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a  b  s  t  r  a  c  t

Vitamin  C is one  of the most  important  vitamins,  so reliable  information  about  its  content  in foodstuffs  is
a  concern  to both  consumers  and  quality  control  agencies.  However,  the heterogeneity  of food  matrixes
and  the  potential  degradation  of this  vitamin  during  its  analysis  create  enormous  challenges.  This review
addresses  the  development  and  validation  of  high-performance  liquid  chromatography  methods  for  vita-
min C  analysis  in food  commodities,  during  the period  2000–2014.  The  main  characteristics  of  vitamin  C
are mentioned,  along  with the  strategies  adopted  by  most  authors  during  sample  preparation  (freezing
and  acidification)  to  avoid  vitamin  oxidation.  After  that,  the  advantages  and  handicaps  of  different  analyt-
ical  methods  are  discussed.  Finally,  the main  aspects  concerning  method  validation  for  vitamin  C  analysis
ethod development
itamin C
oodstuffs
PLC

are  critically  discussed.  Parameters  such  as  selectivity,  linearity,  limit  of  quantification,  and  accuracy  were
studied  by  most  authors.  Recovery  experiments  during  accuracy  evaluation  were  in  general  satisfactory,
with  usual  values  between  81 and 109%.  However,  few  methods  considered  vitamin  C  stability  during
the  analytical  process,  and the  study  of  the  precision  was  not  always  clear  or complete.  Potential  future
improvements  regarding  proper  method  validation  are  indicated  to conclude  this  review.

©  2014  Published  by  Elsevier  B.V.
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. Introduction

Food analysis represents an important research field in current
hemistry, mainly due to the continuous appearance of new foods,
upplements, nutraceuticals, etc., which makes the availability of
ully validated methods of analysis an important issue. Not only
s food composition of paramount importance for quality control
urposes, but also for the consumers, who are more aware than
ver of the benefits of the different commercial products. Some of
he main beneficial components that consumers look for in new
ood products are vitamins and antioxidants.

In recent years there has been a major consumers’ concern
egarding the nutritional quality of foods. In the case of vitamin
, this concern is common to both consumers and food manufac-
urers, since this nutrient is among the most sensitive to processing
onditions, and its degradation during the storage process depends
n several factors. Considering the potential oxidation of vitamin C,
nd the high heterogeneity of the food samples, special emphasis
as to be paid to the development of analytical methods (storage
f samples, sample preparation, etc.) for vitamin C quantification.

Method validation is a fundamental pre-requisite to evaluate
he ability of analytical methods to generate reliable analytical data
or their routine application. The validation demonstrates that an
nalytic method measures the correct substance, in the correct
mount, and in the appropriate range for the intended samples
1–3]. Without results of adequate quality or reliability, the data
btained in scientific work are untrustworthy [4,5]. Therefore, not
nly the development and optimization of an analytical method are
mportant, but also its proper validation.

This review focuses on the current state of HPLC methods for
he determination of vitamin C in food. The data for this review
ere collected from the Scopus database, in the period of time

000–2014. After a brief summary of vitamin C characteristics, a
ritical discussion is presented regarding method development and
ptimization and, especially, method validation. The approaches
sed by different authors are discussed, mentioning the most

mportant aspects to consider, the advantages and disadvantages
f the analytical methods currently available, and future trends in
itamin C quantification and validation.

. Vitamin C characteristics

Vitamin C refers to all compounds exhibiting equivalent
iological activity to l-ascorbic acid (L-AA), including its oxida-
ion products (dehydroascorbic acid, DHAA), isomers (isoascorbic
cid, IAA), esters (ascorbyl palmitate), and synthetic forms (6-
eoxy-L-AA, 2-phosphate-L-AA). It is one of the most important
ater-soluble vitamins for human health, known by its high antiox-

dant activity. It participates in many biochemical functions, such
s the absorption of iron, the synthesis of collagen and hormones
enzyme cofactor), and the neutralization of free-radicals resulting
rom cellular metabolism (antioxidant). It prevents the appearance
f aging, cataract formation, arteriosclerosis, cancer, and cardio-
ascular diseases [6–8]. It is also applied by the food industry as
n additive, preventing the oxidation of food products. Physical
roperties of L-AA are given in Table S1.

Supplementary Table S1 related to this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.chroma.
014.09.087.

L-AA is naturally present in most fruits and vegetables, but
umans are unable to synthesize it. The Recommended Dietary

llowances (RDA) are 75 and 90 mg/day for adult women and men,
espectively [9,10]. L-AA is rapidly oxidized to DHAA, and its oxi-
ation can be induced by exposure to high temperatures and pH,

ight, presence of oxygen or metals (Fe3+, Ag+, Cu2+), and enzymatic
r. A 1369 (2014) 2–17 3

action. DHAA exhibits equivalent biological activity to L-AA, so it is
important to measure both molecules to know the total ascorbic
acid (TAA) or total vitamin C content in foodstuffs. The equilibrium
between L-AA and DHAA is dependent on the sample pre-harvest
(origin, cultivation practices, maturity stage) and post-harvest con-
ditions (sample handling and storage). DHAA represents less than
10% of TAA in fresh horticultural products, but its content tends to
increase during storage. The main goal of an analytical method is
to measure the actual contents of the sample without artificially
shifting the equilibrium of the two molecules [11]. Therefore, care
must be exercised throughout the extraction and analysis to pre-
vent degradation and loss of L-AA [8,12]. Irreversible hydrolysis of
DHAA produces the biologically inactive 2,3-diketo-l-gulonic acid
(DKGA), followed by its degradation to other by-products, includ-
ing oxalic acid, l-threonic acid, CO2, l-xylonic acid, and l-xylose.
Some reducing agents can convert DHAA back to L-AA in vivo
(glutathione dehydrogenase) and in vitro systems (homocystein;
dl-1,4-dithiothreitol, DTT; dimercaptopropanol, BAL; and tris(2-
carboxyethyl)phosphine, TCEP) [6,7,9].

Considering the potential degradation of L-AA depending on the
storage, sample preparation, and extraction conditions, it is impor-
tant to carefully develop and validate the analytical methods used
for vitamin C determination in food samples, so the obtained results
are reliable.

3. Method development

Method development and method validation are continuous
and close processes that are conducted throughout food analysis
[3,13]. The implementation of an analytical method in the labora-
tory undergoes several closely related phases aimed at ensuring the
credibility of the generated data (Fig. S1).

Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.chroma.2014.09.087.

The choice of the analytical method should take into account
the characteristics of the analyte, the matrix, the purpose of the
analysis, and the available analytical resources [3,14]. The three
critical components of an HPLC method are sample preparation,
HPLC analysis conditions, and standardization. Good reviews on
vitamin C determination are available in the scientific literature
[6–9,15,16], so only the most important aspects will be covered
here.

3.1. Sample preparation

Sample preparation affects nearly all the later assay steps, and
is hence critical for unequivocal identification, confirmation and
quantification of analytes [1,17,18]. L-AA may  be easily oxidized,
so optimization of sample extraction when analyzing L-AA in com-
plex samples is very important [9,10]. Careful attention must also
be paid to sample handling procedures before the analysis, oth-
erwise L-AA content may  not reflect the concentration in food as
consumed [12]. The presence of interferences in the matrix can
affect the detection/quantification process, and even contribute to
L-AA degradation [7,10]. Processing methods involving heat and
water, such as canning and bleaching, produce large losses of vita-
min  C, in the range of 20–60% and 65–90%, respectively, depending
on time, methodology, and food matrix [19].

First of all, the storage of the samples previous to the analysis
is a key aspect. Fruits and vegetables show a gradual decrease in L-
AA content as the storage temperature and/or duration increases.

Minimum L-AA losses have been reported in cruciferous vegetables,
whereas other vegetables showed large losses during storage [11].
Daily L-AA losses between 2 and 7% were observed in different fruits
and vegetables when stored in the refrigerator for 5 consecutive

http://dx.doi.org/10.1016/j.chroma.2014.09.087
http://dx.doi.org/10.1016/j.chroma.2014.09.087
http://dx.doi.org/10.1016/j.chroma.2014.09.087
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ays, being the results highly dependent on the particular type of
ample [20].

In general, it is advisable to use fresh products instead of frozen
nes for L-AA analysis, since L-AA stability usually decreases dur-
ng freezing or freeze-drying processes. Losses of L-AA between 8
nd 10% were reported in lyophilized red tomatoes [21]. Garrido-
renich et al. [22] observed that L-AA content was  higher when
amples were prepared and analyzed in the same day than when
rozen vegetables samples were used (losses of approximately
0%). Rizzolo et al. [23] minimized the oxidative action of enzymes

n fresh fruits by avoiding excessive cutting of samples, and by
reezing them in liquid nitrogen and/or storing them at low tem-
eratures (−80 ◦C) prior to extraction. However, other authors did
ot observe significant differences in L-AA contents in fresh and

reeze-dried fruits [24,25]. The influence of different drying meth-
ds (air-, oven-, and vacuum-drying) on vitamin C concentration
n apples was recently reported [26]. In general, vitamin C losses
uring the entire freezing process range between 10 and 80% (with
verages around 50%).

Other aspect to consider during sample preparation is the acidi-
cation of the samples, since freezing increases the stability of L-AA,
ut does not fully prevent its degradation. The acidification should
e done promptly after sampling [8,15]. Meta-phosphoric acid
MPA) is the most common reagent, fulfilling the roles of extractant
nd stabilizer, inhibiting ascorbate oxidase and metals catalysis,
nd precipitating proteins, a process that aids in extract clarifica-
ion. MPA  can also be combined with other acids and/or organic

odifiers (acetic acid, methanol, acetonitrile, trichloroacetic, cit-
ic acids) and stabilizers (ethylenediaminetetraacetic acid (EDTA),
onosodium glutamate (MSG)) to increase stabilization [8,9,15].

xtractants that usually limit L-AA oxidation to less than 5% include
–6% MPA  containing acetic or sulfuric acid or 0.005 M EDTA [9].

Hernández et al. [10] compared the efficacy of two extractant
olutions and concluded that MPA  was more effective than oxalic
cid in the stabilization of L-AA, providing better recovery rates.
hebrolu et al. [27] conducted a similar experiment concluding
hat L-AA was more stable in MPA, since trichloroacetic acid (TCA)
xtracts showed degradation in 48 h. Failure to assess stability of
-AA in raw products during sample processing and analysis could
esult in significant errors in analytical results [12], not reflecting
he real concentration in food as consumed.

The adoption of quick and simple extraction procedures is
mportant to ensure the efficiency of the extraction [8,9,15,27]. For
he analysis of liquid samples, their direct injection in the HPLC after
ilution with the initial mobile phase is the most common proce-
ure. For solid samples, solid–liquid extraction (SLE) is normally
sed. In this case, samples are thoroughly homogenized with the
xtractant, centrifuged or filtered, and injected in the HPLC after
ilution with the initial mobile phase.

.2. HPLC methods for vitamin C quantification

Many analytical methods, including chromatography, have been
eported to measure vitamin C content in foods [7,9,16]. Despite its
imitations, classical methods are still common in food analysis.
OAC Official titration method (967.21/2006) is routinely applied

or the analysis of fruits and juices, due to its simplicity and low
ost [9,10,28]. Comparisons between HPLC and traditional meth-
ds have been previously reported [10,29–31]. Even though similar
esults were observed for several samples, HPLC methods are nec-
ssary for the analysis of many food samples due to their high
omplexity, which demands high selectivity and sensitivity. In

ddition, only L-AA can be determined by the traditional iodometric
itration, whereas L-AA and DHAA can be quantified with appropri-
te HPLC methods. Different HPLC methods are shown in Table 1
or vitamin C determination, all of them published between 2000
r. A 1369 (2014) 2–17

and 2014 in the field of food chemistry, by chronological order. The
validation parameters reported in each method are also shown in
Table 1.

Because of the non-volatile and hydrophilic nature of vitamin
C, reversed-phase (RP)-HPLC is the most common approach [7–9],
although ion exchange, ion-pair, ion-exclusion, and hydrophilic
interaction liquid chromatography (HILIC) have also been reported
(Table 1). Ultra-high performance liquid chromatography (UHPLC)
has recently been applied to the analysis of vitamin C in foods [20],
observing as key advantages the shorter time of analysis and the
much lower solvent consumption when compared to other analyt-
ical approaches.

The pH of the mobile phase is usually adjusted below L-AA’s
pKa (4.17) to prevent its degradation. Additional information on
vitamin C analysis is available in other reviews [7,9,71].

L-AA presents a strong absorption in the ultra-violet region
(245–270 nm), making UV absorbance the most popular detection
technique [7,9,15]; however, this absorbance is strongly depend-
ent on the pH (Table S1) and this aspect has to be taken into
account. Less frequently, fluorescence detection (FD) and elec-
trochemical detection (ECD) have been used [7,8], as well as
mass-spectrometry (MS) [7,22,53,65,72–74]. The limits of detec-
tion (LODs) ranged between 0.02 and 0.16 �g/mL for ECD, between
1.2 × 10−3 and 7.2 �g/mL for UV, and approximately 0.27 �g/mL
for fluorescence detection (Table 1). Usually, ECD is more sensitive
than UV, although the wide ranges of LODs make it difficult to per-
form an accurate comparison. Fluorescence is also more sensitive
than UV, although the derivatization procedure required makes it
more tedious than UV.

The low levels of DHAA in most samples difficult its quantitative
analysis with any HPLC detector. Therefore, DHAA is often reduced
to L-AA before its chromatographic separation, and it is measured as
TAA, i.e., the sum of L-AA and DHAA contents [7,8]. This procedure
demands two chromatographic runs, and DHAA is then calculated
by the subtraction of L-AA from TAA [7].

4. Method validation

Once a method has been optimized, it has to be validated to
ensure its suitability for the desired applications [2,3]. A number
of guidance documents on method validation have been issued
by various international reputable organizations and conferences,
guidelines that are described in different scientific works [1,4,5,75].
Examples of these associations are AOAC (Association of Official
Analytical Chemists), FDA (Food and Drug Administration), FAO
(Food and Agricultural Organization/World Health), EURACHEM (A
Focus for Analytical Chemistry in Europe), ICH (International Con-
ference on Harmonization), IUPAC (International Union of Pure and
Applied Chemistry), and the European Commission, among others
[4,13,76–78]. Unfortunately, there is still no single source or final
guideline on analytical method validation [76,79].

For the validation of a quantitative analytical procedure, there
is a set of key elements that are generally accepted: selectivity,
linearity, stability, accuracy, precision, and the lower limit of quan-
tification. Additional parameters which may  be relevant include
LOD, reproducibility, robustness, and ruggedness [2,4,5]. For ana-
lytical methods using LC–MS, the assessment of possible matrix
effects (ME) should always be part of the validation process, partic-
ularly if electrospray ionization (ESI) is used [5]. There are already
good reviews covering in detail the different definitions for each
validation parameter [1,75], so this review will focus in the param-

eters that are usually validated in HPLC methods for vitamin C
determination in food samples.

A proper validation of an analytical method not only has to be
adequate, but also clear to all the scientific community. Hence, it
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Table  1
Overview of validated chromatographic methods for vitamin C determination in foodstuffs.

Analyte Sample Sample preparation HPLC conditions Method validation Ref.

L-AA, DHAA,
TAA
(reduction
with DTT)

Green beans SLE with 4.5% MPA; filtration Sphereclone ODS
(250 mm × 4.6 mm,  5 �m)
1.8 mM H2SO4 (pH 2.6)
UV (245 nm)

Selectivity: tR and UV spectra comparison
R2 > 0.9993; 5–20 �g/mL (ES)
LOD: 0.097 �g/mL; LOQ: 32.3 �g/mL (S/N)
Repeat: 6.4% L-AA; 7.1% TAA
Accuracy: 93.3% L-AA; 89.4% TAA (recovery
tests)

[30]

L-AA, DHAA
(reduction
with DTT)

Fruits and
vegetables

SLE with H2O; filtration HiChrom C18 (250 mm × 4.0 mm,
5 �m)
M KH2PO4 (pH 2.4)
UV (254 nm)

R2 = 0.9992; 10–100 �g/mL (ES)
Int. precision < 1% (tR)
Accuracy: 81.7–105.9% (recovery tests)

[32]

TAA (reduction
with DTT)

Fruit drinks Dilution with water and
centrifugation

JÕsphereÒ ODS-H80
(250 mm × 4.6 mm,  4 �m)
2% (v/v) acetic acid (pH 2.5)
UV (243 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9998; 20–2000 �g/mL (ES)
LOD: 0.5 �g/mL (S/N)
Repeat: 1%

[33]

L-AA,
�-carotene

Beverages Dilution with mobile phase Kromasil NH2

(250 mm × 4.6 mm,  5 �m)
M Acetic acid in water
UV (250 nm)

Selectivity: tR and UV spectra comparison
R2 = 0.9997; 4–600 �g/mL (ES)
LOD 1.2 �g/mL; LOQ 4.0 �g/mL (S/N)
RSD: 2.1%

[34]

L-AA Supplements,
juices, teas,
vinegar, honey

Dilution with mobile
phase + 20 �M L−1 methionine

Inertsil ODS-3
(150 mm × 4.6 mm,  5 �m)
0.2% phosphoric acid (pH 2.1)
ECD (Ag/AgCl 400 mV)

0.02–2.3 �g/mL (ES)
LOD: 0.02 �g/mL (S/N)
Repeat: 2.8%; int. precision: 3.7%
Accuracy ≥ 90% (recovery tests)
Stability2: pH, temperature, light,
concentration, metallic ions, stabilizing
agents

[35]

L-AA, other
water-and
fat-soluble
vitamins

Powdered drinks
and foods

Dilution with mobile phase
and centrifugation

MetaChem Polaris C18-A
(150 mm × 4.6 mm,  3 �m)
0.010% TFA: MeOH (50:50)
DAD (280 nm); ESI-MS

R2 = 0.9986; 10–1000 �g/mL (ES)
LOD: 0.025 �g/mL; LOQ: 0.085 �g/mL (S/N)
Precision: 2.1%
Robustness: % TFA and pH of mobile phase,
HPLC gradient and temperature,

[36]

L-AA Fruits and
vegetables

SLE with 10% acetic acid–5%
MPA–1.5 M H2SO4–1 mM EDTA

Hydrobond AQ C8
(3 mm × 100 mm,  5 �m)
1 mM KH2PO4, 1 mM Na2 EDTA
(pH 3.0)
ECD (250 mV); UV (245 nm)

Selectivity: tR and UV spectra comparison
R2 > 0.9700; 2–20 �g/mL (ES)
LOD: 0.002 �g/g ECD; 0.012 �g/g UV (S/N)
LOQ: 0.3 �g/g ECD; 1.8 �g/g UV (S/N)
Repeat: 5%; int. precision: 7%
Accuracy: 95–107% (recovery tests)
Robustness: different columns

[37]

L-AA (8 other
water-
soluble
vitamins)

Polyvitaminated
premixes

Dilution with water + 1 M
phosphate buffer (pH 5.5)

YMC-Pack Pro C18
(250 mm × 4.6 mm,  5 �m);  A:
0.025% TFA (pH 2.6), B: ACN
(gradient elution)
UV (275 nm)

Selectivity: tR and UV spectra comparison
R2 = 0.9956; 5–200 �g/mL (ES)
LOD: 0.2 �g/mL
Repeat.: 2.1%; int. precision: 5.9%

[38]

L-AA,
carotenoids

Fruits SLE with MeOH + 3% MPA-8%
acetic acid; filtration

Coupled Symmetry C18
(75 mm × 4.6 mm,  3.5 �m)  &
Atlantis C18 (150 mm × 2.0 mm,
5  �m)
70% MeOH: 0.05% CH3COOH
(70:30)
ESI-MS

Selectivity: tR and UV spectra comparison
R2 = 0.9956; 0.1–1 �g/mL (SA)
LOD: 0.01 �g/mL; LOQ: 0.05 �g/mL (S/N)
Repeat.: 8.7%
Accuracy: 85% (recovery tests)

[22]

L-AA, TAA
(reduction
with DTT)

Human milk Dilution with 0.56% MPA
solution; centrifugation and
filtration

Spherisorb ODS2 C18
(250 mm × 4.6 mm,  5 �m)
0.1% Acetic acid: MeOH (95:5)
UV (254 nm)

Selectivity: tR and UV spectra comparison
R2 = 0.9990; 0.5–100 �g/mL (ES)
LOD: 0.003 �g/mL; LOQ: 0.009 �g/mL (S/N)
Repeat.a: 3.09% AA; 2.54% TAA
Int. precisiona: 4.03% AA; 3.63% TAA
Accuracy: 95.6% AA; 95.1% TAA (recovery
tests)

[31]

L-AA Wines Direct injection without
dilution

PLRP-S 100A
(150 mm × 4.6 mm,  5 �m)
A: TFA: H2O (99:1), B: ACN–solvent
A  (80:20) (gradient elution)
UV (243 nm)

Selectivity: tR and UV spectra comparison
R2 = 0.9990; 1–200 �g/mL (ES)
LOD: 1 �g/mL; LOQ: 5 �g/mL (visual
approach)
Repeat.a: 1.5–2.2%
Accuracy > 92% (recovery tests)

[39]

L-AA, DHAA,
TAA
(reduction
with DTT)

Tropical fruits SLE with 3% MPA-8% acetic
acid; centrifugation

Shodex RSpak KC-811
(250 mm × 4.6 mm,  5 �m)
0.2% o-phosphoric acid
UV (245 nm)

Selectivity: tR and UV spectra comparison
R2 = 0.9990; 0.5–50 �g/mL (ES)
LOD: 0.10 �g/mL (S/N)
Repeat.a: 5.9–11.9%; int. precisiona:
8.9–12.8%
Accuracy: 93–104% (recovery tests)
Stabilityc: temperature, oxidative agents,
thawing

[10]

L-AA, vitamin A Banana and papaya SLE (3% MPA-8%
CH3COOH-1 mM EDTA);
centrifugation; clean-up (C-18
cartridges)

PLRP-S column
(250 mm × 2.1 mm,  5 �m)
0.2 M NaH2PO4 (pH 2.14)
DAD (254 nm)

Selectivity: tR and UV spectra comparison
ES (25–100 �g/mL)
LOD: 0.05 �g/mL (S/N)
Accuracy: 95% (recovery tests)

[40]
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Table 1 (Continued)

Analyte Sample Sample preparation HPLC conditions Method validation Ref.

TAA, iso-AA
(reduction
with TCEP)

Fortified products:
infant formulas,
cereals, soup, juice,
compotes

Dilution with mobile phase;
filtration

Ion-pair LiChrospher RP-18
(250 mm × 4.6 mm,  5 �m)
ACN, sodium acetate eluent (pH
5.4), TCEP, and decylamine
DAD (265 nm)

Selectivity: tR and UV spectra comparison
R2 = 0.9999; 1–100 �g/mL (ES)
LOD: 1 �g/g; LOQ: 3 �g/g (S/N)
Repeat.: 0.8–4.6%; reproducibility: 2–8%
(CRMs)
Accuracy: 93–105% (CRMs)

[41]

L-AA, DHAA,
TAA
(reduction
with DTT or
BAL)

Fruits SLE with 4.5% MPA;
centrifugation and filtration

(a) C18 Spherisorb ODS2
(250 mm × 4.6 mm,  5 �m),  0.01%
H2SO4 (pH 2.6)
(b) NH2 Spherisorb S5
(250 mm × 4.6 mm,  5 �m) 10 mM
KH2PO4 buffer (pH 3.5): ACN
(60:40)
UV (245 nm)

R2 ≥ 0.9936; 5–50 �g/g (ES; statistics)
LOD < 1.8 �g/g; LOQ < 6.1 �g/g (SDRS)
Precisiona: 0.6–3.9%
Accuracy: 93.6–104.4% (recovery tests)

[42]

L-AA, iso-L-AA,
L-AA-2G,
L-AA-2�G

(a) Teas
(b) Dried fruits

(a) Dilution with mobile phase
(b) USLE; centrifugation

HILIC Interstil Diol
(250 mm × 4.6 mm,  5 �m)
ACN: 66.7 mM CH3COONH4 (85:15)
UV (260 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9996; 1–50 �g/mL (ES)
LOD: 0.3 �g/mL (S/N)
Repeat.: 0.5–2.8%; int. precision:0.5–2.1%
Accuracy: 92% (recovery tests)
Stabilityc: temperature, concentration

[43]

L-AA, DHAA,
TAA (deriva-
tization with
OPDA)

(a) Milk
(b) Fruit juices
(c) Fruits and
vegetables

(a) Protein precipitation with
TCA; centrifugation and
filtration
(b) Dilution (1% MPA)
(c) SLE with 1% MPA;
centrifugation

NovaPack C18
(150 mm × 3.9 mm,  4 �m)
80 mM phosphate buffer
(pH 7.8): MeOH (84:16)
FD (�ex = 355 nm,  �em = 425 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9997; 0.5–8 �g/mL (ES)
LOD: 0.27 �g/mL; LOQ < 0.83 �g/mL (S/N)
Repeat. ≤ 5.4%

[44]

L-AA
IS = chlorogenic
acid

Tablets Dilution with mobile phase ZIC-HILLIC
(150 mm × 2.1 mm,  3.5 �m)  ACN:
50  mM ammonium acetate buffer
(pH 6.8) (78:22)
DAD (268 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9995; 0.1–100 �g/mL
Repeat.: 3.04–3.72%
Accuracy: 97.8–104.5%
Stabilityb: light, temperature, pH, reducing
agent, concentration

[45]

L-AA Fruit juices and soft
drinks

Dilution with mobile phase;
filtration

Tr-010065 Mediterranea sea18
(15 cm × 0.4 cm,  3 �m)
0.1% (v/v) formic acid
UV (245 nm)

Selectivity: tR and UV spectra comparison
R2 ≥ 0.9991; 0.2–20 �g/mL; 20–400 �g/mL
(ES)
LOD: 0.01 �g/mL (S/N)
Repeat.: 0.4%; int. precision < 2%
Stabilityc: temperature

[46]

L-AA, DHAA,
TAA
(reduction
with DTT)

Vegetables SLE with 3% MPA–8% acetic
acid–0.15 M H2SO4–1 mM
EDTA; filtration and
centrifugation

Lichospher 100 RP18
(250 mm × 4 mm,  5 �m)
1 mM KH2PO4, 1 mM EDTA (pH 3.0)
UV (245 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9996; 16.5–206.1 �g/mL (ES)
LOD: 0.05 �g/mL; LOQ: 4.73 ug/mL (S/N)
Repeat.: 1.70%
Accuracy: 83–99% (recovery tests)

[47]

L-AA, DHAA,
TAA
(reduction
with TCEP)

Grapevines
(berries, rachis,
leaves, roots)

SLE with 3% MPA–1 mM EDTA;
centrifugation

Synergi Fusion
(150 mm × 4.6 mm 4 �m)
A: 25 mM KH2PO4–0.1 mM
EDTA (pH 2.5); B: 100% MeOH
(gradient elution)
UV (245 nm)

Selectivity: ascorbate oxidase
R2: 0.9993; 0.002–0.5 �g/mL (ES)
Repeat.: 7.6% L-AA; 5.4% TAA
Accuracy: 73% L-AA; 108% TAA (recovery
tests)
Stabilityc: freeze-thawing

[48]

L-AA and gallic
acid

Indian gooseberry
juice

Dilution with MeOH:H2O
(70:30, v/v)

Zorbax SB RP-C18
(250 mm × 4.6 mm,  5-�m)
A:  0.1% (v/v) acetic acid
B: MeOH
DAD (278 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9998; 30–90 �g/mL (ES)
LOD: 1.42 �g/mL; LOQ: 4.73 �g/mL (S/N)
Repeat.: 1.04%; int. precision: 1.48%
Accuracy: 99.37% (recovery tests)

[49]

L-AA Fruit juices Filtration, centrifugation, and
dilution with mobile phase

Hypersil Gold
(250 mm × 4.6 mm,  5 �m)
KH2PO4 buffer (pH 2.8)
UV (254 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9990; 1–300 �g/mL (ES)
LOD: 0.5 �g/mL (S/N)
Repeat. < 2%
Accuracy: 95.8–102.1% (recovery tests)

[50]

L-AA, iso-AA (a) Fruit juices
(b) Chestnut, ham

(a) Dilution with 6.25%
MPA–2.5 mM TCEP–2.5 mM
EDTA
(b) SLE with 5% MPA–2 mM
TCEP–2 mM EDTA;
centrifugation

TSKgel Amide-80
(4.6 mm × 100 mm,  5 �m)
ACN: 0.1% TFA (90:10)
UV (244 nm)

Selectivity: tR and UV spectra comparison
R2 > 0.9989; 0.5–25 �g/mL
LOQ: 1.5 �g/mL; 3.7 �g/mL (S/N)
Repeat: 1.43–1.92% (L-AA); 2.59–3.01%
(iso-AA) (Horwitz criteria)
Accuracy: 96.41–103.49% (recovery tests)
Robustness: % organic in mobile phase;
HPLC flow rate; column temperature
Stability: concentration, temperature

[51]

L-AA, B1, B2,
B3, B6

Cereals, cacao
powder and fruit
juice

SLE with 2% MPA, US,
centrifugation, filtration

Restek Ultra Aqueous C18 column
(150 mm × 3.2 mm,  5 �m)
A: 0.1% (v/v) formic acid in water
(pH = 2.55)
B: 0.1% (v/v) formic acid in
methanol
UV: 266 nm

Selectivity: tR and UV spectra comparison
R2 = 1 (0.002–200 �g/mL) (ES)
LOD: 0.006 �g/mL; LOQd: 0.06 �g/mL
Repeat.: 0.2–1.9%
Accuracy: 90–100% (recovery tests)

[52]
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Table  1 (Continued)

Analyte Sample Sample preparation HPLC conditions Method validation Ref.

L-AA, DHAA Fruits and
vegetables

SLE with 0.05% EDTA;
centrifugation; clean-up with
C18 cartridges

Prontosil C18
(250 mm × 3 mm;  3 �m)
0.2% (v/v) formic acid
ESI-MS

Selectivity: tR and UV spectra comparison
R2 ≥ 0.9970 SA
LOD: 0.013 �g/mL L-AA; 0.011 �g/mL
DHAA (S/N)
LOQ: 0.044 �g/mL L-AA; 0.038 �g/mL
DHAA (S/N)
Repeat.: 1.6–2.8% L-AA; 1.1–2.7% DHAA
Accuracy: 81–109% (recovery tests); ME

[53]

L-AA and 3
other water-
soluble
vitamins

Honey Dilution with phosphate buffer
1  M (pH = 5.5)

Alltima C18
(250 mm × 4.6 mm,  5 �m)
A: 0.025% TFA; B: ACN
(gradient elution)
UV (254 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9989; 0.05–500 �g/mL (ES)
LOD: 0.10 �g/g; LOQ: 0.30 �g/g (ULA)
Repeat.a: 7.3%; int. precisiona: 3.3%
Accuracy: 104% (recovery tests)

[54]

L-AA Health drinks Dilution with 0.56% MPA;
centrifugation and filtration

Symmetry C18
(250 mm × 4.6 mm,  0.5 �m)
Acetic acid in water: methanol
95:5% (v/v)
DAD (245 nm); ESI

R2: 0.9979; 0.1–0.6 �g/mL
LOD: 0.01 �g/mL; LOQ: 0.1 �g/mL (visual
approach)
Repeat.: 0.75–1.34%; int. precision:
0.78–1.25%
Accuracy: 97.5–98.6% (recovery tests)
Robustness: % MeOH in mobile phase
Stabilityc: temperature

[55]

TAA (reduction
with TCEP)

Fruits, vegetables,
fruit juices and
dried spices

LLE or USLE with 5% MPA-1
mMEDTA-5 mM TCEP;
centrifugation and filtration

C18 Synergy Hydro RP
(250 mm × 4.6 mm,  3 �m)
A: 0.05% (w/v) formic acid
B:  0.02% (w/v) o-phosphoric acid
UV (254 nm)

Selectivity: CRMs
ES (0.01–50 �g/mL)
LOD: 0.6–0.9 �g/g; LOQ: 2 �g/g (S/N)
Repeat.a: 0.8–3.6%; int. precision: 1.1–4.8%
(CRMs)
Accuracy: 97–103% (recovery tests)

[56]

L-AA, DHAA,
TAA, other
organic acids
(reduction
with
L-cystein)

Vegetables SLE with 4.5% MPA  Sphereclone ODS
(250 mm × 4.6 mm,  5 �m)
1.8 mM H2SO4 (pH 2.6)
UV (245 nm)

R2: 0.9980; 100–2000 �g/g (ES)
LOD: 0.8 �g/g (S/N)
Precision < 5.3% (AOAC)
Accuracy: 90.1–94.6% (recovery tests)

[57]

L-AA, DHAA,
TAA,
carotenoids

Fruits SLE with 3% MPA-8% acetic
acid–0.15 M H2SO4–1 mM
EDTA; filtration and
centrifugation

Lichospher 100 RP18
(250 mm × 4 mm,  5 �m)
1 mM NaH2PO4–1 mM EDTA
(pH 3.0)
UV (245 nm)

Selectivity: tR and UV spectra comparison
R2 ≥ 0.9970 (0.204–113.75 �g/mL) ES
LOD: 0.050 �g/mL (S/N)
LOQ: 0.075 �g/mL (S/N)
Accuracy: 95.7–101% (recovery tests)

[58]

L-AA, DHAA, TA
(reduction
with TCEP,
BME  or DTT)

Fruits and
vegetables

SLE with MPA  (3 g/100 mL);
centrifugation

Spherisorb C18
(150 mm × 4.6 mm,  3 �m)
M dihydrogen ammonium
phosphate (pH 2.6)
PDA (254 nm); ESI-MS

Selectivity: tR and UV spectra comparison
R2: 0.9995 (1.9–62.5 �g/mL) ES (statistical
analysis)
Precision ≤ 0.003%
Accuracy: 89.9–113.3% (recovery tests)
Stabilityc: reducing agents, pH,
temperature

[27]

L-AA and other
organic acids

Fruit juices Dilution with mobile phase RP-C18
(150 mm × 4.6 mm,  3 �m)
M KH2PO4 buffer solution
(pH 2.60)
DAD (250 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9998; 0.00001–0.008 �g/mL (ES)
LOD: 0.03 �g/mL; LOQ: 0.10 �g/mL (S/N)
Instr. precisiona: 1.67–2.04%; int.
precision: 2.50–5.0%
Accuracy: 82–110% (recovery tests)
Stabilityc: temperature

[59]

L-AA Beverages MEPS with methanol–water
solution (10:90, v/v)

LiChrospher 100 RP-18e
(250 mm × 4 mm,  5 �m)
A: water acidified with acetic acid
(pH 2.94); B: MeOH (80:20)
UV: 265 nm

R2 = 0.9994; 40–1000 �g/mL (ES)
LOD: 7.2 �g/mL; LOQ: 24 �g/mL (S/N)
Repeat. < 10%
Accuracy: 97.46–106.88% (recovery tests)
Stability: light, temperature, pH

[60]

L-AA, B1, B2,
B3, B5, B6,
B9, E and
provitamin A

Vegetables USLE with 10 mM
CH3COONH4/MeOH (50:50,
v/v) + 0.1%
BHT; centrifugation; USLE with
ethyl acetate + 0.1% BHT

ACE-100 C18 (100 mm × 2.1 mm,
3 �m)
A: 10 mM CH3COONH4 (pH 4.5); B:
MeOH with 0.1% CH3COOH; C:
MeOH with 0.3% CH3COOH
(gradient elution)
ESI−/MS

R2 = 0.9930; 0.070–5.280 �g/mL (ES)
LOD: 0.042 �g/mL; LOQ: 0.128 �g/mL (S/N)
Repeat.: 5.6%; Int. precision: 6.3%
Accuracy: 102.8% (recovery tests)

[61]

L-AA, DHAA,
TAA
(reduction
with DTT)

Fruits and
vegetables

SLE with 3% MPA–8% acetic
acid–1 mM EDTA;
centrifugation

Acquity HSS
(100 mm × 2.1 mm,  1.8 �m)
0.1% formic acid in water (v/v)
PDA (245 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9999; 0.05–2 �g/mL (ES)
LOD: 0.022 �g/mL; LOQ: 0.067 �g/mL
(SDRS)
Repeat.: 0.9–3.9%
Accuracy: 87.0–103.7% (recovery tests)

[20]
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Table 1 (Continued)

Analyte Sample Sample preparation HPLC conditions Method validation Ref.

L-AA, TAA
(reduction
with DTT)

Strawberries USLE with 3% MPA–8% acetic
acid; centrifugation

Phenomenex Gemini C18
(250 mm × 3 mm,  5 �m)
M sodium acetate/acetic acid
buffer, 5% MeOH
UV (251 nm)

R2: 0.9960 L-AA; 0.9980 TAA; 4 × 10−3 to
20 × 10−3 �g/mL (ES, statistics)
LOD: 1.2 × 10−3 �g/mL L-AA;
8.8 × 10−4 �g/mL TAA (S/N)
LOQ: 3.4 × 10−3 �g/mL L-AA;
2.5 × 10−3 �g/mL TAA (S/N)
Repeat.: 1.5% L-AA 1.8% TAA
Accuracy: 92.3–100.6% L-AA; 94.3–104.8%
TAA
(recovery tests)
Robustness: % MeOH, pH and flow rate of
mobile phase

[62]

L-AA and other
6 water-
soluble
vitamins

Honey Dilution with H2O �Bondapack C18
(150 mm × 3.9 mm,  10 �m)
0.01%/H2SO4, 0.01 M CTAB,
0.022% (v/v) MeOH (pH 2.8)
UV (254 nm)

R2: 0.9981; 0.11–276.70 �g/mL (ES)
LOD: 0.64 �g/mL; LOQ: 2.13 �g/mL (S/N)
Repeat.: 0.35%; int. precision: 3.76%
Robustness: %MeOH, pH of mobile phase,
temperature of column

[63]

L-AA, TAA
(reduction
with DTT)

CRMs (milk,
nutritional
formula, cereals)

USLE with 40% MPA;
centrifugation

YMC C18 Pro
(250 mm × 4.6 mm,  5 �m)
A: 0.02 M KH2PO4 buffer (pH 3.1)
B:  ACN (gradient elution)
UV (243 nm)

Selectivity: CRMs
R2: 0.9986; 1000–4000 �g/g (IS)
LOD: 0.05 �g/g (S/N); LOQ: 0.7 �g/g (S/N)
Repeat.: 2.7–6.5%; int. precision: 3.8–4.5%
(CRMs)
Accuracy: 93.7–106.4% (CRMs)

[64]

L-AA Grapes USLE with 96% acetic acid;
USLE with 2% MPA;
centrifugation

Kromasil C18
(100 mm × 2.1 mm,  3.5 �m)
0.1% (v/v) acetic acid + MeOH
UV (245 nm)
ESI-MS

Selectivity: tR and UV spectra comparison
R2: 0.9990; 0.5–15 �g/mL (ES)
LOD: 0.32 �g/mL (S/N)
Repeat.: 2.3–4.2%
Accuracy: 96.9–102.4% (recovery tests)

[65]

L-AA and
organic acids

Citrines juices Dilution with H2O; filtration
and centrifugation

ZirChrom-SAX (150 mm × 4.6 mm;
5 �m)
50 mM ammonium dihydrogen
phosphate
(pH 5.8)
PDA (254 nm)

Selectivity: tR and UV spectra comparison
R2 ≥ 0.9990; 32–252 �g/mL (ES)
LOD: 3 �g/mL; LOQ: 9 �g/mL (S/N)
Repeat.: 3.6%
Accuracy: 105% (recovery tests)

[66]

L-AA Peppers USLE with 3% MPA–EtOH (2:8);
centrifugation

C18 Gemini
(250 mm × 4.6 mm,  5 �m)
A: 0.03 M phosphoric acid; B:
MeOH (gradient elution)
UV (254 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9981; 3.91–62.50 �g/mL (ES)
LOD: 0.26 ug/mL (S/N)
Repeat.: 0.86% (tR); int. precision: 2.93%
(tR)
Accuracy: 97.1–98.8% (recovery tests)

[67]

L-AA, TAA
(reduction
with TCEP)

Exotic fruits, juices
and fruits’ pulp

Dilution with 10% PCA-1%
MPA  + TCEP; filtration

Synergi Hydro-RP
(150 mm × 4.6 mm,  4 �m)
20 mM NH4H2PO4 (pH
3.5) + 0.015% (w/v) MPA
PDA (246 nm)

Selectivity: tR and UV spectra comparison
R2: 0.9995; 1–100 �g/mL (ES; statistics)
LOD: 0.035 �g/mL; LOQ: 0.09 �g/mL (S/N)
Repeat.: 0.43–0.70%; int. precision: 3.67%
Reproducibilitya < 2
Accuracy: 96.6–97.3% (recovery tests); ME
Robustness: pH and flow of mobile phase,
temperature
Stabilityc: temperature

[68]

L-AA, vitamins
B1, B2, B3, B6

and B9

Breakfast cereals SLE with 25:75 (v:v) MeOH:
0.3% MPA  (200 mg L−1 DTT);
centrifugation; filtration

ZORBAX HILIC Plus
(100 mm × 4.6 mm,  3.5 �m)
A: 10 mM CH3COONH4 (pH 5.0) in
H2O:ACN (95:5), B: 10 mM
CH3COONH4 (pH 5.0) in ACN:H2O
(95:5) (gradient elution)
ECD (30 mV)

Selectivity: tR and UV spectra comparison
R2 > 0.9980; 0.16–10 �g/mL (ES)
LOD: 0.16 �g/mL; LOQ: 0.55 �g/mL (S/N)
Repeat.: 1.2%
Int. Precision: 5.5%

[69]

L-AA, phenolic
acids and
flavonoids

Indian gooseberry
(Emblica officinalis)
juice

(a) Dilution, centrifugation,
filtration
(b) Thermal treatment
(c) Pulsed electric field

Zorbax SB RP C-18
(250 mm × 4.6 mm;  5 mm)
A: 0.1% o-phosphoric acid
B: ACN (gradient elution)
PDA: 254 nm

Selectivity: tR and UV spectra comparison
R2 = 0.9930–0.9950 (ES)
LOD: 0.129 �g/mL; LOQ: 0.430 �g/mL (S/N)
Repeat.: 2.64%
Accuracy: 99.04% (recovery tests)

[70]

aUsing Horwitz ratio, busing standard solutions; cusing real samples; dLOQ defined as the lowest concentration of L-AA where RSD < 10%; int. precision = intermediate pre-
cision;  repeat. = repeatability; ACN = acetonitrile; MEPS = microextraction by packed sorbent; USLE = ultrasound assisted solid–liquid extraction; TFA = trifluoroacetic acid;
PCA  = perchloric acid; TCEP = Tris-[2-carboxyethyl] phosphine hydrochloride (TCEP·HCl); CTAB= hexadecyltrimethylammonium bromide; instr. precision = instrumental pre-
c olutio
p

i
v
o
t
l
t
a

ision;  precision = includes both repeatability and intermediate precision. All PCA s
repared in H2O. RSD = authors do not mention which kind of precision is studied.

s important to mention which guideline has been adopted for the
alidation, so the method can be easily implemented in other lab-
ratories. Few of the reviewed methods were validated according

o official guidelines [31,46,49,54,55,57,63,68,73]. Most of the pub-
ications did not mention which guidelines were adopted; instead,
he authors used the information provided by some reviews
bout method validation [2,4,5]. Finally, three of the publications
ns are expressed in % (v:v). All MPA  solutions are expressed in % (w:v); they are all

[80–82] did not present any information about method validation
at all.
4.1. Selectivity

The most important goal of an analytical method is to obtain
a signal free from the influence of other species contained in the
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Fig. 1. (A) Representative chromatograms for L-AA in standard solution, in orange juice extract, and in clementines extract; (B) UV-absorption spectra for l-ascorbic acid
(L-AA)  in a chromatogram (�max = 243 nm): (A) 100% natural orange juice extract; (B) L-AA standard; (C) mass spectrum of L-AA, [M−H]− (m/z) = 175.

(A) Reprinted from K.M. Phillips, M.T. Tarragó-Trani, S.E. Gebhardt, J. Exler, K.Y. Patterson, D.B. Haytowitz, P.R. Pehrsson, J.M. Holden, Stability of vitamin C in frozen raw
fruit  and vegetable homogenates, J. Food Comp. Anal. 23 (2010) 253–259. Copyright (2010), with permission from Elsevier; (B) Reprinted from N. Furuwasa, Rapid high-
performance liquid chromatographic identification/quantification of total vitamin C in fruit drinks, Food Control 12 (2011) 27–29. Copyright (2011), with permission from
E orres,
a trome
C
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lsevier; (C) Reprinted with permission from A. Garrido-Frenich, M.E. Hernández-T
cid  and carotenoids in food commodities by liquid chromatography with mass spec
hemical Society.

ample, so this signal can be unequivocally attributed to the analyte.
 method must first demonstrate high selectivity, or the follow-

ng validation parameters may  be compromised and the method
ay  not be valid [2,13,83]. A typical example of selectivity can

e observed in Fig. 1A, in which the peak corresponding to L-AA
s clearly distinguished from the rest of the peaks in the chro-

atogram.
Demonstrating and documenting method selectivity can be

ade through several approaches [1,4,84]. In HPLC, we  can dis-
inguish between detection selectivity (detection technique) and
eparation selectivity (chromatographic separation conditions).

The most common detection technique for L-AA deter-
ination is UV detection. In many of these methods

10,12,20,27,30,31,33,34,37,41,43,49,54,59,64,67,85–87], the
urity of the L-AA peak is confirmed by the comparison of its
etention time (tR) and UV spectrum to those of a pure standard,
s seen in Fig. 1B. The use of mass detectors [22,53,72–74] can

mprove the confirmation of the purity of the peak by also mea-
uring the mass to charge ratio of, usually, the deprotonated
olecule (in negative ESI mode as [M−H]− = 175, Fig. 1C). Flu-

rescence has also been used for identification purposes [44];
 A. Belmonte-Vega, J.L. Martínez-Vidal, P. Plaza-Bolaños, Determination of ascorbic
try detection, J. Agric. Food Chem. 53 (2010) 7371–7376. Copyright (2005) American

however, a derivatization reaction is needed for L-AA, demand-
ing the use of additional reagents and more time-consuming
procedures.

Many methods only checked the purity of the peak as described
above, an insufficient procedure for most applications. For instance,
UV detection is not very discriminating, so other compounds may
be also present at the same tR. The confirmation of the purity of
the peak in this way may  be satisfactory for qualitative or semi-
quantitative analysis, but more detailed experiments are required
to ensure the selectivity of quantitative methods.

The most appropriate way  of ensuring the selectivity would be
the comparison of the chromatograms obtained after injection of
blank samples with and without L-AA. However, this is not an easy
task due to the absence of food samples (equal or similar to those
intended to be analyzed) that do not contain L-AA. Therefore, other
approaches have been described.

The analysis of CRMs for selectivity studies has been reported in

several papers [12,56,68,79]. CRMs should match the matrix of the
real samples that will be routinely analyzed [83,84]. However, due
to the limited range of CRMs for L-AA in food, and to their high price,
only few publications have demonstrated the selectivity using this
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Fig. 2. Representative HPLC chromatograms of matrixes with interferences eluting near L-AA. Main panels show chromatograms using optimized HPLC separation, and insets
show  chromatograms before method optimization. (A) Raw potato extract at 1:5 dilution (inset) showing small shoulder peaks to the left and to the right of L-AA, and 1:20
dilution (main panel) where those shoulder peaks are barely visible; (B) powdered adult/infant formula (NIST SRM 1849) extract with incomplete separation of L-AA from
unknown interference eluting shortly before L-AA (inset), and resolved from interference with optimized method; (C) corn and (D) raw green onion extracts showing broad
and  asymmetric L-AA peak (insets) using mobile phase validated for analysis of orange juice (isocratic 0.05% formic acid elution at 1 mL/min), and resolution of L-AA with
optimized method (isocratic 0.02% ortho-phosphoric acid at 0.7 mL/min).

Reprinted from M.T. Tarrago-Trani, K.M. Phillips, M.  Cotty, Matrix-specific method validation for quantitative analysis of vitamin C in diverse foods, J. Food Comp. Anal. 26
(
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2012) 12–25. Copyright (2012), with permission from Elsevier.

pproach [41,56,64,68]. Therefore, using blank samples similar to
he ones to analyze is an easier way of evaluating the selectivity.

Lopes et al. [39] used a model wine during the validation tests,
bserving good resolution and selectivity with the different HPLC
olumns tested. However, poor resolution and selectivity were
btained with real wine samples. To improve L-AA separation, the
uthors replaced formic acid with TFA in the mobile phase and
ncreased the acidity of the mobile phase (pH 1.4), obtaining a better
eak shape. However, an unknown peak was still observed on the
ail of the L-AA peak. This example demonstrates the paramount
mportance of selecting an appropriate matrix to check the selec-
ivity. In some cases, a simple dilution of the samples removes
he interferences (Fig. 2A) [12,20,56], but careful experiments are
equired to confirm the suitability of just a dilution step.

Tarrago-Trani et al. [56] highlighted the importance of matrix-
pecific method validation. In their work, L-AA peak was well
esolved and symmetric in most samples, but for some foods
he chromatograms presented unidentified minor “shoulders”. To
olve this problem, different modifications were made to the ini-
ial method, such as sample dilution and change of mobile phase

Fig. 2). Details on method modifications are available in [56].
ccording to the authors, without matrix-specific method adjust-
ents, the interferences in the L-AA peaks may  lead to over- or

nderestimation of the content of vitamin C. Underestimation was
most likely due to incomplete extraction, whereas overestimation
was the result of failure in the separation of interferences from the
L-AA peak.

A less common approach consists in incubating the samples
with ascorbate oxidase, demonstrating the authenticity of the L-
AA peak by its disappearance. This has been successfully applied by
various authors [48,85,88,89], although the necessity of the enzyme
kits and a series of time-demanding steps may be mentioned as
handicaps.

The interaction of the extraction solution with the mobile phase
can compromise the selectivity of the method. Some extraction
solutions have proved to be incompatible with the mobile phase
[37,47,68], observing interferences in the L-AA peaks. For instance,
Campos et al. [47] showed the chromatograms obtained through
consecutive changes in the extractant; by modifying MPA concen-
tration (from 4.5% to 3%) and changing the mobile phase pH (from
2.2 to 3.0) using O-phosphoric acid instead of MPA, the selectivity of
the method improved; however, L-AA peak resolution became very
poor, and the extracting solution was  modified to a mixture con-
taining MPA, acetic acid, sulfuric acid and EDTA, observing no loss in

the extraction efficiency and improving peak resolution. Hernández
et al. [10] used the same extraction solution and mobile phase than
the previous authors, obtaining satisfactory results, although differ-
ences were observed depending on the kinds of matrixes. Hence,
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he results of already published papers can give valuable infor-
ation to other authors, but the conditions have to be carefully

xamined and adjusted for new food samples.
The choice of the reducing agents is also important. For instance,

n amino columns the homocysteine set for the reduction of DHAA
oes not interfere with the L-AA peak, whereas in ODS columns it
ay  disturb the separation [15]. Hence, it is always important to

heck the compatibility between the chromatographic system and
he mobile phases and/or reagents.

It can be concluded that the study of the selectivity in HPLC
ethods for L-AA quantification is still a “trial and error” task. One

f the main problems is the absence of appropriate blank samples.
herefore, different approaches have been used, although most of
he papers do not present completely adequate selectivity studies.
n general, the content of L-AA can be underestimated or overes-
imated using the same analytical method, but analyzing different

atrixes. Hence, further research concerning selectivity validation
s advisable to improve the quality of the analytical methods.

.2. Matrix effect

This parameter is not usually included as mandatory in vali-
ation guidelines, and has been omitted in most of the methods
ere reviewed. However, ME  is a very important parameter to
btain a properly validated and accurate analytical method.

ME causes a compound’s signal to be different in a real sample
han in a standard solution, being this difference induced by other
o-eluting compounds. ME  can cause a suppression or an enhance-
ent in the analytical signal [77,90,91], although suppressions are
ore common.
ME  is more important when MS  detection is used, although it

an occur no matter the detection technique. However, the evalu-
tion of ME  is usually mentioned only for LC–MS methods [77,84].
he procedures used to evaluate ME  are extensively described
lsewhere [56,77,90–93]. To minimize ME,  sample dilution, modi-
cations in sample preparation and HPLC parameters, or injecting
maller volumes of sample, are common approaches. However, the
ost efficient and advisable approach is the use of an internal

tandard (IS) to compensate for the alteration of the analytical sig-
al [77,91]. Unfortunately, this approach is not often used in L-AA
ssays [7], mainly due to the lack of appropriate IS.

One of the few examples of ME  evaluation was carried out
n fruits and vegetables by Fenoll et al. [53], using a LC–MS

ethod. In most cases, the authors observed suppression in the
nalytical signals, with a ME  as high as 42% and 89% for L-AA
nd DHAA, respectively. Considering these results, the standard
ddition method was used for calibration purposes instead of an
xternal standard calibration. Another example of ME  validation
as reported by Valente et al. [68], observing negligible ME  with
V detection.

Despite its importance, most of the authors did not evaluate the
E,  which can seriously compromise the accuracy of the method,

eading to over- or under-estimation of the results.

.3. Linearity

The linearity of a method and the range in which this method is
inear, precise, and accurate are very important parameters, indi-
ating at which analyte concentrations the method is applicable. As
an be seen in Table 1, most of the methods checked the linearity
f their calibration curve by inspecting the correlation coefficient
r) or the determination coefficient (R2). In the reviewed papers, a
ethod was generally accepted to present proper linearity if the
orrelation coefficient was greater than or equal to 0.97. Although
his approach is a widespread practice, evaluating a calibration

odel through its coefficients of correlation is only informative and
r. A 1369 (2014) 2–17 11

barely relevant from a statistical point of view [1,3,5,79,83,84,94].
The appropriateness of the calibration curve must be confirmed by
statistical tests for model fits (analysis of variance of the regres-
sion, ANOVA, residual plot, F test, etc.) [1,13,83,95]. In a fine review
about method validation and the evaluation of linearity [1], Araújo
provided a comprehensive example of statistical analysis, demon-
strating that a correlation coefficient close to 1 is not a reliable
indicator of linearity, and that the use of statistical methods, such
as the F-test, is required for a proper validation.

Unfortunately, few of the revised publications reported the use
of statistical methods for linearity evaluation [27,42,62,68], indi-
cating that the validation of this parameter should definitely be
improved. Among the reported works in this review, Chebrolu et al.
[27], after constructing the calibration curve for L-AA determina-
tion in fruits and vegetables, confirmed the linearity by residual
plot and normal probability plot (P–P plot) (Fig. S2). Valente et al.
used the ANOVA one-way test to prove variance homogeneity in
their calibration working range [68]. The analysis of variance of
the regression and a residual plot were performed by Odriozola-
Serrano et al. [42] for the analysis of fruits, whereas an F-test was
carried out by Van de Velde et al. [62].

Supplementary Fig. S2 material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.chroma.
2014.09.087.

Another parameter closely related to linearity is the range of
analyte concentrations for which the method presents suitable pre-
cision, accuracy, and linearity [1,75]. In some cases, the LOD was
used as the lower concentration of the range, whereas in other cases
the limit of quantification (LOQ) was  used. Considering that the pre-
cision and accuracy of the method are usually not demonstrated for
values lower than the LOQ, using the LOQ in the description of the
range would be a better option than using the LOD.

In general, the linearity and working/linear range were reported
in most of the reviewed papers, although the use of statistical treat-
ments was  missing in most cases.

Finally, a brief discussion of the different calibration procedures
that have been used for L-AA determination in food samples fol-
lows:

• External standard (ES) – it provides limited accuracy and pre-
cision because the standards and samples are analyzed at two
different times and the detector response might drift [76,96].
Moreover, possible losses of analyte during sample preparation
steps and ME  are not taken into account. This method should
only be applied if it presents sufficient accuracy and precision,
and if ME  is negligible [91]. Nevertheless, ES calibration has been
routinely applied for vitamin C quantification (Table 1) due to its
ease, simplicity, and the use of the same calibration curve for each
different matrix.

• Standard addition (SA) – it is more convenient for complex
matrixes and is useful for assessing possible ME.  There is a gen-
eral agreement that the calibrations should be matrix-based and
analyte-matched [5,13,83,84,91]. Unfortunately, this method is
time consuming and only a small number of works [22,53] have
used it.

• Internal standard (IS) – it is the most convenient approach, since
it takes into account the instrumental drift, sample losses during
sample preparation, and ME  [76,91,96]. However, the IS has to
be carefully selected, so its characteristics and physical/chemical
behavior are as close as possible to L-AA. The best way to ensure
the suitability of the IS is by using stable isotopically labeled inter-

nal standards. To our best knowledge, only Thomas et al. [64]
and Engel et al. [52] used IS (4-pyridoxic acid and hippuric acid,
respectively). However, L-AA and the IS presented very different
retention times in both works, whereas the analyte and IS peaks

http://dx.doi.org/10.1016/j.chroma.2014.09.087
http://dx.doi.org/10.1016/j.chroma.2014.09.087
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should be closer, so the IS can correct instrumental drifts and ME
in a proper way.

To sum up, the use of ES calibration should be avoided if possible,
nd always use matrix-matched standards and/or IS. As mentioned
efore, the use of isotopically labeled L-AA would be a desirable
ption, avoiding all the inconveniences that may  arise during sam-
le preparation and quantification procedure. However, the price
f isotopically labeled standards is a handicap for most analyti-
al laboratories. In addition, it is difficult to obtain a pool of blank
atrix samples to prepare matrix-matched standards. Hence, SA

alibration is the best option for the accurate quantification of L-
A in foods, and the calibration procedure needs improvement in

he future. However, the required precision and accuracy for the
ntended applications has to be taken into account too, so for some
aboratories the use of ES calibration (aqueous standards) may
e sufficient if a semi-quantitative analysis provides the required

nformation.

.4. Limit of detection (LOD) and limit of quantification (LOQ)

There are three main approaches to calculate the LOD and LOQ:
visual determination”,  “signal-to-noise (S/N) ratio approach” and
standard deviation of the response and slope (SDRS)” [1,3,5,76,84].
or a detailed discussion, the authors recommend the review from
raújo [1].

For a visual evaluation of the LOD and LOQ, relevant chro-
atograms should be presented [1]. To our best knowledge, this

pproach has only been applied to L-AA determination in drinks
55]. The main handicap is the lack of accuracy, and the absence of
ny mathematical model related to the calibration curve.

The S/N ratio is the most common approach (Table 1), not only
ecause the concept is so well-known, but also because the ana-

yst is able to optimize the S/N by varying the chromatographic
onditions, therefore affecting the LOD and LOQ values [4,79,94].
his approach seems to be more reliable than the previous one
ince it can use statistical models to confirm its confidence level
cceptance.

The third approach is based on the “standard deviation of
he response and the slope” [1,3,76,79,84,97]. Only three studies
20,42,44] applied it for the calculation of the LOD and the LOQ.
t may  be related to the fact that, from all the described methods,
his is the one that requires more calculations [5].

A less common approach, approved by IUPAC, is the use of the
upper limit approach (ULA)”, applied by Ciulu et al. [54] for L-AA
uantification in honeys. Finally, the lowest concentration of L-AA
or which the RSD was lower than 10% was also reported as the LOQ
52]. Uncommon approaches for LOD/LOQ calculations complicate
he comparison with other methods, so they should be avoided.

Some papers only reported the calculation of the LOD
10,33,35,38,43,46,50,57,65,67]. Although a better approach would
e to indicate both the LOD and LOQ, in accordance to FDA guidance,
he LOQ calculation may  be omitted [91].

The guidelines on method validation do not express any particu-
ar preference for any of the approaches here described. However,
he definition used in its evaluation should always be stated [1].
he values of the LOD and LOQ determined by different approaches
ield different results, which makes it difficult to compare the LODs
f some methods. Moreover, the discussed approaches for the eval-
ation of the LOQ do not demonstrate that, the method is accurate
nd precise at that level, so further experiments would be needed.
therwise, the validation of LOD and LOQ is not fully complete.
Despite its importance, four publications included neither
he LOD nor the LOQ on their validation tests [27,32,48,91]. In
ddition, the approach used for LOD calculation was not men-
ioned in one work [38]. In general, the LODs observed in the
r. A 1369 (2014) 2–17

revised works were lower for fluorescence (0.27 �g/mL) and ECD
(0.02–0.16 �g/mL) when compared to UV detection (1.2 × 10−3 to
7.2 �g/mL). Although the reported LODs were usually low enough
for the required applications, the use of pre-concentration steps
prior to analysis, and the improvement of sample treatments
(avoiding interferences) could improve the LODs, therefore widen-
ing the range of applications of the methods.

4.5. Precision

The validation of the precision has to be performed using real
samples, with the same matrix than the samples intended to be
analyzed. According to literature, the use of CRMs for precision
evaluation is rare [41,56,64,68]. In most of the reviewed publi-
cations, spiked samples were used to evaluate the precision, as
recommended by FDA and ICH [5,76]. The evaluation of the pre-
cision is subdivided into three levels [3,5,84,94,97]: repeatability,
intermediate precision, and reproducibility.

Repeatability refers to the precision during one day and under
the same conditions of analysis [1,4,5,83], using different prepara-
tions of the same sample. Even though most of the reviewed papers
have calculated the repeatability in a proper way (Table 1), some
mistakes or unclear definitions were observed. For instance, some
authors [10,59] measured the same standard solution several con-
secutive times, and they wrongly reported the data as repeatability,
whereas it was instrumental precision. Other authors [46,86] used
the expression “within-day repeatability” to refer to repeatability,
which is not correct since the term repeatability already implies
the same day for the analyses.

Intermediate precision refers to analyses carried out in the
same laboratory, but on different days, usually three or more
days [1,4,5,83]. Intermediate precision values lower than 13%
[10] and 3% [67] were reported for L-AA content during five
consecutive days. However, this evaluation is recommended in
non-consecutive days, to assess the variation over a longer period of
time. The intermediate precision was not evaluated in many works
[20,22,32–34,39,44,48,50,53,57,62,63,65,66,98], contrary to what
is recommended. Given the poor stability of L-AA, the study of the
intermediate precision is imperative to evaluate the method ability
to provide the same results in different days.

The reproducibility is used to demonstrate the consistency
of results between different laboratories under the same condi-
tions [4,83]. In some publications, this term was  used erroneously
to express the analyses conducted in the same laboratory
[10,31–33,46,48,54,56,57,65,99]. To our best knowledge, few meth-
ods [41,68] studied the reproducibility. Satisfactory results were
obtained in both works. For instance, Fontanaz et al. obtained repro-
ducibility values (RSD) lower than 8% for ten samples analyzed by
nine different laboratories [41].

The evaluation of the precision should be reported in terms of
peak area, which is the parameter used to calculate the analyte
concentration. However, some authors [32,67] only evaluated the
precision for the retention time of the analyte.

Some of the reviewed papers [10,31,39,42,54,56,99] used the
Horwitz function [6,13,76,94] for the evaluation of the intermediate
precision. However, this function was proposed for reproducibility
studies, and not for the calculation of the intermediate precision
[100]. To our best knowledge, only Valente et al. correctly used the
Horwitz function in the validation of the method [68]. The topic
of the Horwitz function is discussed in more detail in the review
from Taverniers et al. [13], and the handicaps when applied to
intermediate precision can be found in [100].
In general, low relative standard deviation (RSD) values were
reported for precision assays (<13%) in the compiled methods.
However, according to Rozet et al. [84], the use of common for-
mulas can lead to an optimistic vision of the method quantitative
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erformances. A statistical approach is therefore recommended to
valuate the variability of an analytical procedure, although these
pproaches are not usual. As an exception, Odriozola-Serrano et al.
42] applied ANOVA to test the RSD obtained with two different
olumns, observing that a C18 column was significantly better than
n NH2 column for vitamin C determination.

Since precision is influenced by the calibration range, it is rec-
mmended to evaluate it at least at three concentration levels (low,
edium, high) [1,83], with a minimum of three replicates [1,83,94].
nfortunately, most of the validations did not mention the concen-

ration levels neither the number of replicates that were analyzed.
Even though most of the reviewed methods included precision

ssays, there were several methods in which the experiments
ere incomplete or the data vague and unclear. This aspect should

e improved, especially regarding the study of the intermediate
recision.

.6. Accuracy

Accuracy is a mandatory parameter in all regulatory bodies
1,94]. Like precision, it also allows to judge the reliability of the
nalytical method, and should be inferred after establishing the
electivity, linearity and precision [3,76].

In general, the recommended strategy is to evaluate the accu-
acy through the analysis of CRMs. The commercially available
RMs for L-AA analysis in food include brussels sprouts, whole milk
owder, green beans, powdered adult/infant nutritional formula,
owdered milk, cranberry juice cocktail, and fortified breakfast
ereals. For L-AA analysis by HPLC, only two publications [41,64]
ssessed the accuracy of the method using CRMs (milk pow-
er SRM/RM 1846 from NIST, whole milk powder SRM 1549a,

nfant/adult nutritional formula SRM 1849a, and fortified break-
ast cereal SRM 3233). The main problem concerning the use of
RMs is, in addition to their high price, the low availability of CRMs

or L-AA analysis in food. Considering that the CRMs should ideally
atch the matrix of the samples to be analyzed, there are many

ases in which the use of CRMs is not possible. However, even if
he matrix of the CRMs is not the same, a fine option is to analyze
imilar CRMs in addition to recovery experiments. In the absence of
uitable CRMs, the next approach consists in performing recovery
xperiments (spiking blank matrix samples with standard solutions
f L-AA). In fact, most of the reviewed methods were validated using
ecovery experiments (Table 1).

Recovery studies are always performed by analyzing a sample
ool before and after the addition of a known L-AA concentration.
s the recovery data depend on the sample preparation, extraction
rocedure, and HPLC analysis, samples should always be spiked at
he beginning of the sample preparation, so the whole analytical

ethod is taken into account in the recovery experiments. Their
ain advantage is using exactly the same matrix than the samples

o be analyzed in future applications. However, they also present an
mportant handicap: a correct spiking procedure is not always easy.
n order to obtain properly spiked samples, it is mandatory that the
piked L-AA and the original L-AA contained in the sample are in
he same chemical form and present the same reactivity and behav-
or. Otherwise, the recovery may  differ for spiked and real samples;
herefore, the accuracy observed during the validation step would
ot be the same for real samples. For instance, most liquid samples
ay  be easily spiked with an aqueous L-AA standard solution, and

eadily homogenized; however, some solid samples may  require
ore carefully designed spiking procedures to obtain homogenized

piked samples. The proper design of the recovery experiments is

specially important for L-AA determination, due to its poor stabil-
ty and potential degradation during sample preparation.

The efficiency of the method varies according to the analyte con-
entration, so recovery percentages may  substantially differ at high
r. A 1369 (2014) 2–17 13

and low analyte concentrations [13,76,83]. Therefore, it is recom-
mended to perform assays at three levels (low, medium, high),
according to the calibration curve. However, most of the meth-
ods do not mention the concentration levels neither the number
of replicates assayed, contrary to what is recommended. Some
authors carried out recovery experiments at two  concentration lev-
els [20,59], whereas others used three levels [43,48,49,54,65–67].

Another critical aspect, omitted in most of the reviewed papers,
is to explain in detail how the recovery experiments were carried
out, so other authors can mimic  those experiments. For instance,
most of the papers only mentioned that the samples were spiked
prior to the extraction procedure with a L-AA standard solution,
but did not include other details, such as homogenization time,
precautions to prevent L-AA degradation, etc. Some authors only
mentioned the recovery values [50,57], but did not explain any-
thing about how those data were obtained. This lack of information
prevents other laboratories from reproducing those experiments.

Most works reported the recovery values, without the use of
any statistical analysis. However, a limited number of methods
included statistical data in the validation of the accuracy, which
improved the reliability of the presented results. On the one hand,
Ciulu et al. [54], Odriozola-Serrano et al. [42], and Van de Velde et al.
[62] applied a statistical analysis to their recoveries results, using
the Student’s t-test. On the other hand, Valente et al. [68] calcu-
lated the standard uncertainty from the method accuracy, at three
concentration levels.

Some works omitted the validation of the accuracy (Table 1),
especially when liquid samples were analyzed. Although liquid
samples were diluted and directly analyzed, the study of the accu-
racy should have been performed. In general, recoveries in the
90–105 and 85–110% range were observed for liquid and solid
samples, respectively. However, lower recovery values were also
reported in some works, such as a recovery of 73% for L-AA in
grapevines [48]. The good recoveries observed in most works are
related to the use of simple and fast extraction procedures, which
prevent L-AA oxidation. In general, the validation of the accuracy
of the reviewed methods can be considered appropriate. However,
more detailed explanations are needed concerning the recovery
experiments; otherwise, the recovery values cannot be considered
completely reliable, as the spiking procedure is not clearly reported.

4.7. Robustness

Robustness tests are very helpful during the method
development/pre-validation phase, so the analyst may  know
what factors should be paid special attention during normal use
[3,5]. Variations in method conditions for robustness studies
should be small and reflect typical day-to-day variations [3].

To examine the causes of variability of the results, several factors
may  be assessed and divided in two categories: sample handling
and HPLC conditions. The sample preparation variations include
solvents, sample preparation procedure (centrifugation time, dif-
ferent membrane filters) and analyte stability in solution [3,97].
Table 2 provides a summary of chromatographic parameters varia-
tions that can be applied for testing robustness. Vander-Heyden
et al. [101] presented an excellent discussion of all the steps
involved in the study of robustness, including a case-study to illus-
trate the evaluation of this parameter.

If changes in the conditions of analysis produce results within
acceptable limits of selectivity, precision, and accuracy the method
can be considered robust; otherwise, these variations must be con-
trolled and precautions included in the procedure [76,79,97].
According to Table 2, the most typical variations were the com-
position, the pH, and the flow-rate of the mobile phase. The revised
methods [36,37,55,62,63,68] proved to be generally unaffected
by small variations in the chromatographic conditions assayed.
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Table 2
Typical variations in chromatographic parameters for robustness evaluation.

Factor Recommended limit range Change Ref.

Isocratic separations
Organic solvent concentration ±2–3% ±2% MeOH [55]

3–7% MeOH [62]
2–7% MeOH [63]
0.005–0.030% TFA [36]

Buffer concentration ±1–2% –
Buffer pH ±0.1–0.2 pH 3.4–3.6 pH [68]

5.7–5.9 pH [62]
2.5–3.7 pH [63]
3.2–5.1 pH [36]

Temperature ±3 ◦C 29–31 ◦C [68]
25–49 ◦C [63]
15–30 ◦C [36]

Flow rate ±0.1–0.2 mL/min 0.70–0.90 mL/min [68]
1.10–1.20 mL/min [62]

Detector wavelength ±2–3 nm 250–252 nm [62]
Column 2–3 different lots and brands 2 different columns [37]

3 different columns [36]
Gradient separations

Initial gradient hold time ±10–20% of hold time 2–8 min  initial gradient [36]
nd tim
lope t
ppear
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Slope and length Slope determined by the gradient range a
gradient time by ±10–20% and allow the s

Final  hold time Adjust to allow last-eluted compound to a

owever, TAA recovery was influenced by the flow rate variation
n the work presented by Van de Velde et al. [62].

Robustness is generally not considered in most validation guide-
ines [37,55,62,63,68], so it is rarely used. Only six of the revised

ethods studied this parameter. However, it is a very useful param-
ter to measure how typical daily laboratory variations can affect
he results of the method.

.8. Stability

These assays are a pre-requisite in order to ensure that the sta-
ility of the analyte is kept during the storage, preparation, and
nalysis of the samples [76,79,83,84]. This is especially true for
-AA analysis, due to its instability in aqueous solutions. The sta-
ility should be tested at ambient temperature over a period of
ime that encompasses the typical time required for sample prepa-
ation, sample handling and analytical run time [76]. There is no
greement on the acceptance criterion that defines the acceptable
tability, only a consensus that the degradation should be small
RSD ≤ 15%) [68,73,76,84].

Even though L-AA stability is a critical issue to obtain reliable
esults, since it is an optional parameter in method validation
91], few papers considered it as a part of method develop-

ent and validation studies [43,68,98,99]. Numerous studies have
een performed to find optimal conditions for L-AA stability
10,12,23,27,46,55,59,68,73,98,29,102]. An overview of the litera-
ure revealed that temperature, time, and pH are the main factors
onsidered during stability studies.

Low temperature is a key factor in preventing the oxidation of
-AA, and stability studies conducted at room or higher tempera-
ures confirmed an increase in L-AA degradation [46,73]. Chebrolu
t al. [27] reported no significant loss in L-AA and TAA contents
extracted with MPA  and reduced with TCEP) stored at room tem-
erature during 48 h. This may  be due to the use of stabilizing agents
hat prolonged the stability at high temperature. However, the most
ommon and recommended approach to prevent L-AA oxidation is

 temperature decrease [7,10,12,68,29]. In a previous work [29], the
ffect of storage temperature (4, −20 and −80 ◦C) on L-AA degrada-

ion was studied in standard solution and in selected horticultural
xtracts; stability of samples at laboratory temperature was also
ssayed. It was found that L-AA was stable at room temperature
or ≤2 h. These data were similar to those from Iwase [98], that
e; adjust
o vary

–

 –

reported L-AA to be stable at laboratory temperature for 1 h. The
degradation study also showed that extracts were stable for at least
24 h at 4 ◦C, and during 4 weeks when stored at −80 ◦C. Tai and
Gohda [43] performed a stability study to evaluate L-AA degrada-
tion, and their results indicated that samples could be processed
within 24 h at 4 ◦C. Hernández et al. [10], Phillips et al. [12], and
Valente et al. [68] concluded that storage of acidic samples at low
temperatures (≤−60 ◦C) provided excellent stabilization of L-AA for
at least one month.

The stability of L-AA in solution when exposed to other con-
ditions (light, presence of metal ions) and with the addition of
stabilizing agents (homocystein, DTT, MSG, EDTA, etc.) has also
been studied by many authors. A more detailed overview of stability
precautions can be found in [7].

L-AA stability depends not only on general parameters (tem-
perature, pH, etc.) but also on the particular matrix of the samples
to be analyzed. As a result, especially when dealing with complex
matrixes such as foodstuff, it is necessary to perform a stability
study, because it can differ completely from one particular food
sample to a different one. Many of the methods here reported omit-
ted the stability study, so the results observed in those works may
not be completely reliable without further information.

Finally, it is worth mentioning the effect of the enzymes on L-AA
stability, especially in fresh food produce, in which the enzymatic
activity may  be an important contributor to L-AA degradation. Even
though analytical laboratories pay special attention to the storage
and handling of samples at low temperature conditions (so inhib-
iting enzymatic activity), these conditions are obviously not the
same for consumers. Therefore, more studies would be required in
this area to compare L-AA stability under the ideal storage condi-
tions, and under the normal conditions in which food samples are
usually stored and consumed.

5. Final remarks

This review presented and discussed the different aspects
involved in the development and validation of HPLC methods for
vitamin C quantification in food. The proper validation of these

methods is not an easy task to perform. The poor stability of L-AA
in solution and the complexity and heterogeneity of food sam-
ples demand an additional effort regarding method validation.
Proper sample handling, including freezing and acidification, is
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andatory to avoid L-AA degradation. In this sense, even though
horough studies of L-AA stability are already available in scientific
iterature, new studies have to be performed for each particular
ample to be analyzed.

Other aspect to take into account is the absence of CRMs for
any types of foods, and the difficulty of obtaining blank matrix

amples (as most of the analyzed foods already contain L-AA). In
his sense, selectivity and accuracy studies are not always easy
o carry out. However, excuses cannot be made to avoid a proper

ethod validation, and more exhaustive experiments in this area
ould have been necessary in some works. In addition, it is not

nough to present the validation data, but also to explain in detail
ow those data were obtained, which guideline was used, etc.,
o the method could be implemented in a different laboratory if
ecessary.

The main goal of this review was not only to discuss the dif-
erent approaches used by scientists for vitamin C quantification
n food, but also to extract conclusions regarding the main aspects
hat have to be considered to obtain reliable results. In this way, the
nformation that different scientists have provided in the last years
oncerning vitamin C analysis in food is here summarized, so ana-
ytical laboratories and food companies can access this information
nd improve their analyses and quality control processes. Industry
nd, therefore, consumers, rely on accurate and comparable data.
ood industry needs to be aware of the most important parame-
ers to control during food processing, storage, and analysis, so the
nal product presents a high-quality regarding its vitamin C con-
ent, which, as mentioned thorough this review, is a difficult task
ue to all the parameters that need to be controlled.
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