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a b s t r a c t 

The simultaneous quantification of amino acids (AAs) in solid beverages without prior derivatization was 

explored by high-performance liquid chromatography (HPLC) coupled to a potentiometric detector. In- 

cluded were threonine, leucine, methionine, phenylalanine, and histidine. The potentiometric detector 

was made consisting of a copper(II)-selective electrode based on a polyvinyl chloride (PVC) membrane, 

and the potential changes in the detector were determined according to the coordination interactions 

between cupric copper ions released from the inner filling solution of the electrode and AAs. Condi- 

tions were optimized for effective separation and sensitive detection. Fundamental characteristics such 

as linearity, limits of detection, limits of quantitation, accuracy, precision, and robustness were validated 

experimentally. The calibration curves showed a linear relationship between peak heights and the injec- 

tion concentrations of the AAs. The detection limits down to the sub-micromolar range were achieved 

under isocratic conditions, outperforming ultraviolet detection. The copper(II)-selective electrode had a 

minimum lifetime of one month. Some real samples were examined to further demonstrate the feasi- 

bility of the proposed approach. The measurement results obtained by the present method were in good 

agreement with those obtained by the HPLC-mass spectrometry (MS), indicating that the combined HPLC- 

potentiometric method is a potential option for quantifying AAs. 

© 2023 Elsevier B.V. All rights reserved. 
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. Introduction 

Amino acids (AAs) are well known as building blocks of pro- 

eins and energy sources in living organisms. AAs from foods and 

rinks are essential nutritional supplements for people. Cooking, 

rocessing, and storage may change the amount of free AAs in 

oods and drinks, reducing their nutritional values [ 1 , 2 ]. There is,

herefore, a need for the accurate and reliable determination of 

ree AAs in foodstuffs to monitor their quality and manage the 

reparation process. 

A variety of analytical methods have been described for the 

uantitation of AAs over the years, including high-performance liq- 

id chromatography (HPLC) [ 3 , 4 ], ion chromatography (IC) [5] , cap-

llary electrophoresis (CE) [ 6 , 7 ], thin layer chromatography (TLC) 

8] , gas chromatography (GC) [9] and near-infrared spectroscopy 

NIR) [10] . HPLC [ 11 , 12 ] and IC [13–19] coupled to either an ultra-

iolet detector (UVD) or fluorescence detector (FLD) are frequently 

sed due to their excellent performance. Due to the high polar- 
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ty and lack of significant chromophores in most AAs, a chemi- 

al derivatization step is necessary. Unfortunately, all of the cur- 

ent derivative methods suffer from reagent toxicity, by-product in- 

erference, and time-consuming sample preparation [20] . The use 

f HPLC combined with mass spectrometry (MS) or tandem mass 

pectrometry (HPLC-MS/MS) allows for the direct and sensitive 

nalysis of AAs but at a high-cost expense [ 21 , 22 ]. Above all, per-

uasive attempts thus are made to use novel un-derivation meth- 

ds with less expensive instruments. 

Potentiometric detection based on ion-selective electrodes 

ISEs) is versatile, affordable, and easy to miniaturize in compar- 

son to other instrumental technologies [20] . It has been used as a 

etector in IC, LC, and CE since the 1970s [23–25] , and a wide vari-

ty of substances, including inorganic ions [23] , carbohydrates [26] , 

rganic acids [27] , aliphatic amines [28] , phosphate esters [29] , nu- 

leotides [30] , cocaine [31] , and steroids [32] , have been detected, 

ven in complex matrices. Alexander et al. [33] made the first at- 

empts to demonstrate the ability of a potentiometric detector in 

PLC to detect AAs using a copper tubular electrode (CTE). Al- 

hough the sensitivity and response time were comparable to UVD, 

TE was far more selective and did not require any sample pre- 

reatment. The potentiometric response of CTE was dependent on 

https://doi.org/10.1016/j.chroma.2023.463986
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2023.463986&domain=pdf
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he concentration of cupric ions at the electrode surface, which 

as altered by coordination interactions with AAs to form com- 

lexes [Cu(AA) n ] 
2 + . Another case in point was the determination 

f di- and tripe-tides containing histidine using a metallic copper 

lectrode, which yielded low detection limits at the sub-ppb level 

34] . Although potentiometry with a CTE or a metallic copper elec- 

rode provided particularly sensitive detections of AAs, some seri- 

us drawbacks must be addressed, such as a limited lifetime (rapid 

oisoning by complexing agents), insufficient response time at low 

oncentrations, and poor baseline stability [35] . 

The introduction of polyvinyl chloride (PVC) membranes based 

n various ion exchangers or ionophores led to the development 

f new potentiometric detectors in LC, such as those used to mea- 

ure monovalent cations, inorganic acids, and organic acids [20] . 

he detection limits of the detector were at least 20 times better 

han those obtained by indirect UV determination without sample 

re-treatment [20] . PVC and other polymeric membrane-based ISEs 

ave not yet been employed to detect AAs in HPLC, to the best of 

ur knowledge. 

Qin’s group demonstrated that the PVC membrane ISE can be 

sed as a reagent-free technology to measure a wide variety of an- 

lytes in bulk solution [36–38] . For these ISEs, indicator ions were 

eleased from the inner filling solution of the working electrodes 

nder zero-current conditions or driven by an external current. 

his not only avoided the need for the addition of indicator ions 

ut also automatically refreshed the membrane surfaces. They fur- 

her applied, for the first time, this new strategy as a potentiomet- 

ic detector in a flow injection analysis (FIA) system and achieved 

ood analytical performance [ 35 , 39 , 40 ]. The detector can be tai-

ored to serve a specific purpose, so here we present a fundamental 

xploration of such a potentiometric detector in HPLC and evaluate 

ts capability as an alternative for detecting AAs in complex mix- 

ures. In the current work, a PVC membrane copper(II)-selective 

lectrode was used, which improved sensitivity and greatly over- 

ame the disadvantages of CTE and the metallic copper electrode 

entioned previously. 

. Material and methods 

.1. Chemicals and reagents 

The copper(II) ionophore IV (N, N, N 

′ , N 

′ -tetra cyclohexyl- 

,2 ′ -thioacetamide), PVC of high molecular weight, tetrado- 

ecylammonium tetrakis(4-chlorophenyl)borate (ETH 500), 

odium tetrakis[3,5- bis ( trifluoromethyl ) phenyl ]borate (NaBARF), o - 

itrophenyl octyl ether ( o -NPOE), dioctyl phthalate (DOP), dibutyl 

hthalate (DBP), and dioctyl sebacate (DOS) were purchased from 

igma Aldrich (St. Louis, USA). AAs analytical standards, threonine 

Thr, ≥98%), leucine (Leu, ≥98%), methionine (Met, ≥98%), pheny- 

alanine (Phe, ≥98%), and histamine (His, ≥98%) were obtained 

rom J&K Scientific (Beijing, China). Tetrahydrofuran (THF) was 

btained from Fluka (Bucks, Switzerland), and 3-(N-Morpholino) 

ropane sulfuric acid (MOPS, ≥99.5%) was purchased from Aladdin 

Shanghai, China). Other chemicals were of analytical reagent 

rade. Real samples used to confirm the protocol were purchased 

rom a local market in China. Deionized water with a specific 

esistance of 18.2 M �, generated by a Pall Cascada laboratory 

ater system, was used throughout the experiments. 

.2. Running buffer and standard solutions 

MOPS buffer solution at 0.01 mol/L was prepared by dissolv- 

ng 2.19 g solid in 0.8 L of deionized water and the pH was ad-

usted to pH 7.4 by 1 N sodium hydroxide. Then the volume was 

ompleted to 1 L with deionized water. The running buffer was 
2 
repared daily, filtered through a 0.22-μm filter, and degassed by 

ltrasonic for more than 30 min before use. 

The stock solutions of each AA at a concentration of 20 mmol/L 

ere prepared in deionized water and stored at 4 ◦C. Then the 

ixed AAs stock solution was prepared at a concentration of 0.2–

 mmol/L in the running buffer. All the working solutions in the 

ange of 2–50 μmol/L, except for His (0.2–2 μmol/L), were obtained 

y diluting the mixed solution with running buffer and filtering 

0.22 μm) before injection. 

.3. Sample preparation 

The appropriate amount of the solid drinks was weighed as a 

omogenized sub-sample into a 50 mL centrifuge tube, and 10 mL 

f 10% ( v / v ) trichloroacetic acid was then added. Following 10 min

f ultrasonic treatment, the mixture was centrifuged at 15 0 0 0 rpm 

or 10 min. A 0.1 mL aliquot of the supernatant was transferred 

o a glass vial and dried under a gentle stream of nitrogen gas. 

he residue was finally reconstituted with either 2.0 mL of run- 

ing buffer (for HPLC-potentiometric analysis) or 2.0 mL of mobile 

hase (for HPLC-MS analysis) and vortexed for 1 min. 

.4. Preparation of the copper(II)-selective electrode 

Copper(II)-selective membranes consisted of 1.0% ionophore, 

2.3% PVC, 64.7% o -NPOE as a plasticizer, 1.0% NaBARF as an ionic 

dditive, and 1.0% ETH 500 as ionic additive expressed as a weight 

ercentage. About 360 mg mass of this membrane cocktail was 

issolved in 2.5 mL of THF. The mixture was then poured into a 

lass ring of 36 mm i.d. fixed on a glass plate and let the solvent

vaporate sufficiently at room temperature. Finally, a uniform poly- 

eric liquid membrane with a thickness of about 210 μm was ob- 

ained, which was visually measured by a CX31–32C02 microscope 

Olympus, Japan). Disks 5 mm in diameter were cut from the par- 

nt membrane and glued on the bottom of electrode bodies (PVC 

ubes, 3 mm i.d., 5 mm o.d.) with THF. Upon drying up of THF, 

lectrodes were filled and soaked in 0.1 mmol/L copper chloride 

CuCl 2 ) for one day, then complimented with an internal silver- 

ilver chloride (Ag/AgCl) reference electrode. When not in use, the 

lectrodes were kept in 0.1 mmol/L CuCl 2 . 

.5. Fabrication of the potentiometric detector 

The potentiometric detector was a homemade wall-jet-type 

ow cell machined from bulk material of Perspex, as illustrated 

n Fig. 1 . Two holes, 5 mm and 2 mm in diameter were drilled

rom the top side of the Perspex block, into which the copper(II)- 

elective electrode and an Ag/AgCl external reference electrodes 

ere placed respectively. To guarantee there would be no leaks, 

he perforations were sealed using polytetrafluoroethylene (PTFE) 

ape. Another hole was made across the copper(II)-selective elec- 

rode to fix the polyether ether ketone (PEEK) tube from the col- 

mn outlet with a PEEK fitting, allowing effluent to inject verti- 

ally toward the membrane of the copper(II)-selective electrode. To 

void peak broadening brought on by dead volume, a 15-cm-long 

EEK tube (0.25-mm i.d., 1-mm o.d.) was used to connect the col- 

mn outlet to the potentiometric detector. The distance between 

he tube outlet and the membrane, as well as the diameter of the 

ow channel in the Perspex body, were both around 0.8 mm, and 

he volume of the detection chamber was calculated to be 2.5 μL 

calculated as 3.14159 × (0.4 mm) 2 × 5 mm) as a result. A plat- 

num (Pt) wire with a diameter of 0.2 mm was also inserted into 

he detecting chamber as a counter electrode. 
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Fig. 1. Schematic representation of the potentiometric detector in high-performance liquid chromatography. 
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.6. Apparatus 

HPLC was performed with an e2695 system (Waters, USA) out- 

tted with a pump, a degasser, and an autosampler. The outlet of 

he reverse phase column was connected to the potentiometric de- 

ector using PEEK tubing. 

All potentiometric measurements were carried out using a CHI 

60C electrochemical workstation (Chenhua, China). Electromotive 

orce ( E ) was measured in the following galvanic cell: Ag/AgCl/ 

 mol/L KCl // sample solution / ISE membrane / inner filling so- 

ution /AgCl/Ag. All E values were corrected for the liquid-junction 

otential according to the Henderson equation and the activity co- 

fficients were calculated by the Debye–Hückel approximation. 

An UltiMate 30 0 0 UPLC system (Thermo Fisher Scientific, San 

ose, CA, USA) coupled with a QExactive Orbitrap MS (Thermo 

isher Bremen, Germany) was used to obtain the MS result. 

.7. Chromatographic conditions 

The separation was performed using an Atlantis T3 column 

4.6 × 250 mm, 5 μm) (Waters, USA) with isocratic elution. The 

ow rate was set at 0.5 mL/min. A sample of 10 μL was auto- 

njected into the HPLC system. 

After assembling the potentiometric detector, a fixed current of 

.1 μA was applied on the copper(II)-selective electrode and the 

lectrode was equilibrated by running buffer in the HPLC system 

or at least 30 min until a stable baseline was obtained. 

MS detection used electrospray ionization in positive mode 

ESI + ), according to the method ascribed in the reference [21] . 

.8. Method validation 

The linear range, the limit of detection (LOD), the limit of quan- 

ification (LOQ), precision, accuracy, and stability of this method 

ere all validated. To generate the calibration curves for the linear- 

ty investigation, mixed standards solutions of AAs at five distinct 

oncentration levels were determined in triplicate. The LODs and 

OQs were calculated by multiplying the signal-to-noise ratio (S/N) 
3 
f 3 and 10, respectively. The intra-day repeatability as relative 

tandard deviation (RSD%) for retention time and peak height was 

sed to assess precision. On the same day, six consecutive injec- 

ions of the AAs standards mixture were performed. The selected 

everage samples with known AAs concentration were spiked with 

ixed AAs standards at a concentration level of 5.0 μmol/L for the 

ecovery study. 

.9. Data analysis 

Statistical analyses were performed using SPSS. 

. Results and discussion 

.1. Optimization of the membrane composition 

The potential response of PVC-based ISE depends upon the 

roperty of the plasticizer and the amount of ionophore and 

on exchanger. The optimum membrane composition for the 

opper(II)-selective electrode was determined by varying the pa- 

ameters individually while keeping the other parameters constant 

nd observing the linear range, slope, and selectivity to Na + in 

his work. In a previous study, the PVC membrane ISE performed 

uch better when the plasticizer/PVC mass ratio was 2:1 [41] , 

o this ratio was maintained when other components were op- 

imized. First, several plasticizers of o -NPOE, DOP, DBP, and DOS 

ith different dielectric constants ( εr = 24.0, 5.1, 6.4, and 3.9) were 

sed to investigate their influences on the electrochemical char- 

cteristics of the electrodes (No.1–4), and the findings are shown 

n Table 1 . o -NPOE, with the highest dielectric constant and po- 

arity, gave the best results. Additionally, copper(II)-selective elec- 

rodes fabricated with different amounts of ionophore were tested. 

s indicated in Table 1 , the electrode with a small amount of 

onophore (No.5) did not provide a sufficient linear range. The elec- 

rode prepared with 1.0% ionophore (No.1) had the widest working 

ange from 3.0 × 10 −6 mo/L to 1.0 × 10 −2 mol/L and an appro- 

riate slope of 29.1 ± 0.2 mV per decade of cupric ion activity. 

uper-Nernstian was observed when the amount of the ionophore 
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Table 1 

Characteristics of copper(II)-selective electrodes with different membrane compositions ( n = 3). 

Electrode 

No. 

PVC 

(%,) 

Plasticizer (%) Ionophore 

(%) 

NaBARF 

(%) 

ETH 

500 (%) 

Linear range 

(mol/L) 

Slope 

(mV/decade) 

lg K pot 
Cu , Na 

o-NPOE DOS DOP DBP 

1 32.3 64.7 1.0 1.0 1.0 3.0 × 10 −6 –

1.0 × 10 −2 

29.1 ± 0.2 −9.1 ± 0.1 

2 32.3 64.7 1.0 1.0 1.0 1.0 × 10 −5 –

1.0 × 10 −2 

25.2 ± 0.2 −4.5 ± 0.3 

3 32.3 64.7 1.0 1.0 1.0 1.0 × 10 −4 –

1.0 × 10 −2 

19.1 ± 0.5 −7.5 ± 0.2 

4 32.3 64.7 1.0 1.0 1.0 1.0 × 10 −4 –

1.0 × 10 −2 

23.2 ± 0.3 −6.2 ± 0.3 

5 32.7 65.3 0.5 0.5 1.0 1.0 × 10 −4 –

1.0 × 10 −2 

27.2 ± 0.2 −8.7 ± 0.1 

6 32.0 64.0 1.5 1.5 1.0 1.0 × 10 −5 –

1.0 × 10 −2 

40.7 ± 0.7 −8.7 ± 0.5 

7 32.0 64.0 1.0 2.0 1.0 3.0 × 10 −5 –

1.0 × 10 −2 

20.4 ± 0.4 −7.5 ± 0.2 

8 32.4 64.9 1.0 0.7 1.0 1.0 × 10 −5 –

1.0 × 10 −2 

22.4 ± 0.2 −8.2 ± 0.2 

Table 2 

Potentiometric selectivity coefficients for the copper(II)-selective electrodes 

( n = 3). 

Interference Ions lg K pot 
Cu , J 

Interference Ions lg K pot 
Cu , J 

K + −8.72 ±0.11 Na + −9.10 ±0.11 

Mg 2 + −7.88 ±0.05 Ni 2 + −5.76 ±0.08 

Ca 2 + −6.31 ±0.08 Zn 2 + −6.29 ±0.04 

Mn 2 + −5.47 ±0.06 Pb 2 + −0.31 ±0.03 

NH 4 
+ −7.18 ±0.16 Ag + −6.55 ±0.09 

Fe 2 + −7.06 ±0.10 Fe 3 + −7.22 ±0.13 

Al 3 + −5.75 ±0.15 Ba 2 + −6.93 ±0.08 

Hg 2 + −5.85 ±0.12 Cd 2 + −5.28 ±0.07 

Cr 3 + −4.13 ±0.07 Sn 2 + −5.66 ±0.10 
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No.6) was further increased. Finally, research into the impact of 

on exchanger level on characteristics of copper(II)-selective elec- 

rodes (No.1, No.7, and No.8) revealed that 1.0% was the ideal level. 

n summary, electrode No.1 was selected for the following experi- 

ents. 

.2. Interferences 

The influences of the discriminated ions in the running buffer 

ere described by the selectivity coefficient using the method 

hich is termed the “strong interference” method introduced by 

akker to eliminate the influence of the inherent sensitivity limit 

n the response toward discriminated ions [42] . Table 2 shows 

he resulting logarithmic Nikolskii coefficients ( lg K 

pot 
Cu , J 

). Except 

or Pb 2 + , the potentiometric detector had strong discrimination 

gainst K 

+ , Na + , Mg 2 + , Ca 2 + , Mn 

2 + , Ni 2 + , Zn 

2 + , NH 4 
+ , Ag + , Hg 2 + ,

e 2 + , Fe 3 + , Cd 

2 + , Cr 3 + , Sn 

2 + , Ba 2 + , and Al 3 + , allowing it to be used

n a variety of running buffers with little background noise. 

.3. Optimization of the potentiometric detection conditions 

The complex interaction between AAs and cupric ions released 

t the surface of the copper(II)-selective electrode served as the 

oundation for the potentiometric detector. Thus, the sensitivity of 

he method was significantly influenced by the amount of cupric 

ons released at the electrode surface. A low concentration of 

upric ions may not be enough to complex with all the AAs, but 

f there are too many cupric ions, the potential change may be not 

iscerned after complexation because relatively few cupric ions are 

onsumed. Several variables, including the thickness of the mem- 
4 
rane, the concentration of CuCl 2 in the filling solution, and the 

xternal current would affect the amount of cupric ions released 

o the electrode surface, which can be calculated based on the in- 

ersection of the potential value in the running buffer and the line 

ith the potential values in 0.1, 0.3, and 1.0 mmol/L CuCl 2 , respec- 

ively. As shown in Fig. 2 , a thicker membrane, larger current, and 

ore CuCl 2 in the filling solution could cause a great flux of cupric 

ons from the inner filling solution of the electrode, resulting in a 

igher concentration of cupric ions at the surface. Experiments re- 

ealed that the detection sensitivities of the five AAs tested were 

t their highest when the amount of cupric ions released at the 

embrane surface was in the range of 2–5 μmol/L. To account for 

hese parameters, a 210 μm membrane thickness, 0.1 mmol/L CuCl 2 
n the inner filling solution, and 0.1 μA current were used. A lower 

urrent took a long time for the detector to recover, resulting in 

eak tailing and poor separation, whereas a higher current and 

oo-thin membrane amplified the noise (Fig. S1). The concentration 

f cupric ions produced at the electrode surface was calculated to 

e 3.6 μmol/L. 

The running buffer and its pH are critical to the sensitivity 

f the potentiometric detector because they affect the ionization 

f AAs. The influence of pH on the potentiometric response of 

opper(II)-selective electrode to the AAs tested was investigated by 

arying the pH values of 0.01 mol/L sodium chloride with sodium 

ydroxide and hydrochloric acid, and the results are displayed in 

ig. 3 A. As the pH increased from 4 to 7, so did the potential

esponses. This is because only negatively charged AAs can com- 

ine with positively cupric ions. On the other hand, the copper(II)- 

elective electrode lost its responsiveness to AAs due to the hy- 

rolysis of cupric ions at a pH above 8. Experiments revealed that 

he ideal pH range was 7–8. In addition, several buffer solutions 

ere tried and 0.01 mol/L MOPS was selected because of its low 

ydrophilicity. 

.4. Potentiometric detector performance in static conditions 

The potentiometric responses for the five AAs were evaluated 

sing the running buffer to mimic the detection conditions in 

PLC, and the potentiometric responses for each AA are displayed 

n Fig. 3 B. The detection limits for these AAs were in the following 

rder: Thr < Phe < Leu < Met < His. It was strongly dependent 

n their capacity to complex under the conditions of the current 

ork [43] . 
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Fig. 2. (A) Fluxes of cupric ions from the inner filling solution of copper(II)-electrode with membrane thicknesses of 130 μm (a), 210 μm (b), and 300 μm (c). (B) Fluxes of 

cupric ions with CuCl 2 concentrations in the filling solution of 0.01 mmol/L (a), 0.1 mmol/L (b), and 1 mol/L (c). (C) Fluxes of cupric ions under an external current of 0 μA 

(a), 0.01 μA (b), 0.1 μA (c), and1.0 μA (d). 

Fig. 3. (A) Potentiometric responses for Thr ( ✗ ), Leu ( ◦), Met ( � ), Phe ( � ), and His ( �) in different pH solutions. (B) Potentiometric responses for Thr ( ♦ ), Leu ( � ), Met ( � ), 

Phe ( �), and His ( ◦) in static conditions. 

Table 3 

Linear ranges, correlation coefficients ( R 2 ), limits of detection (LODs), and limits of quantification 

(LOQs) of Thr, Leu, Met, Phe, and His-with the potentiometric detector in HPLC. 

Amino Acids 

Linear range 

(μmol/L) R 2 
LOQ 

(μmol/L) 

LOD 

(μmol/L) 

Thr 8–30 0.9958 0.79 0.25 

Leu 5–50 0.9981 0.33 0.1 

Met 2–20 0.9987 0.22 0.073 

His 0.2–2 0.9992 0.021 0.005 

Phe 5–50 0.9953 0.55 0.17 

Table 4 

Results of Thr, Leu, Met, Phe, and His-in real samples ( n = 3). 

Samples 

Thr Leu His Met Phe 

PD a 

(mg/g) 

MSD b 

(mg/g) 

PD 

(mg/g) 

MSD 

(mg/g) 

PD 

(mg/g) 

MSD 

(mg/g) 

PD 

(mg/g) 

MSD 

(mg/g) 

PD 

(mg/g) 

MSD 

(mg/g) 

1 17.8 ± 0.6 16.9 ± 0.4 5.3 ± 0.2 5.5 ± 0.2 0.71 ±0.05 0.74 ±0.03 14.2 ± 0.11 14.5 ± 0.09 9.4 ± 0.2 10.7 ± 0.1 

2 35.3 ± 1.2 33.4 ± 1.0 4.6 ± 0.3 5.0 ± 0.1 0.06 ±0.01 0.06 ±0.01 4.1 ± 0.1 4.3 ± 0.1 3.0 ± 0.1 2.8 ± 0.1 

3 41.4 ± 0.6 39.5 ± 0.7 0.4 ± 0.1 0.5 ± 0.1 0.08 ±0.01 0.08 ±0.01 5.9 ± 0.1 5.1 ± 0.1 2.9 ± 0.1 2.9 ± 0.1 

4 55.1 ± 1.1 56.6 ± 1.2 2.4 ± 0.1 2.5 ± 0.2 0.62 ±0.02 0.58 ±0.01 3.6 ± 0.1 3.9 ± 0.1 2.4 ± 0.1 2.3 ± 0.1 

5 15.9 ± 0.4 17.1 ± 0.4 2.2 ± 0.1 1.9 ± 0.2 1.68 ±0.02 1.71 ±0.02 24.1 ± 0.3 24.6 ± 0.1 1.8 ± 0.1 1.7 ± 0.1 

6 13.1 ± 0.3 13.8 ± 0.2 4.0 ± 0.1 3.9 ± 0.1 0.28 ±0.04 3.15 ±0.03 29.5 ± 0.5 31.0 ± 0.3 7.6 ± 0.1 7.4 ± 0.1 

a Detected by HPLC-potentiometric method. 
b Detected by HPLC-MS method. 
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Fig. 4. Chromatograms of a mixed standard solution (A) and a sample solution (B) 

obtained by HPLC/potentiometric detector. 

Peak identification: (1) Thr, (2) Leu, (3) His, (4) Met, (5) Phe. 
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.5. Optimization of chromatographic conditions 

Iterations were carried out using a mixed standard of five AAs 

t a concentration of 5.0 μmol/L to optimize separation conditions. 

wo different types of reversed-phase columns were tested first of 

ll. These columns were Waters C18 (4.6 × 250 mm, 5 μm) and 

ikma C8 (4.6 × 250 mm, 5 μm). The separation of the test mix- 

ure obtained using a Dikma C8 column is shown in Fig. S2. It 

hows a shorter retention time for all AAs and very poor resolu- 

ion between His-and Met. Satisfactory separation of this mixture 

as achieved using a non-polar C18 column. 

Then, the effect of the pH of the running buffer (0.01 mol/L 

OPS) on the separation of five AAs was examined over a pH 

ange of 6.5 to 7.9, and the best separation was found at a buffer

H of 7.4, so it was chosen as the optimal pH for running buffer. 

Finally, the influence of flow rate was studied in the range of 

.3 to 0.8 mL/min. The increased flow rate not only resulted in 

oor separation but also lower peak height due to the short com- 

lexation reaction time at the electrode surface between the AAs 

nd cupric ions. A lower flow rate, on the other hand, could pro- 

ong the analysis period. The flow rate of 0.5 mL/min was chosen 

s a compromise between sensitivity and analytical efficiency. 

.6. Calibration curves, detection limits, and quantification limits 

Under optimal chromatographic conditions, the potential peaks 

ere identified as Thr, Leu, His, Met-and Phe, respectively, com- 

ared with AAs retention times with the single standard solutions 

 Fig. 4 A). There was no doubt that these potential peaks were 

rought on by the consumption of cupric ions at the membrane 

urface, and not by the potentiometric responses AAs. Because the 

soelectric points (IPs) of Thr, Leu, Met, Phe-and His-are respec- 

ively 6.18, 5.98, 5.74, 5.49 and 7.59, respectively, and they existed 

ainly as non-cations in the running buffer. Table 3 summarizes 

he performance of the proposed potentiometric detector for de- 

ecting Thr, Leu, His, Met-and Phe. Peak heights relative to AA con- 

entrations with correlation coefficients (R 

2 ) ≥ 0.9953 for the con- 

entration range under consideration were plotted to create cal- 

bration curves. The limits of detection for the potentiometric de- 

ector appeared to be slightly lower than those obtained by derived 

V-spectrophotometry [ 44 , 45 ]. 

.7. Precision, accuracy, and reproducibility 

The precision of the peak heights of Thr, Leu, His, Met-and Phe- 

t 5 μmol/L provided RSD% values ( n = 6) of 5.6%, 3.9%, 3.0, 4.5%

nd 5.4%, respectively. For the retention time, RSD% values were 

ess than 0.5%. The recovery percentage varied from 86.8 ± 2.4% 

o 109.2 ± 3.5%, with RSD% values less than 7.8%. Furthermore, 

here were no noticeable changes in the potentiometric responses 

or five AAs during a one-month period. One of the reasons for the 

igh reproducibility may be the continuous refreshing of the mem- 

rane surface of the copper(II)-selective electrode by an external 

urrent, thus a lack of sample contamination. 

.8. Application to real samples 

The proposed HPLC-potentiometric detector was applied for the 

etermination of the free Thr, Phe, Leu, Met, and His-in real sam- 

les with complex composition. Several solid beverage samples, 

uch as milk, dietary fiber, enzymes, and fruit extracts, were tested 

y potentiometric and MS detection. Potentiometric measurements 

ere performed on each sample and AA concentrations were quan- 

ified according to the calibration curves. The results are shown in 

able 4 and one of the representative chromatograms of the solid 

everage is illustrated in Fig. 4 B. As can be seen, the data obtained
6

sing the proposed potentiometric detector and the data obtained 

ith the MS detector match very well, suggesting that the HPLC- 

otentiometric detector presented in this work has potential sig- 

ificant capacity for AAs analysis. 

. Conclusions 

This work demonstrates the feasibility of using a potentiometric 

etector based on a PVC membrane copper(II)-ISE to measure AAs 

n HPLC without derivatization. Under optimal chromatographic 

onditions, the proposed method attained excellent LODs in the 

ange of 5–250 nmol/L. The detector was successfully validated 

nd applied to the simultaneous quantitative analysis of Thr, Leu, 

et, Phe-and His-in solid beverages, and the results were in good 

greement with those obtained by HPLC-MS. The present study 

erves as a guide to establish an efficient and cost-effective ap- 

roach based on potentiometric detectors for routine analysis. 
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