et al., 1982) and 18 %
(Josefsson et al., 1977; Parsons et al., 1984).



Table 1. Reaction conditions for OPA-amino acid deatization in TDFPA determination methods (Ref.9)-and other applications (Ref. 10-12).
Abbreviations: RM, reaction medium; ns, not speeii.

Referencé

Characteristit Ref. 1-6  Ref. 2 Ref. 3 Ref. 4 Ref.5 Ref.6 Ref.7 Ref.8 efR Ref.10 Ref.11 Ref.12
Method type manual  manual SFA SFA SFA SFA FIA FIA (FIA)  manual HPLC HPLC

LR® HR® NSFA
Sample/reagent 1/1 1/1 1/0.4 1/2.7 1/0.5 1/0.5 - - - 1/30 ¢1/5 1/0.1
[Borate] in RM 400 190 105 285 140 140 <420 <395 315 47 300 ns
pH of buffer 10.5 9.5 9.5 9.5 10.5 10.5 10.4 10.0 10.6 9.0 9.5 ns
pH in fresh watdr 10.35 9.4 9.35 9.45 10.3 10.3 - - 10.6 9.0 9.45 ns
pH in seawatér 10.15 9.2 9.05 9.3 10.05  10.05 - - 10.6 - 9.4 9.4
[OPA] in RM 0.7 1.8 0.5 1.3 0.25 0.13 <5.0 <49 ns 1.2 33 6.7
[ME] in RM 7 17 1 2.6 2.4 4.8 <29 <28 30 1.1 47 6.4
[ME]/[OPA] 10 9.5 2 2 9.5 38 6 6 - 0.9 1.5 0.95
Reaction time, min 10 2 1.5 1.5 2(h1 1.1 0.2" 0.1" 6 1-2 2 10
Excitation, nm 340 342 320-400  320-400 340 340 360 340 350 0 34 330 360
Emission, nm 455 452 400-700  400-700 455 420 > 550 450 455 5 45 >418 400-700

a: Ref.1: Dawson and Liebezeit, 1983; Ref. 2: Pasgral., 1984; Ref. 3 and 4: Josefsson et al.7;1R&f. 5: Dawson and Liebezeit, 1981, 1983; Ref. 6
Liebezeit and Behrends, 1999; Ref. 7: Petty etlB2; Ref. 8: Delmas et al., 1990; Ref. 9: Nagel liemann 1987; Ref. 10: Fourche et al., 1976; Ref
Lindroth and Mopper, 1979; Ref. 12: Liebezeit arainBon, 1981.

b: the concentration unit of compounds in squarekats is ‘mmol/L’.

C: LR, low range (0.05-2.5 pmol/L); HR, high ran@e15 pmol/L).

d: after injection, samples pass through a separatitumn, thus removing the matrix; the next stepeasponds to non segmented flow analysis (NSFA).
e: condition for standards in fresh water (valid dlata in table 2 of Ref. 11); unclear conditionssdeawater (“stronger reagent”, sample/reagent'%)10

f: stated in Ref. 12 and experimentally determimetthis work on the basis of reaction conditionsvjited for the others.

g: pH valid for data in table 2 of Ref. 12 (maximfloorescence found at pH 11.5).

h: computed from the manifold characteristics prediih the corresponding papers.
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Figure 1. Comparison of glycine-normalized relatifieiorescence intensities of amino acids
and ammonium from literature data and this work. Reences and reaction conditions as in Table
1: Ref. 2: Parsons et al., 1984; Ref. 4: Josefsstral., 1977; Ref. 10: Fourche et al., 1976; Rel:1
Lindroth and Mopper, 1979. Ref. 13 is Roth (table1®71), reaction conditions: pH = 9, [OPA] =
2.5 ymol/L and [ME] = 5.9 umol/L. For amino acid direviations, see section 3.2 ‘Reagents’.

Data is scarce for OPA-induced fluorescence fromamino acid amine compounds. Josefsson
et al. (1977) checked 5 aminosugars and 8 dipeptidthéch respectively produced responses up to
65 % and 32 % that of glycine.

Interference of the natural background fluorescéhiiF) of the sample, essentially due to the
humic-like dissolved organic matter, is measureddpjacing the fluorogenic reagent with distilled
water (Josefsson et al., 1977) or a reagent witb&A (North, 1975). Because of the higher
fluorescence intensities obtained with OPA thariiorescamine, NBF interference is minimized
with the former, so that Dawson and Liebezeit ()388] Liebezeit and Behrends (1999) indicated
that this signal could be ignored (given value.61Qumol/L glycine-equivalent).

The last type of interference could be inferredrfrdata provided by North (1975). They
observed that half of the fluorescamine-positivéemal was not removed in uptake experiments,
whereas glycine disappeared within a few dozen tesmBimilarly, comparisons of TDFPA to the
sum of chromatographied amino acids (JgrgensdnE&0; Delmas et al, 1990) also indicated a high
TDFPA intercept when extrapolating the sum of A&é&vo. This remaining fluorescence can be
attributed to the reaction of the reagent with anmgroups of the dissolved organic matter (othen tha
TDFPA), but none of the published procedures suggdeahbat this artefact should be corrected fds It
referred to hereafter as OPA-induced residual #scence (OIRF).

2.4 Background for TDFPA determination

The accurate determination of TDFPA implies th&h® compounds of interest and the standard
produce nearly equal signal intensities (so thatumés with equal total amounts but different
compositions do not produce different concentratianies), ii) all types of interference are meadure
and corrected (ammonium, NBF, OIRF). In additiomtalesired fluorescence responses, the TDFPA
signal might be altered by variations in the matoxnposition, i.e. mainly the salinity of the saspl
when analytical conditions are not optimized.



3 MATERIAL AND METHODS

3.1 Experimental conditions

For kinetic studies (‘manual experiments’), 52 nilthee amino acid standard solutions
(10 umol/L) were put into an opaque vial, stirreithva magnetic stirrer and drawn (1 mL/min)
through a capillary Teflon tube to the filter flaoneter cell using a peristaltic pump. Once 2 mL had
been pumped to establish the baseline, the flowsteasped during a few seconds to allow 5 mL of
the reagent to be added and mixed, then resumedsighal was recorded for up to 30 min. Blank
fluorescence from reagent and seawater was negligimpared to the DFAA signal intensity.

Bran+Luebbe (Technicon) Autoanalyzer 3 material mastly used for the segmented flow
manifold (Figure 2). The sampler IV was a modifiexnision accommodating large volume vials to
minimize contamination (Kérouel and Aminot, 1987).
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Figure 2. Automated manifold for the determinatiaof TDFPA in seawater. Part # 1: low
dead-volume debubbler (e.g. Alpkem A 303-0103-@@a)t # 2: 3-way injector (B+L 116-0489-01);
part # 3: 20 turn delay coil; part # 4: A2 debubblB+L 116-0200-02). Right: Recordings of a
typical calibration in low primary amine seawateL PASW). Detector gain/attenuation, 100/32;
output voltage resolution, 1 mV. Regression: Nettage (mV) = 1.724x C(nmol/L) + 75.8 (R2 =
0.99999).

Until recently, a filter fluorometer LDC Fluoromdar 1l from Laboratory Data Control was
used for field studies, according to Josefssoh €1877). It was equipped with a 360 nm Black
Fluorescence lamp, a 370 nm excitation filter,rgglpass (418-700 nm) emission filter. The excitatio
filter band-pass of about 20 nm led to a bell shageelength range of 340-400 nm. Similarly,
emission started at about 400 nm. The flow cell(BOvas adapted for use with SFA (low-pressure)
by replacing metallic capillary tubes connecteth®cell against 0.8 mm i.d. Teflon tubes. The time
constant for output signal was set at 1 seconds&ptently, a Model FP-1520 Jasco
spectrofluorometer replaced the filter detectore Tlaw cell (16 pl) was fitted with low pressure
connectors and fed through a 0.8 mm i.d. Teflortdie excitation and emission band-pass were
18 nm (fixed) and 40 nm (selected). Wavelengthiprat was about 1 nm. A recorder was
connected to the 10 mV output of the fluorometet ampersonal computer with in-house software
helped measure peak height and compute concensatio

Gloves were always worn when handling reagentspksnand materials and during on-board
sampling. All glassware was combusted at 480 °Cpaatécted from ambient air and dust (wrapped



in aluminum foil and kept in boxes) until use. Séespvere collected, from the sampling bottle, into
1 liter glass vials with on-line screening throwghO um polypropylene membrane held in a Millipore
Swinnex device. These samples were cooled, ougluf luntil subsequent (within one hour) vacuum-
filtration (AP < 0.15 bar) through Whatman GF/F glass-fibegriltheld in a glass filter-holder.
Filtered water was collected in a glass ampouleditlirectly under the holder. The 50 ml glass
sample vials were filled from the ampoule via ieflén tap and immediately placed into a freezer
(-25 °C) until analysis.

Salinity was measured using a Guildline Portasab8hlinometer, DOC according to Aminot
and Kérouel (2004) and ammonium according to Kédrang Aminot (1997).

3.2 Reagents

Conditions for the manual experiments were basethiase described by Josefsson et al. (1977)
for the low concentration range (see Table 1) vtlt a less concentrated buffer. Two thiols were
tested, the widely used ME and MPA, and the sarhen® of either thiol was added to the reagent.
The ‘number of drops’ of ME given by Josefssonle(l®77) was converted into volume after the
delivery of a Pasteur pipette was measured as beth@13 ml per drop. Aqueous solutions were
prepared with high quality demineralized water (Mil system). Boric acid, NaOH and absolute
ethanol were of analytical grade from various pamta. OPA was obtained from Sigma (ref. P1378),
2-mercaptoethanol from Fluka (ref. 63690) and 3eapto-propionic acid from Sigma (ref. M6750).
All chemicals were used as purchased, but we aw®ity aged OPA crystals (insoluble particles).
The OPA-ethanol solution and the thiols were de#deusing positive displacement pipettes.

Reagent for manual experiments: 2 mL of the OP&ksswlution (40 g/L in absolute ethanol)
and 80 pL of ME or MPA were added in 100 mL of terauffer (0.4 mol/L HBO; + NaOH,
pH = 9.5). The reagent was left standing a few sitn@fore use. Then 5 ml of reagent were added to
50 ml of sample. Concentrations in the reactioniomadvere (mmol/L): [borate] = 37, [OPA] = 0.51,
[MPA] = 0.8, [ME] = 1.0, pH ~ 8.9.

For the automated segmented flow analysis the bisfferepared separately, as follows, in
order to be used as reagent for the determinafitmematural background fluorescence. To prepare
1 liter of buffer, 7 g of EBBOs; and 3.2 g (or 40 ml of 2 mol/L) NaOH are dissoltediemineralized
water (resulting pH19.65). The mixed fluorogenic reagent is prepangddding 600 puL of OPA
solution (40 g/L in ethanol), 20 uL MPA and 50 pljB5 per 100 mL of this buffer. The fluorogenic
reagent is prepared daily and used without delapc€ntrations in the reaction medium are
(mmol/L): [borate] = 34, [OPA] = 0.54, [MPA] = 0.69

The selection of the amino acids and other amimepoainds tested in the experiments relied
mainly on their relative abundance in seawatetaisd in the literature. The conventional aminaaci
abbreviations will be used and amino acids listedlphabetic order: alanine (Ala), arginine (Arg),
asparagine (Asn), aspartic acid (Asp), cystine YQyssteine (¥2Cys), glutamine (GIn), glutamic acid
(Glu), glycine (Gly), histidine (His), isoleucinédu), leucine (Leu), lysine (Lys), methionine (Nlet
ornithine (Orn), phenylalanine (Phe), proline (Ps®&rine (Ser), threonine (Thr), tryptophane (Trp),
tyrosine (Tyr), valine (Val). The following otheméne compounds were checked: mono-, di- and tri-
methylamine (MMA, DMA, TMA), mono-, di- and tri-eyfamine (MEA, DEA, TEA), glucosamine,
galactosamine, glycyl-alanine, alanyl-glycine, glyleucine, bovine serum albumin, ovalbumin,
bovine pancreas trypsine. Amino acids were obtairad various producers, amines from Fluka and
peptides and proteins from Sigma.

Aged seawater used for experiments was collectdteatnd of summer near the Ifremer pier, at
high tide with immediate screening through a 50plamkton net. After storage in light in a
polyethylene carboy for several months, it wasueilly nutrient- and primary amine-depleted when
used.



4 RESULTS

4.1 Kinetics studies

The rate of OPA-amine derivatization in seawates alzecked using a selection of 10 amino
acids, monomethylamine (MMA) and ammonium, which among the most abundant amino
compounds in seawater. Subsequent investigatioinsaited that the pH ~ 8.9 in our experiments was
slightly lower than the optimal one but it alloweelter discrimination among amino acids.

The results are shown in figure 3. Three groupsoaipounds differ from each other, whatever
the thiol, with roughly comparable derivatizati@tas. They are in decreasing rate order: Gly >,(Ala
His, Leu, Orn, Ser, Try, MMA) > (Asp, Thr, Val, NH There is no apparent relationship between
derivatization rates and the nature of radicalsnal-groups. Maximum intensity, independent of the
derivatization rate, is reached in less than 1fmirGly, ~ 2 min for the second group and ~ 5 fioin
the third group. Fluorescence intensity then sladdgreases with ME, while it is more stable or
continues to increase slowly with MPA (e.g. GlysHMA). MPA remarkably enhances the stability
and the fluorescence intensity of the Gly and MMgkidhatives. Unfortunately, ornithine produces low
intensity with both thiols.
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Figure 3. Kinetics of OPA-derivative formation witamino acids, MMA and ammonium,
using two thiols ME (Al and A2 graphs) and MPA (Bihd B2 graphs). A1 and B1: behavior of
individual compounds with ME and MPA, respectivek2 and B2: summary of the response of
amino acids and ammonium (Orn and MMA excluded) ative to glycine with ME and MPA,
respectively. Note the time scale change after .mi



The particular behavior of glycine must be examinisdderivatization rate is the highest, but,
when ME is used, its maximum fluorescence interisitpwer than for most other amino acids and its
derivative rapidly decomposes. Figure 3 (graphsA@ B2) illustrates the relative responses in
glycine equivalents (Gly-eq), i.e. when glycinesédected as the standard for calibration of the
method. This highlights the fact that reaction srbelow ~ 2 min (in the present conditions) will
underestimate the total concentration (either Withor MPA), while longer reaction times will
overestimate the total concentration if ME is udmd,not if MPA is used.

So this study indicates that some published readitioes (Table 1) may be too short and
therefore lead to a large range of relative fluoceese intensities among amino acids. Since MPA
produces more comparable fluorescence intensiti@sabroader range of reaction times, it was the
thiol selected for subsequent work (it is also Wanentioning that MPA is much less malodorous
than ME).

4.2 Effect of pH and reagent concentrations

Glycine, histidine and serine (10 pmol/L) were stdd as test compounds for their typical
behavior shown by the previous tests. Ammonium alss checked. The conditions were similar to
those described in the previous section for the (M reaction, except when otherwise specified.

Kinetics were monitored at pH values (in the reactnedium) of 9.0, 9.5 and 10.0, in
demineralized water, demineralized water spiketh @& at seawater concentration (CaCl
10.5 mmol/L) and natural seawater (S = 35) ageteriaboratory. High pH values (> 10) were not
tested since the risk of precipitation of calciumd anagnesium salts (Pai et al., 2001) makes them
inappropriate for marine waters. To prevent posmdntamination from pH electrodes, preliminary
tests allowed the pH of the buffer to be adjustechake the reaction medium pH correspond to the
expected value withitt 0.03 pH unit.

The results (figure 4) show that the glycine ddiradion (rate and fluorescence intensity) was
almost unaffected by pH in any medium. Histidine\dgization was hardly affected within the first
minutes, but the subsequent intensity drift is miaed by an increase in pH. Serine derivatizatson i
slightly slowed at pH = 9.0 with respect to higpét values (9.5 and 10) at which the results are
comparable. The overall effects of pH on the déizasion of amino acids were markedly lower
around a pH = 9.5 than a pH of about 9.0, andadmvater compared to fresh water. The rate of
ammonium derivatization was comparable at pH =2@d@pH = 9.5 (pH = 10 not checked), but the
intensity increased by 12-14 % from 9.0 to 9.5.ikénthe amino acids tested, the fluorescence
intensity of the ammonium derivative was lower @water with respect to fresh water.

The results when Gawas added to demineralized water are not plottdigjire 4 since no
difference £ 2 %) was found with pure demineralized water. @kancing effect of Gaon
fluorescence intensities at pH > 9 (Mopper and @ay4986) was not confirmed here.

The pH experiments indicate that a pH value of5-i®the reaction medium is favorable for
obtaining a restricted range of responses for DFé¥er a broad range of reaction times. Higher
values would require excessive pH or borate conatois in the reagent, with the undesirable risk o
precipitation when mixed with the sample. A pH walround 9.2-9.3 is a compromise that provides
satisfactory reaction rate and low ammonium interfee.

Borate is the common buffering substance used RA-@mino group derivatization (Fiorino et
al., 1989; Dorresteijn et al., 1996; Molnar-Perti 8ozor, 1998). Replacing it was not considere@ her
since it has proven to be satisfactory for reasti@quiring slightly alkaline conditions in seawate
however its buffering strength was checked. Buffeese prepared by adding NaOH to 0.1 to 0.4
mol/L boric acid to obtain a pH = 9.5. When thefbtg were mixed with seawater (salinity S = 35),
the pH of the mixtures decreased nearly linearlg Asction of the proportion of seawater in the
mixture down to 9.0 for about 80 % of seawateshibuld be mentioned that the initial borate
concentration had only a minor effect on the fipidlof the reaction mediunt (0.03 pH unit).

However, tests of the responses of amino acidaamdonium at various borate concentrations (with
the same pH) indicated a significant enhancingcefiéborate on the response of ammonium with
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respect to glycine. The ammonium response increlassatly from 1.4 to 2.7 % between 36 and 175
mmol/L borate, while the amino acid responses weggly constant. When various reaction times
were investigated, the borate effect was attribtdesl magnification of the ammonium fluorescence
intensity rather than an acceleration in the reaatate. We also suspect that high borate
concentrations amplify the baseline drift in théomated method.

Test medium: demineralised water Test medium: seawater
pH=90 - ---- pH= 95 —e—pH=10.0
800
600 1
Glycine Glycine
400
1000
> 800
[S
g
£ 600
S o
‘g_ Histidine Histidine
S 400
© 800
600§/ 1 i T
d
| Serine Serine
400 ‘ ‘ ‘ ; ‘
100 - 7
50 1 == 7 P
Ammonium Ammonium
O T T T 1 T T T 1
0 5 10 15 200 5 10 15 20
Time, min

Figure 4. Kinetics of derivatization of glycine, $tidine, serine and ammonium with the OPA-
MPA combination at pH 9.0, 9.5 and 10.0, in demiadéized and sea water.

The concentrations of OPA and AMP were separagsiietl. While keeping the initial
concentration for one compound, the other compauesitested at half and twice its initial value,
which resulted in the following combinations: i)P@] = 0.5 mmol/L with [MPA] = 0.4 and 1.6
mmol/L, ii) [MPA] = 0.8 mmol/L with [OPA] = 0.25 ath1 mmol/L. The pH of 8.9 provided easy
comparison with previous experiments and magnifiéfiérences by slowing reaction rates. In the
tested range, the reaction rate is a direct funaidhe OPA concentration (Figure 5), but maximum
intensities are similar, except for glycine aftee first 2-3 min. This may point out a secondary
reaction concurrent to the main derivatization pesc The combined effect of the OPA concentrations
and pH was checked on the derivatization of senreawater. As shown in figure 5, the reactioa rat
is almost doubled at pH = 9.5, compared to pH = 8.9

Within the tested concentration range, MPA hasrsomeffect on the reaction rate (results not
shown), but high concentrations tend to slow tlaetien rate. This was verified using the automated
manifold (reaction time of 2.2 min) with serinegtimost sensitive to MPA concentration). Only 60 %
of the initial signal was obtained with 7 mmol/L Mkh the reaction medium and no detectable
fluorescence with 42 mmol/L MPA.
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Figure 5. Effect of variable OPA concentrations dhe rate of OPA-amino acid derivative
formation ([MPA] = 0.8 mmol/L).

In these experiments with 10 pmol/L amino acidatunal seawater, the OPA molar excess was
25, 50 and 100 times the DFAA concentration. Howewe loss of recovery was observed, even with
the lowest OPA/DFAA molar ratio, contrary to theutlts of Lindroth and Mopper (1979). However,
since high ammonium concentrations may be encoeshiarsome waters, the potential reagent
consumption by this compound was checked in thgeafi 0-100 umol/L in aged seawater, with and
without addition of 1 pumol/L glycine. Using the sameagent concentrations as in the initial kinetics
studies, an OPA/Nkratio as low as 8 was obtained in the reactioninmedBoth the linear response
for ammonium (no loss of recovery) and the 30@5 % recovery for glycine up to 100 umol/L NH
indicated that reaction conditions are not altérngdmmonium in that range.

It was concluded that the starting OPA concentnatiio~ 0.5 mmol/L OPA in the reaction
medium did not need to be increased provided thevasinot lower than 9.1-9.2. Increasing the OPA
concentration would also generate an undesiraifitardthe maximum intensity of glycine if reaction
times exceeding 2-3 min are required (in manuardanhation, for example). For MPA, the starting
concentration (0.8 mmol/L) was reduced to ~ 0.69aMiin the optimized procedure for operational
convenience (pipette delivery).

4.3 Spectral investigation

Excitation and emission spectra of OPA/MPA aminmpounds derivatives were investigated.
The Jasco spectrofluorometer was coupled with tihenaated manifold in order to record all spectra
at the same fixed reaction time (2.2 min). Sinceigaificant pH effect was found in the range &-8.
9.5 on Gly, Ser and ammonium spectra, reactionitond were, for convenience's sake, kept
identical to those used for the kinetics studieslifinary tests with a few compounds (Cys, Glys Hi
Orn, Ser, Try, NB) confirmed the statement of Fourche et al. (12@&), unlike the fluorescence
induced by other compounds, OPA-induced fluoreseénpoorly influenced by the molecular
structure of the amino acids. Under the given domus, excitation and emission maxima were found
at 331-333 nm and 453-458 nm respectively for théested amino acids, values close to the
expected 340/455 nm pair (Roth, 1971; Fourche.e18r6). We noted that i) the range of
fluorescence intensities was slightly dependertherexcitation and emission wavelengths, ii) for
ammonium the emission maximum shifted to 461 nnteidked experiments were therefore
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undertaken with 10 amino acids (Ala, Asp, Glu, Glis, Leu, Ser, Thr, Try, Val) and ammonium,
using 360 nm and 420 nm as excitation and emisgauelengths (figure 6). Despite being 20-35 nm
away from optimal wavelengths, the correspondirgjtatton and emission maxima are not shifted by
more than about 5 nm. Using this pair of wavelesgtiie sensitivity for amino acids decreased, as
expected, to only 20-25 % of that obtained unddéina conditions. However, thanks to the method's
high sensitivity, this minor disadvantage is batthout by the considerable reduction in ammonium
interference. Indeed, the relative response of amumoregularly decreases as a function of the
emission wavelength from 570 nm to 410 nm, witloagromise value of ~ 1.5 % at 420 nm.
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2007 (em.=420nn ——Range limits | 10
—e— Range % mear
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Figure 6. Excitation @em, = 420 Nnm) and emissioM{, = 360 nm) spectra (both band-pass:
18 nm) of OPA/MPA derivatives for a selection of aro acids (Ala, Asp, Glu, Gly, His, Leu, Ser,
Thr, Try, Val) and for ammonium (at a concentratio@5 times that of amino acids). Intensities
were corrected for the seawater total blank signal.

The excitation and emission spectra of amines, @snigars and peptides (monomethylamine,
monoethylamine, glucosamine, galactosamine, glgtaine, alanyl-glycine, glycyl-leucine) were
found to be very close to those of the average aiid spectrum within the spectrofluorometer's
accuracy oft 1-2 nm. Unlike for ammonium, a significant redoatin the relative response of these
compounds could not be expected from a particellection of the detection wavelengths.

In the literature, working wavelengths were essdlgtdefined by the characteristics of the
available filter for a type of fluorometer. Becausd¢he shifted spectrum of ammonium towards
higher wavelengths, interference of that compouitidbe increased if the measuring emission
wavelength is increased or the band-pass enlaFgednstance, the use of a 550 nm cut-off emission
filter (Petty et al., 1982) is far from optimal ftre analysis of samples containing ammonium.

4.4 Magnitude of the natural background fluorescence

The natural background fluorescence (NBF) is preduzy the medium components, apart from
the fluorogenic reaction. After total fluorescernaes been recorded with the complete reagent, the
samples are re-analyzed using the borate buffezad=f the mixed OPA reagent. The output signal is
converted in TDFPA-equivalent by comparison wite TDFPA standard for the same sample series
previously analyzed. Various data have been conhfil®rder to assess the magnitude of NBF. The
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automated method described in section 3 ‘Matendlraethods’ was used for these measurements
with the LDC filter fluorometer. All the correctigrdescribed in this work were applied to compute
net TDFPA concentrations. The data come from thed&eine, a eutrophic area off the French
coast of the English Channel, and from the contadesinelf of the western French coast (Bay of
Biscay, North-east Atlantic), including the Loiligar estuary.
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Figure 7. Left graph: compared magnitudes of thetnaal background fluorescence (NBF)
measured by the automated method (LDC detector) axpressed in TDFPA concentration. Center
and right graphs: relationships between NBF and saty or dissolved organic carbon (DOC). Key:
BB = Bay of Biscay; BS = Bay of Seine; 02, ..., 09wonth of sampling.

The NBF signal magnitude is generally comparabkbab of TDFPA, and even exceeds it in
many cases (figure 7, left graph). The close exatian of NBF vs salinity (figure 7, center graph)
indicates that the value of 10 nmol/L TDFPA-eq (Baw and Liebezeit, 1983), is only encountered in
offshore waters with salinity > 35.3. In coastateva (30 < S < 35) the NBF signal is usually betwee
10 and 100 nmol/L TDFPA equivalents, while in egesit can reach ~ 500 nmol/L TDFPA -eq.
Neglecting the NBF, as suggested by Dawson ancekeib(1983), can therefore lead to highly
biased TDFPA values. These variations are cleatited to the DOM (figure 7, right graph).
However, an inverse relationship was found for DOGD pmol/L throughout a vertical profile in
oceanic water (0-4000 m; station A2 in Aminot aréf¢lel, 2004), i.e. NBF increased with depth.
Recent coastal and estuarine data (Bay of Bisgayngs2004) using the Jasco spectrofluorometer
detector (settings as in figure 2) led to NBF vallmver by 20-30 %, compared with the LDC values.

4.5 Residual fluorescence of non-labile dissolved organmatter

Series of filtered samples were incubated in thie daroom temperature to determine the
degradation rate of TDFPA and the OPA-induced tesdifluorescence (OIRF) after some time.
Examples are shown in figure 8 for offshore ancstalavaters from the Bay of Biscay (N-E Atlantic,
French continental shelf). They show that degradaticcurs within a few days, then the signal is
nearly constant (very slow decrease) over monthes@ results agree with published DFAA turnover
times of tens of minutes to 1-2 days (FergusonSunttla, 1984; Fuhrman, 1987). According to this,
the remaining fluorescence after about one or twels is not attributed to TDFPA.

The magnitude of the OIRF signal is usually in$hene order of magnitude or larger than the
TDFPA signal (figure 9, left graph), especiallyafishore waters. In particular, the absolute mimmu
OIRF is about 30 nmol/L TDFPA-equivalents in thepest oceanic waters. As for NBF, OIRF
increases as a function of salinity and DOC (figlireenter and right graph, but with maximum
values around 100 pmol/L. If no correction is apglfor this fluorescence, it will bias TDFPA
significantly. The OIRF values were comparable what detector is used (LDC or Jasco).
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Figure 8. Change of ‘raw’ TDFAA concentrations ofilfrated samples incubated at room
temperature as a function of time. ‘Raw’ means thatlues were corrected for all but OIRF biases.
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Figure 9. Left graph: compared magnitudes of the @fnduced residual fluorescence
(OIRF) measured by the automated method (LDC detecand expressed in TDFPA
concentration. Center and right graphs: relationghs between OIRF and salinity or dissolved
organic carbon (DOC). Key: BB = Bay of Biscay; BSBay of Seine; 02, ..., 09 = month of
sampling.

4.6 Selected analytical procedure

The automated method was designed to be appliagditypes of marine waters, specially
estuarine and coastal waters with variable saleniy pH as well as relatively high ammonium
concentrations. The conditions given in sectioMaterial and methods’ were selected to minimize
the range of amino acid responses and reduce ammonierference. Since reaction times are shorter
in continuous-flow systems than in the correspogditanual method (Hansen and Grasshoff, 1983)
medium reagent concentrations were not increastdragard to initial experiments, but the pH was
raised to 9.2 (against 8.9) and the borate cora@mtrmaintained lower than in published methods. A
20 turn coll (reaction time: 2.2 min) was seledmdwork at 20-22 °C. A temperature test showed tha
the serine signal was stabteX %) over the range 19-35 °C, but dropped by %014t 10 °C. The
manifold shown in figure 2, designed for the lowsstge, includes a large sample delivery equipped
with a debubbler to avoid subsequent flow pertiiolat For high ranges requiring a small flow rate
of sample, the debubbler can be removed, but #gere and manifold should be adapted to maintain
reaction concentrations and times. High quality idenalized water should be used for the baseline,
otherwise, the TDFPA content of the baseline masddtermined (see Josefsson et al., 1977). The
baseline shift occurring when replacing pure whtethe reagent does not exceed about 10 nmol/L
TDFPA-equivalent.



15

A typical peak record is shown in figure 2 (20 séeaper hour; sample/wash = 4/5). In the
range 50-500 nmol/L, the intrinsic repeatability $niccessive peaks is ~ 1 mV output voltage (1 mV
[J0.6 nmol/L). The detection limit for the methoseilf need not be considered here, since any natural
water will generate a background signal of at I8&shmol/L TDFPA, even if no free amine is
presentLinearity was confirmed up to 5 pmol/L.

The mean and standard deviation of the molar respohl14 amino acids (Ala, Arg, Asp, GIn,
Glu, Gly, His, lle, Leu, Ser, Thr, Trp, Tyr, Val)as 96+ 6 % with respect to glycine. The robustness
of the method was assessed by measuring the eelatiponse of a reduced set of 9 amino acids (Ala,
Asp, Gly, His, Leu, Ser, Thr, Trp, Val) under 1#a&ient conditions, e.g. change of detector,
excitation wavelength (350, 360 nm), emission bpasls (18, 40 nm), length of delay coil (5-45 turns,
i.e. reaction time 33 s to 4 min 10 s), borate/pHoentration (7.6 mmol/L/9.1, 175 mmol/L/9.25). In
the 9 tests using coils with more than 15 turns stiandard deviation of the 9 amino acids was found
in the range of 4-7 % in glycine equivalent. Asestied from the kinetics study, the standard
deviation increased inversely to reaction time%d@r 10 turns, 15 % for 5 turns) while the average
recovery dropped with respect to glycine (4 % lofeerlO turns, 25 % for 5 turns). With the LDC
detector, the average response was 10 % highee{(5®), but ammonium interference was 3 times
greater, than with the Jasco detector. Selectie@xicitation wavelength at 350 instead of 360 nm
decreased the average relative response #030%. The two borate/pH conditions provided very
close results (withig: 2 %).

The molar response rates of aliphatic amines, fzawises and di-peptides were: MMA (82 %),
MEA (75 %), glucosamine (66 %), galactosamine (§2¢lycyl-alanine (38 %), alanyl-glycine
(14 %), glycyl-leucine (27 %). For secondary antidgey aliphatic amines the responses were below
0.4 %. The interference rate of ammonium was 1.&66 proteins, the molar response was
insignificant, but their interferences were compiyper mole of combined amino acids, the usual way
of expressing these compounds in seawater: 1.7 #yfusin, 2.8 % for ovalbumin and 2.5 % for
bovine serum albumin. This narrow range for proteBponses contrasts with the values found by
Nagel and Liemann (1987), i.e. ovalbumin and bogi@@im albumin responses being 2 and 3 times
that of trypsin.

The salt effect was determined by measuring theorese of amino acids in depleted seawater
(S = 35) and dilutions of this seawater with dematized waterto S = 17 and S = 1. Glycine, serine,
ammonium and an equimolar mixture of the 9 amindsagsed for the robustness test were analyzed
at a total concentration of 400 nmol/L TDFPA. Tkeponse of amino acids remained within 0.5 %
(i.e. no salt effect) whatever the salinity (pHection medium varied from 9.2 for S = 35 to @6 f
S = 1). For ammonium, the response relative toiigdydecreased nearly linearly as salinity increased
from 1.9 % (S = 1) to 1.4 % (S = 35). For accuca@ections in estuarine waters, ammonium
interference should therefore be checked as aitumof salinity.

4.7 Overall protocol, calculation of TDFPA concentratian and precision

The overall protocol needs to split the filterecthpée into two aliquots. One aliquot is
immediately stored in a freezer (-25 °C) and tresd placed in a clean box for a ~ 10 days
incubation at room temperature. After incubatibw, two aliquots are analyzed (preferably
simultaneously) to determine uncorrected TDFPA@mdhonium concentrations in parallel, then
NBF. The TDFPA analysis is calibrated with standastiglycine and serine, to check recoveries, and
ammonium to measure the ammonium interferencgliatg. Six quantities have to be measured, i.e.
i) in the non-incubated aliquot: (1) [uTDFPA(uncorrected TDFPA), (2) [NBH, (3) [NH,"], ii) in
the incubated aliquot: (4) [uOIRF] (uncorrected )R(5) [NBF], (6) [NH,].

The net concentration of TDFPA ([TDFPA]) is the netcentration in the non-incubated
sample ([TDFPA") minus that in the incubated sample ([OIRF]):

[TDFPA] = [TDFPA"] — [OIRF],

where (all the signals being expressed in the TDE®#centration unit):
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[TDFPAY] = [uTDFPA"] — [NBF"'] = (INH"] X Ina),
[OIRF] = [UOIRF] — [NBR] — ([NH4] X Inna)-

A comparison of the magnitude of these componeirttseoraw TDFPA signal for a variety of
samples is shown in figure 10. With the LDC deteas®ed at that time, ammonium interference was
4 %. The net TDFPA signal amount was 0-57 % (tvia tless than 30 %) of the raw TDFPA signal.
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Figure 10. Composition of the raw TDFPA signal faarious types of samples from the Bay
of Biscay (North-east Atlantic), April 2002 (legdm upstream in the Loire river estuary, across the
French continental shelf, to deep sea, 40 nauticailes off the shelf's edge).

The precision of TDFPA concentrations results fthmsix determinations above. Based on the
principle of adding the variances of individual quonents (Taylor, 1990), the theoretical variance of
a result (3 is (subscripts refer to parameters as above):

S =5+ + (9% Inua)* + $°+ 57+ (S % Inna)” -

Assuming that the various signal components medswith either method (TDFPA and
ammonium) have a nearly equal absolute precisjpec{fic to each method), it follows that:

S O4Speps +2(SuHa X INH4)2

This equation shows that an intrinsic standardatesn (s.d.) ok nmol/L in the TDFPA
method leads to an s.d. of @mol/L for a TDFPA result if the ammonium contritmn is negligible.
The ammonium contribution, for an interference kHt&.4 %, begins to significantly alter the
precision of TDFPA if its own s.d. exceeds 0.1 Winghssuming unbiased ammonium values). If
ammonium interference is 5 %, alteration will octurthe s.d. at as low as 0.02 pumol/L. Applying
our precision data for the TDFPA components (alie2inmol/L) and for the ammonium
concentrationsg{0.02 pmol/L) encountered in coastal and oceantensded to a total standard
deviation of 2-4 nmol/L for corrected TDFPA valu¥rification from 6 deep oceanic samples (900-
4000 m), assumed to be depleted in TDFPA, consigterovided a mean of # 2 nmol/L (range: -2
to +3 nmol/L).

5 DISCUSSION

This study showed that short reaction times (< 2)nm the OPA-amine derivatization can
produce very different relative fluorescence intig&s among the compounds and that the differences
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depend on pH and reagent concentrations. Mixturegual total concentration of amino acids, but
with differing compositions, are thus liable to guge different apparent concentrations. Attentson i
given to the particular behavior of glycine in @BA/ME reaction since it has invariably been used a
a standard in all the published ‘total’ methodse Tésult is that overly short reaction times will
underestimate the total concentration and genbigkevariability from the variable composition of
amino acid mixtures, while overly high reactionesnwill overestimate the total concentration. Gly i
therefore not the appropriate standard for caligaibtal amino acid methods when ME is the thiol
used. In contrast, when using MPA, standardizatiith Gly is acceptable, provided that the reaction
time is not too short. In any case, very shorttieadimes (< 1 min) do not guarantee reliability f

the analysis of natural samples, which are therasedgsentially variable in composition.

The 200-fold excess of reagent suggested by Lihdiotd Mopper (1979) is not justified in
unpolluted marine waters, where the concentratforaturally occurring dissolved organic nitrogen
rarely reaches 10 umol/L (Bronk, 2002). In our ekpents with 10 umol/L DFAA, the recovery was
not altered with only a 25-fold excess OPA. A la@feA excess is not recommended, since it will
catalyse the instability of amino acid-OPA derivas (Mopper and Dawson, 1986).

Although they have little effect on the maximumditascence intensity, modifications in
reaction pH or OPA concentration within the rangegadues found in the literature (Table 1) may
change reaction rates and, for short reaction tigresluce highly different intensities for most ami
acids. This may explain the inconsistency in re&afluorescence intensities found by different
authors. Any change of the sample/reagent (S/R) (&t modify the analytical range, as suggested by
Josefsson et al., 1977), without keeping mediurgaeaconcentrations constant, can produce
different total concentrations of TDFPA from theneasample, even though the same standard is used
for each of the S/R ratio.

The reaction pH of 9.5, generally stated as optiioraDPA-amino acid derivatization, was
found satisfactory for the determination of TDFP¥sea and estuarine waters and the borate
concentration was not found to be critical. Howew@minimize ammonium interference it is
advisable to keep the pE9.5 and to select a borate concentration lowar thase proposed in the
literature. Hence, a pH in the range of 9.1-9.3capp to be suitable with regard to the derivatirati
rate and a ~2 min reaction time in automated aisiysatisfactory. In addition, the pH of the resaiy
itself can be below 10, which will avoid the riskgecipitation upon mixing with seawater samples.

While segmented flow analysis provides fixed santptecagent proportions, fast mixing and
adequate reaction time, FIA is based on shorticatimes and generates changes in the sample-to-
reagent ratio in the course of the reaction. Bezéms-short reaction times are liable to generate p
reproducibility, application of FIA requires a rattstable TDFPA composition in the samples (which
is roughly valid for seawater) and checking of thgponse of the most abundant amino acids with
respect to that of glycine.

Standardization of TDFPA methods should preferaidiude two of the most naturally
abundant amino acids which exhibit different betiesjisuch as Gly and Ser. Comparison of their
responses is a quality assurance test which carualéo any failure in the procedure. An ammonium
standard should also be systematically run to deterits interference rate and allow subsequent
correction when necessary. In coastal waters eve¥banterference may, in some periods, produce a
signal equivalent to tens of nanomoles per litesrafno acids.

Separation of OPA-reactive substances accorditigeio molecular weight (MW) by Nagel and
Liemann (1987) showed two main peaks, one of lawirfa acid-like) MW and the other of high
(protein-type) MW. It may thus be assumed thatidegike compounds did not account for a
significant amount of the TDFPA values in the sastudied by Nagel and Liemann (1987).
Monoamines and hexosamines, if present, will cbaté to the TDFAA signal with a recovery close
to that of amino acids. Reported concentratioma@iiomethylamine start at a few nanomoles per liter
in offshore waters (Gibb et al., 1995) and are ipesb60 nmol/L in unpolluted coastal waters (Gilib e
al., 1995; Gibb and Hatton, 2004). Monoethylamirssound < 2 nmol/L (Gibb and Hatton, 2004).
We found no data on hexosamine concentrationsawater, except an estimation of < 5 nmol/L for
N-acetyl-glucosamine (Riemann and Azam, 2002). mbkasurement of TDFPA cannot be an exact
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determination of free amines because of differeaoesng amine compound responses and the
impossibility of correcting for combined amino agid he latter compounds, however, do not interfere
much and, seeing their usual concentration in semy&hould not account for more than 5-10 nmol/L
TDFPA-equivalents. Corrections for ammonium and NB& well defined. However, the OIRF
correction introduced in the present protocol regpufurther discussion. The correction refers & th
DOM pools based on degradation rates (labile =didays, semi-labile = months/season, refractory =
hundreds/thousands of years; Kirchman et al., 1888son and Ducklow, 1995). Our protocol
implies that the OIRF signal is produced by theidafile and refractory DOM pools, while TDFPA
belongs to the labile pool. Without OIRF correcti®iDFPA in deep-sea water would amount

30 umol/L although the DOM is thousands of yearaoid highly refractory. This uncharacterized
DOM is not expected to contain TDFPA which is cosgmb of biologically active substances with low
molecular weight. OIRF is attributed to amine greagftached to the humic-like skeleton of the bulk
DOM. The low level or absence of primary aminesliiviiydrocarbon chain) in oceanic sub-surface
layers (Gibb and Hatton, 2004) allows us to asstlmaethey belong to the labile pool, like amino
acids and sugars. The stable OIRF signal obtaimedan incubation period of 2-10 days indicates
that the labile compounds are actually mineralidde: following slow decrease results from the
degradation process of semi-labile compounds whiogressively lose reactive amine groups.
Although a minor contribution from potentially setabile TDFPA can not be excluded, correction
according to the proposed protocol is reproduciié justified by the magnitude of the OIRF signal
compared with net TDFPA.

The proposed protocol, which is based on adeqeatgion conditions and corrections for
ammonium, natural background fluorescence and Qiddeed residual fluorescence, leads to a
measure of low molecular degradable amine compqumdst of which are probably DFAA. Provided
the method is adequately standardized and thetsezutected for major biases, TDFPA data should
be reproducible throughout laboratories and go béyofluorescence signal obtained in the presence
of OPA. The significance of TDFPA on the wholelisriefore valid as an estimation of amine nitrogen
which can be rapidly consumed by microplankton.

6 SUMMARY AND CONCLUSION

The following points were highlighted for the detémation of TDFAA using OPA
derivatization.

- Mercaptoethanol should be replaced by MPA, whiddpces more stable and more
comparable responses.

- Standardization should not rely on glycine alomegesthe behavior of this compound is not
a good proxy for amino acids overall. The use af standards, glycine and serine, which
are among the most abundant amino acids in segwatecommended.

- Concentrations in the reaction medium should notbdified without reconsidering the
response of various, naturally abundant amine comp® Values of pH close to 9.2-9.3
seem to be a satisfactory compromise for all tyyfegaters, considering the ammonium
interference, the reagent preparation, and theofigkecipitation in seawater.

- Correction of undesired signals, i.e. the OPA-amomarsignal, the natural background
fluorescence and the OPA-induced fluorescence fdegradable material, is essential.

- Use of a spectrofluorometer detector (insteadfidfes fluorometer) is advisable since it
enables optimization of wavelength and band-pasisge to reduce interference from
ammonium and natural background fluorescence.
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