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Abstract
In this work, an isocratic micellar chromatographic method for separation of 17 free amino acids was first established. 
Mixed anionic and non-ionic surfactants were used as mobile phase additives. Besides, a chromatographic environment 
was simulated and the possible mechanism was discussed. Pre-column derivatization with 9-fluorenylmethyl chloroformate 
was used before chromatographic analysis. The optimized chromatographic conditions were the mobile phase A (0.075 M 
sodium dodecyl sulfate solutions and 0.010 M polyoxyethylene lauryl ether containing 20 mM ammonium acetate at pH 
3.5) and B (100% acetonitrile) (85:15, v/v) running at 1.2 mL/min by a Venusil XBP C18 column (5 µm, 250 × 4.6 mm) at 
35.0 °C. Compared with the conventional reversed phase liquid chromatography, the consumption of organic solvent in the 
method is lower which reduces the analysis cost and being environment-friendly. In addition, complex gradient elution is 
not required. This provides an alternative way for the separation of amino acids.

Keywords Amino acids · Micellar liquid chromatography · Mixed surfactants · Polyoxyethylene lauryl ether · Sodium 
dodecyl sulfate

Introduction

Micellar liquid chromatography (MLC) is a kind of reversed 
phase liquid chromatography that uses aqueous solutions 
of surfactants above critical micellar concentration (CMC) 
and low organic solvent content (Ruiz-Ángel 2011; Dong 
et al. 2015; Ramezani et al. 2018). The addition of sur-
factants makes it distinguish from the traditional organic 
solvent–water system, with the advantages of low toxic-
ity, low cost, high efficiency, direct injection of biological 

samples without deproteination and gradient elution (means 
surfactant concentration gradient) without the column re-
equilibration (Nakao et al. 2012). Because of these factors, 
MLC is known as “green chromatography” (El-Shaheny 
et  al. 2015). The surfactant monomers are adsorbed on 
the surface of the nonpolar stationary phase, producing a 
charged or uncharged layer (depends on the types of sur-
factant) that modifies its properties; meanwhile, the mon-
omers in the mobile phase integrate to micellar clusters, 
changing the elution strength of mobile phase (El-Shaheny 
et al. 2015). The variety of interactions that occurs in the 
column complicates the retention mechanism and provides 
a high versatility to MLC, allowing the resolution of mix-
tures of solutes with different charges and hydrophobicity 
values using an isocratic elution (Albiolchiva et al. 2018). 
Some surfactants including anionic, cationic and non-ionic 
surfactants can be used in MLC to develop analytical meth-
ods, being the anionic sodium dodecyl sulfate (SDS) the 
most common (Ruiz-Ángel et al. 2014). SDS monomers are 
adsorbed on the surface of the nonpolar stationary phase, 
producing a negatively charged layer that modifies its prop-
erties. Besides, there are few reports in which polyoxyeth-
ylene lauryl ether (Brij-35, non-ionic surfactant) is used for 
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the separation of compounds (Memon et al. 2005; Dhote 
et al. 2013; Dong et al. 2015; Peris-García et al. 2016). The 
combination ways between Brij-35 and the stationary phase 
is similar to that of SDS. Moreover, Brij-35 can increase 
the polarity of stationary phase without bringing any extra 
charge. Effective separation of those compounds can be 
obtained in the system.

Mixed surfactants are widely used in the field of physical 
chemistry at the beginning (Angarska et al. 2004; Rangel-
Yagui et al. 2005). In recent years, the system has also been 
applied to develop MLC and micellar electrokinetic chro-
matography (MEKC) analysis methods. One of the most 
widely used combinations is SDS and Brij-35 (Ebrahimi 
and Hadjmohammadi 2006; Ruiz-Ángel et al. 2015; Nakao 
and Halldin 2013). When the two kinds of surfactants are 
added to the mobile phase, hydrophobic interactions will 
exist between their hydrophobic tails, ion–dipole interac-
tions will exist between head groups and hydrophilic inter-
actions between the hydrophilic groups (Ruiz-Ángel et al. 
2015). This forces the formation of mixed micelles which is 
different from simple summation of the two single systems. 
The hybrid system may improve the separation effectively 
due to the combination of advantages possessed by both of 
the single ones. It has also been reported that SDS micelles 
were used and the amino acids were fluorescently derivat-
ized prior to injection. This method is more sensitive, but 
they detect fewer amino acids and the measurement pro-
cess is susceptible to environmental interference (Chiu and 
Chang 2007; Sueyoshi et al. 2011; Chiu and Tai-Chia 2013).

Amino acids (AAs) are the main constituent of proteins 
and the organic molecules in the body that play an important 
role in various biological functions (Moughan et al. 2014). 
The analysis of AAs has been a hot topic in the field of ana-
lytical chemistry. However, AAs (except for three with ben-
zene ring structures) have no UV absorption because of the 
absence of chromophores (Ziegler and Abel 2014). To make 
amino acids be detected effectively and improve the sensi-
tivity of high-performance liquid chromatography (HPLC) 
and capillary electrophoresis (CE) method, derivatization 
is routinely used (Jambor and Molnar-Perl 2009; Khuhawar 
and Majidano 2011; Tuberoso et al. 2015; Tian et al. 2014). 
Some no derivatization methods are also employed, such 
as indirect UV detection, other detection methods such as 
evaporative light scattering detection and online coordina-
tion interactions between AAs and Cu (II) ions for direct 
analysis (Wang et al. 2011; Pérez-Palacios et al. 2014; Luo 
et al. 2017). Amino acid analyzer is known as an automatic 
instrument for AAs analysis based on the principle of post-
column derivatization (Zeng et al. 2015). The specificity 
of instrument causes its comparatively low popularity in 
common laboratories. On the contrary, the pre-column deri-
vatization has low requirement for instrument, low cost and 
high sensitivity, which is employed with 9-fluorenylmethyl 

chloroformate (FMOC-Cl) in this work. Traditional organic 
solvent–water reversed phase liquid chromatography (RPLC) 
is generally utilized after pre-column derivatization of AAs. 
Nevertheless, the method requires complex gradient elution 
program, high content of organic solvent (being harmful 
to the environment and increasing analysis cost) and long 
analysis time. Consequently, an effective method needs to 
be developed to solve the above problems.

Some reports used MLC for separation of AAs. How-
ever, the numbers of AAs measured in most of these reports 
were only 4–9 (Safa and Hadjmohammadi 2005; Gil-Agustí 
et al. 2007), leading to the limitations in the real sample 
determination. Loginova et al. studied the effect of aliphatic 
carboxylic acid modifiers on the separation of 2,4-dinitro-
phenyl AAs in MLC, and made it possible to separate 12 
AAs using isocratic elution (Boichenko et al. 2007). On this 
basis, high concentration of organic solvents was found to 
be required if appropriate analysis time is wanted when we 
attempted to separate the AAs with a single micellar system 
and gradient MLC method (Ke et al. 2017). Therefore, we 
adopted mixed surfactants as mobile phase additives and 
got satisfactory results, achieving the separation of 17 AAs 
under isocratic condition.

In this study, we first applied isocratic MLC containing 
SDS and Brij-35 to the separation of 17 FMOC-Cl derived 
AAs (the structures and basic properties of these compounds 
were shown in Table S1). The optimization process for the 
derivatization reaction conditions was based on our previ-
ous study work (Ke et al. 2017). Meanwhile, we compared 
the retention performance and selectivity between the 
hybrid micelles system and each single micelle. Finally, the 
method was successfully applied to the analysis of Com-
pound Amino Acid Injection. In addition, we studied the 
possible separation mechanism. In spite of the long analysis 
time for about 76 min, the consumption of organic solvent 
in the method is lower which may reduce the analysis cost 
and being environment-friendly, besides, complex gradient 
elution is not required.

Experimental

Materials

Chemicals

Chromatographic-grade methanol (MeOH), acetonitrile 
(ACN) and 1-propanol were purchased from Yuwang 
Reagent Factory (Yucheng, China). Ammonium acetate 
 (NH4OAc), acetic acid (AcOH), and 1-propanol were all of 
analytical-grade and were bought from Tianjin Chemical 
Industrial Company (Tianjin, China). Sodium dodecyl sul-
phate (SDS, content ≥ 99.0%) and cetyltrimethylammonium 
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bromide (CTAB, content ≥ 99.0%) were from Shuangsh-
uang Chemical Company (Yantai, China), and polyoxy-
ethylene(23) lauryl ether (Brij-35, content ≥ 99.0%) were 
purchased from Yuanye Biological Technology Co., Ltd. 
(Shanghai, China). 1-propanol was distilled before use. 
Sodium hydroxide (NaOH) and boric acid were analytical-
grade and purchased from Tianjin Chemical Industrial Com-
pany (Tianjin, China). Derivatization reagents 9-fluorenyl-
methyl chloroformate (FMOC-Cl) were purchased from 
Bailingwei (Beijing, China). Distilled water was from the 
GLP lab of Lanzhou University (Lanzhou, China) and was 
used to prepare all aqueous solutions.

Reference standards of AAs: l-proline(Pro), 
l-phenylalanine(Phe), l-asparagine(Asp), l-serine(Ser), 
l-valine(Val), l-methionine(Met), l-glutamic acid(Glu), 
l-threonine(Thr), l-glycine(Gly), l-alanine(Ala), 
l-cysteine(Cys), l-lysine(Lys), l-tryptophan(Try), 
l-histidine(His), l-leucine(Leu), l-isoleucine(Ile) and 
l-arginine(Arg) were purchased from Yuanye Biological 
Technology Co., Ltd. (Shanghai, China). Compound Amino 
Acid Injection (250 mL) was from Qidu Pharmaceutical Co., 
Ltd (Shandong, China).

Sodium borate buffer was made from boric acid solution 
(0.50 M) and adjusted to pH 9.0 with 2 M sodium hydroxide 
solution. Buffer solution can be stored for 1 week at room 
temperature. FMOC-Cl (3.0 mM) was prepared daily by dis-
solving 7.8 mg FMOC-Cl in 10.0 mL ACN.

Equipment

A DionexUltiMate 3000 HPLC was used with a 10 μL loop 
manual injector, an Ultimate 3000 photodiode array detec-
tor, and a column compartment, which was controlled by the 
chromatographic workstation Chromeleon Client (Dionex 
Corporation, Sunnyvale, CA). FE20 pH meter (Mettler 
Toledo Instrument Co., LTD, Shanghai, China) was used to 
measure the pH of the mobile phase. A KH-300DB ultra-
sonic cleaner (Kun Shan He Chuang Ultrasonic Instruments 
Co., LTD, Kunshan, China) was employed for controlling 
ultrasonic cleaning device. AP-01P vacuum pump (Auto-
sciEnce Instruments Co., LTD, Tianjin, China) was used 
to filter solution by 0.22 μm nylon membrane. An venusil 
XBP C18 column (5 μm, 250 mm × 4.6 mm id) was used as 
stationary phase.

Standards and sample preparation

The AAs stock solutions (1.0 mg/mL) were prepared by 
dissolving the reference substances in distilled water. All 
standard stock solutions were stored under refrigeration at 
− 20 °C and were placed at room temperature before use. 
Subsequently the dilution in water was made to yield con-
centrations of 50 μg/mL. Compound Amino Acid Injection 

was diluted in water for 100 times and then for the derivati-
zation procedure.

Derivatization procedure

The optimization of the derivatization procedure of AAs 
has been investigated in our previous study work (Ke et al. 
2017) and we applied the optimized derivatization reaction 
conditions in this work. The concentration of derivatization 
reagents (FMOC-Cl) was 3 mM; the pH value of the sodium 
borate buffer was 8.5 and the derivatization time was 10 min. 
Briefly, the procedure of derivatization of AAs was as fol-
lows: a 250 μL aliquot of amino acid standard solution (or 
sample) was mixed with 250 μL of sodium borate buffer; 
then, 500 μL of FMOC-Cl (3.0 mM) was added, mixed on a 
vortex-mixer and allowed to proceed at ambient temperature 
for 10 min; the reaction was then stopped by the addition of 
2.5 mL n-pentane. The mixture was used for HPLC analysis 
after filtration through a 0.22 μm nylon membrane filter.

Optimized chromatography conditions

Venusil XBP C18 column (5 μm, 250 × 4.6 mm,); detection 
wavelength was set at 266 nm; mobile phase A was 0.075 M 
SDS and 0.010 M brij-35 containing 20 mM  NH4OAc and 
adjusted to pH 3.5 by addition of glacial acetic acid and 
mobile phase B was 100%ACN (85:15, v/v); the flow rate 
was 1.2 mL/min at 35 °C and the injection volume was 
10 μL.

Results and discussion

Optimization of the separation conditions

Influence of surfactant type

SDS (anionic surfactant), CTAB (cationic surfactant) as well 
as Brij-35 (non-ionic surfactant) are considered as the most 
commonly used surfactants in MLC. These three popular 
surfactants were investigated in this work to optimize separa-
tion conditions. We chose pH3.5, 15%ACN (v:v) and 35 °C 
for column temperature as the chromatographic conditions 
by simple preliminary inquiry. The concentrations of SDS, 
Brij-35 and CTAB solutions were 0.075 M, 0.010 M and 
0.050 M, respectively.

The results showed that CTAB-mediated method suffers 
the longest analysis time (300 min), and poorest peak shape 
and selectivity. The adsorption way of CTAB on the station-
ary phase relies on the cationic head groups that strongly 
adsorbed on the surface of stationary phase and alkyl chains. 
Therefore, the hydrophobic tails point to the polar solution, 
which is opposed to that of SDS and Brij-35 (Ruiz-Ángel 
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et al. 2013). This, undoubtedly, increases the hydrophobic-
ity of stationary phase surface. Accordingly, the retention of 
analytes will also increase due to their weak polarity, thereby 
increasing the retention. The compounds can be eluted 
within 180 min, obtaining the shortest analysis time and the 
best peak shape among these three situations when SDS is 
used as additives. The time of Brij-35 condition (210 min) 
was slightly longer than SDS. As mentioned above, the bind-
ing ways of SDS and Brij-35 on the stationary phase are 
different from CTAB, so their coating increases the polarity 
of the stationary phase, thereby accelerates the compounds 
elution. In addition, adsorption of SDS monomers produces 
a layer of negative charge, leading to the existence of repul-
sive electrostatic interactions between the analytes and sta-
tionary phase; accordingly, SDS was chosen as the mobile 
phase additive for the separation of AAs.

Concentrations of the mixed surfactants mobile phase

It can be seen from the above that although single SDS 
micellar system obtained the shortest separation time and the 
best selectivity, it is still unable for the single one to baseline 
separate the 17 AAs simultaneously within appropriate time. 
Therefore, we combined SDS and Brij-35 together in mobile 
phase to form mixed micelle system, and studied its separa-
tion ability. We found the separation time was significantly 
shortened and the selectivity greatly enhanced when proper 
amount of Brij-35 was added. Brij-35 competed for the bind-
ing site on the stationary phase with SDS in a same com-
bined way. Consequently, the density of negative charge on 
stationary phase and mobile phase is reduced; Fig. 1 shows 
the chromatograms of the single SDS micellar system and 
mixture of SDS and Brij-35 micellar conditions.

To get the best separation, we optimized the two sur-
factant concentrations by changing one of them while fixing 
another. When the SDS concentration was kept at 0.075 M, 
the retention time decreased as the Brij-35 concentration 
was changed in the range of 0.005–0.03 M (Fig. S1a). This 
can be explained by the addition of Brij-35 that cuts down 
the negative charge density in both of the mobile phase and 
the stationary phase and increases the polarity of mobile 
phase, which is responsible to the reduced retention. Simi-
larly, when the concentration of Brij-35 was set at 0.01 M, 
the retention time was also reduced with the increasing SDS 
concentrations in the range of 0.025–0.125 M (Fig. S1b). 
This can be explained by an increase in the SDS content 
resulting in an increase in the negative charge density on 
the stationary phase, so the electrostatic repulsion causes a 
decrease in the retention time of the analytes. The above two 
cases illustrate that hydrophobic interaction is the main fac-
tor that determines the retention of AAs in chromatographic 
system. Thus, 0.075 M SDS and 0.01 M Brij-35 were chosen 
as micellar mobile phase additives.

Influence of pH values

The pH value of the mobile phase is another important 
condition in MLC. It determines the charged state of the 
analytes, which directly affects the retention behaviors in 
chromatographic systems. As shown in the Table S1, the 
structures of the amino acids after the derivatization reac-
tion were changed to weak acids. The effects of pH values 
were examined in the range of pH 3.5–6.5 to obtain the 
best conditions. As shown in Fig. 2, the retention of the 
compounds decreases with the increasing pH. The pKa 
values of the compounds analyzed are within the range of 
3.26–3.95, that is to say, the amount of negative charge 
carried by them will increase when pH value is grow-
ing. When pH is greater than 5.95 (pKa values of all the 
compounds were less than the solution pH for two units), 
AAs are almost all in their anionic forms. Electrostatic 
repulsion exists between the compounds and the station-
ary phase modified by SDS, which will increase as the 
negative charge carried by analytes grows. Therefore, the 
retention reduced. Although the relatively high pH condi-
tion can shorten the analysis time, it will reduce the reso-
lution of the analytes. Taking both of the time and resolu-
tion into consideration, we chose pH 3.5 for subsequent 
experiments.

Fig. 1  Chromatograms of mixing standard solution of AAs in single 
SDS system (0.075M SDS, pH = 3.5) and mixed SDS/Brij-35 system 
(0.075M SDS and 0.01 M Brij-35, pH = 3.5)1. Asp; 2. Glu + Pro; 3. 
Ser; 4. Thr; 5. Gly; 6. Ala; 7. FMOC-OH; 8. Met; 9. Val; 10. Try; 11. 
Phe; 12. His; 13. Ile; 14. Leu; 15. Arg; 16. Lys; 17. Cys. Conditions: 
the working concentration of the standard solutions was 50  μg/mL; 
Venusil XBP C18 column (5 μm, 250 × 4.6 mm); column temperature 
was 35 °C; flow rate was 1.2 mL/min; injection volume was 10 μL
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Choice of organic modifiers and concentration

Aliphatic alcohols are often used in MLC as the organic 
modifiers, such as alcohol, 1-propanol besides, methanol and 
ACN are also used in some reports. To investigate the effects 
of different organic solvents on the separation, we studied 
MeOH, ACN and 1-propanol in the experiment. The results 
showed that ACN is superior to the others in both resolution 
and peak shape. Furthermore, we studied the effects of the 
organic solvent content. It is known to us that the content of 
organic solvent can be used in MLC is limited, otherwise, 
the micelles in mobile phase will disintegrated, which brings 
on another chromatographic mode named high submicellar 
chromatography. It is accepted that the content of ACN in 
MLC should not be exceed 30% (v:v). We found the reten-
tion of compounds decreased with the increasing organic 
solvent content, which is similar to that of in conventional 
RPLC. Despite the shortened retention, the resolution is also 
reduced. Therefore, we may reduce the solvent consumption 
as much as possible under the precondition that reasonable 
analysis time could be obtained. This will save the analysis 
cost and make the method be more ecological. Therefore, 
15% ACN (v:v) was selected.

Peak profiles in the mixed micellar systems

The linear correlations between the two peak half-widths of 
chromatographic peak and the retention time can effectively 
evaluate the changes of peak width and symmetry under 
certain conditions (Ruiz-Ángel et al. 2010). Suppose that A 
and B represent the left and right half-widths, respectively 

(where A and B are determined at 10% peak height to avoid 
the interference of baseline noise in the measurement (Ruiz-
Ángel et al. 2015), then

where mA (left) and mB (right) are the slopes of the linear 
correlations; and A0 and B0 are the corresponding intercepts; 
tR means the retention time.

Equations (1) and (2) can be used to predict the peak 
half-widths of the compounds corresponding to the differ-
ent retention time. Furthermore, the summation of mA and 
mB (mA + mB) represents the peak broadening ratio in the 
column, and their ratio (mA/mB) illustrates the symmetry of 
chromatographic peaks. These parameters are effective in 
the optimization of chromatographic conditions.

In this work, the chromatographic efficiency of 17 AAs 
in 0.075 M SDS (Fig. 3a) and 0.075 M SDS/0.010 M Brij-
35 mixed micellar (Fig. 3b) systems was discussed based 
on the principles above. Linear relationship in Fig. 3a is 
good while mB is much greater than mA, indicating the tail-
ing peaks; and in Fig. 3b, symmetry of chromatographic 
peaks of good as mB tended to be close to mA. The results 
shown that good peak symmetry of weak acidic compounds 
could be obtained in mixed micellar system, which may be 
related to the protection of Brij-35 on stationary phase by 
reducing the interaction of analytes and silicon hydroxyl 
groups owing to the longer alkyl chains in Brij-35. It should 
be noted that the sum of the two slopes (mA + mB) in mixed 
SDS/Brij-35 mobile phase is greater than that in single 
SDS system, that is to say, the extent of peak broadening is 
greater. This may be explained by that the carbon content in 
alkyl chains of mixed surfactant modified on the stationary 
phase is more than that in the single ones, resulting in the 
slower mass transfer in stationary phase and thus increasing 
peak broadening.

Discussion of the possible mechanism

Based on the above results, we simulated a simple chro-
matography environment of SDS/Brij-35 mixed mode for 
AAs separation which is shown in Fig. 4 Since the AAs are 
derived with bring the large group in derivatization reagents, 
their structures and chemical properties are relatively simi-
lar (Table S1). Thus, only one symbol was used to present 
the analytes in the diagram. There are organic phase, water 
phase, SDS and Brij-35 monomers and SDS/Brij-35 micel-
lar groups in mixed micellar system. These two surfactants 
monomers are sharing a single core to form micelles and the 
nonpolar hydrocarbon chains point to the center. The station-
ary phase is modified by SDS and Brij-35 monomers with a 

(1)A = m
A
t
R
+ A0,

(2)B = m
B
t
R
+ B0,

Fig. 2  The influence of different pH values of mobile phase on reten-
tion factor (k) of AAs. Conditions: the working concentration of the 
standard solutions was 50 μg/mL; Venusil XBP C18 column (5 μm, 
250 × 4.6  mm); column temperature 35  °C; flow rate 1.2  mL/min; 
injection volume was 10  μL; the mobile phase consisted of aque-
ous solution (0.075 M SDS and 0.010 M Brij-35 containing 20 mM 
 NH4OAc at pH 3.5) with 15% (v/v) of ACN
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layer of negative charge on the surface, and the exposed sili-
con hydroxyl groups still exist (Fig. 4). The retention of the 
solutes is determined by the equilibrium among the aqueous 
phase, the micellar phase and the modified stationary phase.

There are hydrogen bonding, hydrophobic and elec-
trostatic interactions in the chromatographic system. The 
retention mechanism relies on the relative magnitude of the 
three forces. First, it is easy to form intermolecular hydro-
gen bonds between the exposed silicon hydroxyl groups and 
the analytes due to the presence of carboxyl and (or) amino 
groups. Different numbers of hydrogen bond receptors in the 
compounds determine the strength of the hydrogen bonds 
interactions. As can be seen from their structures (Table S1), 
the receptor numbers are from 1 to 6 for all the analytes. 

AAs, such as Pro, which have less numbers, obtain relatively 
weak retention on the stationary phase; while the ones such 
as Arg, Try and Lys that have more receptors were strongly 
retained and thereby eluted later.

Second, hydrophobic interaction existed among the 
compounds and the stationary and mobile phase. The oil/
water partition coefficient (Log Po/w) values of the solutes 
were in the range of 2.31–4.79, which indicated the weak 
hydrophobic properties of these compounds. The polar-
ity of the stationary phase increased due to the surfactants 
absorption. The solubilization capability of micelles made 
analytes interact with silicon hydroxyl groups, uncovered 
alkyl-bonded layer and hydrophobic chain of SDS and Brij-
35 more easily, which improved the retention of them. MLC 
still belongs to RPLC conditions in spite of the modification, 
therefore, the larger the Log Po/w values of the compounds 
were meant the stronger the retentions of the compounds 
were. When increasing the concentration of organic phase, 
the elution strength also increased, which is responsible for 
the decreased retention.

Last, with their pKa values (3.26–3.95) close to the pH 
(3.5) of the mobile phase, the compounds existed in the 
form of molecules and anions together in solution, and the 
larger the pKa values are, the more negative charges are. The 
carboxylic acid ionization of target compounds produces 
negatively charged carboxylate ions which participate in 
electrostatic repulsion with modified stationary phase. The 
stationary phase has a negative charge due to the adsorption 
of SDS, hence there is an electrostatic repulsive interac-
tion between the analytes and the stationary phase, and the 
compounds with larger pKa values would flow out from the 
column more quickly. However, the negative charge of the 
compound itself is not much and meanwhile, gap of pKa 
values among these AAs is not large enough (≤ 0.7), making 
electrostatic repulsive interaction be far from the decisive 
force to change the retention behavior.

Method validation

To examine the proposed MLC method for the determina-
tion of AAs, the accuracy and precision, linearity and range, 
limit of detection and limit of quantification were calculated 
under the optimal chromatographic conditions described 
previously.

The linearity and range were performed with the diluted 
standard mixtures of AAs at five different concentrations 
under the optimized conditions, and plotting peak areas 
as a function of analytes concentration expressed in μg/
mL. The linear relationships among the concentrations of 
these AAs and the corresponding peak areas were summa-
rized in Table 1 and the results indicated good linearity for 
each analyte. In addition, because Glu and Pro could not 
be separated in isocratic mode of this method, there were 

Fig. 3  Evaluation of half-width of AAs in mobile phase. Mobile 
phase with different composition of surfactants. a Single SDS system; 
b mixed SDS/Brij-35 system. Conditions: the working concentration 
of the standard solutions was 50  μg/mL; Venusil XBP C18 column 
(5 μm, 250 × 4.6 mm); column temperature was 35 °C; flow rate was 
1.2 mL/min; injection volume was 10 μL; the mobile phase: a aque-
ous solution (0.075 M SDS containing 20 mM  NH4OAc at pH 3.5) 
with 15% (v/v) of ACN; b aqueous solution (0.075 M SDS/0.010 M 
Brij-35 system containing 20 mM  NH4OAc at pH 3.5) with 15% (v/v) 
of ACN
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no relevant data in Table 1. The LOD and LOQ values 
were estimated at signal-to-noise ratios of 3:1 and 10:1, 
respectively and the results were summarised in Table 1. 
It is worth noting that the LODs and LOQs in the method 
are not satisfying enough for the last three compounds. 
The reason may be that lysine (Lys), tryptophan (Try) and 

arginine (Arg) contain a relatively large number of hydro-
gen bond receptor groups (4–6), so they have a strong 
interaction with the exposed silicon–hydroxyl group in the 
stationary phase. Due to the long retention time, the peak 
widens resulting in a low sensitivity of the three amino 
acids.

Fig. 4  The retention mechanism diagram in mixed MLC mode

Table 1  Linearity, correlation coefficient, limit of detection (LOD), limit of quantification (LOQ) and precision of the method

Analytes Linear equation Correlation 
coefficient

Ranges
(μg/mL)

LOD
(μg/mL)

LOQ
(μg/mL)

Retentiontime
(RSD, %)

Peak area
(RSD, %)

Intra-day
(n = 5)

Inter-day
(n = 5)

Intra-day
(n = 5)

Inter-day
(n = 5)

Asp y = 0.1160x − 0.8284 0.9936 2.00–100 0.93 2.62 0.5 2.7 2.6 6.0
Ser y = 0.2372x + 0.6306 0.9981 1.50–50 0.56 1.65 0.6 1.9 2.0 7.4
Thr y = 0.1897x + 1.2154 0.9995 2.00–100 1.05 3.23 1.0 1.6 3.9 6.3
Gly y = 1.1203x + 3.8637 0.9966 1.00–200 0.48 1.39 1.2 2.8 1.7 5.3
Ala y = 0.3295x + 0.7806 0.9991 2.00–100 0.82 2.29 0.8 2.8 2.7 4.9
Met y = 0.3290x − 1.8901 0.9984 3.00–100 2.16 6.61 0.6 2.3 3.8 4.9
Val y = 0.3537x − 3.4785 0.9950 5.00–100 2.39 7.20 1.3 1.6 3.8 5.1
Try y = 0.1257x + 0.9823 0.9927 5.00–50 3.18 10.55 1.2 2.7 3.0 6.9
Phe y = 1.1465x + 2.5095 0.9912 10.00–100 4.51 13.64 0.9 2.6 4.1 7.8
His y = 0.3499x − 1.0245 0.9971 10.00–100 4.32 13.62 0.8 3.0 3.6 6.9
Ile y = 0.2318x + 0.4587 0.9993 10.00–100 5.25 16.78 0.7 2.0 2.7 5.2
Leu y = 0.2081x − 0.8858 0.9981 10.00–100 5.88 15.92 1.7 3.1 4.8 8.2
Arg y = 0.1392x − 4.0214 0.9879 30.00–200 13.78 42.98 0.9 2.0 3.2 5.8
Lys y = 0.8775x − 0.5641 0.9981 30.00–200 12.55 38.67 1.4 3.1 3.5 7.3
Cys y = 1.4366x − 1.0922 0.9952 30.00–200 11.97 35.65 2.1 4.0 4.4 7.9
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The precision of the method for each amino acid in the 
experiment was performed by injecting five standard sam-
ples in a single day for the intra-day precision and across 
five different days for the inter-day precision. The results 
are shown in Table 1. The precision expressed by relative 
standard deviations (RSDs) of retention time and peak area 
for intra-day precision were ≤ 2.19% and ≤ 4.89%, and for 
inter-day precision were ≤ 3.47% and ≤ 8.23%, respectively.

The accuracy was determined with recovery studies using 
the standard addition method. Known amounts of standard 
AAs with three different concentration levels were added to 
Compound Amino Acid Injection. Recoveries were calcu-
lated by comparing the obtained amounts with those added. 
The results are as in Table 2 that showed and indicated good 
accuracy. In addition, because Glu and Pro could not be 
separated in isocratic mode of this method, there were no 
relevant data in Table 2.

Application

After validation, free AAs were determined in an injection 
preparation named Compound Amino Acid Injection by 
employing the established and validated method. Figure 5a, 
b shows the HPLC chromatograms of the standard solution 
and injection, respectively. There is still difficulty in the sep-
aration of Glu and Pro in the isocratic mode. We will con-
tinue to try to improve this issue in subsequent research. The 
concentration of amino acids in the sample was calculated 
according to the calibration curves in Table 1. The results in 
Table 2 showed that the content of amino acids in the sample 
of Compound Amino Acid Injection ranged from 10.36 to 
75.63 μg/mL. The Compound Amino Acid Injection was 
spiked with the analyses at three levels. Three levels of ana-
lytes were added to the amino acid injection. The results are 
shown in Table 2 that the recoveries for amino acids ranged 
from 86.2 to 111.3% with the RSDs between 0.1 and 5.0%. 
These results indicated that the method was accurate and 
reliable for analysis of amino acids.

Conclusions

In this work, we established an effective isocratic micel-
lar chromatographic method using mixed anionic and non-
ionic surfactants as mobile phase additives for separation of 
17 free AAs. Besides, the possible separation mechanism 
was discussed. In spite of the long analysis time for 76 min, 
the consumption of organic solvent in the method is lower 
which may reduce the analysis cost and being environ-
ment-friendly. In addition, complex gradient elution is not 
required. Although the method has been further modified, 
the LODs and LOQs in the method are not satisfying enough 

Table 2  Results of the recovery experiments in Compound Amino 
Acid Injection

Analytes Sample
(μg/mL)

Added
(μg/mL)

Found
(μg/mL)

Recovery
(%)

RSD
(%)

Asp 23.83 20 41.02 93.5 2.8
25 42.13 86.2 1.9
30 48.82 90.6 3.5

Ser 10.36 5 13.27 86.3 2.7
10 17.93 88.0 0.7
15 24.08 94.9 2.9

Thr 25.17 20 45.20 100.0 4.3
25 47.78 95.2 2.0
30 51.15 92.7 4.1

Gly 75.63 70 152.1 104.4 5.0
80 168.6 108.3 3.1
90 176.9 106.8 2.5

Ala 19.38 15 38.29 111.3 2.4
20 43.09 109.4 0.8
25 43.78 98.6 1.4

Met 29.15 20 50.32 102.3 3.2
30 56.78 115.5 3.9
40 65.33 94.4 0.7

Val 30.66 20 46.77 92.3 2.0
30 59.31 97.7 0.8
40 68.89 97.5 1.3

Try 11.26 5 15.24 93.7 3.8
10 23.20 109.1 3.2
15 24.92 94.9 1.5

Phe 47.88 40 82.93 94.3 3.0
50 95.33 97.3 0.1
60 108.1 100.2 3.6

His 20.97 15 36.37 101.1 4.6
20 43.25 105.5 2.3
25 44.63 97.0 1.5

Ile 30.64 20 45.99 90.8 1.9
30 63.33 104.4 2.8
40 62.68 88.7 1.2

Leu 47.65 40 85.53 97.5 4.4
50 95.02 97.3 1.2
60 113.3 105.2 0.8

Arg 40.35 30 74.42 105.7 3.2
40 85.60 106.5 1.2
50 91.06 100.7 1.0

Lys 33.16 20 45.82 86.1 2.5
30 57.05 90.3 0.6
40 69.12 94.4 0.8

Cys 35.33 20 48.25 87.2 3.0
30 60.17 92.1 1.2
40 70.36 93.4 2.4
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especially for the last three compounds. The situation needs 
to be improved in the follow-up studies by our group.
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