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Abstract Quantification of vitamin K1 in serum is still quite a challenge for most analytical lab-

oratories. For long, protein precipitation (PP) coupled with liquid–liquid extraction (LLE) or solid

phase extraction (SPE) is the only choice for sample preparation before LC-MS/MS analysis. The

objective of this study is to establish a novel method for the simple and rapid quantification of K1.

To this end, three issues are illuminated in the first place: (i) the release efficiency of K1 is influenced

by the type of precipitator and the volume ratio of serum to precipitator during PP; (ii) the absolute

recovery of K1 will be compromised by the partition effect during extraction; (iii) the volume of

injected serum per run should be proper rather than high to prevent the potential ion suppression

effect. Benefitting from these findings, a single-step PP method is developed for K1 quantification

for the first time. For pretreatment, isopropanol (100 lL), instead of the frequently used methanol,

ethanol and acetonitrile, is utilized to release K1 from serum (25 lL), which realize the excellent

release efficiency (>90%) and dilution effect (1:4) simultaneously. After validation, the method

can provide favorable accuracy (91.5–112.2%) and precision (less than13.5%) in the wide concen-

tration range (0.1–2.5 ng/mL). As a result, such method may provide a feasible and high-

throughput alternative for evaluating K1 status in practice.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vitamins K are a group of well-known fat-soluble vitamins, which

share a 2-methyl-1,4-naphthoquinone structure with various unsatu-

rated side chains. These compounds play significant roles in blood

coagulation, cardiovascular health and bone metabolism (Fusaro

et al., 2020). For long, vitamin K1 (K1, also named as phylloquinone)

is regarded as one of the most frequently used biomarkers to access

vitamin K status in vivo (Thane et al., 2006; Harrington et al., 2008;

Shea et al., 2012). However, ascribing to its sub-stoichiometric abun-

dance in serum (two orders of magnitude lower than the concentration
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of 25-hydroxyvitamin D3) and ultra-hydrophobic nature (more

hydrophobic than a-tocopherol), the measurement is still quite a chal-

lenge (Fusaro et al., 2017; Zhang et al., 2019; Card et al., 2020).

In the past twenty years, numerous mass spectrometry-based meth-

ods, mainly liquid chromatography-tandem mass spectrometry (LC-

MS/MS), have been developed to analyze K1 in blood matrix

(Suhara et al., 2005; Ducros et al., 2010; Gentili et al., 2014;

Konieczna et al., 2016; Riphagen et al., 2016; Nannapaneni et al.,

2017; Sandvik et al., 2017; Hu et al., 2018; Andersen et al., 2019;

Dunovska et al., 2019; Zhang et al., 2020; Arachchige et al., 2021;

Card et al., 2022; Meinitzer et al., 2022). As shown in Table 1, two

steps were carried out successively for sample preparation in all cases:

protein precipitation (PP) and target extraction (Suhara et al., 2005;

Ducros et al., 2010; Gentili et al., 2014; Konieczna et al., 2016;

Riphagen et al., 2016; Nannapaneni et al., 2017; Sandvik et al.,

2017; Hu et al., 2018; Andersen et al., 2019; Dunovska et al., 2019;

Zhang et al., 2020; Arachchige et al., 2021; Card et al., 2022). In the

first step, hitherto, no consensus has been reached for either the solvent

selection or the sample/solvent proportion. Among the published

researches, methanol, ethanol, isopropanol and acetonitrile have all

been utilized with the sample to solvent ratio ranging from 2/1 to

1/4. Actually, this ‘‘releasing” step is the prerequisite to achieve satis-

fying recovery, because K1 is originally integrated with triacylglycerol-

rich lipoproteins in blood. Nonetheless, limited focus has been dedi-

cated on this aspect, which left a blind spot for method evaluation
Table 1 Brief information of the published MS based methods and

NO. Sample

consumption

Protein

precipitation

Extraction

1a 500 lL Ethanol (2 mL) LLE with hexane

hexane/diethyl et

2a 500 lL Ethanol (2 mL) LLE with cycloh

3a 500 lL Ethanol (1.5 mL) LLE for three tim

evaporation; cold

4b 200 lL Methanol (0.8 mL) LLE for two tim

evaporation

5b 350 lL Ethanol (0.175 mL) SPE; evaporation

hexane (2:1:1, 2 m

6a 300 lL Methanol (1 mL) LLE with hexane

7b 250 lL Methanol/ethanol

(1:1, 0.8 mL)

SPE

8a 200 lL Ethanol (0.6 mL) LLE with cycloh

9b 160 lL Isopropanol/ZnSO4 (1 mol/L) /

NH3 (25%) in water (94/1/5,

0.4 mL)

On-line SPE

10b 500 lL Ethanol (2 mL) LLE for two tim

evaporation; SPE

ether (97:3, 9 mL

11b 250 lL Methanol (1 mL) LLE for two tim

evaporation

12a 45 lL Acetonitrile

(0.2 mL)

LLE with hexane

(0.3 mL); evapor

13a 250 lL Ethanol (0.6 mL) LLE with hexane

evaporation

14 25 lL Isopropanol

(0.1 mL)

–

a The precipitate was included in the extraction step.
b The precipitate was excluded before the extraction.
(as discussed in Section 2.4). In the second step, solid phase extraction

(SPE) or liquid–liquid extraction (LLE) coupling with nitrogen evapo-

ration was utilized to concentrate the supernatant after PP. In practice,

such processes probably suffer from drawbacks like lengthy, chemical-

polluting or high-cost. Additionally, as K1 is light-sensitive and prone

to emerge non-specific adsorption to containers, the more intricate the

experimental procedures are, the lower the recovery and reproducibil-

ity can be. In result, there are a number of controversies among previ-

ous methods, for example whether there were matrix effect after LLE

(Gentili et al., 2014; Hu et al., 2018; Andersen et al., 2019; Zhang et al.,

2020; Arachchige et al., 2021); whether the precipitation should be

removed before LLE (Konieczna et al., 2016; Dunovska et al., 2019;

Zhang et al., 2020); whether the tube type would affect K1 quantifica-

tion (Andersen et al., 2019; Arachchige et al., 2021). In practice, such

immaturity on methodology has, at least, partly contributed to the

misty phenomena in vitamin K related clinical and nutritional trails

(Shea et al., 2021; Kaesler et al., 2021).

Actually, our group has been trying to quantify K1 since our pri-

mary attempt on detecting fat-soluble vitamins in 2017 (Yuan et al.,

2017; Le et al., 2018). During the past five years, we kept collecting

the experience from the existed methods and trying to improve the fea-

sibility and reliability for K1 quantification. In this work, we illumi-

nated the previous predicament in K1 analysis from two aspects: (i)

the incomplete recovery of K1 by the suboptimum sample preparation

protocol; (ii) the potential ion suppression effect by injecting excessive
the newly developed method for K1 quantification.

Injected

serum

per run

Sensitivity

(LLOQ)

Reference

(3 mL); SPE; evaporation of

her (97:3, 5 mL)

�250 lL 0.04 ng/

mL

(8)

exane (5 mL); evaporation �100 lL 0.04 ng/

mL

(9)

es with hexane (1.5 mL);

-induced lipid elimination

�200 lL 0.1 ng/

mL

(10)

es with hexane (0.8 mL); �20 lL 0.33 ng/

mL

(11)

of methanol/isopropanol/

L)

�60 lL 0.06 ng/

mL

(12)

(2.5 mL); evaporation �30 lL 0.1 ng/

mL

(13)

�8 lL 0.1 ng/

mL

(14)

exane (1 mL); evaporation �130 lL 0.1 ng/

mL

(15)

�20 lL 0.03 ng/

mL

(16)

es with hexane (4 mL);

; evaporation of hexane/diethyl

)

�30 lL 0.03 ng/

mL

(17)

es with hexane (2.5 mL); �30 lL 0.01 ng/

mL

(18)

(0.4 mL); re-LLE with hexane

ation; SPE

� 7 lL 0.7 ng/

mL

(19)

(3 mL); evaporation; SPE; �250 lL <

0.36 ng/

mL

(20)

� 2 lL 0.1 ng/

mL

This

work
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sample matrix. Thereafter, a one-step PP-based LC-MS/MS method

was developed and validated, which provided the first alternative to

analyze serum K1 without LLE or SPE.

2. Materials and methods

2.1. Chemicals and resources

Standards of K1 (V-030–1 mL) and vitamin K1-d7 (5,6,7,8-d4,

2-methyl-d3) (K1-d7, 705470-1MG) were bought from Sigma-
Aldrich (Beijing, China). Methanol, ethanol, isopropanol, ace-
tonitrile, n-hexane, ammonium acetate and formic acid at

HPLC-grade were all derived from Fisher-Scientific (New Jer-
sey, USA). All the standards and chemical reagents were pro-
vided by manufacturers with guaranteed composition and

purity. Thus, no specific treatment and characterization was
carried out before use. The water used throughout the study
was purified by a Milli-Q apparatus (Millipore, Bedford, MA).

The human serum samples used throughout the study were

derived from Department of Clinical Laboratory of Renmin
Hospital of Wuhan University (Wuhan, China). These samples
were obtained from the excess samples after routine biochem-

ical detection services. The whole study was supervised under
the Ethics Committee of Renmin Hospital of Wuhan Univer-
sity (WDRY2021-K041) and abided by the Declaration of

Helsinki principles.

2.2. Apparatus and parameters

The LC separation was carried out on a Shimadzu LC-30AD-

CL system by using Kinetex 2.6 lm C18 100 Å (100 � 3 mm)
column. Formic acid in methanol (0.2% v/v) with ammonium
acetate (10 mmol/L) was used as mobile phase. The flow pro-

gram was set as Supplemental Table S1. The column tempera-
ture was maintained at 65 �C to decrease back-pressure and
shorten retention time. No noticeable column deterioration

was observed with regular use up to 5 months. The retention
time of K1 and K1-d7 was 2.2 min. To diminish contamination
toward ion source, LC fluid from 0 to 1.7 min and 2.7–6.0 min

was discarded by using an integrated diverter valve. A SIL-
30AC-MP-CL auto-sampler was used for injection. The inject-
ing volume was 10 lL for all the performed experiments. After
injection, both the inner and outer walls of sampling syringe

were auto-washed with methanol (200 lL).
The MS detection was performed on a Shimadzu MS-8050-

CL spectrometer with electrospray ionization source under

positive ion mode. The multiple reaction monitoring parame-
ters are listed in Supplemental Table S2. The ESI parameters
were as follows: DL temperature (250 �C), heat block temper-

ature (400 �C), nebulizing gas (2 L/min), drying gas (10 L/
min), heating gas (10 L/min) and interface temperature
(350 �C). Data acquisition and processing were performed with

Lab Solution 5.53 SP2 software.

2.3. Calibrators and quality controls

Both K1 and K1-d7 were dissolved and diluted with methanol

to prepare stock solutions (100 ng/mL). Internal standard (IS)
solution was prepared by further diluting stock solution of K1-
d7 with methanol to 5 ng/mL.
Three sets of samples, including the mixture of patients’
serum with the pre-detected concentration of K1 lower than
0.2 ng/mL (as BLANK MATRIX I), VD-DDC Mass Spect

Gold plasma (Golden West Diagnostics, Temecula, CA; as
BLANK MATRIX II) and the mixture of water and methanol
(80%, v/v; as BLANK MATRIX III), were enrolled to prepare

apparent blank matrix. These samples were kept at room tem-
perature and allowed to stand for three full days under natural
light before use. The calibration samples (C1 to C6) were pre-

pared by spiking K1 into these candidate blank matrices (C0).
The spiked concentrations were 0.1, 0.25, 0.5, 0.8, 1.6 and
2.5 ng/mL, respectively. Such designation was referred the pre-
vious studies to cover the physiological range of K1 (Fusaro

et al., 2017; Zhang et al., 2019; Card et al., 2020). All these
samples (C0 to C6) were analyzed by the established LC-
MS/MS method. The effective peak area ratios of K1 to K1-

d7 were calculated by subtracting the value of C0 from C1
to C6. The calibration was then built by the linear least squares
regression model utilizing these effective peak area ratios ver-

sus the nominal spiked concentrations. The quality controls
of four levels (High-, Medium-, Low-, and LLOQ-QC) were
prepared by spiking K1 (2.5, 0.8, 0.25 and 0.1 ng/mL) into

BLANK MATRIX II.
All the prepared stock solutions, IS solution, calibration

samples and QC samples were wrapped in tin foil and kept
at 4 �C for short-term storage (within 3 days) or �80 �C for

long-term storage (up to 180 days). During these periods of
time, no obvious degradation (less than 15%) was observed
after investigating the relative recovery (as described in method

validation).

2.4. The efficiency of different pretreatments

As summarized in Table 1, previous studies utilized very differ-
ent pretreatment strategies for K1 extraction. Among these
pioneering contributions, the recovery was always discussed

after normalization with IS (as relative recovery). In contrast,
the absolute recovery, which directly reflected the efficiency of
K1 release, has not been systematically investigated yet. To
lighten this blind spot, we carried out two sets of experiments,

which investigated K10s releasing-efficiency after PP (EXPERI-
MENT I) and PP coupled with LLE (EXPERIMENT II). The
serum samples used in this section were derived from the same

serum pool, which was prepared by mixing serum samples
from random patients (n = 40). The concentration of K1 in
such mixture was pre-analyzed by the established LC-MS/

MS method (0.52 ng/mL, as CONCENTRATION 0).
For EXPERIMENT-I, certain volume of methanol, etha-

nol, isopropanol or acetonitrile (100, 150, 200, 400 or
800 lL, presented as VOLUME 1) was added into serum sam-

ples (50 lL, presented as VOLUME 0), creating the proportion
of serum to precipitator from 1/2 to 1/16. After vortexing
(1 min) and centrifuging (12,000 g at 4 �C for 2 min), the super-

natant (100 lL) was collected and mixed with IS solution
(5 lL) for LC-MS/MS analysis. The apparent concentration
in this supernatant (the peak area ratio of K1 to IS, similarly

hereinafter) was presented as CONCENTRATION 1. After
removing all the supernatant, ethanol (200 lL, presented as
VOLUME 2) was added to re-extract the residual K1 from

the precipitate. After vortexing (1 min) and centrifuging
(12,000 g at 4 �C for 2 min), the supernatant (100 lL) was also
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collected and mixed with IS solution (5 lL) for LC-MS/MS
analysis. The apparent concentration in this supernatant was
presented as CONCENTRATION 2. Accordingly, the

releasing-efficiency of K1 by PP can be calculated by Eq. (1).
And the releasing-efficiency of K1 by washing the precipitate
can be calculated by Eq. (2).

Releasing efficiency ofK1 byPP

¼ CONCENTRATION1 � ðVOLUME1þ VOLUME0Þ
CONCENTRATION0 � VOLUME0

� 100%

ð1Þ

Releasing efficiency ofK1 bywashing the precipitate

¼ CONCENTRATION2 � VOLUME2

CONCENTRATION0 � VOLUME0
� 100% ð2Þ

For EXPERIMENT II, certain volume of methanol, ethanol,
isopropanol or acetonitrile (100, 150, 200, 400 or 800 lL)
was added into serum samples (50 lL, presented as VOLUME

0). After vortexing (1 min), n-hexane (1 mL) was introduced
for LLE, which was conducted by vortexing (10 min) and cen-
trifuging (12,000 g at 4 �C for 2 min). The obtained upper
phase was collected and dried under nitrogen flow at 40 �C.
Then ethanol (200 lL, presented as VOLUME 3) and IS solu-
tion (10 lL) was successively added for reconstitution.
Through LC-MS/MS analysis, the apparent concentration in

this sampling solution was presented as CONCENTRATION

3. Accordingly, the releasing-efficiency of K1 after PP&LLE
can be calculated from Eq. (3). Also, the remaining precipitate

was tested by the same processes as described above to inves-
tigate ‘‘Residual K1 in precipitate after PP&LLE”.

Releasing efficiency ofK1 after PP&LLE

¼ CONCENTRATION3 � VOLUME3

CONCENTRATION0 � VOLUME0
� 100% ð3Þ
2.5. The impact of sample consumption

Considering the low abundance of K1 in blood, the existed
methods always imported large volume of serum/plasma

(200–500 lL) to ensure their sensitivity. However, as other
hydrophobic interference would be also condensed at the same
time, the accumulation of ion suppression may potentially

compromise the K1 response during MS detection. To investi-
gate such impact, we carried out EXPERIMENT III and
EXPERIMENT IV.

In EXPERIMENT III, serum (1 mL) was precipitated with
ethanol (4 mL) and LLE with n-hexane (20 mL). Afterward,
different volume of n-hexane (0.2, 0.4, 1, 2, 4 or 10 mL) was
transferred into separate tubes for nitrogen drying (presented

as GROUP 1–6). The dried samples were reconstituted with
ethanol (100 lL) and IS solution (5 lL) for LC-MS/MS anal-
ysis. As a result, the volume of ‘‘injected serum per run” could

be estimated as 1, 2, 5, 10, 20 or 50 lL for each sample group
(as shown in Eq. (4). The ion suppression effect on K1 could be
evaluated by comparing the detected peak area of K1 in

GROUP 2–6 to its expected value calculated from GROUP

(1) (as shown in Eq. (5). And the ion-suppression effect on
IS could be evaluated by comparing the detected peak area
of IS in GROUP 2–6 to the result from GROUP (1) (as shown
in Eq. (6).

Injected serumper run ¼ Serumvolume

� Volume of hexane for drying

Volume of hexane in total

� Volumeof injection

Volume of reconsitution
ð4Þ

Ion suppression effect onK1 ¼

1 � Peak area ofK1 inGROUPX

Peak area ofK1 inGROUP1 � Injected serum per run of GROUP X
Injected serum per run of GROUP 1

 !

� 100% ð5Þ

Ion suppression effect on IS ¼

1 � Peak area of IS inGROUPX

Peak area of IS inGROUP1

� �
� 100%

ð6Þ

In EXPERIMENT IV, serum (50 lL) was precipitated by
using isopropanol (200 lL). The supernatant (100 lL) was
mixed with IS solution (5 lL) before subjecting to LC-MS/

MS analysis (presented as GROUP 7). In this case, the volume
of injected serum per run was 2 lL. The corresponding ion
suppression effect on K1 and IS could be also evaluated by

Eqs. (5) and (6).

2.6. Sample preparation

Serum sample (25 lL) was combined with IS solution (5 lL)
and isopropanol (100 lL). After vortexing (1 min) and cen-
trifuging (12,000 g at 4 �C for 2 min), the supernatant
(100 lL) was transferred into a 96-well plate for LC-MS/MS

analysis. As the whole process could be finished within
5 min, no specific light-prevention was carried out during sam-
ple pretreatment. But the sampled 96-well plate should be cov-

ered by tin foil (EasyPierce 20 lm Thin Foil from Thermo
Scientifi-AB1720) to prevent long-time light exposure and sol-
vent evaporation before injection.

2.7. Method validation

The method was validated according to the guidelines for bio-

analytical method validation from Food and Drug Adminis-
tration and document C62-A from Clinical and Laboratory
Standards Institute. All the determinations were performed
by triplicate unless expressly stated.

The calibration was built by the linear least squares regres-
sion model utilizing peak area ratios of K1 to IS versus the
nominal spiked concentrations. All the three apparent blank

matrices were compared for developing calibrations. Based
on the established linear regression, the allowable bias should
be within 15% for all calibrators (within 20% at the LLOQ).

The method sensitivity was reflected by the lowest concentra-
tions of the calibrators (LLOQ level).

The carry-over effect was studied by detecting BLANK

MATRIX II after three successive analyses of upper limit of
calibrators. The residual signal should be no>15% of LLOQ.

The IS-normalized matrix effect was evaluated by spiking
0.5 and 2.0 ng/mL of K1 into six random serum samples from

different donors. The detected difference between spiked and
initial serum was compared with the spiked concentration.
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The consistency should be within 85–115% for all the six
samples.

Accuracy was determined as apparent recovery (dividing

the measured concentrations to the spiked values) by analyzing
all the four levels of QC samples in one day (n = 6, intra-day)
and in consecutive days (n = 10, inter-day). The results should

be within 80–120% for LLOQ-QC and 85–115% for others.
And imprecision was calculated as CV of those measurements,
which should be lower than 20% for LLOQ-QC and 15% for

others.
Stability was investigated by using Medium-QC. Serum

samples were wrapped in tin foil and kept at 25 �C for
1 day, 4 �C for 3 days or �80 �C for 180 days before pretreat-

ment. The freeze–thaw test was performed for three cycles.
And for treated samples, the supernatant was kept within the
covered 96-well plate in auto-sampler for 24 h before injection.

The apparent recovery should be within 85–115%.

2.8. Method application

To examine the applicability of this new method, we carried
out K1 quantification in one hundred serum samples from
donors for health screening. All the samples were collected

among October to November 2021. Serum was separated
and transferred into 1.5 mL Eppendorf tubes within 2 h after
collection. All the obtained tubes were stored at �80 �C in
darkness until further treatment. Before determination, the

thawing process was conducted in darkness at 4 �C.

3. Results

3.1. Method development

Considering the discrepancy among previous pretreatment
protocols for K1, we concluded there were three issues await-
ing careful investigation before developing more advanced

methods: (i) how to realize efficient dissociation of K1 from
serum matrix; (ii) whether the enrichment effect from LLE/
SPE was essential to preserve adequate detecting sensitivity;

(iii) whether the high volume of ‘‘injected serum per run”
would cause ion suppression for MS response. In accordance,
Fig. 1 (A) The releasing-efficiency of K1 after protein precipitation b

efficiency of K1 regaining from washing the residual precipitate (obta
four series of experiments (EXPERIEMTN I to IV) were con-
ducted successively.

The results of EXPERIMENT I were summarized in Fig. 1

and Supplemental Table S3 & S4. Interestingly, acetonitrile,
which was commonly used for PP in blood samples, exhibited
weak capacity for K1 release. At all the tested volume ratios,

the releasing-efficiency was less than 16.4%. And after PP with
acetonitrile, K1 seemed to be tightly retained on the aggre-
gated precipitate. Even after washing with ethanol,K1 cannot

be re-released efficiently (4.3–8.9%). As for alcohols, the com-
pleteness of K1 release increased with the volume ratio. In gen-
eral, isopropanol exhibited better performance than methanol
and ethanol, especially at low volume ratio. Taking the case of

1:3 as a typical example, the releasing-efficiency after PP with
isopropanol can reach 92.3%, which was about 13 times higher
than methanol and 1.5 times higher than ethanol. Unlike ace-

tonitrile, after PP with alcohols, the residual K1 in precipitate
can be well regained by re-extracting with ethanol. These phe-
nomena clearly indicated alcohols were more suitable for

counteracting the adhesion between K1 and serum matrix than
acetonitrile. Although the detailed mechanism was not fully
understood yet, we speculated the precipitator’s polarity and

hydrophobicity should be the main determinants.
The results of EXPERIMENT II were summarized in Fig. 2

and Supplemental Table S5 & S6. In general, combining with
EXPERIMENT I, these experiments showed that LLE treat-

ment can accelerate K1 release during PP. Also taking the vol-
ume ratio of 1:3 as a typical example, profiting from LLE, the
releasing-efficiency reached 50.7% for methanol and 70.5%

for ethanol. Meanwhile, the residual K1 in precipitate
decreased to 22.5% for methanol and 6.3% for ethanol. How-
ever, LLE possessed very limited improvements for acetonitrile

groups, which still preserved only 7.4–15.0% as the releasing-
efficiency. And the partition effect between precipitator and
extractor would compromise the releasing-efficiency. This

drawback gave rise to distinctive inflection points of
releasing-efficiency in methanol group at 1:8 and ethanol
group at 1:4. Even at best circumstance, over 25% of K1
would be lost due to such effect. Moreover, isopropanol, which

exhibited best capacity for K1 release in EXPERIMENT I,
was not well compatible with LLE treatment. After introduc-
ing hexane, isopropanol would be homogenized into the upper
y methanol, ethanol, isopropanol or acetonitrile. (B) The releasing-

ined from protein precipitation) with ethanol.
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phase. Consequently, the time cost of the following nitrogen
drying process would be obviously prolonged.

Additionally, we also evaluated the releasing-efficiency of

IS (K1-d7). In this experiment, we added 1 ng/mL of IS into
BLANK MATRIX II serving as the analytical sample. The
sample underwent similar treatments as in EXPERIMENT I

and II. Prior to injection, we introduced K1 standard solution
(10 lL, 5 ng/mL) to serve as the internal standard of K1-d7.
The final results were as expected, showing the very similar

performance of K1-d7 with K1.
The results of EXPERIMENT III were summarized in

Fig. 3 and Supplemental Table S7 & S8. Along with the
increase of injected serum per run (from 1 to 50 lL), the ion

suppression effect significantly aggravated for both K1 (up
to 92.2%) and IS (up to 95.4%). Fortunately, both compounds
shared similar changing trends (as shown in Fig. 3A), which

indicated the accuracy of K1 quantification could be partly
preserved from ion suppression by using IS normalization.
Nonetheless, the detected absolute peak area of K1 was signif-

icantly affected by such ion suppression effect (as shown in
Fig. 3B). For GROUP (1) to (3), the signal response was still
comparable with the theoretical value calculated from GROUP
Fig. 2 (A) The releasing-efficiency of K1 after protein precipitation b

by hexane. (B) The releasing-efficiency of K1 regaining from washing th

with LLE) with ethanol. Of note, as isopropanol is miscible with n-hexa

under general circumstance. In result, this group of samples was not i

Fig. 3 (A) The impact of different injected serum volume per run o

different injected serum volume per run on detected peak area and ex
(1). But for GROUP (4) to (6), the detected peak area of K1
did not grow proportionally at all. In fact, the signal of
GROUP (6) even became lower than GROUP (5). When

compared GROUP (6) to GROUP (3), ten times increase in
injected serum per run only brought about 14% increase on
signal intensity. In result, for PP&LLE based methods, the

detecting sensitivity of K1 was not necessarily always corre-
lated with the volume of injected serum per run (or initial sam-
ple consumption). ‘‘Proper” rather than ‘‘large” sample

involvement should be applied to achieve satisfying analytical
performance.

Taking the results from EXPERIMENT I, II and III

together, two points could be learned: (1) instead of the main-

stream PP&LLE treatment, excellent releasing-efficiency of K1
could be simply realized by direct PP with isopropanol; (2)
considering ion suppression, small volume of injected serum

per run (2–5 lL) could achieve comparable detecting sensitiv-
ity with the conventionally used high volume of injected serum
per run (50 lL or more). Therefore, EXPERIMENT IV was

carried out to test whether K1 could be efficiently analyzed
after single PP treatment with isopropanol. According to the
results, the ion suppression effect of GROUP 7 was 1.7% for
y methanol, ethanol, isopropanol or acetonitrile coupled with LLE

e residual precipitate (obtained from protein precipitation coupled

ne, the obtained upper phase after LLE need too much time to dry

ncluded in (A).

n ion suppression effect of K1 and IS (K1-d7). (B) The impact of

pected peak area (calculated from GROUP (1) of K1.
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K1 and 4.9% for IS. Such data was at the same level with
GROUP (2), which possessed identical volume of injected
serum per run (2 lL). This phenomenon indicated that sample

after PP would not cause higher ion suppression than
PP&LLE. In addition, profiting from the better releasing-
efficiency (94% vs 73%), the detected peak area of K1 in

GROUP 7 was even slightly higher than GROUP (2) (20643
vs 17012). To sum up, under optimized condition, the simple
PP strategy could be an attractive substitute for PP&LLE

treatment in K1 analysis.

3.2. Method validation

The retention time of K1 and IS was 2.22 and 2.20 min. The
linear range was prepared as 0.1–2.5 ng/mL so that the LLOQ
was set at 0.1 ng/mL. The regressions obtained from all the
three apparent blank matrices were shown in Supplemental

Table S9, in which the R2 was all higher than 0.996. All cali-
brators from the established linear regression exhibited the
bias less than 10%, except for C1 from BLANK MATRIX I

(revealing 17.7%), which was also within the acceptable crite-
ria. As the slopes and intercepts exhibited good consistency,
the sample pretreatment strategy was considered possessing

negligible matrix bias. Considering C0 from BLANK

MATRIX I still preserved quantifiable K1 (0.08 ng/mL, as
shown in Supplemental Figure S1), BLANK MATRIX II (in
which K1 was nearly undistinguishable) was chosen to build

the methodology.
No detectable K1 could be observed (the ratio of signal to

noise less than 3) after successive injection of three calibrator

samples at C6 level. It demonstrated the carryover effect was
negligible for the proposed method.

To study the IS-normalized matrix effect, two concentra-

tions of K1 (0.5 and 2.0 ng/mL) was spiked into six different
real sample matrices. The background concentrations of K1
in these samples were detected as 0.13, 0.19, 0.23, 0.27, 0.44

and 0.45 ng/mL. After spiking 0.5 ng/mL, the detected concen-
trations were 0.69, 0.72, 0.73, 0.75, 0.91 and 1.02 ng/mL. And
after spiking 2.0 ng/mL, the detected concentrations were 2.03,
2.15, 2.44, 2.35, 2.57 and 2.44 ng/mL. In result, the consistency

was calculated as 93–113% with CV of 7%. In addition, we
also performed the above spiking-experiments towards stan-
dard samples (possessing the same K1 concentrations with

the serum samples). The obtained peak area ratio of K1 to
IS was quite comparable to the serum group (with the differ-
ence less than 9.7%). All these results indicated the matrix

effect (as well as the processing recovery) was acceptable after
IS-normalization.

The results of accuracy and imprecision were summarized
in Supplemental Table S10. In all cases, the accuracy was in

the range of 91.5 to 112.2%. And the corresponding impreci-
sion was observed less than 13.5%. These results exhibited
the favorable reliability of the developed method on K1

quantification.
During stability test, no significant degradation was

observed under all the tested condition (apparent recovery

89.4–106.6%), which demonstrated K1 was relatively stable
in darkness. In contrast, when serum sample was uncovered
during storage at 25 �C, the recovery revealed gradual decrease

(92.3% for 12 h, 88.1% for 24 h, 70.7% for 48 h and 51.1% for
72 h). Such results indicated that to obtain convincing K1 sta-
tus, long-time light exposure should be strictly forbidden
before measurement.

3.3. Method application

By using the developed method, K1 was successfully quantified
in all the enrolled samples (as shown in Supplemental

Table S11). The concentration was determined as 0.07 to
2.94 ng/mL (0.57 ± 0.49 ng/mL). The typical chromatograms
from one sample with the concentration (0.14 ng/mL) near

LLOQ level were shown in Fig. 4. Such results exhibited the
excellent applicability of this new method in practice.

4. Discussion

In the past two decades, significant efforts have been dedicated
to develop applicable methodology for K1 analysis in blood.

Currently, it is known that precise quantification of K1
requires the utilization of PP to release it from the matrix, fol-
lowed by concentration and purification through LLE or SPE
(if necessary). However, what remains unclear is whether dif-

ferent PP methods exhibit varying release efficiencies, whether
the extraction process will decrease the K1 recovery, and to
what extent the sample matrix can weaken the detecting

performance.
According to the pretreatment approach (as summarized in

Table 1), the previous methods can be divided into three cate-

gories: (i) PP coupled with SPE (Riphagen et al., 2016; Sandvik
et al., 2017; Andersen et al., 2019); (ii) PP coupled with LLE
after excluding precipitate (Konieczna et al., 2016; Dunovska
et al., 2019; Zhang et al., 2020); (iii) PP coupled with LLE with

precipitate (Nannapaneni et al., 2017; Hu et al., 2018;
Arachchige et al., 2021; Card et al., 2022; Suhara et al.,
2005; Ducros et al., 2010; Gentili et al., 2014). However, unlike

the case of other fat-soluble vitamins (including vitamin A/D/
E), K1 assessment was still not popularized in routine clinical
laboratories. The results from this study illustrated the follow-

ing three main issues for K1 detection.
First, the releasing-efficiency of K1 can be encumbered by

the imperfect PP strategies. According to the results from

EXPERIMENT I, to achieve satisfactory releasement
(>80%) (Yuan et al., 2016), the required volume ratio of
serum to precipitator should be 1:16 for methanol and 1:8
for ethanol. However, in the methods of (i) PP coupled with

SPE (Riphagen et al., 2016; Sandvik et al., 2017; Andersen
et al., 2019) and (ii) PP coupled with LLE after excluding pre-
cipitate (Konieczna et al., 2016; Dunovska et al., 2019; Zhang

et al., 2020), the applied volume ratio was only in the range of
2:1 to 1:4. This phenomenon indicated K1 may be partly lost
(along with discarding the precipitate) before the SPE or

LLE taking place. Apart from the frequently used methanol,
ethanol and acetonitrile, in the present work, we found iso-
propanol was a superior releaser for K1 from serum matrix.

Excellent releasing-efficiency (>90%) can be achieved with
the volume ratio of 1:3. Such low dilution factor raised the
possibility of direct analysis of K1 after PP without further
condensation process. Noteworthily, there has been one study

introducing isopropanol during PP (Andersen et al., 2019).
Nonetheless, the irritant ammonium hydroxide was involved
at the same time. And the method was built on an on-line



Fig. 4 The typical LC-MS/MS chromatograms of K1 and IS (K1-d7) from a clinical sample with the K1 concentration of 0.14 ng/mL.
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SPE system, which somewhat compromised the accessibility

for routine laboratories.
Second, during LLE, the partition effect between precipita-

tor and extractor was prone to decrease the absolute recovery

of K1. Comparing the results from EXPERIMENT I to
EXPERIMENT II, when 400 lL and 800 lL ethanol was used
for PP, 17.0% and 51.2% of K1 would be lost after performing
LLE with n-hexane (1 mL). Thereupon, to eliminate such

adverse effect, multi-cycle LLE or LLE with large volume of
extractor was always required, which in turn lowered the
throughput of the extracting and drying process. All the

LLE methods (Nannapaneni et al., 2017; Hu et al., 2018;
Suhara et al., 2005; Ducros et al., 2010; Gentili et al., 2014;
Konieczna et al., 2016; Dunovska et al., 2019; Zhang et al.,

2020; Arachchige et al., 2021; Card et al., 2022) could suffer
from such issue more or less. On the other hand, one latest
study imported acetonitrile-based PP coupled with LLE

(Arachchige et al., 2021). According to the results from
Fig. 2 and Supplemental Table S5, the releasing-efficiency
was probably less than 20% through those treatments. We
speculated such low recovery may be the main reason for the

relatively high LLOQ (0.7 ng/mL) of that methodology.
Third, the detecting efficiency for K1 could be apparently

influenced by the volume of injected serum per run. For long,

there were inconsistent conclusions about whether LLE was
adequate (Nannapaneni et al., 2017; Hu et al., 2018; Zhang
et al., 2020) or inadequate (Ducros et al., 2010; Gentili et al.,

2014; Dunovska et al., 2019; Arachchige et al., 2021) to
exclude ion suppression for K1 analysis. According to the
results from EXPERIMENT III, after condensation with
LLE, the ion suppression effect on K1 and IS would reach over

75%, if the volume of injected serum per run was higher than
20 lL. Such outcome indicated that, without further purifica-

tion by SPE or cold-induced lipid elimination (Gentili et al.,
2014; Dunovska et al., 2019; Arachchige et al., 2021; Card
et al., 2022), the methods depending on the crude LLE treat-

ment would likely preserve certain matrix interference for K1
detection (especially if the volume of injected serum per run
was high). In regard of the signal intensity (as shown in
Fig. 3B and Supplemental Table S8), benefitting from the low

ion suppression effect, the injected serum per run of 2 to
5 lL could realize comparable detecting sensitivity with the
case of 50 lL or more.

Collecting all the above findings, we developed the
isopropanol-based PP method for K1 quantification. The vol-
ume ratio of serum to isopropanol was set as 1:4 so that the

excellent releasing-efficiency (>90%) and favorable dilution
effect could be achieved simultaneously. Afterward, 10 lL of
the supernatant was injected for LC-MS/MS analysis, which

provided the volume of injected serum per run of 2 lL. To
be noticed, even with this minimized sample involvement, we
found a refresh step (2.7–6.0 min, as shown in Supplemental

Table S1) was necessary to prevent matrix accumulation on

column. If the LC program was terminated at 2.7 min, the sig-
nal intensity of K1 would sharply decrease>90% after succes-
sively analyzing three samples. Under these optimized

conditions, K1 could be reliably determined in the range of
0.1–2.5 ng/mL by using only 25 lL of serum sample. After
enrolling one hundred random samples to test the applicabil-

ity, only four of them fell outside the range (as shown in Sup-

plemental Table S11). Such results demonstrated the
quantitative range could well fulfill the routine requests for
clinical evaluation of K1 status in vivo.
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5. Conclusion

In comparison to previous studies, the most significant advancement of

this research lies in the successful quantification of endogenous vitamin

K1 in serum using a direct PP approach. By circumventing multiple

pretreatments such as LLE, SPE, and solvent evaporation typically

found in existing methods, the new method exhibits high throughput,

cost-effectiveness, and ease of operation. We believe these characteris-

tics make it very suitable for widespread adoption in routine clinical

laboratories.
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