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Abstract − Analyzing vitamin D levels is important for monitoring health conditions because vitamin D deficiency is

associated with various diseases such as rickets, osteomalacia, cardiovascular disorders and some cancers. However,

vitamin D concentration in the blood is very low with optimal level of 75 nmol/L, making quantitative analysis difficult.

The objective of this study was to develop a highly sensitive analysis method for vitamin D using matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry (MALDI-MS). 25-hydroxyvitamin D (25(OH)D), which has been

used as an indicator of vitamin D metabolites in human biofluids was chemically derivatized using a secosteroid signal

enhancing tag (SecoSET) with powerful dienophile and permanent positive charge. The SecoSET-derivatized 25(OH)D

provided good linearity (R2 > 0.99) and sensitivity (limit of quantitation: 11.3 fmol). Chemical derivatization of deuterated

25-hydroxyvitamin D3 (d6-25(OH)D3) with SecoSET enabled absolute quantitative analysis using MALDI-MS. The highly

sensitive method could be successfully applied into monitoring of quantitative changes of bioactive vitamin D metabolites

after treatment with ketoconazole to inhibit 1α-hydroxylase reaction related to vitamin D metabolism in human breast

cancer cells. Taken together, we developed a MALDI-MS-based platform that could quantitatively analyze vitamin D

metabolites from cell products, blood and other biofluids. This platform may be applied to monitor various diseases

associated with vitamin D deficiency such as rickets, osteomalacia and breast cancer.
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1. Introduction

Vitamin D is a fat-soluble secosteroid prohormone that plays a

crucial role in developing bone and muscle with well-characterized

effects on musculoskeletal function. Vitamin D deficiency is related

to rickets and osteomalacia [1,2]. Recently, it has been proposed that

vitamin D is also associated with diverse diseases such as cardiovascular

disorders, some cancers, diabetes, and autoimmune disease [3-5].

Therefore, measuring vitamin D status is important for the diagnosis

of various diseases and preventing them. There are diverse vitamin D

metabolites in the body (Fig. 1). Among them, 1α,25-dihydroxyvitamin

D (1α,25(OH)2D) is a bioactive form [6]. However, 1α,25(OH)2D

has a short half time with a low concentration in the serum, making it

difficult to analyze its amount. Since 25-hydroxyvitamin D (25(OH)D)

has longer half-time and faithfully reflects the concentration of the

bioactive form, 25(OH)D has been used as a biomarker for monitoring

vitamin D status [7,8].

Nevertheless, the concentration of 25(OH)D in blood circulation

is still very low. There have been two conventional methods to analyze

vitamin D metabolites: radioimmunoassay (RIA) and enzyme-linked

immunosorbent assay (ELISA) [6,7]. However, these methods cannot

distinguish between 25(OH)D and 24,25(OH)2D. Thus, it is difficult

to measure the exact concentration of each using these methods. In

addition, it is also difficult in terms of cost and time because specific

antibody production is required [9]. As a good alternative, liquid

chromatography tandem-mass spectrometry (LC-MS/MS) has been

a promising candidate in highly sensitive, selective and quantitative

measurement of vitamin D molecules [10,11]. However, the ionization

efficiency of 25(OH)D is very poor due to its hydrophobic nature

and the lack of chargeable group, making it difficult to analyze using

LC-MS/MS [12]. A technique for analyzing vitamin D through chemical

derivatization of 25(OH)D has been recently developed to address

this problem. Cookson-type reagents are powerful dienophiles that

can react with conjugated diene groups such as vitamin D metabolites to

form Diels-Alder adducts [13,14]. These Diels-Alder adducts from

chemical derivatization can improve sensitivity and selectivity of

detection by modifying chemical and physical properties of 25(OH)D

[15]. Moreover, derivatized compounds have a unique fragment ion,

allowing selective quantification from metabolites having similar

structures [16,17]. Despite these advantages of LC-MS/MS in

quantitative analysis, it has a limitation in handling a large number of

biological samples for disease diagnosis due to a complicated analytical

procedure. 

We developed a platform that can measure the bioactive forms of

vitamin D metabolites simply and accurately via selective chemical

derivatization using a Cookson-type reagent with secosteroid signal

enhancing tag (SecoSET) and matrix-assisted laser desorption/ionization

†To whom correspondence should be addressed.
E-mail: ygkim@ssu.ac.kr
This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.



MALDI-MS-Based Quantitative Analysis of Bioactive Forms of Vitamin D in Biological Samples 107

Korean Chem. Eng. Res., Vol. 58, No. 1, February, 2020

time-of-flight mass spectrometry (MALDI-MS). SecoSET is a

permanently charged Cookson-type reagent that is suitable for

mass spectrometry, including MALDI-MS. Therefore, it is possible

to quantitatively analyze 25(OH)D (i.e., 25(OH)D3 and 25(OH)D2)

through the chemical derivatization using SecoSET. Derivatized

25(OH)D using SecoSET (25(OH)D-SecoSET) showed higher

sensitivity, reproducibility, and quantitative linearity (R2>0.99) than

non-derivatized 25(OH)D. Moreover, we could quantitatively measure

the amount of 1α,25(OH)2D3, the bioactive form, from 25(OH)D in

breast cancer cells and monitor changes in the absolute amount

1α,25(OH)2D3 resulting from treatment with ketoconazole, a 1α-

hydroxylase inhibitor.

2. Materials and Methods

2-1. Reagents and chemicals

25-hydroxyvitamin D2, 25-hydroxyvitamin D3, a-cyano-4-hydro-

xycinnamic acid (CHCA), methyl tert-butyl ether (MTBE), cesium

iodide (CSI), trans-2-(3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]

malononitrile (DCTB), and distilled water were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Methanol was obtained from

Junsei Chemical (Tokyo, Japan). 1α,25-dihydroxyvitamin D3 and

d6-25-hydroxyvitamin D3 were obtained from Cerilliant (Austin,

TX, USA). SecoSET vitamin D derivatization kit was obtained

from Novilytic (North Webster, IN, USA). Roswell Park Memorial

Institute (RPMI-1640) medium, phosphate-buffered saline (PBS)

buffer, Hanks’ Balanced Salt Solution (HBSS), and penicillin-

streptomycin (Pen-Strep) were purchased from Gibco (Grand Island,

NY, USA). Fetal bovine serum (FBS) was obtained from the American

Type Culture Collection (ATCC). Human normal sera were obtained

from the Biobank of Kyungpook National University Hospital, a

member of Korea Biobank Network (Daegu, Republic of Korea).

2-2. Vitamin D derivatization by SecoSET

Samples were evaporated under nitrogen gas at room temperature

(RT). SecoSET derivatization was performed by adding three agents

in a series. The dried sample was added 10 μl of DR1 solution (2 mg/

ml in methanol) and vortexed for 10 seconds. Then 10 μl of DR2

solution (2 mg/ml in methanol) was added to the sample followed by

vortexing for 60 seconds. Then 10 μl of DR3 (8 mg/ml in distilled

water) solution was added and vortexed for 10 seconds. The mixture

was then transferred to an appropriate tube for MALDI-MS analysis.

2-3. Sample preparation and vitamin D3 extraction

First, 25 pmol of 25(OH)D3 and various concentrations of d6-

25(OH)D3 (6.3, 12.5, 25 pmol) were spiked into 20 μl of human

serum and subsequently mixed with 180 μl of PBS buffer. Then

200 μl of each sample was mixed with 1.5 ml of MTBE for liquid-

liquid extraction. After vortex mixing for 10 min, samples were

incubated on ice for 20 min. The upper (organic) phase was collected

Fig. 1. Overall metabolic pathway of vitamin D3 in the body. Pre-vitamin D3 is photochemically synthesized in the skin response to sunlight

from pro-vitamin D3. The pre-vitamin D3 isomerizes to vitamin D3 and it’s hydroxylated by 25-hydroxylase in the liver. 1α,25-dihy-

droxyvitamin D3 of the bioactive vitamin D metabolite is synthesized by 1a-hydroxylase in the kidney.
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and then dried under a stream of nitrogen gas. Vitamin D metabolites

were extracted from MCF-7 human breast cancer cells after adding

4 ml chloroform-methanol (4:1, v/v) followed by vigorous vortexing.

After centrifuging at 4000 rpm for 10 min at 15 °C, the chloroform

phase was collected and then dried under nitrogen gas.

2-4. MALDI-MS analysis

One microliter of SecoSET-labeled sample was spotted onto a

stainless steel MALDI plate. After the sample was dried, 1 μl of CHCA

matrix solution (10 mg/ml in 70% (v/v) acetonitrile/30% water) was

spotted onto a stainless steel MALDI plate and the sample was dried

at RT. Quantitative analysis of vitamin D metabolites was conducted

using a Microflex LRF MALDI mass spectrometer in reflectron mode

(Bruker Daltonics, Bremen, Germany). MALDI spectra results were

obtained after scanning a total of 1000 shots from five different spots

in positive ion mode. Operating conditions were as follows: accelerating

voltage = 20 kV, laser frequency = 60 Hz, ion source 1 voltage = 19 kV,

ion source 2 voltage = 16 kV, lens voltage = 9.8 kV, detector gain = 5.8,

and laser power = 60–65%. Spectral acquisition and processing were

performed with Flex Analysis software version 3.3 (Bruker Daltonics,

Bremen, Germany).

2-5. Cell assays

ER-positive human breast adenocarcinoma cell line MCF-7 with a

passage number lower than three was obtained from Korean Cell Line

Bank. MCF-7 cells were cultured in a Roswell Park Memorial Institute

medium (RPMI-1640, Gibco) supplemented with 10% (v/v) fetal

bovine serum (FBS, American Type Culture Collection, ATCC) and

1% (v/v) penicillin-streptomycin (P/S, Gibco). These cells were cultured

as monolayers at 37 °C in an environment with 5% CO2 and 95%

relative humidity. The medium was refreshed every two days. Cells

were collected using 0.25% trypsin and 0.04% EDTA in HBSS

(Gibco) and seeded into 24-well plates at density of 1×106 cells/well.

After incubation for 24 hours, 25(OH)D3 (250 nmol/L) was added to

MCF-7 cell culture as a substrate. Then 1 mM of N,N’-Diphenyl-p-

phenylenediamine (DPPD) as an antioxidant and 19 mM of ketoconazole

(inhibitor of 1α-hydroxylase) were added to the sample. The mixture

was incubated at 37 °C for 5 hours in an environment with 5% CO2

and 95% relative humidity. Treated cells and media were collected as

described above.

2-6. LC-MS/MS analysis

Tandem MS analysis was performed to verify the conjugation of

SecoSET to 25(OH)D3 using triple-quadrupole mass spectrometry

coupled to an Agilent 6420 Electrospray Ionization-Triple Quadrupole

MS equipped with an Agilent 1620 Infinity HPLC system (Agilent

Technologies, Santa Clara, CA, USA). Nitrogen gas at a flow rate of

11 L/min and nebulizing gas (N2) at a pressure of 45 psi were used.

The drying gas temperature was maintained at 300 °C. Potential of

4000 V with positive ionization mode was applied to the tip of the

capillary. The fragmentor voltage was 130 V and the in-source collision-

induced dissociation (CID) voltage was 60 V. All acquired data were

processed using Agilent Mass Hunter software version B.07.00

(Agilent Technologies). 

3. Results and Discussion

3-1. Analysis of vitamin D metabolites using MALDI-MS

Chemical derivatization of vitamin D metabolites is known to

have 100 to 1000 folds higher sensitivity than non-derivatized vitamin

D in quantitative analysis [18]. As mentioned, SecoSET is a Cookson-

type reagent which has powerful dienophile that it can react with a

conjugated diene group of vitamin D to form Diels-Alder adducts

with permanently positive ion suitable for mass spectrometry. Therefore,

we expect that MALDI-MS can be used to quantitatively analyze

vitamin D as shown in our previous report [19]. Fig. 2 shows

difference between non-derivatized and chemically derivatized

hydroxyvitamin D2(25(OH)D2) and D3(25(OH)D3). Unlabeled

25(OH)D2 and 25(OH)D3 are identified at 413 m/z and 401 m/z

corresponding to H+ adduct ions of 25(OH)D (i.e., [25(OH)D+H]+)

(Fig. 2A and 2C) [20, 21]. After derivatization using SecoSET,

peaks of 617 m/z and 605 m/z are assigned to SecoSET labeled-

25(OH)D2 and 25(OH)D3. These peaks of intensity are significantly

improved as shown Figs. 2B and 2D. Moreover, we analyzed products

of chemical derivatization using liquid chromatography-tandem

mass spectrometry (LC-MS/MS) to validate that these peaks were

right Diels-alder adducts from reaction of powerful dienophile of

SecoSET reagent with s-cis diene of vitamin D (Fig. 3). Abundant

fragments of derivatized 25(OH)D3 using SecoSET (SecoSET-

25(OH)D3) at 605 m/z are 107, 149, and 207 m/z as shown in Fig. 3.

The major fragment ion peak at m/z 149 is due to cleavage of

triazolidine rings. In addition, fragment ion at m/z 207 corresponded

with SecoSET reagent (i.e., [SecoSET]+) and 107 m/z was due to

fragment of SecoSET reagents [22]. Therefore, the selective chemical

derivatization using SecoSET reagent dramatically improved the

quality of MALDI spectra for hydroxyvitamin D. 

3-2. Quantitative analysis of vitamin D using heavy labeled

vitamin D (d6-25(OH)D3)

We used heavy labeled 25-hydroxyvitamin D (d6-25(OH)D) to

measure the absolute amount of vitamin D metabolites in biological

samples. Quantitative linearity, accuracy, and reproducibility based

MALDI-MS were validated using different concentrations of SecoSET-

derivatized 25(OH)D3, 25(OH)D2, and d6-25(OH)D3. The linearity

between the absolute amount of hydroxyvitamin D and peak area is

shown in Fig. 4. Linearities of standard calibration curves for

SecoSET-25(OH)D3, SecoSET-25(OH)D2, and SecoSET-d6-25(OH)D3

corresponding to their absolute quantities were all excellent (R2 >

0.99), although they are different vitamin D metabolites. Moreover,

peak areas of SecoSET-25(OH)D3 and SecoSET-25(OH)D2 were

exactly equivalent to those of SecoSET-d6-25(OH)D3. In subsequent

experiments, we conducted absolute quantitative analysis of vitamin
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D metabolites from biological samples and cells using d6-25(OH)D.

First, 25(OH)D3 and d6-25(OH)D3 were directly spiked into human

serum at different molar ratios [25(OH)D3: d6-25(OH)D3 = 1:1, 1:0.5,

1:0.2] followed by extraction using MTBE from complex human

serum proteome and metabolome to validate that selective quantitative

analysis of vitamin D metabolites was possible. Serum 25(OH)D3

deficiency level is defined at 50 nmol/L [23] and optimal concentration of

25(OH)D3 in serum is 75 nmol/L [24]. After the extraction of small

molecules, they were derivatized using SecoSET and then analyzed

by MALDI-MS. We observed remarkable enhancement in spectrum

quality without an additional purification step. Fig. 5 shows that

the SecoSET-labeled 25(OH)D3 and d6-25(OH)D3 have the exact

difference of +6 Da mass by deuterium labeling. The ratio of the area

was identical when equal moles of them were spiked (Fig. 5A). As

the ratio of spiked moles in human serum was reduced, peak areas

also decreased in the same ratio (1:0.5, 1:0.2). Thus, the ratio of peak

area represented their theoretical molar ratios. Moreover, we found

the limit of quantitation (LOQ) of SecoSET-25(OH)D3 based quantitative

method of MALDI-MS. The LOQ of SecoSET-25(OH)D3 was 11.31

fmol per MALDI spot. Thus, this quantitative method using MALDI-

MS is sensitive as it can detect vitamin D at femtomole level.

Nevertheless, C-3 epimer of 25(OH)D3 (3-epi-25(OH)D3) can

interfere with quantitative analysis of 25(OH)D3 because 3-epi-

25(OH)D3 has identical molecular weight. In addition, its molecular

structure in stereochemical configuration is different from 25(OH)D3

at only one site [25], making it difficult to differentiate 25(OH)D3

from 3-epi-25(OH)D3 in mass spectrometry. Thus, the concentration

of 25(OH)D3 could be overestimated due to the presence of 3-epi-

25(OH)D3 in serum [26]. However, 3-epi-25(OH)D3 level is about

only 2.5 nmol/l when 25(OH)D3 level is at 50 nmol/l which is considered

vitamin D deficient [27]. It would not significantly affect clinical

interpretation. Misclassification of 25(OH)D3 level only occurs in

9% of infants and 3% of adults [28]. Therefore, 3-epi-25(OH)D3 would

not be a problem to apply our quantitative analysis of vitamin D

metabolites. 

Fig. 3. MS/MS profile of 25(OH)D3-SecoSET.

Fig. 2. MALDI-MS spectra of (A) 25-hydroxyvitamin D2 (25(OH)D2), (B) SecoSET-labeled 25-hydroxyvitamin D2 (25(OH)D2-SecoSET) (C)

25-hydroxyvitamin D3 (25(OH)D3), (D) SecoSET-labeled 25-hydroxyvitamin D3 (25(OH)D3-SecoSET) with 166 pmol quantity on MALDI

plate spots. 
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3-3. Quantitation of vitamin D metabolites level in MCF-7 cells

Our quantitative analysis of vitamin D metabolites was then

applied to cultured MCF-7 cells, a breast cancer cell line. 1α,25(OH)2D3

is the bioactive form of vitamin D metabolites as mentioned earlier.

It is known that 25(OH)D3 is synthesized to 1α,25(OH)2D3 by 1α-

hydroxylase (1α-OHase) in the kidney (Fig. 1) [29,30]. Recently, it

has been found that 25(OH)D3 is locally converted to 1α,25(OH)2D3

at an extrarenal site where 1α-OHase is expressed, such as the pancreas,

tumor, brain, and skin [31-33]. Especially, 1α-OHase is encoded by

gene cytochrome P450 27B1 (CYP27B1). The expression of CYP27B1

is increased in breast and prostate cancers [33-35]. Therefore, we

chose MCF-7 cells in this study. We directly added 25(OH)D3 to the

culture medium of MCF-7 cells for synthesis of 1α,25-dihydroxyvitamin

D3 (1α,25(OH)2D3). After vitamin D metabolites were extracted,

derivatization of the sample was conducted using SecoSET. Samples

were then quantitatively analyzed by MALDI-MS. The peak area of

the internal standard (49 pmol) was used to determine the amount of

Fig. 4. A linear relationship between 25(OH)D quantity and their peak area.

Fig. 5. Relative quantitative analysis of 25(OH)D3 with different molar ratios of deuterated 25-hydroxyvitamin D3 (d6-25(OH)D3) in human

normal serum. The molar ratio of 25(OH)D3 to d6-25(OH)D3 were (A) 1:1, (B) 1:0.5 and (C) 1:0.2.

Fig. 6. Bar graphs showing the decrease in 25(OH)D level in MCF-

7 cells resulting from ketoconazole treatments. The intensities

of 25(OH)D3-SecoSET from natural and ketoconazole-treated

MCF-7 cells (each 106 cells) correspond to 62.5 fmol and 28.9

fmol of 25(OH)D3, respectively (***P value<0.004; n=3; differ-

ent MCF-7 cells/ketoconazole-treated MCF-7 cells).



MALDI-MS-Based Quantitative Analysis of Bioactive Forms of Vitamin D in Biological Samples 111

Korean Chem. Eng. Res., Vol. 58, No. 1, February, 2020

1α,25(OH)2D3 (62.5 fmol) in 106 MCF-7 cells (Fig. 6). We also

monitored changes of 1α,25(OH)2D3 concentration when MCF-7

cells were treated with ketoconazole, an inhibitor of cytochrome P450

[36,37]. As expected, the amount of 1α,25(OH)2D3 in ketoconazole

treated sample was significantly decreased. Results showed that

treatment with ketoconazole decreased the amount of 1α,25(OH)2D3

(28.9 fmol) (Fig. 6). Therefore, our method could be applied to

monitor changes of vitamin D metabolites in breast cancer cell

lines and it may be applicable for diagnosing breast cancer. 

4. Conclusion

We developed a highly sensitive platform to quantitatively analyze

bioactive vitamin D metabolites based on MALDI-MS. Because

vitamin D is at low level in blood circulation, we introduced selective

chemical derivatization method (i.e., SecoSET reagent) to improve

detection sensitivity. In addition, our method could be applied to detect

vitamin D in human serum and cell lysate without chromatographic

purification. We also showed that vitamin D metabolites could be

quantitatively analyzed at femtomole level using deuterated 25-

hydroxyvitamin D. Our vitamin D quantitative analysis platform

acquired a rapid and simple procedure compared to previous methods.

It can be used to rapidly monitor diseases like as rickets, osteomalacia,

cardiovascular disorders and breast cancer relevant to vitamin D for

various human specimens related to disease phenotypes.
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