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an ultra-sensitive laser stimulated
fluorescence system for simultaneous detection of
amino acids

Megha Naik and Ajeetkumar Patil *

An ultra-sensitive, high-performance liquid chromatography-based laser-stimulated fluorescence

detection system was developed and validated for the simultaneous detection of 20 derivatized amino

acids. Dansyl chloride was used as a derivatizing agent, and key derivatization parameters, such as

reaction time and temperature, were optimized to enhance sensitivity and reproducibility. The majority

of amino acids showed a relative standard deviation of less than 5%, indicating the reliability of the

approach. The method demonstrated excellent sensitivity for all 20 amino acids, with detection limits

ranging from 4.32 to 85.34 femtomoles. It also exhibited good linearity, with regression (R2) values

greater than 0.98 for the amino acids. The system's performance was tested on human serum, and the

eluted amino acids were identified. This method has great potential for analyzing amino acids in various

body fluids and can be used in various clinical applications. It is ultra-sensitive, reliable, user-friendly, and

cost-effective, offering a valuable tool for diagnosing and managing amino acid-related disorders.
Introduction

Amino acids (AAs) are the structural units of proteins and
intermediate metabolites that drive subsequent biosynthetic
activities.1,2 AAs are essential for the human body's growth,
development, and maintenance, and their proper intake
through a balanced diet is crucial for optimal health.3 Some of
the AAs, such as arginine, glutamine, glutamate, glycine,
proline, and branched chain AAs, have signicant effects on
blood ow,4 nutrient transport andmetabolism in animal cells,5

intestinal microbial growth and metabolism, antioxidative
actions,6 as well as innate and cell-mediated immune
responses.7 Functional AAs show immense potential in pre-
venting and treating infectious diseases (including viral infec-
tions), metabolic disorders (such as obesity, diabetes, and
cardiovascular diseases), lactation failure, fetal and postpartum
growth restriction, male and female infertility, and organ
dysfunctions.8 Therefore, a qualitative and quantitative assess-
ment of AAs in body uids is crucial, and it is important to use
a sensitive and reliable system to ensure accurate results.

Several analytical techniques are available for the assess-
ment of AAs, such as AA analyzers, nuclear magnetic resonance
(NMR), gas chromatography (GC), high-performance liquid
chromatography (HPLC) with UV/uorescence detectors, and
LC-mass spectrometry (LC-MS).9,10 The conventional AA analysis
technique involves ion exchange chromatography with post-
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column derivatization using a ninhydrin reagent. However,
this approach has limitations such as poor retention for acidic
molecules, low specicity, and longer analysis time.11 NMR
spectroscopy is frequently utilized for AA proling due to its
quick sample analysis, high repeatability, and precise quanti-
cation, though its sensitivity is relatively limited.12,13 While GC-
MS provides high sensitivity and resolution for AAs, the
complexity of sample preparation and derivatization makes
HPLC-based methods more preferred.14 HPLC combined with
MS offers the highest sensitivity and selectivity compared to
other techniques.15,16 Nevertheless, the high instrumentation
and operation costs, along with the complex sample prepara-
tion, are notable challenges.17,18 HPLC with ultraviolet (UV) and
uorescence (FL) detection is oen preferred due to its low cost,
ease of use, and adequate sensitivity. Compared to UV detec-
tors, HPLC with uorescence detection provides increased
sensitivity and precision, making it a more favorable choice for
analyzing AAs.

The derivatization process is typically carried out to identify
AAs using HPLC with UV/FL/MS detectors because AAs generally
lack potent chromophores or uorophores necessary for direct
detection.16 For derivatization, several reagents were employed,
such as dansyl chloride (Dns-Cl), dabsyl chloride (Dbs-Cl), u-
orescamine, and uorenyl-methyl chloroformate (FMOC), phe-
nylisothiocyanate (PITC), aminoquinolyl-N-
hydroxylsuccinimidylcarbamate (AQC) and o-phthalaldehyde
(OPA) have been used.19–21 Though OPA derivatization is oen
preferred due to its simplicity and exibility, it does not react
with secondary AAs, and the derivatives are oen unstable.22

Other reagents, such as AQC, FMOC-Cl, and PITC, also have
RSC Adv., 2024, 14, 34279–34287 | 34279
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Fig. 1 Reaction of Dns-Cl and AA.

Fig. 2 (a) Absorption spectra of Dns-Cl, (b) fluorescence emission
spectra of Dns-Cl.
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limitations. PITC derivatives are said to be unstable, whereas
interference from the hydrolysis products of AQC and FMOC-Cl
hinders the detection of AAs.23,24 Dns-Cl derivatization is widely
used for investigating compounds containing primary and
secondary amines, including AAs, biogenic amines, and
polyamines.25,26

Despite the available methods, there is a need for a sensitive,
cost-effective, and reliable technique for analyzing AAs. The
present study describes the development of an ultrasensitive
HPLC-coupled laser-stimulated uorescence (LSF) detection
system for qualitative and quantitative analysis of AAs using
Dns-Cl as a derivatizing agent. This technique offers several
advantages in terms of simplicity, excellent sensitivity, and cost-
effectiveness compared to similar techniques.

Materials and methods
Reagents

AA standards kit ($99.0%) [alanine (Ala), aspartic acid (Asp),
cysteine (Cys), cystine (Cys–Cys), glutamine (Gln), glutamic acid
(Glu), glycine (Gly), histidine (His), hydroxyproline (Hyp),
isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met),
phenylalanine (Phe), proline (Pro), serine (Ser), threonine (Thr),
tryptophan (Trp), tyrosine (Tyr), and valine (Val)], sodium
carbonate (99.9%), sodium bicarbonate ($99.7%), Dns-Cl
($99% HPLC), ammonium hydroxide (30–33% NH3 in H2O,
puriss.) (Sigma-Aldrich, U.S); HPLC grade water, acetic acid,
acetonitrile (Merck Life Science, Germany); methanol (LCMS
grade, RCI Labscan Limited, Thailand), and sodium acetate
(99.9%) (Sisco Research Laboratories Pvt. Ltd India).

Derivatization procedure

The Dns-Cl (37 mM) solution was prepared in acetonitrile, and
stock solutions of individual standard AAs were prepared using
HPLC-grade water. The stock solutions were diluted to working
concentrations using bicarbonate buffer (pH 9.2). Dns labeling
occurs only in alkaline conditions because amino groups react
as free bases, not conjugate acids. Dns-Cl reacts with nucleo-
philes like water to produce dansyl sulfonic acid (Dns-OH)
under an OH-catalyzed reaction. A pH of 9.5 is recommended
as a threshold to prevent hydrolysis.27,28 Therefore, a sodium
bicarbonate buffer with pH 9.2 was used for the reaction.

To the solution of standard AAs, 25 mL of Dns-Cl was added
and kept at room temperature for an hour. Fig. 1 shows the
reaction mechanism of Dns-Cl with AA. The excess of Dns-Cl
present in the reaction mixture competes with the formation
of dansyl AAs (Dns-AA) and converts them to dansylamide (Dns-
NH2) and other byproducts.29 Therefore, aer one hour of
reaction, the excess of Dns-Cl was quenched using an ammo-
nium hydroxide (NH4OH) solution to prevent the conversion of
Dns-AA to Dns-NH2.

Absorption and uorescence studies of Dns-Cl

The absorption spectrum of Dns-Cl was recorded using JASCO-
UV 3600. Fig. 2a depicts the absorption spectra of Dns-Cl in
ACN. The absorption maxima were found to be 240 and 315 nm,
34280 | RSC Adv., 2024, 14, 34279–34287
respectively. In addition, the uorescence spectra of Dns-Cl
were recorded using a Jasco FP8300 uorescence spectrom-
eter. The uorescence emission peak of Dns-Cl was observed at
530 nm when excited at a wavelength of 325 nm, as shown in
Fig. 2b. In this study, an excitation source with a 325 nm
wavelength was utilized, which aligns with the absorption
characteristics of Dns-Cl. This choice of excitation wavelength
also helps to avoid interference from autouorescence exhibi-
ted by AAs, which is typically observed at wavelengths below
300 nm. Subsequently, the emission wavelength of 530 nm was
chosen for detecting Dns-AA using the HPLC-LSF technique
discussed below. By carefully choosing the excitation and
emission parameters, the precision and selectivity of Dns-AAs
detection were enhanced, making it an excellent analytical
approach.
Experimental setup

In earlier work, a sensitive and reliable HPLC coupled-
uorescence-based detection tool was reported for studying
the proteins in various body uids, including serum, saliva,
tissue, and cellular samples. This method has a detection limit
of femtomoles and is helpful for various biomedical
applications.30–34 The studies were subsequently extended to
develop an HPLC-LSF system for detecting AAs. Several modi-
cations were made in the system and analysis procedure to
obtain qualitative and quantitative assessments of AAs with
high sensitivity.

The two primary components of the experimental setup are
the HPLC unit for Dns-AA separation and the LSF unit for its
detection, as depicted in Fig. 3.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of HPLC-LSF system.
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Chromatographic separation

The separation part consists of an HPLC system (Agilent 1200
series) with a G1322A degasser, G1311A pump, and a manual
injector (model no. 7725i, Rheodyne, USA) coupled to
a reversed-phase ZORBAX 300Extend-C18 selectivity HPLC
column 5 mm, 250 mm × 4.6 mm i.d. column (No. 770995-902,
Agilent, USA). The column's effluent was directed into a UV-
grade quartz capillary ow cell (75 mm inner diameter, HP CE
Capillary, US). The capillary is connected to PEEK tubing (part
no. 5042-6462, 1.58 mm outer diameter, 175 mm inner diameter,
Agilent, USA) using nger-tight ttings. The ow cell is precisely
positioned on precession mounts for consistent excitation and
uorescence collection. The derivatized solution was injected
into the manual injector (7725i, Rheodyne, USA) tted with a 20
mL sample loop.
Chromatographic condition

DNS-AAs were eluted using a mobile phase consisting of
a sodium acetate buffer (83 mM, pH 5.94) (A) and methanol (B).
The elution process followed a gradient starting with 60%
solvent A, decreasing to 55% in 26 min, 55% to 40% in 35 min,
40% to 33% in 48 min, and 0% in 60 min. The 100% B was
continued for 10 minutes, extending the total run time to 70
minutes. A blank was recorded aer every run to make sure the
column was clean before each sample run.
Fig. 4 (a) Blank, (b) chromatogram of Dns-Cl in bicarbonate buffer. (c)
Chromatogram of the dansylated standard AA mixture in bicarbonate
buffer (* – residual peaks).
LSF detection system

The LSF technique was employed to detect AAs. A continuous-
wave, He–Cd laser (KIMMON KOHA, IK3083R-D, JAPAN) emit-
ting at a wavelength of 325 nm was used to effectively excite
Dns-AA. The beam was focused onto the capillary using
a biconvex lens (focal length (f) = 5 cm). An optical chopper
(SR540, Stanford Research Systems, Inc., USA) was used to chop
the laser beam constantly at a frequency of 20 Hz to provide
a reference for lock-in detection. As depicted in Fig. 2, the
uorescence signal from the sample was collected at an angle of
90° to lessen the background signal. Aer collimating the
emitted signal using a biconvex lens [focal length (f) = 3 cm], an
additional biconvex f/4 lens with a 10 cm focal length was used
to refocus the uorescence beam on the monochromator (No.
0051-08-06, Micro HR, Horiba Jobin Yvon, USA) to match the
monochromator's F value, which is adjusted at a 530 nm
wavelength. A high pass lter was positioned directly before the
© 2024 The Author(s). Published by the Royal Society of Chemistry
monochromator slit to minimize stray light at other wave-
lengths. The uorescence was detected by a photomultiplier
tube (R750, Hamamatsu Inc., Hamamatsu, Japan) operated at
−850 V, coupled through a preamplier (Signal Recovery Model
5113, USA), which is connected to a lock-in amplier (Signal
Recovery Model 7265, USA). The chromatograms were obtained
using a computer connected to the lock-in amplier's output.
The excitation and collection optics used along with the He–Cd
LSF system were more effective at collecting the total emitted
radiation, and the choice of parameters such as PMT voltage,
the gain of lock-in amplier, the choice of suitable and stable
derivatizing agent, and optimization of reaction conditions all
contributed to an improved detection limit.
Results and discussion

In clinical laboratories, the accurate measurement of AA anal-
ysis is vital, and it relies on the specicity and sensitivity of the
technique. This study evaluated the stability, repeatability, and
sensitivity of the HPLC-LSF system as key performance
parameters.

The derivatization procedure was modied to achieve the
best possible detection. Many studies have used Dns-Cl to
detect AAs in various samples. The commonly used dansyl
derivatization approach for detecting AAs involves heating the
sample at 60–80 °C for 30–60 minutes or leaving it at room
temperature for 24 hours.35,36 However, these conditions can
lead to side reactions and the formation of byproducts, affecting
the accuracy of the analysis. To improve the reliability and
efficiency of the derivatization process, the conditions were
optimized to allow the reaction to take place at room temper-
ature within an hour. This offers several advantages over higher
temperatures, as higher temperatures can cause sample
degradation or necessitate additional heating equipment. Aer
derivatization, 20 mL of the solution was injected into the HPLC
system, and the chromatogram of dansylated AAs was recorded.

Fig. 4a shows the chromatogram of a typical blank recorded
to ensure that the column was clean and no residues were
present that could interfere with the analysis of AAs. A mixture
RSC Adv., 2024, 14, 34279–34287 | 34281
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of 20 AAs without derivatization was injected to assess the
potential interference from the autouorescence of AAs. It was
observed that no uorescence signal was detected when excited
at 325 nm, and the resulting chromatogram of the mixture was
indistinguishable from that of a blank run. Fig. 4b represents
the chromatogram of Dns-Cl in bicarbonate buffer, while Fig. 4c
shows the chromatogram of a standard AA mixture. The chro-
matographic conditions were optimized to prevent nonspecic
peaks from interfering with the quantication of AAs, thus
ensuring the reliability of the analysis.

A total of 20 AAs were detected, and out of these, the histi-
dine dansylation resulted in two peaks. T4-hydroxyproline and
Fig. 5 Chromatograms of standard AAs (after baseline correction) at
different concentrations: (a) Asp & Glu, (b) Gln, (c) Ser, (d) Thr & Gly, (e)
Al & Tyr, (f) Pro, (g) Val & Met, (h) Trp, (i) Ile & Leu, (j) Phe, (k) Cys, (l) Lys
and (m) His.

Fig. 6 Calibration curves of standard AAs: (a) Asp, (b) Glu, (c) Gln, (d)
Ser, (e) Thr, (f) Gly, (g) Ala (h) Tyr, (i) Pro, (j) Val (k) Met, (l) Trp, (m) Ile (n)
Leu, (o) Phe, (p) Cys, (q) Lys and (r) His.

34282 | RSC Adv., 2024, 14, 34279–34287 © 2024 The Author(s). Published by the Royal Society of Chemistry
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the rst of the two His peaks invariably co-eluted, posing diffi-
culty in quantication due to the combined peak eluting as
a shoulder to a signicant peak formed by dansyl hydroxy
product. The quantication was done using the second His
peak. Fig. 5 displays the overlaid chromatograms for various AA
concentrations. The solution of standard AAs was measured at
decreasing concentrations until a peak three times higher than
the baseline was observed. The AA peaks were quantied using
a standard calibration method, which involved constructing
ve- to six-point calibration curves for each AA. Fig. 6 shows the
calibration curves for the AAs plotted using the intensity of the
AA peak of the chromatogram against their respective concen-
trations. The limit of detection (LOD), and limit of quantica-
tion (LOQ) were calculated using standard error and slope using
the equation, LOD = 3.3 × standard error/slope and LOQ = 10
× standard error/slope.37 Table 1 shows the retention time (RT),
LOD, LOQ, relative standard deviation, and R2 values for 18 AAs,
calculated using the calibration curves. It was observed that,
most of the AAs analyzed have detection limits below 50 fmol.
The standard curve R2 value for 18 AAs analyzed was 0.98 or
higher. This shows good linearity over the concentration range
examined, indicating that the technique can accurately quantify
AAs over a wide dynamic range.

The repeatability was assessed at two different concentration
levels (200 and 1000 fmol) to ensure consistent and accurate
results from the system. Table 2 summarizes the intra-day and
inter-day repeatability for AA detection using the HPLC-LSF
system. Intra-day precision was evaluated by performing ve
repeated injections on the same day. Most AAs exhibited a %
RSD of less than 6% at both concentrations, indicating high
precision within a single day. Inter-day precision measures the
consistency of a method over an extended period. The inter-day
precision was assessed using the same analytical conditions
over three consecutive days (n= 5). The%RSD for AAs remained
below 6%, indicating good repeatability for analyzing AAs over
extended periods.
Table 1 Detection limits and quantification limits of Dns-AAs

Sl. No. Amino acid RT (seconds) Standard error (×10−4) Slo

1 Asp 1676.8 7.5 0.29
2 Glu 1706.7 11.1 0.46
3 Gln 2134 29.4 2.1
4 Ser 2328 2.7 0.59
5 Thr 2516.7 10 1.3
6 Gly 2576 3.2 0.42
7 Ala 2737 5.4 0.83
8 Tyr 2750 1.35 0.76
9 Pro 3069.6 38 3.8
10 Val 3186 3.6 2.8
11 Met 3225 8.1 2
12 Trp 3386 38 4.3
13 Ile 3467 4.6 3
14 Leu 3506 16 1.9
15 Phe 3616.6 28 4
16 Cys + Cys–Cys 3748 80 4.3
17 Lys 4136.6 11.9 1.7
18 His 4342 1.1 0.46

© 2024 The Author(s). Published by the Royal Society of Chemistry
The efficacy and reliability of the suggested approach were
assessed using correlation uncertainty and predicted values.
Table 3 shows the correlation of uncertainty and the expected
concentration of AAs using the leave-one-out approach. By
employing known concentrations of the AAs in this procedure,
a calibration curve was plotted, and one AA concentration can
be omitted as a test sample. The predicted concentration (Cp) of
the sample is determined from the ratio of signal intensity of
the analyte concentration with corrected intercept value (y − c)
and the slope (m) from the calibration curve.
Evaluation of the blue applicability grade index (BAGI) and
greenness assessment

The eld of green analytical chemistry focuses on reducing the
use of harmful solvents in the extraction and sample prepara-
tion process and minimizing the energy consumption of
analytical instruments.38 The green analytical procedure index
(GAPI) aids in assessing the environmental impact of analytical
techniques by considering various parameters such as the types
of reagents or solvents used, energy consumption, waste
production, and the potential for materials recycling and
reuse.39 ComplexGAPI was utilized to assess our technique,
demonstrating the method's green feature by providing
a graphical representation of a pentagon. The representation
includes three colours (green, red, and yellow) to indicate
environmental impact and severity. The GAPI pictogram in
Fig. 7a indicates that the proposed method largely follows green
chemistry guidelines, as shown by the signicant yellow and
green colours. This method uses green solvents like methanol
and sodium acetate, simple sample preparation, and treatment
procedures. Additionally, the low ow rate (0.2 mL min−1) used
to separate AAs signicantly reduces solvent, waste, and energy
consumption in the LC system. The only red region in the
Pentagon represents waste generation of more than 10 mL,
which occurs because each run requires approximately 12 mL of
pe (×10−4) LOD (fmol) LOQ (fmol) Linear range (fmol) R2

85.34 258.62 100–5000 0.989
79.63 241.30 100–5000 0.999
46.20 140.00 100–5000 0.999
15.1 45.76 20–5000 0.993
25.38 76.92 100–5000 0.999
25.14 76.19 100–5000 0.999

5 21.34 64.67 100–5000 0.999
5.86 17.76 20–5000 0.997
33.00 100.00 100–2000 0.999
4.24 12.85 20–2000 0.984
13.36 40.50 20–2000 0.996
29.16 88.37 100–2000 0.993
5.06 15.33 20–2000 0.995
27.78 84.21 100–2000 0.999
23.10 70.00 100–2000 0.987
60.39 186.04 100–2000 0.992
23.10 70.00 100–2000 0.983
7.89 23.91 100–5000 0.998

RSC Adv., 2024, 14, 34279–34287 | 34283
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Table 3 Correlation uncertainty and predicted concentration of AAs by leave one out approach

Sl. No. Amino acids
Known concentration
(Ck) fmol

Predicted concentration
(Cp) [x = (y − c)/m] fmol

Correlation uncertainty
(%) (jCk − Cpj/Cp) × 100%

1 Asp 1000 938.30 3.13
2 Glu 1000 1042.52 3.19
3 Gln 2000 1932.85 3.47
4 Ser 2000 2004.61 1.91
5 Thr 500 490.4 1.95
6 Gly 500 469.76 5.16
7 Ala 2000 1923.75 3.96
8 Tyr 500 466.66 5.63
9 Pro 1000 1015.58 1.53
10 Val 1000 944.59 4.51
11 Met 500 465.5 6.38
12 Trp 1000 1006.97 7.62
13 Ile 500 469 6.53
14 Leu 2000 1866.84 10.7
15 Phe 1000 977.5 2.04
16 Cys + Cys–Cys 1000 1055.68 5.08
17 Lys 500 455.55 7.40
18 His 2000 2019.35 0.95

Fig. 7 (a) The GAPI pictogram and (b) the BAGI index pictogram.

Fig. 8 Chromatogram of a serum sample.
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solvents. Despite this, the proposed method is predominantly
green and environmentally friendly. To address waste genera-
tion, solvent recovery and method optimization can be
employed.

The practicality of the analytical procedure was evaluated
using BAGI soware. It assesses a range of parameters, such as
the type of analysis, methods for sample preparation, the total
number of steps, samples examined in an hour, the volume of
sample, necessary preconcentration, instruments required, and
automation level.40 It yields a score that typically ranges from 25
to 100, with a score of 100 indicating exceptional applicability and
a score of less than 25 suggesting lower relevance. The total score
obtained for theHPLC-LSFmethod using the BAGI soware is 70,
as depicted in Fig. 7b. This result meets the specied acceptance
threshold. By utilizing derivatization, our analytical method
allowed for the simultaneous analysis of 20 AAs. Less than 5 mL of
sample is adequate for measuring AAs in biological uids,
ensuring sufficient sensitivity and minimal biological waste.

Detection of AAs in serum sample

AA analysis of a human serum sample was conducted to
demonstrate the practical application of the usefulness of the
Dns derivatized AAs with the above-mentioned HPLC-LSF
© 2024 The Author(s). Published by the Royal Society of Chemistry
system. The blood sample was collected from a healthy volun-
teer. Ethical clearance was obtained for the study from the
institutional ethical committee of Kasturba Hospital, Manipal
(IEC 651/2020), and written informed consent was obtained
from the participant. The serum sample was obtained by
centrifuging the blood sample at 2000 rpm for 10 min. 1 mL of
serum sample was diluted using sodium bicarbonate buffer (74
mL) and derivatized following the method described in the
previous section. Fig. 8 depicts the chromatogram of the AA
prole of human serum, and 15 AAs were found in the sample.

The study results emphasize that the in-house developed
HPLC-LSF system is capable of simultaneously detecting 20 AAs
at lower concentrations in the range of fmol. This high sensi-
tivity and precision of the system enables accurate identica-
tion of AAs, making it a suitable option for AA proling in
biological uids such as cerebrospinal uid,41 saliva,42 and
tears15 where AA levels are typically very low (of the order of
picomole or below). This technique requires minimal sample
volume (less than 5 mL), which is advantageous when working
with precious biological samples. For instance, when studying
RSC Adv., 2024, 14, 34279–34287 | 34285

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04845h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
3/

20
26

 4
:2

9:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
AA-related disorders in infants, a limited volume of biological
uid is available for testing. In such cases, the HPLC-LSF
technique can be used to analyze AAs with very small sample
volumes, reducing the necessity for large blood draws and
ensuring sufficient sensitivity.

Conclusion

The study demonstrated the effectiveness of the HPLC-LSF
system for the simultaneous detection of 20 AAs. Optimiza-
tion of the derivatization conditions signicantly enhanced
sensitivity and reliability in AA detection. The method exhibits
excellent sensitivity, with a LOD ranging from 4.32 to 85.34
fmols. Furthermore, the repeatability and reliability of the
system were validated using intra-day and inter-day precision
tests.

The ndings underscore the efficiency and reliability of the
proposed method in thoroughly examining AA levels in bio-
logical uids. This method holds signicant potential for clin-
ical applications, especially in monitoring disease progression,
assessing treatment efficacy, and facilitating early diagnosis of
AA-related disorders. In addition to clinical diagnostics, this
method offers promising applications in biochemistry, phar-
maceutical research, and environmental monitoring for accu-
rate measurement of AAs.

Data availability

The data supporting the ndings of this study are part of
a patent application submitted to the Indian Patent Office
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may be shared upon request.
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