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A B S T R A C T

Compound-Specific Isotope Analysis (CSIA) of amino acids (AAs) is increasingly applied in food authentication 
and environmental studies, where precise and accurate δ13C measurements are essential. This study systemati
cally compares the performance of Gas Chromatography-Combustion-Isotope Ratio Mass Spectrometry (GC-C- 
IRMS) and Liquid Chromatography coupled to Isotope Ratio Mass Spectrometry (LC-co-IRMS) for δ13C analysis of 
essential and non-essential AAs. The GC-C-IRMS showed high analytical precision, with standard deviations 
typically below 0.5 ‰ for standard AAs and 0.8 ‰ for rice samples, in close agreement with EA-IRMS reference 
values. The LC-co-IRMS, while generally reliable, exhibited higher variability, with deviations up to 1.6 ‰ for 
standard AAs and 1.9 ‰ for samples. The GC-C-IRMS also provided better chromatographic resolution, shorter 
run times, and broader amino acid coverage but involved complex workflows, including derivatization and the 
use of hazardous reagents. In contrast, LC-co-IRMS offered a simpler, safer protocol with fewer correction steps, 
though with longer analysis times, reduced throughput, and higher water consumption. Despite these trade-offs, 
both methods yielded comparable δ13C values overall, with some differences for specific AAs. This study finds 
GC-C-IRMS as suitable for high-precision, high-throughput applications, while LC-co-IRMS is more appropriate 
for simplified, sustainable workflows, with method selection depending on research purposes and operational 
priorities.

1. Introduction

Isotope Ratio Mass Spectrometry (IRMS) is a widely applicable 
technique, used to derive information about the geographical, chemical, 
and biological origins of different materials [1]. Bulk analysis carried 
out with an Elemental Analyzer (EA-IRMS) is the most widespread 
method, offering the capability for simultaneous analysis of multiple 
elements and simple operation, while also requiring minimal sample 
preparation [2]. A notable consideration regarding bulk IRMS is that it 
measures the isotope signatures of the mixture of all compounds within 
a matrix, often including unknown compounds or encountering unpre
dictable isotopic fractionation patterns [3]. Through the coupling of 
IRMS with separation techniques, such as Gas Chromatography (GC) [4,
5] and Liquid Chromatography (LC) [6], compound-specific isotope 
analysis (CSIA) has been achieved. This offers several advantages, as it 
measures the stable isotope ratios of different compounds within a single 

matrix, expanding the obtainable isotopic information of a sample [7].
Amino acid (AA) metabolism directly influences isotopic fraction

ation and AA isotope values, both of which are frequently investigated in 
research involving humans, animals, and plants. CSIA of different amino 
acids (AAs) has found application into an array of different fields, with 
the most employed techniques being Gas Chromatography-Combustion- 
Isotope Ratio Mass Spectrometry (GC-C-IRMS) and Liquid 
Chromatography-Chemical Oxidation-Isotope Ratio Mass Spectrometry 
(LC-co-IRMS), depending on the objective of the study. Examples re
ported in the literature include AA analysis using GC-C-IRMS in human 
nutrition [8], trophic [9], migration [10] and niche segregation [11] 
and environmental archaeology [3], while AAs LC-co-IRMS analysis was 
mainly employed in animal nutrition [12,13], palaeodietary recon
struction [14], and forensic science [15]. Moreover, CSIA of various AAs 
is a promising technique for several food authentication cases [16,17].

The isotopic composition of carbon (13C/12C expressed as δ13C) has 
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been one of the most informative and widely used ratios in all the 
aforementioned cases. Plants exploiting different photosynthetic path
ways or different C sources exhibit significant differences in their δ13C 
values, with C3 plants containing significantly lower amounts of 13C 
than C4 plants, and marine-derived carbon typically exhibiting higher 
δ13C values compared to terrestrial-derived carbon [18]. Additional 
physicochemical processes such as the decarboxylation and deamination 
of AAs cause significant isotopic fractionation, further influencing their 
isotopic composition [19]. Moreover, the δ13C values of AAs vary be
tween the groups of essential (EAAs) and nonessential (NNEAAs) amino 
acids [20]. Animals and humans, unlike plants, are unable to synthesise 
the EAAs required for balanced growth and nutrition, such as phenyl
alanine, leucine and valine, thus acquiring them from the diet, which is 
also the primary source of carbon for protein synthesis [21,22]. There
fore, the δ13C patterns of these AAs are transferred from the producer to 
the consumer. Furthermore, EAAs are synthesised via several enzymatic 
steps and, since enzymes discriminate against the “heavy” carbon iso
topes, their δ13C values are often lower compared to the NNEAAs, such 
as glutamate, aspartate and proline, synthesised in vivo [22].

A typical workflow applied for AA analysis includes sample prepa
ration (freeze-drying, homogenization), acid hydrolysis and clean-up 
(cation exchange, filtration, solvent extraction), with an additional 
step necessary for GC analysis, involving the stepwise derivatization of 
AAs. Notably, the derivatives found to provide the most reproducible C 
isotope ratios in AAs analysis were n-acetyl and alkoxycarbonyl esters 
[2]. However, the addition of derivative carbon requires a correction to 
the measured δ13C values, introducing uncertainties in the GC-C-IRMS 
results, dissimilarly to LC-co-IRMS which does not require AA deriva
tization [23]. Additionally, the latter has the advantage of having higher 
column capacity, however sensitivity remains lower compared to 
GC-C-IRMS [2]. An earlier comparison of GC-C-IRMS and LC-co-IRMS 
for the analysis of bone collagen AAs δ13C values used in palae
odietary and palaeoecological reconstruction reported less analytical 
errors associated with the LC-co-IRMS method but significantly less 
carbon requirements and analysis time in the GC-C-IRMS method (61 
min for GC-C-IRMS vs 150 min for LC-co-IRMS) [24].

This work aimed to develop and evaluate, in terms of repeatability 
and accuracy, an LC-co-IRMS and a GC-C-IRMS method for the deter
mination of essential and non-essential AA δ13C values, using standard 
AA solutions of known δ13C composition. A comparison between the two 
techniques was also conducted, focusing on both analytical and chro
matographic performance, and incorporating the advantages and limi
tations of each technique regarding sample preparation, method 
development, time of analysis, costs, sustainability and data correction. 
The two methodologies were subsequently applied in the analysis of AAs 
in rice samples. For GC analysis, the AAs were extracted and subjected to 
an additional N-acetyl isopropyl derivatization step. Although rice was 
the chosen matrix for this study, the findings can be considered appli
cable to any case where carbon stable isotope analysis of AAs is relevant.

2. Materials & methods

2.1. Chemicals and reagents

Standard L-AAs at ≥98 % purity (l-alanine, L-aspartic acid, L-gluta
mic acid, glycine, L-isoleucine, L-norleucine, L-leucine, L-phenylalanine, 
L-proline, and L-valine) and analytical grade cation-exchange resin 
(Amberlite IR120 hydrogen form) were purchased from Merck KGaA 
(Darmstadt, Germany). All other solvents (isopropanol, acetone, and 
ethyl acetate) and reagents (triethylamine and acetic anhydride) used 
were of analytical grade and purchased from Merck KGaA and VWR 
(Milan, Italy). Sodium persulfate and orthophosphoric acid used as 
oxidant and acid in the LC-co-IRMS apparatus were purchased from 
Merck KGaA and VWR.

2.2. Sample description and preparation

The standard mixture was prepared by mixing the pure AAs glycine, 
L-alanine, L-aspartic acid, L-glutamic acid, L-proline, L-valine, L-isoleu
cine, L-norleucine, L-leucine and L-phenylalanine for the GC-C-IRMS, 
while a shorter list was selected for the LC-co-IRMS including glycine, 
L-alanine, L-aspartic acid, L-glutamic acid, L-proline, and L-valine.

The rice samples employed in this work were part of a bigger group 
of organic and conventional Oryza sativa rice samples, belonging to 
different varieties and refining types, with the aim of identifying AA 
isotopic values that contributed most to their classification. The results 
are published in Giannioti et al. [25]. The variety, cultivation and 
refining type of the three rice samples included herein were the 
following: Generic Conventional Brown (GCB), Arborio Conventional 
White (ACW), and Carnaroli Organic White (COW).

A multi-step sample preparation was applied for the analysis of rice 
δ13CAAs, as described by Paolini et al. [26], with some modifications. 
Briefly, the samples were defatted with a mixture of petroleum ether/
ethyl ether, followed by protein hydrolysis with HCl, and the extracted 
AAs were purified using an ion-exchange chromatography resin. The 
resulting solution containing the AAs was ca. 3 mL. A 1 mL aliquot was 
transferred to a glass vial, dried under N2 stream and stored at − 20 ◦C. 
The frozen-stored extracts were re-dissolved in water for LC-co-IRMS 
analysis.

The remaining 2 mL were used in the N-acetyl isopropyl derivati
zation step, which was necessary to render the AAs more volatile prior to 
the GC analysis. Acidified isopropanol was used for esterification and a 
mixture of acetic anhydride/trimethylamine/acetone for acetylation. 
Ethyl acetate and a saturated saline solution were used at the last step to 
isolate the AAs, and the supernatant was transferred to glass vials for 
storage at − 20 ◦C until GC-C-IRMS analysis.

The derivatization step was also performed on the AA standard 
mixture prior to GC-C-IRMS analysis.

2.3. GC-C-IRMS analysis

The GC-C-IRMS working conditions were as reported in Paolini et al. 
[26]. The isotopic values of 9 AAs, alanine (Ala), aspartate (Asx), 
glutamate (Glx), glycine (Gly), isoleucine (Ile), leucine (Leu), phenyl
alanine (Phe), proline (Pro), and valine (Val), were determined by a 
Trace GC Ultra (GC IsoLink + ConFlo IV, Thermo Scientific, Bremen, 
Germany) interfaced with an IRMS (DELTA V, Thermo Scientific, Bre
men, Germany) through an open split interface and with a 
single-quadrupole GC–MS (ISQ Thermo Scientific). A ZB-FFAP (Phe
nomenex, Torrance, CA, USA) capillary column was used. In rice sam
ples, where both L- and D- AA forms are present, the δ13C represents the 
contribution of both enantiomers. However, it is known that the L- form 
is the most abundant in natural systems [27] and therefore in the rice 
samples analysed in this study.

Due to the conversion of asparagine (Asn) and glutamine (Gln) into 
aspartate (or aspartic acid) (Asp) and glutamate (or glutamic acid) (Glu) 
during the acid-hydrolysis step, the δ13C reported represent their sum
maries as Asx and Glx.

The guidelines followed for the validation of the method were those 
proposed by Dunn et al. [28]. A known quantity of norleucine (8 mg 
mL–1 in 0.1 M HCl) was added as an internal standard (IS) after the 
protein hydrolysis step in all samples, as well as in the standard mix, to 
further assess the method performance. Each sample and standard 
mixture was analysed in triplicate.

2.4. LC-co-IRMS analysis

The description of the LC-co-IRMS equipment used for the analysis of 
the non- derivatized AA (Gly, L-Ala, L-Pro, L-Val, L-Asx and L-Glx) is re
ported by Perini et al. [29]. In brief, δ13C analysis of AAs was performed 
using an ultra-high-performance liquid chromatography system 
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(UHPLC, UltiMate 3000, Dionex) coupled to an isotope ratio mass 
spectrometer (IRMS, Delta V Plus, Thermo Scientific) via the LC IsoLink 
interface. The UHPLC maintained a constant column temperature and 
precise flow rates for both standards and samples. Individual com
pounds eluting from the column were quantitatively oxidized in the 
aqueous phase into CO₂, which was then separated from the liquid, dried 
in an online gas drying unit, and introduced into the IRMS through an 
open split interface. This oxidation process is quantitative and 
fractionation-free, and inorganic buffers do not interfere with the sys
tem. All eluents and reagents were pre-deaerated with helium to avoid 
atmospheric CO₂ contamination, and the system was rinsed with water 
to prevent ammonium persulfate crystallization. This setup ensured 
accurate, precise, and reproducible δ13C measurements of AAs in the 
samples analyzed.

A Chirex 3126 (D)-penicillamine column (150 × 04.6 mm) (Phe
nomenex, Torrance, CA, USA) was used for AA peak separation. The LC 
column selected for this study discriminates between the L- and D- form 
of the AAs, and as it is reported that the relative abundance of the L- form 
is predominant in nature [27], only L-AAs have been considered in this 
analysis. In particular, analyses of material from different plants showed 
that the percentage of D-AA in different plant parts represents around 0.7 
% of the total AAs content on average [30].

The column was not equipped with a precolumn and it was set at a 
temperature of 50 ◦C. The LC mobile phase consisted of milliQ water 
(CuSO4 2 mM) and the flow was set at 0.6 mL/min. The oxidant and acid 
flows were set at 50 μL/min. Each sample was analysed 7 times, while 
the standard mixture was analysed in quadruplicate.

2.5. EA-IRMS analysis and AAs data correction

The single L-AAs used to create the standard mixture were first 
analysed through EA-IRMS (Flash 1112, Thermo Scientific, Bremen, 
Germany) to measure each real δ13C value. A two points correction was 
applied using two different working in-house standards, having an iso
topic value respectively lower and higher than the variability range of 
the samples being analyzed, calibrated with respect to the international 
standards NBS-22 fuel oil (δ13C = − 30.03 ± 0.04 ‰) (IAEA-Interna
tional Atomic Energy Agency, Vienna, Austria), IAEA-CH-6 sucrose 
(δ13C = − 10.449 ± 0.03 ‰) and USGS 40 (δ13C = − 26.389 ± 0.042 ‰) 
(U.S. Geological Survey, Reston, VA, USA).

Since different AAs respond differently to analytical steps such as the 
combustion (as for the GC-C-IRMS) or the chemical oxidation (as for the 
LC-co-IRMS), to improve and optimize data correction, a one-by-one 
correction was applied to the results of both techniques [31]. As for 
the LC-co-IRMS, this means that for each AA in the standard mixture, the 
distance between the real value (measured in EA-IRMS) and the raw 
value (resulting from the LC-co-IRMS) was applied as correction to the 
corresponding sample AA. As already mentioned, since each sample AA 
δ13C is corrected against the corresponding standard AA δ13C, the ad hoc 
correction is expected to go over eventual issues related to the differ
ences in AAs chemical behaviour during the analytical steps (e.g., hy
drolysis, combustion, chemical oxidation).

The same principle is also valid for the GC-C-IRMS results, for which 
the corrections accounting for the measured δ13C values of the deriv
atized AAs were carried out as reported in Paolini et al. [26].

2.6. Results expression

The 13C/12C values were expressed in the delta notation (δ ‰) 
against the international standard V-PDB (Vienna-Pee Dee Belemnite), 
according to the IUPAC protocol [32], as follows: 

δref
( iE

/ jE, sample
)
=

[
(iE/jE, sample)
R(iE/jE, ref)

]

− 1 (1) 

where ref is the international measurement standard, sample is the 

analysed sample, and iE/jE is the isotope ratio between heavier and 
lighter isotopes. The delta values were multiplied by 1000 and expressed 
in units “per mil” (‰).

2.7. Statistical analysis

The Statistica software (Version 14.0.1.25) was used to evaluate the 
correlation (Pearson’s Coefficient) and the statistical difference (t-test) 
between the LC-co-IRMS and GC-C-IRMS results, as well as to calculate 
the mean and the standard deviation of repeatability (sr).

3. Results & discussion

3.1. Repeatability and accuracy evaluation

3.1.1. GC-C-IRMS
In order to assess the precision of the method, the standard mixture 

of L-AAs (500 mg/L) containing the IS was analysed 7 consecutive times 
in one day. The mean δ13CAAs values and the standard deviations of 
repeatability (sr) of the standard mixture AAs are reported in Table 1. 
For the majority of AAs (Ala, Val, Ile, Leu, Gly, Asx, Glx, Leu) sr ≤ 0.3 ‰ 
were calculated, while a higher standard deviation was noted for Pro 
and Phe (sr = 0.5 ‰).

No isotopic variation was noted in the stable isotope values of AAs 
for the range of different concentrations most relevant to those 
encountered in our samples (100–500 mg/L), with the exception of Phe 
(Fig. 1S).

Lastly, the method performance was assessed in the analysis of real 
samples (Oryza sativa rice species) exhibiting different characteristics 
(variety, cultivation and refining stage). Three rice AAs samples (GCB, 
ACW and COW) were analysed 7 consecutive times in one day. The mean 
δ13CAAs values and the standard deviations of repeatability (sr) of the 
rice samples selected for this study are reported in Table 2. The standard 
deviation ranged from 0.2 ‰ to 0.5 ‰ for GCB, from 0.3 ‰ to 0.7 ‰ for 
ACW and finally from 0.2 ‰ to 0.8 ‰ for COW (Table 2).

The agreement noted between the real (EA-IRMS) and measured 
(GC-C-IRMS) δ13C value of Nor (IS) (EA-IRMS δ13C (‰) = − 38.0 ± 0.3 
‰ vs GC-C-IRMS δ13C (‰) = − 38.3 ± 0.3 ‰, Table 1) in both the 
standard mix and real samples further confirms the robustness and 
precision of the method.

3.1.2. LC-co-IRMS
To evaluate the analytical repeatability, the same standard mixture 

was injected and analysed 7 consecutive times. The corrected δ13C 
values for each AA and their standard deviations are reported in Table 1.

Although a good agreement was found between the δ13CAA values 
resulting from EA-IRMS and LC-co-IRMS (paired t-test revealed no 

Table 1 
Carbon isotopic average values (δ13CAAs) and standard deviation of repeatability 
(sr) of the single AAs resulting from 7 consecutive runs of the standard mixture 
measured through EA-IRMS, LC-co-IRMS and GC-C-IRMS.

EA-IRMS LC-co-IRMS GC-C-IRMS

δ13C (‰) vs 
V-PDB

sr 

(‰)
δ13C (‰) vs 
V-PDB

sr 

(‰)
δ13C (‰) vs 
V-PDB

sr 

(‰)

Gly − 41.6 0.3 − 41.9 1.5 − 42.0 0.3
L-Glx − 13.7 0.3 − 13.4 1.6 − 13.6 0.2
L-Asx − 22.2 0.3 − 20.9 1.6 − 22.4 0.2
L-Ala − 19.5 0.3 − 19.6 1.4 − 19.5 0.2
L-Pro − 11.2 0.3 − 11.8 1.0 − 11.3 0.5
L-Val − 30.4 0.3 − 31.2 1.5 − 30.3 0.3
L-Ile − 13.5 0.3 – ​ − 13.2 0.3
L-Leu − 19.0 0.3 – ​ − 19.0 0.2
L-Phe − 12.2 0.3 – ​ − 12.2 0.5
Nor 

(IS)
− 38.0 0.3 – ​ − 38.3 0.3
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statistical differences between the data, p > 0.05), the method shows 
higher standard deviations compared to the GC-C-IRMS. While a 
maximum difference of 0.4 ‰ was found between the mean δ13CAA 
resulting from the EA-IRMS and GC-C-IRMS analysis (EA-IRMS δ13CGLY 
= − 41.6 ‰ vs GC-C-IRMS δ13CGLY = − 42.0 ‰, Table 1), the maximum 
distance between the EA-IRMS and the LC-co-IRMS results was 1.3 ‰ 
(EA-IRMS δ13CASX = − 22.2 ‰ vs LC-co-IRMS δ13CASX = − 20.9 ‰, 
Table 1). Nevertheless, the majority of the LC-co-IRMS δ13CAA are within 
±1 ‰ of the EA-IRMS value, in agreement with previous studies [24,33]. 
Moreover, it is worth noting the broad agreement between the δ13CAA of 
the standard mixture resulting from the GC-C-IRMS and the LC-co-IRMS. 
All LC-co-IRMS mean δ13CAA values are within ±1.5 ‰ of the 
GC-C-IRMS ones, a lower distance compared to that reported in a pre
vious work on the comparison between the two techniques [24].

The real samples have been measured 7 consecutive times, and the 
isotopic values and the standard deviation resulting from LC-co-IRMS 
analysis of the three considered samples AAs are listed in Table 3. 
Standard deviations of repeatability (sr) ranging from 0.5 ‰ to 1.9 ‰ 
were obtained for the three selected rice AAs samples (Table 3). The sr 
obtained in the present work are consistent with the results reported in 
the literature for previous application of the LC-co-IRMS on must [29] 
and juice [34], but they are higher than those reported in the compar
ison between GC-C-IRMS and LC-co-IRMS in the determination of 
collagen AAs [24].

3.2. Comparison between GC-C-IRMS and LC-CO-IRMS in the study of 
rice AAs

3.2.1. Correlation between δ13CAA rice samples analysed by GC-C-IRMS 
and LC -co-IRMS

The results from both LC-co-IRMS and GC-C-IRMS analyses of sam
ples GBC, ACW and COW are shown in Fig. 1. A significant linear cor
relation was found between the δ13CAA values measured by the two 
techniques for all three samples. Pearson’s coefficients equal to 0.97 
were calculated for both GBC, ACW and COW. Despite being linearly 

correlated, the δ13CAA values of COW resulting from GC-C-IRMS and LC- 
co-IRMS analyses were statistically different from each other (p < 0.05, 
t-test), with the exception of δ13CGlx and δ13CVal. Similarly, in the case of 
ACW, significant differences were noted between the two techniques in 
the values of δ13CVal, δ13CPro and δ13CAla, but good agreement for Asx, 
Glx and Gly (p > 0.05). Lastly, overlap was observed for Glx, Asx and Pro 
in the GBC sample, with significant differences for δ13CAla, δ13CVal and 
δ13CGly.

There are several factors to consider upon looking closely at the 
differences between the GC-C-IRMS and the LC-co-IRMS results. Firstly, 
the chromatographic column selected for LC-co-IRMS analysis could 
separate the L- and D- forms of the AAs, hence we considered the L-AA 
form only, being the most abundant in nature as mentioned in earlier 
sections. On the other hand, both the L- and D- forms were included in the 
GC-C-IRMS analysis, therefore both contributing to the final δ13C values. 
Even though the L-form is assumed to be predominant, the influence of 
the D-form on the δ13C resulting from the GC-C-IRMS analysis is still to 
be considered. This may be the reason for the higher difference between 
GC-C-IRMS and LC-co-IRMS results in the samples (GBC, ACW and 
COW) compared to the standard mixture (made by selecting the pure L- 
forms of all AAs only, as reported in Section 2.1). Nevertheless, if this 
were the only factor responsible for the discrepancies between the re
sults obtained from the two techniques, the δ13C value of glycine (which 
has no chiral carbons in its structure) would be expected to be identical 
in both analyses. Since this is not the case, additional factors are dis
cussed below. It should be noted that, although the use of a chiral col
umn may indeed contribute to the observed differences between the LC- 
co-IRMS and GC-C-IRMS results, it does not influence method repeat
ability, nor does it affect the evaluation of chromatographic perfor
mance or the assessment of the respective advantages and limitations of 
the two techniques, as discussed in the following sections.

Parameters such as the distinct sample preparation and working 
principle differences of the two methods likely contribute to the differ
ences noted between the GC-C-IRMS and LC-co-IRMS measurements. 
Specifically, as mentioned in Section 2.2, after rice protein hydrolysis, 
the same sample was divided into two fractions, with the aliquot cor
responding to LC-co-IRMS analysis not undergoing any further chemical 
modifications. On the other hand, the GC-C-IRMS aliquot underwent the 
derivatization and clean-up steps, with the derivatization efficiency for 
each AA and for each sample also affecting the final AA concentration, 
and potentially the isotopic measurements. Moreover, in the GC-C- 
IRMS, the derivatized AAs are first separated through a GC column 
and then thermally converted into CO2 through a combustion reactor set 
at T = 1030 ◦C. In the LC-co-IRMS, the underivatized AAs are separated 
through an LC column and then chemically converted into CO2 through 
the oxidative reaction resulting from an oxidation reagent (Na2S2O8) 
and a strong acid (H3PO4) [29]. It should also be noted that the greater 
number of data correction steps required by GC-C-IRMS compared to 
LC-co-IRMS analysis likely contributes to the differences between the 
two methods.

Table 2 
Carbon isotopic average values (δ13CAAs) and standard deviation of repeatability 
(sr) of the single AAs resulting from 7 consecutive runs of rice AAs samples (GCB, 
ACW and COW) measured by GC-C-IRMS.

GCB ACW COW

δ13C (‰) vs 
V-PDB

sr 

(‰)
δ13C (‰) vs 
V-PDB

sr 

(‰)
δ13C (‰) vs 
V-PDB

sr 

(‰)

Gly − 15.3 0.5 − 19.5 0.7 − 13.9 0.3
Glx − 23.3 0.2 − 23.6 0.5 − 23.4 0.2
Asx − 23.7 0.3 − 21.6 0.3 − 22.7 0.5
Ala − 25.8 0.2 − 24.5 0.4 − 23.1 0.2
Pro − 25.9 0.3 − 23.1 0.5 − 24.2 0.2
Val − 35.0 0.4 − 33.2 0.4 − 34.9 0.6
Ile − 28.3 0.4 − 27.0 0.6 − 26.6 0.2
Leu − 34.7 0.4 − 33.7 0.6 − 34.1 0.3
Phe − 29.8 0.4 − 30.0 0.7 − 26.0 0.8
Nor 

(IS)
− 27.6 0.2 − 28.0 0.4 − 30.0 0.2

Table 3 
Carbon isotopic average values (δ13CAAs) and standard deviation of repeatability (sr) of the single AAs resulting from 7 consecutive runs of rice AAs samples (GCB, ACW 
and COW) measured by LC-co-IRMS.

GBC ACW COW

δ13C (‰) vs V-PDB sr (‰) δ13C (‰) vs V-PDB sr (‰) δ13C (‰) vs V-PDB sr (‰)

Gly − 16.7 0.9 − 17.0 0.9 − 15.3 0.5
L-Glx − 21.2 1.6 − 23.0 1.7 − 23.0 0.6
L-Asx − 23.0 1.7 − 21.9 1.7 − 24.7 1.5
L-Ala − 24.1 1.3 − 27.3 1.2 − 27.5 1.1
L-Pro − 28.6 1.6 − 29.1 1.2 − 28.5 1.9
L-Val − 32.5 1.6 − 34.0 1.0 − 34.4 1.5
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3.2.2. Advantages and limitations

3.2.2.1. Sample preparation. Both methods require the sample prepa
ration steps of defatting, hydrolysis and purification. After this protocol, 
which takes approximately 2 days, samples are ready for the LC-co-IRMS 
analysis (after filtration through a 0.22 μm filter). On the other hand, the 
additional steps of derivatization and final clean-up are necessary prior 
to GC-C-IRMS analysis. This adds one more day to the GC-C-IRMS 
sample preparation process, thus rendering it notably longer than the 
LC-co-IRMS method.

3.2.2.2. Method development. Unlike traditional LC-MS techniques, 
where a mixture of aqueous and organic mobile phases are used to 
optimise the chromatographic separation, the mobile phase in the LC-co- 
IRMS cannot be anything other than degassed water (or carbon-free 
buffers), and should be free from any organic or oxidizable compo
nents, in order to avoid interferences with the isotope measurements 
[6]. This poses certain restrictions in the method development process. 
On the other hand, GC-C-IRMS is more dependent on the polarity of the 
stationary phase and temperature gradient, without the mobile phase 

chemistry implications [35].
Due to the aforementioned limitations, a higher number of AAs could 

be identified in the GC than the LC method, including the IS (norleu
cine), as well as the AAs Leu, Ile and Phe.

Lastly, the LC-co-IRMS requirement for considerably higher carbon 
in the sample, compared to GC-C-IRMS analysis [6] can pose an addi
tional challenge in its method development, depending on factors such 
as the sample matrix, availability and AA content.

3.2.2.3. Time required for analysis. Considerably higher sample 
throughput can be achieved by GC-C-IRMS compared to LC-co-IRMS. As 
reported in the working conditions (Sections 2.3 and 2.4), the time 
required for a single run was 50 min for the GC-C-IRMS and 2 h 30 min 
for the LC-co-IRMS analysis. Although further optimization of the LC 
method might result in a decrease of the time required for the analysis, 
this technique is far from becoming as fast as the GC-C-IRMS.

3.2.2.4. Equipment and operational costs. The cost of analytical instru
mentation alongside the regular operating costs can play an important 
role when deciding which CSIA technique to apply. Prices for LC-co- 

Fig. 1. AAs carbon isotopic ratios (δ13C) resulting from the LC-co-IRMS (blue spots) and GC-C-IRMS (red spots) analyses. Data are represented together with their 
standard deviations.
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IRMS and GC-C-IRMS equipment are country-dependent and vary ac
cording to manufacturing brand and seller conditions. Comparing the 
chromatography part alone, GC can be more cost-effective than LC, 
especially considering the generally lower purchase cost, more afford
able basic utilities (electricity, water), and significantly smaller amount 
of waste generated during GC analysis, compared to the organic liquid 
phases required for LC [36]. The mass spectrometry part (IRMS), 
required in both configurations, can exhibit prices from hundreds of 
thousands of dollars. Additional considerations for both techniques 
include the requirement for an additional step between the chromato
graphic and isotopic analysis, namely the combustion interface, as well 
as the need for high purity carrier and reference gases, and for GC AAs 
analysis, the additional reagents used for the derivatization and clean-up 
steps (Section 2.2). Lastly, maintenance (and repair) costs are another 
important factor to consider in both cases.

3.2.2.5. Sustainability and safety. In the comparison of two protocols, it 
is crucial to mention sustainability and safety concerns [37]. The list of 
solid and liquid reactants used in the two different analyses described 
herein, are listed in Table 1S, with the hazard statements reported as 
standardised by the CLP/GHS classification (Regulation 1272/2008). An 
initial weight of 250 mg of sample was considered for the calculation of 
the reactant amounts required for a single sample run.

Given that the steps of defatting, hydrolysis and purification are 
common for LC-co-IRMS and GC-C-IRMS analysis, they also exhibit the 
same reactant requirements (Table 1S). Among them, petroleum ether 
(H350) and glass wool (H350i) should be substituted with safer alter
natives that provide a more sustainable protocol. The GC-C-IRMS sample 
preparation employs additional hazardous reactants for AA derivatiza
tion and clean-up, including a suspected carcinogenic (dichloro
methane, H351). On the other hand, during a single sample run in LC-co- 
IRMS, low amounts of acids and oxidant are involved, but a relatively 
high volume of milliQ water (90 mL per run) is required, thus raising 
sustainability concerns, as does the length of each LC run.

3.2.2.6. Data correction. Post-acquisition data management involves 
less corrections for the LC-co-IRMS than GC-C-IRMS results. As 
mentioned in Section 2.5, a one-by-one correction was applied for each 
AA in the former, considering the value of the corresponding AA in the 
standard mixture and its real value measured in the EA-IRMS. More 
complex data corrections are applied to GC-C-IRMS results, accounting 
for the batch drift, the correction against AAs real value and the effect of 
the derivatization agent δ13C [26]. Naturally, higher number of data 
correction steps implies higher risk of introducing errors.

4. Conclusions

This study presented a comprehensive evaluation of GC-C-IRMS and 
LC-co-IRMS methods for the compound-specific δ13C analysis of AAs, 
with a focus on repeatability, accuracy, chromatographic performance, 
and overall analytical robustness. The GC-C-IRMS method exhibited 
superior precision and accuracy, with relative standard deviations 
generally below 0.5 ‰ and strong agreement with the EA-IRMS results. 
In contrast, LC-co-IRMS, although still reliable, demonstrated greater 
variability and larger deviations from EA-IRMS reference values.

The methodological comparison highlights important trade-offs. The 
GC-C-IRMS provided higher chromatographic resolution, shorter run 
times, and the ability to quantify a wider range of AAs. However, its 
workflow is more labour-intensive, requiring derivatization and com
plex data correction steps, and involves greater use of hazardous 
chemicals. The LC-co-IRMS, on the other hand, offers a simpler and 
potentially safer workflow, with fewer correction steps, though it suffers 
from lower efficiency, longer analysis times, and higher water 
consumption.

The two methods showed good overall correlation in δ13C values 

across real rice samples, although significant differences were observed 
for specific AAs, likely due to differences in sample treatment, chiral 
selectivity, and instrumental principles.

Ultimately, the choice between GC-C-IRMS and LC-co-IRMS should 
be guided by specific research needs, available resources, and sustain
ability considerations. While the GC-C-IRMS is more suited for high- 
precision applications, the LC-co-IRMS remains a promising alterna
tive where ease of sample preparation and reduced chemical use are 
priorities. This work contributes valuable insight for advancing CSIA 
applications across food science and other disciplines.
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