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The signatures of natural stable nitrogen isotopic composition (8'°N) of individual amino acid (AA) have
been confirmed to be a potentially effective tool for elucidating nitrogen cycling and trophic position of
various organisms in food webs. In the present study, a two-stage derivatisation approach of esterifi-
cation followed by acylation was evaluated. The biological samples underwent acid hydrolysis and the
released individual AA was derivatived into corresponding N-pivaloyl-isopropyl (NPIP) esters for nitro-
gen isotopic analysis in gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS).

Iéecjivcngll\sﬂ:s Usually, 13 individual AA derivatives were separated with fine baseline resolution based on a nonpolar
Amino acid gas chromatography column (DB-5ms). The minimum sample amount required under the presented
Trophic level conditions is larger than 20 ngN on column in order to accurately determine the 3'°N values. The 3'°N
NPIP ester values determined by GC-C-IRMS with a precision of better than 1%., were within 1%. after empirical

correction compared to the corresponding measured by element analysis (EA)-IRMS. Bland-Altman plot
showed highly consistency of the 3!°N values determined by the two measurement techniques. Cation-
exchange chromatography was applied to remove interfering fraction from the extracts of plant and
animal samples and without nitrogen isotope fractionation during the treatment procedure. Moreover,
this approach was carried out to estimate the trophic level of various natural organisms in a natural lake
environment. Results highly proved that the trophic level estimated via the presented AA method well

reflected the actual food web structure in natural environments.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction logical/paleoecological and environmental studies on the bases

biochemical and physiological processes involved the formation

Carbon and nitrogen are essential elemental constituents of
organisms, forming a variety of biological and chemical species
on Earth [1]. Accordingly, the isotopic compositions of the two
elements may provide considerable process-related and source
information [2]. Stable carbon and nitrogen isotopes (expressed as
13C/12C and '>N/'N ratios, respectively) analysis of bulk organic
materials has been conventionally employed in a number of eco-
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and cleavage of the C—N bond. Various applications have extended
from biogeochemistry to modern and fossil food web structures
analysis, food and fragrance analysis, detection of doping in sports,
to assessing the organic pollutants in the environment, authenticity
testing of organic products, as well as assessing the dietary prefer-
ences of organisms [3-6]. However, bulk method lacks specificity,
since whole tissue analysis may encompasses any molecule con-
taining Cor N into the stable isotopicratios, each of these molecules
having a different origin and metabolism [1,7,8]. Additionally,
natural abundance carbon and nitrogen isotope values of bulk bio-
logical material reflect a weighted mean effect of a widely range
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of biochemical and environmental processes, which are difficult
to disentangle from one another [7,9]. Fortunately, compound-
specific stable isotope analysis (CSIA) of the interested compounds
is capable of yielding considerably valuable information from a
given sample [10,11]. More particularly, CSIA of amino acid (AA)
is promising since AAs are constitutes of proteins accounted for a
significant portion of organismal biomass and exhibit a different
degree of 313C and 81°N values which may be due to a number of
metabolic pathways involved, subsequent biochemical uses or the
environmental factors [7,12-14]. Much of this variation has been
widely exploited and proven ecologically meaningful, especially
in a food web context of contemporary ecological studies of the
diet or palaeodietary analysis [5,15]. Several recent studies have
confirmed that the nitrogen isotopic signature of specific amino
acids, especially glutamate and phenylalanine is a useful tool for
estimating the trophic levels of various organisms. Recently, it has
been proposed that the trophic level of various organisms in natural
food webs can be precisely calculated by comparing the large and
small enrichment values in glutamate (+8.0%.) and phenylalanine
(+0.4%.), respectively, for each trophic level [15-17]. It is suggested
that the internal difference of the isotopic fractionations between
the two amino acids in individual organisms is due to the metabolic
pathways. Glutamate rapidly undergoes transamination and the
C—N bond is cleaved during metabolism, leading to a large enrich-
ment in °N. In contrast, the addition of a hydroxyl group to form
tyrosine is assumed to be dominant metabolic step of phenylala-
nine and this does not involve the cleavage of the C—N bond, leading
to a small enrichment in 1°N [16,18].

Compared with liquid chromatography (LC)-IRMS, GC-C-IRMS
is considered to be more appropriate to the measurement of indi-
vidual AA 8'°N values. It allows determination of nitrogen isotopic
composition of AA in natural abundance or slightly enriched biolog-
ical samples with high precision, sensitivity and accuracy [19,20].
Recent, novel high-temperature combustion (HTC) interface linked
to HPLC system for CSIA of both carbon and nitrogen is designed
with better precision and trueness. The author suggested this
highly efficient system may open up new possibility in CSIA-based
research fields [20]. However, to our knowledge both the two
commercial interfaces, LC-Isolink and LiquiFace do not allow the
measurement of 81°N values [21,22]. Hence, in this study the CSIA
of AA 85N values is carried out on an available GC-C-IRMS system.

On the other hand, GC-C-IRMS analysis of AAs, as well as other
polar compounds requires derivatization to enhance their volatil-
ity prior to GC separation until the carboxyl, amino and certain
polar side-chain groups have been chemically modified with a non-
polar moiety [23-25]. The goal of derivatization is to make AA
more volatile and less reactive, thereby improving its chromato-
graphic behavior. The most widely used derivatisation approaches
for AA in GC/C/IRMS analysis involve silylation, esterification
with subsequent trifluoroacetylation, acylation and pivaloyla-
tion [10,16,23-26]. These derivatization techniques have different
advantages and disadvantages concerning individual AAs, the reac-
tion yield and stability, their GC performance and the potentially
formation of multiple reaction products. Of all the derivatisation
techniques, the silylation reaction offers numerous advantages
compared with others. A popular derivatization approach of sily-
lation is to form the t-butyl dimethylsilyl (TBDMS) derivatives
via N-Methyl-N-(t-butyldimethylsilyl)-trifluoroacetamide (MTB-
STFA), since TBDMS groups can be attached to almost all functional
groups [23,26,27]. In particular, derivatization via silylation is the
only single-step reaction which can be performed quickly, sim-
ply and no additional remove of reaction reagents is needed.
Besides, silylation allows the simultaneous recording of glutamate
and aspartate as well as the corresponding amides, glutamine and
asparagine [23,26,28]. However, the combustion of TBDMS deriva-
tives in GC-C-IRMS can cause silicon-containing deposits in the

furnace due to the formation of SiO,. The deposition of SiO, would
decrease the efficiency of the oxidation reactor significantly, result-
ing in the incomplete sample combustion, leading to a loss of
sensitivity and may damage the capillary columns. Furthermore,
silylation via MTBSTFA adds excessive amount of carbon atoms,
at least twelve thus decreasing the precision of carbon isotope
determination [16,23-26]. Besides, the presence of moisture would
result in poor reaction yield since MTBSTFA is very sensitive to
moisture, thus thorough water removal is necessary.

Compared with MTBSTFA, esterification followed by acylation
techniques result in the converting of glutamine and asparagine
into the corresponding acids, respectively, owing to the heavily
acidic condition applied in the esterification step [5,24,25,29]. How-
ever, deamination also occurs under the environment adopted
in the hydrolysis of proteins to release individual AAs; hence,
asparagine and glutamine cannot be measured regardless of
the esterification procedure. Regarding the two step reaction of
esterification with subsequent trifluoroacetylation, known as N-
trifluoroacetyl i-propyl esterification (TFA-IP esters), it is the most
widely employed for GC analysis, probably due to the prominent
chromatographic performance on most commonly used GC col-
umn and shorter retention times compared with the other two
approaches [23,24]. However, it has been reported that fluorine
in derivatives reacts with oxidation reagents (e.g. CuO, NiO) to
form very stable CuF, and NiF, products and poisons the oxidation
reactor catalyst, that leads to a reduction of oxidation efficiency
and shorted the life of an oxidation reactors using GC-C-IRMS
[10,23-25]. Moreover, fluorine in derivatives during combustion
could damage the capillaries of the machines. Another derivatiza-
tion approach, N-acetyl-n-propyl (NANP) esters(esterification with
subsequent acylation) regards as an alternatively non-fluorinated
analogue to TFA-IP esters, thus the damage caused by the com-
bustion in term of catalyst poisons can be avoided; however, the
baseline resolution of AA NANP derivatives is questionable, and at
most 10 AAs can be characterized as reported [23,24]. Therefore,
esterification with subsequent pivaloylation, known as N-pivaloyl-
iso-propyl (NPIP) esters was developed in GC-C-IRMS analysis to
enhance better GC resolution with the enlargement of the groups
introduced [5]. The chromatographic baseline resolution (i.e. sepa-
ration of each peak of AA derivative on the GC chromatogram) is a
prerequisite for the reliability of $13C and §1°N data of AA and the
separation also could be different among derivatization techniques
as well.

Taken together, the present study described the methodol-
ogy that has been introduced to determine the individual AA
d15N values from archaeological bone collagen, animal muscle
tissue or plant material by GC-C-IRMS [5,15,30,31]. Plant mate-
rial and freshwater fish muscle tissue were hydrolyzed into
individual AAs, purified with Dowex cation-exchange resin and
derivatised into NPIP esters, and then the 8'°N values were
determined in GC-C-IRMS. Besides, the standard mixtures of
known §1°N values AA were also purified through cation-exchange
resin and derivatised to their NPIP esters to test and verify any
nitrogen isotopic fractionation associated with the effect of cation-
exchange chromatography and derivatisation. Results shown that
this method, involving acid hydrolysis, purification via cation-
exchange chromatography and the derivatisation choice, does not
cause significant nitrogen isotopic fractionation and thus can be
applied to determine accurately the individual AA 315N values in
muscle tissue and plant material in a natural ecosystem. Finally,
a brief case study on trophic level in natural food webs was con-
ducted to evaluate the approach applied to a real aquatic ecosystem
with clear priori expectations. The trophic level was estimated by
the following equations: TLgjy/ppe =(81°Ngjy-81°Nppe-3.4)/7.6 +1,
based on well-founded empirical principles [5,15,16,32,33].



384 Z.Zhang et al. / ]. Chromatogr. B 1033-1034 (2016) 382-389

2. Experimental
2.1. Standards and reagents

AA standard mixture was dissolved in 0.1 M HCI by the addi-
tion of 13 AAs with known 8'3C and 85N values, including alanine,
glycine, valine, leucine, isoleucine, proline, aspartate, serine, thre-
onine, glutamate, methionine, phenylalanine and y-aminobutyric
acid (Sigma-Aldrich, St. Louis, MO, USA). Two internal standard
(norleucine and a-aminobutyric acid, Sigma-Aldrich) was added
to the standard mix to enable quantification. Cation-exchange resin
(Dowex 50W X8 H*, 200-400 mesh, Sigma-Aldrich) was applied to
purify the samples.

The solvents and reagents for acid hydrolysis and derivatization
included ACS-grade 12.1 M HCl, HPLC-grade methanol, n-hexane,
dichloromethane, thionyl chloride, 2-propanol, pivaloyl chloride
were purchased from Aladdin (Shanghai, China) as well as anhy-
drous magnesium sulfate (MgSO,).

2.2. Sample preparation

To obtain individual AAs, approximately 10-15mg of well
ground, homogenized samples were hydrolyzed in reactor vials
with 0.5mL of 12.1M HCI. The vials were blown with a gentle
N, for 1min to remove air, then placed in an oven at 110°C for
12 h. After hydrolysis, the samples were cooled down to room
temperature. HCl was evaporated under a gentle stream of Nj.
Then the hydrolysate was redissolved in 0.1 M HCl and washed
with n-hexane/dichloromethane (3:2, v/v) three times to remove
hydrophobic constituents (e.g. lipids). The solution was stored
at —20°C until required for analysis. Internal standards solution
(2mgmL~1in0.1 M HCl) was added to each sample prior to hydrol-
ysis.

2.3. Purification of AAs with dowex cation-exchange
chromatography

Cation-exchange resin (Dowex 50W X8, 200-400 mesh, H*)
was prepared to separate the AA fraction from other components
such as starch, sugar, organic acid. The volume of resin demanded
depends upon the sample size processed given the capacity of
cation-exchange is 1.7 meqmL-!. Resin was activated by washing
successively (3-6 bed volumes) with 2 M HCI, ultrapure water, 2 M
NaOH and finally with H,O to pH=7. Additionally, the resin was
re-activated with 3 bed volumes of 1M HCI to ensure that all the
exchange sites were occupied by H* and then flushed with 3 bed
volumes of H, O before sample application. Finally, the AA fraction
was eluted with 6 bed volumes of 10 wt% NH3 aqueous solutions
and completely dried in preparation for the subsequent derivati-
zation. In addition, the potential background compounds derived
from the cation-exchange resin was also examined by appropriate
analysis of the blank procedures.

2.4. Preparation of amino acid derivatives (NPIP esters)

The following derivatisation procedure was according to Corr
et al. [24], as shown in Fig 1. AAs were first esterified with iso-
propanol in 1 mL of acidified isopropanol solution at 110°C for 2 h
(addition 1 mL of thionyl chloride to 4 mL isopropanol. Since this
mixing was extremely exothermic, we suggested that add thionyl
chloride dropwise into isopropanol in an ice bath). The esterifi-
cation was terminated by placing the reaction vials in a freezer.
Dichloromethane (DCM) was added (2 x 0.25mL) and dried up
again to remove the derivative reagent completely. AA iso-propyl
esters were then pivaloylated with 1 mL of a mixture of pivaloyl
chloride and dichloromethane (1/4, v/v) at 110°C for 2 h. Similarly,

the reaction was terminated and reagents were evaporated under
a gentle stream of N,. To remove the derivative reagents com-
pletely, DCM was added (2 x 0.25mL) and dried up again under
a gentle stream of N,. The dried NPIP derivatives of amino acids
were redissolved in ~0.5mL of n-hexane/dichloromethane (3/2,
v/v)and 0.2 mL of distilled water and mixed vigorously. After phase
separation completely, the top/organic layer containing the AA
derivatives, was collected and this process was repeated three
times. The total organic phase was pipetted onto a magnesium
sulfate column (about 1.5cm of MgSQO4 in a Pasteur pipette) to
remove any residual moisture. The filtrate solvents were dried up
under a gentle stream of N, and then diluted in dried (1% MgS04),
sonicated, DCM and stored at —20 °C until analysis.

2.5. Instrumental analysis

The abundance of each AA in the standard or the samples
was determined using gas chromatography with flame ionization
detection(GC-FID), calculated against the internal standard nor-
leucine only.

A Thermo Scientific MAT253 system (EI, 70Ev. Three Faraday
cup collectors for m/z 28, 29 and 30. Bremen, Germany) interfaced
with a Trace GC Ultra (GC IsoLink + ConFlo IV, Thermo Scientific,
Bremen, Germany) was used to determine the AA 3'>N values. For
315N analysis, 1.0-1.5 L of each sample was introduced using an
autosampler (Triplus, Thermo Scientific, Bremen, Germany) held
at 250°C in splitless mode. The GC oven temperature program was
started at 40 °C for 2.5 min, heating at 15°Cmin~' to 110°C, then at
3°Cmin~! to 150°C and finally ramping at 6°C min~! to 230°C and
held for 17.5 min. Chromatography separation was accomplished
based on a DB-5ms capillary column (30m x 0.25 mm x 0.25 pm;
J&W Scientific, Folsom, CA, USA). Helium was used as the carrier gas
for separation at a flow rate of 1.4 mLmin~!. The system was “back
flushed” with helium at the beginning for about 1000s in order
to prevent solvent into the combustion reactor (and ion source),
thus extending the lifetime of the catalyst reactor. The separated
individual AA was online combusted into N,, CO, and H,0 within
a new commercial NiO tube/CuO-NiO combustion furnace reac-
tor maintained at 1030 °C which composed of a Ni-tube with an
oxidized surface that displays a greater active surface area in com-
parison to the conventional model. No separate reduction reactor
was needed for nitrogen isotope analysis since this new commer-
cial reactor contained an oxidation and a reduction unit (the Ni/NiO
surface withdraws oxygen from nitrogen oxides thereby acting
like a reduction catalyst). Water vapor was removed by a water-
removing trap, consisting of a Nafion membrane. During 8'°N
analysis, a liquid nitrogen trap was necessary which was normally
added after the oxidation reactor to remove CO, from the oxidized
and reduced analytes. The nitrogen results were expressed as 81°N
values (%), using atmospheric air as the international standard for
nitrogen, which has a 81°N values 0%.: 81°N = (Rsample/Rstandard-
1)*1000(%,), where R is the 1°N/14N ratio.

AA standard mixture whose 31°N values were individu-
ally determined by EA-IRMS (Thermo Fisher Scientific, Bremen,
Germany) was measured by GC-C-IRMS every four to six samples
in order to monitor the measurement performance and to normal-
ized the 315N values of AAs in samples. Norleucine was chosen
as internal standard because it does not naturally exist and can
be separated well with the adjacent peaks, and the isotopic value
of norleucine was checked every sample. The analytical run was
accepted when the drift in 81°N values of norleucine between GC-
C-IRMS and EA-IRMS was, at most £1.0%. for natural abundance or
in slightly 1>N-enriched samples.

815N values were reported relative to a laboratory reference
tank of high-purity molecular nitrogen (99.998%), discharged into
the IRMS at the beginning and end of each run for both standard



Z.Zhang et al. / ]. Chromatogr. B 1033-1034 (2016) 382-389 385

phenylalanine 2-propanol

o)
o] OH (o} )\ o]
H* 110°C, 2 h,
©/\K“\OH +/k l%m"(:, o (¢] - o (]
NHy NH; HN o]

phenylalanine-isopropyl ester

pivaloyl chloride

N-pivaloyl-phenylalanine-isopropy! ester —

Fig. 1. The chemical derivatization pathways to produce NPIP amino acid derivatives, taking phenylalanine as an example.

mixtures and samples. All samples were measured in duplicate,
and the isotope ratios were expressed in 8%. versus atmospheric
nitrogen (Air).

Data acquisition on the IRMS instrument was based on Isodata
3.0 (Thermo Fisher Scientific, Bremen, Germany). Integration time
was 0.25 s. Slope sensitivity for peak start and stop definition were
set to be 0.2 and 0.4 mVs~1, respectively.

3. Results and discussion

3.1. Derivatisation procedure and precondition GC-C-IRMS
system for 81> analysis

AAs are not-volatile, polyfunctionalised compounds that must
be converted into volatile derivatives prior to GC analysis until
the active hydrogens on amino, carboxyl, and certain polar func-
tional groups have been chemically modified[23,24]. Through the
approach of esterification with subsequent pivaloylation, indi-
vidual AA was successfully derivatived into the corresponding
N-pivaloyl-iso-propyl (NPIP) ester and could be completely sep-
arated in GC-C-IRMS based on a DB-5ms column in 62 min. The
main advantage of this derivatisation method is the elimination
of the need to introduce hetero atoms, especially for nitrogen
isotopic analysis. Since no nitrogen atom presented in the deriva-
tization reagents or been introduced by other solvents, corrections
for nitrogen addition were not required. Furthermore, due to the
enlargement of the alkyl groups introduced (pivaloyl compared
with acetyl groups), improved chromatographic behavior is pos-
sible. It is important that baseline resolution is a prerequisite to
obtain reliable isotopic values in GC-C-IRMS analysis [10,34].

For isotopic analysis, the surface activity of the GC capillary col-
umn and the combustion reactor is an essential in GC-C-IRMS. The
deactivation of the system, especially the combustion reactor will
lead to a loss of sensitivity during the analysis. AA 8'°N values
tended to be enriched, the retention times drifted and the signal
intensity decreased significantly. Thus, it is necessary that the com-
bustion reactor furnace of the GC-IsoLink employed in this study
would be reoxydized and back-flushed sufficiently every 20-25
GC-runs. Usually, the signal intensities and retention times were
retrieved on the following run; nevertheless a conditioning phase
with an injection of AA standard mixture was necessarily to offset
the depletion in 81°N value resulted from the reoxidation event.
Once the GC-C-IRMS is perfectly set up (i.e. focus, tested for N,
leaks, ref gas stability, etc.), the sample sequences are measured as
described above.

3.2. Chromatographic separation in GC-C-IRMS

Peaks separation in GC is dominated by the volatility of ana-
lytes and their interaction with the stationary phase. In this study,
GC separation of AA derivatives was carried out with a normally
nonpolar GC column characterized by the larger temperature capa-
bility in comparison to other polar GC stationary phases. Optimal
baseline resolution between the peaks corresponding to the indi-

vidual amino acid in the chromatogram can be achieved based on
this specific GC capillary column (Fig. 2b,c). Baseline resolution of
interested peaks is regarded as primary requirement supposed that
precise and accurate isotopic values are to be obtained, particularly
for the complex biological samples. The length of the alkyl groups
introduced by the derivative (methyl, ethyl, propyl, or isobutyl)
reaction significantly affect the chromatographic behaviors of AA
derivatives in GC columns, and depending on the polarity of station-
ary phase, some AAs may coelute [35]. By this presented approach,
with a nonpolar GC column and NPIP ester derivative choice, base-
line separation was achieved for 13 individual AAs (Fig. 2b,c). Ala,
Gly were eluted first, as these low molecular weight, non-polar AAs
do not interact strongly with the stationary phase. These are fol-
lowed by the higher molecular weight, neutral AAs (e.g. Val, Leu
and Ile) and then lower molecular weight polar AAs. The higher
molecular weight polar and aromatic AAs elute last as these are
strongly retained by stationary phases (Fig. 2c). It should be noted
that asparagine and glutamine, present in most of the samples, are
hydrolyzed into aspartate and glutamate, respectively. The 31°N
values of Asx thus represent the information of the N of aspartate
and the amino N of asparagine and the §1°N values of GIx represent
the N of glutamate and the amino N of glutamine, similarly. Tryp-
tophan is destroyed during acid hydrolysis and was not detected.
In addition, the sulfur-containing amino acids (methionine and
cysteine) are partly oxidized even under anaerobic conditions as
shown in Fig. 2b.

3.3. Precision and accuracy of isotopic measurement

To evaluate the precision and simply evaluate whether the
adequacy of system design for natural abundance isotope ratio
measurements, 6 replicate preparations of the AA standard mix-
tures with 81°N values determined independently by EA-IRMS
were derivatized and analyzed by GC-C-IRMS in triplicate. Results
clearly shown that the GC-C-IRMS system was capable of separa-
tion, oxidation and reduction for AA nitrogen isotope analysis. The
AA nitrogen isotope ratios with perfect precision were achieved.
The precision of GC-C-IRMS approach for any amino acid was less
than 1% (Table 1).

In order to assess the accuracy of the obtained isotopic values,
the 815N values of AA standards measured by GC-C-IRMS with the
corresponding which was independently measured by EA-IRMS
were compared. Fig. 3 showed the close correlation between EA-
IRMS and GC-C-IRMS results and the correlation coefficient high.
The difference between the 81°N values in EA-IRMS and GC-C-IRMS
after empirical correction was lower than +1%.. Moreover, Bland-
Altman plot was applied to assess the consistency of the >N values
of the standard amino acids obtained by EA-IRMS and GC-C-IRMS,
respectively. The Bland-Altman plot indicated a bias of 0.0%. in the
GC-C-IRMS measurement with the magnitude of the 8'5N values
within the precision of this analysis approach, suggesting that the
GC-C-IRMS approach was non-fractionating for compound-specific
nitrogenisotope analysis and that it maintained accurate 81°N mea-
surement as off-line method, EA-IRMS (Fig. 4).
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Fig. 2. GC-C-IRMS chromatogram for the analysis of amino acid NPIP ester derivatives on a DB-5 ms column. a: the blank procedure after passing through cation-exchange

resin. b: muscle tissue sample of Pelteobagrus fulvidraco. c: amino acid standards mixture.

Only the signal of m/z 28 was presented. Peaks:1-Ala;2-Gly;3-LS. (Aaba);4-Val;5-Leu;6-Ile;7-1S. (Nle);8-GABA;9-Pro; 10-Asx; 11-Thr; 12-Ser; 13-Met; 14-GIx; 15-Phe.

Table 1
Percentage recovery and the isotopic composition of N (3'°N %) of standard amino acids.
Amino acid GC-C-IRMS EA-IRMS
After Dowex resin Before Dowex resin
Recovery o 3°N o 3N o A* 31°N A**
Alanine 102.9 1.1 —5.66 1.0 -6.29 0.8 -0.63 -6.63 0.31
Glycine 96.5 0.7 1.06 0.7 1.93 0.6 0.88 1.36 0.57
Valine 98.3 04 —-0.08 04 0.01 0.7 0.09 -0.33 0.34
Leucine 95.5 14 1.68 0.8 2.40 0.7 0.72 2.10 0.30
Isoleucine 94.3 0.6 -2.66 0.6 -3.22 0.6 —-0.56 -2.63 -0.59
Proline 1014 0.7 3.11 0.7 3.08 0.6 -0.03 3.30 -0.22
Methionine 98.7 1.8 -1.02 0.8 -1.95 0.9 -0.94 -1.72 -0.23
Serine 100.9 0.9 2.23 0.9 1.69 0.7 -0.54 2.26 -0.57
Threonine 934 0.6 0.11 0.6 -0.03 0.8 -0.14 0.70 -0.73
Phenylalanine 92.1 0.2 2.54 0.2 2.64 0.5 0.10 2.28 0.36
Aspartic acid 96.4 0.8 -1.89 0.3 -2.15 0.9 -0.25 -2.32 0.17
Glutamic acid 98.4 2.5 —4.20 0.6 -3.89 0.7 0.31 —4.52 0.63

A*: difference in 8'°N values of amino acids standard mixture directly analyzed and passed through cation-exchange chromatography.

A**: difference in 8'°N values determined by EA/IRMS and GC/C/IRMS.

3.4. Sample amount requirements in CSIA for 8!>analysis

The absolute nitrogen amount required on column for interested
compounds analysis in GC-C-IRMS is another important parameter
that must be considered when optimizing the accuracy and preci-
sion of the determinations. Merritt and Hayes suggested that the
determined 8!°N values correlated significantly with the sample
amount on column [34]. Chikaraishi and Takano reported that the

lower limit of accurate determination of the AA 8'°N values can
be carried out with the amplitudes (m/z=28) >100mV, roughly
equivalent to a nitrogen amount larger than 30 ngN on column [35].
Similarly, the study by Styring et al. with another derivatisation
procedure (N-acetyl-isopropyl esters) also confirmed that highly
reproducible of the 8N values were obtained within the range
from 100 to 1200 mV intensity [25].
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measurements. Each point represents the average of 6 replicates for GC/C/IRMS and
3 replicates for EA/IRMS.
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Fig. 4. Bland Altman plot comparing the expected individual amino acid 8'>N val-
ues (determined by EA-IRMS) with GC/C/IRMS measured 3'°N values. The solid
line denoted the bias and the two dotted lines the 95% limits of the agreement.
All GC/C/IRMS determinations are empirically corrected. The plot clearly shows the
perfect agreement between the two methods.

The consistency of 81°N values of standard AAs in the differ-
ent range of sample amounts was also investigated in our study.
Sample sizes of 0.3-4.5 nmol AA standards were derivatived and
injected, and the correlations were presented in Fig. 5. Results high-
light reproducibility of the 8'°N values when the sample amount
is larger than 20 ngN on column and roughly corresponding to m/z
28 intensity of 200 mV. The difference in our results from the men-
tioned above may due to the difference in the IRMS instruments
and the design of combustion reactors.

3.5. Effect of dowex cation-exchange chromatography on
individual AA 8§ values

Sample extract pre-treatment with strong cation-exchange
resin was regarded as an efficient way to purify amino acid frac-
tion from other complex hydrophilic compounds, including sugars
and organic acids, which consumed derivatization regents and also
made damage to the combustion and reduction furnaces in the GC-
C-IRMS system, as well as to desalt of inorganic compounds derived
from calcareous and siliceous minerals [26,36,37]. In particular, for
the compounds of interest which were not well-resolved from each
other or from the impurities present in the sample, an artificial
enrichment of the preceding peak in 8!°N and the depletion of
the following compound during the separate integration of peaks
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Fig. 5. The determined 3'5N values of NPIP ester derivatives of Glu, Val and Phe for
various sample amounts by GC-C-IRMS. Dashed lines represent the 8'°N values of
the three amino acids measured by EA-IRMS independently. Error bars represent
the SD of repeated measurements.
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Fig. 6. The correlation between 8'>N values of a standard mixture of 15 amino acids
determined by GC-C-IRMS before and after Dowex cation-exchange resin treatment.
Error bars represent the SD of 3 repeated measurements.

areas would occur [38]. Therefore, it is necessary to eliminate these
interferences in order to determine the 8N values with enough
accuracy and precision.

Following passage through the cation-exchange resin, the AAs
were derivatised to their NPIP esters. The recovery ratio of the
AAs prior to and after cation-exchange resin was determined using
GC-FID. On the basis that the yield of the two individual derivati-
sation reaction was 100%, average percentage recovery of the AAs
after cation-exchange resin was 97.4%, calculated using the internal
standard norleucine only (Table 1).

We also compared the precision and effectiveness of the pre-
treatment procedure based on the §!°N values obtained after
cation-exchange resin, as shown in Fig. 6. Results showed the close
correlation between the AA 8'5N values prior to and after Dowex
cation-exchange resin. No statistical difference was observed
between AA 31°N values before and after the resin treatment, even
when a 10% NH3 aqueous solution was used to elute AA fractions
from the resin.

To assess any possible background compounds derived from
the Dowex cation-exchange resin, the pre-treatment procedure
was applied to the analysis of the blank procedure and monitored
using GC-C-IRMS. There was no significant background compound
appeared in the chromatogram, as shown in Fig. 2a, thus we sug-
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Table 2

Nitrogen isotopic composition of individual amino acid in freshwater organisms in the present study.
Sample Diet devision S15N(%.)° TLGiy/phe”

Ala Gly Val Leu Pro Ser Met Glu Phe

Spirogyra Primary producers 0.8 13 7.0 5.6 49 -3.0 8.9 114 7.9 1.0
Hydrilla verticillata Primary producers 3.6 141 18.0 12.6 3.7 29 -79 33 -13 1.2
Hypophthalmichthys Molitrix Herbivores 21.7 123 24.7 25.2 23.2 144 11.9 239 12.2 2.1
Ctenopharyngodon idellus Herbivores 154 7.6 15.9 15.2 14.5 7.0 3.8 19.7 9.8 1.9
Pelteobagrus fulvidraco Carnivorous 31.1 13.0 32.7 309 29.6 17.3 15.7 324 14.2 29
Hypophthalmichthys nobilis, Omnivores 231 11.2 24.8 23.7 24.8 15.1 9.3 24.2 11.2 2.3
Carassius auratus Omnivores 223 9.4 26.7 243 22.8 11.8 10.8 23.8 9.8 24
Cyprinus carpio Omnivores 149 5.6 15.9 15.8 17.8 6.4 29 204 7.2 23
Macrobranchium nipponense Omnivores 31.8 18.5 314 25.7 28.4 19.3 17.7 329 16.5 2.7

2 Trophic level calculated by the amino acid method using the following equation: TLgiyphe = (8> Ng1u-8'°Nphe-3.4)/7.6 + 1.

b Mean values for the studied organisms.

gested that the pretreatment procedure with cation-exchange resin
was highly effective for the elimination of certain interfering com-
plex compounds from the extracts of biological samples.

3.6. Application of AA method to a simple case study: trophic
level of freshwater organisms

A case study on the individual AA compound-specific nitrogen
isotope was conducted to examine the application of this approach
(hydrolysis, pre-treatment, derivatisation and GC-C-IRMS analysis
of AA) for the determination of the trophic level by estimation of
the TLgjy/phe Values of natural aquatic organisms, including aquatic
plants, shrimp, fish and aquaticinsects in freshwater environments.
The nitrogen isotopic composition of individual AA and the resulted
TLgly/phe Values were summarized in Table 2.

Based on the obtained TLgjyphe values, we can effectively
discriminate subsets of the communities within the freshwater
ecosystem. Most food chains in freshwater start with primary
producers (TL=1, such as algae and plants), which are eaten by
herbivores (TL=2, strict plant-feeders) and omnivores (2<TL<3,
both plant and animal feeders). The carnivores hunt herbivores and
omnivores with TL>3 (animal feeder). The represented primary
procedures in this study were Spirogyra and Hydrilla verticillata,
with TLgjyppe Values being 1.0+£0.15 and 1.2 +0.25, respectively,
as expected. The TLgjyphe Values of Hypophthalmichthys Molitrix
and Ctenopharyngodon idellus considered to be herbivores, range
from 1.9 to 2.1. Pelteobagrus fulvidraco, known to be a ferocious
carnivorous fish, registered a TLgjy/phe Values of 2.940.19. Other
fishes and shrimp appeared to be omnivores, including Hypoph-
thalmichthys nobilis, Carassius auratus and Cyprinus carpio, with
the TLgjy/phe values ranging from 2.3 to 2.7. These obtained TLgjy/phe
values are considered to be corresponding to the trophic level of
these omnivores and carnivores animals. Thus, we suggest that the
TLg1y/phe Values resulted from the approach used in this study can
accurately reflect the actual trophic level in natural food webs in
freshwater environments, and may be able to resolve the trophic
structure of complex food webs in terrestrial ecosystems.

4. Conclusion

The derivatisation of individual AA to their corresponding
N-pivaloyl-iso-propyl (NPIP) esters allowed the accurate determi-
nation of 81°N values of most AAs in muscle tissue and plant
material. Results proved that the pretreatment with Dowex cation-
exchange resin was a useful and reliable way to purify AA fraction.
The treatment with Dowex cation-exchange resin had no signifi-
cant effect upon the 8'°N values of AA standards; the differences
prior to and following passage the resin were within 1%.. The
amount of sample used in GC-C-IRMS was also optimized; the sam-
ple amount required in our study is not less than 20 ngN on column.

It seems that the current approach is a suitable method for the mea-
surement of individual AA 8'°N value of most biological samples
by GC-C-IRMS.

The approach was used to estimate the trophic level by the
815N values of two AAs (glutamate and phenylalanine) from a sin-
gle organism. According to the obtained TL ¢jyphe Values, it can
be effectively elucidating the trophic level of organisms in certain
ecological food webs.
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