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Abstract: Vitamins are important organic compound required for the proper functioning of cells and organisms. Vitamins of special industrial
and pharmaceutical interests include riboflavin (vitamin B2) and pyridoxine (vitamin B6). Commercial production of those biological
compounds has increasingly relied on microorganisms and requires simple methods for detecting and estimating their level of synthesis
during the biotechnological process. In the case of yeast, methods based on autofluorescence, i.e. natural fluorescence emitted by several
cellular compounds, including vitamins, may be useful. Considering that the intensity of emitted light is proportional to the intracellular
concentration of riboflavin and pyridoxine, autofluorescence may be a convenient method for their quantification. In this report, we
demonstrate a simple, rapid, and sufficiently trustworthy spectrofluorimetric method for determining the content of vitamins B2 and B6 in
yeast cells which consists of cells growing, harvesting, washing, and resuspending in a buffer, and then measuring the emitted visible light
using specific wavelength of excitation (A¢,=340 nm and A¢,,=385 nm for pyridoxine; Aex=460 nm and A.,»=535 nm for riboflavin). The limits of
detection (LOD) and quantification (LOQ) estimated through measurements of vitamin fluorescence were below 0.005 pg/ml for riboflavin and
below 0.05 pg/ml for pyridoxine, respectively. In turn, the smallest credible cell density for measuring autofluorescence was set at 1x10° yeast
cells/ml. The relative level of the cell’'s autofluorescence can be expressed in mass units by applying proper calculation formulas. A comparison
of the autofluorescence-based method with the reference HPLC-UV method shows that autofluorescence measurement can be used in the

screening analysis of vitamin content (especially riboflavin) in microbial cells.

Keywords: autofluorescence, endogenous fluorophores, riboflavin, pyridoxine, yeast

Introduction

Vitamins are important organic compound required for the
proper functioning of cells and organisms. Usually, they
play a primary role as a cofactor for numerous enzymatic
reactions. Water-soluble, and thus not easily stored, B vita-
mins are very important for several cellular redox reactions
[1]. Although vitamins are essential for all living organisms,
some taxa, especially humans and most animals, cannot
synthesise de novo many vitamins, and therefore they have
to obtain them from the environment, mainly through diet.
Apart from physiological role and importance for human
health, B vitamins are also intensively used as animal feed
additives, cosmetics ingredients, or food colorants and
antioxidants in food production [2]. Vitamins of special
industrial and pharmaceutical interest are riboflavin (vita-
min B2) and pyridoxine (vitamin B6). Riboflavin as a precur-
sor for flavin coenzymes (FAD -flavin adenine dinucleotide
and FMN - flavin mononucleotide) is a key component of
the cellular biochemical processes. Flavin coenzymes are
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involved in the metabolism of carbohydrates, lipids, ketone
bodies, and proteins [3, 4]. Additionally, riboflavin plays
role in maintaining the redox state of Fe-S clusters [5, 6],
and protects cells against oxidative stress by maintaining
the proper intracellular level of reduced glutathione
(GSH) or due to direct reactive oxygen species (ROS) scav-
enging properties [7, 8]. Vitamin B6, which comprises
pyridoxine and its interconvertible forms, also exhibits
antioxidant activities, connected with direct quenching of
ROS, prevention of lipid peroxidation, or maintaining
proper GSH content by stimulating its synthesis [9, 10].
What’s more, vitamin B6 is involved in more than 140 dif-
ferent cellular metabolic reactions, inter alia it is important
for: (i) proper folding and stabilization of particular proteins;
(ii) biosynthesis and degradation of amino acids, mainly by
its usage in transamination reactions; (iii) degradation of
cellular storage compounds; or (iv) biosynthesis of epi-
nephrine, dopamine, and serotonin, neurotransmitters con-
nected with mental health [11, 12]. Vitamin B6 deficiency
has been also associated with an increased level of DNA
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damage, genome instability, and a higher risk of cancer
development [12]. The high application potential of vita-
mins B2 and B6 is connected with a high demand for their
production, which can be achieved by chemical or biologi-
cal synthesis. Nowadays, driven by economic but also envi-
ronmental-friendly considerations (i.e. reduction of carbon
footprint, reduced usage of water, using renewable sources
and food production waste), the commercial production of
those vitamins (especially riboflavin) is moving toward the
use of microbial fermentation [4, 13, 14]. The microorgan-
isms used for industrial riboflavin production include Bacil-
lus subtilis, Ashbya gossypi, Candida famata and many others
promising microorganisms such as Pichia guilliermondii or
Hansenula polymorpha [3, 4, 8]. There are also attempts to
produce vitamin B6 using microorganisms such as B. sub-
tilis, P. guilliermondii, or engineered strains of Escherichia
coli [13]. For the last few years, attempts have been made
to develop vitamin-overproducing microbial strains [4, 15];
however, optimisation of the fermentation process by
modulating culture medium components, mainly carbon
sources, has been equally important. This follows from
the fact that the precursors for vitamins B2 and B6 are
derived from central carbon metabolism (CCM), especially
the pentose phosphate pathway (PP pathway) [15, 16]. Con-
tinuous improvement and optimization of biotechnological
processes of vitamin synthesis with the use of microorgan-
isms require proper methods for the detection of synthe-
sized products. From an industrial perspective, such
methods should be fast, simple, cost-effective, and as accu-
rate as possible to estimate the level of desired products dur-
ing the production/fermentation process. At present, due to
their high sensitivity and high selectivity HPLC, UHPLC or
HPLC-MS/MShave become the main analytical techniques
used for the determination of vitamins [17]. Although liquid
chromatography methods seem to be the most reliable and
frequently used techniques, their main disadvantages are
the complexity of equipment and high cost. Therefore, the
development of screening methods, being low cost, having
short analysis time, and needing usually the standard equip-
ment, is also required. Such advantages are shown by spec-
trofluorimetry, which in combination with the fact that
some water-soluble vitamins (including vitamin B2 and
B6) manifest native fluorescence properties [16, 18], can
be used as a screening method to detect vitamins in differ-
ent samples. There are several reports presenting using of
spectrofluorimetric methods for the determination of the
vitamins in their pure or multivitamin pharmaceutical
preparations [19, 20]. Yeast cells show a high level of aut-
ofluorescence (AF) associated with the presence of endoge-
nous fluorophores, including tryptophan, and pyridine
cofactors (NAD(P)H), but also pyridoxine, and riboflavin
[16, 21]. Hence the question, of whether it is possible to
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determine the content of vitamins in yeast cells by measur-
ing its autofluorescence in situ, arises.

In this report, we demonstrate a simple, rapid, and
reliable spectrofluorimetric method for determining the
content of riboflavin and pyridoxine in yeast cells, by
measuring the relative level of cells autofluorescence and
applying proper calculation formulas to express obtained
values in a mass units.

Materials and methods

Chemicals

Vitamin B2 (riboflavin > 98%); vitamin B6 (pyridoxine >
98%) were from Sigma-Aldrich (Poznan, Poland). Compo-
nents of culture media were from BD Difco (Becton Dickin-
son and Company, Spark, USA) except for glucose (POCH,
Gliwice, Poland).

Yeast strains and growth conditions

The following yeast strains representing different genetic
backgrounds were used: BY4741 MATa his3 leu2 metl5
ura3 (EUROSCARF) and SP20 MATa leul adel [22]. Yeast
was grown in the liquid YPD medium with 1% Yeast Extract,
1% Yeast Bacto-Peptone with 2% glucose concentrations on
a rotary shaker at 150 rpm, at the temperature of 28 °C.

Determination of pyridoxine and riboflavin
content in the yeast cells using the
autofluorescence method

The fluorescence of yeast cells suspension was measured
using the same parameters as was previously described by
Maslanka et al., 2018 [16] and as was used for pure solutions
of vitamins. Yeast cells from the late-exponential phase of
growth were counted with the use of the Malassez chamber,
then washed twice with sterile PBS with pH 7 and suspended
to a final density of 1x10% cells/ml or 2x 108 cells/ml in the
same buffer. The 200 pl of cell suspensions were trans-
ferred to a microplate and the fluorescence was measured
using the microplate reader Tecan Infinite 200 (Tecan
Group Ltd., Miannedorf, Switzerland) at the wavelengths
Aex=340 nm and A.,=385 nm for pyridoxine; A.x=460 nm
and A;,=535 nm for riboflavin. The values were expressed
in the arbitrary unit but also were transformed to quantifi-
able values of vitamin concentration [pug/ml] using stan-
dard curves obtained from the fluorescence of known
vitamin concentrations. Limit of detection (LOD) and limit
of quantification (LOQ) for fluorescence detection of vita-
min B2 and B6 where determined from the parameters of
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the calibration curves and expressed in pg/ml. LOD and
LOQ were determined using the formulas LOD=[3.3x
(0/a)] and LOQ=[10x (o/a)]; where o - standard deviation
of the y-intercept, a - slope of the calibration curve. The
number of the yeast cells using in the autofluorescence
method (density of 1x10% cells/ml or 2x10® cells/ml)
where selected with regard to vitamin limits of detections
and quantification. The precision of autofluorescence
determination in the yeast cells at the wavelengths charac-
teristic to pyridoxine and riboflavin was measured by the
coefficient of variation (CV) calculated from nine results
obtained for each yeast strain (i.e. three technical replicates
from three independent biological replicates). Knowing the
number of cells in cell suspension and the weight of the
specified number of cells, content of analyzed vitamins
was expressed in the form of mg per 100g yeast cell mass.

Determination of pyridoxine and riboflavin
content in the yeast cells using the HPLC-
UV method - validation the accuracy of
the autofluorescence method

To determine accuracy of the autofluorescence (AF)
method the obtained results of AF were compared with
the results received by HPLC method. Vitamins were deter-
mined according to JARS, Poland, certificate of the Polish
Center for Accreditation no AB 1095. The quantification
of vitamin riboflavin and pyridoxine was performed using
a high-performance liquid chromatography method with
spectrophotometric detection (HPLC-UV). Test procedure
by the method PB-257/LF edition 4 dated 30 May 2021.

Statistical analysis

Results are presented as mean+SD from at least three inde-
pendent experiments. The statistical analysis was per-
formed using STATISTICA 10.0 software. The statistical
significance of the differences between the means obtained
from analyzed yeast strains was estimated using the
t-Student’s test. The values were considered significant at
p < 0.05. Used designation: a - different to 1x10% cells/ml
density; b - different to 2x10°® cells/ml density; * - differ-
ences between strains within the same number of cells in
cell suspension.

Results

Quantitative determination of vitamins by
measurement of the autofluorescence

Given the growing interest in measuring autofluorescence
as an analytical method, we tested if autofluorescence can
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be used as a simple and enough precise method for the
quantitative determination of the intracellularly produced
B vitamins. For that purpose, the autofluorescence mea-
surements of yeast cell suspension and the determination
of vitamin content using a fluorescence calibration curve
of known concentrations of pure vitamin solutions were
performed. The calculated from calibration curve fluores-
cence limits of detection (LOD) and quantification (LOQ)
were 0.001 and 0.003 pg/ml for riboflavin and 0.014
and 0.042 pg/ml for pyridoxine, respectively. The autoflu-
orescence measurements in yeast cells were done for two
different yeast strains (SP20 and BY4741) and different
numbers of cells in the suspension. The usefulness, accu-
racy and validation of the proposed autofluorescence-based
method were checked by comparison of vitamin content in
yeast obtained by autofluorescence with the results
obtained with the reference HPLC-UV method. Under the
prevalent conditions, the optimum excitation and emis-
sion wavelengths for riboflavin (ex. at 460 nm and em. at
535 nm) and pyridoxine (ex. at 340 nm and em. at 385
nm) were the same as we noted previously [16] and very
similar to those noted in the literature data [23, 24]. The
obtained results showed that the SP20 strain had a higher
level of autofluorescence than values observed for the
BY4741 strain (Figures 1A and 1B). These were observed
both for levels of autofluorescence corresponding to pyri-
doxine and riboflavin fluorescence (Figures 1A and 1B).
The noted values of autofluorescence were strictly depen-
dent on the number of yeast cells (Figures 1A and 1B). The
suspension with a density of 2x10® cells per ml has appro-
priately higher autofluorescence levels than the suspension
with a density of 1x108 cells per ml. The values of autoflu-
orescence converted based on calibration curves (Figures
1C and 1D) on the particular content of pyridoxine and ribo-
flavin showed the same relation (Figures 1E and 1F). The
precision of autofluorescence determination in the yeast
cells was checked by analyzing repeatability and intermedi-
ate precision. Repeatability was checked by measuring the
coefficient of variation (CV) of the calculated concentra-
tions from the technical replicates and the intermediate
precision was analyzed by measuring CV considering tech-
nical and biological replicates. In the case of the BY4741
strain the CV relating to repeatability averaged 2.99% for
riboflavin and 5.14% for pyridoxine, respectively. Those
CV values in the case of the SP20 strain averaged 2.14%
for riboflavin and 2.45% for pyridoxine, respectively. CV
for intermediate precision averaged 6.13% for riboflavin
and 8.04% for pyridoxine in the case of the BY4741 strain
and 2.94% for riboflavin and 4.24% for pyridoxine in the
case of the SP20 strain, respectively. The received values
of CV are within acceptable ranges, so autofluorescence
measurements of the yeast cells can be considered as
precise.
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Figure 1. The riboflavin and pyridoxine content in the different wild-type yeast strains cells determined by autofluorescence measurement.
Fluorescence intensity measured at wavelength characteristic to riboflavin fluorescence (A); Fluorescence intensity measured at wavelength
characteristic to pyridoxine fluorescence (B); Calibration curve of riboflavin (C) and pyridoxine (D) performed for pure compounds dissolved in
ultrapure water; Content of riboflavin (E) and pyridoxine (F) expressed in pg/ml based on calibration curves. Error bars indicate SD from at least three
independent experiments in which three measurements of the sample were performed. The values were considered significant at p<0.05. The letters
a and b indicate the differences between values observed in suspension with a different number of yeast cells. @Different to 1x10° cells/ml density;
bdifferent to 2x 108 cells/ml density; *differences between BY4741 and SP20 strains within the same number of cells in the cell suspension.

The validation of the vitamin content in
the mass units

In order to check and validate the vitamin content in the
samples, the obtained results were converted into the form
of mg of vitamins per 100g of yeast biomass. It was
observed that the content of vitamins expressed in mg/
100g was almost identical, no matter what density of the
culture was taken for the determination (Figure 2). The pyri-
doxine content in yeast cells was higher than riboflavin in
both analyzed yeast strains (Figure 2A and 2B), which is in
line with data on nutrient composition in yeast. The
comparison between strains shows that the SP20 strain
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had about three times higher content of riboflavin and
almost two times higher content of pyridoxine than the con-
tents of those vitamins noted in the BY4741 strain (Figure 2A
and 2B).

Comparison of the results of
quantitative determination of vitamins
by measurement of the autofluorescence
and HPLC-UV method

Expressing the results in mg/100g units is handier from a
technological point of view; it also allows for comparing
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Figure 2. Normalized content of analyzed vitamins in the different wild-type yeast strains cells. The riboflavin (A) and pyridoxine (B) content were
expressed in the form of mg per 100g yeast cell mass. The mass of the yeast cells was indicated based on a calibration curve (C) prepared by
measurements of the weight of the specified number of cells. Error bars indicate SD from at least three independent experiments in which three
measurements of the sample were performed. The values were considered significant at p <0.05. *Indicate the differences between BY4741 and
SP20 strains within the same number of cells in the cell suspension.

Table 1. Content of riboflavin and pyridoxine in the analysed yeast strains measured by autofluorescence (AF) and HPLC-UV methods and the way
normalization of results for the inter-comparability of results between different methods

Normalized
conversion factor

Conversion
factor (CF)

The ratio of vitamin
content between SP20/BY471

Vitamin Yeast AF method HPLC method

content strain [mg/100 g] [mg/100 g] AF method HPLC method AF/HPLC ratio Average of CF

Riboflavin BY4741 0.0247*+0.0015 0.0118*+0.0014 3.06+0.03 3.39+0.02 2.10£0.07 2.0£0.1
SP20 0.0757*+0.0022 0.0400*+0.0050 1.91+0.04

Pyridoxine BY4741 1.0577*+0.0849 0.0393*+0.0047 1.61+0.01 2.19+0.01 26.91+1.37 23.3+4.1
SP20 1.6998*+0.0882 0.0860*+0.0100 19.76+1.02

Notes. Results are presented as mean+SD from at least three independent experiments with three technical replicates each in the case of autofluorescence
measurements and from at least two biological replicates in the case of HPLC-UV determination. The values were considered significant at p<0.05.
*Indicates the differences between BY4741 and SP20 strains within the content of vitamins. CF - conversion factor indicating the number used to change
one another values obtained by AF or HPLC-UV, by multiplying or dividing, was calculated individually for each strain and vitamins. Normalized CF was

determined on the basis of all values of CF obtained for each vitamin. Normalized CF can be treated as an autofluorescence method coefficient.

and analysing accuracy of the results against those obtained
through the reference HPLC-UV method. Results of HPLC-
UV confirmed the dependences observed with autofluores-
cence measurements, that in yeast cells content of pyridox-
ine is higher than the content of riboflavin, but also that the
content of vitamins in the SP20 strain is higher than those
noted for the BY4741 strain. The content of riboflavin and
pyridoxine in SP20 was about three times higher and almost
two times higher than the contents of those vitamins noted
inthe BY4741 strain, respectively (Table 1). Although, in the
case of direct comparison of those two methods by the
ranges of obtained results, there were some differences.
For riboflavin, the results were of the same order of magni-
tude, but for pyridoxine, the differences in the obtained
levels were much greater (Table 1). Hence the accuracy of
autofluorescence method is not without drawbacks, espe-
cially in the context of pyridoxine determination, but can
be adapted for simple semi-quantitative screening tests
indicating changes in intracellular content of vitamins.

Int J Vitam Nutr Res (2024), 94 (5-6), 334-341

Discussion

Autofluorescence — origin and
applications for research purposes

Due to their high sensitivity, fluorescence assays are fre-
quently used as analytical methods applied in biochemistry
and cell biology. In most cases, those assays use external flu-
orophores to visualize non-fluorescent cell compounds or
obtain information on the cells’ physiological status. How-
ever, there are also many compounds (endogenous fluo-
rophores) that are responsible for autofluorescence i.e.
intrinsic natural fluorescence of biological samples. Those
compounds are widely distributed in all types of cells and
include aromatic amino acids (Phe, Trp, Tyr), vitamins
(B1, B2, B6), coenzymes and electron acceptors (FAD;
NAD(P)H)) [18, 25]. The greatest abundance of molecules
with autofluorescent properties is noted in plant cells. Apart
from chlorophylls, they include carotenoids, several cell
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wall components and a large group of secondary metabo-
lites [18, 26]. Autofluorescence of human cells (apart amino
acids, coenzymes and vitamins) can also be derived from
compounds accumulated with age or during several disor-
ders, e.g. lipofuscin formed as a result of lipid peroxidation
or porphyrins accumulated during impaired heme synthesis
[18, 25]. In the case of Saccharomyces cerevisiae yeast cells,
autofluorescence is generally associated with the presence
of tryptophan, pyridoxine, flavins, and NAD(P)H [16, 23,27,
28]. Those molecules play an important role in cell metabo-
lism and changes in their amount provide information
about the physiological status of the cells. Therefore, deter-
mination of the autofluorescence level can be used for var-
ious analytical purposes, thus changing the attitude towards
autofluorescence, which for a long time was regarded as an
undesirable property only. The use of autofluorescence for
research purposes presents several advantages: (i) autoflu-
orescence-based techniques do not require any additional
steps such as staining or fixation; (ii) no introduction of
chemicals decreased the toxicity for sample, user, and envi-
ronment, but also lowers the costs of measurements; (iii)
nonspecific binding of chemicals and artefactual results
are avoided; (iv) measurements can be performed in situ
in native biological samples without disrupting their struc-
tures [18]. Because autofluorescence depends on cellular
morphology as well as the metabolic and physiological state
of cells, autofluorescence-based techniques can be used in
diagnostics and medical applications. Till now, they are
used among others for monitoring drug uptake and their
distribution, discrimination between normal and patholog-
ical (such as cancer) cells, and monitoring of retinal disease
by determination of fundus autofluorescence [18,29]. Inthe
case of microbiological studies, tryptophan autofluores-
cence is commonly used as an indicator of cell mass
increase in the culture [23, 27]. Determination of cell aut-
ofluorescence is useful for the differentiation of microbial
organisms as well as for strain characterization [16, 30, 31,
32]. Recently, yeast autofluorescence measurements led
to proposes of the yeast-based biosensor to determinate
labile Zn** in an aqueous solution [33].

The possible components of obtained
autofluorescence values

Due to its cost-effectiveness, autofluorescence can be also
used for industrial purposes such as monitoring the effec-
tiveness of biotechnological processes. It can be especially
useful in the case of microbial biotechnological production
of vitamins. For that purpose, methodological analysis and
method validation using S. cerevisiae was tested. The com-
parison of results obtained by autofluorescence measure-
ment and HPLC-UV method showed that the conversion
factor was almost identical and amounted to approx. 2 for
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values of riboflavin and approx. 20-25 for values of pyridox-
ine (Table 1). Substantial differences in the amount of pyri-
doxine between methods may arise from the fact that
biological samples contain a mixture of many native fluo-
rophores. Especially in the case of purple and blue spectrum
of emission, there are several cellular compounds whose
spectra may overlap [24]. One of the interfering compounds
can be NAD(P)H, whose excitation maximum is close to the
excitation wavelength for pyridoxine. Although the emis-
sion maximum of this major electron acceptor is around
450-460 nm and is separated from the emission maximum
of pyridoxine [18, 25], part of fluorescence emitted by
NAD(P)H even in the shorter-than-maximum emission
wavelength may inflate the results of pyridoxine measure-
ment. A similar influence can be caused by another yeast
endogenic fluorophore, ergosterol. Ergosterol is a typical
sterol component of the cell membrane in fungi and thus
canbe involved in the proliferation of yeast cells. Its fluores-
cence properties are close to those of pyridoxine, especially
in the case of excitation wavelength (360-370 nm region is
found specific to ergosterol detection). However, the ergos-
terol fluorescence emission spectral interval is not so speci-
fic and is in the range of 400-600 nm [34]. The values of
pyridoxine can be also overestimated by fluorescence of cell
wall components, such as chitin [35]. The values obtained in
the case of riboflavin content were more precise, which can
be connected with the fact that fluorescence emitted by fla-
vins is in a different part of the wavelength spectrum, and
flavins are treated as one of the major contributors to cell
autofluorescence. Hence, they seem to be more appropriate
for determining differences between cells. For that reason,
the autofluorescence properties of flavin are used more and
more frequently to determine cell energy metabolism,
which can be useful not only for yeast or bacterial cells
but also in the case of human cells [36].

The advantages and limitations of method
based on autofluorescence measurement

The results obtained in this report show that usage of aut-
ofluorescence-based methods (especially in the context of
riboflavin) can be widely applied also as a screening tool
for the detection of vitamins synthesized in microbial fer-
mentation. This seems to be particularly useful for vita-
mins-overproducing microbial strains and optimization of
the fermentation process. Cellular biosynthesis of ribofla-
vin and pyridoxine is directly dependent on CCM [16, 37],
and the pentose phosphate (PP) pathway seems to play
the most important role here, which is confirmed by studies
revealing that overexpression of enzymes involved in the PP
pathway increases the carbon flux through that pathway
and simultaneously enhances riboflavin production [4, 15,
38, 39]. The obtained results and proposed methodology
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allows to monitoring the intracellular level of riboflavin
and expand the range of possibilities to measure vitamins
content through fluorescence analyses, which present are
mainly determined in the culture medium [5]. The results
presented in this report demonstrate that analysis based
on autofluorescence measurements can be successfully
used to estimate the content of vitamins in yeast cells, espe-
cially concerning riboflavin content. It should be noted
however that autofluorescence can also be affected by other
factors, such as specific cellular constituents, which show
autofluorescence in a range of excitation similar to that of
the analysed vitamins. This fact should be taken into
account when interpreting the results. However, by com-
paring the proposed methodology with the reference
HPLC-UV method, we show that despite these limitations
the autofluorescence-based techniques can be used in the
screening analysis of vitamin content in microbial cells.
Additionally, fast, simple, and cost-effective determination
of vitamins in the proposed method are advantages espe-
cially useful in biotechnological processes of vitamin syn-
thesis with the use of microorganisms. It also gives the
possibility of more effective and faster verification of the
results of changes introduced during the biotechnology
process.

In summary, microbial cell autofluorescence can be used
as a non-invasive and non-destructive method for measur-
ing the intracellular content of riboflavin and pyridoxine.
Monitoring the autofluorescence of yeast cells is a quick
and effective method for measuring the intracellular con-
tent of these vitamins and for that reason can be useful in
a range of applications, including biotechnology, food
science, and nutrition research.
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