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Abstract 

Vitamin K is a dietary component that, as a cofactor, has critically important physiological roles in the 

body. As it is present in milk at very low levels, it is fortified at higher levels in paediatric milk-based 

formulae. Currently, the predominant analytical strategy for both food database surveys and routine 

compliance testing is high-performance liquid chromatography with post-column zinc reduction and 

fluorescence detection. This study presents a single-laboratory validation of a pre-column reduction 

modification that provides enhanced sensitivity (> 2×) and increased analytical throughput. Accuracy 

was confirmed by analysis of a certified reference infant formula and milk proficiency samples, and by 

comparison against the reference method for a wide range of dairy products containing vitamin K1 at 

both natural and supplemented levels. The method offers several performance advantages and is 

suitable for routine product compliance release testing. 
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Introduction 

Vitamin K is a fat-soluble vitamin consisting of both natural phylloquinone (K1) and menaquinones 

(MKn), and synthetic menadione (K3) forms, all of which contain a common 2-methyl-

1,4-naphthoquinone nucleus. Naturally occurring vitamin K congeners exist exclusively in the 

biologically active 2′-trans configuration, whereas synthetically produced vitamin K1 typically contains 
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a minor proportion of the biologically inactive 2′-cis isomer. The predominant form of vitamin K in the 

human diet is K1, which is derived principally from green leafy vegetables and several plant oils, with 

a minor contribution of 2′,3′-dihydro-K1 from partially hydrogenated oils, whereas, with the exception 

of MK4, MKn are derived from both fermented foods and colon microflora. The comparative structures, 

sources, bioactivities, physiological functions and recommended dietary intakes have been reviewed 

comprehensively (Booth 2009; EFSA2017; Eitenmiller et al. 2008; Gröber et al. 2015; Hamidi and 

Cheung 2014; Indyk et al. 2003; Shearer et al. 2012; Shearer and Okano 2018). 

Nutritionally significant amounts of K1 are present at natural levels in a wide range of foods, with dairy 

products considered to be an important source within a balanced diet (Fu et al. 2017; Schurgers and 

Vermeer 2000). In fact, bovine milk is known to contain comparable endogenous levels of both K1 and 

MK4, whereas fermented dairy products such as cheese and yoghurt also contain significant levels of 

higher menaquinones (MK8–10) (Booth 2012; Fu et al. 2017; Indyk and Woollard 1997; Koivu-Tikkanen 

et al. 2000; Schurgers and Vermeer 2000;Woollard et al. 2002). Infant formulae are the only milk-

based foods that are routinely supplemented with synthetic K1 to comply with international regulatory 

requirements that are intended to protect the newborn prophylactically; in this context, it is notable 

that the low K1 content of breast milk is a recognised neonatal risk factor (Indyk et al. 2003; Shearer 

et al. 2012; Thijssen et al. 2002). 

Currently, the analytical technique that is utilised predominantly for the estimation of the vitamin K 

content of foods, including milk and paediatric formulae, is high-performance liquid chromatography 

with fluorescence detection (HPLC-Fl), although electrochemical redox methods and, more recently, 

tandem mass spectrometry are viable detection alternatives (Card et al. 2009; Eitenmiller et al. 2008; 

Fanali et al. 2017; Gentili et al. 2016; Indyk and Woollard 1997, 2000; Karl et al. 2014; Koivu-Tikkanen 

et al. 2000; Schurgers and Vermeer 2000; Woollard et al. 2002; Zhang et al. 2019). HPLC-Fl is 

implemented utilising post-column zinc reduction of K1 to its fluorescent hydroquinone derivative 

(K1H2), in preference to sodium borohydride or platinum reduction alternatives. The predominant 

chromatographic mode prescribed is reversed-phase exploiting C18 column chemistry, which 

facilitates quantitation of the cis- and trans-K1 isomers present in supplemented paediatric 

formulations as a single peak. Alternatively, the separate quantitation of these isomers can be 

accomplished utilising either a C30 phase under reversed-phase conditions or unmodified silica under 

normal-phase conditions (Cook et al. 1999; Schimpf et al. 2019; Woollard et al. 2002). 

Stannous chloride has been reported to be an alternative reductant in a non-chromatographic 

spectrofluorimetric assay and in the only example of a pre-column reduction HPLC-Fl method for 

vitamin K congeners in plasma (Ahmed and Mahmoud 2015; Nevado and Laguna 1998). Pre-column 

reduction may confer both performance and environmental advantages in comparison with the 
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conventional post-column HPLC-Fl format. Thus, the aim of this study was to investigate its potential 

to enhance the routine product compliance testing of the K1 content in milk products. 

Materials and Methods 

Vitamin K was extracted from samples with hexane, subsequent to enzymatic lipid digestion with 

lipase and precipitation of fatty acids; details of apparatus, reagents, vitamin K standards and sample 

preparation were as previously reported (AOAC 2019; Indyk and Woollard 2000). The LC system 

(Nexera X2, Shimadzu, Kyoto, Japan) was equipped with an Ascentis Express C18 end-capped, fused-

core particle analytical column (5 μm, 150 × 4.6 mm, Merck, Darmstadt, Germany). Under the 

conventional reference method post-column reduction conditions, isocratic elution was implemented 

with mobile phase A (methanol, 900 mL; dichloromethane, 100 mL; methanol, 5 mL containing zinc 

chloride, 1.37 g; sodium acetate, 0.41 g; acetic acid, 0.30 g) and reduction was accomplished with a 

stainless steel assembly (20 × 4 mm) dry packed with zinc powder (< 60 μm) that was configured 

between the column and the detector. The injection volume was 50 μL, fluorescence detection at 

λex = 243 nm and λem = 430 nm and quantitation of the K1 content of a sample was achieved by 

interpolation of a multi-level (0–40 ng mL−1) external standard calibration. Under the alternative pre-

column reduction conditions evaluated, the zinc column assembly was positioned between the 

injector and the analytical column and the mobile phase was modified for optimised separation; all 

other operating conditions were unchanged. Pre-column reduction experiments were also performed 

in an off-line mode with either zinc or stannous chloride. 

The estimated vitamin K1 contents of prepared sample extracts were compared by both the candidate 

pre-column and the reference post-column zinc reduction strategies, with method accuracy further 

evaluated by analysis of a certified infant formula reference material (NIST SRM 1849a, Gaithersburg, 

MD, USA) and two international proficiency milk powder samples (NurtureChek, Global Proficiency, 

Hamilton, New Zealand). Routine milk, dairy and infant formula powders were obtained from local 

production (Fonterra Co-operative Group Ltd., New Zealand) and a representative infant formula 

powder was used to determine assay stability and intermediate precision. 

Results and Discussion 

Method Development 

Preliminary investigations of an off-line reduction strategy were based on a previously reported study 

of the reductive efficiency of stannous chloride compared with either sodium borohydride or zinc 

metal reagents; this study reported that stannous chloride yielded higher fluorescence intensity for 

reduced K1, MK4 and MK7 standards (Ahmed and Mahmoud 2015). In the present study, both stannous 
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chloride (in either ethanolic hydrochloric acid or ethanolic glycerol solution, 50 mg mL−1) and zinc 

powder were evaluated for their ability to effect the reduction of multi-level K1 standards and sample 

extracts, achieved off-line in glass vials (10 min incubation at ambient temperature). Subsequent HPLC 

separation and fluorescence detection of the K1H2 derivative demonstrated equivalent reduction 

efficiencies for both stannous chloride and zinc reagents, yielding equivalent calibration linear 

regression slopes. However, when applied to infant formula sample extracts, these off-line reduction 

strategies yielded inconsistent quantitative K1 results; consequently, further studies targeted on-line 

reduction techniques. 

The comparative performances of on-line pre- and post-column reduction formats using the dry-

packed zinc column positioned either before or after the analytical column respectively were 

evaluated. These trials were initially conducted under identical elution (mobile phase A) and detection 

conditions, with chromatography illustrated in Fig. 1. 

Pre-column-reduced K1H2 eluted with a significantly shorter retention time than K1 under post-column 

format conditions, consistent with the increased polarity of the hydroquinone structure. Nonetheless, 

peak areas and linear regression slopes for calibration standards and the K1 contents estimated for a 

range of paediatric formula extracts were demonstrated to be statistically equivalent under both 

instrument configurations. Further, the equivalence in fluorescence response for equimolar K1 

calibration standards obtained for both reduction formats under identical mobile phase A eluent 

conditions illustrates the capacity of the zinc column to effect reduction of the maximum on-column 

injection of approximately 2 ng of K1. 

Under pre-column conditions, a progressive reduction in the dichloromethane content of the mobile 

phase was found to moderately increase the retention of K1H2, facilitating improved resolution from 

early-eluting peaks. These trials demonstrated that a modified mobile phase A containing no 

dichloromethane yielded optimal retention and resolution, as well as a significant increase, by a factor 

of > 2, in fluorescence response as revealed in the slopes of typical linear regression calibration curves 

(y = 99,108x versus y = 45,297x), thereby enhancing the sensitivity of the assay compared with the 

conventional post-column configuration. The significant improvement in assay sensitivity accruing 

from the removal of dichloromethane was due to the well-known electron-withdrawing properties of 

chlorinated organic solvents, which effectively quench the fluorescence of dissolved analytes 

(Bolinova et al. 2014). 

The optimised pre-column reduction protocol was also effective in resolving the MK4 and 

2′,3′-dihydro-K1 congeners that may be present, with their retention times relative to K1 consistent 

with conventional post-column reduction methodology. However, and as previously reported, the C18 
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analytical column does not resolve the cis- and trans-isomers in either reduction format, thereby 

facilitating quantitation of total K1 as a single aggregated peak. 

Method Validation 

This study describes a pre-column reduction modification to the chromatographic protocol prescribed 

in the reference method that was previously validated through an international multi-laboratory 

collaborative study (AOAC 2019; Indyk and Woollard 2000). Sample preparation, incorporating 

enzymatic digestion with lipase in phosphate buffer, extraction with hexane and reconstitution in 

methanol, was implemented without modification in the present study. It was therefore appropriate 

to evaluate those performance parameters that were specifically associated with the modified 

chromatographic procedure. 

Detector linearity was established over independent days (n = 10) by least-squares linear regression 

of multi-level K1 calibration curves (0–40 ng mL−1) for both pre- and post-column reduction, with both 

method variants yielding mean correlation coefficients (r2) > 0.9995 and F-test p-values > 0.05, 

confirming an absence of residual heteroscedasticity. 

The method detection limit (MDL) was estimated from the precision of the complete method applied 

to a sample containing low levels of analyte (Su 1998) and was estimated for K1 by replicate analysis 

(n = 7) of a whole milk powder containing endogenous levels. The estimated MDL values for pre- and 

post-column reduction method variants were 0.53 and 0.26 μg hg−1, respectively, confirming that both 

analytical techniques may be applied to infant formulae that contain K1 at supplemental levels 

approximately two orders of magnitude higher. 

Within-run repeatability (RSDr) was estimated by the analysis of seven replicates of an infant formula 

that was used as a quality control sample and measured 3.28 and 3.81% for pre- and post-column 

formats respectively. Between-run intermediate precision was assessed with replicates of the same 

quality control sample over 10 days (n = 24) and yielded RSDiR values of 3.61 and 3.49% for pre- and 

post-column formats respectively. 

Method bias was evaluated by duplicate analyses of NIST SRM 1849a and two NurtureChek proficiency 

milk powder samples. For NIST 1849a, the mean results for the pre- and post-column reduction 

variants were 105.9 and 101.8 μg hg−1 respectively, compared with the certified value and expanded 

uncertainty of 106 ± 17 μg hg−1. For the two proficiency samples, pre-column reduction yielded 80.6 

and 49.2 μg hg−1 and post-column reduction yielded 75.2 and 43.9 μg hg−1, results that were 

consistent with the assigned values of 76.7 ± 7.7 and 47.1 ± 3.9 μg hg−1. These data confirm an 

absence of bias as estimated against samples containing known concentrations of K1. 
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The accuracy and potential analytical bias of the proposed pre-column reduction technique was 

further evaluated by direct comparison against the commonly used reference post-column reduction 

method (AOAC 2019; Indyk and Woollard 2000) A paired t-test applied to multiple between-run 

replicate data for the infant formula quality control sample (n = 24) demonstrated an absence of bias 

between the two reduction strategies (p = 0.384, α = 0.05).  The comparative analytical performance 

of the two techniques was also assessed by the routine compliance release analysis of 70 diverse dairy 

product samples (paediatric formulae, whole milk, skim milk and buttermilk powders, certified 

reference dairy powders and liquid UHT milk), containing a wide range of K1 concentrations (< 1–

100 μg hg−1) representing either endogenous or supplemental levels, as presented in Table 1. A paired 

t-test result applied to the entire data set (p < 0.01, α = 0.05) indicated a statistical bias, although the 

mean difference for all samples was < 5.0%. In addition, the almost complete overlap of confidence 

intervals (α = 0.05) around the two population means suggests that the null was not rejected, and that 

any bias was of negligible practical significance. The wide range of K1 content across this sample set 

also allowed data examination by linear regression, yielding good correlation between the two 

method variants (y = 1.026x + 0.159, r2 = 0.9969). Further, a Bland-Altman plot demonstrated an equal 

distribution around zero difference, suggesting an absence of systematic bias across the concentration 

range, as illustrated in Fig. 2. 

Although reliable LC-MS techniques have recently become available, and with electrochemical redox 

detection methods being less favoured, HPLC-Fl remains the predominant platform for analysis of the 

K1 content of both clinical and food samples. It is also apparent that, amongst the many HPLC-Fl 

methods reported, the reduction of K1 is accomplished exclusively by the post-column technique, 

although an early study reported the enhanced reduction efficiency of zinc, in the presence of zinc 

ions, in both pre- and post-column modes (Haroon et al. 1987). Indeed, the reference post-column 

reduction HPLC-Fl method has been successfully implemented internationally for approximately 

20 years for the routine compliance testing of milk-based paediatric formulae. The proposed method 

variant, based on a pre-column reduction modification, has been demonstrated in this single 

laboratory study to provide an equivalent quantitative estimate of the K1 content in a wide range of 

dairy products, and provides several advantages including (i) a faster chromatographic cycle time, (ii) 

a reduced analyte elution volume, (iii) significantly enhanced assay sensitivity and (iv) a “greener” 

eluent composition. 

Conclusions 

An HPLC-Fl method, incorporating a pre-column reduction modification of the conventional reference 

post-column reduction protocol, has been single-laboratory validated. The technique provides several 

performance advantages, and is appropriate for use in high-throughput routine compliance testing of 
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the K1 content of manufactured dairy foods, including both supplemented and non-supplemented 

nutritional products. 
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Table 1. Comparison of vitamin K1 content of dairy products by precolumn and post-column 
reduction methods (μg hg−1) 

Samplea n Pre-column Post-column 

Fluid milkb 2 23.1 (1.11) 20.8 (1.23) 

Whole milkc 16 4.5 (0.49) 4.0 (0.40) 

Skim milkc 2 0.2 (0.02) 0.2 (0.02) 

Buttermilkc 2 1.0 (0.09) 1.8 (0.12) 

Infant formulab 24 52.4 (1.73) 52.1 (1.82) 

Follow on-GUMPb 20 60.4 (6.76) 58.8 (7.36) 

NIST 1849ab 2 105.9 (3.32) 101.8 (3.75) 

Vitamin K1 values as mean, with standard deviation in parentheses 
a All products are powders except fluid milk 
b Fortified 
c Unfortified 
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Fig. 1 Superimposed chromatograms of a K1 calibration standard (45 ng mL−1) and an infant formula sample extract under post-column and pre-column 
reduction formats. Mobile phase: methanol:dichloromethane 900:100 v/v, incorporating 5 mL of methanol containing 1.37 g of zinc chloride, 0.41 g of sodium 
acetate and 0.30 g of acetic acid; injection volume: 50 μL; fluorescence detection: λex = 243 nm, λem = 430 nm 
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Fig. 2 Bland–Altman plot comparing the pre-column reduction method with the conventional post-
column reduction method as a function of K1 concentration 

 

 

 


