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a b s t r a c t 

The first CE methodology enabling the enantiomeric separation of panthenol was developed in this work. 

Electrokinetic chromatography with cyclodextrins (CD-EKC) was the CE mode employed for this purpose. 

The effect of different experimental variables such as the nature and concentration of the cyclodextrin, 

the temperature and the separation voltage was investigated. The best enantiomeric separation was ob- 

tained with 25 mM (2-carboxyethyl)- β-CD (CE- β-CD) in 100 mM borate buffer (pH 9.0), with a separation 

voltage of 30 kV and a temperature of 30 °C. Under these conditions, an enantiomeric resolution of 2.0 

in an analysis time of 4.2 min was obtained, being the biologically active enantiomer d -panthenol (dex- 

panthenol) the second-migrating enantiomer. The analytical characteristics of the method were evaluated 

in terms of precision, accuracy, selectivity, linearity, LOD, and LOQ, showing a good performance for the 

quantitation of dexpanthenol in cosmetic and pharmaceutical formulations. The enantiomeric impurity 

(L-panthenol) could be detected at a 0.1% level with respect to the majority enantiomer, allowing to ac- 

complish the requirements of the ICH guidelines. The method was also successfully applied to study the 

stability of panthenol under abiotic and biotic conditions and its toxicity on non-target organisms (the 

aquatic plant Spirodela polyrhiza ). 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Chirality is currently a topic of high relevance in different fields 

uch as the pharmaceutical, agrochemical or environmental, among 

thers, since enantiomers can show different biological, pharma- 

odynamic and pharmacokinetic activities in addition to differ- 

nt toxicity, degradation rates and persistence in the environment 

 1 , 2 ]. In some cases, only one enantiomer produces the desired ac-

ivity, while the other one might have a different activity, be inac- 

ive or even toxic [3] . Thus, racemic mixtures should only be used 

hen the different enantiomers exhibit complementary biological 

ctivities [1] . However, nowadays, an 88% of the chiral marketed 

rugs are administered in their racemic forms [1] . In the cosmetic 

eld, the use of products containing chiral compounds in an enan- 
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iomeric pure form is preferred, mainly in order to prevent aller- 

ic reactions, penetration issues and their ineffectiveness [4] . As 

 consequence, the development of analytical methodologies en- 

bling the enantiomeric determination of chiral drugs, cosmetics 

nd personal-care products is of crucial importance. 

The wide use of pharmaceuticals and personal care products 

as led to the presence of amounts of residues in the environment, 

hat has caused them to be considered as emerging pollutants 

5] , with undesirable effects not only for animals and humans, but 

lso towards non-target organisms [ 6 , 7 ]. Although the presence of 

hese products in the environment has been an increasingly ac- 

ive area of research over the last 20 years [ 8 , 9 ], low attention has

een payed in the case of toxicity studies at the enantiomeric level 

10] . Data regarding the effects of human pharmaceuticals upon 

quatic organisms are available for fish, daphnia and algae. Vita 

t al. [9] reviewed the ecotoxicity evaluation studies of cosmetics 

n aquatic environment, concluding that more effort is needed to 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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nderstand the environmental risk of cosmetic ingredients due to 

he different ways in which these compounds can affect aquatic or- 

anisms. Low attention has been payed to toxicological studies of 

osmetics using plants as non-target organisms. Only the work of 

zizullah et al. [11] reported the effect of shampoo formulations 

n the aquatic plant Lemna minor . However, none of these pre- 

ious works evaluated the role of enantiomers on the ecotoxicity 

bserved. 

Panthenol (2,4-dihydroxy- N -(3-hydroxypropyl) −3,3- 

imethylbutanamide), also known as provitamin B 5 , pantothenyl 

lcohol or pantothenol [12] , is the biologically active alcohol 

nalogue of pantothenic acid (vitamin B 5 ) [13] . Once panthenol 

enetrates the skin, it oxidizes into pantothenic acid, which 

s a constituent of skin and hair [14] , and a component of 

oenzyme A that plays an important role in the metabolism of 

roteins, fatty acids, sterols, carbohydrates, steroid hormones, 

luconeogenesis and porphyrins, because is an essential nutrient 

 4 , 14–16 ]. Panthenol has two enantiomers, D and L, having both 

oisturizing properties [12] . However, l -panthenol is inactive 

hile d -panthenol (dexpanthenol) is biologically active [17] , and, 

n some cases, the effect of d -panthenol can be blocked by l - 

anthenol, resulting in the elimination from the human body of 

he active form [14] . Due to its soothing and restorative properties 

nd its skin regeneration and moisturizing effects, dexpanthenol is 

requently used in personal-care and cosmetic products [ 4 , 14 ]. In 

ddition, it is used in dietary supplements, pharmaceuticals and 

ozenges [14] (the use of dexpanthenol in cosmetics and pharma- 

eutical products was approved by the European Commission on 

osmetic Ingredients and the Food and Drug Administration [17] ). 

or example, it is used in nail care products (enhancing flexibility 

nd hydration), as a component in hair conditioner products 

conferring sheen and long lasting moisture), or in skin care 

roducts (acting as conditioning agent, providing deep penetrating 

oisture to the skin, accelerating wound healing and improving 

kin elasticity), among others [17] . Enantioselective methodologies 

re necessary to achieve the chiral separation of panthenol and to 

etect low amounts of the enantiomeric impurity (L-panthenol). 

Separation techniques mainly employed in chiral analysis are 

PLC, GC, SFC and CE. Although HPLC has been the most employed 

echnique, CE has demonstrated to be a powerful tool to achieve 

nantiomeric separations in a variety of samples [ 1 , 2 , 18–20 ], due

o numerous advantages such as its high peak efficiency, low con- 

umption of chiral selectors, reagents and samples, the easy change 

f chiral selector without the need of using a chromatographic col- 

mn, among others. 

Since the first topical dexpanthenol-containing formulation was 

eveloped [21] , several analytical methodologies were reported en- 

bling the enantioseparation of panthenol [ 4 , 14 , 15 , 17 , 22 , 23 ]. Konig

nd Sturm developed in 1985 a GC methodology enabling the 

nantioseparation of panthenol in < 11 min [22] . Four works 

escribed the enantiomeric separation of panthenol by HPLC 

 14 , 15 , 17 , 23 ] with UV detection [ 15 , 23 ] or UV and polarimetric de-

ection [ 14 , 17 ]. Under the best conditions, the chiral separation was

btained in 8.2 min, with resolution values lower than 2.7 and de- 

ection limits in the order of μg mL −1 for both enantiomers. In 

hree of these articles, the chiral methodologies developed were 

pplied to the determination of panthenol enantiomers in differ- 

nt samples such as bulk drugs [15] , hair care products [17] , and

ietary supplements [14] . Khater and West carried out the chi- 

al separation of panthenol by SFC using a Chiralpak IA stationary 

hase in less than 6 min, although the values for resolution or de- 

ection limits were not provided [4] . The methodology was applied 

o the determination of the enantiomeric purity of panthenol in 

ifferent cosmetic formulations marketed as enantiomerically pure 

n dexpanthenol. In spite of the interesting characteristics of CE to 

chieve chiral analyses, the enantiomeric separation of panthenol 

y CE has not been reported before. 
2 
The aim of this work was to develop the first analytical 

ethodology by CE enabling the enantiomeric separation of pan- 

henol and to apply it to the determination of dexpanthenol and 

ts enantiomeric impurity in commercial formulations, and to eval- 

ate, for the first time, its stability and toxicity, under biotic and 

biotic conditions, assessing its toxicity on a non-target organism, 

he aquatic plant Spirodela polyrhiza. 

. Materials and methods 

.1. Reagents and samples 

All chemicals and reagents employed were of analytical grade. 

odium hydroxide and boric acid were obtained from Sigma- 

ldrich (St. Louis, MO, USA). Methanol was purchased from 

charlau (Barcelona, Spain). The chiral selectors carboxymethyl- α- 

D (CM- α-CD, DS ~ 3.5), carboxymethyl- γ -CD (CM- γ -CD, DS ~

.5), succinyl- β-CD (Succ- β-CD, DS ~ 3.4), succinyl- γ -CD (Succ- 

-CD, DS ~ 3.5), (2-carboxyethyl)- β-CD (CE- β-CD, DS ~ 3.5), (2- 

arboxyethyl)- γ -CD (CE- γ -CD, DS ~ 3.5), phosphated β-CD (Ph- 

-CD, DS ~ 4), sulfated α-CD (S- α-CD, DS ~ 12), sulfated γ -CD 

S- γ -CD, DS ~ 10) and sulfobutylated β-CD (SB- β-CD, DS ~ 6.3) 

ere acquired from Cyclolab (Budapest, Hungary). Carboxymethyl- 

-CD (CM- β-CD, DS ~ 3) and sulfated β-CD (S- β-CD, DS ~ 18) were 

rom Sigma-Aldrich (St. Louis, MO, USA). Heptakis-(2,3-di-O-acetyl- 

-O-sulfo)- β-CD (HDAS- β-CD) was provided by AnaChem (Budel, 

he Netherlands) and sulfobutileter- β-CD (Captisol) was from Cy- 

ex Pharmaceuticals (Lawrence, Kansas). Water used to prepare so- 

utions was purified through a Milli-Q system from Millipore (Bed- 

ord, MA, USA). 

Panthenol racemate and dexpanthenol were from Merck (Darm- 

tadt, Germany). The commercial cosmetic (mouthwash) and phar- 

aceutical (topic gel) formulations were acquired in a drug store 

rom Ávila (Spain). According to the labeled data, the cosmetic 

ormulation contains 0.5% of dexpanthenol (and 0.1% of allantoin) 

hile the pharmaceutical formulation contains 1.25% of dexpan- 

henol. 

Duckweed turions and concentrated solution of Steinberg 

edium were purchased from MicroBioTests (Gent, Belgium). 

.2. Apparatus 

Electrophoretic experiments were carried out in an Agilent 7100 

E system from Agilent Technologies (Waldbronn, Germany) with 

 diode array detector (DAD). The electrophoretic system was con- 

rolled with the HP 3D CE ChemStation software that included the 

ata collection and analysis. Separations were performed in un- 

oated fused-silica capillary of 50 μm I.D. and a total length of 

8.5 cm (50 cm effective length) provided by Polymicro Technolo- 

ies (Phoenix, AZ, USA). Injections were made applying a pressure 

f 50 mbar for 10 s. 

To weigh the different reagents, standards and the pharma- 

eutical formulation, an OHAUS Adventurer Analytical Balance 

Nänikon, Switzerland) was used. pH measurements were per- 

ormed in a pH-meter model 744 from Metrohm (Herisau, Switzer- 

and). All solutions were sonicated using an ultrasonic bath B200 

rom Branson Ultrasonic Corporation (Danbury, USA). 

To carry out the germination of turions an IBERCEX growth 

hamber (Madrid, Spain) was employed. 

The quantification of chlorophyll fluorescence (CF) was carried 

ut using Leica TCS SP5 confocal imaging (Germany). The software 

mage J (National Institute of Health, USA) was used to analyze im- 

ges. 

.3. CE procedure 

Before its first use, the new capillary was conditioned with 1 M 

odium hydroxide for 30 min, followed by 15 min with Milli-Q 
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ater and finally with buffer solution for 60 min. At the begin- 

ing of each working day, the capillary was rinsed with 0.1 M 

odium hydroxide for 10 min, Milli-Q water for 5 min, buffer so- 

ution for 20 min and background electrolyte (BGE) for 10 min. In 

rder to ensure the repeatability between injections, the capillary 

as flushed with 0.1 M sodium hydroxide (4 min), Milli-Q water 

2 min), buffer solution (4 min) and BGE (3 min). All stages were 

arried out applying 1 bar of pressure. 

Buffer solutions (100 mM, pH 9) were prepared by dissolving 

he appropriate amount of boric acid in Milli-Q water to reach a 

oncentration of 100 mM and adjusting the pH with sodium hy- 

roxide 1 M to the desired value (pH 9) before completing the vol- 

me with water. BGEs were prepared by dissolving the appropriate 

mount of the different CDs in the borate buffer solution. 

Stock standard solutions of panthenol or dexpanthenol were 

repared by dissolving the appropriate amount in methanol and 

tored at 4 °C. Standard working solutions of panthenol racemic 

nd/or dexpanthenol were prepared from the stock standard so- 

utions by dilution in water. Stock solutions of the commercial 

ormulations were prepared by diluting the appropriate amount 

n methanol. Working solutions of the commercial formulations 

mouthwash and topic gel) were prepared from the stock solu- 

ions by dilution in water. All solutions were filtered through dis- 

osable nylon 0.45 μm pore size filters purchased from Scharlau 

Barcelona, Spain) and sonicated before their injection in the CE 

ystem. 

.4. Toxicity tests 

Toxicity tests with Spirodela polyrhiza were performed accord- 

ng to International Standard ISO 20,079 (ISO DIS 2005) with some 

odifications. Prior to the toxicity assessment, turions were germi- 

ated in Steinberg medium, for 72 h, at a temperature of 23 ± 2 °C, 

nder continuous irradiation and light intensity of 60 0 0 lux. 

Fresh solutions (stock solution) of panthenol racemic and dex- 

anthenol, were prepared in the same medium used for the 

rowth of Spirodela polyrhiza at a concentration of 20 0 0 mg L −1 .

hose stock solutions were further serial diluted with the Steinberg 

edium to make working (tested) concentrations. For each, pan- 

henol and dexpanthenol, nine concentrations ranging from 800 to 

.79 mg L −1 , were tested in comparison to the control (0 mg L −1 ). 

The experimental setup was conducted with two replicates in 

ransparent sterile 24 well plates. Each well was filled with 2 mL 

f tested concentration and inoculated with a total of 1 duckweed. 

reshly and healthy plants with a uniform frond size as per vi- 

ual observation were used. The exposure experiments were con- 

ucted at the same operational conditions previously described for 

he pre-culture. The duration of toxicity exposure was 96 h. The ef- 

ects in panthenol and dexpanthenol exposed duckweed specimens 

ere assessed by determining the frond area as well as plant pho- 

osynthesis efficiency. 

The changes in foliar growth of duckweed was digitally 

ecorded during 96 h. The images were subsequently analysed 

ith the software Image J and used to determine frond area. Af- 

er 96 h of exposure, the specimens were collected from each 

etup and used for the quantification of CF by confocal imaging 

 λexc/ λem = 488/595–700 nm). The intensity of CF was evaluated 

y processing images of the plant components (bud, leave, root) 

ith ImageJ software. 

Calculation of toxicological parameters was done according to 

he procedure reported in [6] . 

.5. Stability of exposure concentration 

The stability of compounds under biotic and abiotic conditions 

as evaluated. The experimental conditions were the same used in 
3 
cotoxicity test ( Section 2.4 ). Briefly, abiotic setups were performed 

n the absence of duckweed to check the effect of light and hydrol- 

sis of compounds into aqueous reaction media under continuous 

ight and also in darkness. Each experimental condition was repli- 

ated twice. 

.6. Analytical data treatment 

The values of migration times, resolution values (Rs) and area 

alues were obtained using the Chemstation software from Agilent 

echnologies. In order to compensate the differences in the elec- 

rophoretic conditions and to obtain better reproducibility of data, 

orrected peak areas (Ac) were used for data treatment. Experi- 

ental data analysis and composition of graphs were carried out 

sing Excel Microsoft, Origin Pro8 and Statgraphics Centurion XVII 

oftware. Calculation of toxicity parameters was carried out using 

ompuSyn software. 

. Results and discussion 

.1. Development of an analytical methodology for the enantiomeric 

eparation of panthenol by CE 

Since panthenol is a neutral compound except at very basic pH 

pKa 13.033), a screening test with a set of fourteen negatively 

harged CDs at pH 9.0 was carried out (CM- α-CD, CM- β-CD, CM- 

-CD, Succ- β-CD, Succ- γ -CD, CE- β-CD, CE- γ -CD, Ph- β-CD, S- α- 

D, S- β-CD, S- γ -CD, SB- β-CD, HDAS- β-CD and Captisol) in order 

o evaluate their discrimination power and select the most appro- 

riate chiral selector to achieve the enantioselective separation of 

anthenol. In these experiments, all CDs were tested at a concen- 

ration of 10 mM (except CM- β-CD, Succ- γ -CD, S- β-CD and capti- 

ol which were prepared at a concentration of 2% w/v) in 100 mM 

orate buffer, using a voltage of 20 kV, a temperature of 20 °C and 

 detection wavelength of 205 nm (bandwidth 4 nm). Among the 

ourteen CDs studied, only two of them, CE- β-CD and Ph- β-CD, 

nabled the partial separation of panthenol enantiomers with res- 

lution values of 1.2 in 7.6 min and 0.6 in 8.2 min, respectively. 

herefore, CE- β-CD was selected as the chiral selector. In order to 

mprove the shape of the peaks, different experimental detection 

arameters such as the bandwidth, the possibility of using a ref- 

rence length and the bandwidth of the reference were optimized. 

hree different bandwidths (4, 15 and 30 nm) were studied with 

nd without reference (300 nm with a bandwidth of 100 nm). As 

he highest peak heights were obtained with a bandwidth of 

0 nm and without reference, these values were taken as the 

ost appropriate. 

The influence of the CE- β-CD concentration was investigated in 

he range from 10 to 25 mM (10, 15, 20 and 25 mM). Resolution 

alues increased from 1.2 for a 10 mM concentration of CE- β-CD 

o 2.2 for 25 mM CE- β-CD. As the analysis time differed just in 

 min for these two CE- β-CD concentrations, a value of 25 mM 

as chosen for the concentration of the chiral selector. The effect 

f the temperature was studied (20, 25 and 30 °C). Shorter analysis 

imes (9.5 min at 20 °C and 7.5 min at 30 °C) and higher resolution

alues (2.2 at 20 °C and 2.5 at 30 °C) were obtained when increas- 

ng the temperature. For this reason, a temperature of 30 °C was 

hosen. Then, in order to reduce the analysis time, the influence 

f the voltage on the enantiomeric separation was evaluated at 20, 

5 and 30 kV. Since an increase in the separation voltage gave rise 

o shorter analysis times (7.5 min at 20 kV and 4.2 min at 30 kV),

 voltage of 30 kV was chosen as the optimum although a lower 

esolution value was obtained (2.5 at 20 kV and 2.0 at 30 kV). 

The migration order for panthenol enantiomers was estab- 

ished by injecting a solution of racemic panthenol spiked with 

expanthenol. It was possible to assign dexpanthenol as the 
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Fig. 1. Electrophoregrams corresponding to the enantiomeric separation of pan- 

thenol under the optimized conditions, (A) in a standard solution of 200 mg L −1 , 

(B) in a cosmetic formulation (mouthwash) containing 100 mg L −1 of dexpanthenol 

(according to the label of the commercial formulation) and (C) in a pharmaceutical 

formulation (topic gel) containing 100 mg L −1 of dexpanthenol (according to the 

label of the commercial formulation). Experimental conditions: 25 mM CE- β-CD in 

100 mM borate buffer (pH 9.0); uncoated fused-silica capillary 50 μm id × 50 cm 

(58.5 cm to the detector); injection by pressure 50 mbar × 10 s; applied voltage 

30 kV; temperature 30 °C; UV detection 205 ± 30 nm. 
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Table 1 

Analytical characteristics of the developed CE methodology for the determination of 

panthenol enantiomers with CE- β-CD. 

L-Panthenol Dexpanthenol 

External standard calibration method a 

Range 1–25 mg L −1 15–150 mg L −1 

Slope ± t · S slope 0.068 ± 0.003 0.057 ± 0.002 

Intercept ± t · S intercept 0.01 ± 0.04 0.1 ± 0.1 

R 2 99.6% 99.7% 

Standard additions calibration method for the cosmetic formulation b 

Range 0–25 mg L −1 0–100 mg L −1 

Slope ± t · S slope 0.065 ± 0.002 0.059 ± 0.001 

R 2 99.8% 99.7% 

ACCURACY c 

Recovery (%) 102 ± 3 99 ± 3 

Standard additions calibration method for the pharmaceutical formulation d 

Range 0–25 mg L −1 0–100 mg L −1 

Slope ± t · S slope 0.065 ± 0.002 0.058 ± 0.003 

R 2 99.7% 99.1% 

ACCURACY e 

Recovery (%) 99 ± 3 94 ± 6 

Standard additions calibration method for toxicity studies f 

Range 0–25 mg L −1 0–100 mg L −1 

Slope ± t · S slope 0.063 ± 0.006 0.054 ± 0.001 

R 2 99.0% 99.8% 

ACCURACY g 

Recovery (%) 97 ± 3 98 ± 2 

PRECISION 

Instrumental repeatability h 

t, RSD (%) 0.6 0.3 

A c, RSD (%) 1.5 1.5 

Method repeatability i 

t, RSD (%) 0.7 0.4 

A c , RSD (%) 2.2 2.7 

Intermediate precision j 

t, RSD (%) 0.9 0.5 

A c, RSD (%) 3.0 3.3 

LOD 

k 1.0 mg L −1 4.0 mg L −1 

LOQ 

l 3.3 mg L −1 13.3 mg L −1 

A c : corrected area. 
a Twelve standard solutions at different concentration levels injected in triplicate. 
b Addition of eleven known amounts of panthenol standard solution to a cosmetic 

sample solution containing a constant concentration of dexpanthenol. 
c Accuracy was evaluated as the mean recovery obtained from six cosmetic sam- 

ples solutions ( n = 6) containing 40 mg L -1 of dexpanthenol (as labelled amount) 

spiked with 5 and 40 mg L -1 of l - and dexpanthenol, respectively. 
d Addition of eleven known amounts of panthenol standard solution to a phar- 

maceutical sample solution containing a constant concentration of dexpanthenol. 
e Accuracy was evaluated as the mean recovery obtained from six pharmaceu- 

tical samples solutions ( n = 6) containing 40 mg L -1 of dexpanthenol (as labelled 

amount) spiked with 5 and 40 mg L -1 of l - and dexpanthenol, respectively. 
f Addition of thirteen known amounts of panthenol standard solution to the cul- 

ture medium of the plant samples. 
g Accuracy was evaluated as the mean recovery obtained from three culture 

medium of plant samples solutions ( n = 3) spiked with 15 and 50 mg L -1 of l - 

and dexpanthenol, respectively. 
h Instrumental repeatability was calculated from six consecutive injections of 

panthenol standard solution ( n = 6) at a concentration of l -panthenol of 5 mg L -1 

and a concentration of dexpanthenol of 75 mg L -1 . 
i Method repeatability was determined by using the value obtained for three 

replicates of panthenol standards solutions injected in triplicate on the same day 

( n = 9) at a concentration of l -panthenol of 5 mg L -1 and a concentration of dex- 

panthenol of 75 mg L -1 . 
j Intermediate precision was calculated by using the value obtained for three 

replicates (injected in triplicate during three consecutive days) of panthenol stan- 

dard solution ( n = 9) at a concentration of l -panthenol of 5 mg L -1 and a concen- 

tration of dexpanthenol of 75 mg L -1 . 
k LOD obtained experimentally for a S/ N = 3. 
l LOQ obtained experimentally for a S/ N = 10. 

t

t

s

c

d

a

t

econd-migrating enantiomer (being the enantiomeric impurity 

he first-migrating enantiomer). In this way, it is possible to avoid 

he overlapping of the peak of the active enantiomer (dexpan- 

henol) with that of the impurity (L-panthenol). Fig. 1 A shows the 

eparation of panthenol enantiomers from a standard solution un- 

er the optimized conditions in 4.2 min and a resolution value of 

.0. 

.2. Analytical characteristics of the chiral CE method developed 

In order to apply the developed method to the quality control 

f cosmetic and pharmaceutical formulations and to the study of 

he stability of panthenol and dexpanthenol and their toxicity on 

he non-target organism Spirodela Polyrhiza , the analytical charac- 

eristics of the methodology were evaluated in terms of linearity, 

ccuracy, precision, selectivity, limits of detection (LOD) and lim- 

ts of quantification (LOQ). The results obtained are grouped in 

able 1 . 

The linearity of the method was established from twelve stan- 

ard solutions at different concentration levels. Corrected peak ar- 

as (Ac) were plotted as a function of the analyte concentration 

n mg L −1 . As it can be seen in Table 1 , a linear range from 1

o 25 mg L −1 for l -panthenol and from 15 to 150 mg L −1 for d -

anthenol enantiomers, was obtained, with satisfactory results in 

erms of linearity as R 

2 values were higher than 99% for both enan- 

iomers, confidence intervals for the slopes did not include the 

ero value, and confidence intervals for the intercept included the 

ero value (in both cases for a 95% confidence level). The Response 

elative Factor (RRF), which is calculated dividing the slopes of 

he calibration lines, (slope minor component/slope major compo- 

ent) obtained was 1.1. This was in accordance with what the Eu- 

opean Pharmacopeia establishes (RRF values between 0.8 and 1.2) 

24] and demonstrates that the response of the enantiomeric im- 

urity (L-panthenol) is equivalent to that of the active enantiomer 

D-panthenol), thus, the chiral method developed responds in an 

quivalent way for both enantiomers. 

Comparison of the slopes obtained by the external standard cal- 

bration method and the standard additions calibrations method 

or each commercial formulation (eleven known amounts of pan- 
4 
henol were added to the commercial formulation samples con- 

aining a constant concentration of dexpanthenol) and for the plant 

amples (thirteen known amounts of panthenol were added to the 

ulture medium) showed that there were no statistically significant 

ifferences between the slopes of each calibration straight line (for 

 95% confidence level). Thus, there are no matrix interferences so 

he external calibration method can be used to quantify the con- 
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Fig. 2. Electrophoregram corresponding to the LOD of l -panthenol (1 mg L −1 standard solution) in the presence of 10 0 0 mg L −1 of dexpanthenol according to the label of 

the commercial formulation (mouthwash). Asterisk could correspond to allantoin. Experimental conditions as in Fig. 1 . 
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Table 2 

Results obtained in the analysis of a cosmetic and a pharmaceutical formulation 

with an established content of 0.5% and 1.25% of dexpanthenol, respectively. Exper- 

imental conditions as in Fig. 1 . 

Dexpanthenol content (mg 

of dexpanthenol per 

100 mg of sample) 

% Established 

dexpanthenol content 

Cosmetic formulation 

(mouthwash) 

0.51 ± 0.02 103 ± 4 

Pharmaceutical 

formulation (topic gel) 

1.24 ± 0.05 99 ± 4 
ent of dexpanthenol in the cosmetic and pharmaceutical formula- 

ions and to perform stability and toxicity studies. 

Accuracy of the developed methodology ( Table 1 ) was evalu- 

ted as the recovery (%) obtained for panthenol enantiomers when 

he commercial formulation solutions containing, each, 40 mg L −1 

f dexpanthenol were spiked with 5 and 40 mg L −1 of l - and d -

anthenol, respectively, and when the culture medium of the plant 

amples was spiked with 15 and 50 mg L −1 of l - and d -panthenol,

espectively. The mean recovery values obtained for the cosmetic 

ormulation were 102 ± 3 for l -panthenol and 99 ± 3 for dexpan- 

henol, and for the pharmaceutical formulation, the mean recovery 

alues obtained were 99 ± 3 for l -panthenol and 94 ± 6 for dex- 

anthenol. In the case of plant samples, the recovery values were 

7 ± 3 for l -panthenol and 98 ± 2 for dexpanthenol. Then, the 

ecovery values obtained were acceptable as the 100% value is in- 

luded in all cases. 

Precision of the method was evaluated as instrumental repeata- 

ility, method repeatability and intermediate precision. In all three 

ases, racemic panthenol standard solution at two different con- 

entration levels, 10 mg L −1 (for l -panthenol) and 150 mg L −1 (for 

 -panthenol) was employed. Instrumental repeatability was deter- 

ined from six repeated injections on the same day of the stan- 

ard solutions of racemic panthenol. RSD values (%) were lower 

han 0.6% for migration times and 1.5% for corrected peak areas. 

egarding method repeatability, it was assessed with three repli- 

ates of the standard solutions of panthenol injected in triplicate 

n the same day. RSD values obtained in this case, were lower 

han 0.7% and 2.7% for migration times and corrected peak ar- 

as, respectively. Finally, intermediate precision was evaluated by 

njecting in triplicate three replicates of the standard solutions of 

acemic panthenol during three consecutive days. RSD values for 

igration times were lower than 0.9% whereas for peak areas were 

ower than 3.3% (see Table 1 ). 

The estimation of the detection (LOD) and quantification (LOQ) 

imits for the enantiomers of panthenol calculated theoretically 

LOD = (3.29 ∗s intercept )/slope and LOQ = (10 ∗s intercept )/slope) were 0.5 

nd 1.5 mg L −1 for l -panthenol, respectively and 3.5 and 10.6 mg 

 

−1 for d -panthenol, respectively. However, when the LOD of l - 

anthenol was experimentally verified ( Fig. 2 ), it was found that 

his value was underestimated, and a more realistic value could be 
5 
onsidered to be 1.0 mg L −1 when considering a signal/noise ratio 

S/N) of 3, and therefore, the value for the LOQ became 3.3 mg L −1 

onsidering in this case a S/N ratio of 10 (see Table 1 ). In the same

ay, the LOD and LOQ for the d -enantiomer were experimentally 

erified, obtaining a LOD of 4.0 mg L −1 and a LOQ of 13.3 mg L −1 .

ccording to these values, the relative limit of detection (RLOD, 

alculated as (LOD for the minor enantiomer/concentration of the 

ajor enantiomer injected) x 100)) obtained was 0.1%, which is 

n accordance to the legal ICH regulations [25] . Thus, the devel- 

ped methodology can be applied to the quality control to the 

osmetic and pharmaceutical formulation marketed as enantiomer- 

cally pure in dexpanthenol ( Fig. 2 ). 

.3. Quantitative analysis of dexpanthenol in pharmaceutical and 

osmetic formulations 

Once demonstrated the suitability of the developed methodol- 

gy for the enantioselective determination of dexpanthenol, the CE 

ethod was applied to the analysis of a commercial cosmetic for- 

ulation (mouthwash) and a commercial pharmaceutical formu- 

ation (topic gel) by injecting a diluted sample of these products 

ontaining each dexpanthenol at a concentration of approximately 

0 mg L −1 according with their labels. 

Fig. 1 B and 1 C show the electrophoregrams corresponding to 

he commercial pharmaceutical formulations analyzed under the 

ptimized conditions. As can be seen, the developed methodology 

hows an adequate selectivity due to the absence of interferences. 

s can be seen in Table 2 , the mouthwash sample revealed a con- 
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Fig. 3. Electrophoregrams obtained when an abiotic plant sample spiked with 200 mg L −1 of racemic panthenol was analyzed at 0 h of exposure (A) and when biotic, abiotic 

with light and abiotic without light plant samples spiked with 200 mg L −1 of racemic panthenol (B, C, D) and 100 mg L −1 of dexpanthenol (E, F, G) were analyzed after 96 h 

of exposure. Experimental conditions as in Fig. 1 . 
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ent of dexpanthenol of 0.51 ± 0.02 mg per 100 mg of sample (cor- 

esponding to 103 ± 4 of the labeled content) and the topic gel 

ample a content of dexpanthenol of 1.24 ± 0.05 mg per 100 mg 

f sample (corresponding to 99 ± 4 of the labeled content). 

he results showed a good agreement with the labeled values in 

oth cases, demonstrating the presence of the pure enantiomer 

f the active principle at > 99.9% and that l -panthenol was not 

etected. 

.4. Stability study for panthenol racemate and dexpanthenol under 

iotic and abiotic conditions 

Stability of panthenol racemate and dexpanthenol was studied 

n the range of 12.5–300 mg L −1 for panthenol racemate and 6.25 

o 150 mg L −1 for dexpanthenol enantiomer using individual stan- 

ard solutions in each case in plant culture medium. Initial and 
ig. 4. Stability of l - and d -panthenol (values obtained from measures carried out usin

btained from measures carried out using 25 mg L −1 of dexpanthenol standard solution

nantiomer concentration: 25 mg L −1 . 

6 
nal concentrations (after three days of incubation) were deter- 

ined by CD-EKC. As an example, Fig. 3 shows the electrophore- 

rams obtained at 0 h under abiotic conditions and after 96 h of 

xposure of racemic panthenol (200 mg L −1 ) and dexpanthenol 

100 mg L −1 ) under biotic (plant samples) and abiotic (culture 

edium; with and without light) conditions. As can be seen in 

ig. 4 , no significant variations in the concentrations were observed 

or the compounds regardless of the different abiotic (with and 

ithout light) and biotic conditions. Neither the continuous light 

rradiation nor the Steinberg culture medium employed for the 

lant cultivation promote the degradation of racemic panthenol 

nd dexpanthenol. In addition, the presence of the plant Spirodela 

olyrhiza does not induce the degradation. Similar results were ob- 

ained for each of the concentrations tested. 

Attending to all the data obtained for enantiomers, the variation 

f the concentration with respect to the nominal value for each 
g 50 mg L −1 of racemic panthenol standard solution) and dexpanthenol (values 

) evaluated under biotic and abiotic (with and without light) conditions. Nominal 
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Fig. 5. Confocal images of the aquatic plant Spirodela polyrhiza at 96 h of exposition time to panthenol and dexpanthenol. 
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nantiomer was lower than 5% for l -panthenol and lower than 9% 

or dexpanthenol (as racemic as well as pure enantiomer), inde- 

endently of the assay conditions, so both enantiomers can be con- 

idered stable during 96 h of cultivation of Spirodela polyrhiza in 

he standard fitotoxicty test medium. 

Stability and biodegradability of target compounds were re- 

orted in the registration dossiers of the European Chemical 

gency (ECHA), which are mandatory for the commercial use of 

hemicals in the EU region [ 26 , 27 ] (DL panthenol EC number: 240–

40–6; Dexpanthenol EC number: 201–327–3). According to these 

ocuments, compounds are stable to hydrolysis at pH 4, 7 and 9. 

iodegradation was almost complete in contact to aerobic sludge 

uring 28 days of exposure for racemate and 15 days of exposure 

or dexpanthenol. These data agree with those obtained in this 

ork and both compounds can be considered stable in presence 

f plants. 
7 
.5. Ecotoxicity of racemic panthenol and dexpanthenol on Spirodela 

olyrhiza 

The ecotoxicity of racemic panthenol and dexpanthenol was 

etermined for the first time in this work on the aquatic plant 

pirodela polyrhiza . The toxicological parameters (EC20 and EC50) 

ere evaluated using two end-points: the size of the first frond 

nd the natural chlorophyll fluorescence emission by buds, leaves 

nd roots. Table 3 shows the values obtained for these parameters. 

Taking into account the EC50 values derived from the first frond 

t exposure times of 48, 72 and 96 h, which ranged from 2.18 to 

.37 mg L −1 , racemic panthenol and dexpanthenol can be classi- 

ed as toxic to aquatic environment in accordance to the Euro- 

ean Regulation (EC1272/2008). In contrast, after 24 h of contact, 

nly racemic panthenol resulted toxic for the plant, while dexpan- 

henol resulted harmful (EC50 of 25.15 mg L −1 ). Similar profile was 
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Table 3 

Toxicological parameters of panthenol racemate and dexpanthenol on Spirodela polyrhiza . 

Evaluation of first frond 

Panthenol racemate Dexpanthenol 

Exposure time (h) EC20 (mg L −1 ) EC50 (mg L −1 ) EC20 (mg L −1 ) EC50 (mg L −1 ) 

24 1.20 ± 0.02 5.56 ± 0.01 7.63 ± 0.03 25.15 ± 0.02 

48 0.99 ± 0.01 4.55 ± 0.03 1.42 ± 0.01 6.37 ± 0.02 

72 0.46 ± 0.01 2.40 ± 0.02 0.61 ± 0.02 3.35 ± 0.01 

96 0.41 ± 0.01 2.18 ± 0.01 0.37 ± 0.01 2.22 ± 0.01 

Evaluation of chlorophyll fluorescence 

Part of the plant, 96 h exposure time Panthenol racemate Dexpanthenol 

EC20 (mg L −1 ) EC50 (mg L −1 ) EC20 (mg L −1 ) EC50 (mg L −1 ) 

Bud (9.40 ± 0.01) × 10 −5 0.03 ± 0.01 0.03 ± 0.01 1.10 ± 0.01 

Leaves 0.38 ± 0.02 5.04 ± 0.02 0.41 ± 0.02 4.94 ± 0.03 

Roots 0.01 ± 0.01 0.26 ± 0.01 4.22 ± 0.01 12.81 ± 0.01 

EC20 and EC50 are the concentration of compounds that decreased the foliar growth or the autofluorescence emission by 20% and 

50%, respectively. These values were reported with 95% of confidence intervals. 
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bserved for the EC20 values obtained from the plants growing, 

hich denoted higher negative effect of the racemate compared to 

expanthenol. 

Evaluation of natural chlorophyll fluorescence at 96 h of ex- 

osure time clearly showed severe reduction in this biologi- 

al response of the aquatic plants. Fig. 5 shows this effect. At- 

ending to the parameters estimated for each part of the plant 

 Table 3 ), the reduction in autofluorescence occurred at different 

evels. Low EC50 values were obtained for racemic panthenol on 

uds and roots, showing high toxicity to the aquatic plant. How- 

ver, for dexpanthenol, only EC50 values obtained from buds of 

pirodela polyrhiza showed high toxicity. The autofluorescence ob- 

ained from leaves was not affected at the same level as could 

e observed from the parameters calculated, which also resulted 

imilar for both racemic panthenol and dexpanthenol. Consider- 

ng the EC20 values, the differences in sensitivity is even more 

lear, showing lower values of this parameter for contaminants on 

uds. 

Ecotoxicity of pharmaceuticals was reported by ECHA in the 

egistration dossier of compounds [ 26 , 27 ] and in the database of

he United States Environmental Protection Agency (EPA) [ 28 , 29 ]. 

cotoxicity for racemic panthenol and dexpanthenol was reported 

or fish (rainbow trouts), green algae ( Desmodesmus subspicatus, Se- 

enastrum capricornutum ) and microinvertebrate ( Daphnia magna ), 

esulting nontoxic for all organisms in acute and chronic tests [26–

9] . Unfortunately, no data was previously reported for ecotoxic- 

ty of panthenol and dexpanthenol on aquatic or terrestrial plants, 

o this is the first work in which the negative effect on the foliar

rowth and autofluorescence behavior of duckweed species was 

valuated. 

Azizullah et al. evaluated the effect of anti-dandruff shampoos 

ontaining panthenol (among other compounds) on the duckweed 

emna minor [11] . Authors found that concentrations above 0.01% 

olume of shampoos caused inhibition on biomass growth and 

ight harvesting pigments. In addition, authors found that chloro- 

hyll a and b were more sensitive than biomass growing, similar 

o the results obtained in this work. 

Our results show that both pollutants can cause inhibition of fo- 

iar growth of Spirodela polyrhiza , but the negative effect was better 

bserved measuring the chlorophyll fluorescence emission. Special 

ttention should be paid to the early-state development of plant, 

ue to the extremely low values of the EC50 and EC20 obtained 

or buds. In contrast, leaves were minus affected. In fact, the foliar 

evelopment continues despite the affection in the photosynthetic 

pparatus of the plant. 
8 
. Conclusions 

An analytical CE methodology enabling the chiral separation 

f panthenol in an analysis time of 4.2 min and with a resolu- 

ion value of 2.0 has been developed in this work for the first 

ime. These results were obtained employing 25 mM CE- β-CD in 

00 mM borate buffer (pH 9.0), with a separation voltage of 30 kV 

nd a temperature of 30 °C. The analytical characteristics of the 

ethod were adequate to achieve the quantitation of dexpanthenol 

n commercial formulations and enabled to detect up to 0.1% of l - 

anthenol, the enantiomeric impurity, allowing to accomplish the 

egal ICH regulations. Thus, the developed methodology can be 

onsidered a powerful tool to achieve the quality control of cos- 

etic and pharmaceutical formulations marketed as enantiomer- 

cally pure in dexpanthenol. The chiral method enabled to show 

hat racemic panthenol and dexpanthenol were stable under the 

ifferent abiotic and biotic conditions assayed in this work. Tox- 

city studies reported in this work for the first time on aquatic 

lants demonstrate that toxicity of racemic panthenol is consid- 

rably higher than that of dexpanthenol for short exposure times 

24 h) although the toxicity differences are minor for larger expo- 

ure times. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

The authors declare the following financial interests/personal 

elationships which may be considered as potential competing in- 

erests: 

RediT authorship contribution statement 

Sara Jiménez-Jiménez: Investigation, Methodology, Formal 

nalysis, Validation, Data curation, Visualization, Writing - origi- 

al draft. Georgiana Amariei: Investigation, Data curation, Visual- 

zation. Karina Boltes: Formal analysis, Resources, Writing - origi- 

al draft, Writing - review & editing, Project administration, Fund- 

ng acquisition. María Ángeles García: Conceptualization, Method- 

logy, Formal analysis, Resources, Supervision, Writing - original 

raft, Writing - review & editing, Project administration, Fund- 

ng acquisition. María Luisa Marina: Conceptualization, Resources, 



S. Jiménez-Jiménez, G. Amariei, K. Boltes et al. Journal of Chromatography A 1639 (2021) 461919 

S

P

A

S

I

0

t

m

a

e

v

o

o

c

s

R

 

 

 

 

 

 

 

[  

 

 

 

[  

[  

[

[  

[

[

[

[

[

[

upervision, Writing - original draft, Writing - review & editing, 

roject administration, Funding acquisition. 

cknowledgements 

Authors thank financial support from the Spanish Ministry of 

cience and Innovation for research project PID2019-104913GB- 

00 and the University of Alcalá for research projects CCG19/CC- 

68 and CCG19/IA-050 . G.A. and K.B. thank financial support from 

he Dirección General de Universidades e Investigación de la Co- 

unidad de Madrid (Spain), REMTAVARES project S2018/EMT-4341 

nd ICTS “NANBIOSIS”, Confocal Microscopy Service: Ciber in Bio- 

ngineering, Biomaterials & Nanomedicine (CIBER-BNN) at the Uni- 

eristy of Alcalá (CAI Medicine Biology). G.A. thanks the University 

f Alcalá for her post-doctoral contract. S.J.J. thanks the Ministry 

f Science, Innovation and Universities for her FPU pre-doctoral 

ontract (FPU18/00787). Authors thank L. Cortés for technical as- 

istance. 

eferences 

[1] N. Casado , J. Valimaña-Traverso , M.A. García , M.L. Marina , Enantiomeric deter-
mination of drugs in pharmaceutical formulations and biological samples by 

electrokinetic chromatography, Crit. Rev. Anal. Chem. (2019) 1–31 . 
[2] S. Bernardo-Bermejo , E. Sánchez-López , M. Castro-Puyana , M.L. Marina , Chiral 

capillary electrophoresis, Trends Anal. Chem. 124 (2020) 1–18 . 
[3] E. Sánchez-López , M. Castro-Puyana , M.L. Marina , Capillary electrophoresis: 

chiral separations, in: P. Worsfold, C. Poole, A. Townshend, M. Miro (Eds.), En- 
cyclopedia of Analytical Science, Elsevier, The Netherlands, 2019, pp. 334–345 . 

[4] S. Khater , C. West , Development and validation of a supercritical fluid chro- 

matography method for the direct determination of enantiomeric purity of 
provitamin B5 in cosmetic formulations with mass spectrometric detection, J. 

Pharm. Biomed. Anal. 102 (2015) 321–325 . 
[5] H.K. Khan , M.Y.A. Rehman , R.N. Malik , Fate and toxicity of pharmaceuticals in

water environment: an insight on their occurrence in South Asia, J. Environ. 
Mange. 271 (2020) 111030 . 

[6] J. Valimaña-Traverso , G. Amariei , K. Boltes , M.A. García , M.L. Marina , Stability

and toxicity studies for duloxetine and econazole on Spirodela polyrhiza using 
chiral capillary electrophoresis, J. Hazard. Mater. 374 (2019) 203–210 . 

[7] J. Valimaña-Traverso , G. Amariei , K. Boltes , M.A. García , M.L. Marina , Enan-
tiomer stability and combined toxicity of duloxetine and econazole on Daphnia 

magna using real concentrations determined by capillary electrophoresis, Sci. 
Total Environ. 670 (2019) 770–778 . 

[8] B. Petrie , D. Camacho-Muñoz , Analysis, fate and toxicity of chiral non-steroidal 

anti-inflammatory drugs in wastewaters and the environment: a review, Envi- 
ron. Chem. Lett. (2020) 1–33 . 

[9] N.A . Vita , C.A . Brohem , A .D.P.M. Canavez , C.F.S. Oliveira , O. Kruger , M. Lorencini ,
C.M. Carvalho , Parameters for assessing the aquatic environmental impact of 

cosmetic products, Toxicol. Lett. 287 (2018) 70–82 . 
9 
[10] A . Eaglesham , A . Scott , B. Petrie , Multi-residue enantioselective analysis of chi-
ral drugs in freshwater sediments, Environ. Chem. Lett. (2020) 1–8 . 

[11] A. Azizullah , S.K. Shakir , S. Shoaib , H. Bangash , N. Taimur , W. Murad ,
M.K. Daud , Ecotoxicological evaluation of two anti-dandruff hair shampoos us- 

ing Lemna minor , Environ. Monit. Assess 190 (2018) 268–278 . 
12] J. Pavla ̌cková, P. Egner , T. Sedláček , P. Mokrejš, J. Sedla ̌ríková, J. Polášková, In

vivo efficacy and properties of semisolid formulations containing panthenol, J. 
Cosmet. Dermatol. 18 (2019) 346–354 . 

[13] F.B. Camargo , L.R. Gaspar , P. Campos , Skin moisturizing effects of pan- 

thenol-based formulations, J. Cosmet. Sci. 62 (2011) 361–369 . 
[14] A. Lomenova , K. Hrobo ̌nová, T. Šolónyová, HPLC separation of panthenol enan- 

tiomers on different types of chiral stationary phases, Acta Chim. Slovaca 11 
(2018) 114–119 . 

[15] Y.M. Xie , J. Luo , X.H. Tang , D. Yang , X.F. Huo , A. Liu , X. Hu , X. Song , H. Song ,
An improved and validated LC method for resolution of panthenol, Chro- 

matographia 69 (2009) 1025–1029 . 

[16] F. Ebner , A. Heller , F. Rippke , I. Tausch , Topical use of dexpanthenol in skin
disorders, Am. J. Clin. Dermatol. 3 (2002) 427–433 . 

[17] K. Hrobo ̌nová, A. Lomenova , Determination of panthenol enantiomers in cos- 
metic preparations using an achiral-chiral-coupled column HPLC system, Chi- 

rality (2019) 1–9 . 
[18] S. Fanali , B. Chankvetadze , Some thoughts about enantioseparations in capil- 

lary electrophoresis, Electrophoresis 40 (2019) 2420–2437 . 

[19] L. Li , S. Zhou , L. Jin , C. Zhang , W. Liu , Enantiomeric separation of organophos-
phorus pesticides by high-performance liquid chromatography, gas chromatog- 

raphy and capillary electrophoresis and their applications to environmental 
fate and toxicity assays, J. Chromatogr. B 878 (2010) 1264–1276 . 

20] A .B. Martínez-Girón , A .L. Crego , M.J. González , M.L. Marina , Enantiomeric sep-
aration of chiral polycyclic musks by capillary electrophoresis: application to 

the analysis of cosmetic samples, J. Chromatogr. A 1217 (2010) 1157–1165 . 

21] E. Proksch , R. de Bony , S. Trapp , S. Boudon , Topical use of dexpanthenol: a 70th
anniversary article, J. Dermatol. Treat. 28 (2017) 766–773 . 

22] W.A. König , Determination of optical purity by enantioselective capillary gas 
chromatography: panthenol and related compounds, J. Chromatogr. 328 (1985) 

357–361 . 
23] T. Arai , H. Matsuda , H. Oizumi , Determination of optical purity by high-per-

formance liquid chromatography on chiral stationary phases: pantothenic acid 

and related compounds, J. Chromatogr. 474 (1989) 405–410 . 
24] European Pharmacopoeia, 4th edition, The European Pharmacopoeia Conven- 

tion Inc., 2004, pp. 3843-3849 (supplement 4.6). 
25] Q3B(R2), Impurities in new drug productsInternational Conference on Harmo- 

nization ICH Harmonized Tripartite Guidelines, ICH, 2006 . 
26] European Chemical Agency (ECHA). https://echa.europa.eu/ 

registration- dossier/- /registered- dossier/12624/1 , 2020 (accessed 15 November 

2020). 
27] European Chemical Agency (ECHA). https://echa.europa.eu/es/ 

registration- dossier/- /registered- dossier/14227/1 , 2020 (accessed 15 November 
2020). 

28] United States Environmental Protection Agency (EPA). https://comptox.epa.gov/ 
dashboard/dsstoxdb/results?search=panthenol#toxicity-values , 2020 (accessed 

15 November 2020). 
29] United States Environmental Protection Agency (EPA). https://comptox.epa.gov/ 

dashboard/dsstoxdb/results?search=DTXSID3022906#toxicity-values , 2020 (ac- 

cessed 15 November 2020). 

http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0001
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0001
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0001
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0001
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0001
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0002
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0002
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0002
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0002
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0002
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0003
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0004
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0005
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0005
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0005
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0005
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0006
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0007
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0008
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0009
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0010
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0011
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0012
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0013
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0014
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0014
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0014
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0014
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0015
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0016
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0017
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0018
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0018
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0018
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0019
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0020
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0021
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0022
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0023
http://refhub.elsevier.com/S0021-9673(21)00043-1/sbref0025
https://echa.europa.eu/registration-dossier/-/registered-dossier/12624/1
https://echa.europa.eu/es/registration-dossier/-/registered-dossier/14227/1
https://comptox.epa.gov/dashboard/dsstoxdb/results?search=panthenol#toxicity-values
https://comptox.epa.gov/dashboard/dsstoxdb/results?search=DTXSID3022906#toxicity-values

	Enantiomeric separation of panthenol by Capillary Electrophoresis. Analysis of commercial formulations and toxicity evaluation on non-target organisms
	1 Introduction
	2 Materials and methods
	2.1 Reagents and samples
	2.2 Apparatus
	2.3 CE procedure
	2.4 Toxicity tests
	2.5 Stability of exposure concentration
	2.6 Analytical data treatment

	3 Results and discussion
	3.1 Development of an analytical methodology for the enantiomeric separation of panthenol by CE
	3.2 Analytical characteristics of the chiral CE method developed
	3.3 Quantitative analysis of dexpanthenol in pharmaceutical and cosmetic formulations
	3.4 Stability study for panthenol racemate and dexpanthenol under biotic and abiotic conditions
	3.5 Ecotoxicity of racemic panthenol and dexpanthenol on Spirodela polyrhiza

	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	References


