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Versatile capillary electrophoresis method for the direct chiral separation of 
aliphatic and aromatic α-hydroxy acids, β-hydroxy acids and polyhydroxy 
acids using vancomycin as chiral selector 
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A B S T R A C T   

Hydroxy acids (HAs) are ubiquitous in nature and play significant roles in various industrial and biological 
processes. Most HAs harbor at least one chiral center, therefore the development of efficient chiral analysis 
techniques for HA stereoisomers is of crucial importance across a wide range of fields. A capillary electrophoresis 
(CE) method was developed for the chiral analysis and quantification of aliphatic and aromatic α‑hydroxy acid 
(AHA) enantiomers, aliphatic β‑hydroxy acid (BHA) enantiomers and aliphatic polyhydroxy acid (PHA) ste
reoisomers. Using a modified partial filling-counter current method with indirect UV detection, high resolution 
(Rs) was achieved with vancomycin as a chiral selector added to the background electrolyte composed of 10 mM 
of benzoic acid/L-histidine at pH 5 using a polyacrylamide-coated capillary. This method could be readily 
applied to the determination of the enantiomers of 12 aliphatic AHAs, 4 aromatic AHAs, 3 aliphatic BHAs, as well 
as to the determination of the stereoisomers of tartaric acid, 2,3-dihydroxybutanoic acid, 2,3,4,5-tetrahydroxy
pentanoic acid, and 2,3,4,5,6-pentahydroxyhexanoic acid without the need for sample derivatization. Finally, 
our study provides a robust and versatile strategy for the chiral and stereoselective analysis of a broad range of 
hydroxy acid compounds.   

1. Introduction 

Hydroxy acids (HAs), which are carboxylic acids containing at least 
one hydroxyl group, are widespread chiral compounds in nature and 
serve as essential biological building blocks [1]. Among HAs, α‑hydroxy 
acids (AHAs) have their hydroxyl group attached to the second carbon, 
β‑hydroxy acids (BHAs) have their hydroxyl group attached to the third 
carbon, and polyhydroxy acids (PHAs) possess multiple hydroxyl groups 
in their structure [2]. In addition to being key metabolites of most 
metabolic pathways, these acids have considerable market potential and 
find extensive applications as cosmetics [3,4], drug precursors [5], food 
components and additives [6–7], building blocks in chemical synthesis 
[5], monomers for diverse biopolymers [8], and in the production of 
various basic chemicals [9]. 

Over the last decades, the chiral analysis of HAs stereoisomers, which 
include enantiomers and diastereomers, has become of major interest. 
Different stereoisomers exhibit distinct chemical and biochemical 
properties, emphasizing the need to of accurately determine and utilize 
the appropriate stereoisomer for specific applications. Consequently, 

efficient chiral analysis methods of HA stereoisomers play a crucial role 
in a wide range of fields. (i) In pharmacology and cosmetics: HAs have 
significant clinical and pharmacological activity on the skin [2,3]. 
However, the stereochemistry of compounds is crucial for their thera
peutic efficacy and safety [10]. Enantiomeric analysis is essential to 
ensure the production of stereochemically pure chiral compounds, 
particularly in pharmaceutical drug research, production, and moni
toring processes. (ii) In microbiology: Some HAs are produced by mi
croorganisms and are involved in biodegradation processes. In some 
cases, the degradation or synthesis rate of a compound may depend on 
its stereochemistry [11]. Analysis of enantiomers can help researchers 
investigate the degradation pathways involved. (iii) In food industry: 
HAs can be important components of food and flavor additives [6,7]. 
Quality control based on enantioselective analysis of specific enantio
mers of HAs can help improve the quality and safety of food products by 
ensuring that only the desired enantiomer is present. (iv) In industrial 
chemistry: HA diastereomers may have different physical or chemical 
properties that affect their performance in industrial processes. Analysis 
of diastereomers can help optimize industrial production and improve 
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the yield and quality of the final product. (v) In clinical analysis: Al
terations in the expected levels of many AHAs have been associated to 
specific diseases or health benefits [12]. Their enantioselective analysis 
is consequently a major concern in biomarker studies and clinical 
analysis [13–14]. Overall, the chiral analysis of hydroxy acid stereo
isomers is important to ensure the safety, efficacy, and environmental 
impact of drugs, food additives, and industrial products. 

Direct chiral analysis of HAs involves the formation of transient 
diastereomeric complexes and does not require derivatization. In 
contrast, indirect chiral analysis of HAs involves the formation of stable 
diastereomers and requires derivatization [15]. A variety of different 
analytical methods have been employed to separate underivatized HAs. 
Aliphatic AHA enantiomers have been separated by CE [16,17], HPLC 
[13,18,19], HPLC-MS [20], LC-MS/MS [21], and ligand exchange CE 
(LE-CE) [22]. The separation of aromatic AHA enantiomers has been 
accomplished using techniques such as CE [23,24], LE-CE [25], 
ligand-exchange capillary electrochromatography (LE-CEC) [26], ligand 

exchange high-speed countercurrent chromatography (LE-HSCCC) [27], 
and HPLC [28,29]. Similarly, aliphatic BHA enantiomers have been 
separated by HPLC [13,30], HPLC-ESI-MS/MS [31], and UHPLC-MS/MS 
[32]. To date, no CE method has been described for the chiral analysis of 
underivatized BHAs or PHAs, except for DL-tartaric acid using CE 
[33–34] or HPLC [13], to the best of our knowledge. 

Among these methods, CE has proven to be a cheap, simple and 
highly effective technique for the analysis of enantiomers without the 
need for derivatization or polar solvents, and it offers versatile capa
bilities due to the availability of numerous chiral selectors [35,36]. In 
particular, CE excels in the analysis of charged solutes and constitutes a 
powerful tool for the analysis of carboxylic acids in general [37]. 
Moreover, of all the analytical methods available, none yet offers a 
general procedure for the chiral analysis of different types of HAs. The 
lack of a chiral analysis method for PHAs and of a versatile procedure for 
chiral analysis of different types of HAs leaves a major gap in the field of 
chiral analysis of these valuable compounds. 

Fig. 1. Chemical structures of the HAs investigated. Monocarboxylic acids are boxed in violet, dicarboxylic are boxed in salmon pink, tricarboxylic acids are boxed in 
green. Non-UV-absorbing compounds are boxed by a dashed line, while UV-absorbing compounds are boxed by a solid line. The chiral carbons are indicated by blue 
asterisk and are left achiral for simplification. 
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This study addresses this gap in the field of chiral analysis of HA 
stereoisomers. We have developed a versatile and highly efficient CE 
method that allows the direct chiral analysis and quantification of a 
broad spectrum of HA stereoisomers, including aliphatic and aromatic 
AHAs enantiomers, aliphatic BHAs enantiomers, and aliphatic PHAs 
stereoisomers. 

The chemical structures of the chiral hydroxy acids investigated are 
shown in Fig. 1. 

2. Material and methods 

2.1. Chemicals and reagents 

All chemicals were either of analytical grade or reagent grade. D- 
lactic acid (sodium salt), L-lactic acid (sodium salt), D-glyceric acid 
(sodium salt), L-glyceric acid (sodium salt), D-malic acid, L-malic acid, 
D-2-hydroxybutyric acid, L-2-hydroxybutyric acid, DL-2- 
hydroxycaproic acid, DL-2-hydroxyisocaproic acid, L-2-hydrox
yisocaproic acid, D-2-hydroxyisovaleric acid, L-2-hydroxyisovaleric 
acid, DL-2-hydroxyoctanoic acid, D-2,3-dihydroxyisovaleric acid (so
dium salt), L-2,3-dihydroxyisovaleric acid (sodium salt), D-2-hydrox
yglutaric acid (disodium salt), L-2-hydroxyglutaric acid (disodium salt), 
D-3-phenyllactic acid, L-3-phenyllactic acid, D-2-hydroxy-4-phenyl
butyric acid, DL-mandelic acid, D-mandelic acid, D-ribonic acid (lithium 
salt), L-ribonic acid (lithium salt), D-arabinonic acid (sodium salt), D- 
lyxonic acid (potassium salt), L-lyxonic acid (potassium salt), D-gluconic 
acid (sodium salt), D-altronic acid (lithium salt), L-gulonic acid 
(lactone), D-gulonic acid (lithium salt), benzoic acid and L-histidine 
were purchased from Sigma-Aldrich. L-2-hydroxyvaleric acid, L-2- 
hydroxycaproic acid, L-2-hydroxy-4-phenylbutyric acid, DL-3- 
hydroxyoctanoic acid, L-arabinonic acid (lithium salt), D-xylonic acid 
(lithium salt), L-xylonic acid (lithium salt), L-gluconic acid (lactone), D- 
galactonic acid (lactone), L-galactonic acid (lactone), D-allonic acid 
(lactone), L-allonic acid (lactone), D-mannonic acid (lactone), L-man
nonic acid (lactone), D-idonic acid (lactone), L-idonic acid (lactone), D- 
talonic acid (lactone) were purchased from Biosynth. L-talonic acid 
(potassium salt) was purchased from Omicro Biochemicals Inc. L- 
altronic acid was produced in our lab by the C2-epimerization of L- 
allonic acid (data not published). DL-2-hydroxyvaleric acid was pur
chased from Acros Organics. D-2-hydroxyoctanoic acid was purchased 
from BLDpharm. 4-Deoxy-D-erythronic acid (sodium salt hydrate), 4- 
Deoxy-L-erythronic acid (sodium salt hydrate), 4-Deoxy-D-threonic 
acid (sodium salt hydrate), 4-Deoxy-L-threonic acid (sodium salt hy
drate), DL-3-hydroxybutyric acid, L-3-hydroxybutyric acid were pur
chased from Supelco. Vancomycin was purchased from Thermo Fisher 
Scientific. 

2.2. Apparatus and separation procedure 

All electrophoretic runs were performed on the CE system Capel 105 
M from Lumex Instrument in a polyacrylamide-coated capillary with 50 
µm i.d. x 122/112.5 cm total/effective length. Prior to the first experi
ment of the day, the coated capillary was rinsed for 10 min with the BGE 
consisting of 10 mM benzoic acid/L-histidine at pH 5.0. To control the 
partial filling process and to prevent the presence of vancomycin in the 
detector window, the BGE supplemented with vancomycin was intro
duced into the capillary at a pressure of 1000 mbar for 145 s. The 
positioning of vancomycin just before the detection window was fine- 
tuned based on absorbance measurements during capillary filling. 
Samples were injected at a pressure of 30 mbar for 5 s. A counter current 
method was employed throughout the analysis with an applied voltage 
of − 25 kV. Detection was performed in the indirect UV photometric 
detection mode at 230 nm. The capillary temperature was maintained at 
20 ◦C during all steps. Between runs, the capillary was rinsed with BGE 
at 1000 mbar for 5 min. At the end of the day, the capillary was rinsed 
with distilled water for 10 min and both ends of the capillary were kept 

in water. 

2.3. Capillary-coating procedure 

The coating process of the capillary inner surface by polyacryamide 
was based on previously published procedures [38,39]. The fused-silica 
capillary was rinsed with 0.5 M HCl for 30 min and then with deionized 
water for 30 min. After rinsing, the capillary was silylated by flushing 
with a 3 % v/v solution of 3-(trimethoxysilyl)propylmethacrylate in 50 
% aqueous acetone for 1 h. After the silylation process, the capillary was 
rinsed with deionized water for 25 min. The final polymerization step 
was performed by flushing of 3% w/v solution of acrylamide in deion
ized water with additions of 0.05% w/v ammonium persulfate and 0.04 
% v/V tetramethylethylenediamine for 45 min for the capillary with 50 
µm i.d. x 122/112 cm total/effective length and 1 h for the capillary with 
50 µm i.d. x 54/46 cm total/effective length. After the coating proced
ure, the capillary was rinsed with deionized water at 2000 mbar for 2 h. 

2.4. Effective electrophoretic mobility calculation 

The effective electrophoretic mobilities were calculated using Eq. 
(1), with water as neutral marker to determine the electroosmotic flow 
(EOF) [40]: 

μeff = μapp − μEOF =
Le⋅Lt

U
⋅
(

1
tm
−

1
tEOF

)

(1)  

where µeff is the effective electrophoretic mobility of the analyte (m2 

V− 1 s− 1), µapp is the apparent electrophoretic mobility of the analyte (m2 

V− 1 s− 1), µEOF is the electroosmotic mobility (m2 V− 1 s− 1), tm is the 
migration time of the analyte (s), tEOF is the migration time of the neutral 
marker (s), Lt is the total length of the capillary (m), Le is the effective 
length of the capillary (m), and U is the applied voltage (V). 

2.4. Complex matrices preparation 

GntE1-catalyzed epimerization reactions of D-gluconate to D- 
mannonate were made in a 200 μl final volume containing 10 mM of D- 
gluconate, 5 μM of in vitro synthesized NPN, 1 μM of purified GntE1 and 
0.1 M Tris-HCL buffer, pH 8, incubated for 0, 1, 2 or 3 h. IDH-catalyzed 
dehydrogenation reactions of D-isocitrate to 2-ketoglutarate and CO2 
were made using the D-isocitric Acid Assay Kit from Megazyme in a 200 
μl final volume containing 2 mM of D-isocitrate, 5 mM of NADP+, 50 nM 
of IDH and the kit buffer, pH 7.8, incubated for 0, 5, 10 or 15 min. 
Reactions were stopped by heat inactivation at 90 ◦C for 10 min. 

A 530 mg zinc-gluconate dietary supplement tablet (Now Foods) 
contained 50 mg of Zinc, 353 mf of D-gluconate, microcrystalline cel
lulose, vegetarian coating, magnesium stearate and silicon dioxide. 
Matrices of 0.5 mg/ml zinc-gluconate dietary supplement were prepared 
by grinding tablets and resolubilizing them in boiling water (n = 3). 

3. Results and discussion 

3.1. Method development and robustness 

For our method, we used a background electrolyte (BGE) consisting 
of an aqueous buffer of 10 mM benzoic acid/L-histidine at pH 5. Van
comycin was chosen as a chiral selector because it is a macrocyclic 
glycopeptide antibiotic (MA) commonly used in capillary electropho
resis for the enantioseparation of chiral compounds with carboxylic 
groups [41–43]. 

We opted for a hydrodynamic partial-filling countercurrent separa
tion method with indirect UV detection in a polyacrylamide-coated 
capillary, as this method provides several advantages. First, indirect 
UV detection enables the analysis of non-UV-absorbing compounds such 
as aliphatic HAs, thus broadening the range of detectable analytes. 
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Second, the polyacrylamide coating reduces the adsorption of analytes 
and chiral selectors on the capillary wall, resulting in improved sepa
ration efficiency and reduced EOF [44]. Third, the partial filling tech
nique allows for improved analyte detectability by eliminating 
vancomycin from the detection cell, thereby minimizing its interference. 
This is particularly important since vancomycin absorbs strongly in the 
UV region [45,46]. Lastly, the countercurrent separation method en
hances the separation of enantiomers due to the opposite migration 
directions of the HAs and the vancomycin cations [44,47]. 

Fig. 2 shows an electropherogram (EPG) obtained with our method 
displaying the simultaneous enantioseparation of the enantiomers of an 
AHA (DL-2-hydroxybutyric acid), a BHA (DL-3-hydroxybutyric acid), 

and a PHA (DL-gluconic acid). A large absorbing zone was observed at 
the beginning of each run. This was previously shown by Bednar P. et al. 
that it is due to the presence of chloride anions associated with the 
vancomycin cations [48]. By using a partial-filling countercurrent sep
aration method, the vancomycin cations migrate away from the detec
tion window, while the chloride anions and hydroxy acid anions migrate 
towards the detection window. The chloride anions are detected first 
due to their higher mobility within the system. The area of the peak 
corresponding to chloride anions is directly proportional to both the 
concentration of vancomycin and the effective length of the capillary 
used for chiral separation. In general, when using 25 mM vancomycin, 
the chloride anion peak ends at 31 min using a capillary with an effective 

Fig. 2. EPG of the simultaneous enantioseparation of the enantiomers of an AHA, a BHA and a PHA. All enantiomers are at a concentration of 8 mM. Electrophoretic 
conditions: polyacrylamide-coated capillary, 122 (112) cm x 50 µm; BGE, 10 mM benzoic acid/L-histidine, pH 5, and 25 mM vancomycin; partial filling, 145 s at 
1000 mbar; injection, 5 s at 30 mbar; voltage, –25 kV; temperature, 20 ◦C; indirect detection at 230 nm. 

Fig. 3. Simultaneous enantioseparation of aliphatic AHA enantiomers. All enantiomers are at a concentration of 1 mM. (A) Vancomycin concentration 10 mM, other 
electrophoretic conditions as in Fig. 2. (B) Vancomycin concentration 15 mM, other electrophoretic conditions as in Fig. 2. 
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length of 112 cm, and at 8 min using a capillary with an effective length 
of 46 cm. 

For the separation of DL-2-hydroxybutyric acid, DL-3- 
hydroxybutyric acid and DL-gluconic acid, we calculated the intra-day 
and inter-day relative standard deviation (R.S.D.) for various parame
ters. Inter-day R.S.D. values are between 0.5 % and 3.9 % for peak areas, 
0.1 % and 1.1 % for migration times, 2.8 % and 4.9 % for resolutions and 
0.2 % and 0.7 % for separation factors. Intra-day R.S.D. values are be
tween 1.1 % and 4.9 % for peak areas, 1.8 % and 3.5 % for migration 
times, 3.5 % and 6.9 % for resolutions and 0.3 % and 1.3 % for sepa
ration factors. These low inter- and intra-day variabilities demonstrate 
the robustness of our method for the chiral separation of AHAs, BHAs 
and PHAs (Table S1). 

3.2. Chiral separation of AHA enantiomers 

3.2.1. Chiral separation of aliphatic AHA enantiomers 
Our method allowed the highly efficient chiral analysis of 12 

different aliphatic AHAs which are non-UV-absorbing: DL-lactic acid, 
DL-glyceric acid, DL-2-hydroxybutyric acid, DL-2-hydroxycaproic acid, 
DL-2-hydroxyisocaproic acid, DL-malic acid, DL-2-hydroxyvaleric acid, 
DL-2-hydroxyisovaleric acid, DL-2-hydroxyoctanoic acid, DL-2,3- 
dihydroxyisovaleric acid, DL-2-hydroxyglutaric acid, and DL-isocitric 
acid (Fig. 3A and B). Baseline resolution (Rs ≥ 1.5) was obtained for 
all aliphatic AHA enantiomers (Table 1). This demonstrates that our 
protocol allows the chiral separation of monocarboxylic (e.g. lactic 
acid), dicarboxylic (e.g. 2-hydroxyglutaric acid) and tricarboxylic (e.g. 
isocitric acid) AHA enantiomers. 

The migration times of the AHA anions positively correlate with their 
molecular weight and negatively correlate with the number of negative 

charges (Table 1 and Fig. 3). 
Lactic acid is one of the AHAs whose chiral separation has been most 

widely reported in the literature, with Rs values ranging from 1.25 to 3.8 
[16–18,20,49–52]. In comparison, our method allows the chiral sepa
ration of DL-lactic acid with a Rs of 28.3 (Table 1). 

3.2.2. Chiral separation of aromatic AHA enantiomers 
Aromatic AHAs have wide-ranging applications for the production of 

biocompatible and biodegradable polymers, as antimicrobial com
pounds, for biomarker usage, and as versatile chiral building blocks for 
the large-scale production of active pharmaceutical compounds 
including antibiotics, antitumor, and antiobesity agents [5,28]. Fig. 4 
shows an efficient chiral separation of four different aromatic AHAs 
which are UV-absorbing due to their aromatic ring acting as a chro
mophore: DL-mandelic acid, DL-3-phenyllactic acid, 
DL-3-(4-hydroxyphenyl)lactic acid, and DL-2‑hydroxy-4-phenylbutyric 
acid. Baseline resolution was obtained for all aromatic AHA enantiomers 
(Table 1). 

3.3. Chiral separation of aliphatic BHA enantiomers 

Aliphatic BHAs have multifaceted applications, serving as starting 
materials for chemical synthesis and biochemical transformations for 
the production of optically active bioactive compounds such as vitamins, 
antibiotics, antifungals, pheromones and flavors [53,54]. For example, 
3-hydroxybutyrate has gained significant interest in medicine, dietetics, 
and for the biodegradable plastics industry [55]. In addition, many 
aliphatic BHAs are important chiral building blocks for lipopeptide 
synthesis and as disease-related biomarkers [56,57]. As such, enantio
selective analysis of aliphatic BHAs is crucial for an unbiased biological 

Table 1 
Separation data of AHA and BHA enantiomers. All separations were performed with 0.5 mM of each enantiomer. Rs = resolution; α = separation factor; MW =
molecular weight (g/mol); MO = migration order. Vancomycin concentrations as indicated, other electrophoretic conditions as in Fig. 2..   

DL-enantiomers MW Vancomycin MO α Rs 

Aliphatic AHAs DL-isocitric acid 192.1 12 D < L 1.06 4.3 
DL-malic acid 134.1 L < D 1.03 1.5 
DL-lactic acid 90.1 15 1.43 28.3 
DL-glyceric acid 106.1 1.11 6.3 
DL-2-hydroxyglutaric acid 148.1 1.07 4.8 
DL-2-hydroxybutyric acid 104.1 25 1.29 20.4 
DL-2-hydroxyvaleric acid 118.1 1.32 26.1 
DL-2-hydroxyisovaleric acid 118.1 1.16 11.3 
DL-2-hydroxycaproic acid 132.2 1.26 21.8 
DL-2-hydroxyisocaproic acid 132.2 1.28 23.2 
DL-2,3-dihydroxyisovaleric acid 134.1 1.11 8.3 
DL-2-hydroxyoctanoic acid 160.2 1.22 18.3 

Aromatic AHAs DL-mandelic acid 152.2 1.02 1.7 
DL-3-phenyllactic acid 166.2 1.38 29.4 
DL-3-(4-hydroxyphenyl)lactic acid 182.2 1.47 43.2 
DL-2-hydroxy-4-phenylbutyric acid 180.2 1.16 15.3 

Aliphatic BHAs DL-3-hydroxybutyric acid 104.1 1.02 1.8 
DL-3-hydroxyoctanoic acid 160.2 1.03 2.7  

Fig. 4. Simultaneous enantioseparation of aromatic AHA enantiomers. All enantiomers are at a concentration of 2 mM. Vancomycin concentration 10 mM, other 
electrophoretic conditions as in Fig. 2. 

J. Urdiain-Arraiza and B. Desguin                                                                                                                                                                                                          



Journal of Chromatography A 1715 (2024) 464611

6

or clinical interpretation. 
However, in spite of the advanced state of enantiomer separation 

methods, the direct or indirect chiral separation of aliphatic BHAs 

remains a challenge in comparison to the chiral separation of AHAs. 
Currently, no CE method has been published for the enantioseparation 
of BHAs. Using our method, both D- and L- enantiomers of 3-hydroxybu
tyric acid and of 3-hydroxyoctanoic acid were separated (Fig. 5). Base
line resolution was obtained for all aliphatic BHA enantiomers (Table 1). 
Enantioselectivity may also be expected for aliphatic BHA with carbon 
chain lengths between four and eight carbons, as resolution improved 
with carbon chain length from four to eight. 

When comparing the chiral separation of AHA and BHA enantiomers, 
we observed that the resolution was 8–12 times lower for BHA enan
tiomers, thus requiring a higher concentration of vancomycin for their 
efficient separation (Fig. 6). Vancomycin probably interacts less spe
cifically with the molecules when the hydroxyl group is located on C3 
rather than on C2, as the distance and flexibility between the carboxyl 
group and both the hydroxyl and carbon side chain increase. 

Fig. 5. Simultaneous enantioseparation of BHA enantiomers. All enantiomers are at a concentration of 2 mM. Electrophoretic conditions as in Fig. 2.  

Fig. 6. Chiral separation of AHA enantiomers compared to the chiral separa
tion of BHA enantiomers. Vancomycin concentrations as indicated, other 
electrophoretic conditions as in Fig. 2. 

Fig. 7. Chiral separation of PHAs stereoisomers. All enantiomers are at a concentration of 0.5 mM. (A) Chiral separations of tartaric acid stereoisomers. Electro
phoretic conditions: vancomycin 5 mM. (B) Chiral separations of 2,3-dihydroxybutanoic acid stereoisomers. Electrophoretic conditions: vancomycin 20 mM. (C) 
Chiral separations of 2,3,4,5-tetrahydroxypentanoic acid stereoisomers. (D) Chiral separations of 2,3,4,5,6-pentahydroxyhexanoic acid stereoisomers. Other elec
trophoretic conditions as in Fig. 2 for A, B, C and D. 
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3.4. Chiral separation of aliphatic PHA stereoisomers 

While underivatized AHAs and BHAs have been previously enan
tioseparated using various chiral methods, analogous applications for 
underivatized PHAs are absent in the scientific literature, except for 
tartaric acid. In this study, we analyzed the enantiomers and di
astereomers of tartaric acid (DL- and meso‑tartaric acid) (Fig. 7A), 2,3- 
dihydroxybutanoic acid (4-deoxy-DL-erythronic acid and 4-deoxy-DL- 
threonic acid) (Fig. 7B), 2,3,4,5-tetrahydroxypentanoic acid (DL- 
ribonic acid, DL-arabinonic acid, DL-xylonic acid, and DL-lyxonic acid) 
(Fig; 7C) and 2,3,4,5,6-pentahydroxyhexanoic acid (DL-gluconic acid, 
DL-allonic acid, DL-gulonic acid, DL-altronic acid, DL-talonic acid, DL- 
galactonic acid, DL-idonic acid, and DL-mannonic acid) (Fig. 7D). All 
of these compounds are aldonic sugar acids, except tartaric acid which is 
an aldaric sugar acid. The chiral separation of sugar acids could become 
of utmost interest since these acids are widely distributed in nature and 
are used for numerous applications, such as detergent components, pH 
regulators, corrosion inhibitors, additives in the food industry, mono
mers for polymeric materials, and biodegradable chelators for phar
maceuticals [58]. 

Most reports on the chiral separation of tartaric acid only mention 
the separation of its enantiomers, D- and L-tartaric acid. In our case, the 
separation of tartaric acid enantiomers was not successful, but we could 
achieve the separation of its diastereomers, D- from meso- and L- from 
meso (Table 2). 

With our method, we were able to differentiate all six possible 

stereoisomer combinations of 2,3-dihydroxybutanoic acid (Table 3), 24 
out of the 28 possible stereoisomer combinations of 2,3,4,5-tetrahydrox
ypentanoic acid (Table 4), and 101 out of the 120 possible stereoisomer 
combinations of 2,3,4,5,6-pentahydroxyhexanoic acid (Table 5). When a 
Rs cut-off of 1.5 is applied, which corresponds to the baseline separation 
of two different peaks, we were still able to differentiate five out of six 
possible stereoisomer combinations of 2,3-dihydroxybutanoic acid, 15 
out of 28 possible stereoisomer combinations of 2,3,4,5-tetrahydroxy
pentanoic acid, and 89 out of 120 possible stereoisomer combinations 
of 2,3,4,5,6-pentahydroxyhexanoic acid (Table 6). This demonstrates 
that our method is capable of differentiating the vast majority of PHA 
stereoisomers. 

3.5. Migration order and electrophoretic mobilities 

When analyzing a mixture of unknown enantiomeric ratio, the 
knowledge of the migration order allows direct identification of the L- 
and D-enantiomers. For all AHAs and BHAs, except for isocitric acid, the 
L-enantiomer with 2S stereochemistry migrated faster than the D- 
enantiomer with 2R stereochemistry (Figs. 3, 4, 5 and Table 1). 

For tartaric acids, L- and D-tartaric acid migrated faster than mes
o‑tartaric acid (Fig. 8A). 

For enantiomeric pairs or C2 epimeric pairs of 2,3-dihydroxybuta
noic acids, the enantiomer or C2 epimers with a 2S stereochemistry 
migrated faster than the enantiomer or C2 epimers with a 2R stereo
chemistry. Conversely, for enantiomeric pairs or C2 epimeric pairs of 

Table 2 
Chiral separation of tartaric acid stereoisomers. Enantiomers (yellow boxes), C-2 and C-3 epimers (red boxes). NS = not separated. The resolution is underlined and the 
separation factor is italicized. Vancomycin concentration 5 mM, other electrophoretic conditions as in Fig. 2.  

Table 3 
Chiral separation of 2,3-dihydroxybutanoic acid stereoisomers. Enantiomers (yellow boxes), C-2 epimers (purple boxes), C-3 epimers (blue boxes). D-4DE = 4-deoxy- 
D-erythronic acid (2R,3R), L-4DE = 4-deoxy-L-erythronic acid (2S,3S), D-4DT = 4-deoxy-D-threonic acid (2S,3R), L-4DT = 4-deoxy-L-threonic acid (2R,3S), NS = not 
separated. The resolution is underlined and the separation factor is italicized. Vancomycin concentration 20 mM, other electrophoretic conditions as in Fig. 2.  

Table 4 
Chiral separation of 2,3,4,5-tetrahydroxypentanoic acid stereoisomers. Enantiomers (yellow boxes), C-2 epimers (purple boxes), C-3 epimers (blue boxes), C-4 epimers 
(gray boxes). D-xylo = D-xylonic acid (2R,3S,4R), L-xylo = L-xylonic acid (2S,3R,4S), D-lyxo = D-lyxonic acid (2S,3S,4R), L-lyxo = L-lyxonic acid (2R,3R,4S), D-ribo =
D-ribonic acid (2R,3R,4R), L-ribo = L-ribonic acid (2S,3S,4S), D-ara = D-arabinonic acid (2S,3R,4R), L-ara = L-arabinonic acid (2R,3S,4S), NS = not separated. The 
resolution is underlined and the separation factor is italicized. Electrophoretic conditions as in Fig. 2.  
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2,3,4,5-tetrahydroxypentanoic acids and 2,3,4,5,6-pentahydroxyhexa
noic acids, the enantiomer or C2 epimers with a 2R stereochemistry 
migrated faster than the enantiomer or C2 epimers with a 2S stereo
chemistry, except for the D-arabinonic acid/D-ribonic acid C2 epimeric 
pair and the D-talonic acid/L-talonic acid enantiomeric pair (Fig. 8A and 
B). 

For C3, C4 and C5 epimeric pairs of PHAs, the epimers with different 
stereochemistry between the last two carbons migrated faster than the 
epimers with the same stereochemistry between the last two carbons. In 
other words, the epimers with different stereochemistry between CX and 
CX-1 migrated faster than the epimers with the same stereochemistry 
between CX and CX-1, where X is the total number of carbons of the PHA 

(Fig. 8A and B). 
The effective electrophoretic mobilities (µeff) of the HAs and the 

chiral selector (µeff vancomycin = 12.26 × 10− 9 m2 V− 1 s− 1) were 
determined based on their respective migration times and the electro
osmotic mobility of the EOF (µEOF = − 2.94 × 10− 9. m2 V− 1 s− 1) 
(Table S2). 

3.6. Variation of resolution, analysis time, signal intensity and limit of 
detection 

3.6.1. Effect of vancomycin concentration 
We determined the variation of chiral resolution as a function of 

vancomycin concentration for a representative AHA (DL-2-hydroxybu
tyric acid), BHA (DL-3-hydroxyoctanoic acid) and PHA (DL-gluconic 
acid). Increasing the concentration of vancomycin resulted in enhanced 
chiral separation for all HAs investigated by increasing the resolution 
and migration time for AHAs, BHAs, and PHAs (Fig. 9A and B). This 
means that a high concentration of vancomycin would always be rec
ommended for the initial chiral analysis of an unknown HA, the van
comycin concentration may later be decreased for faster migration time, 
if the resolution allows it. 

However, increasing the vancomycin concentration also results in a 
lower signal intensity and higher limit of detection (LOD; signal-to-noise 
ratio = 3). Fig. 9C shows that the signals corresponding to 1 mM of DL-2- 

Table 5 
Chiral separation of 2,3,4,5,6-pentahydroxyhexanoic acid stereoisomers. Enantiomers (yellow boxes), C-2 epimers (purple boxes), C-3 epimers (blue boxes), C-4 
epimers (gray boxes), C-5 epimers (green boxes). D-glu = D-gluconic acid (2R,3S,4R,5R), L-glu = L-gluconic acid (2S,3R,4S,5S), D-gal = D-galactonic acid 
(2R,3S,4S,5R), L-gal = L-galactonic acid (2S,3R,4R,5S), D-aln = D-allonic acid (2R,3R,4R,5R) , L-aln = L-allonic acid (2S,3S,4S,5S), D-ma = D-mannonic acid 
(2S,3S,4R,5R), L-ma = L-mannonic acid (2R,3R,4S,5S), D-ido = D-idonic acid (2S,3R,4S,5R) , L-ido = L-idonic acid (2R,3S,4R,5S), D-alt = D-altronic acid 
(2S,3R,4R,5R), L-alt = L-altronic acid (2R,3S,4S,5S), D-tal = D-talonic acid (2S,3S,4S,5R), L-tal = L-talonic acid (2R,3R,4R,5S), D-gul = D-gulonic acid (2R,3R,4S,5R); 
L-gul = L-gulonic acid (2S,3S,4R,5S); NS = not separated. The resolution is underlined and the separation factor is italicized. Electrophoretic conditions as in Fig. 2.  

Table 6 
Efficiency of the chiral separation of PHA stereoisomers. Electrophoretic con
ditions as in Fig. 7.  

Stereoisomers of MW (g/ 
mol) 

# of Rs ≥ 1 # of Rs ≥ 1.5 

Tartaric acid 150.1 2/3 2/3 
2,3-dihydroxybutanoic acid 120.1 6/6 5/6 
2,3,4,5-tetrahydroxypentanoic acid 166.1 24/28 15/28 
2,3,4,5,6-pentahydroxyhexanoic 

acid 
196.2 101/120 89/120  
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hydroxybutyric acid, DL-3-hydroxyoctanoic acid and DL-gluconic acid 
decrease with an increase in vancomycin concentration. And Fig. 9D 
shows that the LOD of D-2-hydroxybutyric acid, D-3-hydroxybutyric 
acid and DL-gluconic acid increases with higher vancomycin concen
trations. Therefore, if large resolution is not required, a low concen
tration of vancomycin is recommended. 

At a fixed concentration of vancomycin, we observed that the signal 
of aliphatic HAs is directly proportional to their molecular weight. 

However, this correlation does not hold for aromatic AHAs, which are 
UV-absorbing, as their signal varies depending on their chromophore 
(Fig 10). 

3.6.2. Effect of capillary length 
We also determined the influence of capillary length on the resolu

tion, analysis time, signal intensity and LOD for a representative AHA 
(DL-2-hydroxybutyric acid), BHA (DL-3-hydroxyoctanoic acid) and PHA 

Fig. 8. Schematic representation of the chiral separation and migration times of PHAs stereoisomers. (A) Schematic representation of the chiral separations and 
migration times of the stereoisomers of tartaric acid (green), 2,3-dihydroxybutanoic acid (purple) and 2,3,4,5-tetrahydroxypentanoic acid (orange). (B) Schematic 
representation of the chiral separations and migration times of (2,3,4,5,6)-pentahydroxyhexanoic acid stereoisomers (blue). Electrophoretic conditions as in Fig. 7 for 
A and B . 
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Fig. 9. Resolution, analysis time, signal intensity and limit of detection as a function of vancomycin concentration. (A) Chiral resolution as a function of vancomycin 
concentration. Separations were conducted with 0.5 mM of each enantiomer. (B) Analysis time as a function of vancomycin concentration. The indicated analysis 
time for each enantiomeric pair corresponds to the migration time of the slowest enantiomer. (C) Signal intensity as a function of vancomycin concentration. (D) LOD 
as a function of vancomycin concentration. The indicated LOD for each enantiomeric pair refers to the D-enantiomer. Vancomycin concentrations as indicated, other 
electrophoretic conditions as in Fig. 2 for A, B, C and D: . 

Fig. 10. Signal intensity variation as a function of HAs molecular weight. For AHAs and BHAs, we used the area corresponding to 1 mM of the enantiomeric mixture. 
For PHAs, we used the mean of the areas corresponding to 1 mM of each stereoisomers. Aliphatic HAs are encircled by a dashed gray line, while aromatic HAs are 
encircled by a solid gray line. Pearson correlation: r(18) = 0.96, p < 0.001 and r(4) = − 0.48, p > 0.5. Vancomycin concentration 10 mM, other electrophoretic 
conditions as in Fig. 2. 

Fig. 11. Resolution, analysis time, signal intensity and LOD as a function of capillary length. (A) Chiral resolution as a function of capillary length. Separations were 
conducted with 0.5 mM of each enantiomer. (B) Analysis time as a function of capillary length. The indicated analysis time for each enantiomeric pair corresponds to 
the migration time of the slowest enantiomer. (C) Signal intensity as a function of capillary length. (D) LOD as a function of capillary length. The indicated LOD for 
each enantiomeric pair refers to the D-enantiomer. Electrophoretic conditions as in Fig. 2 for A, B, C, and D. 
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(DL-gluconic acid) (Fig. 11). We observed an enhancement of chiral 
resolution and a prolonged analysis time as capillary length increased 
(Fig. 11A and B), highlighting a trade-off between enhanced resolution 
and analysis time. The signal intensity remained constant but the LOD 
increased with the length of the capillary (Fig. 11C and D), due to the 
widening of the peak. Using electrophoretic conditions for optimal res
olution, LOD values were in the range of 39–152 µM for aliphatic HAs 
and 194–447 µM for aromatic HAs (Table S2). However, it is possible to 
significantly reduce the LOD at the expense of resolution by lowering the 
vancomycin concentration as shown in Fig. 9D or by using a shorter 
capillary as shown in Fig. 11D. Overall, these results underscore the 
importance of capillary length optimization in electrophoretic separa
tions, considering the trade-offs between resolution, analysis time, and 
LOD, for achieving specific analytical goals. 

3.7. Analysis of complex matrices 

In this section, we demonstrate the versatility of our method for 
analyzing complex matrices, such as in vitro enzymatic reactions and 
real-world samples. Utilizing GntE1, a D-gluconate C-2 epimerase from 
the LarA superfamily [59], we showcased the analysis of the epimeri
zation of D-gluconate into D-mannonate over time (Fig. S1). This shows 
the applicability of the method in studying isomerization reactions such 
as racemization or epimerization of HAs, and its possible use for the 
determination of the stereochemical specificity and kinetic parameters 
of HA isomerases. Previously, we successfully applied this method to 
determine the kinetic parameters of tartrate epimerization by Mar2, a 
malate racemase and tartrate epimerase from the LarA superfamily [60]. 
In addition, we utilized isocitrate dehydrogenase (IDH) to monitor the 
decarboxylation of D-isocitrate into 2-ketoglutarate and CO2 over time 
(Fig. S2). This demonstrates the efficacy of the method in studying 
dehydrogenation reactions involving HAs and its potential for deter
mining the stereochemical specificity and kinetic parameters of HA 
dehydrogenases. 

We also analyzed a zinc gluconate dietary supplement containing 
353 mg of gluconate per 530 mg tablet. Employing our method, we 
estimated the concentration of D-gluconate, which corresponded to 95 
± 4 % of its theoretical concentration. No traces of L-gluconate were 
detected (Fig. S3). This validation confirms the ability of our method to 
identify and quantify a HA within a complex matrix. 

4. Conclusions 

This work presents for the first time a robust and versatile method 
allowing a highly efficient chiral analysis of a wide range of under
ivatized HAs of biological and industrial importance by CE. The signif
icance of this method lies in its broad applicability across various fields, 
e.g. in pharmaceutical, biomarkers, and biochemistry research. Notably, 
it plays a pivotal role in the study of the LarA superfamily, a recently 
discovered superfamily of AHA racemases and epimerases [59,60]. 
Similarly, chiral analysis of BHAs is indispensable in chemical synthesis 
and medicinal chemistry, as BHAs serve as essential building blocks for 
bioactive compounds. Furthermore, the chiral analysis of underivatized 
PHAs, an area previously undocumented in the literature, opens new 
avenues for the study of aldonic sugar acids with implications across 
various research areas and in industry. Overall, the effectiveness of the 
protocol in the stereoisomeric separation of AHAs, BHAs, and PHAs 
underscores its suitability for the analysis of a wide range of samples 
containing carboxyl and hydroxyl groups. This versatility not only 
supports stereochemical investigations but also offers the potential to 
improve our understanding of complex biological and chemical systems. 

In conclusion, the interest of the developed method extends to 
diverse applications, from exploring enzymatic mechanisms and meta
bolic pathways to practical uses in pharmaceutical and industrial 
chemistry. It offers an effective tool for chiral analysis of HAs. 
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