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A B S T R A C T   

Fat soluble vitamers (FSV) are several biochemically diverse micronutrients essential for healthy development, 
growth, metabolism, and cell regulation. We cannot synthesize FSV completely or at the required concentrations. 
Deficiency or excess of FSV can result in many health problems. Plasma is the most accessible sample matrix for 
the quantification of FSV. However, due to its complexity and other analytical challenges (e.g., FSV sensitivity to 
light, oxygen, heat, pH, chemical heterogeneity, standard availability), developing a method for the simulta-
neous quantification of multiple FSV at physiological concentrations has been challenging. In this systematic 
review, we examine the parameters and criteria used in existing Liquid Chromatography with tandem Mass 
Spectrometry (LC-MS/MS) methods for FSV quantification to the extraction method, chromatographic resolu-
tion, matrix effects, and method validation as critical to a sensitive and robust method. We conclude that the final 
FSV method sensitivity is predominantly based on aforementioned criteria and future method development using 
LC-MS/MS will benefit from the application of this systematic review.   

1. Introduction 

The term ‘vitamers’ refers to any number of organic compounds with 
a similar molecular structure that share a vitamin function [1]. Vitamers 
can be divided into two groups according to their solubility, namely 
Water Soluble Vitamers (WSV) or Fat Soluble Vitamer (FSV) [2,3]. FSV 
are typically sub-characterized into four groups around vitamins A, D, E, 
and K [4]. A and E group vitamers are predominantly acquired from 
dietary sources. Approximately, 80% of the daily requirement for 
vitamin D (i.e., D3-cholecalciferol) is produced in the skin via conversion 
of 7-dehydrocholesterol by ultraviolet light from the sun [5]. The 
menaquinone (vitamin K2) production is predominately of gut micro-
biota origin except for menaquinone-4 (MK-4), which is formed by the 
enzymatic conversion of dietary source of vitamin K, phylloquinone 
(vitamin K1) [6–8]. 

Quantification of vitamers in human tissues for research purposes is 
commonly carried out using Liquid Chromatography coupled with 
Tandem Mass Spectrometry (LC-MS/MS, hereafter LC-MS) [9] (Table 1). 
Lists define the relevant terminology used in hyphenated chromatog-
raphy with mass spectrometry techniques. However, complex matrices 
such as plasma and urine, present analytical challenges due to vitamer’s 
non-specific associations with plasma proteins, such as albumin, 

globulin, and other abundant metabolites. To minimize the impact of 
these complications, many researchers have reported that deproteini-
zation techniques and long chromatographic run-times are necessary for 
FSV LC-MS analysis [10,11]. 

Sample instability is a crucial factor affecting the accuracy of FSV 
quantification. This is caused by environmental factors in a vitamer- 
specific manner. For example, vitamins A and D are sensitive to light, 
oxidation, heat, and acidic pH. However, this can vary even within a 
subgroup, as illustrated by the fact that xanthophyll A group vitamers 
are also sensitive to alkaline pH. E group vitamers are relatively robust 
to high temperatures, acid, and alkaline pH, but still sensitive to light 
and oxidation. Vitamin K has the highest sensitivity to light, acids, and 
alkaline pH, but is stable when exposed to oxygen and heat. Therefore, it 
is imperative that amber glassware, subdued light, and/or aluminum foil 
wrapping of tubes are used to protect light-sensitive FSV [12,13]. 
Moreover, the addition of antioxidants to samples during collection, or 
at the beginning of the sample preparation procedure, can help to sta-
bilize FSV [14,15]. 

There is currently no routinely applied, standardized method that 
enables the quantification of all four groups (A, D, E, and K) of FSV’s. 
Yet, sensitive and accurate FSV quantification is important to under-
stand human nutrition, the pathology of vitamin deficiencies and for the 
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monitoring of supplementation to avoid the hazards of over- 
supplementation [14]. Here we conducted a systematic review to 
characterize methods for the extraction and quantification of FSV by 
LC-MS. 

2. Method 

2.1. The objective of the study 

This study aimed to review methods developed for multi-analyte 
vitamer panels. Therefore, primary literature on analytical method 
development for the quantification of fat-soluble vitamers was included 
in this study. Articles on circulatory forms of FSV, A, D, E, and K in 
human and non-human mammals were reviewed. Nearly all FSV quan-
tification methods are limited to either single or a limited number of 
vitamers apart from LC-MS techniques. 

2.2. Database search strategy 

We searched the online databases (see below) using a mixture of free- 
text terms. Searching started on the July 4, 2018 and lasted until the 
September 16, 2018. Keywords, search terms, and the search algorithm 
is presented (Supplementary Tables 1 and 2). 

Database selection was determined by the coverage of articles in the 
fields of biochemistry and analytical chemistry. BIOSIS, EMBASE, and 
MEDLINE primarily focus on clinical research and not analytical 
chemistry. Moreover, the search subject heading terms (MESH) in these 
three databases did not cover terms that were appropriate for this re-
view. Therefore, BIOSIS, EMBASE, and MEDLINE were not included in 
this study. 

The most relevant databases for this systematic review had signifi-
cantly different search algorithms. Therefore, we modified our search 
strategies for each database (see below). Based on the initial evaluation, 
we determined that the most relevant databases were SciFinder, Scopus, 
and Google. We did not restrict database results by date of publication. 
Web of Science, Science Direct and Reaxys were considered, but are fully 
covered by Scopus, and SciFinder. 

2.3. SciFinder 

SciFinder is the most comprehensive chemical literature database 
available, produced by Chemical Abstracts Service. SciFinder coverage 
was from 1907 – present (www.sso.cas.org/as/E5VS4/resume/as 
/authorization.ping). SciFinder fully covers PubMed, Reaxys, Compen-
dex, INSPEC, and Web of Science. 

The search strategy started with entering the chemical names (Sup-
plementary Table 2) to the search box, using the ‘substrate identifier’ 
function. The chemical names with two parts were either connected with 
a hyphen or inverted commas within brackets to avoid the complex 
chemical names to be searched as separate terms like beta-carotene or 
α-tocopherol. Substrate identifier results were then copied into the 
structural similarity search, to include all synonyms for each vitamer. 
The resulting reference list, linked with the structural similarity search, 
was then further refined with additional key terms specified in Supple-
mentary Tables 1 and 2. The resultant articles were further refined to the 
‘analytical chemistry’ category provided by SciFinder. Our SciFinder 
results returned articles from 1964 to 2018. Wildcard symbols were not 
required as SciFinder auto-truncates. While we included abbreviations 
and the full term, e.g. (“liquid chromatography”) or (“LC”), SciFinder 
can detect and translate some abbreviations. 

2.4. Scopus 

Scopus is a commercial database for peer-reviewed literature pro-
duced by Elsevier (www.elsevier.com/solutions/scopus). It covers arti-
cles from 1966 to 2019 and fully covers Web of Science, MEDLINE, 
EMBASE, and ScienceDirect. 

Our search for Scopus used the title, abstract, keywords, chemical 
name, and CAS number. The resultant articles were then further refined 
with additional key terms (Supplementary Tables 1 and 2). Unlike Sci-
Finder, in Scopus, we had to use search phrases, proximity operators, 
and wild cards. The Scopus search algorithm only provided the option to 
narrow down the articles to “Biochemistry, Genetics, and Molecular 
Biology” and “Chemistry,” but did not offer an analytical chemistry 
category. Even with the addition of the key terms ‘analytical’ and 
‘analytical chemistry,’ we found the resultant articles were not specific 
enough, leading us to add the terms “vitamin” or “vitamins” to obtain 
more relevant results. 

2.5. Google 

Google is a web search algorithm developed by Larry Page and 
Sergey Brin [16]. Google was used to search for commercial analytical 

Table 1 
List of LC-MS terms and definitions.  

Term Definition 

deproteinization Disruption of the tertiary structure of dissolved 
proteins, causing them to precipitate. 

Liquid-Liquid Extraction (LLE) Addition of a non-miscible solvent to a sample to 
separate target compounds and matrix 
constituents into different partitions. 

antioxidants A compound added to Prevent oxidation of FSV 
during storage, extraction, and analysis. 

matrix effect Interference with chromatography, ionization, 
and detection of targets by compounds co- 
extracted from the sample (e.g., small proteins, 
phospholipids). 

Stationary Phase (SP) A particulate or polymer substrate often 
enhanced with a sorbent coating that selectively 
binds target compounds. 

Mobile Phase (MP) A liquid that flows through the SP and carries the 
analytes of interest with it. 

Solid Phase Extraction (SPE) Selective extraction and concentration of target 
compounds from complex matrices by the 
passage of liquid samples through a bed of SP. 

Liquid Chromatography (LC) Separation of individual compounds from a liquid 
mixture via analyte interactions with the SP and 
liquid MP. 

Isocratic Elution The mobile phase is held at a constant 
composition throughout the chromatographic 
run. 

Gradient Elution The mobile phase composition changes 
throughout the chromatographic run. 

Mass Spectrometry (MS) Quantification of ions separated by their mass to 
charge ratio using electromagnetic fields. 

Electrospray Ionization (ESI) A high voltage applied to an aerosol generated 
from nebulization of a solvent flow causes 
dissolved target compounds to ionize. 

Atmospheric Pressure Chemical 
Ionization (APCI) 

APCI is similar to ESI, but target compounds in 
the aerosol are ionized using a corona discharge 
instead of high voltage. 

External Standards A set of calibration standards made up of known 
target compounds that are run before and after 
analysis of the samples to enable quantitation of 
unknowns. 

Internal Standards Addition of a substance with similar properties to 
the target compounds but otherwise unique to the 
analysis to improve the accuracy of the 
quantitation. 

Limit of Quantification (LoQ) The level at which an analytical method detects 
and quantifies an analyte signal from the noise 
with an acceptable level of trueness, 
repeatability, and precision. 

Traceability The ability to continuously compare or relate the 
result parameters of a measurement to a national 
or International standard reference materials.  
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methods developed by instrument vendors. This search was included 
because instrument vendors sometimes develop new methods before the 
academic literature is published. Google Scholar was not used in this 
review due to its lack of comprehensive coverage, less specific search 
algorithms, and less accurate citation tracker (www.uit.stanford.ed 
u/service/gsuite). 

2.6. Inclusion and exclusion criteria 

The main aim of this systematic review was to look at all literature 
available on LC-MS methods for fat soluble vitamer analysis. We 
included articles from 2004 to 2019, which covers methods developed 
from the very first discovery of LC-MS to the present day. Furthermore, 
we included studies on all animal species without any restriction as there 
were very few articles for humans, in particular for K group vitamers. We 
included articles from all countries written in the English language. 
Although we were only searching for the articles which focused on FSV, 
we included articles that contained methods for both fat and water 
soluble vitamers. We primarily looked at the methods for three different 
matrices, including blood, plasma, and serum, as the main trans-
portation medium of FSV before they are stored in the liver [17]. Due to 
the low number of available articles, in human studies, we did not 
restrict the age groups of the individuals the blood had been drawn from, 
and we included articles that talk about blood along with other bio-
logical fluids. All selected articles were separated based on the inclusion 
and exclusion criteria (Table 2). 

2.7. Data collection, extraction, and analysis 

For the assessment of published methods in FSV quantification, 
formal meta-analysis criteria were not used due to a lack of evidence in 
experimental design (e.g., method validation and some LC-MS parame-
ters) and heterogeneity in the published methods. Instead, detailed 
descriptive qualitative analyses were carried out using the extracted 
data. 

Covidence systematic review management software was used to aid 
independent evaluation of literature by two researchers (Githal Arach-
chige and Elizabeth McKenzie). All applicable studies with full-text ar-
ticles were verified using the inclusion and exclusion criteria (Table 2). 
Conflicting reports were resolved through discussion and/or consulta-
tion with a third reviewer (Fig. 1). Only articles which described 
methods related to two or more vitamin groups were included in the 
final Covidence selection. 

The articles that were included in the systematic review were 
assessed for comprehensiveness and quality using a grading system 
adapted from Refs. [18,19], and [20]. The details assessed included 
whether sample matrix was described, whether sample collection 
method was reported (time between sampling and storage, sample 
collection process), what quality assurance criteria were reported (sta-
bility of the samples, internal and external standards, internal and 

external standard used, calibration matrix, calibration curve use/num-
ber points in the calibration curves), specifics of the sample extraction 
method (deproteinization, extraction solvents, extraction method), 
liquid chromatographic parameters (column/dimensions, mobile pha-
ses, gradient, retention times, flowrate), mass spectrometry parameters 
(ionization type, precursor and product ions), whether the method was 
validated (linearity, range, precision, accuracy, matrix effect, limit of 
detection (LOD) and limit of quantitation (LOQ)), description of data 
processing and statistical analysis (chromatographic software, example 
chromatogram of peaks) and whether limitations were described. 

3. Results and discussion 

We identified column technology, mobile phase solvents, sample 
extraction method, ionization source, vitamer panel heterogeneity, and 
method validation steps to be the defining factors for developing a 
sensitive, robust method for FSV quantification. The results of our 
grading system are shown in Table 3. All the articles reported specifics of 
the sample extraction method, column/dimensions gradient, retention 
times and flowrate for the LC method, MS ionization type, and the 
linearity, range, precision and accuracy, so these are not included in the 
table. 

3.1. Extraction method 

FSV are labile to UV, light, oxidation, heat, acidic pH, and storage 
conditions. Therefore, it is extremely important to take precautions to 
prevent FSV degradation during sample collection, extraction, and 
analysis [2]. The time gap between sample collection, storage, and 
exposure to conditions above are essential. Only three of the reviewed 
studies reported the required details (Table 3), suggesting that many of 
the studies have not considered the stability of the FSV as an important 
aspect. Alternatively, the studies failed to report FSV stability, which is a 
critical gap in the literature. 

Deproteinization-based sample clean-up exploits the high solubility 
of polar analytes in aqueous-organic solvent solutions and the reduced 
solubility of proteins [21]. Polson et al. [21] demonstrated that using a 
plasma to solvent ratio of 1:2.5, methanol removed 94% of protein, and 
acetonitrile removed >97% of the protein. The percentage of acetoni-
trile or methanol (60% compared to 100%) in deproteinization reported 
to yield better isometric separation of D group vitamers without over-
lapping peaks [22]. Protein removal using ethanol extraction was re-
ported to be 88.6% efficient [23]. Although acetonitrile is better at 
protein removal, ethanol [14,15,24–26] and methanol [27–30] are 
cheaper and more commonly used to prepare FSV and isotopically 
labeled standard stock solutions. Ethanol and methanol are also 
compatible with a broader range of mobile phase solvents [31]. Ethanol 
typically extracts a broader range of analytes than methanol and is safer 
to use. 

Similar to deproteinization, Solid Phase Extraction (SPE) and Liquid- 
Liquid Extraction (LLE) methods also use organic solvents to separate 
FSV from plasma matrix components (i.e., vitamins, amino acids, and 
glucose [9]). LLE is one of the most commonly used methods in vitamin 
and metabolomic studies due to the high extraction efficiency and 
simultaneous clean-up [9]. LLE is widely used to extract FSV from ma-
trixes that do not require grinding and sonicating [4]. LLE using chlo-
roform and methanol [14,15] can be used to recover a wide range of 
lipids and vitamins [27,32]. However, chloroform is a known carcin-
ogen and is not considered suitable for routine use [26,27,33]. 

Multiple extractions of the same sample are often required to obtain 
the desired analyte concentrations by LLE [34]. Of the studies that have 
used hexane for LLE [24,27–31], Konieczna et al. and Khaksari et al. had 
to extract two or three times with hexane to achieve complete extraction 
of the analytes [29,30]. It has been argued that the use of hexane instead 
of chloroform is justified due to its cost-effectiveness, safe use, 
simplicity, and robustness [27]. Hexane, however, is water-immiscible 

Table 2 
Inclusion and exclusion criteria for this systematic review of LC-MS/MS quan-
tification of fat soluble vitamer.  

Inclusion criteria Exclusion criteria  

• FSV alone or in combination with other 
vitamers  

• Blood, serum, plasma  
• Blood, serum, plasma with other body 

fluids.  
• Animals  
• LC-MS, HPLC-MS, UHPLC-MS  
• Two or more FSV groups (e.g., A and D)  
• Articles in analytical chemistry  
• Primary articles, book series, books and 

trade publications  
• English language  

• LC only  
• MS only  
• No biological fluids (blood, serum, 

or plasma)  
• Non-vitamer studies  
• Only one FSV group (e.g., A only)  
• Conference proceedings, reviews, 

editorials  
• Non-English language  
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[24] and highly nonpolar when compared to other commonly used 
extraction solvents (e.g., ethanol, methanol, acetonitrile) [35]. Unfor-
tunately, this makes hexane an inappropriate choice for mid-polarity 
analytes, which include most of the FSV. 

Both α-tocopherol [36] and all-trans-retinol [37] are prone to 
degradation during sample extraction, clean-up, and analysis. Midttun 
et al. [15] and Karppi et al. [38] reported that the addition of BHT [14, 
15,24] prevents sample and internal standard degradation during sam-
ple prep. As none of the studies reported the extraction recoveries, with 
or without the addition of BHT, its impact on extraction efficiency 
cannot be evaluated. Moreover, there was no sensitivity difference 
observed between the published methods developed with or without 
BHT [22,24–31,39,40]. 

Solid Phase Extraction (SPE) [26,33,39,40] requires less sample 
volume than LLE, typically only requiring ~100 μl of plasma [26,39,41] 
(Supplementary Table 5). However, some LLE methods have been 
developed that use lower plasma/serum sample volumes than SPE [14, 
15,22,25]. Reducing sample volume is always desirable as it reduces the 
amount of blood that needs to be drawn from the study participants 
(Supplementary Table 5) and facilitates multiple analysis on the same 
sample [42]. Despite this, LLE seems to yield better sensitivity for FSV 
quantification and is quicker, cheaper, and simpler. 

LLE and SPE are much cleaner when compared to deproteinization 
and direct analysis. However, both LLE and SPE are very labor-intensive 
and use a lot of solvents [9]. These obstacles, however, can be overcome 
with the use of a single solvent ‘‘dilute-and-shoot’ extraction method. 
The dilute-and-shoot method uses an organic solvent to simultaneously 
deproteinize [43] the sample and as a matrix to inject directly into the 
LC-MS for analysis, e.g., Ref. [22]. The simplicity and speed of the 
technique, which is important for targets, is an advantage, and it is much 
easier to automate. However, due to the lack of clean-up, matrix effects 
can be more pronounced, which can complicate the analysis. 

None of the studies reported their recovery rates (Supplementary 
Tables 3 and 5) using each extraction technique, which prevented direct 
comparison and evaluation of the different extraction methods and their 
effects on method sensitivity. 

Of the reviewed studies, the number of vitamers in a panel ranged 
from 16 to 2. Some of the studies have only focused on the separation of 

the most abundant vitamers of each vitamin group, which are in high 
circulatory concentrations [14,26,27,30,39,40], while other studies re-
ported on the separation and quantification of isomeric compounds [15, 
22,24,25,28,29,31]. This systematic review identified that the meaning 
of the term “sensitivity” in an FSV method is its ability to accurately 
quantify FSV at their physiological levels. Being able to separate the 
isomeric vitamers allows better sensitivity for each vitamer (Supple-
mentary Table 3). 

3.2. Chromatography 

Micellar electrokinetic chromatography [44], fluorescence spec-
trometry [45], immunoassays [31], supercritical fluid chromatography 
[4,46], and HPLC [14,15,40] are all used in FSV quantification. All of 
the chromatography methods, except for HPLC, are limited to either one 
or a limited panel of vitamers [31] or suffer from lack of sensitivity and 
efficiency [4,47]. By contrast, HPLC provides better sensitivity, broader 
dynamic range [48], and separation of the analytes within a shorter 
period [49]. The inherent advantages in sensitivity and wide linear 
ranges [4,50,51] associated with HPLC make it the most widely used 
method in vitamin studies (Table 3) [14,24,25,28,29,31,40]. 

The choice of analytical column is an essential aspect of any 
analytical method. At high pressures, certain mobile phases can induce a 
significant level of frictional heating. Columns with an internal diameter 
of 3.0–4.6 mm are commonly used in HPLC [52]. However, these col-
umns have higher flow rates and longer retention rates [14,24,25,28,29, 
40] (Supplementary Table 3) and the side-effect of an increase in fric-
tional heating, leading to decreased uniformity of the flow [53]. The use 
of 2.1 mm diameter columns in FSV HPLC [27,30] has resulted in shorter 
chromatographic runtimes with slower flow rates and reduced frictional 
heating [53]. Slower flow rates [30,31] can significantly improve the 
sensitivity of an assay by increasing the ionization efficiency [54]. 

Column length, particle size, retention time, and packing material 
are important in high throughput analyses because of their effect on 
resolution [55]. Since 2010, there has been an increasing interest in 
using semi-porous particles [4,14,15,22,27,29–31,39] with a 2–3 μm 
diameter as they provide better peak shape, separation efficiency, and 
significantly lower backpressures when compared to the fully porous 

Fig. 1. Block diagram of the article selection process used in this systematic review. The process was carried out using Covidence software.  

G.R.P. Arachchige et al.                                                                                                                                                                                                                       



Analytical Biochemistry 613 (2021) 113980

5

Table 3 
Article quality grading system used in this systematic review of LC-MS/MS quantification of fat soluble vitamer. Green indicates the factor 
listed on the left has been fulfilled in that study; yellow represents partial fulfillment, and red indicates that the factor was not fulfilled. 
Adapted from Ref. [18–20]. 
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particles [24,25,28,40]. Small particle size and longer length columns, 
however, suffer from higher backpressure [56]. Shorter columns with a 
smaller pore size (<2 μm) and a high-pressure pump system (UHPLC) 
produce better chromatographic separation with better signal to noise 
ratio compared to the larger particle size columns [56,57]. This effect 
can be seen when comparing the studies performed by Albahrani et al. 
and Zhang et al. [26,31] (Supplementary Table 3). Compared to the 
separation of the parent vitamer, the chromatographic separation of 
isomer and epimers need longer runtimes. Also require longer length 
custom columns which facilitate more active sites for the FSV to bind 
into, e.g., vitamin D isomers in Ref. [31]. Though proved difficult, it is 
desirable for the development of a sensitive FSV quantification method 
to be able to chromatographically separate epimers and isomers. E.g., in 
current clinical settings, 25-hydroxy vitamin D concentration represent 
total Vitamin D status of an individual. Though the vitamin activity is 
similar, the proportion of 3-epi-25-hydroxy vitamin D in a significant 
number of infants and young adults (up to one year) is accountable up to 
60% of the total 25-hydroxy vitamin D [58]. Therefore, inability of a 
FSV method to individually separate and quantify 3-epi-25-hydroxy 
vitamin D from 25-hydroxy vitamin D can leads to over estimation of 
vitamin D status (false positive hypervitaminosis) [59]. Two studies who 
have separated K group vitamers are typically the last to appear in 
chromatographic runs using C18, Phenyl-hexyl, PFP, and 18e columns 
(Supplementary Table 3). Therefore, having K group vitamers in an FSV 
panel extends the analytical run time irrespective of the column type 
[28,30]. 

Plasma and serum samples degrade columns over time due to 
incomplete deproteinization [60]. The use of a guard column can extend 
the operating life of the analytical column by preventing plasma and 
serum-derived impurities, reaching the analytical column [61]. Only 
four studies [26,30,31,39] have used guard columns in FSV methods. 

Mobile phase solvents modulate analyte retention times. Almost all 
the studies we reviewed used either methanol or acetonitrile as the 
solvent component of the mobile phase (Supplementary Table 5). The 
use of acetonitrile as the mobile phase solvent improves the ionizing 
efficiency of ESI when compared to methanol [62]. Notably, acetonitrile 
mobile phases also result in sharper peak shapes and better sensitivity 
compared to methanol [63]. Therefore, acetonitrile is preferred in the 
mobile phase solution. 

FSV, in general, are pH labile; therefore, it is essential to have mobile 
phase solvents that do not change the pH of the solution significantly 
[2]. To overcome this issue, different additives are added to the mobile 
phases, such as acidic and basic modifiers [64]. Acidic modifiers have a 
significant effect on the ionization efficiency of the analytes in the MS by 
modifying the mobile phase pH and reinforcing the chromatographic 
stability of the analytes [65]. Formic acid is a facilitator of positive 
ionization by modulating the pH of the mobile phase to acidic pH, and 
this has been used by many studies [15,22,26,27,29,31,39,40]. The 
addition of ammonium formate greatly enhances the ionic strength of 
the mobile phase with a minimal increase in the pH level (2.7–3.3) [66]. 
The ammonium ions act as a base buffering the pH increase from the 
acidic modifiers; this combination was used in four of the reviewed 
studies [14,26,28–30]. Therefore, better chromatographic separations 
and analytical sensitivity were observed in the methods developed using 
ammonium formate and formic acid [26,29] as a mix. Both isocratic and 
gradient elution modes are essential in HPLC to optimize the retention of 
the analytes of interest [67]. Isocratic HPLC is an approach that is 
designed to supply an unchanged mobile phase composition during the 
separation of the analytes of interest [68]. However, isocratic HPLC has 
inherent complications. Some of the complications include poor reso-
lution of early eluting peaks, wider later eluting peaks due to peak 
dispersion, long analysis time, and carry over [50,51]. Some of these 
issues can be overcome by the use of gradient HPLC [14,15,22,24–31, 
39,40]. However, running a gradient elution method and transferring it 
between columns and instruments requires extra effort compared to the 
isocratic elution mode [69]. 

3.3. Mass spectrometry (MS) 

While chromatography enables separation of analytes based on 
retention time, it does not provide any other information about the 
compounds, and co-eluting compounds cannot be differentiated. Paral-
lelization of liquid chromatography with mass spectrometry enables 
both detection and quantification of co-eluting analytes of interest. 

Three main types of MS are discussed in this review: triple quadru-
pole [14,15,25,26,28,29,31,39], ion trap [30,40] and hybrid triple 
quadrupole/linear ion trap [22,24,27] (Supplementary Table 4). While 
the selection of the mass analyzer should be primarily based on specific 
analytical needs, in reality, instrument availability is the strongest 
determinant. 

In general, the ion trap is the most versatile mass spectrometer (these 
include orbitraps), while triple quadrupole is used for targeted analysis 
[70]. Comparatively, orbitraps produce better peak resolution, mass 
accuracy, and give more mass spectrometric information from the ana-
lytes of interest [71]. Another advantage of using orbitrap and triple 
quadrupole mass analyzers is their ability to detect analyte decompo-
sition [72], which is extremely important in vitamin quantification due 
to their low concentration in plasma, as found by the majority of the 
reviewed studies. The use of a triple quad mass spectrometers is cheaper 
and more sensitive compared to linear ion trap [70]. 

Atmospheric pressure chemical ionization (APCI) and electrospray 
ionization (ESI) are the most frequently used ionization techniques for 
vitamin analysis in research laboratories and clinical settings [73] 
(Supplementary Table 4). ESI is the most commonly used ionization 
method for FSV analysis [14,15,22,26–31,39,74] (Supplementary 
Table 4). However, the efficiency of using this ionization source is highly 
dependent on the analyte characteristics and matrix effects [74]. The 
reduction in ionization efficiency resulting from the matrix effect is one 
of the most important factors that need to be taken into consideration 
during FSV analysis. Trufelli et al. [75] reported that ESI is much more 
vulnerable to matrix effects when comparing to atmospheric pressure 
photoionization (APPI) and APCI sources. For vitamin D studies in 
human plasma, it has been claimed that ESI is not successful in pro-
tonating the molecules, whereas APCI provides sensitive detection [24, 
29,76]. Supporting, results were reported by Abro et al. [40], who 
managed to develop a rapid, sensitive, and simple method using APCI to 
quantify vitamin D3, D2, E, K1. However, the majority of the articles 
reviewed [14,15,22,26,28–31,39], reported that ESI could successfully 
ionize D group vitamers. Of all the reviewed articles, Andreoli et al. [25] 
managed to successfully ionize 16 FSV using APCI-MS, by far the highest 
number of vitamers any study has quantified in a single analysis. In 
APCI, the solvents transferred into the mass spectrometer are signifi-
cantly less compared to ESI [77]. By contrast, Zhang et al. [26] argues 
that even though APCI has more commonly been used in vitamin 
studies, ESI can provide ten times higher response. Our systematically 
accumulated evidence also supports the finding that ESI provides better 
ionization response compared to APCI. Moreover, the number of studies 
used ESI as ionization source is high compared to APCI [14,15,22,26, 
28–31,39]. This may be an artifact of the fact that all mass specs come 
with ESI sources, and few labs pay the extra needed for an APCI source. 

3.4. Method validation and quality assurance 

Method validation demonstrates that a method is sensitive, repro-
ducible, and robust [78]. Linearity, range, specificity, accuracy, preci-
sion, stability, and Limit of Quantitation (LoQ) are the primary method 
validation criteria in LC-MS, as was reported by all of the reviewed 
studies (Table 3). 

Sample stability is one of the main factors affecting method valida-
tion and reproducibility for the accurate quantification of FSV’s. All of 
the reviewed studies [14,15,22,24–26,28–31,40] reported linearity, 
range, accuracy, and precision of their developed methods. However, 
only two studies [22,39] investigated the stability of FSV during sample 
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preparation and LC/MS analysis [2] (Supplementary Table 3). This 
limits our ability to comment on the impact of FSV stability on method 
sensitivity. 

Analytical inaccuracies are common among the underdeveloped 
methods as well as well-established methods. One of the improvements 
into this analytical challenge is the introduction of the method trace-
ability concept [79]. In FSV methods, both internal and external stan-
dards [80] as well as secondary quality assurance calibrators (e.g. NIST 
SRM 968e: https://www-s.nist.gov/srmors/view_detail.cfm?srm =

968e, NIST SRM 972a: https://www-s.nist.gov/srmors/viewdetail.cfm? 
srm = 972a and NIST SRM 1950: https://www-s.nist.gov/srmors/view 
_detail.cfm?srm = 1950) are used to assess assay imprecision. The 
addition of internal standards can compensate for the matrix-induced 
ion suppression in both precision and accuracy calculations [27]. Of 

the reviewed studies, only eight [14,15,22,26,27,30,31,39] reported the 
use of isotopically labeled internal standards for all the vitamers quan-
tified. In contrast, others reported a partial use (Same IS for two different 
vitamin groups) or data absent (Supplementary Table 3). The omission 
of information on critical method development steps such as internal 
standards is a serious disadvantage that limits the ability of other re-
searchers to replicate work. NIST SRMs were used by four studies [15, 
22,27,39] while Albahrani et al. [31] used inter-laboratory testing Royal 
College of Pathologists of Australasia Quality Assurance Programs 
(RCPAQAP) and Joint Committee for Traceability in Laboratory Medi-
cine (JCTLM). Though these calibrators are important in the quality 
assurance process, current FSV coverage of these standardized reference 
materials is limited to a small number of vitamers, exclusive of K group 
vitamers. 

Fig. 2. A heat map of the Limit of Quantification achieved for each Fat Soluble Vitamer quantified in the studies included in this systematic review. The color scale 
indicates the LoQ value in μg/mL with lower LoQs as red colors and higher values as blue. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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Limits of quantitation (LoQ) is a performance parameter associated 
with the ability of the method to detect noise from the signal leading to 
the quantification of low analyte levels in the sample. In FSV studies, the 
analytical utility of a method is its ability to detect and quantify the 
analytes of interest at their physiological levels, the upper limit (hy-
pervitaminosis), lower limit (deficiencies), and separate the isomers. 
Not all the studies that reported LoQ values successfully managed to 
detect FSV’s at physiological levels [14,15,24]. Some vitamers, e. 
g.1-α-25-dihydroxy-D3 (30.3 pg/mL) [28,29,81] (Fig. 2), are present at 
concentrations below the LoQ for most approaches (Supplementary 
Table 4). In essence, failure to detect these vitamers reflects a lack of 
sensitivity in the developed method. 

3.5. Limitations 

The main limitation of this systematic review is the scarcity of well- 
developed FSV methods to assess the reproducibility and robustness of 
the analytical parameters across different platforms and laboratories. 
Furthermore, the lack of transparency about validation criteria, quality 
assurance, and method development prevents the direct evaluation of 
the analytical parameters used. Future directions. 

This systematic review identified several analytical parameters 
important to multi-analyte FSV method development. These include 
simplification of the extraction method using ‘dilute-and-shoot’ tech-
niques; use of appropriate column, mobile phases and gradient; and the 
choice of ionization mode. In the present review, we discussed the 
importance of LC-MS/MS techniques in FSV quantification. There are a 
number of emerging technologies that include micro-sampling [86], 
supercritical fluid chromatography, supercritical fluid extraction [82], 
matrix-assisted laser desorption/ionization (MALDI)-MS [83], 
nano-liquid chromatography [84] and ion mobility mass spectrometry 
(IM-MS) [85] in FSV quantification. The micro-sampling techniques, 
such as neonatal dried blood spot analysis has been used in identifying 
the nutritional status of the infants and the requirement for supple-
mentation. This technique uses approximately 3 μl of whole blood, 
which is an advantage as no additional blood drawing is needed [86]. 
The use of supercritical fluids is an interesting alternative to FSV 
extraction compared to the conventional organic solvent extraction, 
providing better sensitivity, sample throughput, and shorter extraction 
times. Supercritical fluid chromatography has a higher mass transfer 
rate and therefore permits the separation of analytes at a wide range of 
polarities and molecular masses faster than LC [82]. Nano-liquid chro-
matography has been identified to be advantageous due to its lower 
consumption of mobile phase solvents, reducing the expenses for both 
waste and solvents [84]. The quantitative ability using MALDI-MS has 
been identified to be x100 faster throughput in comparison to ESI based 
LC-MS/MS with less sample volume and no organic solvent use [83]. 
Although these technologies offer advantages over established 
LC-MS/MS techniques, they generally also possess inherent disadvan-
tages, which will likely prevent their widespread adoption in this field. 
E.g., due to the limited sample volumes used in micro-sampling, MAL-
DI-MS, as well as nano-liquid chromatography, coverage, and the 
quantification ability of the FSV at very low circulatory concentrations is 
also limited [83,84,86]. The exception to this is LC-IM-MS, which is 
entirely complementary to existing LC-MS/MS and has been identified 
to successfully resolve epimers and isomers of D group vitamers [85]. 
However, to date, this technique also has limited analytical coverage 
(mainly D group vitamers). Therefore, due to the limited number of 
applications using these technologies to date, which would fit into the 
scope of this study, it’s difficult to perform reproducible, robust com-
parisons. Future reviews that include these techniques will provide 
critical information for specialist applications of FSV quantification. 
Moreover, expanding this study to other matrixes such as urine, milk, 
and lymph could provide meaningful insight into matrix specific aspects 
of FSV quantification. 
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[24] B. Hrvolová, M. Martínez-Huélamo, M. Colmán-Martínez, S. Hurtado-Barroso, R. 
M. Lamuela-Raventós, J. Kalina, Development of an advanced HPLC–MS/MS 
method for the determination of carotenoids and fat-soluble vitamins in human 
plasma, Int. J. Mol. Sci. 17 (2016), https://doi.org/10.3390/ijms17101719. 

[25] R. Andreoli, P. Manini, D. Poli, E. Bergamaschi, A. Mutti, W.M. a Niessen, 
Development of a simplified method for the simultaneous determination of retinol, 
alpha-tocopherol, and beta-carotene in serum by liquid chromatography-tandem 
mass spectrometry with atmospheric pressure chemical ionization, Anal. Bioanal. 
Chem. 378 (2004) 987–994, https://doi.org/10.1007/s00216-003-2288-0. 

[26] H. Zhang, L. Quan, P. Pei, Y. Lin, C. Feng, H. Guan, F. Wang, T. Zhang, J. Wu, 
J. Huo, Simultaneous determination of Vitamin A, 25-hydroxyl vitamin D 3 
α-tocopherol in small biological fluids by liquid chromatography-tandem mass 
spectrometry, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1079 (2018) 1–8, 
https://doi.org/10.1016/j.jchromb.2017.12.017. 

[27] S. Yu, Y. Yin, D. Wang, S. Xie, Q. Cheng, X. Cheng, L. Qiu, Development and 
validation of a simple isotope dilution-liquid chromatography-tandem mass 
spectrometry method for detecting vitamins A and E in serum and amniotic fluid, 
Int. J. Mass Spectrom. 435 (2019) 118–123, https://doi.org/10.1016/j. 
ijms.2018.10.024. 
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