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A B S T R A C T   

It is established that vitamin D deficiency is correlated with the disease severity in COVID-19 patients. However, 
the reliable and sensitive quantitation of vitamin D3 (D3) and its metabolites remains a difficult challenge. 
Herein, a novel ultrasensitive and reliable UHPLC-ESI-MS/MS method was developed and validated for the 
quantitation of D3 and its major metabolites in COVID-19 patients. The mass spectral sensitivity was augmented 
via controlled microwave-assisted derivatization reaction (CMDR) with 2-nitrosopyridine (Pyr-NO) at 65 ◦C for 
2 min. CMDR hyphenation with UHPLC-MS/MS improves detection sensitivity while shortening separation and 
derivatization reaction times. The precursor to product ion transitions for D3, 25-hydroxy D3 (25(OH)D3), 1,25- 
dihydroxy D3 (1,25-(OH)2D3) and calcipotriol (CPT) as an internal standard were m/z 493.4 → 231.3, m/z 
509.4 → 231.3, m/z 525.4 → 247.3, and m/z 521.4 → 247.3; respectively. The separation of the formed de
rivatives was conducted using a gradient elution mode with mobile phase A: formic acid (0.1%) in water and 
mobile phase B: formic acid (0.1%) in acetonitrile. The elution started with 40% (v/v) of B for 0.3 min then 
increased linearly to 90% (v/v) at 2 min on an Agilent EclipsePlus C18 (50 × 2.1 mm, 1.8 μm) column at a flow 
rate of 0.3 mL min− 1. The method was validated using FDA standards for bioanalytical method validation over a 
concentration range of 0.02–50 ng mL− 1 with correlation coefficient ≥0.9987 and the lower limit of quantitation 
(LLOQ) were 0.02–0.05 ng mL− 1 in human plasma. The developed method has demonstrated excellent 
comparability to a well-established chemiluminescent immunoassay (CLIA) method for the analysis of D3 me
tabolites in human samples. The developed UHPLC-ESI-MS/MS method was implemented for routine and reliable 
quantitation of D3 and its major metabolites in COVID-19 patients.   

1. Introduction 

The roles of vitamin D in calcium homeostasis, bone metabolism, as 
well as the immunological, cardiovascular, and reproductive system’s 
functions are well-recognized [1–3]. Recent studies have emphasized 
the role of vitamin D deficiency in the pathogenesis of a variety of dis
eases including autoimmune diseases, cardiovascular disorders, infec
tious diseases, and several malignancies [4–6]. Vitamin D occurs in 2 
major forms: the first is vitamin D3 (D3), which is formed by ultraviolet 
B radiations from its precursor 7-dehydrocholesterol in the skin induced 
transformation. The second is vitamin D2 (D2) which is derived from 

dietetic supplies together with some small percentage of D3 [7]. D3 is 
converted to 25-hydroxy D3 (25(OH)D3) in the liver and then released 
into the bloodstream, where it is predominantly bound to vitamin D 
binding protein (VDBP). The most often used biomarker for vitamin D 
status is the plasma level of 25(OH)D3, which functions as a reservoir for 
further hydroxylation to 1,25-dihydroxy D3 (1,25-(OH)2D3) in the 
kidney and extrarenal tissues [8]. 

Coronavirus disease 2019 (COVID-19) has sparked a worldwide 
public health emergency and resulted in millions of deaths all over the 
world. As a result, preventative health measures to lower the infection 
risk, disease progress, and severity are urgently needed [9]. Recent 

* Corresponding author. 
E-mail address: shassan@taibahu.edu.sa (S.A. Ahmed).  

Contents lists available at ScienceDirect 

Talanta 

journal homepage: www.elsevier.com/locate/talanta 

https://doi.org/10.1016/j.talanta.2022.123497 
Received 10 January 2022; Received in revised form 14 February 2022; Accepted 19 April 2022   

mailto:shassan@taibahu.edu.sa
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2022.123497
https://doi.org/10.1016/j.talanta.2022.123497
https://doi.org/10.1016/j.talanta.2022.123497
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2022.123497&domain=pdf


Talanta 246 (2022) 123497

2

investigations have aimed at the prospective impacts of D3 in lowering 
the threat of COVID-19 and its relationship with disease severity in 
COVID-19 patients [10–12]. Hence, the necessity for assessing D3 and its 
major metabolites for clinical diagnosis and fostering our understanding 
of its function in disease management has expanded dramatically in 
recent years. 

The quantitation of plasma levels of D3 and its major metabolites is 
challenging as they are strongly bound to VDBP due to their lipophilicity 
and they exist in extremely low levels in plasma, ranging from nano
molar to picomolar for 25(OH)D3 and 1,25-(OH)2D3 [13]. There are 
considerable variations in D3 and/or its major metabolite assessment 
results between laboratories and methods, and currently, there is no 
gold standard method targeting the quantitation of D3 and its major 
metabolites [14]. Although various laboratories use automated immu
noassays [15,16] for D3 metabolites assessment, the accuracy and pre
cision of these methods were unsatisfactory and interlaboratory 
variations in analysis results were claimed [17]. The poor selectivity, the 
ineffective release of D3 metabolites from plasma protein, and matrix 
interferences are major obstacles in immunoassay techniques. 
High-performance liquid chromatography (HPLC) with a UV detector 
was used for quantifying 25(OH)D3 [18]. However, the unsatisfactory 
limit of detection (LOD) and large sample size (~10 mL) hindered its 
application in clinical assays. Quantification of the D3 metabolite has 
also been reported using gas chromatography with mass spectrometry 
(GC-MS) [19]. Even though, the metabolite degradation at the high GC 
temperatures restricted its use [19]. Liquid chromatography-tandem 
mass spectrometry (LC-MS/MS), deemed as the unique standard 
method for assessing D3 and its metabolites, provides a dependable 
platform with improved sensitivity and selectivity. The capability of 
LC-MS/MS technologies to make simultaneous detection of numerous 
analytes has initiated trials to measure several analytes in a single run 
[13,20]. Therefore, several LC-MS/MS were found in the literature using 
different ionization techniques such as fast atom bombardment (FAB) 
[21], thermospray (TSP) [22], electrospray ionization (ESI) [14,23–26], 
and atmospheric pressure chemical ionization (APCI) [27] and atmo
spheric pressure photoionization (APPI) [28]. ESI is the best ionization 
technique because it provides superior sensitivity and a lower back
ground signal for the determination of D3 and its metabolites. Addi
tionally, it works better at low flow rates adopted for ultraperformance 
liquid chromatography (UHPLC) which, provides fast determinations 
[29]. However, the absence of easily ionizable groups in the structures of 
D3 and its metabolites can reduce LC-ESI-MS/MS method sensitivity 
[23]. Hence, derivatization procedures have been used to increase ion 
intensities and enhance the method sensitivity in ESI. 

Several derivatization protocols were employed for D3 and/or its 
metabolites with Cookson reagents including 1,2,4-triazoline-3,5-dione 
derivatives as 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) [30], 
4-(4′-dimethylaminophenyl)-1,2,4-triazoline-3,5-dione (DAPTAD) [23] 
and 4-[2-(6,7-dimethoxy-4-methyl-3,4-dihydro-quinoxalinyl)ethyl]-1, 
2,4-triazoline-3,5-dione (DMEQ-TAD) [31] and Amplifex [24]. Howev
er, these derivatization techniques lacked the sensitivity needed to 
quantify low plasma levels of D3 metabolites in COVID-19 patients. 
Besides, long derivatization times and sharing the same m/z for the 
product ions cause cross-interference for the poor separating metabo
lites with similar m/z for the precursor ions. The newly introduced click 
reagent, 2-Nitrosopyridine (Pyr-NO), is a superior dienophile for 
Diels-Alder derivatization that presents an improved sensitivity while 
preserving the good chromatographic separation [32]. However, the 
derivatization reaction time oscillates between 30 and 60 min which is 
not suitable for high throughput analysis in clinical studies. To speed up 
the reaction kinetics and improve derivatization repeatability, micro
wave reactors with sealed reaction vessels and an online monitoring 
platform have recently been developed [33,34]. The microwave-assisted 
derivatization reactions (CMDR) protocol was adopted to improve 
derivatization reaction speed and efficiency [35]. 

For the reproducible assessment of D3 and its metabolites, it is 

essential to optimize the sample extraction method to decrease ion 
suppression in the MS detector caused by biological matrices’ interfer
ents. Salting-out assisted liquid-liquid extraction (SALLE) appeared to be 
the best candidate to segregate the analytes from the binding proteins, 
improve the extraction recovery, and diminish the MS detector’s ion 
suppression. 

In the current approach, we developed and validated a new ultra
sensitive UHPLC-ESI-MS/MS method for the simultaneous determina
tion of D3 and its metabolites in COVID-19 patients. The method 
dedicated CMDR with Pyr-NO reagent to the derivatization reaction and 
triggered the mass spectral sensitivity. The clinical performance of the 
developed methodology was verified by comparison with routine 
chemiluminescent immunoassay (CLIA) methods for the analysis of 25 
(OH)D3and 1,25(OH)2D3. Finally, the developed approach was used to 
analyze D3 and its metabolites in positive COVID-19 cases. 

2. Experimental 

2.1. Chemicals and reagents 

Analytical standards of D3, 25-hydroxy D3, 1,25-dihydroxy D3, and 
calcipotriol (I.S.) were purchased from Sigma Aldrich (Seelze, Ger
many). 2-nitrosopyridine (Pyr-NO) reagent was from Toronto Research 
Chemicals, Inc. (Toronto, Ontario, Canada). Sigma Aldrich (Germany) 
provided all additional reagents and LC-MS grade solvents. A Millipore 
water filtration system (Bedford, MA, USA) was utilized to get ultrapure 
water. VD-DC mass spect gold® serum, as a vitamin D-free human 
serum, was bought from Sigma Aldrich (Germany). Liaison®25OH 
vitamin D total assay kit and Liaison®XL 1,25(OH)2-vitamin D kits were 
from Diasorin (MN, USA). 

2.2. Preparation of stock standard solutions, calibrators, and quality 
control samples 

Stock standard solutions of D3, 25(OH)D3, 1,25-(OH)2D3, and I.S. 
were prepared via dissolving accurately weighed amounts in methanol 
in amber glass vials at a concentration of 1 mg mL− 1. The calibrator 
solutions were made by adding suitable quantities of the standard so
lutions to VD-DC mass spect gold® serum to generate 6 calibrators at 
nominal concentrations of 0.02, 0.05, 0.5, 5, 20, and 50 ngmL− 1. 
Similarly, Quality control (QC) samples were done in VD-DC mass spect 
gold® serum at three concentration levels: high QC level (HQC; 50 ng 
mL− 1), medium QC level (MQC; 5 ng mL− 1), low QC level (LQC; 0.05 ng 
mL− 1). The spiked calibrators and QC samples in sealed, light-resistant 
vials were frozen at - 30 ◦C then permitted to thaw for 15 min at room 
temperature instantly before use. 

2.3. Sample preparation 

An aliquot of 100 μL of serum was transferred to a 1.5 mL Eppendorf 
tube and combined with 10 μL of the IS solution (100 ngmL-1) then 500 
μL of methanol was added to dissociate the analytes from VD binding 
proteins and spun down the proteins. After vortex mixing for 1 min, 100 
μL of 5 M ammonium sulfate was put in for salting out induction af
terwards the mixture was centrifuged at 25 ◦C for 10 min at 15,000 rpm. 
The supernatant was pipetted into a new Eppendorf tube and was dried 
under a gentle nitrogen gas stream. The dried residue was then subjected 
to the CMDR derivatization procedures. 

2.4. CMDR procedures 

100 μL aliquot of 1 mM Pyr-NO, prepared in methanol, was added to 
the extraction residue. After vortex mixing for 10 s, the reaction mixture 
was placed in the vessel of the microwave reactor. The microwave 
method setup was set at irradiation for 2 min after ramping for 1 min, 
microwave temperature at 65 ◦C, microwave power at 250 W, and 

S.A. Ahmed et al.                                                                                                                                                                                                                               



Talanta 246 (2022) 123497

3

maximum pressure at 250 psi while maintaining air cooling and stirring 
on throughout the reaction. The derivatization mixture was transferred 
to the UHPLC-ESI-MS/MS instrument for quantitation. 

2.5. UHPLC-ESI-MS/MS conditions 

UHPLC-ESI-MS/MS platform composed an Agilent UHPLC system 
(Agilent, CA, United States) hyphenated to an Ultivo triple quadrupole 
mass spectrometer was used. The UHPLC system was composed of a 
1260 Infinity II quaternary pump with a degassing unit, a 1260 Infinity II 
auto-sampler, and a thermostatic column oven (Agilent Technologies). A 
nitrogen generator from LNI Swissgas, Switzerland (NG CASTORE XS 
iQ) was merged with the system for nitrogen gas supply. The UHPLC- 
MS/MS system was controlled using Mass Hunter® software. The 
chromatographic run was carried out using an EclipsePlus C18 RRHD 
(50 × 2.1 mm, 1.8 μm) column from Agilent working in a programmed 
gradient mode at a flow rate of 0.3 mL min− 1 using a mobile phase A: 
formic acid (0.1%) in water and mobile phase B: formic acid (0.1%) in 
acetonitrile. The elution started with 40% (v/v) of B for 0.3 min then 
increased linearly to 90% (v/v) at 2 min the column oven was thermo
statically adjusted at 40 ◦C for the complete run. Positive electrospray 
ionization (ESI) in the multiple reaction monitoring (MRM) mode was 
used to detect the generated derivatives of D3 and its metabolites. The 
MRM transitions were selected based on the extremely intense product 
ion. The precursor to product ion transitions for D3, 25-hydroxy D3 (25 
(OH)D3), 1,25-dihydroxy D3 (1,25-(OH)2D3) and calcipotriol (CPT) as 
an internal standard were m/z 493.4 → 231.3, m/z 509.4 → 231.3, m/z 
525.4 → 247.3, and m/z 521.4 → 247.3; respectively. MRM transitions 
were given at 25 ms dwell time. The ESI Jet Stream source parameters 
were optimized to provide the strongest MRM signals. The optimized MS 
settings were set at: 300 ◦C for gas temperature, 10 L/min for gas flow, 
15 psi for nebulizer gas, 4000 V for capillary voltage, the fragmentor 
voltage 120 V for D3 and CPT while 100 V for 25(OH)D3 and 1,25-(OH) 
2D3. The collision energy (CE) was set at 45 V for D3 and CPT and 35 V 
for 25(OH)D3 and 1,25-(OH)2D3. 

2.6. Validation of the developed UHPLC-ESI-MS/MS method 

In accordance with the FDA’s bioanalytical method validation re
quirements, the performance of the developed UHPLC-ESI-MS/MS 
method was verified [36]. 

The calibration curves for D3, 25(OH)D3, and 1,25-(OH)2D3 were 
established using linear regression of analyte/IS peak area ratios vs the 
relevant calibrator’s concentration. The calibration curves (n = 5) were 
prepared using six different nominal concentrations (0.02, 0.05, 0.5, 5, 
20 and 50 ngmL− 1). The linearity was evaluated by calculating the 
correlation coefficient (r) from linear regression analysis. Calibration 
curves were judged linear if the six calibrators’ recalculated concen
trations were within 15% of the nominal concentration (20% at LLOQ). 
The method’s sensitivity was also measured by calculating the lower 
limit of quantitation (LLOQ). LLOQ was assessed as the lowest calibrator 
concentration with 20% accuracy, expressed as % mean relative error 
(RE%), calculated for each analyte using five replicates in three 
consecutive runs. 

Method selectivity has been evaluated by examining chromatograms 
of blank human serum samples for any interference at D3, 25(OH)D3, 
1,25-(OH)2D3, and I.S retention times. If the chromatographic peaks’ 
areas of the co-eluted components are <20% of the analytes’ peak areas 
at the LLOQ level, the interference is nonsignificant, thus the method is 
considered selective. 

For evaluation of the within-batch and between batches accuracy 
and precision, five replicates of QC samples of D3, 25(OH)D3, and 1,25 
(OH)2D3 were analyzed using the developed method at three different 
days using three QC levels: 50 ng mL− 1(HQC), 5 ng mL− 1(MQC) and 
0.05 ng mL− 1(LQC). The precision was stated as the relative standard 
deviation percentage (RSD%), while the accuracy was calculated as the 

relative error (RE%) between the estimated and nominal concentrations. 
The method is considered accurate and precise if the RE% and RSD% for 
the assessed samples are within 15% (20% at LLOQ). 

The extraction recovery for D3 and its metabolites from human 
serum using the SALLE method was evaluated at three QC levels: 50 ng 
mL− 1(HQC), 5 ng mL− 1(MQC), and 0.05 ng mL− 1(LQC). The extraction 
recovery percentage was estimated by comparing the peak areas of five 
replicates of pre-spiked VD-DC mass spect gold® serum extract to peak 
area unextracted QC samples with similar nominal concentration levels. 

To determine the potential matrix effect in human serum, the peak 
areas of spiked samples extracts were compared to the peak area of pure 
standards with equivalent concentrations at the three QC levels. The 
absolute ion suppression produced by the matrix was expressed as 
normalized I.S. matrix factors (MF). 

The matrix effect was assessed similarly at the three QC levels by 
comparison of the peak area of post-extraction spiked samples to that of 
the pure standard of equivalent concentration and was expressed as IS 
normalized matrix factors (MF). 

To extend the upper concentration limit with appropriate precision 
and accuracy, the dilution integrity was performed. It was determined 
via dilution of the ultrahigh quality control sample (UHQC; 200 ng 
mL− 1) with VD-DC mass spect gold® serum (n = 5) by 10 and 100 times 
to 20 ng mL− 1 and 2 ng mL− 1; respectively. The diluted samples were 
extracted and analyzed using the developed UHPLC-ESI-MS/MS method 
and the obtained concentrations were compared to the nominal 
concentrations. 

Short-term, long-term, autosampler and freeze-thaw, and stabilities 
were assessed via analysis of 5 replicates at 3 QC levels HQC (50 ng 
mL− 1), MQC (5 ng mL− 1), and LQC (0.05 ng mL− 1). For evaluation of 
short-term stability, unprocessed QC samples were allowed to defrost on 
the bench for 6 h at 25 ◦C afterwards extraction, derivatization, and 
analysis procedures were carried out. Similarly, the long-term stability 
was assessed by freezing the unprocessed QC samples for 3 weeks at 
− 30 ◦C then thawed, processed, and analyzed. The autosampler stability 
was assessed by analysis of the processed QC samples following storage 
for 24 h at 4 ◦C in the autosampler. Freeze-thaw stability was carried out 
by three cycles of freezing (24 h at − 30 ◦C) and defrosting (at − 25 ◦C) 
before processing and analysis. Acceptable stabilities were for results 
within 15% accuracy, expressed as RE%, compared to the nominal 
concentrations. 

2.7. Method’s clinical performance and application to quantitation in 
COVID-19 patients 

The novel UHPLC-MS/MS method was compared, in terms of per
formance, to DiaSorin® Liaison chemiluminescent immunoassay (CLIA) 
kits for assessments of 25(OH)D3 and 1,25-(OH)2D3 by blind mea
surements of 20 samples in triplicate. The CLIA was conducted as stated 
by the manufacturer’s instructions. The results were compared via 
Bland-Altman plot analysis using MedCalc software. The developed 
method was used for assessment of serum concentration levels of D3, 25 
(OH)D3, and 1,25(OH)2D3 in COVID-19 blood samples collected from 
20 patients (40.45 ± 12.3 years) admitted to Ohud Hospital, Al Madinah 
AlMunawarah, Saudi Arabia by trained professionals from the infection 
control unit, taking all necessary precautions. The study does not 
involve any drug intervention and samples were collected and analyzed 
for the endogenous content in a double-blind study. Samples were also 
analyzed for 25(OH)D3 and 1,25(OH)2D3 using the CLIA method and 
results were compared using Student’s t-test. COVID-19 test status was 
determined through positive real-time reverse transcriptase-polymerase 
chain reaction (RT-PCR) test results. The patients were followed up at 
Ohud Hospital, Saudi Arabia, and given the COVID-19 treatment pro
tocol approved by the Ministry of Health, Saudi Arabia. Ethical approval 
(No. H-03-M-085) was given from the review board of the health affairs 
general directorate in Al Madinah AlMunawarah. 
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3. Results and discussion 

Currently, LC-MS/MS is regarded as the best practice platform for 
routine assessment of D3 and its major metabolites in clinical applica
tions attributed to its high throughput, sensitivity, and selectivity. 

However, the lack of ionizable polar groups in their structures leads 
to poor ionization efficiency and low sensitivity. Therefore, several 
derivatization protocols have been developed to enhance its detection 
response [23,24,30,31]. Diels-Alder derivatization with Pyr-NO was a 
superior protocol as it offered an improved sensitivity with the good 
chromatographic separation for D3 metabolites [32]. However, long 
derivatization times and lack of reproducibility were major drawbacks 
that hampered the high throughput analysis of D3 and its metabolites in 
clinical applications. Since the introduction of CMDR in the derivati
zation reaction, it has been employed to decrease the reaction times, 
increase the reaction yield, and improve method reproducibility [33, 
34]. Consequently. CMDR was employed in this study in combination 
with UHPLC-ESI-MS/MS detection. CPT was the chosen internal stan
dard in the current work due to structural and physicochemical char
acteristics similarity. 

3.1. Optimization of CMDR conditions 

The newly developed microwave reactor with online controlled re
action conditions was devoted to accelerating the derivatization reac
tion of D3 and its metabolites with Pyr-NO as well as to providing 
superior reaction yield and reproducibility. Diels-Alder’s derivatization 
reaction of D3 with Pyr-NO as a model for CMDR derivatization reaction 
was presented in Fig. 1. The experimental factors influencing the CMDR 
derivatization reaction with Pyr-NO were tuned in this study. The in
cubation solvent in the CMDR derivatization reaction was screened for 
acetonitrile, methanol, ethanol, isopropanol, chloroform, and 
dichloromethane. The results were shown in Fig. 2 [A]. It was found that 
non-polar solvents gave a low reaction yield while the best results were 
obtained for methanol compared to other polar solvents. This may be 
attributed to the increase in reaction rate with increasing solvent po
larity [37]. Hence, methanol was used as a solvent for the Pyr-NO re
agent which is the main solvent in this CMDR reaction. Furthermore, the 
impacts of reagent Pyr-NO concentration on the effectiveness of the 
CMDR derivatization process were investigated. Results were shown in 
Fig. 2 [B]. It was found that the best reaction yield was obtained using 1 
mM of Pyr-NO in methanol. Hence, 1 mM of Pyr-NO was used for sub
sequent works. 

In the current study, derivatization was carried out in a microwave 
reactor with sealed reaction containers and an online monitoring 

platform that displayed reaction time, temperature, and pressure. This 
approach combined microwave-assisted dielectric heating with 
autoclave-style sealed-vessel technology [38]. Firstly, the CMDR was 
examined in both open and closed vessel systems in preliminary studies. 
Though, the closed vessel system gave a 2 times yield compared to the 
open vessel. The pressure inside the reaction vessel was also checked for 
its effect on the reaction yield. The better results were obtained when 
using 250 psi pressure in the closed vessel with no increase in the yield 
with pressure increase. As a result, a closed vessel system with a 
maximum pressure of 250 psi was proposed in this CMDR method. 

The irradiation conditions were also tuned in this CMDR method for 
the irradiation times, temperature, and microwave power. Various 
derivatization reaction times were examined in ranges of 0.05–5 min at 
60 ◦C and 250 W microwave irradiation power. As shown in Fig. 3 [A], 
the reaction yield was best when the derivatization reaction time was 2 
min. A closed-vessel with an in-situ cooling system was used to inves
tigate the influence of microwave reaction temperature within the range 
of 25–100 ◦C. Lower reaction temperatures were shown to be insuffi
cient for completing the derivatization process, whereas increasing the 
irradiation temperature over 65 ◦C reduced the reaction yield (Fig. 3 
[B]). This might be due to the produced derivatization product being 
hydrolyzed at high temperatures. As a result, a 65 ◦C irradiation tem
perature was recommended. In this investigation, the in-situ air cooling 
system was turned on to prevent the reaction mixture from overheating 
by continuously removing the reaction latent heat, as detailed in a prior 
study [39]. Over the range of 50–800 W, the effect of microwave irra
diation power was also investigated as shown in Fig. 3 [C]. Derivatiza
tion reaction products were low when using low microwave irradiation 
power at reduced reaction times (2 min). The greatest reaction yields 
were obtained by raising the microwave irradiation power to 250 W for 
2 min. Higher microwave irradiation power, on the other hand, reduced 
reaction yields. At this high microwave strength, the derivatization 
products breakdown may be claimed. Hence, the CMDR was performed 
in a closed vessel system using microwave irradiation (250 W) at 65 ◦C 
for a 2 min reaction time while the air-cooling system was turned on. 

3.2. Optimization of UHPLC-ESI-MS/MS method 

UHPLC-ESI-MS/MS settings were tuned for the greatest resolution, 
peak shape, and analytical response in a short retention time to 
accommodate the high-throughput capability in clinical research. At 
first, the ESI-MS/MS conditions were optimized in multiple MRM using 
an automated tool provided by Agilent. The MassHunter Optimizer 
application offers a versatile tool for automating the optimization of 
MRM parameters such as the selection of precursor and product ions, as 

Fig. 1. Scheme for the CMDR derivatization reaction of D3 with Pyr-NO.  
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well as the precise tuning of collision energies and fragmentor voltages. 
It was discovered that, under ESI circumstances, the target CMDR 
products show a higher response in positive ion detection mode rather 
than in negative ion detection mode, which may be attributed to the 
presence of a basic amine functional group in the derivatization product 
structures. A low-pH mobile phase was utilized to improve the ioniza
tion in the positive ion mode. Several acids were tried; however, the best 
response was attained when 0.1% formic acid was used in the mobile 
phase. The most abundant precursor ions were tuned for CMDR deriv
atization products for positive ions, different adducts, and charge states. 
Ions with m/z 200 and low abundance precursor ions were omitted from 
consideration. Based on the entered formula, chemical structure, mobile 
phase content, and ionization mode, the observed m/z values were 
monitored. The collision-induced dissociation mass spectra of the 
derivatization products of D3, 25(OH)D3, and 1,25(OH)2D3 with Pyr- 
NO are seen in Fig. 4. The spectra showed significant protonated mo
lecular ions [M + H]+ at m/z 493.4, 509.4 and 525.4 for the derivati
zation products of D3, 25(OH)D3, and 1,25(OH)2D3; respectively (Fig. 4 
[A], [B] and [C]). On the other hand, stable and intense product ions 
were observed at m/z 231.3 for D3 and 25(OH)D3 corresponding to the 
loss of 7-methyl-4-methylene-1-(6-methylheptan-2-yl) indene moiety 
(Fig. 4 [A] and [B]). The product ion for 1,25(OH)2D3 was seen at m/z 
247.3 corresponding to loss of 3-methyl-7-methylene-1-inden-3-yl-2- 
methylheptan-2-ol moiety (Fig. 4 [C]). The precursor ion and product 
ions of the derivatization product of CPT (IS) were seen at m/z 521.4 and 
m/z 247.3, respectively. 

Furthermore, the fragmentor voltage and collision energies (CE) 
were correctly set for the CMDR derivatization products to match the 
target selectivity and sensitivity of the proposed UHPLC-ESI-MS/MS 
method. The system initially adjusts the coarse fragmentor voltage to 
achieve the highest ion intensity of the selected precursor ions and then 
refines the fragmentor voltage by stepping in smaller increments to 
achieve the optimal response. The voltage range of 100–200 V was 
tested for the fragmentors. D3 and CPT had the highest ion intensity at 
120 V, whereas 25(OH)D3 and 1,25-(OH)2D3 had the highest at 100 V. 
While keeping the capillary voltage at 4000 V, the CE was tuned by 
acquiring the precursor ion to product ion transition within the range of 
0–100 V. The highest abundance was gained at 45 V for D3 and CPT and 
35 V for 25(OH)D3 and 1,25-(OH)2D3. As a result, these values were 
picked as the best MRM settings. Unfortunately, only one transition for 
each analyte gave the highest abundance while the second transition 
was not sufficient for the quantitative purposes in the current study 
especially for 1,25-(OH)2D3. Additionally, sharing the same m/z for the 
product ions causes cross-interferences especially for metabolites with 

similar precursor ions. Therefore, only one transition for each analyte 
was used for the quantitation of D3, 25(OH)D3, and 1,25-(OH)2D3 in 
COVID-19 patients while giving considerable attention for testing the 
method selectivity in the validation phase. The dwell time was also 
tuned for the greatest detector response, and a dwell period of 25 ms is 
recommended for the stated MRM transitions. Afterwards, UHPLC 
conditions were optimized for the chromatographic separation of Pyr- 
NO derivatives of D3, 25(OH)D3, 1,25(OH)2D3 and IS for the best res
olution and peak shape in a short analysis time. The effect of the organic 
modifier on the separation of the target analytes was tested. Although 
various organic solvents including acetonitrile, methanol, and ethanol 
were examined, acetonitrile showed the best resolution in a short 
analysis time (<2.0 min). The effect of formic acid in the range of 
0.01–1% was also examined and 0.1% formic acid was the most excel
lent for peak shape and resolution. The separation was attained using 
gradient elution using water with formic acid (0.1%) and acetonitrile 
with formic acid (0.1%). The elution program started with 40% (v/v) of 
acetonitrile for 0.3 min then increased linearly to 90% (v/v) at 2 min at 
0.3 mL min− 1 flow rate. The column oven was thermostatically 
controlled to hold the column at 40 ◦C during the run. MRM chro
matogram of blank serum spiked with 20 ng mL− 1 of D3, 25(OH)D3, 
1,25(OH)2D3, and 5 ng mL− 1 I.S. using the developed UHPLC -ESI-MS/ 
MS method was shown in Fig. 5. It is noticeable that high peak resolution 
for the target analytes was achieved in less than 2 min. 

3.3. Optimization of SALLE method 

SALLE with water-miscible organic solvent has demonstrated a good 
approach in vitamin D3 extraction for its ability to separate D3 from 
binding proteins, enhance extraction recovery, and reduce ion sup
pression in the MS detector [23]. The extraction solvent type is a crucial 
aspect of the SALLE technique. The optimum extraction solvent should 
be water-miscible, polar, and capable of inducing phase separation upon 
salt addition. In this work, the effects of acetonitrile, methanol, ethanol, 
and isopropanol on the extraction of target analytes were investigated. 
Methanol was the chosen SALLE due to its ability to segregate the 
analytes from the plasma protein besides the high extraction recovery. 
Moreover, the choice of salting-out mediator is another effective 
parameter in the sample preparation phase. Ammonium acetate was 
reported as a salting-out mediator for vitamin D3 metabolites [23]. 
Although, we noticed low extraction efficiency in the current method
ology. In our way to seek the most suitable salting-out mediator, several 
salts were used including magnesium chloride (MgCl2), calcium chloride 
(CaCl2), sodium chloride (NaCl), and ammonium sulfate ((NH4)2SO4). 

Fig. 2. Effects of Pyr-NO reagent solvent [A] and concentration [B] on peak areas of D3, 25(OH)D3, and 1,25(OH)2D3 using the developed UHPLC-ESI-MS/ 
MS method. 
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Results are shown in Table 1. The best extraction recoveries were ob
tained with (NH4)2SO4 with % recoveries ranging from 98.4 to 100.7. 
The amount of used (NH4)2SO4 was adjusted for the best extraction re
covery. It was noticed that 100 μL of 5 M (NH4)2SO4 gave the highest 
extraction efficiency therefore, it was chosen for further tests. 

Fig. 3. Effects of microwave reaction time [A], reaction temperature [B] and 
microwave irradiation power [C] on peak areas of D3, 25(OH)D3, and 1,25 
(OH)2D3 using the developed UHPLC-ESI-MS/MS method. 

Fig. 4. Collision-induced dissociation mass spectrum of the CMDR reaction 
product of [A] D3, [B] 25(OH)D3 and [C] 1,25(OH)2D3 with 1 mM Pyr-NO 
reagent in positive ion electrospray ionization mode. 
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3.4. Validation of the developed UHPLC-ESI-MS/MS method 

Calibration curves for D3, 25(OH)D3, and 1,25-(OH)2D3 were 
created by graphing the peak area ratios of the reference standard and 
CPT (I.S.) MRM signals against the serum concentration level. The 
linearity ranges and regression analysis data for D3, 25(OH)D3, and 
1,25-(OH)2D3 using five data points were summarized in Table 2. Over 
the assessed calibration range, the linear regression study demonstrated 

excellent correlation coefficients (r ≥ 0.9987). The re-calculated con
centrations of the measured calibrators were within ±10% indicating 
good linearity (data was not shown). The sensitivity was assessed by 
calculating the LLOQ of D3, 25(OH)D3, and 1,25-(OH)2D3 in human 

Fig. 5. Typical MRM chromatogram of VD-DC mass spect gold® serum spiked with 20 ng mL− 1 of D3, 25(OH)D3, 1,25(OH)2D3 and 5 ng mL− 1 I.S. using the 
developed UHPLC-ESI-MS/MS method (transitions were m/z 493.4 → 231.3 for D3, m/z 509.4 → 231.3 for 25(OH)D3, m/z 525.4 → 247.3 for 1,25(OH)2D3, and m/z 
521.4 → 247.3 for I.S). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Effects of several types of salting-out mediators on the extraction efficiency of D3 
and its major metabolites from human serum and assay using the developed 
UHPLC-ESI-MS/MS method.  

Analytea % Recoveryb ± S.D. 

MgCl2 CaCl2 NaCl (NH4)2SO4 

D3 81.3 ± 2.8 71.5 ± 2.0 62.3 ± 3.5 99.4 ± 3.1 
25(OH)D3 85.5 ± 2.6 73.3 ± 2.7 70.5 ± 2.9 100.7 ± 2.7 
1,25(OH)2D3 87.4 ± 3.0 70.8 ± 2.4 68.8 ± 3.3 98.4 ± 2.9  

a Concentration used from D3, 25(OH)D3 and 1,25(OH)2D3 was 5 ng mL− 1. 
b Data presented as mean ± S.D. of three experiments. 

Table 2 
The linear regression analyses for the calibration curves data and sensitivity for 
D3 and its major metabolites in human serum using the developed UHPLC-ESI- 
MS/MS method.  

Analyte Calibration curvea (n = 5) LLOQb (ng 
mL− 1) 

Range (ng 
mL− 1) 

Slopeb 

(±SD) 
Interceptb 

(±SD) 
r 

D3 0.05–50 1.18 
(±0.05) 

0.056 
(±0.002) 

0.9991 0.05 

25(OH) 
D3 

0.02–50 1.54 
(±0.06) 

0.024 
(±0.002) 

0.9990 0.02 

1,25(OH) 
2D3 

0.02–50 1.69 
(±0.07) 

0.019 
(±0.001) 

0.9987 0.02  

a Peak area ratio of D3, 25(OH)D3 or 1,25(OH)2D3 and I.S. versus serum 
concentration (ng mL− 1). 

b Data presented as mean (n = 5) ± SD. 
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serum. The calculated LLOQ was 0.02 ng mL− 1 for 25(OH)D3, and 1,25- 
(OH)2D3 and 0.05 ng mL− 1 for D3 indicating good sensitivity of the 
developed method. The slopes of the calibration curves were 1.18 for 
D3, 1.54 for 25(OH)D3, and 1.69 for 1,25-(OH)2D3. The sensitivity of 
this UHPLC-ESI-MS/MS was about 100 times than HPLC-UV method 
[18], 50 times than GC-MS method [19], and 2–40 times than 
LC-MS/MS methods [13,14,20–28]. 

Selectivity of the developed UHPLC-ESI-MS/MS method was tested 
by looking for any interfering peaks in the chromatograms of human 
serum at the retention times of D3, 25(OH)D3, 1,25(OH)2D3, and I.S at 
LLOQ. It observed that the peak areas of co-eluted substances did not go 
beyond 7% of the peak areas of the target analytes. Hence, the inter
ference was nonsignificant, thus the method was believed to be 
selective. 

Within-batch and between batches accuracy and precision were 
assessed using QCs of D3, 25(OH)D3, and 1,25(OH)2D3 at three QC 
levels. Results were shown in Table 3. Within-batch precision, expressed 
as RSD%, was ranged from 1.5 to 3.5% while between batches precision 
was varied from 1.8 to 4.7%. Similarly, within-batch accuracy, as RE% 
between the calculated and nominal concentration was within − 3.1- 
1.2% and between batches accuracy was between − 5.7-1.4%. As a 
result, the new UHPLC -ESI-MS/MS method demonstrated remarkable 
repeatability in clinical investigations. 

The extraction recoveries of D3, 25(OH)D3, and 1,25(OH)2D3 from 
human serum were evaluated at three quality control levels as seen in 
Table 4. The recoveries of the target analytes utilizing the SALLE pro
cedure were found to be within 95.9–101.0%, suggesting satisfactory 
extraction recovery. Likewise, the potential matrix effect in human 
serum was assessed as normalized I.S. matrix factors (MF). The IS- 
normalized matrix factors were varied from 0.955 to 1.007. These re
sults show that the extraction approach provides adequate extraction 
effectiveness without significant interference from coeluted serum ma
trix components with the analyte peaks. 

To extend the UHQC 200 ng mL− 1 with satisfactory precision and 
accuracy, the dilution integrity was tested by dilution with blank serum 
10- and 100 times. Results are shown in Table 5. The dilution integrity 
RE% for of 10- and 100-times dilution was found to range from − 2.5 to 
2.0 while the RSD% results were varied from 1.96% to 3.08%. Hence, 
the method calibration limit could be extended to 200 ng mL− 1 with 
appropriate accuracy and precision. 

Short-term, long-term, autosampler and freeze-thaw stabilities were 
evaluated under a variety of storing and processing conditions. Stability 
results at the mentioned settings are presented in Table 6. The short- 
term stability findings of D3, 25(OH)D3, and 1,25(OH)2D3 were var
ied from − 3.6 to 2.1%, while the stability results of long-term storage 
were from − 4.9-2.9%. After three cycles of freeze-thaw, the stability was 
found to be − 4.8-2.9%, while the autosampler stability was found to be 
− 2.8-1.2%. The performed stability experiments demonstrate no 
obvious deterioration results given that the RE% for all samples were 
within 15% and proved to be stable in human serum under the storage 

and processing conditions. 

3.5. Method’s clinical performance and application to quantitation in 
COVID-19 patients 

To assess the clinical performance of our newly designed UHPLC-ESI- 
MS/MS approach, a statistical comparison of its performance versus the 
already established CLIA method was performed. It is thought that 
assessing performance differences rather than just comparing methods is 
a superior way to determine comparability [40]. As a result, we used a 
Bland-Altman plot to examine the differences between the CLIA method 
and the developed UHPLC-ESI-MS/MS method. For this purpose, 20 

Table 3 
Accuracy and precision for assay of D3 and its major metabolites from human 
serum using the developed UHPLC-ESI-MS/MS method.  

Analyte Concentration 
(ng mL− 1) 

Within-batch (n = 5) Between-batches (n = 3) 

Accuracy 
(RE%) 

Precision 
(RSD%) 

Accuracy 
(RE%) 

Precision 
(RSD%) 

D3 0.05 − 3.1 3.5 − 5.4 4.7 
5 0.8 3.4 − 1.1 3.6 
50 − 1.5 2.1 1.4 2.7 

25(OH) 
D3 

0.05 − 2.9 3.8 − 3.7 4.0 
5 − 1.8 2.8 − 2.6 3.7 
50 − 0.9 1.9 1.2 2.2 

1,25 
(OH) 
2D3 

0.05 − 3.0 3.3 − 4.9 4.1 
5 1.2 2.9 1.7 2.9 
50 0.6 1.5 − 1.3 1.8  

Table 4 
Extraction recovery and matrix effect of D3 and its major metabolites from 
human serum after SALLE and assay using the developed UHPLC-ESI-MS/MS 
method.  

Analyte Concentration (ng 
mL− 1) 

Extraction recoverya 

(%) ± S.D. 
Matrix factora (IS- 
normalized) 

D3 0.05 95.9 ± 4.6 0.955 
5 98.7 ± 3.0 0.984 
50 99.3 ± 1.9 1.004 

25(OH)D3 0.05 96.1 ± 4.1 0.975 
5 97.7 ± 2.7 0.988 
50 100.4 ± 1.9 0.999 

1,25(OH) 
2D3 

0.05 96.9 ± 4.8 0.979 
5 99.1 ± 2.9 0.990 
50 101.0 ± 1.6 1.007  

a Average of five determinations. 

Table 5 
Dilution integrity of D3 and its major metabolites in human serum after dilution 
and assay using the developed UHPLC-ESI-MS/MS method.  

Analyte Dilution 
timesa 

Nominal 
conc. (ng 
mL − 1) 

Measured 
concb ± SD 
(ng mL − 1) 

Accuracy 
(RE%) 

Precision 
(RSD%) 

D3 10 20 19.60 ± 0.53 - 2.0 2.70 
100 2 1.95 ± 0.06 − 2.5 3.08 

25(OH) 
D3 

10 20 19.75 ± 0.49 - 1.25 2.48 
100 2 2.04 ± 0.04 2.0 1.96 

1,25 
(OH) 
2D3 

10 20 20.15 ± 0.61 0.75 3.03 
100 2 1.94 ± 0.05 − 3.0 2.58  

a Using ultrahigh quality control sample (UHQC; 200 ng mL− 1) from each 
analyte. 

b Average of five determinations. 

Table 6 
Stability data for of D3 and its major metabolites in human serum under 
different storage conditions using the developed UHPLC-ESI-MS/MS method.   

Nominal conc. (ng mL 
− 1) 

Accuracya (RE%)  

Stability tests  D3 25(OH) 
D3 

1,25(OH) 
2D3 

Short-term stability 0.05 − 3.2 − 3.2 − 3.6 
5 2.1 1.9 1.3 
50 − 1.4 - 2.1 − 1.0 

Long term stability 0.05 - 4.1 − 4.2 − 4.9 
5 − 3.2 − 2.6 − 3.4 
50 2.2 2.7 2.9 

Autosampler 
stability 

0.05 − 2.8 − 2.4 − 2.1 
5 − 2.2 − 2.0 − 1.8 
50 0.4 0.8 1.2 

Freeze–thaw 
stability 

0.05 − 3.8 − 4.3 − 4.8 
5 2.9 2.5 2.7 
50 − 1.7 − 1.8 − 2.1  

a Average of five determinations. 
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serum samples from healthy subjects were analyzed blindly for 25(OH) 
D3 and 1,25(OH)2D3 using the developed UHPLC-ESI-MS/MS and the 
commercial DiaSorin® Liaison immunoassay kits (CLIA method). The 
differences between the two methods were evaluated using a 
Bland-Altman plot for bias assessment (Fig. 6A and B). When comparing 
our LC-MS/MS approach to the CLIA method, the Bland-Altman plot 
analysis revealed that our LC-MS/MS method had a minimal mean bias 
of - 0.8 and 0.8 for 25(OH)D3 and 1,25(OH)2D3, respectively. The low 
bias level indicates similar limits of agreements between both methods. 
The obtained results for our method compared to the CLIA method at the 
existed serum concentrations of 25(OH)D3 and 1,25(OH)2D3 may be 
described by the fact that other molecules that cross-react with the 
immunoassay are minimal. 

To assess the clinical importance of our method and to maximize its 
utility, the developed UHPLC-ESI-MS/MS approach was utilized for 
simultaneous determination of serum levels of D3, 25(OH)D3, and 1,25 
(OH)2D3 in twenty positive COVID-19 cases. MRM chromatogram of 

COVID-19 patients serum sample extracted, spiked with IS (5 ng mL− 1), 
and analyzed by the developed UHPLC-ESI-MS/MS method is shown in 
Fig. 7. The tested samples were also analyzed for 25(OH)D3 and 1,25 
(OH)2D3 using the CLIA method and results were compared using Stu
dent’s t-test. D3 was analyzed using UHPLC-ESI-MS/MS method only 
due to the deficiency of a suitable immunoassay kit for D3. Results are 
presented in Table 7. A good agreement between the developed method 
and the routine CLIA method with P-values > 0.05 was given that 
proved the clinical significance of the developed method. However, as 
far as we see, this is the first study on the simultaneous quantification of 
D3, 25(OH)D3, and 1,25(OH)2D3 in human sera that could be a very 
important diagnostic marker in many diseases related to a vitamin D3 
deficiency. 

4. Conclusion 

This report presents a novel ultrasensitive and reliable UHPLC-ESI- 

Fig. 6. Results of Bland-Altman plot for 25(OH)D3 [A] and 1,25(OH)2D3 [B] analysis bias assessment between the developed UHPLC-ESI-MS/MS method and 
CLIA method. 
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MS/MS approach for simultaneous quantification of D3 and its major 
metabolites in COVID-19 patients. The method was based on the 
enhancement of the detection sensitivity and method reproducibility via 
a derivatization reaction with Pyr-NO in a modern microwave reactor 
with controlled reaction conditions. The hyphenation of CMDR with 
UHPLC-MS/MS permitted precise and comprehensive derivatization 
outcomes in short reaction times. The new approach demonstrated fast 
separation and derivatization reaction times, superior derivatization 

reaction yields, and enhanced product purities by reducing the unde
sirable side reactions. The new approach provided enhanced mass 
spectral sensitivity about 2–100 times compared to the reported 
methods with a short run time (<2.0 min). As far as we know, this report 
is the first approach for the hyphenation of CMDR with LC-MS/MS 
techniques guiding toward reproducible and fast bioanalytical ap
proaches. A simple and efficient SALLE procedure was implemented for 
the clean-up of D3 and its major metabolites from serum samples. The 
developed method was applied successfully for simultaneous analysis of 
D3, 25(OH)D3, and 1,25(OH)2D3 in COVID-19 patients. The method
ology is regarded as an effective diagnostic tool for the assessment of the 
correlation of vitamin D status and severity of COVID-19. 
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