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Food by UPLC–MS
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10.1  INTRODUCTION

10.1.1  Vitamin Structure and Function

Vitamins are defined as a biologically active group of organic compounds that have 
a relatively low molecular weight. They are minor, but essential for an organism’s 
normal health and growth. Humans need to obtain them from food or supplements 
[1,2]. These nutrients facilitate the metabolism of proteins, carbohydrates, and fats. 
They are reported to reduce damage from free radicals [3], and insufficient levels 
may result in deficiency diseases [4].

Vitamins are relatively labile compounds that are affected by factors such as heat, 
light, air, pH, other food components, and food processing conditions [5–7]. Most 
vitamins and their related compounds are now synthetically produced and widely 
used as food or feed additives, medical or therapeutic agents, health aids, or cosmetic 
and technical aids [8].

10.1.2 C lassification of Vitamins

Vitamins are classified by their biological and chemical activity, not their structure. 
Thus, there are 13 vitamins identified that are classified according to their solubil-
ity into fat-soluble vitamins (A, E, D, and K) and water-soluble vitamins (B-group 
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244 Ultra Performance Liquid Chromatography Mass Spectrometry

vitamins and vitamin C) [9]. Table 10.1 shows the vitamin classes and their chemical 
name, structure, sources, functions, and deficiency diseases.

10.2  METHODS OF VITAMIN ANALYSIS

10.2.1 I mportance of Analysis

Vitamin analysis in food has a variety of purposes; it is used to provide quality assur-
ance for supplemented products; to study changes in vitamin content attributable to 
food processing, packing, and storage; to provide data for food composition tables; 
and to check compliance with contract specifications and nutrient labeling regulation 
[16]. This section gives a short overview of techniques for the analysis of the vitamin 
content in food and some of the problems associated with these techniques.

10.2.2 M ethods of Analysis

Many vitamins have sensitivity to different conditions, regardless of the type of 
assay applicable. Therefore, certain precautions need to be taken to prevent any dete-
rioration throughout the analytical process. For example, in bioassays, some steps 
need to be followed with the test material throughout the feeding period, while in 
microbiological and physicochemical methods, they are required during extraction 
and analytical procedure [4,9].

Various vitamins belong to different classes of organic substances, so analysis of 
vitamins is performed by different chemical, physical, and biological methods [17]. 
Vitamin analysis methods can be classified as follows [18]:

•	 Bioassays involving humans and animals
•	 Microbiological assays using organisms, bacteria, and yeast
•	 Physicochemical assays, including spectrophotometric, fluorometric, chro-

matographic, enzymatic, immunological, and radiometric methods

•	 Bioassay methods  Bioassays are procedures that can determine the con-
centration of purity or biological activity of a substance such as vitamin, 
hormone, and plant growth factor [19]. They measure the enzyme under the 
influence of a vitamin and the phenotypic effects of their deficiency [18]. 
Bioassay methods are rarely used clinically for vitamin analysis; they are 
most commonly used for the analysis of vitamins B12 and D [20]. There are 
two types of bioassays:
•	 In vivo bioassays  Although this method is close to reality, it has many 

disadvantages, including that it is not applicable for all vitamins, is 
time consuming, is an indirect method, is expensive, and has no clini-
cal application [21].

•	 In vitro bioassays  Compared with in vivo bioassays, this method is 
easier, is less time consuming, is inexpensive, can be used to analyze 
several vitamins, and is not close to reality, and the cell cultures are at 
risk of contamination [22].
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TABLE 10.1
List of Vitamins with Their Chemical Name, Structure, Sources, Functions, and Deficiency Diseases

Vitamin Generic 
Descriptor Name

Vitamer Chemical 
Name Chemical Structure Solubility Food Sources Function

Deficiency 
Diseases

Vitamin A Retinol

HO

Fat Orange, ripe 
yellow fruits, 
leafy 
vegetables, 
carrots, milk, 
cheese, ice 
cream, liver

Necessary for 
normal vision, 
immune function, 
reproduction

Night blindness, 
hyperkeratosis, 
keratomalacia

Vitamin B1 Thiamine

HO H2N

N+

Cl–

S

N

N

Water Oatmeal, brown 
rice, vegetables, 
potatoes, liver, 
eggs

Allows the body to 
process 
carbohydrates 
and some protein

Beriberi, 
Wernicke–
Korsakoff 
syndrome

Vitamin B2 Riboflavin

N
NH

O

N
OH

OH

OH

OH

N O

Water Dairy products, 
bananas, 
popcorn, green 
beans, 
asparagus

Key in the 
metabolism and 
the conversion of 
food into energy, 
helps produce red 
blood cells

Ariboflavinosis

continued
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TABLE 10.1  (continued)
List of Vitamins with Their Chemical Name, Structure, Sources, Functions, and Deficiency Diseases

Vitamin Generic 
Descriptor Name

Vitamer Chemical 
Name Chemical Structure Solubility Food Sources Function

Deficiency 
Diseases

Vitamin B3 Niacin

N

OH

O Water Meat, fish, eggs, 
many 
vegetables, 
mushrooms, 
tree nuts

Assists in digestion 
and the 
conversion of 
food into energy, 
important in the 
production of 
cholesterol

Pellagra

Vitamin B5 Pantothenic acid
HNHO

HO O

O

OH

Water Meat, broccoli, 
avocados

Important in fatty 
acid metabolism

Paresthesia

Vitamin B6 Pyridoxine

NHO

HO OH Water Meat, 
vegetables, tree 
nuts, bananas

Important for the 
nervous system, 
helps the body 
metabolize 
proteins and 
sugar

Anemia 
peripheral 
neuropathy

Vitamin B7 Biotin

OH

N
HO H

HN

H

S

O

Water Raw egg yolk, 
liver, peanuts, 
certain 
vegetables

Helps with the 
synthesis of fats, 
glycogen, and 
amino acids

Dermatitis, 
enteritis

D
ow

nl
oa

de
d 

by
 [

A
hm

ad
 I

fs
ei

ai
] 

at
 0

0:
45

 0
4 

A
pr

il 
20

14
 



247
V

itam
in

 A
n

alysis in
 Fo

o
d

 b
y U

PLC
–M

S

Vitamin B9 Folic acid

O

HO

HN

O

HN

N

O
HN

H2N

N
N

O

HO

Water Leafy 
vegetables, 
pasta, bread, 
cereal, liver

Key for the 
development of 
cells, protein 
metabolism, and 
heart health, and 
in pregnant 
women, helps 
prevent birth 
defects

Megaloblast and 
deficiency 
during 
pregnancy is 
associated with 
birth defects, 
such as neural 
tube defects

Vitamin B12 Cyanocobalamin

CONH2

CONH2

CONH2

H2NOC

H2NOC

H

H2NOC

O

O

O–

O
O

R = 5′-deoxyadenosyl, me, OH, CN

PO

HO

NN

N N

N

N

R
Co+

HO

NH

Water Meat and other 
animal products

Important in the 
production of red 
blood cells

Megaloblastic 
anemia

continued
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TABLE 10.1  (continued)
List of Vitamins with Their Chemical Name, Structure, Sources, Functions, and Deficiency Diseases

Vitamin Generic 
Descriptor Name

Vitamer Chemical 
Name Chemical Structure Solubility Food Sources Function

Deficiency 
Diseases

Vitamin C Ascorbic acid OH

OH

HO

OO

HO
Water Many fruits and 

vegetables, 
liver

Antioxidant that 
protects against 
cell damage, 
boosts the 
immune system, 
and forms 
collagen in the 
body

Scurvy

Vitamin D Cholecalciferol

HO

Fat Fish, eggs, liver, 
mushrooms, 
milk

Crucial in 
metabolizing 
calcium for 
healthy bones

Rickets, 
osteomalacia
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Vitamin E Tocopherols O

HO

Fat Many fruits and 
vegetables, nuts 
and seeds, 
apples

Antioxidant that 
protects cells 
against damage

Deficiency is 
very rare, mild 
hemolytic 
anemia in 
newborn 
infants

Vitamin K Phylloquinone
O

O

*3

Fat Leafy green 
vegetables, egg, 
liver, kiwi

Important in blood 
clotting and bone 
health

Bleeding 
diathesis

Source:	 Adapted from AIN (American Institute of Nutrition). 1990. J. Nutr. 120:643–644; Booher, L., Hartzler, E, and Hewston, E. 1942. U.S. Dept. Agric. Cir. 638:1–
244; Booth, S. et al. 1993. J. Food Comp. Anal. 6:109–120; Kamal-Eldin, A. and Appelqvist, L. 1996. Lipids. 31:671–701; Sheppard, A. and Pennington, J. 1993. 
Analysis and Distribution of Vitamin E in Vegetable Oils and Foods. Marcel Dekker, New York; Rucker, R. et al. 2001. Handbook of Vitamins. 3rd Ed. Marcel 
Dekker, New York.
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250 Ultra Performance Liquid Chromatography Mass Spectrometry

•	 Microbiological assay methods  This is a method of measuring com-
pounds, such as vitamins and amino acids, using microorganisms. It 
determines or estimates the concentration or potency of an antibiotic by 
means of measuring and comparing the area of zone of inhibition or tur-
bidity produced by the test substance with that of standard over a suitable 
microbe under standard conditions. The applicability of microbiological 
assays is limited to water-soluble vitamins; they are most commonly 
applied to niacin, cyanocobalamin, and pantothenic acid [4]. These 
methods are highly sensitive and specific for each vitamin. Although 
they are somewhat time consuming, they can generally be used for the 
analysis of a relatively wide array of biological matrices without major 
modifications [4]. An example of microbiological assays mentioned in 
the literature is for the determination of vitamins in tarhana [23].

•	 Physicochemical assay methods  Because of their relative simplicity, 
accuracy, and precision, the physicochemical methods, in particular the 
chromatographic methods using high-performance liquid chromatogra-
phy (HPLC), are the preferred method for vitamin analysis.

		    HPLC has been used increasingly in the analysis of food samples to 
separate and detect additives and contaminants. HPLC can separate a 
large number of compounds both rapidly and at high sensitivity, reduce 
separation times, and reduce the volume of sample needed. HPLC is 
ideally suited for compounds of limited thermal stability, but requires 
sample pretreatment such as extraction and filtration. In addition, HPLC 
requires careful selection of mobile phase and sample pumping rate [24].

		    Today, HPLC is used as a reference technique to analyze any type 
of vitamin [25]. This technique possesses simultaneous detection and 
determination of vitamins in one sample [17]. HPLC is often used for 
the simultaneous qualitative and quantitative analysis of water-soluble 
vitamin and fat-soluble vitamin in biological matrices such as plasma 
and urine [26–28].

A reversed-phase HPLC chromatographic procedure has been developed for the 
determination of water-soluble vitamins. As fat-soluble vitamins are highly lipo-
philic molecules, they are analyzed by normal-phase or even reversed-phase HPLC 
with a methanol/acetonitrile mobile phase [29–33].

Nowadays, coupling mass spectrometer (MS) to HPLC has added a new dimen-
sion to vitamin analysis since it enables the analysis of nonvolatile compounds. In 
general, LC–MS methods are now available for each fat- and water-soluble vita-
min. The LC–MS assays are characterized by high sensitivity and high specificity 
[34,35]. In the last few years, the trend within the industry has been the adoption 
of multianalyte methods to improve lab efficiency and productivity. Modern HPLC 
systems have been improved to work at much higher pressures, and therefore be able 
to use much smaller particle sizes in the columns (<2 μm). The use of these systems 
allows for faster analyses, with significant improvements in sensitivity as well as in 
resolution compared to traditional HPLC methods [36]. These are ultraperformance 
liquid chromatography systems (UPLCs) [37,38]. The term UPLC is a trademark 
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251Vitamin Analysis in Food by UPLC–MS

technology of the Waters Corporation, but people sometimes use it as a general term 
for the overall technique.

In addition to chromatographic techniques, several methods have been used for 
the determination and analysis of vitamins in different samples, such as immunoas-
says [34] and electrochemical [6] and capillary electrophoresis [39].

10.3  IMPETUS BEHIND DEVELOPMENT OF UPLC

HPLC is a well-known technique that has proven to be the predominant analytical 
technology used in laboratories worldwide during recent years. HPLC is well estab-
lished as a routine separation technique, this is in large part due to the many features 
offered by state-of-the-art HPLC such as robustness, ease of operation, well-under-
stood separation principles, sensitivity, and tunable selectivity. However, although 
many chromatographers feel that HPLC is a mature analytical technology, the evolu-
tions of HPLC are still ongoing. The main limitation of HPLC has long been known 
to be the lack of high efficiency, especially when compared to gas chromatography 
(GC) and capillary electrophoresis (CE) [40–42].

The primary driver factor responsible for the growth and development of this 
technique has been the evolution of packing materials used to effect the separation. 
The underlying principles of this evolution are governed by the van Deemter equa-
tion, which describes the relationship between linear velocity and plate height.

Since particle size is one of the variables, a van Deemter curve can be used to 
investigate chromatographic performance. According to the van Deemter equation, 
when the particle size of the chromatographic sorbent is decreased, the efficiency of 
the separation process increases and the efficiency does not diminish at higher flow 
rates or linear velocities [43–45]. By using smaller particles, speed and peak capac-
ity can be extended to new limits, termed UPLC. As shown in Figure 10.1, smaller 
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FIGURE 10.1  Van Deemter curves for different particle sizes (10, 5, 3, 1.7 µm). (Adapted 
from Novakova, L., Matysova, L., and Solich, P. 2006. Talanta. 68:908–918. With permission.)
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252 Ultra Performance Liquid Chromatography Mass Spectrometry

particles provide increased efficiency as well as the ability to work at increased linear 
velocity without a loss of efficiency, providing both resolution and speed [46].

UPLC technology takes full advantage of chromatographic principles to run 
separations using columns packed with smaller particles and higher flow rates for 
increased speed, with superior resolution and sensitivity [45,47]. Working with 
smaller particles (<2.5 µm) provide both resolution and speed. Efficiency is the pri-
mary separation parameter behind UPLC since it relies on the same selectivity and 
retentivity as HPLC.

The resolution is proportional to the square root of plate numbers. However, since 
plate numbers are inversely proportional to particle size (as the particle size is low-
ered by a factor of three, from, e.g., 5 µm [HPLC scale] to 1.7 µm [UPLC scale]), 
plate numbers are increased by three and the resolution is increased by the square 
root of three, or 1.7. Plate numbers are also inversely proportional to the square of 
the peak width. This illustrates that the narrower the peaks, the easier they are to 
separate from each other.

Also, peak height is inversely proportional to peak width, so, as the particle size 
decreases to increase plate numbers and subsequently the resolution, an increase in 
sensitivity is obtained, since narrower peaks are taller peaks. Narrower peaks also 
mean more peak capacity per unit time. Efficiency is proportional to column length 
and inversely proportional to the particle size [45,48]. Therefore, the column can be 
shortened by the same factor as the particle size without loss of resolution.

In practice, the design and development of sub-2 µm particles is a significant 
challenge. As particle size decreases, the optimum flow to reach maximum plate 
numbers increases and the use of smaller particles is then substantially limited by a 
rapid increase in pressure drop [49]. Standard HPLC instruments have a maximum 
operating pressure of about 400 bar (6000 psi), and these systems simply do not have 
the capability to take full advantage of sub-2 µm particles.

Other factors and instrument parts should also be taken into account to take full 
advantage of UPLC separations. A completely new system design with advanced tech-
nology in the solvent and sample manager, packing method, introduction method, injec-
tion valves, detector sampling rate, data system, and service diagnostics is required [50].

In order to overcome the pressure limitations and the other challenges, Waters 
Corporation introduced Acquity UPLC™, the first commercially available system 
that addresses the challenge of using elevated pressure and sub-2 µm particles, 
which makes it a particularly attractive and promising analysis tool [51]. The UPLC 
instrumentation is designed to deliver mobile phase at pressures up to 1034 bar 
(15,000 psi). The researchers were very active in this area for some time to manufac-
ture columns that can withstand these rigorous pressures [52,53].

Using sub-2 µm particles, half-height peak widths of less than 1 s can be obtained, 
posing significant challenges for the detector. In order to accurately and reproducibly 
integrate an analyte peak, the detector sampling rate must be high enough to capture 
enough data points across the peak. In addition, the detector cell must have minimal 
dispersion volume to preserve separation efficiency.

Mass detection is significantly enhanced by UPLC; increased peak concentrations 
with reduced chromatographic dispersion at lower flow rates promotes increased 
source ionization efficiencies (reduced ion suppression) for improved sensitivity. 
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253Vitamin Analysis in Food by UPLC–MS

Enhanced selectivity and sensitivity, and rapid generic gradients made LC–MS the 
predominate technology for both quantitative and qualitative analyses [54–56].

UPLC can be regarded as a new invention for liquid chromatography. Compared 
with conventional HPLC, UPLC can offer significant improvements in speed, sen-
sitivity, and resolution, which also mean reduced solvent consumption and analysis 
cost. Figure 10.2 shows an HPLC versus UPLC separation comparison of a ginger 
root extract sample, where both speed and resolution are improved, and sensitivity 
is increased [57].

With the increasing number, diversity, and complexity of compounds being ana-
lyzed, UPLC presents the possibility to extend and expand the utility of separation 
science. Today, UPLC is widely used for metabolite identification; analysis of natural 
products and herbal medicines; pharmacokinetic, toxicity, degradation, bioanalysis, 
and bioequivalence studies; quality control and in drug discovery; determination 
of pesticides; and separation of various pharmaceutical-related small organic mol-
ecules, proteins, and peptides. UPLC is also used for impurity profiling, method 
development, and validation performed in quality assurance and quality control 
laboratories [46,47,56–69].

10.4  UPLC–MS FOR VITAMINS ANALYSIS IN FOOD

The determination of vitamins in food represents a complex analytical problem. 
Vitamins naturally present in foods at very low levels and in very complex matrixes. 
Furthermore, vitamins are easily destroyed by strong acids or alkali; affected by 
many factors such as pH, heat, light, air, extraction solvent, and time; and also 
affected by other food components.

0.8 AUFS

2.1 AUFS

Time in minutes

UPLCTM

5 μL injection

HPLC
10 μL

injection

Time in minutes

10.0

6.0

FIGURE 10.2  Comparison of HPLC and UPLC for the separation of a ginger root extract. 
(Adapted from Swartz, E. 2005. J. Liq. Chromatogr. Related Technol. 28:1253–1263. With 
permission.)
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Despite the development of several HPLC and LC–MS methods for vitamin anal-
ysis in food [6,70,71], there is still a need for better resolution and sensitivity when 
analyzing complex food matrices containing different vitamin derivatives. Owing 
to its high resolution and sensitivity, as well as its high sample throughput, UPLC is 
particularly attractive in the area of food analysis where sample matrices are very 
complex. However, research in this field is still limited, and much efforts and time 
are needed in order to provide more information and to improve the existing meth-
ods. Table 10.2 summarizes the most significant recently published UPLC methods 
for the determination of vitamins in different food samples.

The content of vitamin C in food commodities (the sum of the contents of l-ascor-
bic acid and dehydroascorbic acid) is used as an index of health-related quality of 
products, since, as compared with other beneficial compounds, it is more sensitive 
for degradation by processing and storage. Therefore, interest in the simultaneous 
analysis of these molecules has increased greatly in food analysis [72–74]. Spinola 
et al. [75] determined the total vitamin C content in several fruits and vegetables 
(lemons, passion fruits, papayas, strawberries, broccoli, green and red peppers) using 
UPLC-photodiode array (PDA) system.

The system was equipped with a trifunctional high-strength silica (100% silica 
particle) analytical column (Acquity HSS T3; 100 × 2.1 mm i.d., 1.8 μm particle 
size), using an isocratic mobile phase composed of aqueous 0.1% (v/v) formic acid 
at a flow rate of 250 μL/min. The injection volume was 20 μL, while the detection 
wavelength for the PDA was set at 245 nm, and the analytical column was kept at 
room temperature [75].

The flow rate and the mobile phase composition significantly influenced l-ascor-
bic acid retention time. Careful selection of the eluent systems demonstrated that the 
chromatographic separation of the l-ascorbic acid could be achieved within 2 min. 
The best flow value (250 μL/min) was compromised between the backpressure 
(approximately 5800 psi), retention times, and peak resolution. The combination of 
the shorter running time with a smaller flow rate also reduced drastically the solvent 
consumption and thus is more environmental friendly than conventional HPLC [75].

Vitamin C refers to all compounds exhibiting equivalent biological activity of 
l-ascorbic acid, including its oxidation products, esters, and synthetic forms [73,76]. 
l-Ascorbic acid is the main biologically active form of vitamin C and is reversibly 
oxidized to dehydroascorbic acid, due to the presence of two hydroxyl groups in its 
structure [77–79], or diketogulonic acid, which has no biological function, and the 
reaction is no longer reversible [72,76]. The type of extraction medium is therefore 
very important in order to prevent the irreversible oxidation of l-ascorbic acid.

The use of a high ionic strength acidic extraction solvent is required to suppress 
metabolic activity upon disruption of the cell and to precipitate proteins. A metal 
chelator such as ethylenediaminetetraacetic acid (EDTA) is also usually required. 
The use of metaphosphoric acid is the best way to extract and stabilize l-ascorbic 
acid, as suggested by various authors [72,78,80,81]. For this reason, the samples 
were extracted with 3% metaphosphoric acid–8% acetic acid–1 mM EDTA solution, 
which is known to limit l-ascorbic acid degradation to less than 5% [82].

The l-ascorbic acid content ranged between 27.8 ± 2.3 and 223.7 ± 16.5 mg/100 g 
of edible portion in the different horticultural products. Peppers (red and green) and 

D
ow

nl
oa

de
d 

by
 [

A
hm

ad
 I

fs
ei

ai
] 

at
 0

0:
45

 0
4 

A
pr

il 
20

14
 



255
V

itam
in

 A
n

alysis in
 Fo

o
d

 b
y U

PLC
–M

S

TABLE 10.2
UPLC Methods for Determination of Vitamins in Different Food Samples

Analytes Food Sample Sample Preparation Column Mobile Phase LOD

Flow 
Rate 

(mL/min)

Run 
Time 
(min) Ref.

l-Ascorbic acid 
and 
dehydroascorbic 
acid

Lemons, passion 
fruits, papayas, 
strawberries, 
broccoli, green 
and red peppers

Extraction with 3% 
metaphosphoric acid–8% 
acetic acid–1 mM EDTA

HSS T3 
(100 × 2.1 mm, 
1.8 μm)

Aqueous 0.1% 
(v/v) FA

22 ng/mL 0.25 2 [75]

Cis- and 
trans-
phylloquinone

Infant formula 
(milk-, rice-, 
and soy-based)

Digest samples with lipase, 
extract with methanol, 
sodium hydroxide solution, 
and n-hexane mixture

BEH Shield RP18, 
BEH C18, T3 
(100 × 2.1, 1.7 µm), 
YMC30 
(150 × 4.6 mm, 
3 µm)

0.025% FA and 
2.5 mmol/L 
NH4HCO2 in 
CH3OH

0.011 µg/100 g 
for trans-form 
and 
0.01 µg/100 g 
for cis-form

0.6 13.5 [83]

Vitamins B5, B8, 
B9, and B12

Fortified infant 
foods (milk and 
rice)

Proteins and lipids removal 
with chloroform, extraction 
with 10 mmol/L ammonium 
acetate

BEH C18 column 
(100 × 2.1 mm, 
1.7 µm)

Gradient 
elution of 
CH3CN and 
H2O

5, 30, 6, and 
6 ng/L for 
vitamin B5, B8, 
B9, and B12

0.2 6 [85]

Thiamine, 
riboflavin, 
nicotinamide 
and pyridoxal

Human milk Proteins removal by 
acetonitrile and 
trichloroacetic acid and 
Amicon Ultra-0.5 centrifugal 
filters, extraction with water 
and methanol, extraction of 
the nonpolar constituents 
with diethyl ether

HSS T3 column 
(50 × 2.1 mm, 
1.8 µm)

Gradient of 
10 mM 
NH4HCO2 
and CH3CN

0.01, 0.1, 0.5, 
and 4 µg/L for 
thiamine, 
riboflavin, 
nicotinamide, 
and pyridoxal

0.3 2 [86]

continued
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TABLE 10.2  (continued)
UPLC Methods for Determination of Vitamins in Different Food Samples

Analytes Food Sample Sample Preparation Column Mobile Phase LOD

Flow 
Rate 

(mL/min)

Run 
Time 
(min) Ref.

Thiamine, 
riboflavin, 
pantothenic 
acid, pyridoxine, 
pyridoxal, 
biotin, folic acid, 
cyanocobalamin, 
ascorbic acid, 
l-carnitine, 
choline, and 
taurine

Fortified infant 
formula (rice 
flour and wheat 
powder)

Extraction with 10 mM 
aqueous ammonium acetate

BEH Shield RP18 
(100 × 2.1 mm, 
1.7 μm)

CH3OH and 
10 mM 
aqueous 
NH4C2H3O2

Ranged between 
0.0042 ng/mL 
for riboflavin 
and 28.872 ng/
mL for ascorbic 
acid

0.2 10 [91]

Vitamins D2 and 
D3

NIST 1849, 
ready-to-eat 
cereal, bread, 
mushrooms, 
eggs, yogurt, 
cheese, fish, 
butter, milk 
(RTF infant 
formula), and 
premix

Saponification (hot), 
extraction of 
unsaponifiables with hexane

HSS C18 
(100 × 2.1 mm, 
1.8 μm)

Gradient 
elution of 
CH3OH and 
NH4HCO2

0.20 and 
0.47 μg/100 g 
for vitamins D2 
and D3

0.4 6 [92]
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Vitamins D2 and 
D3

Infant formula 
and adult/
pediatric 
nutritional 
supplements

Saponification (ambient), 
extraction of 
unsaponifiables with hexane

Hypersil GOLD and 
GOLD aQ 
(100 × 2.1 mm, 
1.9 μm)

Gradient 
elution of 
0.1% FA 
CH3OH and 
H2O

0.65 and 
0.83 ng/g for 
vitamins D3 and 
D2

0.25–0.5 10 [94]

5-CH3-H4folate, 
H4folate, 
5-HCO-
H4folate, 
10-HCO-folic 
acid, and folic 
acid

Egg yolk, 
pickled 
beetroots, 
strawberries, 
orange juice, 
soft drink, and 
dry baker’s 
yeast

Extraction with 0.1 M 
phosphate buffer pH 6.1, 
2% sodium ascorbate and 
0.1% 
2,3-dimercaptopropanol. 
Extract purification by SPE 
on SAX Isolute cartridges. 
Elution with 0.1 M sodium 
acetate, 10% sodium 
chloride, 1% ascorbic acid, 
and 0.1% 
2,3-dimercaptopropanol

BEH C18 
(100 × 2.1 mm, 
1.7 µm)

Gradient 
elution of 
30 mM 
KH2PO4 
buffer at pH 
2.3 and 
CH3CN

Ranged from 
0.02 to 2.5 ng/
mL

0.5–0.7 3.5 [95]

Folic acid and 
5-CH3-H4folate

Fortified breads Hydrolysis with α-amylase 
in a water bath at 75°C, 
extraction with phosphate 
buffer (pH 6.1), 
concentration using SPE on 
styrene divinylbenzene 
cartridges

HSS T3 
(100 × 0.1 mm, 
1.8 μm)

Gradient 
elution of 
0.1% FA in 
H2O and 
CH3CN

9.0 ng/g for folic 
acid and 
4.3 ng/g for 
5-CH3-H4folate

0.2 6 [101]
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TABLE 10.2  (continued)
UPLC Methods for Determination of Vitamins in Different Food Samples

Analytes Food Sample Sample Preparation Column Mobile Phase LOD

Flow 
Rate 

(mL/min)

Run 
Time 
(min) Ref.

H4folate, 
5-CH3-H4folate, 
10- CH3-
H4folate, 
10-HCO-folic 
acid, 5-HCO-
H4folate, and 
folic acid

Rice Hydrolysis with α-amylase, 
protease, and deconjugase, 
extraction with phosphate 
buffer at pH 7.5

HSS T3 
(150 × 2.1 mm, 
1.8 μm)

Gradient 
elution of 
0.1% FA in 
H2O and 
CH3CN

Ranged between 
0.06 and 
0.45 µg/100 g

0.6 8 [108]

Retinol, α-, δ-, 
γ- tocopherols

Milk Lipophilic components 
extraction by n-hexane/
ethyl acetate, extraction of 
xanthophylls and vitamin E 
by ethanol/water, 
saponification hexanic 
phase (hot), purification by 
n-hexane/ethyl acetate

HSS T3 
(150 × 2.1 mm, 
1.8 μm)

Gradient 
elution of 
CH3CN–
CH2Cl2–
CH3OH 
(75–10–15) 
and 
NH4C2H3O2 
0.05 M in H2O

0.8 and 2.6 ng/
injection for 
retinol and 
α-tocopherol

0.4 46 [110]
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259Vitamin Analysis in Food by UPLC–MS

papayas were the species with the highest initial vitamin C contents. The food com-
modities with the lowest content of total vitamin C were passion fruits [75].

Good linearity was achieved in both ranges of concentrations tested, with cor-
relation coefficients higher than 0.999 in all cases. The proposed method showed a 
good sensitivity, with limit of detection (LOD) and limit of quantification (LOQ) of 
22 and 67 ng/mL, respectively. The method also showed satisfactory precision. All 
relative standard deviation (RSD) values achieved for peak areas were lower than 4%. 
The results obtained showed that the applied method has a good reproducibility and 
that is stable and reliable. The recovery rate of l-ascorbic acid and total vitamin C 
was evaluated to assess the extraction efficiency of the proposed method and matrix 
effects. Satisfactory results were obtained for l-ascorbic acid (96.6 ± 4.4%) and total 
vitamin C (103.1 ± 4.8%) [75].

The results demonstrated by Spinola and his coworkers revealed an attractive and 
very promising approach for the analysis of total vitamin C and l-ascorbic acid and 
for routine use in laboratory. The major improvement of this methodology makes 
use of a very simple but very effective mobile phase that promotes ion suppres-
sion at very high pressures with a trifunctional high-strength silica column specially 
designed for polar compounds, overcomes the problems normally encountered in 
HPLC systems, and is suitable for the analysis of large batches of samples without 
l-ascorbic acid degradation.

Infant food such as human milk and fortified formula provide an essential source 
of nutrition for baby feed. This nutrition is essential for normal growth and function-
ing of the human body; therefore, particular attention should be paid to ensure an 
adequate and balanced intake of vitamins. Several methods have been developed for 
the analysis of vitamins in infant foods. Huang and coworkers determined vitamin 
K1 isomers (cis- and trans-forms) in infant formulas using UPLC–MS/MS [83].

Vitamin K1 (phylloquinone) exists naturally only in the trans-form. Trans- and 
cis-isomers are formed during UV light exposure or synthetic production of vitamin 
K1. This cis-isomer is considered to have low bioactivity [84]. Therefore, inactive 
cis-vitamin K1 is necessary to measure individually to evaluate the true nutritional 
status of fortified foods. The developed method proved to be rapid and sensitive, 
which allows cis- and trans-vitamin K1 extracted from milk-based, rice-based, and 
soy-based infant formula to be simultaneously determined by UPLC–MS/MS [83].

Sample preparation procedure mainly involves the lipase hydrolysis and the 
liquid-to-liquid extraction. After hydrolysis at 37°C for 2 h, the sample was extracted 
with a mixture solution of methanol, sodium hydroxide solution, and n-hexane. 
The upper phase was then washed with distilled water. The upper phase, contain-
ing n-hexane with nitrogen, is evaporated to near dryness and reconstituted with 
methanol. After the filtration, 5 µL of the vitamin K1-enriched extract was directly 
injected into the UPLC–MS/MS for analysis.

Four columns and several mobile phases were compared in this study. Acquity 
UPLC BEH Shield RP18 (100 × 2.1 mm i.d., 1.7 µm particle size), Acquity UPLC 
BEH C18 (100 × 2.1 mm i.d., 1.7 µm particle size), Acquity UPLC T3 (100 × 2.1 mm 
i.d., 1.7 µm particle size), and YMC30 (150 × 4.6 mm i.d., 3 µm particle size) were 
used for comparisons to the separation capability in vitamin K1 isomers. The type of 
column plays an important role in the separation of vitamin K1 isomers. As a result, 
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260 Ultra Performance Liquid Chromatography Mass Spectrometry

the biggest peak areas of vitamin K1 isomers were obtained when using 0.025% 
formic acid and 2.5 mmol/L ammonium formate in methanol as a mobile phase [83].

The study showed that the level of lipase use and enzymatic hydrolysis time play 
key roles in vitamin K1 quantification in infant formulas. Chromatograms of vita-
min K1 standards and a sample were shown in Figure 10.3.

Trans-vitamin K1 was separated from cis-isomer through YMC30 column 
(150 × 4.6 mm, 3 µm particle size), and vitamin K1-d7 was used as an internal stan-
dard. The components were detected using electrospray ionization (ESI) in a positive 
ion and quantified by multiple reaction monitoring (MRM) mode. The transition m/z 
451.2 → 186.9 was selected for vitamin K1, and the transition m/z 458.2 → 194.0 
was selected for vitamin K1-d7. Calibration curves were linear over the range of 
9.3–464.75 ng/mL for trans-vitamin K1 (r2 > 0.999) and 1.71–85.25 ng/mL for 
cis-vitamin K1 (r2 > 0.999). The limit of detection for trans- and cis-vitamin K1 
was 0.011 µg/100 g and 0.01 µg/100 g, respectively, while the limit of quantifica-
tion was 0.037 µg/100 g and 0.031 µg/100 g, respectively. The intra- and interbatch 
variations in terms of RSD were less than 5%. The cis-vitamin K1 isomer contrib-
utes to 7.05–17.21% of the total vitamin K1 in certain infant formulas [83].

Reversed-phase UPLC separation system was also used for the determination of 
four water-soluble B vitamins, including B5, B8, B9, and B12 in fortified infant foods 
using Waters Acquity UPLC BEH C18 column (100 × 2.1 mm i.d., 1.7 µm particle 
size), and a binary gradient, acetonitrile–water mobile phase [85].

Prior to analysis, the coextracted proteins and lipids should be removed from 
the prepared solution. Out of the tested solvents (chloroform, acetonitrile, and ethyl 
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FIGURE 10.3  MRM diagrams of standards and a sample: (a) vitamin K1 and vitamin K1-d7 
standards and (b) a milk-based infant formula sample. (Adapted from Huang, B. et al. 2012. 
Eur. Food Res. and Technol. 235:873–879. With permission.)
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261Vitamin Analysis in Food by UPLC–MS

acetate), chloroform precipitated proteins and lipids more effectively than acetoni-
trile and ethyl acetate did. Thus, chloroform was used as a solvent for eliminating 
proteins and lipids.

In order to obtain complete extraction of the vitamins from food samples, three 
extraction media including water, 0.1% formic acid aqueous solution, and 10 mmol/L 
ammonium acetate aqueous solution were tested. Methotrexate was selected as an 
internal standard because it is usually absent in fortified infant foods, its molecular 
structure is similar to vitamin B9 (MW = 454), and it has a suitable retention time 
(4.78 min) according to the retention times of the four vitamins in this LC system. 
Recovery tests showed that recoveries of methotrexate were similar to those of the 
concerned vitamins [85].

Formic acid is spiked into the mobile phase to enhance the ionization effi-
ciency. Tandem MS–MS analysis is performed in MRM. Product ion traces at m/z 
220.1 → 89.9 for vitamin B5, 245.1 → 227.1 for vitamin B8, 442.3 → 295.2 for vita-
min B9, and 678.9 → 147.0 for vitamin B12 are used for quantitation of the cor-
responding vitamins, and traces at m/z 455.5 → 308.0 are used for methotrexate 
(internal standard). LOQs are 0.016, 0.090, 0.020, and 0.019 μg/L for vitamin B5, 
B8, B9, and B12, respectively. LODs are 0.005, 0.030, 0.006, and 0.006 μg/L for 
vitamin B5, B8, B9, and B12, respectively. Intra- and interday precisions for the 
determination of the four vitamins are better than 6.84% and 12.26% in RSD, and 
recoveries for the four vitamins are in the range of 86.0 ~ 101.5% [85].

From the three tested extraction media, it was found that 10 mmol/L ammonium 
acetate aqueous solutions gave the best recoveries, corresponding to 93.6%, 99.1%, 
85.3%, and 95.0% for vitamins B5, B8, B9, and B12, respectively.

In preliminary tests, four ODS C18 columns with different column size and/or 
different particle size were compared regarding the separation of the four vitamins 
and methotrexate internal standard. Column A is a Waters Atlantis C18 column 
(150 × 2.1 mm i.d., 5 μm particle size), column B is a Waters Sunfire C18 column 
(150 × 2.1 mm i.d., 5 μm particle size), column C is a Waters Acquity UPLC BEH C18 
column (50 × 2.1 mm i.d., 1.7 μm particle size), and column D is a Waters Acquity 
UPLC BEH C18 column (100 × 2.1 mm i.d., 1.7 μm particle size).

It was found (as shown in Figure 10.4) that columns A and B, two frequently 
used columns for LC–MS, could neither separate the four vitamins and methotrex-
ate effectively, nor generate reproducible peak areas in parallel runs, while column 
C could not separate methotrexate and vitamin B12. Only column D could sepa-
rate the vitamins and methotrexate and support constant retention times and peak 
areas in parallel experiments. Therefore, column D was selected for the real sample 
studies.

The developed method was applied to analyze 10 brands of fortified milk powders 
and 9 brands of fortified rice powders, which were purchased from a local food mar-
ket (Hangzhou, China). The obtained results are consistent with those claimed by the 
producers. So, the method can be applied successfully to analyze vitamins B5, B8, 
B9, and B12 in the fortified rice and milk powders [85].

Hampel et al. described simultaneous determination of several B vitamins (thia-
mine, riboflavin, nicotinamide, and pyridoxal) in human milk samples using the 
UPLC–MS/MS method [86].
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262 Ultra Performance Liquid Chromatography Mass Spectrometry

Sample preparation of human milk depends strongly on the vitamins in ques-
tion and limits the number of different vitamins that can be analyzed simultane-
ously [87–89]. Sample preparation was carried out under subdued light and on 
ice to protect the analytes from degradation. Targeted vitamins were extracted by 
water and methanol after several dilution, centrifugation, dryness, and filtration 
steps. The nonpolar constituents of the matrix were then extracted with diethyl 
ether [90].

Additional sample preparation steps included protein removal by acetonitrile and 
trichloroacetic acid and Amicon Ultra-0.5 centrifugal filters, while hexane was used 
to remove the nonpolar constituents. Amicon Ultra-0.5 centrifugal filters were used 
for the efficiency of protein removal. Choosing an appropriate molecular weight cut-
off allows the vitamins as small molecules (MW < 1000) to elute through the filter 
unit and to be recovered in the flow through, while the protein fraction with a high 
molecular weight (MW > 10,000) is retained in the filter unit.

Using Acquity UPLC HSS T3 column (50 × 2.1 mm i.d., 1.8 µm particle size) 
reversed-phase chromatography, water, 10 mM ammonium formate, 0.1% ammo-
nium formate, 10 mM ammonium acetate, and 10 mM formic acid were tested for 
the aqueous buffer component of the mobile phase, while methanol and acetonitrile 
were examined as the organic constituent. Best peak shape, resolution, and signal-
to-noise ratio was achieved using a shallow gradient of 10 mM ammonium formate 
and acetonitrile with an initial ratio of 95:5. Optimal chromatographic separations 
occurred at a flow rate of 0.3 mL/min, and a column temperature of 40°C. The 
mass spectrometer was operated via positive ion mode ESI, and the vitamins were 
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FIGURE 10.4  The LC–MS/MS chromatograms obtained with four different LC columns. 
(Adapted from Lu, B. et al. 2008. J. Chromatogr. Sci. 46:225–232. With permission.)

D
ow

nl
oa

de
d 

by
 [

A
hm

ad
 I

fs
ei

ai
] 

at
 0

0:
45

 0
4 

A
pr

il 
20

14
 



263Vitamin Analysis in Food by UPLC–MS

detected in MRM. Resolution by retention time or MRM for the vitamins has been 
optimized within 2 min. Figure 10.5 shows the extracted ion chromatogram of the 
analytes and system control standard [86].

Intra- and interassay variability for all analytes ranged from 0.4% to 7.9% and 
from 2.2% to 5.2%, respectively. Quantification was done by ratio response to 
the stable isotope-labeled internal standards. 13C4-Thiamine hydrochloride, 13C4, 
15N2-riboflavin, and 2H3-pyridoxal hydrochloride were added to the samples as inter-
nal standards for quantification. The standard addition method determined recovery 
rates for each vitamin (73.0–100.2%). The limit of quantitation for all vitamins was 
between 0.05 and 5 µg/L depending on the vitamin.

The method was applied to 80 human milk samples from Cameroon, China, 
India, Malawi, and the United States [86]. The results show that the vitamin content 
of human milk varies depending on the geographic origin, most likely due to differ-
ences in diet and fortification that remains to be explored; moreover, the influence of 
the lactation stage during sample collection needs to be investigated and its contribu-
tion to the variation of concentration determined.
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FIGURE 10.5  Extracted ion chromatogram of the analytes and system control standard 
(A: thiamine, B: riboflavin, C: flavin adenine dinucleotide, D: nicotinamide, E: pyridoxal, 
F: 13C3-caffeine). (Adapted from Hampel, D., York, E., and Allen, L. 2012. J. Chromatogr. B. 
903:7–13. With permission.)
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264 Ultra Performance Liquid Chromatography Mass Spectrometry

The UPLC–MS/MS method has also been developed for fast simultaneous sep-
aration and determination of 14 different water-soluble vitamins and vitamin-like 
compounds in infant formula (thiamine, riboflavin, pantothenic acid, nicotinic acid, 
nicotinamide, pyridoxine, pyridoxal, biotin, folic acid, cyanocobalamin, ascorbic 
acid, l-carnitine, choline, and taurine) [91]. Methotrexate was also used as an inter-
nal standard for riboflavin, cyanocobalamin, biotin, and folic acid, while nicotin-
amide was used as an internal standard for the other compounds.

Choosing a chromatographic column gives the possibility to perform various 
water-soluble vitamin and vitamin-like compound separations in one run and with 
better resolution. Chromatographic separation was performed using Waters Acquity 
UPLC BEH Shield RP18 column (100 × 2.1 mm i.d., 1.7 μm particle size) at a flow 
rate of 0.2 mL/min, and the injection volume was 10 μL. The mobile phase also has 
a significant effect on peak shape, sensitivity, and resolution. Methanol with 10 mM 
aqueous ammonium acetate gave the best overall performance and was deemed to 
be most suitable when all 14 compounds were considered.

Identification and quantification were performed by using MRM with one parent 
ion, one daughter ion for each analyte, and ESI in positive ion scan mode. Under these 
conditions, a chromatographic separation within 10 min was achieved. Recoveries at 
three concentration levels (low, medium, and high) for all analytes ranged between 
81.8% and 106.1%. The limit of detection ranged between 0.0042 ng/mL for ribofla-
vin and 28.872 ng/mL for ascorbic acid, with an RSD of 1.17% to 5.09% for intraday 
and 2.61% to 7.43% for interday analysis [91].

Different infant formula, rice flour and wheat powder commercial samples were 
tested using the developed method. The results demonstrated that the proposed 
method is both sensitive and selective enough to be applied for the fast determination 
of these compounds at a wide range of concentration levels in real samples. Vitamin 
C was not detected from all the samples. The values for riboflavin and nicotinamide 
were 103 times higher than the value for cyanocobalamin. The vitamin compounds 
were also found at different low concentration-level ng/mL.

Stevens and Dowell reported a method for the determination of vitamin D (total 
vitamins D2 and D3) in infant formula and adult nutritionals by UPLC–MS/MS [92]. 
Vitamin D2, ergocalciferol, and vitamin D3, cholecalciferol, are two forms of vita-
min D found in the body. Because vitamin D is not readily available in many foods, 
the main source remains fortified foods [93]. Because of the importance of vitamin 
D levels in foods, methods that produce accurate results in a timely manner are 
needed.

Vitamin D has been analyzed in different food samples, including NIST 1849 
(infant/adult nutritional formula), ready-to-eat cereal, bread, mushrooms, eggs, 
yogurt, cheese, fish, butter, milk (RTF infant formula), and premix (mixture of vita-
mins). After saponification with ethanol and potassium hydroxide, and sequential 
liquid–liquid extraction steps using ethanol, water, and n-heptane, the food samples 
were eluted through a disposable SPE silica gel column. The extracted samples were 
assayed using a methanol and ammonium formate gradient on a UPLC–MS/MS 
system equipped with an HSS C18 UPLC (100 × 2.1 mm i.d., 1.8 μm particle size) 
column at 0.4 mL/min flow rate. The injection volume was 20 μL [92].
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265Vitamin Analysis in Food by UPLC–MS

Under these conditions, the chromatographic separation for the two vitamins was 
achieved within 6 min. The method was established in the range of 0.005–50 μg/mL. 
The recovery range was 93.4–100.9% for vitamin D2 and 102.4–106.2% for vitamin 
D3. The LOD and LOQ for vitamin D2 were reported as 0.20 and 0.61 μg/100 g, 
respectively; for vitamin D3, the reported values were 0.47 and 1.44 μg/100 g, 
respectively [92].

Vitamin D has also been measured in infant formula and adult/pediatric nutri-
tional supplements using UPLC–MS/MS and compared with conventional HPLC–
MS/MS [94]. The accuracy of this method was evaluated by the analysis of NIST 
selected reaction monitoring (SRM) 1849 infant formula reference material. Both 
saponification and liquid–liquid extraction procedures have been applied for the 
extraction of vitamins prior to analysis.

The mass spectrometer was operated via APCI at 21 V collision energy, 50 psi 
ion gas pressure, and 320°C ionization temperature. Under gradient elution of meth-
anol and water with both including 0.1% formic acid at a flow rate 0.25–0.5 mL/
min with 5 µL injection volume, and using Hypersil GOLD and GOLD aQ columns 
(100 × 2.1 mm i.d., 1.9 µm particle size), all the previtamins of vitamin D3, D2, and 
isotope-labeled vitamin D3 were baseline separated from their corresponding vitamins.

The average concentration of vitamin D3 was 0.251 ± 0.012 μg/g, which was in 
an excellent agreement with the certified value of 0.251 ± 0.027 μg/g. In addition, 
the spike recovery from a commercial infant formula matrix was in the range 100–
108% for both vitamins D3 and D2. The LOQ values determined were 0.0022 and 
0.0028 μg/g for vitamins D3 and D2, respectively, while the LOD values were 0.65 
and 0.83 ng/g for vitamins D3 and D2, respectively. Precision ranged from 3.7% to 
8.2% for vitamin D2 and 3.7% to 7.0% for vitamin D3 [94].

The analytical range was determined to be 0.0015–1.350 μg/g. This range made 
the method flexible and useful to deal with the wide concentration range of vita-
min D in various samples. The method was robust; measured values generally fell 
below 5% based on the results of changing the parameters of LC separation and MS 
measurement. This accurate and reliable vitamin D method significantly increased 
instrument efficiency and analysis productivity [94].

Compared to the HPLC method, the run time of the chromatographic separation 
was shorted by 50% (from 20 min in HPLC–MS/MS to 10 min in UPLC–MS/MS) 
[94], while equal or better separation efficiency was achieved to deal with complex 
food matrixes.

Jastrebova and his coworkers compared both UPLC and HPLC for the separa-
tion and determination of the most common dietary folates (a group of derivatives 
of folic acid); 5-methyltetrahydrofolate (5-CH3-H4folate), tetrahydrofolate (H4folate), 
5-formyltetrahydrofolate (5-HCO-H4folate), 10-formylfolic acid (10-HCO-folic acid), 
and folic acid [95]. Four alkyl-bonded columns, two UPLC columns—Acquity BEH 
C18 and Acquity HSS T3, 100 × 2.1 mm i.d., 1.7 µm particle size—and two HPLC 
columns—Xbridge C18 and Atlantis d18, 150 × 4.6 mm i.d., 3.5 µm particle size—
were tested for this purpose. In respect to the surface chemistry, the Acquity BEH 
C18 column is similar to the XBridge C18 column, while the Acquity HSS T3 column 
is similar to the Atlantis d18 column.
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266 Ultra Performance Liquid Chromatography Mass Spectrometry

The separation of folates by HPLC was conducted at 23°C column temperature, 
0.4 mL/min flow rate, and 20 µL injection volume. On the other hand, UPLC analy-
sis was conducted at 30°C for the first column and 60°C for the second one, and the 
flow rate was 0.5 or 0.7 mL/min and 10 µL sample injection volume [95].

In both systems, the mobile phase was a binary gradient mixture of 30 mM potas-
sium phosphate buffer at pH 2.3 and acetonitrile. In the UPLC system, a binary 
mixture of 10 mM formic acid and acetonitrile was also tested at the mobile phase. 
Folic acid was quantified using UV detection at 290 nm, whereas other forms were 
quantified by using fluorescence detection: excitation 290 nm and emission 360 nm 
for H4folate, 5-CH3-H4folate, and 5-HCO-H4folate, and excitation 360 nm and emis-
sion 460 nm for 10-HCO-folic acid.

Folate samples included egg yolk, pickled beetroots, strawberries, orange juice, 
a soft drink, and dry baker’s yeast. Samples were prepared as described by Patring 
and Jastrebova [96] and purified as described by Jastrebova et al. [97]. An extraction 
buffer containing 0.1 M phosphate buffer pH 6.1 with 2% sodium ascorbate (w/v) 
and 0.1% 2,3-dimercaptopropanol (v/v) was added for each sample. Purification 
of the obtained extracts was performed by SPE on strong anion exchange (SAX) 
Isolute cartridges. The retained folates were eluted at low flow rate (not exceeding 
one drop/s), with 0.1 M sodium acetate containing 10% (w/v) sodium chloride, 1% 
(w/v) ascorbic acid, and 0.1% (v/v) 2,3-dimercaptopropanol. The purified extracts 
were finally stored at 0°C overnight prior to analysis.

Figure 10.6 shows the comparison between both UPLC and HPLC for folate 
analysis using different columns [95]. Both UPLC and HPLC provided high-quality 
chromatograms. Using UPLC showed a great advantage in terms of the signal-to-
noise ratio, which could be improved by a factor of 2–50 for different folate deriva-
tives, and the run time that could be reduced fourfold without sacrificing separation 
efficiency.

The BEH C18 column at 30°C provided the best LOD values ranging from 0.02 to 
2.5 ng/mL followed by HSS T3 column at 30°C, while the LOQ values were the low-
est (0.2–30 ng/mL) with the BEH C18 column and HSS T3 column at 30°C. Linearity 
tests revealed marked differences between all columns tested at low concentrations. 
The BEH C18 column provided the best linearity, followed by the HSS T3 column, 
whereas deviations from linearity were considerably greater for the HSS T3 column 
at 60°C and HPLC columns XBridge and Atlantis d18 at 23°C. At higher concentra-
tions, the linearity was good for all columns and gradients tested. In conclusion, the 
obtained results showed that the application of a UPLC for determining folates in 
foods is of great interest, because it can provide much higher resolution, lower detec-
tion limits, and shorter analysis time compared with traditional HPLC.

The best performance column (BEH C18 column) was used for the determina-
tion of folates in real samples at optimum chromatographic conditions. It was found 
that the fortified drink contained only synthetic folic acid in a concentration of 
48 µg/100 mL, whereas two folate derivatives, 5-CH3-H4folate and 10-HCO-folic 
acid, were found in egg yolk. The concentrations of 5-CH3-H4folate and 10-HCO-
folic acid in the egg yolk were 226 and 46 µg/100 g, respectively. Three folate 
derivatives, H4folate, 5-CH3-H4folate, and 10-HCO-folic acid, were found in dry 
baker’s yeast in concentrations of 697, 2.520, and 212 µg/100 g, respectively. Pickled 
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267Vitamin Analysis in Food by UPLC–MS

beetroots, strawberries, and orange juice contained 5-CH3-H4folate, which is known 
to be the predominant folate form in vegetables, fruits, and berries [97–99]. The con-
centration of 5-CH3-H4folate in pickled beetroots, strawberries, and orange juice was 
15, 78, and 22 µg/100 g, respectively. The obtained values showed that the UPLC 
method provided good potential for separation of folates from matrix compounds 
with high sensitivity and fast sample throughput.

Rapid UPLC method for the determination of retinol and α-, γ-, and δ-tocopherols 
in foods was accomplished by Shim and his coworkers [100]. The method was vali-
dated in terms of precision, accuracy, and linearity. The separation was performed 
on a reversed-phase C18 column with 2 µm particle size, 2 mm i.d., and 75 mm 
length, followed by fluorescence detection. The recovery of retinol was more than 
84.5% in all cases, while the detection and quantitation limits of the UPLC analy-
sis were 0.015 and 0.045 mg/kg, respectively. The precision values were less than 
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FIGURE 10.6  Separation of folates on Acquity BEH C18 (a) and Acquity HSS T3 (b) using 
gradient program B at 30°C and XBridge C18 (c) and Atlantis d18 (d) using gradient pro-
gram A at 23°C. Peaks: 1—H4folate; 2—5-CH3-H4folate; 3—10-HCO-folic acid; 4—5-HCO-
H4folate; and 5—folic acid. (Adapted from Jastrebova, J. et al. 2011. Chromatograph. 
73:219–225. With permission.)
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268 Ultra Performance Liquid Chromatography Mass Spectrometry

9.12% based on intraday and interday measurements. The recoveries of α-, γ-, and 
δ-tocopherols were more than 81.3%; the LODs were 0.014, 0.002, and 0.001 mg/
kg, respectively, and the LOQs were 0.042, 0.005, and 0.004 mg/kg, respectively. All 
calibration curves had good linearity (r2 = 0.99) within the test ranges. This method 
can provide significant improvements in terms of speed, sensitivity, and resolution 
compared with conventional HPLC methods [100].

Folic acid and 5-CH3-H4folate have also been accurately measured in fortified 
breads by the UPLC–MS/MS method [101]. Reversed-phase Waters Acquity HSS 
T3 column (100 × 0.1 mm i.d., 1.8 μm particle size) has been eluted with a gradient 
mobile phase of 0.1% (v/v) formic acid in Milli-Q water and acetonitrile, the mobile 
phase delivered at 200 μL/min, and the sample injection volume fixed at 20 μL. 
Under these chromatographic conditions, the total run time was 6 min.

Using isotope dilution MS method, folates were detected in positive ESI SRM 
mode and accurately quantified by internal standards [102–104]. 13C5 formic acid and 
13C5 5-CH3-H4folate were added into various food matrices as internal standards for 
the quantification of folic acid and 5-CH3-H4folate, respectively [102–107]. For quan-
titative purposes, the CID transitions monitored were m/z 442 → 295, 447 → 295, 
460 → 313, and 465 → 313 for folic acid, 13C5 folic acid, 5-CH3-H4folate, and 13C5 
5-CH3-H4folate, respectively.

Samples of boiled rice, corn starch, and tapioca starch were analyzed in the search 
for a folate-free food matrix. These samples were treated with α-amylase in a water 
bath at 75°C for 1 h and then extracted with phosphate buffer (pH 6.1). Folates were then 
selectively concentrated using SPE on styrene divinylbenzene cartridges, which have a 
broad hydrophobic selectivity for both polar and apolar organics but exhibit enhanced 
interaction with aromatic compounds when compared with traditional C18 reversed-
phase sorbents. In addition, the assay has been used to measure the two folate levels in 
commercially produced bread samples from different brands in Australia [101].

Standard calibration curves for the two analytes were linear over the range 
of 0.018–14 μg folic acid/g of fresh bread (r2 = 0.997) and 9.3–900 ng 5-CH3-
H4folate/g of fresh bread (r2 = 0.999). The absolute recoveries were 90% and 76% 
for folic acid and 5-CH3-H4folate, respectively. Inter- and intraday coefficients of 
variation were 2.6% and 3% for folic acid and 17.1% and 18% for 5-CH3-H4folate, 
respectively [101].

The LOD determined using preextracted tapioca starch as the blank matrix was 
9.0 ng/g for folic acid and 4.3 ng/g for 5-CH3-H4folate. The assay is rugged, fast, 
accurate, and sensitive; applicable to a variety of food matrices; and is capable of 
the detection and quantification of the naturally occurring low levels of 5-CH3-
H4folate in wheat breads. The findings of this study revealed that the folic acid range 
in Australian fortified breads was 79–110 μg/100 g of fresh bread and suggest that 
the flour may not have the mandated folic acid fortification level (200–300 μg/100 g 
of flour), though this cannot be determined conclusively from experimental bread 
data alone, as variable baking losses have been documented by other authors [101].

Brouwer and his coworkers applied a UPLC method for rapid and sensitive quan-
titative determination of folates in rice. Six monoglutamate folates in rice have been 
examined, including tetrahydrofolate, 5-methyltetrahydrofolate, 10-methenyltetra-
hydrofolate, 10-formylfolic acid, 5-formyltetrahydrofolate, and folic acid [108].
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269Vitamin Analysis in Food by UPLC–MS

UPLC was performed under gradient conditions consisting of 0.1% of formic 
acid in water and acetonitrile. Ten microliter of samples were injected on a Waters 
Acquity HSS T3 column (150 × 2.1 mm i.d., 1.8 μm particle size), followed by tan-
dem mass spectrometry detection. The instrument was operated in the ESI positive 
mode and the data were acquired in MRM mode.

Sample preparation was carried out under subdued light. The folate samples 
were treated with α-amylase, protease, and deconjugase and then extracted with 
phosphate buffer at pH 7.5. Matrix effects were compensated by use of isotopically 
labelled internal standards.

The developed UPLC–MS/MS method has been fully validated and was found 
to be suitable for determining the concentrations of the six folates in a total time of 
8 min. The applicability of this analytical method was demonstrated by analyzing 
two types of rice; wild-type and genetically modified rice samples (biofortified with 
folates).

The method was found to have good accuracy and reproducibility for all analytes. 
Accuracy varied between 90.3% and 104.3%, while the intra- and interday precision 
had variation coefficients lower than 15%, except for folic acid (17.6%). LOD and 
LOQ varied between 0.06, 0.45, 0.12, and 0.91 μg/100 g, respectively. With a total 
run time of 8 min, this method is more sensitive for every single folate (up to 10 
times) and offers faster separation than other developed HPLC methods (LOQ rang-
ing from 0.6 to 4.0 μg/100 g, with a total run time of 20 min) [109].

The validated method has been successfully applied to determine folates in real 
rice samples. 5-Methyltetrahydrofolate was the predominant natural folate form in 
both wild-type (60%) and transgenic (90%) rice. The analysis of the distribution 
and levels of folates in wild-type and folate-biofortified rice showed up to 50-fold 
enrichment in biofortified rice, with total folate levels of up to 900 μg/100 g rice. 
Figure 10.7 shows the UPLC–MS/MS chromatogram for the folates in the two dif-
ferent samples. Some biofortified lines yielded folate levels of up to 900 μg/100 g, 
whereas levels in wild-type rice were around 20 μg/100 g [108].

One more study was developed by Chauveau-Duriot and his coworkers for the 
determination of vitamins A and E in milk by UPLC [110]. Fifty-six milk samples 
were collected from cows fed rations known to contain a broad variation of micronu-
trient contents [111]. Milk samples were stored in the dark at −20°C until extraction.

Each sample was deproteinized by adding the same volume of ethyl alcohol (con-
taining internal standards). n-Hexane/ethyl acetate (9/1, v/v) was added to extract lipo-
philic components, and the resulting organic phases were collected. In the resulting 
organic phase, ethanol/water (90/10, v/v) was added to extract xanthophylls and vita-
min E and preserve them from saponification. The lower ethanolic phase was collected 
in a new tube. The remaining upper hexanic phase was saponified in a solution of 10% 
KOH in ethyl alcohol (w/v) for 1 h at 60°C under darkness. Then, n-hexane/ethyl ace-
tate (9/1, v/v) was added for vitamin purification. The final dry residue was dissolved 
in tetrahydrofuran (THF) and diluted with acetonitrile–dichloromethane–methanol 
(75–10–15) prior to automatic sampling, using 40 μL for HPLC and 10 μL for UPLC.

In all samples, internal standards were added as calibrants to compensate for 
losses in handling. Retinyl acetate and tocopheryl acetate were not used as internal 
standards for both vitamins because they are hydrolyzed by the saponification step 
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270 Ultra Performance Liquid Chromatography Mass Spectrometry

performed to disrupt dairy fat during the extraction procedures. Hence, echinenone 
and δ-tocopherol were used as internal standard for vitamin A and E, respectively.

HPLC separation used two columns in series: 150 × 4.6 mm i.d., RP C18, 3 μm 
particle size Nucleosil column coupled with a 250 × 4.6 mm i.d. RP C18, 5 μm 
particle size 201 Vydac TP54 column. The isocratic mobile phase was a mix of 
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FIGURE 10.7  UPLC–MS/MS chromatogram (a) of a standard mixture of the six monoglu-
tamate folates spiked to a 10 times diluted rice matrix (concentration of the individual folates 
varying between 4 and 5 μg/100 g) and (b) of a wild-type rice sample (total folate content 
is 19 μg/100 g) for the chromatographic conditions on the HSS T3 column. (Adapted from 
Brouwer, V. et al. 2010. J. Chromatogr. B. 878:509–513. With permission.)
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271Vitamin Analysis in Food by UPLC–MS

acetonitrile–dichloromethane–ammonium acetate 0.05 M in methanol–water (70–
10–15–5). The flow rate applied was 2 mL/min and all analysis was performed at 
room temperature. A 150 × 2.1 mm i.d. Acquity UPLC HSS T3, 1.8 μm particle size 
column was used with a gradient of acetonitrile–dichloromethane–methanol (75–10–
15) and ammonium acetate 0.05 M in water. The flow rate was 0.4 mL/min. Column 
temperature was maintained at 35°C using a column oven. Vitamins A and E were 
detected at 325 and 292 nm, respectively [110].

The UPLC allowed a better resolution, an equal or better sensitivity according 
to gradient, and a better reproducibility of peak areas and retention times, but did 
not reduce the time required for analysis. Figures 10.8 and 10.9 show chromato-
grams of pure standards of vitamins A and E, respectively, obtained with HPLC 
and UPLC.
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FIGURE 10.8  Chromatograms of a mix of standard vitamin A obtained with either HPLC 
(a) or UPLC (b). Detection was performed at 325 nm: (12) retinol and (13) retinyl acetate. 
AU: absorbance units. (Adapted from Chauveau-Duriot, B. et al. 2010. Anal. Bioanal. Chem. 
397:777–790. With permission.)
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272 Ultra Performance Liquid Chromatography Mass Spectrometry

Retinol was detected in all milks. α-Tocopherol was the most commonly observed 
form of vitamin E in these samples, but γ-tocopherol was sometimes detected with 
the UPLC but not by HPLC, due to the better (10-fold higher) sensitivity of UPLC for 
this molecule. Retinol concentrations ranged from 0.03 to 0.6 μg/mL, and the mean 
values for α-tocopherol ranged from 0 to 0.9 μg/mL. Extraction recoveries for all 
analytes were up to 70%. Vitamin resolution was similar and higher to 1 with both 
methods for vitamin E (α, δ, γ tocopherols and tocopheryl acetate), and was much 
higher with UPLC than with HPLC for vitamin A [110].

The UPLC system did not offer shorter analysis times. This could be explained 
by the difference in the column’s chemistry, as well as the proportion of water 
in the mobile phase. However, it gave the best reproducibility of retention time 
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FIGURE 10.9  Chromatograms of a mix of standard vitamin E obtained with either (a) HPLC 
or (b) UPLC. Detection was performed at 292 nm: (14) δ-tocopherol, (15) γ-tocopherol, (16) 
α-tocopherol, and (17) tocopheryl acetate. AU: absorbance units. (Adapted from Chauveau-
Duriot, B. et al. 2010. Anal. Bioanal. Chem. 397:777–790. With permission.)D
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273Vitamin Analysis in Food by UPLC–MS

due to temperature control, and the best peak area due to better chromatographic 
resolution.

In conclusion, the arrival of the UPLC in laboratories has permitted the improve-
ment of the quality and the productivity of analyses, with an increased sensitivity, 
a better selectivity, a high throughput, and simplification of sample preparation. To 
increase the productivity of mass spectrometers, UPLC can also be a solution, with 
a reduction of run time, a better resolution, and better sensitivity, in comparison to 
classical HPLC systems.
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