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A B S T R A C T

Amino acids and polyamines play essential roles in physiological processes, such as protein synthesis, neuro
transmission, and cell growth, and are emerging as potential biomarkers for diseases including cancer and 
diabetes. The accurate quantification of these compounds in biological sample is challenging, particularly due to 
matrix effects during liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis. This study aimed 
to mitigate the matrix effects by employing a mixed-mode internal standard (IS) strategy that uses both isotope- 
derivatized ISs (Method 1, with analyte standards derivatized using an isotopic reagent, BzCl-d5) and isotopic 
standards (Method 2, where isotopic analyte standards are derivatized with BzCl). A novel method was devel
oped for the simultaneous quantitative analysis of 21 amino acids and three polyamines in rat urine and plasma 
samples using LC–MS/MS with benzoyl chloride derivatization. To improve analytical accuracy, the two IS 
preparation techniques were explored and the initial results showed poor parallelism for several analytes using 
Method 1. However, significant improvements were observed with Method 2, highlighting the impact of the IS 
strategy on reducing the matrix effects and improving quantification accuracy. By combining both approaches, 
we successfully achieved accurate quantification of the target compounds in biological matrices. This method
ology offers a powerful tool for investigating metabolic alterations in diseases, enhancing our understanding of 
disease pathology and aiding in biomarker identification.

1. Introduction

Amino acids serve as building blocks for protein synthesis and pre
cursors for hormone synthesis, neurotransmitters, nucleic acids, and 
other biomolecules. Furthermore, they play a crucial role in various 
biochemical processes such as neurotransmission and energy meta
bolism [1,2]. The disturbance of amino acid metabolism has been re
ported in conditions such as cancer [3–6], diabetes [7], cardiovascular 
diseases [8], neurodegenerative diseases [9], and drug addiction 
[10,11]; thus, amino acid profiling has been increasingly applied to 
discover more efficient diagnosis and therapy options of the diseases. 
For example, glycine was proposed as a biomarker for brain tumors [3], 
while the clinical significance of d-serine was demonstrated in moni
toring pathological conditions of kidney disease and Alzheimer’s disease 
[12,13]. Furthermore, a biomarker panel of tyrosine and glutamine- 
leucine in human serum was capable of diagnosing early-stage colo
rectal cancer [14]. A decrease of the glutamine and glutamate levels in 
human posterior cingulate cortex was reported as an early biomarker for 

neurodegeneration [15]. Moreover, dynamic changes in the biosyn
thesis/metabolism of amino acids, including the phenylalanine, tyro
sine, and tryptophan biosynthesis and the valine, leucine, and isoleucine 
biosynthesis were observed in rat plasma as warning signs of drug 
dependence [10]. Furthermore, polyamines, the decarboxylated prod
ucts of ornithine or amino acids, were also investigated in biological 
fluid samples. The alteration of polyamine metabolism monitored in 
human plasma was proposed as a biomarker for Parkinson’s disease 
[16], and polyamine profiles in human urine were proposed as diag
nostic tools for head, neck, colorectal, and pancreatic cancer [17–19]. 
Amino acids and polyamines have been presented as key biomarkers for 
the diagnosis of many diseases, therefore, the relative comparison be
tween normal and pathological conditions as well as their accurate 
quantification in biological samples is essential.

Profiling of amino acids and polyamines in biological samples has 
been performed via chromatography coupled with mass spectrometry 
(MS) or nuclear magnetic resonance spectroscopy [20–25]. Recently, 
liquid chromatography–tandem mass spectrometry (LC–MS/MS) is 
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extensively applied to metabolic profiling, owing to its superior sensi
tivity, wide coverage of polarity of metabolites, and rapid and simple 
sample preparation [26–28]. However, the accurate quantification of 
endogenous amino acids is still challenging, due to their physicochem
ical properties, such as low molecular weight, high polarity and hy
drophilicity, the poor separation and low ionization efficiency of LC- 
MS/MS, as well as the absence of a blank matrix and resultant unpre
dictable matrix effects. To overcome such issues, various chemical 
derivatization methods have been developed using dansyl chloride 
[29,30], 9-fluorenylmethyl chloroformate [31], butanolic HCl [32], 6- 
aminoquinolyl-N-hydroxysuccinimidyl carbamate [33], propyl chlor
oformate [23], o-phthaldialdehyde (OPA) [34], or benzoyl chloride 
(BzCl) [35–38] to improve analytical sensitivity and selectivity, as well 
as increase retention times in reverse-phase LC and enhance ionization 
efficiency in MS. Among the different reagents, dansyl chloride, OPA, 
and BzCl are preferred for amino acid derivatization. However, dansyl 
chloride has certain limitations; Song et al. reported that monoamines 
labeled with the dansyl group exhibit low collision-activated dissocia
tion efficiency on a triple quadrupole mass spectrometer, making mul
tiple reaction monitoring (MRM) unsuitable for high-sensitivity analysis 
[39]. Additionally, isotope-coded dansyl chloride is not commercially 
available. Even though OPA reacts quickly with biological amines it is 
only specific to primary amines, which limits its applicability for 
detecting compounds such as spermidine and spermine. Furthermore, it 
produces unstable derivatives [40]. In contrast, BzCl can benzoylate 
primary and secondary amines as well as alcohol groups into amides and 
esters, respectively, via a base-catalyzed Schotten-Baumann reaction 
[41,42]. BzCl is considered a preferred derivatizing reagent for LC-MS/ 
MS-based multi-target analysis owing to its short reaction times (sec
onds at room temperature) and high stability (one week at room tem
perature) [39]. Moreover, the availability of its commercially stable 
isotope-labeled forms (e.g., BzCl-d5) enhances its suitability for 
isotope-coded labeling in the preparation of internal standards (ISs) for 
various analytes [36–38,43]. Consequently, BzCl is regarded as the most 
preferred derivatizing reagent for LC-MS/MS-based multi-target anal
ysis, targeting both amino acids and polyamines.

Incorrect quantification of analytes in biological samples can result 
in errors in data interpretation and subsequent decision-making. In 
particular, unexpected matrix effects pose a challenge to accurate 
quantification, emphasizing the need for thorough validation of the 
analytical methods. The selection of appropriate ISs can correct the 
inaccurate quantitative results caused by matrix effects in LC–MS/MS 
[44]. During LC–MS/MS method development and validation, ISs are 
chosen based on their similarities with the physicochemical character
istics of analytes, mainly in chromatographic conditions, and the dif
ferentiation from the analytes in mass fragmentation (e.g., no crosstalk 
between MRM transitions from stable isotope labelled and non-labelled 
chemicals) [45,46]. For the quantification of endogenous compounds in 
biological samples, surrogate matrices, such as artificial fluids, neat 
solutions, and stripped matrices, are often used to prepare calibrators; 
thus, the identification of matrix interferences in authentic samples is 
not straightforward, while the parallelism between the surrogate and 
authentic matrices is questionable. The use of stable isotopically labeled 
ISs is a competent approach to remove matrix effects, compared with 
other approaches such as changing the sample preparation process and 
modifying the LC or MS conditions [47,48].

In chemical derivatization-assisted LC–MS/MS analyses, ISs can be 
prepared via two different methods: either derivatizing the analyte 
standards with an isotope-labeled reagent (e.g., BzCl-d5) or derivatizing 
the isotopic analyte standards with a regular reagent (e.g. BzCl) [49]. 
The former method offers significant time and costs savings for the 
simultaneous quantification of multiple metabolites [48]. However, the 
potential discrepancies between the analytes and ISs within the matrix 
are challenging, because ISs are derivatized separately from the target 
compounds in the biological sample. This issue becomes more prob
lematic when analyzing endogenous analytes without matrix-matched 

calibrators, leading to quantitative errors. Therefore, during the devel
opment and validation of methods that use stable isotope-coded deri
vatizing reagents, it is crucial to identify and address the discrepancies 
between the target compounds and ISs due to derivatization, whether 
within the matrix or not.

The aim of this study was to develop chemical derivatization-assisted 
LC–MS/MS methods for the accurate and reproducible quantitative 
analysis of 21 amino acids and three polyamines in rat urine and blood 
samples. With this aim, this study focused on overcoming the matrix 
effects by utilizing isotope-derivatized ISs prepared using both an 
isotope reagent and isotope standards. Water was used to prepare cali
brators, and the validity of this approach was fully demonstrated, via 
comparisons of the two different IS preparation methods: (1) the analyte 
standards were derivatized with an isotopic reagent [BzCl-d5] (IS A) or 
(2) the isotopic analyte standards were derivatized with BzCl (IS B).

2. Materials and methods

2.1. Chemicals and reagents

All solvents were of high-performance LC grade. Alanine, asparagine, 
aspartic acid, cysteine, glutamine, glutamic acid, glycine, histidine, 
leucine, lysine, methionine, ornithine mono hydrochloride, phenylala
nine, proline, putrescine, serine, spermidine, threonine, tryptophan, 
tyrosine, valine, arginine, gamma-aminobutyric acid (GABA), and BzCl 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phenylala
nine-d5 was purchased from CDN Isotopes Inc. (Pointe-Claire, Canada). 
Arginine-d7, aspartic acid-13C4D3

15N, cysteine-13C3
15N, histidine-13C6

15N3, 
methionine-13C5, tryptophan-13C11, tyrosine-d7, and BzCl-d5 were pur
chased from Cambridge Isotope Laboratories (Tewkesbury, MA, USA). 
All analytical stock solutions (1 mg/mL) were prepared in water, except 
for tryptophan and tyrosine, which were prepared in methanol and 
stored at − 80 ◦C. The working standard solutions and working IS solu
tions (ISs A and B) used for the analysis of rat urine and plasma were 
prepared in water and stored at − 80 ◦C until analysis. The concentra
tions of each analyte and IS are presented in Method S1.

2.2. Sample preparation

Rat urine and plasma samples were prepared as previously described 
[37,50,51] with minor modifications, and the procedure for sample 
preparation is presented in Fig. 1. The urine samples were centrifugated 
at 20,800 g for 10 min at 4 ◦C to remove any particles, and the super
natant was filtered using a 0.45-μm polyvinylidene fluoride (PVDF) 
microporous membrane. The filtered urine sample was diluted 5-fold 
with water and 20 μL of diluted rat urine was sequentially mixed with 
10 μL of water and 10 μL of working IS B solution. Then, 10 μL of 100 
mM sodium carbonate and 10 μL of a BzCl solution (2% (v/v) in 
acetonitrile) were sequentially added and the mixture was vortexed for 
1 min for derivatizing the target compounds and stable isotope labeled 
compounds (IS B, used for Method 2).

20 μL of the three-fold diluted plasma sample was mixed with 10 μL 
of water and 10 μL of the working IS B solution, prepared via protein 
precipitation using 80 μL of ice-cold methanol, followed by centrifuga
tion at 20,800 g for 10 min at 4 ◦C. Afterwards, 10 μL of 100 mM sodium 
carbonate and the BzCl solution (2 % (v/v) in acetonitrile) were 
sequentially added to 20 μL of the supernatant, followed by vortexing for 
1 min for the derivatization of the analytes and stable isotope-labeled 
compounds (IS B, used for Method 2).

In Method 1, the working IS A solution was derivatized with BzCl-d5 
(2 % (v/v) in acetonitrile). The procedure involved a 1:1:1 reaction of 
the working IS A solution, 100 mM sodium carbonate, and BzCl-d5 so
lution (2% (v/v) in acetonitrile), and the reaction was terminated using 
formic acid. Then, 10 μL of the IS A solution derivatized with BzCl-d5 (2 
% (v/v) in acetonitrile) was mixed with the sample prepared via BzCl 
(2% (v/v) in acetonitrile) derivatization. All the experimental 
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procedures were performed in an ice bath.

2.3. LC–MS/MS analysis

LC–MS/MS analysis was conducted using a Nexera X2 LC-30AD and 
LCMS-8050 system (SHIMADZU Corporation, Kyoto, Japan) coupled 
with an LC-30AD pump degasser (DGU-205R) and a SIL-30AD auto
sampler (SHIMADZU Corporation). Data were processed using LabSo
lutions (SHIMADZU Corporation). The column and guard column used 
for the analysis of rat urine were Acquity UPLC HSS T3 (2.1 mm × 100 
mm, 1.8 μm, Waters, Milford, MA, USA) and Acquity UPLC HSS T3 
VanGuard Pre-Column (2.1 mm x 5 mm, 1.8 μm, Waters), respectively, 
and those for the analysis of rat plasma were Atlantis T3 (2.1 mm × 100 
mm, 3 μm; Waters) and Atlantis T3 VanGuard (2.1 mm × 5 mm, 3 μm; 
Waters), respectively. The temperature was set at 40 ◦C for both ana
lyses. The mobile phase consisted of 2 mM ammonium formate and 0.1% 

formic acid in water (mobile phase A) and 100 % acetonitrile (mobile 
phase B) at a flow rate of 300 μL/min. The gradient elution was as fol
lows: 0–0.5 min, 5% B; 0.5–7 min, 5–85% B; 7–7.1 min, 85–95% B; 7–9 
min, 95% B; 9–9.1 min, 95–5% B; 9–14 min, 5% B. The sample injection 
volumes for urine and plasma were 1 and 5 μL, respectively, and the 
auto-sampler temperature was maintained at 4 ◦C.

The MS/MS system was operated at positive electrospray ionization. 
The optimal conditions were: nebulizing gas flow, 3 L/min; drying gas 
flow, 10 L/min; heating gas flow, 10 L/min; interface voltage, 4 kV; 
interface temperature, 300 ◦C; desolvation line temperature, 526 ◦C; 
heat block temperature, 400 ◦C. The analytes and ISs were identified and 
quantified by their MRM, the details of which are presented in Tables S1 
and S2.

Fig. 1. Sample preparation procedure.

Fig. 2. Schematic of the investigation of internal standard strategies.
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2.4. Comparison of two different IS preparation methods (Methods 1 and 
2) by parallelism evaluation between water and rat urine or plasma

Fig. 2 presents the internal standard selection strategy employed in 
this study. In Method 1, all analyte standards were derivatized with 
BzCl-d5 separately from the sample to prepare the derivatized IS. This 
derivatized IS was then mixed with the sample immediately before LC- 
MS/MS analysis. ISs that satisfied the acceptance criteria of the paral
lelism evaluation of Method 1 were designated as IS A. For analytes that 
failed to meet the acceptance criteria of Method 1, Method 2 was applied 
and then compared to Method 1. In Method 2, the commercially avail
able isotopic analyte standards (arginine-d7, aspartic acid-13C4d3

15N, 
cysteine-13C3

15N, histidine-13C6
15N3, methionine-13C5, phenylalanine-d5, 

tryptophan-13C11, and tyrosine-d7), along with the analyte standards 
(arginine, aspartic acid, cysteine, histidine, methionine, phenylalanine, 
tryptophan, and tyrosine), were derivatized with BzCl during the sample 
preparation process. ISs that satisfied the acceptance criteria of Method 
2 were designated as IS B. Furthermore, in Method 2, the matrix effect of 
the derivatized IS was investigated by comparing the internal (matrix- 
mixed derivatization) and external (matrix-separated derivatization) 
derivatization approaches.

2.5. Validation study

The validation parameters including the matrix effect, selectivity, 
sensitivity, linearity, accuracy, precision, parallelism, and stability were 
evaluated according to previous studies [52–55]. Since the analytes are 
endogenous compounds, water was used as a blank matrix after evalu
ating parallelism. The slopes of the calibration curves prepared from rat 
plasma or urine were compared with those prepared from water, and the 
coefficient of variation (CV) of the slopes was calculated. Additionally, 
the endogenous concentrations of the analytes, estimated by extrapo
lation to the negative x-intercept from standard addition, were 
compared with those interpolated from calibration curves derived from 
water. The relative error (RE) was then calculated for the comparison. 
The sensitivity, linearity, accuracy, and precision were assessed using 
water, while selectivity, stability, and matrix effect were evaluated using 
water, rat urine, or plasma. The quality control (QC) samples were 
prepared at low, medium, and high concentrations (LQC, MQC, and 
HQC, respectively) in the range of the calibration curve of each analyte. 
The in-process stability, autosampler stability, freeze and thaw stability, 
and sample storage stability were evaluated for 30 d at –80 ◦C using both 
spiked water samples at LQC and HQC levels, as well as pooled urine or 
plasma samples collected from six different rats. The detailed experi
mental conditions and accepted criteria for the validation parameters 
were the same as those described in the previous studies [55–57].

3. Results and discussion

3.1. Optimization of derivatization conditions

An advantage of LC-MS/MS analysis is its ability to detect target 
compounds with high sensitivity and specificity without the need for 
derivatization. Nevertheless, many studies employ derivatization to 
enhance ionization efficiency and optimize retention times [58–63]. The 
derivatization efficiency was assessed across five BzCl concentration 
levels (1%, 2%, 4%, 8%, and 10%) in acetonitrile, using rat urine and 
plasma, as well as their surrogate matrix (water). The concentrations of 
BzCl had a more pronounced effect in rat urine compared to plasma. As 
shown in Fig. S1A, lower percentages of BzCl (1% or 2%) yielded higher 
results, whereas increasing the concentration beyond this point led to 
similar or reduced yields in rat urine. Notably, the peak areas of poly
amines, such as putrescine, spermidine, and spermine, declined sharply 
at higher BzCl concentrations. Specifically, the spermine levels 
decreased by approximately 2.93-fold (LQC), 2.55-fold (MQC), and 
2.61-fold (HQC) at 8% BzCl compared with 1% BzCl. Conversely, the 

tyrosine levels increased by 1.35-fold (LQC) and 1.22-fold (MQC) at 2% 
BzCl compared with 1% BzCl in rat urine, while polyamines showed no 
significant differences (within ±20%); hence, 2% BzCl was selected for 
further analysis.

In rat plasma samples, the variations in peak areas of most target 
compounds remained within ±20% across the tested BzCl concentration 
levels, except for asparagine (MQC), histidine (LQC and MQC), ornithine 
(MQC), spermidine (MQC), tryptophan (MQC), and tyrosine (LQC). The 
maximum derivatization yield for histidine occurred at 2% BzCl, 
yielding a 2.39-fold increase (MQC) compared with 1% BzCl. The 
derivatization time was also examined at reaction intervals of 1, 5, and 
10 min. As shown in Fig. S2, a reaction time of 1 min was sufficient to 
achieve the maximum derivatization yield. For polyamines, extending 
the reaction time beyond 10 min led to significant degradation, with 
specific reductions as follows: spermidine showed a − 1.52-fold decrease 
(LQC in water), while spermine exhibited decreases of − 3.05-fold (LQC 
in water), − 1.74-fold (MQC in water), − 1.74-fold (HQC in water), 
− 1.23-fold (LQC in urine), − 1.30-fold (MQC in urine), and − 1.41-fold 
(HQC in urine) compared with the results obtained after 1 min 
(Fig. S2A). Therefore, the derivatization time was set at 1 min.

3.2. Comparison of two different IS preparation methods (Methods 1 and 
2)

The absolute quantification of multiple endogenous metabolites is 
not straightforward due to the absence of analyte-free matrix-matched 
calibrators and unavoidable or unexpected matrix interference, posing a 
significant hurdle in method validation. An effective method for 
addressing such issues is the use of stable isotope-labeled standards for 
the target compounds. However, when simultaneously analyzing mul
tiple targets, using individual ISs for each compound is often impractical 
due to their lack of commercial availability. Previous studies employed, 
strategies with isotope derivatization reagents to overcome this problem 
[48,49,64]. The limitations of this approach lie in the variations in the 
labeling efficiencies of the derivatization reagents depending on the 
target compounds, primarily due to diverse matrix interferences in 
biological samples. Consequently, meeting one condition for the selec
tion of ISs for certain analytes may preclude the satisfaction of the re
quirements of the other analytes. In this study, we addressed this 
challenge by implementing a mixed-mode IS strategy, involving the use 
of both isotope-derivatized ISs with an isotopic reagent, and isotopic 
standards as ISs.

At the initial step of the method development, the parallelism be
tween rat urine or plasma and water as a surrogate matrix was investi
gated. Cysteine was included as an analyte only in rat plasma due to its 
presence at trace levels in rat urine Furthermore, the addition IS A before 
sample extraction (mixing with BzCl) in Method 1 led to the derivati
zation of the endogenous target compounds by BzCl-d5, despite using 
formic acid for reaction termination. Thus, IS A was added just before 
LC–MS/MS analysis. All target compounds, except arginine, aspartic 
acid, histidine, methionine, phenylalanine, tryptophan, and tyrosine in 
urine samples and aspartic acid, cysteine, methionine, and tyrosine in 
plasma samples showed acceptable parallelism using IS A (Method 1); 
the CV of the slopes was less than 15%, and the RE between the 
extrapolated mean concentrations from the negative x-intercept from 
standard addition in pooled rat urine or plasma and the interpolated 
mean concentrations using water as a surrogate matrix was less than 
15% (Figs. S3 and S4, Tables S3 and S4). Regarding the analytes where 
parallelisms were problematic when applying Method 1 (marked with 
an asterisk in Tables S3 and S4), Method 2 was applied, and the paral
lelisms were significantly improved as shown in Figs. 3 and 4 (Method 1 
vs. Internal derivatization, Method 2) as well as Tables 1 and 2 (Method 
1 vs. Internal derivatization, Method 2). The CV between the slopes of 
rat urine and water decreased notably for tyrosine (from 48.2% to 
3.0%). The RE between the mean concentrations derived from the 
standard addition and the surrogate matrix approach also showed 
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Fig. 3. Calibration curves for seven amino acids using pooled rat urine (authentic matrix, n = 3) and water (surrogate matrix, n = 3).
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significant improvements; in urine, arginine improved from 46.3% to 
− 14.4%, aspartic acid from 30.1% to 5.31%, histidine from 19.6% to 
2.61%, methionine from 22.4% to − 2.94%, phenylalanine from 17.7% 
to 2.03%, tryptophan from 27.2% to − 9.02%, and tyrosine from NC to 
− 0.584% (Table 1). Similarly, for plasma, the RE of aspartic acid 
improved from 22.9% to − 11.0%, cysteine changed from NC to − 4.42%, 
methionine improved from 18.3% to 5.87%, and tyrosine improved 
from 16.9% to 11.7% (Table 2). The retention times of the ISs for the 
analytes in Methods 1 and 2 were mostly similar, as shown in Tables S1 
and S2. Such results imply that in chromatography, the selection of ISs 
for different analytes depends on various factors beyond the similarities 
in elution characteristics, even within the same sample matrix.

The matrix effects were compared between Method 1 and 2 for the 
analytes where parallelisms were not satisfied in Method 1 (Tables S5 
and S6). Method 2 improved the CV of the matrix effect for phenylala
nine (from 27.0% to 12.1% at LQC) and tyrosine (from 15.3% to 10.9% 
at LQC) in rat urine. Similarly, the CV of tyrosine in plasma significantly 
improved, decreasing from 75.9% to 11.8% at the LQC level and from 
31.9% to 9.7% at the HQC level. Furthermore, the ion suppression 
decreased considerably from 36.9% to 77.3% at LQC and from 56.7% to 
69.0% at HQC. Moreover, the CV of cysteine notably decreased from 
42.9% to 10.0% at LQC, and ion suppression improved from 46.4% to 
82.6% at LQC and from 72.5% to 90.3% at HQC using Method 2. These 
findings demonstrate an enhancement in reproducibility by employing 
distinct isotopic analyte standards for the analytical challenges posed by 

matrix effects even when utilizing isotope derivatization reagents as ISs. 
Furthermore, when using a surrogate matrix for the analysis of endog
enous substances, the assessment of parallelism with the authentic ma
trix should be considered together with the matrix effects.

It was previously reported that the efficiency of dansylation labeling 
of amino acids was affected to varying degrees depending on the co- 
existing constituents within the sample matrix [65]. Moreover, mixing 
analyte standards coded with an isotopic reagent such as ISs with the 
sample immediately before LC-MS/MS analysis (Method 1 in present 
study), is considered a major disadvantage, because the recovery of the 
analytes is not corrected [48]. Despite the commercial availability and 
cost-effectiveness of the isotopic reagents, compared with isotopic an
alyte standards, these disadvantages may lead to unsatisfactory experi
mental outcomes, as shown in Tables 1 and 2. Thus, we further 
investigated whether these results could be attributed to differences in 
labeling efficiencies resulting from the separate derivatization of 
authentic matrices, such as urine or plasma. For this purpose, we 
compared the parallelisms between rat urine or plasma and water using 
the internal and external derivatization of Method 2 to investigate 
whether the failure of Method 1 was due to the separate derivatization of 
the matrices. As shown in Figs. 3 and 4, as well as Tables 1 and 2, 
external derivatization revealed that aspartic acid, histidine, methio
nine, phenylalanine, and tryptophan in rat urine and/or plasma 
exhibited acceptable parallelism (i.e., < ±15%, RE and <15%, CV). 
However, arginine (in rat urine), cysteine (in rat plasma), and tyrosine 

Fig. 4. Calibration curves for four amino acids using pooled rat plasma (authentic matrix, n = 3) and water (surrogate matrix, n = 3).
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Table 1 
Parallelism comparison between Methods 1 and 2 in rat urine.

Compound 
name

Method 1 Method 2

Internal derivatization External derivatization

IS A Negative x- 
intercept from 
standard 
addition

Surrogate 
matrix 
approach

RE 
(%)

Slope 
difference

IS B Negative x- 
intercept from 
standard 
addition

Surrogate 
matrix 
approach

RE (%) Slope 
difference

Negative x- 
intercept from 
standard 
addition

Surrogate 
matrix 
approach

RE 
(%)

Slope 
difference

Extrapolated 
mean 
concentration 
(μg/mL)

Interpolated 
mean 
concentration 
(μg/mL)

CV (%) Extrapolated 
mean 
concentration 
(μg/mL)

Interpolated 
mean 
concentration 
(μg/mL)

CV (%) Extrapolated 
mean 
concentration 
(μg/mL)

Interpolated 
mean 
concentration 
(μg/mL)

CV (%)

Arginine Bz-d5- 
Arginine-

1.31 0.703 46.3 7.13 Bz-Arginine-d7 1.32 1.51 − 14.4 3.56 1.14 0.670 41.2 8.66

Aspartic acid Bz-d5- 
Aspartic acid

0.762 0.533 30.1 14.6 Bz-Aspartic 
acid-13C4d3

15N
0.214 0.226 5.31 5.72 0.430 0.373 13.3 10.7

Histidine Bz-d5- 
Histidine

1.09 0.876 19.6 13.4 Bz- 
Histidine-13C6

15N3

1.15 1.12 2.61 5.72 1.11 0.78 12.6 5.89

Methionine Bz-d5- 
Methionine

0.406 0.315 22.4 6.85 Bz- 
Methionine-13C5

0.340 0.350 − 2.94 3.81 0.417 0.385 7.67 2.53

Phenylalanine Bz-d5- 
Phenylalanine

0.621 0.508 17.7 10.2 Bz- 
Phenylalanine-d5

0.639 0.626 2.03 3.65 0.737 0.684 7.19 5.06

Tryptophan Bz-d5- 
Tryptophan

0.195 0.142 27.2 14.6 Bz- 
Tryptophan-13C11

0.133 0.145 − 9.02 7.68 0.166 0.158 4.82 2.25

Tyrosine Bz-d5- 
Tyrosine

NC NC NC 48.2 Bz-Tyrosine-d7 0.514 0.517 − 0.584 2.96 0.547 0.429 21.6 8.76

IS, internal standard; Bz, benzoyl; NC, not calculated; CV, coefficient of variation; RE, relative error.
Interpolated concentrations were calculated by interpolation from surrogate matrix calibration curves. Extrapolated concentration was calculated by extrapolating to the negative x-intercept from the standard addition 
calibration curve. RE (%) is {(extrapolated concentration − interpolated concentration)/extrapolated concentration} * 100.
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(in rat urine and plasma) did not meet the acceptance criteria. The 
extraction recovery of ISs could be different between Method 2 with 
internal derivatization and external derivatization or between Method 2 
with internal derivatization and Method 1. The difference in the 
extraction recovery levels may also vary depending on the concentra
tions of the analytes. Such results imply that the matrix-separated 
derivatization for the preparation of IS A could not fully correct the 
effect of matrix interference during sample preparation. Additionally, 
previous studies have reported that isotopic effects originating from 
deuterated compounds can also lead to unexpected matrix effects in 
reverse-phase LC [48,66]. Therefore, when using isotope-labeled 
derivatization reagents, particularly for the quantification of endoge
nous compounds lacking matrix-matched calibrators, it is crucial to 
assess the compatibility between the target compounds and IS to ensure 
accurate quantification.

3.3. Method validation

Based on the results of the comparison between Methods 1 and 2, the 
optimized methods with a mixed-mode IS strategy were fully validated 
for rat urine and plasma. Figs. S5 and S6 shows representative chro
matograms of the target compounds in water as a blank matrix (A), 
water fortified with the LLOQ levels of each analyte (B), and rat urine or 
plasma (C) samples. No signals interfering with the signal of the analytes 
and ISs were observed in water. The endogenous concentrations of all 
the target compounds were clearly detected in the authentic rat urine or 
plasma, however, only endogenous cysteine was not detected in rat 
urine. The sensitivity, linearity, matrix effect, method precision and 
accuracy, and stability of the LC-MS/MS method for rat urine samples 
are summarized in Table S7. The LOD and LLOQ values were between 
0.01 μg/mL (putrescine) and 0.25 μg/mL (serine) and between 0.05 μg/ 
mL (spermine) and 10 μg/mL (glycine), respectively. The mean regres
sion coefficients (r) for each analyte were between 0.9958 (glycine) and 
0.9988 (glutamine). Moderate ion suppression or enhancement was 
observed, with the mean values of the matrix effects for each analyte 
ranging from 62.5% (putrescine) to 126.9% (spermine), and their CVs 
ranging from 2.5% (valine) to 14.7% (valine). The CVs for the repeat
ability and intermediate precision ranged from 3.0% (phenylalanine) to 
14.8% (histidine), and the accuracy was between 0.1% (valine) and 
− 8.0% (tyrosine). The analytes in urine were stable under all the tested 
conditions. The results of the validation parameters for the LC-MS/MS 
method in rat plasma are summarized in Table S8. The LOD values 
ranged from 0.0009 (putrescine) to 0.750 (glutamine) μg/mL, and the 
LLOQ values ranged from 0.0075 (spermine) to 90.0 (glutamine) μg/mL. 
The mean of the r value for each analyte ranged from 0.9904 (glutamic 
acid) to 0.9990 (tyrosine). The mean values of the matrix effect of each 
analyte ranged from 69.0% (tyrosine) to 130.7% (lysine). The CVs of the 
matrix effects were from 6.1% (phenylalanine) to 14.7% (arginine). The 
CVs for repeatability and intermediate precision ranged from 6.3% 
(cysteine) to 18.1% (GABA), while the accuracy of the method ranged 
from a bias of 0.1% (alanine) to 10.3% (glycine). Stability experiments 
revealed that glycine was unstable [118.5% (plasma) and 138.7% (HQC 
in water)] in samples stored on ice at room temperature for up to 4 h. 
Therefore, the entire plasma analysis was performed under the current 
optimized conditions. The implemented mixed-mode IS strategy met the 
criteria of all the validation parameters and demonstrated superior 
method accuracy and reproducibility.

3.4. Quantification of amino acids and polyamines in rat urine and 
plasma

Table 3 shows the quantitative results of the endogenous amino acids 
and polyamines measured in urine and plasma samples collected from 
healthy rats in this study (LC-MS/MS methods with the mixed-mode IS 
strategy) and previously reported ones [2,67–71]. Our results show the 
wide range of the mean concentrations of amino acids and polyamines in Ta
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urine samples; the concentrations of amino acids ranged from 0.3 μg/mL 
(0.8 μg/mgcreatinine, tryptophan) to 182 μg/mL (457.1 μg/mgcreatinine, 
glycine) and those of polyamines were 12.2 μg/mL (30.4 μg/mgcreatinine, 
putrecine), 3.4 μg/mL (8.3 μg/mgcreatinine, spemidine), and 0.75 μg/mL 
(1.9 μg/mgcreatinine, spermine). In plasma, the mean concentrations of 
amino acids ranged from 1.8 μg/mL (cysteine) to 43.2 μg/mL (gluta
mine), except for aspartic acid and GABA, whose concentrations were 
below the LLOQ value. The concentrations of polyamines were 0.06 μg/ 
mL (putrescine), 0.21 μg/mL (spermidine), and 0.03 μg/mL (spermine). 
Several previous studies also reported the mean concentrations of amino 
acids in rat urine ranging as follows: 0.3 μg/mL (tryptophan) to 132.7 
μg/mL (alanine) [67]; <LLOQ (tryptophan) to 34.1 μg/mL (glutamine) 
[68]; 0.8 μg/mL (tryptophan) to 17.2 μg/mL (serine) [2]; 4.1 μg/ 
mLcreatinine (GABA) to 57.1 μg/mLcreatinine (tyrosine) [69]. The variation 
in the reported concentrations of the same amino acid across the 
different studies can be attributed to biological and/or analytical 
methodological differences. Factors like the timing and conditions of 
urine collection, as well as variables such as water intake, urine volume, 
and flow rate [72], can contribute to variations in urinary metabolite 
concentrations. Furthermore, despite the use of a surrogate matrix (e.g., 
water), the parallelism between the surrogate matrix and rat urine was 
not evaluated in the previous studies [68]. This oversight could lead to 
inaccuracies in the quantitative results. However, the comparison be
tween the control and treatment groups should remain unaffected. 
Therefore, it is essential to consider these factors when planning and 
interpreting data from urinary metabolomics studies in animals.

According to previous studies, the mean concentrations of amino 
acids in rat plasma ranged from ND (GABA) to 68.8 μg/mL (glutamine) 
[67] and from 1.8 μg/mL (proline) to 43.2 μg/mL (tryptophan) [2]. In 

addition to potential technical variations, normal plasma amino acid 
concentrations can vary due to factors such as diet, stress, and age 
[73,74]. Cysteine is a semi-essential amino acid necessary for protein 
synthesis, being the precursor of glutathione, a major antioxidant 
molecule in the body [75,76]. However, previous studies on amino acid 
profiling have not included quantification of cysteine. This is likely due 
to its potential degradation caused by the oxidation–reduction activity 
during the analytical process. Therefore, previous studies often 
employed chemical derivatization to protect the thiol group of cysteine 
[77,78]. According to a previous study, the concentration of non- 
derivatized cysteine consistently decreased during LC-MS/MS analysis 
[78]. In this study, benzoylation of the thiol group using BzCl could 
ensure both the stability and accurate quantification of cysteine.

Our results indicated that the concentrations of most amino acids 
(except for glycine and three polyamines) were higher in plasma than in 
urine. It is well known that the urinary metabolite profile reflects the 
final metabolic processes within the body and often exhibits higher 
concentrations compared to those found in the blood [79]. However, the 
reabsorption of amino acids in the kidney proximal tubule could pro
duce urine amino acid profiles with lower concentrations than those in 
plasma [80,81]. This emphasizes the need for additional considerations 
when using amino acids and polyamines for diagnosing diseases in both 
normal and pathological states.

4. Conclusions

The use of analyte standards derivatized using an isotopic reagent as 
ISs remains prevalent in metabolic profiling due to its methodological 
simplicity and cost-effectiveness. Despite the several advantages, the use 

Table 3 
Endogenous concentrations of amino acids and polyamines in rat urine and plasma samples.

Compound name Rat urine Rat plasma

Experimental 
(μg/mL)

Reported 
(μg/mL)

Experimental 
(μg/mgcreatinine)

Reported 
(μg/mgcreatinine)

Experimental 
(μg/mL)

Reported 
(μg/mL)

Amino acids

Quantified 
(n = 6)

[67]
(n = 3)

[68]
(n = 10)

[2]
(n = 6)

Quantified 
(n = 6)

[69]
(n = 6)

Quantified 
(n = 5)

[67]
(n = 6)

[2]
(n = 6)

Alanine 3.4 ± 0.3 132.7 19.3 1.4 ± 0.2 8.3 ± 1.1 15.4 ± 3.0 19.2 ± 4.9 32.2 15.6 ± 2.3
Arginine 4.1 ± 0.7 2.5 14.7 0.9 ± 0.1 10.1 ± 2.2 NA 14.9 ± 2.5 14.9 12.6 ± 1.1
Asparagine 2.7 ± 0.2 2.3 17.6 2.3 ± 0.3 6.6 ± 0.9 12.7 ± 2.1 3.7 ± 0.5 7.1 7.8 ± 0.9
Aspartic acid 0.9 ± 0.2 7.2 2.7 3.7 ± 0.3 2.1 ± 0.4 9.7 ± 0.9 < LLOQ 0.7 2.7 ± 0.4
Cysteine NA NA NA 2.4 ± 0.2 NA NA 1.8 ± 0.5 NA 4.1 ± 0.6
GABA 1.7 ± 0.4 0.6 NA NA 4.2 ± 0.8 4.1 ± 0.8 ND ND NA
Glutamine 7.9 ± 0.7 0.7 34.1 12.6 ± 1.2 19.6 ± 2.9 45.1 ± 18.1 43.2 ± 8.1 68.8 26.5 ± 3.6
Glutamic acid 3.3 ± 1.1 23.1 8.4 3.0 ± 0.4 8.1 ± 2.1 11.7 ± 5.6 6.8 ± 0.7 10.8 6.6 ± 0.9
Glycine 182.0 ± 8.9 126.2 6.7 4.2 ± 0.6 457.1 ± 102.5 29.3 ± 1.6 8.8 ± 1.6 19.5 7.4 ± 1.1
Histidine 2.3 ± 0.4 1.6 9.6 1.7 ± 0.2 5.8 ± 1.4 16.9 ± 1.0 3.5 ± 0.7 9.4 3.8 ± 0.5
Leucine + Isoleucine 2.3 ± 0.4 0.8 4.0 NA 5.7 ± 1.6 7.4 ± 0.3 12.5 ± 5.3 9.2 NA
Lysine 5.8 ± 1.3 3.5 16.8 1.5 ± 0.1 14.3 ± 3.0 26.4 ± 6.1 29.0 ± 4.5 26.8 6.2 ± 0.8
Methionine 0.9 ± 0.1 0.5 3.4 0.9 ± 0.1 2.3 ± 0.5 4.5 ± 3.4 2.5 ± 0.5 6.0 4.5 ± 0.6
Ornithine 1.8 ± 0.5 2.2 NA NA 4.4 ± 1.6 7.6 ± 2.5 2.6 ± 0.5 3.6 NA
Phenylalanine 1.2 ± 0.2 1.1 4.1 1.3 ± 0.2 2.8 ± 0.5 11.2 ± 1.6 3.4 ± 0.9 7.4 11.4 ± 1.0
Proline 2.6 ± 0.5 8.9 7.8 1.2 ± 0.1 6.3 ± 1.0 10.3 ± 1.4 6.8 ± 0.9 14.6 1.8 ± 0.3
Serine 3.0 ± 0.4 2.2 14.1 17.2 ± 2.2 7.3 ± 1.1 9.3 ± 1.8 9.5 ± 1.4 20.3 29.6 ± 3.6
Threonine 5.1 ± 0.7 1.8 NA 2.9 ± 0.4 12.3 ± 2.6 6.1 ± 0.3 8.4 ± 1.2 13.7 43.2 ± 6.2
Tryptophan 0.3 ± 0.1 0.3 <LLOQ 0.8 ± 0.1 0.8 ± 0.2 12.0 ± 1.2 5.9 ± 0.5 10.0 16.5 ± 1.8
Tyrosine 1.2 ± 0.3 1.0 4.6 2.1 ± 0.2 2.8 ± 0.5 57.1 ± 11.1 4.9 ± 0.8 8.8 2.4 ± 0.2
Valine 1.3 ± 0.2 0.9 4.7 7.7 ± 1.1 3.1 ± 0.8 10.7 ± 0.9 5.4 ± 1.5 11.6 23.6 ± 3.4

Polyamines ​ ​

​ Quantified 
(n = 6)

​ Quantified 
(n = 6)

[70]
(n = 6)

Quantified 
(n = 5)

[71]
(n = 19)

Putrescine 12.2 ± 0.7 NR 30.4 ± 5.1 50.5 ± 13.7 0.06 ± 0.01 0.09 ± 0.005
Spermidine 3.4 ± 1.5 NR 8.3 ± 2.8 48.8 ± 15.1 0.21 ± 0.09 0.4 ± 0.03
Spermine 0.75 ± 0.5 NR 1.9 ± 1.7 0.6 ± 0.1 0.03 ± 0.01 0.09 ± 0.01

Data represent mean ± SEM; NA, not available; ND, not detected; NR, not reported; LLOQ, low limit of quantification. Experimental concentrations were measured by 
the LC-MS/MS methods with the mixed-mode IS strategy. Reported concentrations are expressed with the changed unit from the concentrations previously reported.
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of isotope-coded derivatization reagents in chemical derivatization- 
assisted LC-MS/MS analysis can lead to unexpected matrix effects. 
This study rigorously validated the feasibility of using the mixed-mode 
IS approach to mitigate such matrix effects. The enhanced parallelism 
between the authentic and surrogate matrices, along with the improved 
ion suppression of matrix effects confirmed the validation of the pre
sented method. The developed method is both sensitive and accurate for 
quantifying amino acids and polyamines in rat urine and plasma sam
ples. Consequently, this approach could be immensely useful for future 
studies on metabolic disruptions caused by diseases or abnormal con
ditions in vivo.
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M.S. Kiviniemi, T. Lehtimäki, N.K. Oksala, T.K. Rantanen, Altered polyamine 
profiles in colorectal cancer, Anticancer Res. 38 (2018) 3601–3607, https://doi. 
org/10.21873/anticanres.12634.

[18] S.I. Nissinen, M. Venäläinen, P. Kumpulainen, A. Roine, M.R. Häkkinen, 
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