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Abstract

A High Performance Liquid Chromatography method with fluorescence detection was
developed for the quantification of riboflavin (RF), flavin mononucleotide (FMN), flavin
adenine dinucleotide (FAD) and their photodegradation products, lumichrome (LC) and
lumiflavin  (LF), in liquid milk and milk products. Both sample preparation and
chromatographic separation were studied in order to avoid acidic having conditions that
proved to affect flavin stability and degrade FAD into FMN. The sample preparation includes
centrifugal skimming and ultrafiltration steps and is suitable for routine application. Linear
response was obtained for individual flavins in the respective concentration ranges of
interest and relative standard deviation (RSD) was lower than 5%, except for FAD (RSD
11%). The recovery ranged between 80-100%. The proposed method proved to be suitable
for assessing flavins in commercial liquid milk and fermented milk products, and for
monitoring the degradation of FAD, FMN and RF and the formation of LF and LC in bottled

milk exposed to light during shelf storage.
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1. Introduction

Vitamins are essential nutrients in the human diet. Riboflavin (vitamin B2, RF) is a water-
soluble vitamin with an important function for the cell growth and for the biological redox
reactions [1]. Other flavin compounds include the RF coenzymes, flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD), and other minor compounds, such as
hydroxyethylflavin, formylmethylflavin, cyclodehydroriboflavin, hydroxy-FMN, riboflavin-a-D-
glucoside [2, 3]. FMN and FAD play a role in cellular metabolism of other water-soluble
vitamins [4] and act as electron carriers in several biological processes [5]. Meat, eggs,
cereals and bakery products, some green vegetables and dairy products are the main
sources of RF [6]. In many foods, FAD is the major flavin, whereas eggs and milk are the
richest sources of RF [1]. Riboflavin and flavins in general are relatively stable to food
thermal processing, dehydration and usual storage conditions [7, 8]. In contrast, these
compounds are extremely sensitive to oxygen and visible or UV light. In particular, RF shows
a complex photochemistry due to the property of being easily reduced and oxidized [9].
Beside the loss of nutritional value [10], photooxidative reactions involving RF in milk may
lead to sensorial changes [11], including those usually described as sunlight flavor [12].
Shuping and coauthors [13] demonstrated that the light-induced polyhydroxy-containing
ribityl group of triplet excited RF is easily cleaved, originating several compounds. Among
these, lumichrome (LC) and, to a lesser extent, lumiflavin (LF) have been well-characterized
[2], the latter being preferentially derived at alkaline pH. These compounds are in turn
involved in UV-visible light absorption, acting as potential photosensitizers, thus causing
undesirable impairment of sensorial properties of foods.

Several analytical methods have been proposed for the detection of RF and its
derivatives in milk and dairy products, particularly in infant formula. Most of these methods
are based on the chromatographic separation and detection by either UV [14, 15],

fluorescence [3, 16-20] or mass spectrometry [21]. In particular, this last proved to be a
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successful technique for simultaneous detection of multiple vitamins in infant formula [22,
23] and in human milk [24, 25]. The use of capillary electrophoresis [26], microbial growth-
based assays [7], fluorometry [27], molecularly imprinted solid phase-extraction followed by
fluorometry [28], front-face spectroscopy [29, 30] were also proposed. In chromatographic
methods, milk is usually clarified by acidification in order to precipitate casein. However,
depending on the pH, flavin compounds are present in different forms (cationic, neutral and
anionic) having different fluorescence intensity [31]. Furthermore, both FMN and FAD
hydrolyse into RF at pH below 5 [18] and thus the total RF concentration including the parent
flavins is usually reported.

The determination of the individual flavins and their derivatives in milk, particularly those
which may form as a consequence of light exposure, has been assuming increasing
importance due to the interest of manufacturers in preserving the nutritional value and
sensory properties of milk and milk products during shelf storage. Although the simultaneous
determination of RF, FAD and FMN in milk has already been proposed [21, 25], to the best
of our knowledge no analytical method is available that allows also LF and LC to be detected
in milk in the same run. This study aimed to develop such a method and High Performance
Liquid Chromatography (HPLC) with fluorescence detection was chosen as an appropriate
technique for making it suitable for routine application. In this respect, we also developed a
sample preparation protocol that avoids inducing any chemical change of the analytes
during sample manipulation, thus allowing the quantification of natural levels of individual
flavins in milk and milk products and understanding their fate during milk processing,
fermentation, and storage. The proposed method was also used to conduct a preliminary

survey of the levels of RF and the other flavins in commercial milk and dairy products.

2. Materials and Methods



2.1 Chemicals and reagents

Riboflavin (RF), flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD),
methanol, ammonium acetate and trichloroacetic acid (TCA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Lumiflavin (LF) and lumichrome (LC) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). All the chemicals were of analytical
grade, at least. HPLC grade water was obtained by a Milli-Q system (Millipore Corp.,

Bedford, MA, USA).

2.2 Samples
The commercial samples considered in this study and the respective packages were as
follows: raw milk (n=4) in 1-L clear glass bottles; full-fat pasteurized milk (n= 4) in 1-L clear
PET bottles; full-fat UHT-sterilized milk (n= 1), skimmed UHT-sterilized milk (n= 2), full-fat
pasteurized goat milk (n= 2), full-fat UHT-sterilized goat milk (n= 1), pasteurized soymilk (n=
1), fermented milk (n= 2), all in 1-L carton bricks with aluminum foil; UHT-sterilized liquid
infant formula (n= 1) in 500-mL light-excluding High Density Polyethylene (HDPE) bottle;
skimmed plain yoghurt (n= 1) in 125-mL clear glass pot. All samples were collected at local
market, except raw milk samples, which were taken at four different alpine pastures in Italy.
All samples were refrigerated (5+1°C) and protected from light during transportation to the
laboratory, then immediately frozen (-20°C) until analysis. Moreover, a set of milk bottles
was kept at the display conditions in commercial markets. With this aim, five 1-L bottles
(clear PET) of full-fat pasteurized milk were taken at the filling machine of an industrial
manufacturing plant and brought to the laboratory under refrigerated (5+1°C) and light
protected conditions. The unopened bottles were stored in a refrigerated (51 °C) display
case under light exposure (fluorescent lamp, Philips TL-D super 58W/840, Italy). One bottle

out of five was taken after 0, 5, 28, 45 and 76 hours of storage and the milk analysed after



careful mixing by repeated gentle inversion of the bottle. All samples in this study were

analysed in triplicate.

2.3 Sample preparation

The optimized protocol for sample preparation was as follows: 2 mL of sample were
centrifuged at 18000 g for 30 min at 5°C using a benchtop centrifuge (Hettich, Tuttlingen,
Germany). The upper layer of fat was removed with a spatula and the skimmed sample was
ultrafiltered by centrifugation at 14000 g for 40 min at 20°C using a disposable 10 kDa cut-
off membrane Microcon (Millipore, Billerica, MA). The permeate was filtered through a 0.22
um PVDF filter (Millipore) prior to HPLC separation. Samples were protected from light
during preparation.

The sample acidification conditions described by Severo Silva Jr et al. [18] for sample
preparation were tested on standard water solutions containing either all of the flavins
considered in this study (concentration level 3, see section 2.5) or FAD (440 pg/L) only.
Briefly, the standard water solution (500 pL) was added with 30% (w/v) TCA (750 pL, final
TCA concentration 12%, pH 1+£0.5) and analysed by HPLC under the chromatographic

conditions described at section 2.4.

2.4 Chromatographic and quantitation conditions
A Waters Alliance 2695 chromatograph (Milford, MA, USA) equipped with a VWR Hitachi
L2480 fluorescence detector (Milan, Italy) set at 420 nm for excitation and 530 nm for
emission, and a Hypersil ODS chromatographic column (100 x 3 mm, 3 pum particle size)
(CPS Analitica, Milan, Italy) set at 40°C was used. The samples were kept at 15°C in the
autosampler. The injection volume was 50 pL. The elution solvents were: (A) 50 mM
ammonium acetate buffer, pH 6, and (B) methanol, and the flow rate was 0.6 mL/min. Elution

conditions were as follows: 15% B for 7 min, from 15% to 18% B in 5 min, from 18% to 35%
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B in 3 min and from 35% to 50% B in 3 min. The column was then washed with 100% B for
3.5 min and re-equilibrated for 8.5 min before the next injection. Chromatographic data were
processed using Empower2 software (Waters). FAD, FMN, RF, LF and LC were quantified
using the external standard method. Five-level calibration curves were obtained with
standard solutions containing the analytes at the respective concentrations spanning the
expected ranges in milk.

The unknown peak eluting at 11.1 min in the chromatograms of both fermented milk and
yoghurt samples was identified by UPLC-MS/MS. These samples were prepared following
the proposed procedure (Paragraph 2.3). An Acquity (Waters) UPLC module coupled to a
High-Resolution Exactive (Thermo Scientific, San Jose, CA, USA) mass spectrometer and
an HESI-II probe for electrospray ionization was used. The operative conditions were: spray
voltage +3.0 kV, sheath gas flow 60, auxiliary gas flow 20, capillary temperature 360 °C,
capillary +95 V, tube lens +170 V, skimmer +38 V, and heater temperature 300 °C. The
chromatographic column was the HSS T3 (150x2.1 mm, 1.8 um particle size) (Waters) kept
at 50 °C. The eluents: (A) 0.1% formic acid and (B) acetonitrile were used with the following
elution gradient: 10% B for 4 min, from 10 to 15 % B in 0.1 min, and then 15% B for 10 min.
The flow-rate was 0.45 mL/min and the injection volume was 5 pL. Data acquisition was
performed in full-scan mode in the range [m/z]* 100-900 u with an isolation window of +2
ppm. The AGC target, injection time, mass resolution and energy in the collision cell were
1x108, 100 ms, 50,000 and 10 V, respectively. Data were processed using Xcalibur software
(Thermo Scientific) and the peak was identified considering both the accurate mass and the
fragments obtained in the collision cell. Standard solution of RF (324 pg/L) gave a [m/z]*
377.1464 and daughter ions 243.0882 and 172.0874. The unknown peak gave a [m/z]*

538.1816 and daughter ions 377.1463 and 243.0881.

2.5 Method validation



The in-house validation of the method was carried out in terms of selectivity, linearity, limit
of detection (LOD), limit of quantification (LOQ), precision, recovery and accuracy [32]. The
concentration levels of the five target flavins in both standard water solutions and spiked
milk samples used in the validation procedure were: (level 1) 1.1 pg/L FAD, 1.1 pg/L FMN,
81.0 pg/L RF, 0.28 pg/L LF and 1.1 pg/L LC; (level 2) 27.5 pg/L FAD, 27.5 pug/L FMN, 324
Mg/L RF, 7.0 pg/L LF and 27.5 pg/L LC; (level 3) 440 ug/L FAD, 440 ug/L FMN, 1296 ug/L
RF, 112 pg/L LF and 440 pg/L LC.

The selectivity of the method was evaluated by analyzing the flavins both in absence and
presence of possible interferences originating from the milk matrix. With this aim, a standard
water solution at the concentration level 3 and a milk sample spiked with the five analytes
at the same concentration were used.

Linearity was tested on five concentration levels within the intervals reported in Table 1
and samples were analysed in triplicate. The equations of the calibration curves and the
correlation coefficients (r) were obtained by the linear regression analysis.

The values of LOD and LOQ were calculated as the lowest concentration of analyte in a
sample that resulted in a signal-to-noise ratio of 3 and 10, for LOD and LOQ respectively.
Values were measured in eight independent replicates.

The recovery (%) in spiked milk was calculated according to the following formula [32]:

Cr =G

N

X 100

Recovery (%) =

where:

Cr. concentration of the analyte in spiked milk sample;

Ci: initial concentration in milk sample;

Cs: concentration added from the standard solution.

The initial concentration in non-spiked milk and the concentration after spiking at the levels

2 and 3 above specified were determined in triplicate. The recovery was also calculated for
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the standard solutions at levels 2 and 3 in order to evaluate the ultrafiltration efficiency. The
accuracy was evaluated by means of recovery assay of replicate analyses for both standard
solution and milk spiked at levels 2 and 3 (n = 6).

Precision was expressed as relative standard deviation (RSD) of the analytical
response. Both the standard solutions and the spiked milk at the three levels of
concentration were analysed. Three independent replicates were carried out on three
different days (n = 9). For the instrumental repeatability, duplicate injections were carried
out from the same vial at the three concentration levels on three different days (n = 18). The
repeatability of the retention times was also evaluated over a total of 24 injections carried

out on three different days.

2.6 Statistical analysis
Once the hypotheses of normality and homoscedasticity were accepted, data of FMN, RF,
LF, and LC at different light exposure times were analysed by one-way analysis of variance
(ANOVA). Differences among means were checked using the Bonferroni's test. Data of the
standard solution were analysed against the data of the solution after acidification by
Student’s t-test. Differences among RF concentrations determined in milk samples of
different origin and exposed to light were analysed by Student’s t-test. Statistical treatment
of data was performed by means of SPSS Win 12.0 program (SPSS Inc., Chicago, IL) and

a p < 0.05 was assumed as the significance limit.

3. Results and discussion

3.1 Analytical method development

The chromatographic conditions were firstly optimized using the standard water solution
at the concentration level 3 (see Paragraph 2.5). A milk sample, spiked at the same level

and prepared using our ultrafiltration (UF) protocol, was analysed in parallel to detect the
8



possible presence of interfering peaks in the chromatogram. The best chromatographic
separation was obtained using 50 mM ammonium acetate buffer at pH 6 as eluting solvent.
Depending on pH, RF exists under different forms having different fluorescence spectra and
the maximum fluorescence values were observed in the range of 4-8 [31]. The pH also
affects the fluorescence intensity of both FAD and FMN [20, 29]. Adoption of an eluent
buffered at pH 6 allowed preserving the chemical equilibrium among flavins present in the
milk. Setting the column temperature at 40°C resulted in the best compromise between peak
resolution and retention time of the investigated compounds. Although a few small
unidentified peaks were present in the milk chromatogram, the optimized conditions allowed
the target flavins to elute as interferences-free peaks that were reliably identified (Fig. 1A).
These conditions were thus retained for further optimisation.

Previously reported methods for RF quantification in milk usually imply protein
precipitation by addition of a strong acid, most often TCA [15, 17, 18] which brings the
sample to pH around 1. However, some flavins are reported to be unstable at acidic pH. In
particular, FAD in water solution at strongly acidic pH is hydrolyzed into FMN, even at room
temperature, and its fluorescence response rises when pH drops from 4 to 2.5, then
decreases once more [33-35]. The fluorescence response of the target flavins was
evaluated by analyzing the standard water solution (concentration level 3) either at the
normal pH (6.5£0.1) or after addition of TCA to a final concentration of 12% (pH 1+0.5), as
provided by the method of Severo Silva Jr et al. [18] (Table 2). While no differences were
observed for RF, LF and LC, fluorescence responses were significantly higher in the
acidified solution for both FAD (p = 0.0011) and FMN (p = 0.0021), supporting previously
reported results. In order to understand the reason of these differences, a water solution of
FAD (440 ug/L) with and without the addition of TCA was analyzed by our chromatographic
method (Fig. 1B). Under acidic condition, the analytical response of FAD dramatically

increased, despite the correction of the peak area for the dilution factor of 2.5, and a
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significant amount of FMN formed, but no RF was detected. Contrary to the observation of
Severo Silva Jr et al. [18], the addition of 30% TCA did not lead to the complete hydrolysis
of FAD to FMN. Capo-chichi et al. [35] reported that FAD in blood is stable in presence of
TCA concentration as low as 3%. Such a low concentration, however, is not effective in milk
deproteination. Furthermore, injecting a sample having a very low pH has a negative effect
on the peak shape. This was evident in the chromatogram of the acidified FAD solution (Fig.
1B) where peaks broadened, making the separation less selective with respect to that of the
solution at neutral pH. To overcome the multiple drawbacks of sample acidification,
Gliszczynska-Swigto and Koziotowa [3] proposed an extraction procedure using ammonium
acetate solution at pH 6, which however did not seem to guarantee an effective clarification
of the sample such as that required for routine application of the method. Other authors
proposed the extraction of vitamins and vitamers using organic solvents to precipitate
proteins [19, 23, 25]. However, these methodologies usually imply subsequent steps of
evaporation and reconstitution of the extract or, alternatively, the extract has to be diluted
with an aqueous buffer. Recently, Koop and coauthors [36] adopted the specific binding of
flavins to a recombinant bacterial protease as a tool for their selective extraction from milk.
However, the authors reported that most flavins (ca. 75%) in milk are unspecifically
associated with proteins, including proteins present in the milk fat globule membrane, and
thus are not scavenged by the protease, unless a preliminary treatment with TCA is carried
out. Considering the above knowledge, we developed a sample preparation procedure
based on the ultrafiltration (UF) of milk previously skimmed by centrifugation at 5 °C. The
low temperature minimizes the hydrophobic interactions that are responsible for flavins
association with milk components [37]. A preliminary assay was carried out to select both
the type and the cut off of UF filter (data not shown). Using disposable UF filters with a 10

kDa cut-off membrane, proteins were effectively removed from milk without any modification
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of pH, which was maintained around 6.6+0.1, while sample manipulation was minimized.
The subsequent filtration on 0.22 um filter allows further clarification of the sample.

Consistently with its hydrophilicity, only 6% of RF is retained in the cream from raw milk
and only 2% is bound to fat globule in market milk [37], likely due to the homogenization
process. Thus the preliminary skimming of samples was considered not to affect the RF
recovery. Nevertheless, lacking specific literature data at this regard, the possible loss of the
other flavins when removing fat was assessed. The same recovery (as peak area) was
obtained by analyzing three milk samples that were spiked with the five flavins (levels 1 and
3) before and after skimming (< 5%).

In principle, this analytical approach looked to be suitable to perform the evaluation of
the actual levels of RF and the related flavins in milk and milk products since no changes in
their natural status are induced during the whole analytical process. The described analytical

procedure was further processed for validation.

3.2 Validation of the analytical method

The linearity was assessed for each flavin by calculating five-point calibration curves.
The obtained r values were all higher than 0.99 (Table 1). The LOD and LOQ values
obtained for RF, FAD and FMN were comparable to those obtained by Cataldi et al. [26]
using capillary zone electrophoresis and lower than those reported by Capo-chichi et al. [35]
and Gliszczynska-Swigto and Rybicka [38] for the respective HPLC-FL methods.
Differences in LOD and LOQ observed for both FNM and RF are likely due to the strong pH-
dependence of fluorescence intensity of RF, FAD and FMN [19, 33, 34]. To the authors’
knowledge, no LOD and LOQ values are reported in the literature for both LC and LF.

The average values of percent recovery were all higher than 80%. Very similar values
were obtained by analyzing the standard solutions and milk spiked with the analytes, thus a

matrix effect could be excluded (Table 1).
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The precision of the method was calculated as RSD of the analytical response (peak
area) obtained by analyzing both standard solutions and spiked milk samples. The average
RSD values obtained for the five flavins as pure molecules in water solutions ranged
between 2.3% and 9.3% whereas values obtained for spiked milk samples were all lower
than 5%, except for FAD (average RSD: 11%) (Table 1). Both the instrumental repeatability
(n = 18) and the repeatability of retention times (n = 24), estimated on three different days,
were negligible. Overall, these data confirm the reliability of the analytical method here
proposed and emphasize the need of avoiding strong acidic conditions in both sample
preparation and analysis. Based on these results we decided that the use of an internal
standard could be omitted. Addition of an internal standard solution would inevitably cause
an unwanted dilution of the sample.

Overall, these data confirm the reliability of the analytical method here proposed and
emphasize the need of avoiding strong acidic conditions in both sample preparation and

HPLC analysis.

3.3 Riboflavin and its derivatives in commercial samples of liquid milk and milk
products

The proposed method was applied for the determination of FAD, FMN, RF, LC and LF
in commercial samples of milk of different origin (cow, goat, soy) and submitted to different
processing conditions (raw, pasteurized, UHT-sterilized), as well as in selected liquid milk
products having different pH value (infant formula vs yogurt and fermented milk) (Table 3).
The analysed samples also differed in the type of packaging (clear glass bottle, PET bottle,
carton bricks with aluminum foil, HDPE bottle) and package volume (from 125 mL to 1 L).
FAD was detected in raw cow’s milk (3.5-7.5 pg/L), but not in the heat-treated milk products,
including the infant milk formula, irrespective of the severity of the thermal process they were

submitted to. An effect of the high pH value (7.1+0.1) of the infant formula could not be
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excluded [39]. Consistently, the levels of FAD were much higher in pasteurized goat milk
(509-886 pg/L) than in UHT goat milk (41 pg/L). FMN showed an opposite behavior in both
types of milk, suggesting a possible heat-induced degradation of FAD into FMN. Literature
is very scarce on the thermal stability of FAD and FMN. Cataldi et al. [26] also observed a
decrease of FAD and an increase of FMN in UHT milk with respect to fresh milk, although
of minor entity, but gave no explanation for these data. Therefore, this aspect needs to be
further investigated.

shewed-remarkably-high-levelsef FAD- All samples contained RF as the dominant flavin

compound, regardless the thermal treatment and type of packaging. Levels in raw milk

(2.62-3.20 mg/L) were significantly higher than in pasteurized milk samples (1.87-1.99 mg/L;
p = 0.001) and in UHT milk (2.53-2.69 mg/L; p = 0.046), while RF level did not result
significantly different between pasteurized and UHT milk (p = 0.239). Comparing these data
may be incorrect since only few milk samples of different origin were analysed. Consistently
with our results, however, Cataldi et al. [26], Schmidt et al. [40] and Sunaric et al. [41]
reported higher levels of RF in UHT milk than in less severely heated milk. Considering that
RF is relatively heat-stable [7], interactions described between flavins and milk components
[36, 37] suggest that technological parameters other than the heating conditions can lead to
the differences between RF levels in pasteurized and UHT milk. Levels comparable to those
reported in literature were observed in the samples of soymilk (3.34 mg/L) [42] and infant
formula (3.75 mg/L), the latter being fortified with RF. Lowest levels of RF were found in
heat-treated goat milk (1.16-1.41 mg/L), in accordance to data of Cataldi et al. [26] and
Sunaric et al. [41]. Flavin levels were highly variable in the fermented milk products including
yogurt. This situation is supported by the ability of lactic acid bacteria to produce and uptake
flavins at the same time [43]. It must be underlined that, as expected, these products had
low pH values (Table 3). Such an acidic environment might have promoted the partial

conversion of FAD into FMN during either the fermentation or processing steps. A further
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peak was detected at 11 min in the chromatograms of these samples (Fig. 2). The UPLC-
MS/MS analysis showed this compound to be a glycosidic form of RF. Other authors [3]
previously reported the presence of the galactoside form of RF, a product of the bacterial
metabolism of specific strains in yoghurt and in sour milk. Capo-chichi et al. [35] proposed
galactosyl-RF to be used as an internal standard in HPLC-FL of flavins in blood.

Both LC and LF are products of photoreduction (side-chain cleavage) of RF. Lumichrome
was detected in all of the samples packaged in clear packages, including raw and
pasteurized milk samples (2.88-6.68 ug/L) and yoghurt (13.7 pg/L). Likely, these samples
were exposed to light for a certain time, either during collection (samples Milk 1-4) or during
storage on the shelves at the market (samples Milk 5-8). The lack of LC in all samples
packaged in light-protecting containers supports this hypothesis. No LF was detected in any
of the analysed samples, consistently with the knowledge that this compound typically forms
at neutral and alkaline pH [2]. To further confirm the reliability of the analytical method here
proposed for detecting the products of RF photodegradation in milk, bottles of pasteurized
milk were directly taken at the filling plant and protected from light until the start of the
experiment. A controlled exposure to fluorescent light for 76 hours induced a sharp decrease
of both RF and FMN, while LC increased up to 92 ug/L (Table 4). Remarkably, changes in
contents of these molecules were already significant (p < 0.05) after 5 hours of exposure.
Amounts up to 1.2 pg/L of LF were only observed when light exposure progressed,

confirming that this compound is a minor product of RF photodegradation. Anether

exposure-time-: Hall et al. [16] reported that RF was no more detectable in milk after 9 hours

of exposure to light. However, surface exposure to the light and sample thickness were not
comparable to ours, since exposure trials were conducted on 10 mL aliquots of milk in glass

vials.
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Despite the increasing interest in this topic, available literature is still scarce. Overall,
photodegradation of RF may follow different pathways whose mechanisms and kinetics,

however, were mainly investigated in aqueous solutions [2, 44].

4. Conclusions

Riboflavin and the related flavins are unstable under acidic conditions and their
fluorescence response is strongly pH-dependent. The most important feature of the
analytical method here developed and validated is that no acidic conditions were adopted in
both sample preparation and chromatographic separation. Therefore, the actual levels of
RF and its derivatives can be effectively evaluated allowing to study their behavior in liquid
milk and milk products upon processing or storage. After preliminary skimming, the sample
is clarified by centrifugal UF with disposable filters that allowed accuracy levels higher than
80% to be achieved for all the compounds of interest. The subsequent HPLC conditions
were also designed in order to avoid using aggressive eluents and, for the first time, to elute
LF and LC in the same run as RF, FAD and FMN. We have reported the applicability of this
methodology to real samples of milk and milk products also supporting its suitability for
routine application. Furthermore, our study revealed that this method is very effective for
studying the degradation of RF into LF and LC in light-exposed milk and the related
appearance of the sunlight off-flavor. Our data, although at preliminary level, indicated that
the type of packaging has a deeper impact on RF preservation in milk than the heat-
treatment itself. This aspect is of increasing interest for both the producers and consumers

due to its impact on the shelf storage stability of consumption milk.
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Figure captions

Fig. 1: (A) HPLC-FLD chromatogram of the investigated flavins in standard solution (a) and
spiked milk (concentration level 3; b) analysed with the proposed method. (B)
Chromatographic patterns of 440 pg/L standard solution of FAD (flavin adenine dinucleotide)
(pH 6.6; c) and the same solution added with 30% trichloroacetic acid (pH 1; d) and corrected
for the dilution factor (2.5). Peak identity: 1: FAD, flavin adenine dinucleotide; 2: FMN, flavin

mononucleotide; 3: RF, riboflavin; 4: LF, lumiflavin; 5: LC, lumichrome.

Fig. 2: HPLC-FLD chromatogram of the investigated flavins in milk exposed to light for 76
hours (a), fermented milk 1 (b), and soymilk (c) analysed with the proposed method. Peak
identity: 1: FAD, flavin adenine dinucleotide; 2: FMN, flavin mononucleotide; 3: glycoside-

RF; 4: RF, riboflavin; 5: LF, lumiflavin; 6: LC, lumichrome.
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Repeatability (%RSD)

Linearity Accuracy (n=6)
Concentration LOD (ug/L) LOQ (ug/L) (n=9)
Compound
range (Mg/L) (n=8) (n=8) : :
. Standard Spiked Standard Spiked
Equation r . . . )
solution milk solution milk
FAD 1-1000 0.246*x + 0.529 1 0.14-0.18 0.47-0.59 83+3.5 80+4.2 6.4 11.3
FMN 1-500 3.099*x + 4.156 0.999 0.035-0.039 0.115-0.125 86+3.7 83+3.9 9.3 4.2
RF 1-4000 1.323*x — 50.914 0.997 0.033-0.035 0.105-0.115 94+4.3 93+4.2 2.3 4.1
LF 0.25-150 3.900*x + 2.779 0.999 0.0068-0.0072 0.022-0.025 99+3.8 100+3.8 3.1 2.9
LC 1-500 0.090*x + 4.539 0.999 0.36-0.38 1.22-1.26 84+4.3 81+4.1 4.6 1.7

Table 1: Linearity, limits of detection (LOD) and quantification (LOQ), accuracy (%) and repeatability (as Relative Standard Deviation,
%RSD) for the analytical method developed. The equations and the correlation coefficients (r) were calculated by means of linear
regression. Accuracy and repeatability values were determined at two different concentration levels; accuracy was expressed as mean
+ standard deviation of recovery (%). X, concentration; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; RF, riboflavin;

LF, lumiflavin; LC, lumichrome.
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Peak area

Compound (mV x sec) Relative
P _ change (%)
Standard Acidified
solution solution*
FAD 232182 451+6P +49
FMN 1003+92 1317+18b +24
RF 910+82 899+132 n.s.
LF 461462 468+92 n.s
LC 242+42 248+82 n.s

Table 2: Effect of acidification on the analytical response of the investigated flavins in a
standard solution (level 3) analysed before (pH 6.6+£0.1) and after (pH 1+0.5) the addition of
trichloroacetic acid (final concentration 12%). FAD, flavin adenine dinucleotide; FMN, flavin
mononucleotide; RF, riboflavin; LF, lumiflavin; LC, lumichrome. Data are means of triplicate
analyses * standard deviation. Data with different letters along the rows are significantly
different (p < 0.05 by Student’s t-test). *Peak area values correct for the dilution factor 2.5.
The relative change was calculated as percentage difference between the response

obtained in acidified solution and standard solution; n.s.: not significant.
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FAD FMN RF LC

Sggndpele Description Packaging/ Volume
Mg/l Mg/l mg/L Mo/l
) Raw milk from pasture
Milk 1 (pH 6.5+0.1) Clear glass bottle/1 L 7.51+0.85 0.34+0.01 2.77+0.11 5.44+0.09
. Raw milk from pasture
Milk 2 (pH 6.5+0.1) Clear glass bottle/1 L 6.27+0.71 1.45+0.06 3.20+0.13 5.34+0.09
. Raw milk from pasture
Milk 3 (pH 6.5:0.1) Clear glass bottle/1 L 3.47+0.39 7.50+0.32 2.62+0.11 6.50+0.11
. Raw milk from pasture
Milk 4 (pH 6.5:0.1) Clear glass bottle/1 L 5.75+0.65 1.14+0.05 2.91+0.12 6.68+0.11
Mmilks ~ ullfatpasteurized mik oo pErpotiern L nd 13946 1.92+0.08  3.74+0.06
(pH 6.5+0.1) o - T T
Mmilke ~ ullfatpasteurized mik oo pET e L nad 13745  1.89:0.08 2.88+0.05
(pH 6.5+0.1) o - A T
Mmilk7 ~ ullfatpasteurized mik oo pET pote/1 L nd 14446 1.99:0.06 3.87+0.07
(H 6.5+0.1) o - e R
. Full-fat pasteurized milk
Milk 8 (pH 6.5:0.1) Clear PET bottle/1 L n.d. 13316 1.87+0.08  3.95+0.07
. Full-fat UHT-sterilized Carton with
Milk 9 milk (pH 6.5+0.1) alluminium foiy1 L~ o¥10  151#7 257011 n.d.
. Skimmed UHT-sterilized Carton with
Milk 10 milk (pH 6.5+0.1) alluminium foil/1 L n.d. 19448 2.69:0.11 n.d.
. Skimmed UHT-sterilized Carton with
Milk 11 milk (pH 6.5+0.1) alluminium foiyz L~ race 1587 2.53:0.10 n.d.
. Pasteurized goat milk Carton with
Goat milk 1 (pH 6.5£0.1) alluminium foil/1 L 886498 194+8 1.16+0.05 n.d.
. Pasteurized goat milk Carton with
Goat milk 2 (pH 6.5£0.1) alluminium foil/1 L 509458 185+8 1.36+0.06 n.d.
. UHT-sterilized goat milk Carton with
Goat milk 3 (pH 6.5+0.1) alluminium foil/1 L 4145 32314 1.41+0.06 n.d.
. Pasteurized soymilk Carton with
Soymilk (pH 7.0+0.1) alluminium foil/1 L 24127 11315 3.34+0.14 n.d.
Infant UHT-sterilized
formula N HDDP bottle/500 mL n.d. 11945 3.75x0.15 n.d.
(pH 7.1+0.1)
Ferrn"i‘linlted Fermented milk a”u%?:iﬁrrl]"]‘!gi'l‘ll | 273:31 12655  175:007 n.d.
(pH 5.6+0.1)
Ferrn”i’lﬁnzted Fermented milk a”u%?r':tiﬁgq"]‘fgi';/l | 205:23  104x4  179:0.07 nd.
pH 5.3%0.1)
Yoghurt Plain yoghurt Cleal g""r‘jﬁ POUI25 593,33 045440 1594005 13.7+0.23
(pH 4.320.1)

Table 3: Levels of FAD (flavin adenine dinucleotide), FMN (flavin mononucleotide), RF

(riboflavin) and LC (lumichrome) in samples of milk and milk products. No presence of LF
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(lumiflavin) was detected. Data are means of triplicate analyses * standard deviation. n.d.:

not detected.
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Light exposure FMN RF LF LC
pg/L mg/L Mo/l Mg/l
Not exposed 105.1+4.42  1.93+0.082 n.d. 3.91+0.072
5 hours 95.3+4.0° 1.76+0.07° n.d. 9.79+0.17b
28 hours 53.9+2.3¢ 1.22+0.05¢ 0.58+0.022 41.9+0.71°¢
45 hours 30.0+1.3d 0.84+0.03¢ 0.91+0.03b 78.7+1.344
76 hours 14.3+0.6¢ 0.46+0.02¢ 1.17+0.03¢ 91.7+1.56°

Table 4: Levels of FMN (flavin mononucleotide), RF (riboflavin), LF (lumiflavin) and LC
(lumichrome) in samples of full-fat pasteurized milk exposed to light for different times. No
presence of FAD (flavin adenine dinucleotide) was detected. Data are means of triplicate

analyses + standard deviation. Data with different letters along the columns are significantly

different (p < 0.05 by Student’s t-test). n.d.: not detected.
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