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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:
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11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

In this study, the liquid chromatographic (LC) parameters
were optimized using response surface methodology (RSM) as
a novel approach to achieve optimal separation of six vitamers
of vitamin D and K during simultaneous estimation. Analytes
were separated using an Accucore C18 column (50 x 4.6 mm,
2.6 pm), 0.1% aqueous formic acid (pH = 3.5), and methanol
as mobile phase components. The Box-Behnken design (BBD)
predicted the best combination of the selected critical quality
attributes such as organic solvent composition in the mobile
phase (90%), mobile phase flow rate (0.42 mL/min), and
column oven temperature (40°C). Multiple regression analysis
was used to fit the experimental data from 17 sample runs to
a second-order polynomial equation. The adjusted coefficient
of determination (R?) for three desired responses were 0.983
(retention time of K, = R ), 0.988 (resolution between D, and
D, = R,), and 0.992 (retention time of K-7 = R)), all with
significant probability values (p<0.0001), indicating a high
significance for the regression model. Q-ToF/MS detection was
interfaced with an electrospray combined ionization source. The
optimized detection parameters delivered specific, sensitive,
linear, accurate, precise, and robust quantification of all six
analytes in the tablet dosage form.

Key words. Box-Behnken design, fat-soluble vitamins,
optimization, response surface methodology, UPLC-Q-ToF/
MS, validation.

Introduction.

Vitamins D and K (VDK) are essential micronutrients for
calcium homeostasis. These vitamin deficiencies have been
linked to chronic illnesses such as osteoporosis, cardiovascular
disease, cancer, diabetes, autoimmune diseases, and depression
[1]. VDK works synergistically in maintaining calcium
homeostasis by absorbing calcium from the intestine and
carboxylating matrix Gla protein (MGP) at the vascular wall
and osteocalcin (OC, bone Gla protein) at the bone [2,3].
Inadequate VDK levels in the blood cause poor carboxylation
of MGP and OC, which has been linked to negative outcomes
such as cardiovascular disease, low bone mineral density, and
osteoporosis [3]. Combining VDK in the form of supplements
may be more effective for bone and cardiovascular health than
taking either vitamin alone, according to genetic, molecular,
cellular, and human research [4-7].

Analytical techniques such as HPLC-PDA [8,9], HPLC-
FD [10], and LC-MS [11] for determining VDK in vitamin
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supplements have been reported. Accurate analysis of these
vitamins in pharmaceutical supplements is critical for quality
control [12]. Previously published analytical techniques detailed
VDK quantification alone [9-11, 13] and also in combination
with other vitamins [8,14]. A review of the literature using the
WOS data base revealed that none of the LC-MS techniques
were successful in achieving a clear baseline separation of
ergocalciferol (D,) and cholecalciferol (D,) during simultaneous
estimation due to their structural similarity [15]. Furthermore,
due to the wide variation in the partition coefficient (log P)
values of the selected vitamers, developing a simultaneous
method, as well as ensuring resolution between D, and D,,
was difficult. The selection of an appropriate organic phase
composition is critical in order to retain menadione (K,), which
is the least non-polar of the selected vitamers. Menaquinone-7
(K,-7), on the other hand, is highly non-polar, and the method
must minimize the retention time to avoid longer runs and higher
solvent consumption. In our study, liquid chromatographic
(LC) separation of the selected vitamers should be optimized
to ensure analyte retention, resolved peaks, and the shortest
possible runtime for simultaneous analysis.

Traditionally, optimization of a chromatographic technique
looks at one factor at a time (OFAT) while leaving the others
constant. As a result of OFAT, a large number of experiments
are carried out without identifying the key parameters.
Mathematically designed experiments are often used in studying
interaction among factors and predicts outcomes within few
experimental runs to improve the analytical quality (Analytical
quality-by-design, AQbD) of a technique [16-19]. The most
widely used technique for multivariate statistical methods is
response surface methodology (RSM). RSM is a statistical
and mathematical system that is based on data compatibility
with polynomial models and should reveal the behaviour of
all data with the goal of establishing a mathematical model for
predictions [20,21]. RSM is applied and analysed using a variety
of techniques, including experimental strategies, mathematical
methods, and statistical inference. By examining the various
variables and their effects, the RSM focuses on the optimal
condition in food and pharmaceutical research [22-24]. Until
now, no reported method has used RSM to optimize analytical
parameters for fat-soluble vitamin analysis.

The current study was aimed to optimize LC conditions in
order to achieve optimal separation of vitamins K,, D,, D,, K -4,
K,,and K -7 while using RSM. To date, no studies were reported
on the simultaneous estimation of the selected six fat-soluble
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vitamins using RSM to determine optimum LC conditions with
independent variables such as organic phase composition in
mobile phase, flow rate, and column oven temperature have
been conducted. Since LC-MS provides sensitive, selective, and
selective determination, analytes were separated using UPLC
and detected using Q-ToF/MS.

Experimental.

Chemicals and reagents: Analytical reference standards
of ergocalciferol (D,, 99.6%), cholecalciferol (D,, 99.9%),
menadione  (K,, 99.8%), phylloquinone (K,, 99.6%),
menaquinone-4 (K,-4, 99.9%), and menaquinone-7 (K7,
100%, USP Reference standard) were purchased from Sigma-
Aldrich, India. The analyte structures are depicted in figure
1. Acetonitrile, methanol, and 2-propanol of LC-MS grade

were purchased from Honeywell, USA. n-hexane, chloroform,
and tetrahydrofuran of HPLC grade were purchased from
SD Fine Chemicals, India. Formic acid, glacial acetic acid,
and ammonium acetate of high purity were purchased from
ThermoFischer Scientific, India. Mychiro (USV Private limited,
Mumbeai) tablets were used to establish the analyte recovery.
Stock solutions, calibration standards and quality control
samples: Primary stock solutions (1 mg/mL) of D,, D,, K -4,
K,-7, K, and K, were prepared in methanol (diluent). Working
standard stock solutions of 100 pg/mL, 10 pg/mL, 1 pg/mL, and
200 ng/mL were prepared by diluting appropriate volumes of
primary stock solutions with methanol as a diluent. Calibration
standards of 15.02, 22.5, 30.03, 75, 150, 300, 600, 900, 1200,
and 1500 ng/mL were prepared. Quality control samples (QCs)
with concentrations of 41.2 (Low-QC), 712.5 (Medium-QC),

(a)

o

o]

(b)

(c)

(d)

(e)

o]

o]

(f

Figure 1. Structures of fat-soluble vitamins (a) ergocalciferol (D,), (b) cholecalciferol (D), (c) phylloquinone (K ), (d) menaquinone-4 (K -4), (e)

menaquinone-7 (K -7), (f) menadione (K ).
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and 1095 (High-QC) ng/mL were prepared from appropriate
standard stock solutions.

Primary stock solutions were prepared on weekly basis.
Working standard stock solutions and QCs were freshly
prepared prior to analysis. Stock solutions were stored under
refrigeration at -20 °C. All samples were handled in amber
borosilicate glassware of type A. To handle solvents and
samples during dilutions, single channel micropipettes with
capacities ranging from 0.01 to 10 mL were used (Transferpette
S, Brand Scientific Equipment Pvt. Ltd, Wertheim, Germany).

Sample preparation: Placebo tablets were powdered
(constituents: Myo-Inositol, D-Chiro-Inositol, and excipients)
and 1 g of the powdered sample was spiked with six-fat soluble
vitamins attwo analyte concentration levels, 50ng/gand 250 ng/g.
Spiked sample was subjected to ultrasonication assisted solvent
extraction. 30 mL of 2-propanol and n-hexane (65:35%, v/v)
and 0.3 mL formic acid were added to the sample and sonicated
at 60 KHz for 15 minutes while maintaining the temperature
at 50 °C. The extract was brought to room temperature and
centrifuged at 9000 rpm for 3 minutes. Supernatant was
collected and centrifugation was repeated twice. The collected
supernatant was subjected to solvent evaporation under gentle
stream of nitrogen gas. The dried residue was reconstituted
with 2 mL methanol. All samples were filtered using 0.45 p
polytetrafluoroethylene (PTFE) hydrophilic membrane filters
prior to the analysis.

Ultraperformance liquid chromatography (UPLC):
Acquity H-class UPLC system (Waters Corporation, Milford,
MA, USA) equipped with an integrated vacuum degasser,
binary solvent manager, thermos tatted column compartment,
sample manager with autosampler injector was utilized to
perform the LC separation. An Accucore C18 column (4.6
x 50 mm, 2.6 um) was used as stationary phase. The mobile

phase was composed of 0.1% formic acid in water (v/v, pH=3.5,
A) and methanol (100%, B), and delivered in the following
gradient time program: 0 to 2 minutes (90%, B), 2 to 3 minutes
(90 to 100%, B), 3.01 to 17 minutes (100%, B), and 17.01 to
20 minutes (90%, B) at a flow rate of 0.5 mL/min. The sample
injection volume was 5 pL. LC separation was monitored using
diode array detection (DAD) at 269 nm.

Quadrupole time-of-flight mass spectrometry (Q-ToF/
MS): Xevo G2-XS Q-ToF mass spectrometer (Waters
Corporation, Wilmslow, UK) was used for mass spectrometric
(MS) detection. The mass spectrometer was equipped with
an electrospray combined ionization source (ESCi) capable
of performing electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) simultaneously within
a single run, which could be useful in determining analyte
ionization efficiency within a single run when operated at a given
polarity, i.e., positive, or negative. MS detection of analytes
was carried out using the following instrument and acquisition
parameters: 450°C probe temperature; 25 to 60 V sampling cone
voltage ramp; 120 °C source temperature; 100 V source offset
voltage; 50 L/hr cone gas (nitrogen) flow; 750 L/hr desolvation
gas (nitrogen) flow; the collision energy ramp ranges from 15 to
60 eV (Argon, collision gas); the sample infusion flow rate is 5
pL/min 20 us dwell time (MS1 and MS2); 20 us and 40 ps ramp
time for MS1 and MS2, and a mass range of 50 to 1500 m/z.

Experimental design.

Preliminary trails: The trial-and-error method was used in
preliminary trials to learn about the LC method's performance
and to identify various significant independent parameters and
their influence on dependent variables. The UPLC separation
was focused on analyte peaks that were well retained and
resolved. As a result, C18 column as a stationary phase,
methanol as an organic modifier, and aqueous phase with 0.1%

Table 1. Experimental runs of Box-Behnken design with their respective responses.

Flow rate (mL/ Column oven
Run Methanol (%) min) ( temperature (°C)
1 90 0.5 325
2 90 0.5 32,5
3 100 0.5 25
4 100 0.7 32.5
5 100 0.5 40
6 90 0.7 40
7 80 0.5 40
8 90 0.5 32,5
9 80 0.5 25
10 90 0.3 25
11 90 0.5 32.5
12 80 0.3 32.5
13 90 0.7 25
14 80 0.7 32.5
15 90 0.3 40
16 100 0.3 32.5
17 90 0.5 32.5
© GMN

Retention time of |Resolution between Retention time of

K, (minutes) D, and D, K,-7 (minutes)
0.96 1.88 22
0.98 1.83 21.7
0.83 1.1 14.6
0.83 0.92 13.8
0.83 1.05 14.7
0.86 1.46 18.8
1.2 2.1 30
0.95 1.84 22
1.18 2.21 29.2
1.15 2 26.3
0.94 1.82 21.8
1.5 2.6 33.6
0.83 1.52 19.5
1 2 25
1.1 1.94 252
0.83 1.2 16.8
0.93 1.83 22
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formic acid (pH=3) as an additive were found to be significant
for LC separation.

Box-Behnken design (BBD): RSM-BBD was used to further
optimize the method's experimental conditions statistically
due to its high efficiency and ability to reduce the number of
trial-and-error experimental runs required. The independent
factors chose for further optimization using BBD at three levels
(-1, 0, +1) were: X, = initial (0 to 2 minutes) composition of
methanol (%), X, = flow rate (mL/min), and X, = column oven
temperature (°C). A sample set of 17 experimental runs (Table
1) were suggested by the Design Expert software with each run
analyzed in triplicate to record the mean values of the desired
responses: Y, = retention time of K, (minutes), Y, = resolution
between D, and D,, and Y, = retention time of K,-7 (minutes).
Experimental data was statistically analyzed using Design
Expert software, version 12 (Stat-Ease, Minneapolis, USA).
Response surface plots (Figures 2, 3 and 4) were used to examine
how the independent variables interacted with one another and
how those interactions affected the overall response. Two-way
analysis of variance (ANOVA) was used to assess the model's
suitability and the statistical significance of the regression
coefficients (Tables 2 and 3). The quadratic regression equation
for the independent and dependent variables is as follows: Y
;matbX +eX HdX teX X HgX +hX | X +iX, X +jX, X, ,
where, Y, represents the responses, and X, X,, and X, are the
selected independent variables that effect the LC separation.

Table 2. Fitness summary of Box-Behnken design.

Parameter Retention time of K, (minutes)
Y[
Model Quadratic
F-value 104
p-value <0.0001
R 0.992
Adjusted R’ 0.983
Predicted R’ 0.922
Lack of fit
F-value 2.21
p-value 0.23

Method validation.

The developed UPLC-Q-ToF/MS method was validated to
ensure its operational qualification by evaluating the parameters
such as system suitability, linearity and range, limit of detection,
limit of quantification, accuracy, precision, and robustness in
accordance with USFDA’s guidance [25,26].

System suitability: Six replicate injections of 1 pg/mL
standard solution (all six analytes) were injected into the
UPLC-DAD to assess system suitability. The outcomes of
system suitability parameters on capacity factor (k'), injection
repeatability, resolution (Rs), tailing factor (T), and theoretical
plate number (N) were investigated by detecting the analyte
retention at 269 nm (Table 4). The DAD at 269 nm was limited
to system suitability evaluation.

To evaluate the remaining validation parameters, the detection
was switched to Q-ToF/MS.

Sensitivity: The mean peak intensity units (n=3) obtained from
the respective analytes' total ion chromatograms (TICs) were
compared to the noise level in the preceding blank injection
across the retention range of the analytes. The limit of detection
(LOD) and limit of quantitation (LOQ) are determined using
signal-to-noise (S/N) levels of 3:1 and 10:1 (Table 4).

Linearity: The method's linearity was tested at ten non-zero
concentration points. Calibration standards of each analyte
were prepared in the range of 15 to 1500 ng/mL. The calibration

Resolution between D, and D, Retention time of K,-7 (minutes)

Y, Y,
Quadratic Quadratic
159 222
<0.0001 <0.0001
0.995 0.996
0.988 0.992
0.932 0.946
2.86 3.48

0.34 0.46

Table 3. Regression coefficients (p-value = <(0.5) in terms of coded factors.

Regression coefficient Retention time of K, (minutes)

Y]
X, 10.6
X, -0.15
X, -7.51
X5 -0.002
X, * X, 0.062
X+ X, -0
X, # Xy 0.013
X2 0
X2 0.787
X2 0

Resolution between D, and D,
Y. Y

Retention time of K,-7 (minutes)

2 3
-2.75 129
0.163 -1.06
-4.19 -89.7
0.078 -0.055
0.04 0.7
0 -0.002
0 0.066
-0.001 0
-0.562 9.06
-0.001 0.003

X, = Intercept; X, = Methanol (%), X, = Flow rate (mL/min); X, = Column oven temperature (0C); Y, = Retention time of K, (minutes); Y, =

Resolution between D, and D, Y, = Retention time ofKZ- 7.

13



GEORGIAN MEDICAL NEWS
No I (334) 2023

3D Surface

07 K3 Retention time (minutes)

06

0s

(a)

B: Flow rate (mL/min)
K3 Relention time (minutes]

04

03 _J

A Methanol (%]
80 85 a0 95 100 0700 (%)

A: Methanol (%)

K3 nion time (minutes) 3D Surface

(b)

C: Column oven temperature (deg. C.)

K3 Retention time (minutes)

A: Methanol (%)

i K3 Retention time (minutes)
T

37

-
(]
N’
C: Column oven temperature (deg. C.)

K3 Retention time (minutes)

28

25 B: Flow rate (mL/min)

03 04 05 [ o7 €: Column even temperature (deg. € 40007

B: Flow rate (mL/min)

Figure 2. Contour and response surface graphs of Y, versus (a) X,.X,, (b) X, X, (c) X, X,
Y, = retention time of K, X, = methanol (%), X, = flow rate (mL/min), X, = column oven temperature (°C).
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Figure 3. Contour and response surface graphs of Y, versus (a) X,.X,, (b) X, X, (c) X, X,
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Table 4. Method validation summary.

Parameter K, D, D, K,-4 K K,-7
Selectivity
t, 0.92 4.99 5.18 5.48 8.02 16.25
System suitability
kK 0.11 5.01 5.24 5.60 8.66 18.58
Inj. Rep (%RSD) 0.273 0.102 0.152 0.213 0.382 0.657
T 0.95 0.98 0.97 1.02 1.06 1.13
N 4895 8709 8968 9250 16808 26684
R - 3.51 1.68 3.39 6.63 7.77
Specificity
MS1 (m/z) 173.04 397.36 385.36 445.32 451.36 649.53
445.32 451.36 607.41
MS2 (m/z) 105.02 379.34 367.34 18708 187.07 187.08
Sensitivity
LOD (ng/mL) 9 6.5 4.5 3.5 10
LOQ (ng/mL) 14.5 11.5 11 9.5 8.5 15
Linearity
Regression y=3.75x+5.05 y=7.64x+11.89 y=8.33x+39.72 y=8.93x+151 y=99.6x-312  y=6.68x-14.03
equation
R’ 0.9999 0.9998 0.9999 0.9999 0.9999 0.9999
Spiked recovery
50 ng/mL (%) 99.48 99.66 99.61 99.2 98.57 95.52
250 ng/mL (%) 99.61 99.85 99.84 99.29 99.17 96.05
Robustness
(%RSD)
Sample manager
temperature 0.16 0.11 0.24 0.18 0.33 0.46
(5, 15, and 25 °C)
Injection volume
@3, 5, and 7.5 L) 1.76 2.43 2.29 2.71 2.59 2.86
Ionization source
condition
(Before and after 1.86 1.79 1.57 1.55 1.68 1.24
cleaning)
Table 5. Confirmation of the optimized method parameters.
Method parameters Response n Predicted Mean responses Observed responses (95% PI) Std. Dev
0.92
Y; 3 0.95 0.91 0.023
0.92
X, =90%; X, = 0.5 mL/min; X, = ok
L >z >3 ¥, 3 1.71 1.80 0.047
40°C
1.81
21.7
Ys 30219 21.0 0.501
21.5

X, = Methanol (%); X, = Flow rate (mL/min); X, = Column oven temperature (°C),; Y, = Retention time of K, (minutes); Y, = Resolution between
D,and D,; Y, = Retention time of K ,-7; n = number of determinations; 95% PI = (1-0.05)*100%;, Std. Dev = Square root of the residual mean
square. Considered as an estimate of the standard deviation associated with the experiment.

curves (CCs) were constructed by plotting response factor
(RF=(Mean TIC value (n=5)W/Injected concentration)) of
respective analyte against the concentration injected (Table 4).
A simple linear regression equation (Y=mX-+C) obtained from
the calibration curves is used to study the relationship between
analyte concentration (X) and response (Y).

Accuracy and precision: The precision of the developed
method was assessed using intra-day and inter-day precision,

17

and analyst-to-analyst repeatability. The intra-day precision and
inter-day precision of the analytical method are determined in
a single laboratory and analyst by evaluating three QC levels
at respective concentrations of 41.25, 712.5, and 1095 ng/mL
representative of the intended range of 15 to 1500 ng/mL over
three weeks (Table 5). Analyst-to-analyst repeatability was
assessed by each of the two analysts who prepared the stock
solutions, QCs, operated the instrument, integrated the peaks,
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and reported the data independently on the same day (Table 5).

Analyte spiked samples (50 ng/g of D,, D,, and K,; 250 ng/g
of K, K,-4, and K -7) were prepared using placebo formulation
and analyzed in triplicate and expressed as percentage mean
absolute recovery (R) (Table 4).

Robustness: Robustness refers to the ability of an analytical
method to remain unaffected by small variations in method
parameters (mobile phase composition, column age, column
temperature, and so on) and influential environmental factors
(room temperature, air humidity, and so on) and characterize
its reliability in routine analysis. This method's robustness is
limited to factors viz., the sample manager temperature (5 to
25°C), injection volume (3 to 7.5 puL) and ionization source
condition (before and after cleaning) (Table 4).

Method validation.

MassLynx (Version 4.1; Waters Corp., Milford, MA, USA)
was used to acquire and process the UPLC-Q-ToF/MS data.
Statistical design of experiment was performed using Design
Expert (Version 12.0; Stat-Ease, Inc., MN, USA). Construction
of calibration curves and interpolation of the standard calibration
curves were performed using GraphPad (Version 9.0; GraphPad
Software, Inc., CA, USA). Other calculations were carried out
using Microsoft Excel 2019 (Microsoft Corp., USA).

Results and discussion.
Optimization of UPLC method parameters:

Preliminary trails:

In the preliminary trails, optimal analyte retention was
observed with C-18 Accucore UPLC column (50 x 4.6 mm,
2.6um). Water as a mobile phase component was introduced
with caution due to the analytes' varying log P values (non-
polar), as it has been observed to directly affect the retention
of vitamins K, and K -7. Methanol and acetonitrile, as organic
mobile phase modifiers, were tested for their effect on analyte
retention. When compared to acetonitrile, using methanol
(100%) as mobile phase was found to elute vitamin K -7 faster.
Furthermore, higher methanolic compositions (100%) in mobile
phase failed to retain K, and resolve D, and D, (Rs >1.5),
indicating the effect of the initial (0 to 2 minutes) water/organic
solvent ratio [27]. To avoid analyte degradation under alkaline
conditions [28], formic acid (0.1% v/v in water) was used as a

Table 6. Results of method precision.

mobile phase additive. Among the selected fat-soluble vitamins,
K,, D,, and D; are partially soluble in water, whereas vitamins
K,-4, K, and K,-7 are insoluble. Thus, methanol (100%) was
opted as choice of diluent for preparing primary stock solutions.
We chose to investigate the effect of methanolic composition of
mobile phase, flow rate, and column oven temperature on the
retention of vitamins K, and K,-7, as well as the resolution of
vitamins D, and D, using response surface methodology. Other
variables, such as sample injection volume (uL) and sample
manager temperature (°C), were found to have no effect on
analyte responses.

Response surface methodology — Box-Behnken design: As
previously stated, 17 experimental runs were used to investigate
the quadratic interactions between three independent actors
(X,,X,and X,) and desired responses (Y ,Y,,and Y,) through
multiple regression analysis and ANOVA. The adjusted
coefficients of determination (R)) for the designed model
were 0.983 (Y), 0.988 (Y,) and 0.992 (Y,), and the model’s
probability value of p<0.001 for all responses indicates that
the regression model was highly significant. The statistically
significant model terms (p<0.001) influencing the response Y
are X, X, and X xX,. Similarly, significant terms influencing
the response Y, and Y, are X and X, respectively. Figures 2,
3 and 4 depicts the contour and response surface plots for the
independent variables, which express their relationship with the
dependent responses.

The response surface plot for the response Y, versus factors
X, and X, predicted highest retention time for K, (Y,) of 1.49
minutes at X, =80% and X, of 0.3 mL/min (figures 2a, 2b and
2c). The column oven temperature (X,) did not show any
significant influence on the response (figure 2b and 2c). The
response surface plots for the response Y, versus factors X, X,
and X, predicted highest resolution between D, and D, (Y,) at
X, =80%, X, =0.3 mL/min, and X, = 31.5°C (figures 3a, 3b and
3c). The response surface plots for the response Y, predicted
least retention time of 13.5 minutes at X, of 100% and X, of 0.7
mL/min (figure 3a). The column oven temperature (X,) did not
show any significant influence (figures 3b and 3c). X, and X,
showed least interaction among the factors (figure 3c). Overall,
the independent factors X, and X, had a significant influence on
all responses. According to the response surface plots, methanol
in the range of 88% to 91%, flow rate in the range of 0.45 to 0.52

Parameter QCslevel K, D, D K.-4 K, K.-7

(ng/mL) R RSD R RSD R RSD R RSD R RSD R RSD
Intra-day LOC (41.25) 99.7 0.34 100 0.48 99.1 0.27 99.7 0.31 98.4 0.14 99.6 1.15
precision MQC (712.5) 100 0.11 99.8 0.24 100 0.09 100 0.33 100 0.07 100.1 0.59

HQC (1095) 100 0.04 1002  0.14 100 0.01 100 0.16 100 0.07 99.7 0.33
Inter-day LOC (41.25) 99.04 0.75 99.7 0.86 100.3  0.64 98.07 0.96 98.9 0.11 99.2 1.39
precision MQC (712.5) 100.3  0.31 99.8 0.88 100.1 10.11 100.1 |0.55 100.1 10.15 99.9 0.67

HQC (1095) 100.1  0.06 100.2  0.25 100.2 0.02 100.1 0.28 100 0.08 99.9 0.18
Analyst- LOC (41.25) 199.9 1.13 99.9 0.2 100 0.35 99.2 0.43 98.7 0.13 98.5 1.41
to- analyst MQC (712.5) 100 0.66 100.3  0.16 100.1 10.23 100 0.14 100 0.09 99.8 0.83
repeatability  HQC (1095) [100.1  |0.11 100 0.04 100.1 1 0.08 100 0.05 100 0.08 100 0.37

OCs = quality control samples;, LOC = low quality control; MOC = median quality control; HOC = high quality control; R = absolute recovery

(%); RSD = relative standard deviation.
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Figure 6. Chromatograms (a) diode array detection

(DAD), (b) total ion chromatogram (ESI+), (c) total ion chromatogram (APCI+).
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Figure 7. Mass spectra (a) precursor ion spectra (b) product ion spectra of six-fat soluble vitamins K, D,, D, K.-4, K , K -7.
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mL/min., and column oven temperature in the range of 30 to 40
°C could achieve the desired results.

The experimental design's numerical optimization aided in
achieving the desired results [29]. The design was numerically
optimized for the factors: X, = 90%, X, = 0.5 mL/min., X, =
40°C to achieve desired responses: Y, = 1 minute, Y, =1.7,Y, =
17 minutes. Based on these constraints, the predicted values for
the responses were: Y, = 1 minute, Y, = 1.8, and Y, = 23.1 with
a desirability value of 0.769 (Figure 5). UPLC separation using
these constrains (mobile phase delivered isocratically) reported
mean responses (n=3) with confidence (Confidence interval =
95%): Y, = 0.92 minutes, Y, = 1.81, and Y, = 21.4 minutes
(Table 5). However, based on these observations, a gradient
profile was created, as previously mentioned, to further reduce
the chromatographic run time. As a result, the retention time of
K, remained 0.92 minutes, the resolution between D, and D,
was now 1.68, and the retention time of K -7 was reduced to
16.25 minutes (Figure 6).

Quadrupole time-of-flight mass spectrometry (Q-ToF/MS):

The efficient ionization of analyte molecules is critical in mass
spectrometric analysis [30]. APCI operated in positive polarity
resulted in better analyte ionization (Figure 6). As seen in
the scan spectrum, all analytes produced molecular ion peaks
with single protonation [M+H]* as well as double protonation
[M+2H]* with the former being predominant (Figure 7).
Collision induced dissociation of analytes resulted in product
ion fragments of the analytes (Figure 7). When compared to
the low energy mass spectrum, increasing the collision energy
from 15 to 60 eV improved the ionization of vitamin K vitamers
producing quantifiable daughter ions. Q-ToF-MRM-enhanced
transmission mode and target enhancement improved ion counts
of D,, D,, and K, but failed to show ionization improvements
for K,, K,-4, and K,-7 compared to generic full-scan mode.
The loss of a water molecule [M+H-18]" from vitamins D, and
D, molecules could be attributed to the presence of hydroxyl
groups, resulting in an intense product ion at m/z 379 and 367,
respectively. Carbon monoxide and acetylene losses from
the vitamin K, molecule resulted in an intense product ion at
m/z 105 [M+H-28-26]", whereas carbon monoxide loss alone
resulted in a product ion at m/z 145 [M+H-28]". Vitamins K,
K,-4, and K -7 produced a common product ion at m/z 187,
which could be attributed to the loss of side chain units attached
to the naphthalene-1,4-dione moiety, namely [M+H-265]" for
K,, [M+H-259]" for K,-4, and [M+H-463]" for K, -7. A peak at
m/z 607 in the product ion spectra of K -7 could be attributed to
the loss of the C3H6- group [M+H-42]" at the terminal prenyl
sidechain unit. The presence of molecular ion peaks [M+H]* in
all analytes' product ion spectra corresponds to soft ionization
of the APCI source, resulting in little fragmentation of the non-
polar analytes [31]. The higher collision potentials used in this
study may have contributed to the higher degree of fragmentation
obtained. The intensities of the precursor and product ion peaks
were used to calculate analyte responses for quantification of
the respective analytes from the sample extracts.

The developed UPLC-Q-ToF/MS method was found to be
selective (Figure 6) and specific (Figure 7) for the analytes of
interest, with no interfering peaks at analyte retention times.

© GMN

Method validation.

The minimum system suitability parameters evaluated (n=6)
as a measure of a well-behaved chromatographic system were
capacity factor (k'), precision/injector reproducibility (Relative
standard deviation, RSD), resolution (Rs), tailing factor (T),
and theoretical plate number (N) [25,26]. Except for the first
peak i.e., K, k' of >2 indicates that the analyte peaks met the
criteria for maintaining a significant distance from the void.
Injection precision (n=5 per analyte) as an indication of UPLC
performance, with RSD values not exceeding 0.657% for
the analytes of interest, well within the desired limit of 1%.
As a measure of peak separation for reliable quantitation, Rs
values greater than 1.68 at the highest analyte concentration
demonstrate the method's ability to resolve the D, and D, peaks,
which has been a source of concern in many previously reported
methods. The chromatographic resolution (Rs) between the
analyte and the closest eluting peak is usually used to determine
selectivity in LC-MS. The AOAC [27] requires Rs of at least
1.5, and the FDA [25,26] requires Rs of at least 2. With a peak
tailing of <2, among the analytes of interest, the K -7 peak
had the tailing of 1.13 which was highest among the analyte
peaks, demonstrating that acceptable peak symmetry was
maintained in the chromatographic separation, allowing for
accurate quantitation. The analytical column efficiently retained
the analytes of interest during a chromatographic run with N
values >4895 using a fixed set of operating conditions such
as peak position, particle size in column, flow rate of mobile
phase, column temperature, and analyte molecular weight. The
parameters evaluated met the method validation criteria, and the
method's chromatographic suitability for the analytes of interest
could be confidently claimed.

The method was found to be sensitive, as demonstrated by the
LOD and LOQ values reported in the table 4. The calibration
curves for analytes were created, and linearity was observed
in the concentration range of 15-1500 ng/mL of each analyte,
demonstrating an excellent correlation coefficient 2 > 0.9998.
The method was found to be precise for intra-day and inter-day
precision, and analyst-to-analyst repeatability evaluations with
RSD values <1.41% (Table 5). The accuracy of the developed
method was demonstrated by analyzing (n=3) analyte recovery
by single extraction from a spiked placebo tablet. Analyte
recovery ranging from 95.52% to 99.85% have been reported
(Table 4).

The robustness of the UPLC-Q-ToF/MS method was evaluated
by deliberately modifying chromatographic conditions. The
robustness of the proposed method was assessed using factors
such as ., the sample manager temperature (5 to 25°C), injection
volume (3 to 7.5 uL) and ionization source condition (before
and after cleaning). The influence of each of the factors
was evaluated, and none of the factors exceeded the limits,
demonstrating that the studied independent variables had no
influence on the responses (Table 4).

Conclusion.

A selective, specific, sensitive, precise, accurate and robust
UPLC-Q-ToF/MS method for the simultancous estimation
of D,, D,, K, K,-4, K,-7, and K, using response surface
methodology to optimize the liquid chromatographic separation
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was developed and validated. The Box—Behnken design allowed
for simultaneous evaluation of the independent factors as well
as the addition of interactions between the factors in order to
optimize experimental conditions. According to the response
surface plots, the retention of K,, K -7, and the resolution
between D, and D, were significantly influenced by methanol
composition in mobile phase and flow rate. In terms of D, and
D, resolution, column oven temperature had little interaction
with other factors. It is recognized that using the design of
experiment approach is an adaptable practice for reducing
the total experimental runs required for the optimization and
development of the UPLC method can generate profound data
in a short period of time. The method appears to be robust and
accurate, and it can resolve D, and D, during simultaneous D
and K vitamer analysis. The proposed method was validated
and could be a potential for use in routine laboratory analysis.
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