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ABSTRACT

Riboflavin is a photoinitiator that is known to promote the accumulation of off-aroma 
compounds in white wine. However, the combined impact of different non-ionising radiation 
wavelengths and wine ethanol concentrations on this process is not well understood. An 
aqueous tartrate-buffer solution and a de-alcoholised Chardonnay (0.4  %  (v/v)) wine, both 
supplemented with 0.5 mg/L riboflavin and adjusted to different ethanol concentrations (0.4 or 
12.4 % (v/v)), were bottled with low oxygen concentrations. Samples were stored in darkness 
or exposed to different commercially available light sources (cool white fluorescent, cool white 
light-emitting diode  (LED), and yellow  LED). Concentrations of riboflavin were monitored 
over 7 and 14 days for the tartrate-buffer solutions and Chardonnay wines, respectively, while 
the Chardonnay wines also had measurements of volatile sulphur compounds and sensory 
analysis conducted at the end of the storage. Riboflavin degradation rates were highest when 
exposed to cool white LED, with progressively lower decay rates evident when exposed to 
cool white fluorescent or yellow LED, and for control samples stored in darkness. This order 
corresponded to increased photon energy within the wavelength range of 350–520 nm. After 
one day of exposure to cool white LED or fluorescent light, concentrations of hydrogen sulfide 
and methanethiol in the Chardonnay exceeded aroma threshold levels by 12-fold and 4-fold, 
respectively. The Chardonnay exposed to cool white LED was perceived to have ‘sulphur/rotten 
egg’ aroma, whereas exposure to cool white fluorescent light was associated with a ‘cabbage’ 
aroma. Ethanol only accelerated the loss of riboflavin in the Chardonnay exposed to cool white 
LED, but had little impact on volatile sulphur compound concentrations or the outcome of 
sensory evaluation. Exposure of the Chardonnay to yellow LED resulted in no reductive aromas 
being perceived by the sensory panel, which was consistent with the lower accumulation of 
volatile sulphur compounds and a decreased rate of riboflavin loss. As a consequence, a yellow 
LED source may offer considerable benefit when displaying wines in retail and consumer 
settings, where lighting is necessary.
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INTRODUCTION

Riboflavin, also known as vitamin  B2, is naturally present 
in fruits, vegetables, meat, dairy products, and fermented 
beverages (Combs,  2007; Ournac,  1968). In white wines, 
riboflavin concentrations typically range from 0.01 to 
0.20  mg/L, depending on the yeast strain during alcoholic 
fermentation (Fracassetti et al.,  2017; Mattivi et al.,  2000) 
and may increase up to 0.25  mg/L or more during ageing 
on lees (Ournac,  1968). Riboflavin is highly photosensitive 
(Figure  S1), and several factors can influence its light-
induced degradation, including light intensity and 
wavelength, the matrix pH, viscosity, the availability of 
oxygen, oxidisable substrates and/or quenching compounds 
(Ahmad et al., 2004; Choe et al., 2005; Min & Boff, 2002; 
Sheraz  et  al.,  2014). Photochemical reactions are initiated 
when a reactant absorbs wavelengths of ultraviolet (UV) 
and/or visible light, and transitions to an excited electronic 
state (Figure S1) (Wardle, 2009). In a model wine solution, 
riboflavin favours the absorption of light at wavelengths 
around 370 and 442  nm, but can still absorb wavelengths 
up to 510 nm (Maujean & Seguin, 1983a). After absorbing 
light, riboflavin may reach an excited triplet state, whereby 
it becomes a potent oxidant able to react with various 
wine components. If it reacts with sulphur-containing 
amino acids, such as methionine, it can be detrimental 
to wine quality due to the formation of undesirable 
aroma compounds such as methional and its degradation 
product methanethiol  (MeSH) (Figure  S1) (Maujean & 
Seguin, 1983a). MeSH is thought to be the aroma compound 
most responsible for a fault commonly referred to as 
‘light‑struck aroma’ in wine, and MeSH imparts an 
aroma similar to that of cooked cabbage (Dozon & 
Noble, 1989). Hydrogen sulfide (H2S) is another off‑aroma 
compound generated in white wine exposed to light 
(Vongluanngam  et  al.,  2025); however, the mechanism of 
its formation is still unknown. Sparkling, and still white and 
rosé wines, particularly those produced with lees ageing, 
are known to be more susceptible to the occurrence of 
light-struck aroma (Haye et al., 1977; Mattivi et al., 2000; 
Mislata et al., 2022).

Currently, the market for no and/or low (NOLO) alcohol 
beverages is experiencing dramatic growth (IWSR,  2023). 
NOLO  production typically involves a post-fermentation 
processing stage to remove ethanol from wine. The 
commercial techniques commonly employed include 
membrane filtration (e.g.,  reverse osmosis) or vacuum 
distillation (e.g.,  spinning cone column), and they preserve 
most of the original desirable sensory qualities in the 
wine after the de-alcoholisation process (Catarino & 
Mendes, 2011; Longo et al., 2017; Mangindaan et al., 2018; 
Schmidtke  et  al.,  2012). However, the impact of light on 
de‑alcoholised white wines has not been reported. This 
includes the impact of contrasting ethanol concentrations 
on  the rate of riboflavin photodegradation or on the 
incidence and intensity of light-struck aroma.

Many white wines are bottled in transparent glass 
(i.e.,  termed flint) and can be subjected to various types 

of lighting, including fluorescent and LED sources. 
Such exposure may occur in bottle shops, supermarkets, 
restaurants, or even during the storage of wine in residential 
environments. Flint bottles allow the maximum amount of 
light, with wavelengths above 300 nm, to be transmitted to 
the wine (Clark  et  al.,  2011; Vongluanngam  et  al.,  2024). 
As already mentioned, this light can have a detrimental 
photochemical impact on the sensory characteristics of wine. 
Fluorescent lighting, which is commonly used as lighting 
for commercial and residential environments, involves 
passing an electric current through mercury vapour that is 
held within a glass tube. This generates UV light that excites 
a phosphor coating on the inside of the glass tube, resulting 
in the emission of visible light (Mironava  et  al.,  2012). 
The overall spectrum of light emitted by fluorescent tubes 
typically features a series of sharp emission lines favoured 
by the excited phosphor coating and mercury vapour, which 
covers the UV – visible wavelength range. Fluorescent tubes 
with different profiles of emitted spectra of light are given 
different commercial names depending on the correlated 
colour temperature, such as ‘warm white’ (2,700–3,000 K), 
‘cool white’ (4,000–4,500 K) and ‘daylight’ (5,000–6,500 K) 
(Borbély et al., 2001; Ozenen, 2023). As an example of the 
emission spikes, the ‘cool white’ fluorescent tube has an 
emission spectrum with maxima at 313, 365, 405, 436, 480, 
546, 578 and 580 nm (Fenton et al., 2012; Spikes, 1981).

LED lighting involves the passage of an electric 
current through specific semiconductors that undergo 
electroluminescence, thereby releasing light. A spectrum 
of light emitted by an LED source is primarily within 
the visible wavelength range, but it will depend on the 
specific semiconductor and screening materials used in 
fabrication (Pearsall,  2010). For example, the commonly 
used ‘cool white’ LED lighting is made with a blue-emitting 
semiconductor (i.e.,  indium gallium nitride or InGaN), 
coated with a phosphor material that converts blue light 
to a cooler white tone (Held,  2009). These types of LED 
sources generally have emission spectra with a maximum 
within 450–470 nm (Schubert, 2018). While previous studies 
have largely focused on the impact of sunlight and/or 
fluorescent light on the compositional and sensory changes 
of wine (Arapitsas  et  al.,  2020; Cáceres‑Mella  et  al.,  2014; 
Carlin et al., 2022; Fracassetti et al., 2019; Lan et al., 2021), 
few studies have investigated cool white LED lighting 
(Mislata et al., 2022).

Another type of LED has been developed for use in wine 
cellars. These are LED lightings made from either gallium 
phosphide (GaP) or aluminium gallium indium phosphide 
(AlGaInP) that are coated with phosphor (Schubert,  2018) 
to enable emission of an ‘amber’ coloured visible light. 
This type of LED emits a spectrum of light within a narrow 
wavelength range of 570–590  nm; however, they cost 
around 20 times more than standard cool white LED sources. 
In this study, a more affordable commercial alternative, 
‘amber’ LED lighting, which employs a yellow filter on a 
cool white LED to eliminate wavelengths below 500  nm, 
was used for comparison with other commercial light sources.
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This work aimed to provide insights into two key gaps in 
knowledge that currently exist for the impact of light on 
white wine. That is, the comparative effect of different 
commercially available light sources on white wine, and 
the impact of ethanol (i.e., 12.4 % (v/v) versus 0.4 % (v/v)). 
To achieve this aim, riboflavin-containing Chardonnay and 
tartrate-buffer solutions, at variable ethanol concentrations, 
were stored under cool white fluorescent, cool white 
LED and yellow LED tubes. Riboflavin degradation 
rates were determined in all samples, while H2S and 
MeSH concentrations and sensory differences were also 
investigated for the Chardonnay wines.

MATERIALS AND METHODS

1. Chemicals

Potassium hydrogen tartrate (≥  99  %), L-(+)-tartaric acid 
(≥ 99.5 %), riboflavin (≥ 99 %), sodium sulphide (≥ 99.5 %), 
and sodium methanethiolate (≥  90  %) were all purchased 
from Sigma-Aldrich (Castle Hill, NSW, Australia). Ethanol 
(99.5  %) was obtained from ChemSupply (Gillman, SA, 
Australia). Methanol (LC  grade solvent), acetonitrile 
(LC  grade solvent), and glacial acetic acid were sourced 
from Honeywell (North Ryde, NSW, Australia), Sigma-
Aldrich (Castle Hill, NSW, Australia), and Ajax Finechem 
(Taren Point, NSW, Australia), respectively. Solutions and 
dilutions were prepared using 18.2 Milli-Q water.

2. Sample preparations

All samples were prepared in an anaerobic hood, using 
nitrogen gas (99.99  % purity, BOC Gas & Gear, Wagga 
Wagga, NSW, Australia) to ensure oxygen minimisation, 
and the initial dissolved oxygen concentrations in the 
tartrate-buffer and wine samples were 0.22  ±  0.09 and 
0.32  ±  0.07  mg/L, respectively. Oxygen concentrations 
were measured with a PSt3  oxygen sensor within a 
PSt3‑oxygen sensor dipping probe and Fibox  4 trace meter 
(Precision Sensing GmbH, Regensburg, Germany). The 
tartrate-buffer solutions consisted of potassium hydrogen 
tartrate (0.011  M) and tartaric acid (0.008  M) added to 
either Milli-Q water or to 12  %  (v/v) aqueous ethanol. 
The pH of these solutions was 3.2  ±  0.1, measured by 
a S20  SevenEasy™ pH  meter (Mettler Toledo, Port 
Melbourne, VIC, Australia). The commercial wine used 
was a de-alcoholised 2024 Chardonnay (0.4  %  (v/v) 
ethanol) labelled as a product of South Australia. It was 
originally bottled in 750 mL glass bottles sealed with screw 
cap closures. The general specification of the wine is shown 
in Table  S1, and it was used without modifications of its 
pH (3.2) or sulphur dioxide concentration (i.e.,  free SO2 of 
27  ±  3  mg/L, Table  S2). Eight treatments (described in the 
following section) were prepared for the wine, and also for 
the tartrate-buffer, with each treatment consisting of three 
replicate bottles. Due to limited irradiated incubator 
capacity, treatments were prepared in four batches of two. 
For each de-alcoholised Chardonnay batch (i.e.,  two 
treatments), three 750  mL bottles were opened and 

homogenised inside the anaerobic hood. Either water 
(266.4  mL) or ethanol (266.4  mL) was mixed with 
de‑alcoholised wine (1,953.6  mL) to provide final alcohol 
concentrations of 0.4 % (v/v) and 12.4 % (v/v), respectively, 
as  measured using an Alcolyzer Module (Anton Paar 
GmbH, Graz, Austria). Three portions of 370  mL were 
then transferred into three separate 375  mL flint glass 
bottles (Plasdene Glass-Pak, Milperra, NSW) to provide 
the replicate bottles for a given treatment. Tartrate-buffer 
solutions (370  mL) were also aliquoted into 375  mL flint 
glass bottles. A riboflavin concentration of 0.5  mg/L, 
freshly prepared from an aqueous riboflavin stock solution 
(203  ±  3  mg/L), was added directly to all samples. This 
relatively high concentration enabled sufficient analysis 
time points to be conducted for accurate determination 
of the rapid riboflavin decay kinetics. It also facilitated 
the production of significant concentrations of detrimental 
sulfhydryl aroma compounds within the timeframe of 
the storage experiment. Each bottle was then sealed using 
screwcap closures with tin liners (Orora, Hawthorn, VIC, 
Australia) under a nitrogen gas atmosphere. The final 
concentrations of riboflavin were 0.50  ±  0.02  mg/L for 
the tartrate-buffer solutions and 0.56  ±  0.01  mg/L for the 
Chardonnay wines.

3. Experimental design

All samples (i.e.,  tartrate-buffer solution (T), tartrate-buffer 
solution with 12  %  (v/v) ethanol  (TE), de-alcoholised wine 
with 0.4 % (v/v) ethanol (DA) and de-alcoholised wine with 
12.4  %  (v/v) ethanol  (DA+E) were exposed to different 
commercial light sources from Philips lighting (Shanghai, 
China), being: a cool white fluorescent light tube (18  W, 
1,350  lm, 4,000  K); cool white LED (8  W, 1,050  lm, 
4,000  K), and LED with a yellow filter (10  W, 1,050  lm, 
2,200 K) hereafter referred to as ‘yellow LED’ in this study. 
The emission spectrum of each light tube was measured 
over the wavelength range of 350–1000  nm (Figure  1A), 
determined by FieldSpec  4 (Malvern Panalytical  Ltd., 
Worcestershire, UK) coupled to a VNIR (type 512 element 
silicon) photodiode array detector (Malvern Panalytical 
Ltd., Worcestershire, UK), and run by ViewSpec Pro version 
6.2 software (Malvern Panalytical Ltd., Worcestershire, UK). 
Samples were positioned to receive a light intensity of 
25  μmol/m2/s from each light source, measured by a LI-
COR Biosciences LI-185A photometer (Lincoln, NE, USA). 
This intensity was chosen to provide a standardised 
experimental condition and falls within the range of typical 
illuminance observed for retail shelves in supermarkets 
and department stores, which has been reported to be 
approximately 5–30 μmol/m2/s (Jolley-Rogers et al., 2017). 
During light exposure, all samples were maintained at 
20  ±  2  °C inside a temperature-controlled incubator over 
a  period of hours to 7  days for tartrate-buffer solutions 
(i.e.,  T  and TE) and a period of 1 to 14  days for the 
Chardonnay (i.e.,  DA and DA+E). Control samples 
were stored under the same conditions but covered with 
aluminium foil to ensure darkness.

https://ives-openscience.eu/
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During sampling, nitrogen gas was continually blown into 
the top of the bottles for 5  min to minimise any increase 
in dissolved oxygen concentrations. Dissolved oxygen 
concentrations in all samples were maintained below 
0.5 mg/L throughout the trial (data not shown). Another set 
of wine samples in each treatment was also prepared and 
exposed to either the cool white fluorescent or cool white 
LED sources for 1 day, or exposed to the yellow LED source 
or stored in darkness for 14 days without opening the bottles. 
These wine samples were then used for volatile sulphur 
compound analysis and sensory evaluation. Experimental 
factors were coded as shown in Table 1.

4. Chemical analysis

Ultrahigh-performance liquid chromatography (UPLC, 
Waters, Milford, USA), using a Waters Acquity BEH  C18 
column (2.1 mm, 50 mm, 1.7 µm, Waters, Milford, USA), 
connected to a photodiode array detector (PDA, Waters, 
Milford, USA), was used to measure concentrations of 
riboflavin as outlined in Dias  et  al.  (2012). Free and total 
sulphur dioxide (SO2) concentrations were measured using 
colorimetric test kits (Thermo Fischer Scientific, Scoresby, 
VIC, Australia) and a Konelab  20XT automated analyser 
(also Thermo Fisher Scientific). Total phenolic compounds 
(TPC) were determined by UV-visible spectrometry at a 
wavelength of 280  nm (Iland  et  al.,  2004). The volatile 
forms of H2S and MeSH, subsequently referred to as 
‘free’ forms within this study, were quantified by gas 
chromatography (GC, Agilent  7890B GC system, Agilent 
Technologies Australia, Mulgrave, VIC, Australia) coupled 
to a sulfur chemiluminescence detector (SCD, Agilent 
355  SCD, Agilent Technologies Australia), using a 
DB‑Sulfur SCD column (60 m, 0.32 mm, 4.2 µm, Agilent 
J&W Scientific, Agilent Technologies Australia). The 
analysis was conducted as per Kontoudakis  et  al.  (2017), 
which is based on a modified protocol of Franco-Luesma 
and Ferreira  (2014). Quantitation of the free sulfhydryl 
compounds was performed using ethyl methyl sulfide as an 
internal standard with internal standard curves prepared in 
either tartrate-buffer solution or tartrate-buffer solution with 
12 % (v/v) ethanol for analysis of DA and DA+E samples, 
respectively.

5. Sensory analysis

Sensory analysis was performed after the exposure of wine 
samples to cool white fluorescent lighting for 1  day, cool 
white LED for 1 day, or yellow LED for 14 days. A control 
sample (i.e.,  stored in darkness) also underwent sensory 
analysis at day 14. Pivot© Profile sensory methodology was 
utilised as outlined in Pearson et al.  (2020). An experienced 
tasting panel was composed of 11  assessors (four females 
and seven males, aged 25–65), from Charles Sturt University 
and the Gulbali Institute (Wagga Wagga, NSW, Australia). 
All the panellists were familiar with the Pivot© Profile 
sensory method and had all previously been involved in 
sensory studies that had investigated reductive characters 
in wine. The sensory analysis was conducted in an open-
plan, specialised sensory room at 20 ± 2 °C in two sessions; 
the four different DA samples (i.e.,  F, L, Y and  D) were 
assessed in the early afternoon, and the four different 
DA+E samples were evaluated in the late afternoon on the 
same day. A 30  mL volume of wine from a single bottle 
of each treatment was served in 220  mL ISO  XL5 wine 
glasses labelled with random three-digit codes at ambient 
temperature, and extra wine was available upon request. 
Water and crackers were also provided. The panellists 
recorded differences in appearance, aroma, and palate 
descriptors when comparing the control pivot (i.e.,  dark 
sample) to all the different treatments (i.e., F, L, Y and D), 
according to Thuillier et al. (2015).

6. Statistical analysis

Statistical analyses were conducted using IBM  SPSS 
Statistics software (version  27, Chicago, IL, USA). The 
paired-sample t-test was used to determine significant 
differences (p < 0.05) before and after light exposure in each 
treatment for total phenolic compounds, and free and total 
SO2 concentrations. One-way analysis of variance (ANOVA) 
tests with post-hoc multiple comparisons were applied to 
assess the differences amongst rate constants and half-life 
data across treatments using Tukey’s test for equal variances 
and Dunnett’s  T3, where unequal variances were evident. 
Correspondence analysis (CA) was performed on the sensory 

FIGURE 1. Emission spectra for the different light sources over a wavelength range of 350 to 1000 nm (A) and their 
relative photon energy spectra from 350 to 520 nm (B).

Isara Vongluanngam et al.
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analysis data using Microsoft Office Excel version  2302 
(Microsoft, Redmond, Washington, USA) installed with the 
XLSTAT statistical software (Lumivero, Denver, Colorado, 
USA). The quoted uncertainty is the standard deviation of 
three replications for a given treatment.

RESULTS AND DISCUSSION

1. Photodegradation of riboflavin

The emission characteristics of the cool white fluorescent, 
cool white LED, and yellow LED are shown in Figure 1A. 
The cool white fluorescent tube emitted wavelengths of 
light spanning the UV to visible range, with emission peaks 
at 409, 438, 488, 546, 588, 612 and  708  nm. In contrast, 
the cool white LED only emitted visible light within the 
400–760  nm wavelength range, and had maxima at 451 
and 591 nm, while the yellow LED only emitted light with 
wavelengths above 500  nm, and with a single maximum 
at  591  nm. As previously mentioned, the photochemical 
reaction is initiated by the absorption of light energy, 
typically in the form of photons, and the photon energy (E) 
can be calculated using E = hc/λ, where h is Planck’s constant, 
c  is the speed of light and λ  is the wavelength. Figure  1B 
shows the relative photon energy spectra for each light 
source calculated over the wavelength range most relevant 
to the photoexcitation of riboflavin (i.e.,  350–520  nm). 
The integrated area under the spectra curves in Figure  1B 
corresponded to ratios for photon energies of 9:45:1 for 
cool white fluorescent:cool white LED:yellow LED.

The use of the tartrate-buffer solution allowed the 
composition of the sample matrix to be controlled for the 
preliminary experiments of this study, which focused 
on the impact of the different light sources and ethanol 
concentrations on riboflavin degradation. Figure  2A shows 
the rapid depletion of riboflavin in the tartrate-buffer 
solutions after only 2 h of exposure to the cool white LED 
or fluorescent light sources. This occurred regardless of the 
ethanol concentration of the samples. The yellow LED 
source led to slower riboflavin loss compared to the cool 
white fluorescent and cool white LED samples, but after 
seven days, 30–40  % more riboflavin was lost relative to 
samples stored in darkness (Figure  2B). As expected, the 
riboflavin concentrations in samples stored in darkness 
remained stable throughout the trial (i.e.,  D/T and  D/TE, 
Figure 2B).

Exposure of Chardonnay samples to the cool white LED 
or fluorescent light sources also resulted in riboflavin loss, 
with more than half the initial riboflavin being degraded 
within 5  h of irradiation, irrespective of the presence of 
ethanol. After this, the rate of riboflavin loss decreased 
(Figure  2C). Conversely, Chardonnay samples exposed to 
the yellow LED source (i.e., Y/DA and Y/DA+E, Figure 2D) 
only had a 10  % loss in riboflavin concentration after 
14 days of light exposure, again with no influence of ethanol 
concentration noted. No changes were observed in samples 
stored in darkness throughout the storage period (i.e., D/DA 
and D/DA+E, Figure 2D).

The decrease in riboflavin concentration in the tartrate-
buffer solution was best modelled by first-order kinetics 
(R2 = 0.985–0.998, Table 2), in agreement with a previous 

TABLE 1. Experimental factors and sample codes.

Code

Lighting Solution matrix

Cool white fluorescent 
(F)

Cool white LED 
(L)

Yellow LED 
(Y)

Dark 
(D)

Tartrate-buffer 
(T)

De-alcoholised Chardonnay 
(DA)

12 % (v/v) ethanol 
(E)

F/T X X

F/TE X X X

L/T X X

L/TE X X X

Y/T X X

Y/TE X X X

D/T X X

D/TE X X X

F/DA X X

F/DA+E X X X

L/DA X X

L/DA+E X X X

Y/DA X X

Y/DA+E X X X

D/DA X X

D/DA+E X X X
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study (Fracassetti et al., 2019). The tartrate-buffer solution 
exposed to cool white LED had the highest riboflavin 
decay rate, followed by fluorescent and yellow LED. 
This order for light sources was consistent with their 
corresponding photon energy emission over the wavelength 
range of 350–520  nm (Figure  1B). That is, the cool white 
LED source emitted a photon energy approximately 5-fold 
higher than for fluorescent and 45-fold higher than for the 
yellow LED. The presence of ethanol led to significantly 
(p  < 0.05) faster degradation of riboflavin when the sample 
was exposed to light from cool white LED or yellow LED, 
but not light from cool white fluorescent tube. This 
difference is possibly due to the unique wavelengths 
less than 400  nm emitted by the cool white fluorescent 
tube compared to the other light sources. The half-life for 
riboflavin decay was approximately 1000-fold longer when 

the tartrate-buffer solution was exposed to the yellow 
LED compared to the cool white LED. The presence of 
ethanol decreased the riboflavin half-life by almost half, 
particularly when the sample was exposed to either the 
cool white LED (L/TE vs L/T, Table 2) or the yellow LED 
(Y/TE  vs  Y/T, Table  2). A previous study in a non-wine 
matrix reported that the decay rate of riboflavin in water 
was higher than in ethanol, and this was attributed to the 
lower viscosity of water (Ahmad  et  al.,  2015). However, 
the ethanol concentrations (i.e.,  100  vs  12  %  (v/v)) and 
the pH (i.e., 7 vs 3.2) reported by Ahmad et al. (2015) were 
different to those employed in the current study. A previous 
investigation also showed that the photodegradation of 
riboflavin in aqueous solutions became marginally slower 
as the pH increased from 3 to 4, but then rapidly increased 
from pH 6 to 10 (Ahmad et al., 2004).

FIGURE 2. Concentrations  (mg/L) of riboflavin in tartrate-buffer solutions  (A,  B) and Chardonnay wines  (C, D) 
exposed to different light sources. A and C present compositional changes observed within 2.5 and 24 h, respectively, 
while B and D represent data collected throughout the storage period. Error bars represent the standard deviation 
(n = 3) from measurement of triplicate samples.

TABLE 2. The first-order decay rates and half-lives for riboflavin in tartrate-buffer solutionsa.

Treatment Rate (days–1) R2 Half-life (days)

F/T 30 ± 3 c 0.995 0.023 ± 0.002 c

L/T 47 ± 6 b 0.985 0.015 ± 0.002 d

Y/T 0.046 ± 0.006 e 0.989 15 ± 2 a

F/TE 35 ± 3 c 0.988 0.020 ± 0.002 c

L/TE 72 ± 2 a 0.998 0.0096 ± 0.0003 e

Y/TE 0.081 ± 0.004 d 0.988 8.6 ± 0.5 b

a The rate constants and half-life data were treated with a log transformation to normalise the data prior to a one-way analysis of variance. 
Values followed by different letters indicate significant differences (p < 0.05) using Tukey’s test for post-hoc multiple comparisons.
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It was not possible to calculate the riboflavin decay rates for 
the Chardonnay samples exposed to yellow LED or stored 
in darkness, as ≤  10  % of the riboflavin was degraded. 
For the remaining treatments, the riboflavin decay rate in 
Chardonnay appeared to have two distinct kinetic phases: 
the 0–7 h period, which has been assigned as the 1st phase, 
and the 7–24 h period assigned as the 2nd phase. The fit of 
modelled decay to the experimental data for these samples 
was better using second order (i.e., R2 > 0.9, Table 3) rather 
than first order or zero order (i.e., R2 < 0.9, data not shown) 
kinetics for both phases. This two-stage second-order kinetic 
behaviour of the riboflavin decay was in contrast to the 
decay in the tartrate-buffer solutions that showed single-
stage first-order decay (Table  2). In a previous study 
reporting the photodegradation of riboflavin in Chardonnay 
wine (13  %  (v/v) alcohol), riboflavin was also shown to 
follow second-order decay, albeit with only one kinetic 
phase rather than two (Vongluanngam et al.,  2024). For the 
Chardonnay treatments, the samples with higher alcohol 
and exposure to the cool white LED tube (L/DA+E) had 
the highest decay rates for both phases, consistent with 
the order of decay rates observed in the tartrate-buffer 
solutions treatments (i.e.,  L/TE in Table  2). The half-lives 
calculated from the 1st phase of degradation were 3–5 h for 
the Chardonnay samples exposed to either cool white 
LED or fluorescent tube (Table  3). However, when the 
concentration of riboflavin fell below 0.25 mg/L, coinciding 
with the transition to the 2nd  kinetic phase, the riboflavin 
half-life for these treatments extended from hours to a day 
or greater (Table 3).

The photo-induced loss of riboflavin in the Chardonnay was 
much slower than that observed in the tartrate-buffer solutions 
for a given light treatment. This was most likely due to the 
presence of phenolic compounds in the Chardonnay wine, 
as such compounds have been shown to effectively shield 
riboflavin from light exposure (Fracassetti  et  al.,  2019; 
Maujean & Seguin,  1983b). A significant decrease in 
total phenolic compounds (p  <  0.05) was evident in the 
Chardonnay samples that had substantial riboflavin loss 
(i.e., irradiated with the cool white light sources) (Table S2), 
with the largest decrease being for the L/DA+E treatment. 

The fate of these phenolic compounds was not determined, 
but it may have been a consequence of light-induced 
polymerisation or degradation reactions (Lan et  al.,  2021), 
causing a decrease in their molar absorptivity at 280  nm. 
A decrease in total SO2 concentration was also observed 
for the cool white light treatments (Table  S2); however, 
there was no significant (p  <  0.05) change in free SO2 
concentration. The different outcomes for free and 
total  SO2 may have been a consequence of weakly bound 
bisulphite adducts (e.g., aldehydes and ketones) replenishing 
some of the free  SO2 lost due to light-induced effects 
(Waterhouse et al., 2016).

2. Concentration of volatile sulphur compounds 
in Chardonnay samples

Free MeSH and H2S are known to be key reductive off-
aroma compounds generated during the photodegradation 
of riboflavin in white wine (Vongluanngam  et  al.,  2025). 
Quantification of these compounds was conducted at two 
time-points: at bottling and after the irradiation period; 
i.e., day 1 for samples stored under the cool white LED or 
fluorescent light sources and day  14 for the samples stored 
under the yellow LED source or in darkness. At bottling, the 
concentrations of both H2S and MeSH in DA and DA+E 
(Figures  3A and  3B) were considered low relative to their 
quoted aroma thresholds, i.e., 1.6 and 3.1 µg/L, respectively 
(Siebert et al., 2009; Solomon et al., 2010).

After one day of cool white LED or fluorescent light 
exposure, the free MeSH concentration increased 3–4-fold 
above its aroma threshold in all wine samples, regardless of 
ethanol concentration (Figure 3A). No significant differences 
were observed in the free MeSH concentrations across the 
cool white lighting treatments, despite the differences in 
their riboflavin decay (Table 3). For the wine exposed to the 
yellow LED source for 14 days, the free MeSH concentration 
increased to twice the aroma threshold level; however, this 
only occurred in the higher ethanol concentration treatments 
(samples Y/DA+E in Figure  3A). The reason for this 
difference is not certain, especially given the similar decay 
rates of riboflavin under yellow LED (Y/DA and Y/DA+E 

TABLE 3. The second-order decay rates and half-lives for riboflavin in the Chardonnay samples.

Treatment

Overall 1st phase 2nd phase

Ratea 
(mg–1·L·days–1) R2 Rateb 

(mg–1·L·days–1) R2 Half-lifec (days) Rated 
(mg–1·L·days–1) R2 Half-lifee (days)

F/DA 3.8 ± 0.4 b 0.867 8.5 ± 0.5 b 0.960 0.21 ± 0.01 a 2.6 ± 0.5 b 0.976 1.6 ± 0.3 a

L/DA 3.8 ± 0.2 b 0.815 9.3 ± 0.1 b 0.938 0.195 ± 0.004 a 2.2 ± 0.4 b 0.971 2.0 ± 0.4 a

F/DA+E 4.8 ± 0.5 b 0.909 9.5 ± 0.1 b 0.976 0.188 ± 0.002 a 3.4 ± 0.8 b 0.998 1.3 ± 0.3 ab

L/DA+E 8.4 ± 0.9 a 0.952 13.8 ± 0.6 a 0.966 0.138 ± 0.006 b 6 ± 1 a 0.997 0.9 ± 0.1 b

a The rate constant was calculated from data collected throughout the storage period (i.e., 0–24 h), and Dunnett’s T3 test was applied 
for post-hoc multiple comparisons.
b The rate constant was calculated from time-point 0–7 h, and Tukey’s test was applied for post-hoc multiple comparisons.
c Dunnett’s T3 test was applied for post-hoc multiple comparisons.
d The rate constant was calculated from time-point 7–24 h, and Tukey’s test was applied for post-hoc multiple comparisons.
e Tukey’s test was applied for post-hoc multiple comparisons.
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samples in Figure  1D), but it may be a consequence of 
ethanol impacting the yield of MeSH from methional 
(Figure  S1). Trends for more MeSH with higher ethanol 
were also observed under fluorescent and cool white LED, 
though the differences were not significant, perhaps due to 
the shorter incubation period (1 day vs 14 days). The wine 
samples stored in darkness (D/DA and D/DA+E) showed 
no increase in MeSH concentration in the same period 
(Figure 3A).

Exposure of wines to the cool white light sources increased 
the free H2S concentration far above the aroma threshold 
after one day, irrespective of ethanol concentrations (samples 
L/DA, F/DA, L/DA+E, and F/DA+E in Figure  3B). 
Although there were no significant differences in H2S 
concentrations between treatments, there were trends to 
higher H2S concentrations with cool white LED exposure 
and/or lower ethanol concentrations. The large uncertainty 
associated with the measurement of H2S concentrations 
from wine samples exposed to light has been previously 
reported (Vongluanngam et al., 2025). Factors contributing 
to the uncertainty may be the sensitivity of H2S to oxygen 
ingress and/or H2S being an intermediate species in a suite 
of photo-mechanistic pathways rather than a stable terminal 
product. As expected, the concentrations of H2S in samples 
exposed to yellow LED and control samples remained 
relatively low (below aroma threshold levels) throughout 
the 14 days of storage (Figure 3B).

3. Sensory evaluation

A sensory panel characterised the wine samples using 
22  descriptors for the de-alcoholised Chardonnay  (DA) 
and 20  descriptors for the de-alcoholised Chardonnay 
with ethanol added  (DA+E). Correspondence analysis 
(CA) was employed to analyse sensory data and produce 
Figures  4A and  4B. For the DA samples (Figure  4A), 
95.86 % of variance was explained by Factor 1 (89.28 %) 
and Factor 2 (6.58 %), and 97.43 % of variance for DA+E 
samples (Figure  4B) was described by Factor  1 (85.90  %) 
and Factor  2 (11.53  %). The distribution of wine samples 
and descriptors in both Figures  4A and  4B suggested that 
Factor  1 was predominantly driven by the exposure of 
samples to wavelengths < 500 nm and associated with the 
photodegradation of riboflavin. Samples exposed to yellow 
LED, and samples stored in darkness, clustered on the 
left‑hand side of this axis, were more closely associated 
with descriptors such as ‘tropical/pineapple’ and ‘stone 
fruit’. This was the case for both 0.4  %  (v/v) (Figure  4A) 
and 12.4  %  (v/v) (Figure  4B) ethanol concentrations. The 
close proximity of these two treatments in both CA figures 
was a result of similar descriptors being assigned to them 
by the sensory panellists. These results were consistent 
with the lower concentrations of free H2S and MeSH in 
the samples not exposed to cool white light, and therefore, 
reductive characters were not perceived. Although the 
sample with 12.4 % (v/v) ethanol and exposure to the yellow 

FIGURE 3. Concentrations (µg/L) of free MeSH (A) and free H2S (B) in samples exposed to different light sources. 
Error bars represent the standard deviation (n = 3) for the measurement of triplicate samples within each treatment. 
F: fluorescent; L: LED; Y: yellow LED; D: dark; DA: de-alcoholised wine; DA+E: de-alcoholised wine added ethanol.
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LED source accumulated a concentration of free MeSH 
that was marginally above the reported aroma threshold 
(sample Y/DA+E in Figure  3A), panellists did not report 
reductive characters in these samples.

Conversely, samples exposed to cool white LED and 
fluorescent light, irrespective of the presence of ethanol, 
were both located on the right-hand side of the Factor 1 axis 
and were associated with reductive attributes. Interestingly, 
Chardonnay samples irradiated by cool white LED were 
projected into the positive aspect of Factor 2 and associated 
with ‘sulphur/rotten egg’ and ‘reductive’ descriptors. This 
coincided with trends to higher H2S production in the same 
samples (Figure 3B). Regardless of ethanol concentrations, 
Chardonnay samples exposed to fluorescent light were 
located lower on the Factor 2 axis and were more aligned 
with the ‘cabbage’ attribute. The association of cool 
white LED and fluorescent light-exposed samples with 
these reductive sensory features were consistent with the 
concentrations of MeSH and H2S being well in excess of 

their corresponding aroma thresholds (Figures 3A and 3B). 
Panellists also rated the light-exposed wines, particularly 
those exposed to the cool white light treatments, as 
having less yellow colouration, which was consistent 
with previous studies (Cáceres-Mella  et  al.,  2014; 
Vongluanngam et al., 2025).

CONCLUSION

The decay rates and half-lives of riboflavin in tartrate-buffer 
solutions and Chardonnay samples exposed to different 
commercial light sources have been established in this 
study. The photodegradation of riboflavin was more rapid 
when exposed to light sources that emitted higher photon 
energy within the 350–520  nm wavelength range. This 
meant that riboflavin decay rates were highest under cool 
white LED exposure, followed by cool white fluorescent, 
yellow LED, and darkness. The presence of ethanol only 
led significant acceleration of riboflavin photodegradation 
when the wine was exposed to a cool white LED source.

FIGURE 4. Correspondence analysis of de-alcoholised Chardonnay wine (DA) (A) and de-alcoholised Chardonnay 
with addition of ethanol (DA+E) (B) after 1 day of storage with exposure to either cool white LED (L) or fluorescent (F) 
light, or 14 days of storage with exposure to yellow LED (Y) or storage in darkness (D), using Pivot© Profile.
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Free H2S and MeSH concentrations increased above their 
aroma threshold levels after one day of cool white light 
exposure (LED or fluorescent), demonstrating the significant 
adverse impact that light exposure may have upon wine 
composition and sensory qualities. This was supported by 
sensory analysis, which attributed sulphur/rotten egg and/or 
cabbage-related descriptors to these samples.

The exposure of yellow LED resulted in considerably 
lower rates of riboflavin decay and may therefore offer 
considerable advantage for the display of wines within 
retail and consumer environments. However, the storage 
of wines in darkness still provided the best protection 
against the occurrence of light-struck aroma. While storage 
in complete darkness is optimal, yellow LED lighting may 
offer a practical alternative to standard cool white lighting in 
environments where lighting is necessary. While not suitable 
for general retail ambient lighting, yellow LED lighting 
could be particularly beneficial for wine cellar or refrigeration 
applications, offering a valuable tool in preserving wine 
quality. Future work should evaluate the long-term effects 
of these light sources on a variety of different white wines 
with varying riboflavin concentrations and light intensity 
conditions.
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