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Abstract
Compound-specific nitrogen isotope analysis of amino acids by gas chromatography/

combustion/isotope ratio mass spectrometry (GC/C/IRMS) has been widely used 
in biological, physiological, ecological, and archaeological studies.  In particular, 
it has recently been employed as a powerful tool for estimating the trophic level of 
organisms and nitrogen flow in food webs.  In this study, we optimize the instrumental 
parameters (i.e., temperature of reaction furnaces, carrier gas flow rate, sample amount, 
derivatization, and GC column) on the GC/C/IRMS to achieve accurate and precise 
isotopic measurements of amino acids.  Our results indicate that the nitrogen isotopic 
composition of amino acids can be accurately determined only at high combustion 
temperatures (＞925°C) and low carrier gas flow rates (0.8―1.4 mL min－1); further, 
the GC capillary column must be packed with a polymethylsiloxane stationary phase 
containing nucleophilic (cyano and phenyl) groups or producing polyethylene glycol 
stationary phases.  Furthermore, with this technique, accurate results can be obtained 
for the N-pivaloyl isopropyl (Pv/iPr) or N-trifluoroacetyl isopropyl (TFA/iPr) ester 
derivatives of amino acids.  Under the conditions described above, the analytical error 
(1σ) in the isotope analysis is better than 0.3―0.7‰ for a minimum sample amount of 
30 ngN (~2 nmolN).
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INTRODUCTION

Stable isotope analysis of bulk organic materials has been conventionally employed in a 
number of ecological studies (Fry, 2006).  In particular, the nitrogen isotopic composition 
of bulk organisms and their tissues has widely been used to estimate the trophic level and 
nitrogen flow in modern and fossil food webs (Macko et al., 1991; Hobson and Welch, 
1992; Ostrom et al., 1993; Keough et al., 1996; Yoshii et al., 1999; Ogawa et al., 2001; Post, 
2002).  This method was recently improved with the adoption of compound-specific stable 
isotope analysis (CSIA) by gas chromatography/combustion/isotope ratio mass spectrometry 
(GC/C/IRMS) (Hayes et al., 1990; Sessions, 2006; Chikaraishi and Oba, 2008).  The 
nitrogen isotope analysis of individual amino acids gives a more precise estimate of the 
trophic level of organisms and the nitrogen flow in food webs than does the bulk method 
(McClelland and Montoya, 2002; McClelland et al., 2003; Chikaraishi et al., 2007a, 2007b, 
2009, 2010).  Another important advantage of the CSIA method is the small sample size 
(nanomolar amounts of each element) required for GC/C/IRMS; this facilitates the isotope 
analysis of small samples such as natural microorganisms and protein remnants in fossil 
bones.

Nitrogen isotope analysis of amino acids by GC/C/IRMS was first demonstrated by 
Merritt and Hayes (1994).  They used an Ultra―2 GC column (Agilent Technologies) 
with N-acetyl n-propyl (Ac/nPr) ester derivative for amino acid separation on the GC 
chromatogram.  Later, some researchers used N-pivaloyl isopropyl (Pv/iPr) esters instead 
of the Ac/nPr esters (Metges et al., 1996) in order to achieve better chromatographic 
resolution of the amino acids.  Thus the Pv/iPr ester has been employed as a preferred 
derivative in many studies (Metges and Petzke, 1997; Simpson et al., 1997; Metges et al., 
1999; McClelland and Montoya, 2002; McClelland et al., 2003; Pakhomov et al., 2004; 
Schmidt et al., 2004; Petzke et al., 2005; Chikaraishi et al, 2007a, 2009, 2010).  This 
technique has also been employed for the isotope analysis of D and L enantiomers of amino 
acids on an optically active GC capillary column (Chirasil-Val, Alltech Associates Inc.) by 
N-trifluoroacetyl isopropyl (TFA/iPr) (Macko et al., 1997) or N-pentafluoropropyl isopropyl 
(PFP/iPr) (Veuger et al., 2005) ester derivatization.  The TFA/iPr ester has been used as the 
preferred alternative derivative of amino acids in several studies (Fogel and Tuross, 1999, 
2003; McCarthy et al., 2007; Pop et al., 2007).

The experimental conditions for GC/C/IRMS (e.g., stability, sample requirement, and 
oxidation catalyst) for the nitrogen isotope analysis of amino acids have been provided 
in Merritt and Hayes (1994) and several review papers (Metges and Petzke, 1999; Meier-
Augenstein, 2004; Evershed et al., 2007).  Nevertheless, further optimization of the basic 
experimental conditions is necessary before GC/C/IRMS can be established as the standard 
method for the nitrogen isotope analysis of amino acids.  There is limited information on 
the essential analytical parameters corresponding to this technique, such as temperature of 
the reaction furnaces and carrier gas flow rate.  Further, it was noted that metal fluorides 

formed when using fluorinated derivatives may cause rapid degradation of the combustion 
catalyst and oxidants (Hofmann et al., 2003; Metges and Petzke, 1999; Meier-Augenstein, 
2004), and that care should be taken when using GC capillary column phases containing 
nitrogen for the isotopic exchange of amino acid nitrogen (Metges and Petzke, 1999; Meier-
Augenstein, 2004).  However, these issues remain to be confirmed.

In the present study, we optimize the instrumental parameters (temperature of the 
reaction furnaces, carrier gas flow rate, and sample amount) in the compound-specific 
nitrogen isotope analysis of amino acids by GC/C/IRMS.  We also investigate the influence 
of derivatization (Pv/iPr ester versus TFA/iPr ester) of the amino acid and the type of 
GC capillary column (presence or absence of nitrogen and the use of a polar or nonpolar 
stationary phase) on the determined isotopic composition of amino acids.

Experimental procedures

Reagents and standards
All the standards, reagents, and solvents were purchased from Wako Pure Chemical 

Industries Ltd.  Thirteen protein L-amino acid standards (alanine, aspartic acid, glutamic 
acid, glycine, isoleucine, leucine, methionine, phenylalanine, proline, serine, threonine, 
tyrosine, and valine) and three nonprotein amino acid standards (β-alanine, γ-aminobutyric 
acid, and sarcosine) were used in this study.  Pivaloyl chloride, isopropanol, thionyl chloride, 
and trifluoroacetic anhydride were used as the derivatization reagents.  All the solvents were 
of dioxin analysis grade.  We ensured that there was no substantial contamination of any of 
the amino acids by the reagents and solvents.

The nitrogen isotopic composition of the amino acid standards was determined by the 
conventional technique using a Thermo Fisher Scientific Flash EA (1112EA) coupled 
to a DeltaplusXP IRMS via a ConFlo III interface (e.g., Ohkouchi et al., 2005; Ogawa 
et al., 2010).  The isotopic composition is expressed as conventional δ notation against 
atmospheric N2 (Air).  The analytical error (1σ) in the isotopic composition measurements 
was better than 0.2‰ (~0.1‰ on an average).

Derivatization procedures
Pv/iPr esters of the amino acids were synthesized according to the method proposed in 

Chikaraishi et al. (2007a), and TFA/iPr esters were synthesized by a procedure that was 
a modification of the method proposed by Silfer et al. (1991).  In brief, a mixture of the 
amino acid standards was esterified using isopropanol/thionyl chloride (4/1, v/v) at 110°C 
for 2 h.  The residual reagents were evaporated under a gentle stream of nitrogen after the 
esterification.  Pivaloylation or trifluoroacetylation was then performed using pivaloyl 
chloride/dichloromethane (1/1, v/v) or trifluoroacetic anhydride/dichloromethane (1/1, v/v), 
respectively, at 110°C for 2 h.  After acylation, the residual reagents were again evaporated 
under a gentle stream of nitrogen.  The obtained amino acid derivatives were dissolved in 
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dichloromethane and stored at －20°C until further analysis.

Gas chromatography/mass spectrometry
Gas chromatography/mass spectrometry (GC/MS) analysis was performed using an 

Agilent Technologies 6890N GC/5973A MSD system with a Gerstel programmable 
temperature vaporization (PTV) injector.  The amino acid derivatives were injected 
into the GC column using the PTV injector in solvent vent mode; the columns used for 
the analysis are listed in Table 1.  The PTV temperature program was as follows: 50°C 
(initial temperature) for 0.2 min, heating from 50°G to 250°C at the rate of 600°C min－1, 
isothermal hold at 250°C for 10 min, heating from 250°C to 350°C at the rate of 600°C min
－1, and isothermal hold at 350°C for 10 min.  The GC oven temperature was programmed as 
follows: 40°C (initial temperature) for 2 min, heating from 40° to 90°C at the rate of 10°C 
min－1, heating to 220°C at the rate of 5°C min－1, and isothermal hold at 220°C for 20 min.  
The carrier gas (He) flow rate in the GC capillary column was controlled to 1.5 mL min－1 in 
the constant flow mode.

Gas chromatography/combustion/isotope ratio mass spectrometry(GC/C/IRMS)
Nitrogen isotope analysis of the amino acid derivatives was carried out by GC/C/IRMS 

using an Agilent Technologies 6890N GC coupled to a Thermo Fisher Scientific DeltaplusXP 
IRMS via a GC-C/TC III interface (Fig. 1); (Chikaraishi et al., 2007a, 2008).  For GC/
C/IRMS, the instrumental conditions prescribed by Merritt and Hayes (1994) were used.  
Accordingly, combustion was performed in a microvolume ceramic tube (length: 32 cm; 
internal diameter: 0.6 mm) with CuO, NiO, and Pt wires, and reduction was performed 
in a microvolume ceramic tube (length: 32 cm; internal diameter: 0.5 mm) with reduced 
Cu wires.  A countercurrent dryer (Permeable membrane, NafionTM) and a liquid nitrogen 

trap were installed between the reduction furnaces and the IRMS instrument for removing 
H2O and CO2 generated during amino acid combustion.  All the connections were carefully 
tightened to prevent the GC/C/IRMS system from contamination by atmospheric N2.  The 
magnitude of the background signal at m/z 28 was reduced to 300―800 mV when the carrier 
gas flow rate was 1.3 mL min－1.  To identify the optimal conditions for the isotope analysis, 
the reaction furnaces were operated at various temperatures between 850°C and 1050°C 
during combustion and at 550°C or 650°C during reduction.  The amino acid derivatives 
were injected into the GC column using the PTV injector in solvent vent mode; the eight 
columns used for the analysis are listed in Table 1.  The PTV and GC oven temperature 
programs were the same as those used in the GC/MS analysis.  The carrier gas (He) flow 
rate in the GC capillary column was controlled at various rates between 0.8 and 2.4 mL 
min－1 in constant flow mode.

Since accurate compound-specific isotope analysis can be carried out only after true 
baseline resolution of adjacent compound peaks in the GC/C/IRMS chromatogram 
(Chikaraishi and Oba, 2008), we used various admixtures of the amino acid standards for 
achieving the desired baseline resolution.  For example, we analyzed the following three 
admixtures of the amino acid standards using an Ultra―2 column: 1) alanine, aspartic acid, 
glutamic acid, glycine, leucine, phenylalanine, proline, serine, tyrosine, and valine; 2) 
isolucine, threonine, and methionine; and 3) β-alanine, γ-aminobuthylic acid, and sarcosine.  
In these analyses, each amino acid was completely separated as baseline resolution on the 
chromatograms.

Comment for PTV injector: When using this injector, the solvent is vaporized in the 
injection port at a relatively low initial temperature (~50°C) and flushed through the 
split line.  The analytes are trapped there at the initial temperature and eluted into the GC 
capillary column upon rapid heating (600°C min－1) after a few minutes’ delay.  Generally, 
the use of a PTV injector is advantageous, particularly for the quantitative injection of high-
molecular-weight organic compounds such as alkenones and sterols.  However, it is less 
advantageous to use this injector for amino acids because they are low-molecular-weight 
organic compounds.  Therefore, the PTV injector does not play a crucial role in the isotope 
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Fig. 1. Schematic of GC/C/IRMS used in the present study.

Table 1　GC capillary columns used in this study.

Name Stasionary phase Length×internal diameter
×film thickness

Max 
temperature Nitrogen Polarity Optical 

activity Product

Chirasil-Val Chirasil-valine diamide 
polysiloxane 50 m×0.32 mm×0.20 μm 220°C ＋ Moderate ＋ Alltech Assiciates Inc.

DB―23 50% Cyanopropyl 50% 
methyl polysiloxane 30 m×0.32 mm×0.25 μm 250°C ＋ High － Agilent Technologies

DB―35 35% Phenyl 65% methyl 
polysiloxane 30 m×0.32 mm×0.50 μm 300°C － Moderate － Agilent Technologies

DB-FFAP Nitroterephthalic acid 
modified polyethylene glycol 30 m×0.32 mm×0.25 μm 240°C ＋ High － Agilent Technologies

HP―1MS Methyl polysiloxane 30 m×0.32 mm×1.0 μm 325°C － No － Agilent Technologies

HP-Chiral―20β
20% β-Cyclodextrin 
dispersed DB―35 30 m×0.32 mm×0.25 μm 240°C － Moderate ＋ Agilent Technologies

HP-INNOWAX Polyethylene glycol 30 m×0.32 mm×0.50 μm 260°C － High － Agilent Technologies

HP-Ultra―2 5% Phenyl 95% methyl 
polysiloxane 25 m×0.32 mm×0.50 μm 310°C － Low － Agilent Technologies
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analysis of amino acids, and hence, a conventional splitless injector is generally used.

Results and discussion

Temperature of combustion and reduction furnaces
Great care should be taken when regulating the temperature of the two reaction furnaces 

in the GC/C/IRMS system.  In general, the temperature in a combustion furnace is kept 
between 800°C and 1100°C to oxidize the column elutes to CO2, H2O, N2, and NxOy; on 
the other hand, the temperature in a reduction furnace is kept between 550°C and 650°C 
for reducing NxOy to N2 (Metges and Petzke, 1999; Meier-Augenstein, 2004; Evershed et 
al., 2007).  However, the determined δ15N value is questionable when the combustion is 
less quantitative and/or when reduction is carried out at low temperatures.  In particular, 
precise determination of the nitrogen isotopic composition is difficult when CO is generated 
by incomplete combustion; this is because CO has the same mass number as N2 (m/z 
28).  Because the natural abundance of 13C (1.11%) is considerably higher than that of 15N 
(0.36%), the δ15N value can be considerably overestimated (e.g., ＋500‰) even if there is 
contamination by very small quantities of CO gas.

As illustrated in Fig. 2, the δ15N values measured by GC/C/IRMS for amino acids vary 
when the combustion temperature is in the range of 850―1050°C, although most combustion 

processes are generally carried out in this temperature range.  From the analytical errors 
observed in the case of EA/IRMS (0.2‰) and GC/C/IRMS (0.5‰), we state that the 
δ15N values determined at combustion temperatures higher than 925°C are identical to 
those independently determined by EA/IRMS.  However, the δ15N values determined at 
temperatures below 900°C are higher (up to 6‰) than the correct values.  No substantial 
difference is observed for the δ15N values measured at reduction temperatures of 550―650°C.  
These results demonstrate that the δ15N values for amino acids can be accurately determined 
at high combustion temperatures (＞925°C) and that the reduction temperature does not 
affect the determined δ15N values.

Carrier gas flow rate
The carrier gas flow rate has a direct influence on the residence time of the amino acids 

in the combustion and reduction furnaces, as well as on the elimination of H2O and CO2 in 
the countercurrent dryer or liquid nitrogen trap; hence, this parameter plays a crucial role in 
GC/C/IRMS.  As shown in Fig. 3, the δ15N values measured by GC/C/IRMS depend on the 
carrier gas flow rate.  The δ15N values obtained at low carrier gas flow rates (0.8―1.4 mL 
min－1) are consistent with those determined independently by EA/IRMS, with a relatively 

Fig. 3.  Determined δ15N values of Pv/iPr ester derivatives of aspartic acid (Asp), glutamic acid (Glu), 
and glycine (Gly) at various carrier gas flow rates. Dashed lines represent the δ15N values 
independently determined by EA/IRMS, and bars represent the standard deviations (1σ) for 
triplicate analyses. Temperatures of the combustion and reduction furnaces were 1000°C 
and 550°C, respectively. GC capillary column, Ultra―2; amount of amino acids injected, 60
―120 ngN.
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high precision (1σ＜0.5‰).  This corresponds to residence times of more than 2.1 s in 
the combustion furnace and 1.8 s in the reduction furnace.  In contrast, at high carrier gas 
flow rates (＞1.5 mL min－1), the determined δ15N values are increased by up to 2‰ with a 
relatively low precision (1σ ~3‰).  Thus, accurate measurement of the δ15N values of amino 
acids is possible at low carrier gas flow rates (0.8―1.4 mL min－1).

Sample requirements
The amount of sample used in GC/C/IRMS is another parameter that must be considered 

when optimizing the accuracy and precision of the nitrogen isotope measurements.  Merritt 
and Hayes (1994) reported that there exists a correlation between the determined δ15N 
values and the sample amount; they found that the measurement accuracy is better than ±
0.1‰ for samples with 0.8 nmolN (~11 ngN) and better than ±0.5‰ for samples with 0.05 
nmolN (~0.7 ngN).

As depicted in Fig. 4, a similar correlation exists between the determined δ15N values in 
this study and the sample amount.  When the sample amount is between 30 ngN and 200 
ngN, the determined δ15N values are consistent with those determined independently by EA/
IRMS, and a relatively high precision (1σ＜0.5‰) is achieved.  This roughly corresponds 
to an m/z 28 intensity between 100 mV and 900 mV.  In contrast, when the sample amount 
is less than 30 ngN, the determined δ15N values differ markedly from the correct values, 

and the precision in this case is relatively low.  However, the sample amount required in our 
study is higher than that used by Merritt and Hayes (1994), and the accuracy of our δ15N 
values is lower.  Although the exact reason for this discrepancy is not known, we speculate 
that one possible reason is the difference in the instruments (MAT252 versus DeltaplusXP 
IRMS) and GC/C/IRMS components (e.g., on-column injector versus PTV injector) used 
in the two studies.  In the present study, accurate measurement of the δ15N values of amino 
acids can be carried out with sample amounts larger than 30 ngN.

Derivatization (Pv/iPr vs TFA/iPr ester)
Both Pv/iPr and TFA/iPr ester derivatives are widely used for determining the nitrogen 

isotopic composition of amino acids by GC/C/IRMS (Metges and Petzke, 1999; Meier-
Augenstein, 2004); however, very few studies have compared the δ15N values obtained 
when using these two ester derivatives (e.g., Hofmann et al., 2003).  A significant difference 
between these two esters is that TFA/iPr contains fluorine.  As reported by Metges and 
Petzke (1999), fluorinated compounds may cause rapid deterioration of the combustion 
catalyst and oxidants.  However, as shown in Fig. 5, there is no substantial difference in 
the δ15N values determined using the two derivatives, and the δ15N values are consistent 
with those determined independently by EA/IRMS.  These results indicate that both the 
derivatives are suitable for the nitrogen isotope analysis of amino acids, particularly for the 
accurate measurement of the isotopic composition on the best condition of GC/C/IRMS 
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(when using a fresh combustion furnace and capillary connections, see below).
However, the repeatability and reliability of replicate isotope measurements made using 

the two derivatives differ significantly.  When using the Pv/iPr derivative, the amplitude 
of peak intensity and δ15N values determined during replicate isotope analyses are usually 
constant over 100 injections, and there is no need for reoxidation or replacement of the 
combustion furnace.  On the other hand, when using the TFA/iPr derivative, the amplitude 
of peak intensity decreases gradually during analyses over 20 injections, and the determined 
δ15N values ultimately become inaccurate.  This indicates the release of fluorine in the 
combustion of the TFA/iPr ester; the released fluorine poisons the surface of Pt used as the 
combustion catalyst and/or converts the CuO and NiO oxidants to Cu2F and Ni2F (stable 
metal halides), respectively (Metges and Petzke, 1999; Hofmann et al, 2003).  Moreover, 
a peculiar phenomenon occurs when using the TFA/iPr ester derivative; the capillary 
connection between the combustion and reduction furnaces becomes weak, probably 
implying corrosion of the capillary by HF produced in the combustion of the TFA/iPr esters.

GC capillary column
By selecting specific GC capillary columns for the analysis, we can achieve 

optimal baseline resolution between the peaks corresponding to the amino acids in the 
chromatogram.  For example, Chirasil-Val, an optically active column, has previously been 
used for the baseline resolution of individual D and L enantiomers of amino acids during 
nitrogen isotope analysis (Macko et al., 1997; Veuger et al., 2005) and carbon isotope 
analysis (Engel et al., 1990; Docherty et al., 2001; Ostorm et al., 1994; Silfer et al., 1994; 
Qian et al., 1995; Uhle et al., 1997, 2007).  In addition, polar phase columns such as ZB-
wax and ZB-FFAP (Phenomenex Zebron) have recently been used for improving the 
resolution of the amino acid peaks in carbon isotope analysis (Corr et al., 2007a, 2007b).  
In fact, as illustrated in Fig. 6, the chromatographic resolution of the amino acids achieved 
with the eight types of GC capillary columns used in the present study is different.  Better 
resolution is achieved with the highly polar DB-FFAP and nonpolar HP―1MS columns than 
with the less polar Ultra―2 column, which has been commonly used for amino acid isotope 
analysis in previous studies (McClelland and Montoya, 2002; Chikaraishi et al., 2007a).

However, when using Chirasil-Val and DB-FFAP, the determined δ15N values for some of 
the amino acids (glutamic acid, isoleucine, threonine, and serine when using Chirasil-Val; 
alanine, leucine, phenylalanine, serine, and threonine when using FFAP) differ significantly 
(up to 4.4‰) from those independently determined by EA/IRMS (Fig. 7 and Table 2).  
When using the HP―1MS column, the determined δ15N values for aspartic acid, leucine, 
serine, and valine vary slightly (1.0―1.8‰) from those independently determined by EA/
IRMS.  In contrast, when using the DB―23, DB―35, HP―Chiral―20β, HP―INNOWAX, and 
Ultra―2 columns, the determined δ15N values for all the amino acids are almost consistent 
with those independently determined by EA/IRMS (Δ＝0.3―0.7‰).  In particular, the 
reproducibility achieved with DB―35 is the best among the reproducibilities achieved with 
the eight GC capillary columns used in this study.
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Metges and Petzke (1999) and Meier-Augenstein (2004) previously noted a caution in 
the isotopic exchange of nitrogen between amino acids and column phases when using 
the stationary phase containing nitrogen.  However, in the present study, the presence or 
absence of nitrogen in the GC stationary phase is unrelated to the observed variation in the 
reproducibility.  A high reproducibility is achieved with the DB―23 column but not with the 
Chirasil-Val and DB-FFAP columns, although the stationary phases in all these columns 
contain nitrogen.  These results imply that the isotope exchange of nitrogen between the 
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amino acids and the column phases does not play any significant role in the control of the 
observed variation in the reproducibility.  Moreover, the high reproducibility achieved with 
the DB―35, HP-chiral―20β, HP-INNOWAX, and Ultra―2 columns implies that neither 
polarity nor optical activity has any significant effect on the determined δ15N values of the 
amino acids.  The exact reason for the difference in the reproducibilities observed with the 
GC capillary columns used in this study has not been clarified; however, the electrophilicity 
of the stationary phase is thought to be a possible factor that affects the difference.  In 
fact, the reproducibility of the determined δ15N values is low when using Chirasil-Val, 
DB-FFAP, and HP―1MS, all of which contain stationary phases bearing electrophilic 
functionalities (carboxyl carbon or methyl carbon).  In contrast, the reproducibility of the 
determined δ15N values is very high when using the other five capillary columns, which 
contain polymethylsiloxane stationary phases that bear nucleophilic functionalities (cyano 
or phenyl groups) or polyethylene glycol stationary phases (Table 1).  This is supported by Ta
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our experimental results, which show that the reproducibility increases with the number 
of phenyl groups in the stationary phases in the DB―35, HP―1MS, and Ultra―2 columns 
(Table 2).  Thus, Chirasil-Val and DB-FFAP are clearly unsuitable for the analysis, and 
the HP―1MS column is also preferably avoided when determining the nitrogen isotopic 
composition of amino acids.  The other five GC columns―DB―23, DB―35, HP-Chiral―20β, 
HP-INNOWAX, and Ultra―2―can be used for the isotope analysis of amino acids.

Conclusions

In this study, we optimize several fundamental parameters (temperature of the reaction 
furnaces, carrier gas flow rate, and sample amount) in the compound-specific nitrogen 
isotope analysis of amino acids by GC/C/IRMS.  The measurement accuracy is 0.3―0.7‰ 
or more only under the following conditions: combustion temperature, ＞925°C; carrier 
gas flow rate, 0.8―1.4 mL min－1; sample amount ＞30 ngN (~2 nmolN).  We also clarify 
the effect of derivatization (Pv/iPr ester versus TFA/iPr ester) and the type of GC capillary 
column on the isotope measurements.  Although both Pv/iPr and TFA/iPr esters are widely 
used for the isotope analysis of amino acids, we suggest that the former is more suitable 
because when using the latter, rapid deterioration of the combustion furnace and capillary 
connection is observed.  Chirasil-Val and DB-FFAP are clearly unsuitable for the analysis, 
and the HP―1MS column is also preferably avoided when determining the nitrogen isotopic 
composition of amino acids.  This is probably because the stationary phases in these three 
columns bear electrophilic functionalities.  The DB―23, DB―35, HP-Chiral―20β, HP-
INNOWAX, and Ultra―2 columns are well suited for the isotope analysis of amino acids.

Acknowledgments

We thank Profs. H. Naraoka and S. R. Polson for their technical advice on the isotopic 
analysis and fruitful discussions.  We also thank two anonymous reviewers for their useful 
comments on the manuscript.  This study was supported by CREST-JST (N. O.), a Grant-in-
Aid for Scientific Research of the JSPS (Y. C., Y. T., and N. O. O.), and a Grant-in-Aid for 
Creative Scientific Research (N. O.).

References

Chikaraishi Y, Oba Y (2008) Compound-specific isotope analysis (CSIA) by gas chromatograph/isotope ratio 
mass spectrometer (GC/IRMS) Res Org Geochem 23/24: 99―122 (in Japanese)

Chikaraishi Y, Kashiyama Y, Ogawa NO, Kitazato H, Ohkouchi N (2007a) Biosynthetic and metabolic 

Ta
bl

e 
2　

 (c
on

tin
ue

d)

A
m

in
o 

ac
id

A
bb

re
vi

at
io

n
EA

/IR
M

S 
(u

nd
er

iv
at

iz
ed

)
G

C
/C

/IR
M

S

H
P ―

1 
(n
＝

5)
H

P-
Ch

ira
l ―

20
β 

(n
＝

3)
H

P-
IN

N
O

W
A

X
 (n
＝

3)
U

ltr
a ―

2 
(n
＝

5)

δ15
N

SD
δ15

N
SD

Δ*
δ15

N
SD

Δ*
δ15

N
SD

Δ*
δ15

N
SD

Δ*

Pr
ot

ei
n 

am
in

o 
ac

id
s

L-
A

la
ni

ne
A

la
1.

6
0.

1
2.

1
0.

5
0.

5
1.

4
0.

0
－

0.
2

1.
4

0.
2

－
0.

2
1.

7
0.

2
0.

1
L-

A
sp

ar
at

ic
 a

ci
d

A
sp

3.
1

0.
1

1.
8

0.
6

－
1.

3
3.

2
0.

3
0.

1
3.

1
0.

5
0.

0
2.

8
0.

5
－

0.
3

L-
G

lu
ta

m
ic

 a
ci

d
G

lu
－

5.
7

0.
1

－
5.

5
0.

3
0.

2
－

5.
7

0.
4

0.
0

－
5.

5
0.

2
0.

2
－

5.
8

0.
2

－
0.

1
G

ly
ci

ne
G

ly
－

0.
2

0.
1

－
0.

7
0.

2
－

0.
5

－
0.

3
0.

2
－

0.
1

0.
0

0.
2

0.
2

－
0.

3
0.

2
－

0.
1

L-
Is

ol
eu

ci
ne

Ile
－

7.
1

0.
1

－
6.

9
1.

1
0.

2
－

7.
1

0.
4

0.
0

－
7.

3
0.

4
－

0.
2

－
7.

2
0.

3
－

0.
1

L-
Le

uc
in

e
Le

u
－

4.
4

0.
2

－
3.

3
0.

1
1.

1
－

4.
4

0.
2

0.
0

－
4.

4
0.

4
0.

0
－

4.
2

0.
2

0.
2

L-
M

et
ho

ni
ne

M
et

1.
4

0.
1

1.
5

1.
0

0.
1

1.
1

0.
3

－
0.

3
1.

8
0.

2
0.

4
1.

2
0.

2
－

0.
2

L-
Ph

en
yl

al
an

in
e

Ph
e

－
5.

2
0.

0
－

5.
1

0.
8

0.
1

－
5.

0
0.

2
0.

2
－

4.
9

0.
0

0.
3

－
5.

1
0.

3
0.

1
L-

Pr
ol

in
e

Pr
o

－
8.

3
0.

1
－

8.
4

0.
5

－
0.

1
－

8.
0

0.
1

0.
3

n.
d.

n.
d.

n.
d.

－
8.

2
0.

3
0.

1
L-

Se
rin

e
Se

r
2.

4
0.

0
1.

1
0.

5
－

1.
3

2.
1

0.
1

－
0.

3
2.

7
0.

3
0.

3
2.

0
0.

0
－

0.
4

L-
Th

re
on

in
e

Th
r

－
2.

2
0.

1
－

2.
3

0.
7

－
0.

1
－

2.
1

0.
5

0.
1

－
2.

4
0.

3
－

0.
2

－
2.

4
0.

4
－

0.
2

L-
Ty

ro
si

ne
Ty

r
7.

2
0.

1
7.

4
0.

7
0.

2
7.

0
0.

4
－

0.
2

7.
4

0.
3

0.
2

n.
d.

n.
d.

n.
d.

L-
Va

lin
e

Va
l

3.
5

0.
1

5.
3

0.
5

1.
8

3.
3

0.
2

－
0.

2
3.

4
0.

2
－

0.
1

3.
8

0.
5

0.
3

N
on

pr
ot

ei
n 

am
in

o 
ac

id
s

β-
A

la
ni

ne
β-

A
la

－
1.

5
0.

1
－

2.
0

0.
4

－
0.

5
－

1.
6

0.
2

－
0.

1
－

1.
3

0.
2

0.
2

－
1.

4
0.

5
0.

1
γ-

A
m

in
ob

ut
yr

ic
 a

ci
d

γ-
A

ba
0.

7
0.

1
0.

4
0.

2
－

0.
3

0.
6

0.
2

－
0.

1
0.

6
0.

3
－

0.
1

0.
9

0.
5

0.
2

Sa
rc

os
in

e
Sa

r
－

6.
0

0.
1

－
5.

8
0.

6
0.

2
－

6.
2

0.
4

－
0.

2
－

6.
1

0.
3

－
0.

1
－

5.
8

0.
3

0.
2

Δ*
: D

iff
er

en
ce

 in
 δ

15
N

 v
al

ue
s d

et
er

m
in

ed
 b

y 
EA

/IR
M

S 
an

d 
G

C
/C

/IR
M

S



384 Section 3　Method Development CHAPTER 23　δ15N analysis of amino acids by GC/C/IRMS 385

McCarthy MD, Benner R, Lee C, Fogel ML (2007) Amino acid nitrogen isotopic fractionation patterns as 
indicators of heterotrophy in plankton, particulate, and dissolved organic matter Geochim Cosmochim 
Acta 71: 4727―4744

McClelland JW, Montoya JP (2002) Trophic relationships and the nitrogen isotopic composition of amino 
acids in plankton Ecology 83: 2173―2180

McClelland JW, Holl CM, Montoya JP (2003) Relating low δ15N values of zooplankton to N2-fixation in the 
tropical North Atlantic: Insights provided by stable isotope ratios of amino acids Deep-Sea Res I 50: 
849―861

Meier-Augenstein W (2004) GC and IRMS technology for 13C and 15N analysis on organic compounds and 
related gases In de Groot PA (ed) Handbook of Stable Isotope Analytical Techniques, Volume I, Elsevier, 
pp. 153―181

Merritt DA, Hayes JM (1994) Nitrogen isotopic analyses by isotope-ratio-monitoring gas chromatography/
mass spectrometry J Am Soc Mass Spectrom 5: 387―397

Metges CC, Petzke KJ (1997) Measurement of 15N/14N isotopic composition in individual plasma free amino 
acids of human adults at natural abundance by gas chromatography－combustion isotope ratio mass 
spectrometry Anal Biochem 247: 158―164

Metges CC, Petzke KJ (1999) The use of GC-C-IRMS for the analysis of stable isotope enrichment in 
nitrogenous compounds. In El-Khoury AE (ed) Methods for Investigation of Amino acid and Protein 
Metabolism, CRC Press, pp. 121―133

Metges CC, Petzke KJ, Henning U (1996) Gas chromatography/combustion/isotope ratio mass spectrometric 
comparison of N-acetyl and N-pivaloyl amino acid esters to measure 15N isotopic abundances in 
physiological samples: A pilot study on amino acid synthesis in the upper gastro-intestinal tract of 
minipigs J Mass Spectrom 31: 367―376

Metges CC, Petzke KJ, El-Khoury AE, Henneman L, Grant I, Bedri S, Regan MM, Fuller MF, Young VR 
(1999) Incorporation of urea and ammonia nitrogen into ileal and fecal microbial proteins and plasma 
free amino acids in normal men and ileostomates Am J Clinical Nutrition 70: 1046―1058

Ogawa NO, Koitabashi T, Oda H, Nakamura T, Ohkouchi N, Wada E (2001) Fluctuations of nitrogen isotope 
ratio of gobiid fish (Isaza) specimens and sediments in Lake Biwa, Japan, during the 20th century 
Limnol Oceanogr 46: 1228―1236

Ostrom PH, Macko SA, Engel MH, Russell DA (1993) Assessment of trophic structure of Cretaceous 
communities based on stable nitrogen isotope analysis Geology 21: 491―494

Ostorm PH, Zonneveld J-P, Robbins LL (1994) Organic geochemistry of hard parts: Assessment of isotopic 
variability and indigeneity Palaeogeogr Palaeoclimatol Palaeoecol 107: 201―212

Ogawa NO, Nagata T, Kitazato H, Ohkouchi N (2010) Ultra sensitive elemental analyzer/isotope ratio mass 
spectrometer for stable nitrogen and carbon isotope analyses. In: Earth, Life, and Isotopes (Ohkouchi N, 
Tayasu I, Koba K, Eds), pp. 339―353, Kyoto: Kyoto University Press (in this volume)

Ohkouchi N, Nakajima Y, Okada H, Ogawa NO, Suga H, Oguri K, Kitazato H (2005) Biogeochemical 
processes in a meromictic Lake Kaiike: Implications from carbon and nitrogen isotopic compositions of 
photosynthetic pigments Environ Microbiol 7: 1009―1016

Pakhomov EA, McClelland JW, Bernard K, Kaehler S, Montoya JP (2004) Spatial and temporal shifts in 
stable isotope values of the bottom-dwelling shrimp Nauticaris marionis at the sub-Antarctic archipelago 
Mar Biol 144: 317―325

Petzke KJ, Boeing H, Metges CC (2005) Choice of dietary protein of vegetarians and omnivores is reflected 
in their hair protein 13C and 15N abundance Rapid Commun Mass Spectrom 19: 1392―1400

Popp BN, Graham BS, Olson RJ, Hannides CCS, Lott M, López-Ibarra G, Galván-Magaña F (2007) Insight 
into the trophic ecology of yellowfin tuna, Thunnus albacares, from compound-specific nitrogen isotope 
analysis of proteinaceous amino acids. In Dawson TE, Siegwolf RTW (eds) Stable isotopes as indicators 

controls of nitrogen isotopic composition of amino acids in marine macroalgae and gastropods: 
Implications for aquatic food web studies Mar Ecol-Prog Ser 342: 85―90

Chikaraishi Y, Kashiyama Y, Ogawa NO, Ohkouchi N (2007b) Stable isotopes as ecological proxies: 
Compound-specific nitrogen isotope analysis of amino acids Radioisotopes 56: 463―477 (in Japanese)

Chikaraishi Y, Kashiyama Y, Ogawa NO, Kitazato H, Satoh M, Nomoto S, Ohkouchi N (2008) A compound-
specific isotope method for measuring the stable nitrogen isotopic composition of tetrapyrroles. Org 
Geochem 39: 510―520

Chikaraishi Y, Ogawa NO, Kashiyama Y, Takano Y, Suga H, Tomitani A, Miyashita H, Kitazato H, Ohkouchi 
N (2009) Determination of aquatic food-web structure based on compound-specific nitrogen isotopic 
composition of amino acids. Limnol Oceanogr: Meth. 7: 740―750

Chikaraishi Y, Ogawa NO, Ohkouchi N (2010) Further evaluation of the trophic level estimation based on 
nitrogen isotopic composition of amino acids. In: Earth, Life, and Isotopes (Ohkouchi N, Tayasu I, Koba 
K, Eds), pp. 37―51, Kyoto: Kyoto University Press (in this volume)

Corr LT, Berstan R, Evershed RP (2007a) Optimisation of derivatisation procedures for the determination of 
δ13C values of amino acids by gas chromatography/combustion/isotope ratio mass spectrometry Rapid 
Commun Mass Spectrom 21: 3759―3771

Corr LT, Berstan R, Evershed RP (2007b) Development of N-acetyl methyl ester derivatives for the 
determination of δ13C values of amino acids using gas chromatography-combustion-isotope ratio mass 
spectrometry Anal Chem 79: 9082―9090

Docherty G, Jones V, Evershed RP (2001) Practical and theoretical considerations in the as chromatography/
combustion/isotope ratio mass spectrometry δ13C analysis of small polyfunctional compounds Rapid 
Commun Mass Spectrom 15: 730―738

Engel MH, Macko SA, Silfer JA (1990) Carbon isotope composition of individual amino acids in the 
Murchison meteorite Nature 348: 47―49

Evershed RP, Bull ID, Corr LT, Crossman ZM, van Dongen BE, Evans CJ, Jim S, Mottram HR, Mukherjee 
AJ, Pancost RD (2007) Compound-specific stable isotope analysis in ecology and paleoecology 
In: Michener R, Lajtha K (eds) Stable Isotopes in Ecology and Environmental Science, Blackwell 
Publishing pp. 480―540

Fogel ML, Tuross N (1999) Transformation of plant biochemicals to geological macromolecules during early 
diagenesis Oecologia 120: 336―346

Fogel ML, Tuross N (2003) Extending the limits of paleodietary studies of humans with compound specific 
carbon isotope analysis of amino acids J Archaeol Sci 30: 535―545

Fry B (2006) Stable isotope ecology Springer, New York, USA
Hayes JM, Freeman KH, Popp BN, Hoham CH (1990) Compound-specific isotopic analyses: A novel tool 

reconstruction of ancient biogeochemical processes Org Geochem 16: 115―1128
Hobson K, Welch HE (1992) Determination of trophic relationships within a high Arctic marine food web 

using δ13C and δ15N analysis Mar Ecol-Prog Ser 84: 9―18
Hofmann D, Gehre M, Jung K (2003) Sample preparation techniques for the determination of natural 15N/14N 

variation in amino acids by gas chromatography-combustion-mass spectrometry (GC-C-IRMS) Isotopes 
Environ Health Stud 39: 233―244

Keough JR, Sierszen ME, Hagley CA (1996) Analysis of a Lake superior coastal food web with stable isotope 
techniques Limnol Oceanogr 41: 136―146

Macko SA, Engel MH, Bada JL, Halstead B (1991) Assessment of indigeneity in fossil organic matter: amino 
acids and stable isotopes (and discussion) Philosoph Trans Roy Soc London B 333: 367―374

Macko SA, Uhle ME, Engel MH, Andrusevich V (1997) Stable nitrogen isotope analysis of amino acid 
enantiomers by gas chromatography/combustion/isotope ratio mass spectrometry Anal Chem 69: 926―
929



386 Section 3　Method Development

of ecological change. Academic Press, pp. 173―190
Post DM (2002) Using stable isotopes to estimate trophic position: Models, methods, and assumptions 

Ecology 83: 703―718
Qian Y, Engel MH, Goodfriend GA, Macko SA (1995) Abundance and stable carbon isotope composition 

of amino acids in molecular weight fractions of fossil and artificially aged mollusk shells Geochim 
Cosmochim Acta 59: 1113―1124

Sessions AL (2006) Isotope-ratio detection for gas chromatography J Separation Sci 29: 1946―1961
Schmidt K, McClelland JW, Mente E, Montoya JP, Atkinson A, Voss M (2004) Trophic-level interpretation 

based on δ15N values: implications of tissue-specific fractionation and amino acid composition Mar 
Ecol-Prog Ser 266: 43―58

Silfer JA, Engel MH, Macko SA, Jumeau EJ (1991) Stable carbon isotope analysis of amino acid enantiomers 
by conventional isotope ratio mass spectrometry and combined gas chromatography/isotope ratio mass 
spectrometry Anal Chem 63: 370―374

Silfer JA, Qian Y, Macko AS, Engel MH (1994) Stable carbon isotope compositions of individual amino acid 
enantiomers in mollusk shell by GC/C/IRMS Org Geochem 21: 603―609

Simpson IA, Bol R, Dockrill SJ, Petzke K-J, Evershed RP (1997) Compound-specific δ15N amino acid signals 
in palaeosols as indicators of early land use: a preliminary study Archaeol Prospect 4: 147―152

Uhle ME, Macko SA, Spero HJ, Engel MH, Lea DW (1997) Sources of carbon and nitrogen in modern 
planktonic foraminifera: the role of algal symbionts as determined by bulk and compound specific stable 
isotopic analyses Org Geochem 27: 103―113

Uhle ME, Sikes EL, Nodder SD, Pilditch CA (2007) Sources and diagenetic status of organic matter in the 
Hauraki Gulf, New Zealand: Evidence from the carbon isotopic composition of D- and L-amino acids 
Org Geochem 38: 440―457

Veuger B, Middelburg JJ, Boschker HTS, Houtekamer M (2005) Analysis of 15N incorporation into D-alanine: 
A new method for tracing nitrogen uptake by bacteria Limnol Oceanogr: Meth 3: 230―240

Yoshii K, Melnik NG, Timoshkin OA, Bondarenko NA, Anoshko N, Yoshioka T, Wada E (1999) Stable 
isotope analyses of the pelagic food web in Lake Baikal Lomnol Oceanogr 44: 502―511


