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A B S T R A C T   

Cu(II)-organic acid (fraction I) and Cu(I)-thiol (fraction II) complexes can suppress sulfhydryl off-aromas in wine. 
This study investigated the impact of light exposure on the protective fractions of Cu of bottled white wine. 
Fluorescent light-exposed Chardonnay with two initial concentrations of dissolved oxygen (0.5 and 10 mg/L) was 
stored in different coloured bottles and concentrations of Cu fractions and riboflavin, a photo-initiator at 
370–440 nm, were measured during 110 days storage. Light-exposed wines with lower oxygen concentrations 
resulted in a 100-fold decrease in the Cu fraction I half-life, and a 60-fold decrease for Cu fractions I and II 
combined. The half-life for Cu fraction I decay during light exposure was extended 30-fold with the use of brown 
compared to flint glass. Light exposure can rapidly exhaust the protective Cu fractions in wine, and bottles with 
less light transmission below 440 nm can slow this loss.   

1. Introduction 

Copper (Cu) present in wine can originate from a variety of sources, 
including natural metabolism of grapes, viticultural sprays, contami-
nation and/or its use as a fining agent (Clark, Wilkes, & Scollary, 2015; 
Provenzano et al., 2010). The addition of Cu(II) to wine for the removal 
of sulfidic off-aromas associated with reductive wine attributes is a well- 
established process in wine production (Clark et al., 2015; Reschke, 
Tran, Bekker, Wilkes, & Johnson, 2015). This involves Cu(II) predomi-
nantly reacting with hydrogen sulfide and methanethiol to form non- 
volatile products such as Cu(II) or Cu(I) complexes and sulfhydryl 
oxidation products (e.g., disulfides, diorganopolysulfanes) (Kreitman, 
Danilewicz, Jeffery, & Elias, 2017). More recently, different measurable 
fractions of Cu in wine have been reported (Clark, Zhang, & Kontou-
dakis, 2020) and their concentrations linked to the suppression of 
hydrogen sulfide and methanethiol accumulation in bottle aged wine 
(Zhang, Blackman, Prenzler, & Clark, 2022). The protective Cu fractions 
include Cu fraction I, which was attributed to Cu(II) associated with 
organic acids (e.g., tartaric acid), and Cu fraction II, associated with Cu 

(I) thiol species (e.g., glutathione). An additional Cu fraction was 
identified (i.e., Cu fraction III) which was associated with copper sul-
fides. Cu fraction I concentrations above 0.035 mg/L were attributed to 
low methanethiol concentrations, while combined concentrations for Cu 
fraction I and II above 0.015 mg/L were associated with low hydrogen 
sulfide concentrations (Zhang et al., 2022). The protective Cu fractions 
gradually decreased in concentration in wines bottled with low dis-
solved oxygen concentrations and aged in typical cellar conditions (i.e., 
darkness at 14–17 ◦C with relative humidity 65–75%). Alternatively, 
wines with high oxygen concentrations had an increase in the protective 
Cu fractions (Kontoudakis, Guo, Scollary, & Clark, 2017). However, the 
influence of light exposure on protective Cu fractions has not been 
reported. 

Riboflavin is known to be a critical initiator of the photochemical 
reactions that promote the emergence of undesirable volatile sulfur 
compounds, termed as ‘light struck‘ aroma (Dozon & Noble, 1989). While 
riboflavin can be found in grape must (typically at 0.003–0.060 mg/L), 
substantial concentration increases can occur during alcoholic fermen-
tation (Mattivi, Monetti, Vrhovšek, Tonon, & Andrés-Lacueva, 2000; 
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Ribéreau-Gayon, Glories, Maujean, & Dubourdieu, 2006), depending on 
yeast strain (Fracassetti et al., 2017), and if wine is subsequently aged on 
lees (Ournac, 1968). Concentrations of riboflavin in wine as high as 0.20 
mg/L have been reported (Ournac, 1968), but only 0.05–0.08 mg/L of 
riboflavin is required to result in perceptible light struck characters 
(Mattivi et al., 2000). The light wavelength range from 370 to 440 nm is 
the most efficient for riboflavin excitation from a singlet electronic state 
to a triplet state, which then leads to two key pathways depending on 
oxygen availability. Pathway type I occurs independent of oxygen and 
involves the excited triplet riboflavin reacting directly with phenolic 
compounds and amino acids (Fracassetti, Limbo, Messina, Pellegrino, & 
Tirelli, 2021; Grant-Preece, Barril, Schmidtke, Scollary, & Clark, 2017). 
Pathway type II involves the reaction of triplet riboflavin with oxygen to 
produce singlet oxygen which is capable of amino acid degradation 
(Fracassetti et al., 2021; Min & Boff, 2002). In general, the oxygen 
concentration in bottled commercial wine is minimised to avoid 
oxidative spoilage, thereby creating conditions expected to favour a type 
I photodegradation pathway for riboflavin. Both pathways degrade the 
amino acid methionine to methanethiol (MeSH) and dimethyl disulfide 
(DMDS) (Maujean & Seguin, 1983). These compounds can cause sulf-
hydryl off-aromas in wine, most often described as sewage and onion, 
respectively (Smith, Bekker, Smith, & Wilkes, 2015). Due to the lower 
aroma threshold of MeSH (i.e., 1.8–3.1 μg/L), it is generally considered 
to impart the more detrimental odour (Siebert, Solomon, Pollnitz, & 
Jeffery, 2010; Solomon, Geue, Osidacz, & Siebert, 2010). The impact of 
light exposure on the sensory and chemical properties of wine has been 
extensively studied (Blake, Kotseridis, Brindle, Inglis, & Pickering, 2010; 
Cellamare, D’Auria, Emanuele, & Racioppi, 2009; D’Auria, Emanuele, 
Mauriello, & Racioppi, 2003; Haye, Maujean, Jacquemin, & Feuillat, 
1977) but its impact on Cu fractions is unknown. Given the known 
ability of Cu(II) to interact with MeSH and other sulfhydryl compounds 
(Kreitman, Elias, Jeffery, & Sacks, 2019), it is expected that the photo-
chemical production of sulfhydryl compounds will impact the distribu-
tion of Cu amongst its different fractions. 

Bottles made from dark glass are known to limit the impact of light 
exposure on wine (Arapitsas et al., 2020; Cáceres-Mella et al., 2014; 
Carlin, Mattivi, Durantini, Dalledonne, & Arapitsas, 2022; Dias, Clark, 
Smith, Ghiggino, & Scollary, 2013; Guerrini et al., 2019; Lan et al., 
2021). A variety of different bottle colours (e.g., transparent/flint, blue, 
green, brown) are available, with selection often driven by tradition, 
market forces and/or consumer preference (Barber & Almanza, 2007). 
Flint bottles are often used to allow the unfettered perception of white 
wine colour by the consumer, however this bottle colour also allows a 
high proportion of light into the wine. At the wavelengths of light that 
enable photochemical reactions to occur in wine (i.e., 370–440 nm), 
flint and arctic blue glass allow the transmission of >80% of light, while 
<40%, 10% and 5% of this light is transmitted through French green, 
antique green and amber/brown glass, respectively (Clark, Dias, Smith, 
Ghiggino, & Scollary, 2011; Grant-Preece et al., 2017; Hartley, 2008; 
Lan et al., 2021; Laposa, Vesztergom, Kocsis, & Keszei, 2023; Maury, 
Clark, & Scollary, 2010). The availability of rate data for the photoin-
duced riboflavin decay in wine is sparse, but 0.4 mg/L of riboflavin was 
shown to be fully depleted within a few hours (Fracassetti, Limbo, Pel-
legrino, & Tirelli, 2019) upon exposure to fluorescent light in trans-
parent bottles (i.e., flint). The impact of bottle colour on the 
photodegradation decay rates of riboflavin, nor any subsequent impact 
on Cu fractions, has not been reported. 

This study aimed to determine the impact of light exposure on the 
protective Cu fractions in wine. The concentrations of riboflavin and Cu 
fractions were monitored during the exposure of white wine to light over 
a period of days to months. The rates of any concentration changes and 
associated half-lives were determined for white wine with variable ox-
ygen concentrations (i.e., high and low) and/or using different coloured 
bottles (i.e., flint, arctic blue, French green, antique green and brown). 

2. Materials and methods 

2.1. Chemicals 

All glassware was soaked overnight in 10%(v/v) nitric acid (VWR, 
Radnor, PA, USA) and then rinsed with copious amounts of 18.2 MΩ 
water (Millipore Milli-Q Plus, Billerica, MA, USA) prior to use. Solutions 
and dilutions were prepared using the same 18.2 MΩ quality water. 
Copper(II) sulfate pentahydrate was purchased from VWR (Radnor, PA, 
USA). Riboflavin, 2,20-biquinoline-4,40-dicarboxylic acid dipotassium 
salt trihydrate (BCA), silver(I) nitrate, and TraceCERT Cu standard for 
ICP [1000 ± 2 mg/L in 2% (w/w) nitric acid] were sourced from Sigma- 
Aldrich (Castle Hill, NSW, Australia). Methanol (LC grade solvent, 
Honeywell, MI, USA), acetonitrile (LC grade solvent, Sigma-Aldrich, 
Castle Hill, NSW, Australia) and glacial acetic acid (Ajax Finechem, 
Taren Point, NSW, Australia) were used as UPLC solvents. 

2.2. Wine bottles 

Bordeaux-style glass wine bottles (750 mL, heavy weight) were used 
in this study (Fig. S1). Bottle colours comprised flint (F), arctic blue 
(AB), French green (FG), antique green (AG) and brown (B), which span 
the most common colours used for wine bottles. Flint bottles were 
purchased from Plasdene Glass Pak (Milperra, NSW, Australia), while 
arctic blue, French green and antique green bottles were donated by Visy 
(Southbank, Vic., Australia), and all bottles (including flint) had similar 
properties, including mass (i.e., 530 to 580 g) and height (i.e., 31 cm). 
Brown bottles were sourced from commercially available wines (i.e., 
emptied, cleaned and re-used) and were heavier (by 32%) and taller (i. 
e., by 9%) than the other bottles (Table S1). The transmission charac-
teristics of each coloured bottle were collected over the wavelength 
range from 200 to 1100 nm using a UV/Vis spectrophotometer (Shi-
madzu, Kyoto, Japan) (Fig. S2). 

2.3. Wine bottling preparation and experimental design 

A commercial 2022 Chardonnay wine (13.0% (v/v)) was sourced 
from a retail outlet. The general specification of the wine is shown in 
Table S2. Chardonnay wine was used for all light exposure experiments 
with the addition of 0.5 mg/L riboflavin and 0.3 mg/L of Cu(II) imme-
diately prior to rebottling. The final concentrations of riboflavin and 
total Cu were 0.62 ± 0.03 and 0.54 ± 0.02 mg/L, respectively. To 
achieve samples with a high oxygen concentration, an air pump 
(Dynapumps, Thomastown, Vic., Australia) was used to sparge the wine 
(for ~5 min) until the dissolved oxygen in the wine exceeded 10 mg/L. 
The oxygen concentration was measured with a PSt3 oxygen sensor 
within a PSt3‑oxygen sensor dipping probe and Fibrox 3 LCD trace 
meter (Precision Sensing GmbH, Regensburg, Germany). Wines were 
then bottled (in triplicate) in 750 mL flint glass wine bottles for each 
treatment and sealed with tin liner screwcap closures (Orara, Hawthorn, 
Vic., Australia). 

Wines with low oxygen concentrations were prepared in an anaer-
obic hood by sparging samples with nitrogen gas (99.99% purity, BOC 
Gas & Gear, Wagga Wagga, NSW, Australia). These wines were bottled 
(in triplicate) in 750 mL flint, arctic blue, French green, antique green 
and brown bottles and sealed with screwcap closures. The dissolved 
oxygen concentrations in the wine was below 0.3 mg/L immediately 
after bottling, which was consistent with the dissolved oxygen concen-
tration routinely achieved in commercial wines (O’Brien 2009). All 
wines were stored at 20 ± 2 ◦C for a period of days to months (Table 1) 
until the near depletion of riboflavin (i.e., < 0.1 mg/L). 

The irradiation of samples was conducted in a temperature- 
controlled incubator fitted with internal black-screen coverings to 
limit light reflection. Wine samples were irradiated with two 18 W 
florescent lights (Osram Lumilux®, Munich, Germany) that emitted cool 
white light (4000 K) with a luminous flux of 1300 lm. The emission 
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spectra (supplied by Osram Lumilux®) associated with the fluorescent 
tube is shown in Fig. S3. Wine samples were placed 13 cm from the light 
source which gave an average light intensity of approximately 100 
μmol/m2/s, as determined by a LICOR Biosciences LI-185 A photometer 
(Lincoln, NE, USA). Control samples (i.e., samples stored without light 
exposure) were covered with aluminum foil before being stored in the 
same incubator as the light-exposed samples. The measurement of 
riboflavin and Cu fraction concentrations were performed at 10 time- 
points within the storage period for each treatment as outlined in 
Table 1. During sampling of the low oxygen samples, nitrogen gas was 
continually blown into the top of triplicate sample bottles for 10 min to 
minimise any increase in dissolved oxygen concentrations. Preliminary 
trials demonstrated this procedure maintained dissolved oxygen con-
centrations below 0.5 mg/L (data not shown). 

2.4. Chemical analysis 

Riboflavin concentrations were measured by Ultrahigh-Performance 
Liquid Chromatography (UPLC, Waters, Milford, USA) coupled to a 
photodiode array detector (PDA, Waters, Milford, USA), using a Waters 
Acquity BEH C18 column (2.1 mm, 50 mm, 1.7 μm, Waters, Milford, 
USA), and run by Empower 3 chromatography manager software (Wa-
ters, Milford, USA), as previously described (Dias, Smith, Ghiggino, and 
Scollary (2012). Briefly, the sample injection volume was 7.5 μL, and 
mobile phase A was 0.5% (v/v) acetic acid in water and mobile phase B 
was 0.5%(v/v) acetic acid in methanol. The flow rate was 0.45 mL/min 
and the solvent gradient conditions were identical to those reported by 
Dias et al. (2012). Chromatograms and UV/visible spectra were 
collected over the wavelength range of 200–700 nm. 

The concentrations of total Cu and Cu fractions were quantified using 
the colorimetric techniques developed by Clark et al. (2020) and Kon-
toudakis, Smith, Smith, Wilkes, and Clark (2020). Wine samples were 
adjusted to pH 4.0 with concentrated sodium hydroxide prior to mea-
surement with a UV/Vis spectrophotometer (ThermoFischer Scientific, 
Scoresby, VIC, Australia) at the wavelength of 563 nm. Cu fraction I and 
II concentrations were measured after incubating wine samples with 
bicinchoninic acid (BCA) for 1 and 30 min, respectively. Total Cu con-
centrations were determined after the incubation of wine samples with 
BCA and silver(I) for 30 min, and Cu fraction III concentration calculated 
as the difference between total Cu and the combined Cu fraction I and II 
concentrations. 

The total concentration of Cu was also determined by Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES, Agilent 
Technologies), with a high salts nebuliser/spray chamber as described 
by Kontoudakis et al. (2020). Free and total sulfur dioxide (SO2) con-
centrations were determined using a Konelab 20XT automated analyser 
(Thermo Fisher Scientific, Scoresby, VIC, Australia) with analysis kits 
also supplied by Thermo Fisher Scientific. Total phenolic compounds 
(TPC) were measured by UV–Visible spectrometry at a wavelength of 
280 nm according to Iland, Bruer, Edwards, Weeks, and Wilkes (2004). 

2.5. Statistical analysis 

Statistical analyses were conducted on IBM SPSS Statistic software 
(version 27, Chicago, IL, USA). Paired-sample t-tests were performed to 
compare a pair of mean values at a significance level of 95% (p < 0.05) 
before and after light exposure in each treatment. The rate constants and 
half-life data for riboflavin and Cu fractions were treated with log 
transformation in order to normalise the data prior to one-way analysis 
of variance (ANOVA) and post hoc multiple comparisons. At a signifi-
cance level of 95% (p < 0.05), Tukey’s test was applied where equal 
variances could be assumed and Dunnett’s T3 test was used for unequal 
variances. The quoted uncertainly is the standard deviation of three 
replications within one treatment. 

3. Results and discussion 

3.1. The impact of light on Cu fractions in conditions of low and high 
oxygen: Flint bottles 

To establish the actual oxygen availability to the different samples 
throughout the experiment, the dissolved oxygen concentration results 
will first be presented, along with the changes in oxidisable wine sub-
strates (i.e., sulfur dioxide and phenolic compounds). This will be fol-
lowed by the riboflavin and Cu fraction results. 

The initial dissolved oxygen concentration measured in the 
high‑oxygen samples was 10.8 ± 0.4 mg/L. With exposure to light, the 
oxygen concentration rapidly decreased to 2.9 ± 0.1 mg/L during the 
first 6 h (F_O, Fig. 1A), and then plateaued, whereas in the samples 
stored in darkness (D_O, Fig. 1A), a slower decrease in dissolved oxygen 
was observed. The accelerated oxygen consumption with light exposure 
is consistent with previous studies (Rossi & Singleton, 1966; Singleton, 
1987). The dissolved oxygen concentrations of all samples with low 
initial oxygen levels remained constant throughout the storage period (i. 
e., <0.3 mg/L, sample F and D, Fig. 1A), and suggests there was no 
significant ingress of oxygen into the low oxygen samples arising from 
the sampling procedure. 

The initial concentrations of free and total SO2 were significantly 
lower (p < 0.05) in the wines with higher initial oxygen concentration 
(e.g., D_O versus D, Fig. 1B,C) and this was likely a consequence of the 
air-sparging procedure causing some volatilisation of molecular sulfur 
dioxide. When these high oxygen samples were exposed to light, the 
magnitude of the loss of free and total SO2 was substantially greater, 
around 3-fold higher than samples stored in dark (i.e., F_O vs D_O, 
Fig. 1B,C). Light also accelerated loss of free and total SO2 in the low 
oxygen samples (i.e., treatments F vs D, Fig. 1B,C), but not as markedly 
as in the high oxygen samples. 

Light exposure did not induce a loss of total phenolic compounds 
(TPC) from the low oxygen samples (sample F, Fig. S4D). A significant 
decrease in TPC was evident in the high oxygen sample stored in dark-
ness (sample D_O, Fig. S4D), but light exposure did not cause any further 
loss (F_O, Fig. S4D). The TPC decrease in the high oxygen samples was 

Table 1 
Treatments applied to Chardonnay wines exposed to light under different storage conditions over a period of 1 to 110 days. Triplicate bottles of each treatment were 
prepared.  

Code Bottle colour Light exposure conditions Oxygen concentration conditions Storage period (days) 

F_O Flint Light High 1 
D_O Control1 Dark High 1 
F Flint Light Low 1 
D Control Dark Low 1 
AB Arctic Blue Light Low 2 
FG French Green Light Low 3 
AG Antique Green Light Low 24 
B Brown Light Low 110 
D2 Control Dark Low 110  

1 ‘Control’ indicates that a Flint bottle was covered in aluminum foil and was non-transmissive to incident light. 
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most likely a consequence of phenolic oxidation products having lower 
280 nm extinction coefficients compared to the parent phenolic com-
pounds (Harbertson & Spayd, 2006; Singleton, 1987). It is interesting to 
note that the TPC change still occurred in the high oxygen samples 
despite the presence of appreciable free sulfur dioxide concentrations at 
the end of the experiment (i.e., > 10 mg/L of free sulfur dioxide in the 
dark control). The pH of wine samples remained at 3.45 regardless of 
oxygen and/or light exposure (data not shown). 

With light exposure the riboflavin concentration in samples 
decreased as expected (samples F and F_O, Fig. 2A), while those samples 
stored in darkness had very stable riboflavin concentrations (i.e., ~ 0.6 
mg/L,) throughout the experiment (samples D and D_O, Fig. 2A). 
Initially, the concentrations of riboflavin were similar between the F_O 
and F samples, but after several hours (~ 6 h), lower concentrations 
were evident in F_O compared to F (i.e., F_O vs F, Fig. 2A). In the higher 
oxygen environment, the riboflavin degradation mechanism is more 
likely to occur via pathway type II, whereby singlet oxygen may have 
contributed to riboflavin decay. 

The concentration data for riboflavin was modelled for first and 
second order decay (Table 2, Fig. S5-S6, Table S3-S4) and the co-
efficients of determination (R2) presented in Table 2 provide an 
assessment of the fit for each order of decay. The photo-degradation of 
riboflavin under high oxygen conditions was best modelled by a first 
order decay process (R2 = 0.998), whereas samples with low initial 
oxygen concentrations were better modelled by second order decay (R2 

= 0.978). The half-life for riboflavin when exposed to light was 30% 
longer in the low oxygen concentration samples compared to the sam-
ples bottled with a high oxygen concentration. 

After the addition of 0.3 mg/L of Cu(II) to the wines at bottling, 
differences in the measurable fractions were found, with Cu fraction I 

having the highest concentration, followed by fractions II and III in 
every treatment (see time 0 h, Fig. 2B-D). Cu fractions in samples with 
high initial oxygen concentrations (sample F_O and D_O, Fig. 2B-D) 
showed minimal change over the one day storage period, regardless of 
light exposure. In the treatment with low initial oxygen (sample F), a 
dramatic decrease in the Cu fraction I concentration was observed (i.e., a 
loss of 97% of the initial concentration) after one day of light exposure. 
In the same treatment, the Cu fraction II concentration increased during 
the first few hours of light exposure, but then decreased to 60% of the 
original concentration (sample F, Fig. 2C). The Cu fraction III concen-
tration increased steadily for the first 15 h of light exposure and then 
plateaued at around 75% of the total Cu concentration (sample F, 
Fig. 2D). In contrast, for the sample stored in darkness (i.e., sample D), a 
more modest 43% decrease in Cu fraction I was observed (Fig. 2B) and 
only minor changes in Cu fractions II and III occurred during the same 
time-period (Fig. 2C,D). These results indicate that light exposure was 
able to efficiently transition Cu fractions I and II to Cu fraction III in low 
oxygen concentrations. Given that Cu fraction III is associated with 
copper sulfides, this suggests that light exposure is able to assist Cu(II) in 
procuring sulfide from some sources. The increase and subsequent 
decrease in Cu fraction II, the fraction associated with Cu(I)-thiol spe-
cies, implies an initial increase in thiol species capable of interaction 
with Cu(II)-organic acids (i.e., Cu fraction I), with a further transition of 
this species to copper sulfides (i.e., Cu fraction III). 

From Fig. 2A and B, it is evident that Cu fraction I and riboflavin 
were depleted within a similar time frame of approximately 20 h. 
However, the decay of Cu fraction I was faster than that of riboflavin 
with calculated half-lives of 0.06 and 0.17 days, respectively (Tables 2 
and 3). Furthermore, if the rates are expressed in mmol/(L⋅hr) units, 
rather than the mg/(L⋅hr), then it equates to decay rates of 0.05 mmol/ 

Fig. 1. The changes in concentrations (mg/L) of dissolved oxygen (A), free sulfur dioxide (B) and total sulfur dioxide (C) in Flint bottle in high (F_O) and low (F) 
oxygen concentration compared to control samples stored in dark (D_O and D). Error bars represent the standard deviation (n = 3) for the measurement of triplicate 
samples within each treatment. Star sign (*) means significant difference (p < 0.05), using the paired-samples t-test, between values for the start (0 day) and end (1 
day) of the storage experiment. 
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(L⋅hr) compared to 0.001 mmol/(L⋅hr) for Cu fraction I and riboflavin, 
respectively. Finally, despite the molar concentration of riboflavin 
(0.0016 mmol/L or 0.6 mg/L) at the start of the experiment being less 
than half that of the molar concentration of the Cu fraction I (0.0039 
mmol/L or 0.25 mg/L), the light source was still able to fully deplete Cu 
fraction I. Further work is required to establish if photochemical 
mechanisms, independent of riboflavin, can also contribute to the loss of 
Cu fractions I and II. 

These results show that light can significantly accelerate the loss of 
Cu fractions I and II from white wine. Given that both these fractions of 
Cu are linked to the suppression of reductive aroma compounds in wine, 
it is possible that the exposure of bottled wine to light may have a legacy 
effect whereby the wine is more prone to reductive spoilage, even if later 
aged under ideal conditions. 

Fig. 2. The changes in concentration (mg/L) of riboflavin (A), Cu fraction I (B), fraction II (C) and fraction III (D) for Chardonnay wine in flint bottles in high and low 
oxygen concentrations in 24 h. Error bars represent the standard deviation (n = 3) for the measurement of triplicate samples within each treatment. F_O: flint, high 
oxygen; F: flint, low oxygen; D_O: dark, high oxygen; D: dark, low oxygen. 

Table 2 
Decay rates and half-life for riboflavin in each treatment.  

Treatment 1st order   2nd order  

Ratea (hours− 1) R2 Half-lifeb (days) Rateb (mg− 1⋅L⋅hours− 1) R2 Half-lifeb (days) 

F_O (Flint+high O2) 0.23 ± 0.01a 0.998 0.130 ± 0.005d 2.8 ± 0.5a 0.796 0.020 ± 0.003 
F (Flint) 0.084 ± 0.008b 0.957 0.35 ± 0.03 0.4 ± 0.1b 0.978 0.17 ± 0.03d 

AB (Arctic blue) 0.055 ± 0.003c 0.955 0.53 ± 0.03 0.32 ± 0.06b 0.989 0.26 ± 0.02d 

FG (French green) 0.022 ± 0.001d 0.958 1.29 ± 0.07 0.099 ± 0.009c 0.969 0.66 ± 0.09c 

AG (Antique green) 0.00390 ± 0.00006e 0.942 7.5 ± 0.1 0.0152 ± 0.0003d 0.993 4.26 ± 0.08b 

B (Brown) 0.00060 ± 0.00006f 0.923 46 ± 4 0.0027 ± 0.0003e 0.990 25 ± 2a 

Values are expressed as means (n = 3) ± standard deviation. Values followed by different letters within a column, or for the underlined half-life data, indicate sig-
nificant differences (p < 0.05) using Tukey’s and Dunnett’s T3 test for post hoc multiple comparison. The preferred modelling is indicated by the underlined half-life 
data. 

a Tukey’s test was applied for post hoc multiple comparison. 
b Dunnett’s T3 test was applied for post hoc multiple comparison. 
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3.2. The impact of light on Cu fractions in low oxygen conditions: 
Variable bottle colours 

In contrast to the flint bottle, there was no significant difference in 
the decrease of free or total SO2 in the brown bottles when compared to 
the sample stored in the dark (i.e., sample B versus D2, Fig. S4B,C). That 
is, after 110 days of light exposure, samples in brown bottles (B) had free 
and total SO2 concentrations similar to those of the wine stored in 
darkness (D2). 

Upon light exposure, the riboflavin concentration decreased more 
slowly in the other coloured bottles compared to flint bottles (Fig. 3A, 
Table 2). This was consistent with the decreased transmittance % in 
these bottles at the 370–440 nm wavelengths (Fig. S2) which were 
brown < antique green < French green < arctic blue < flint. The decay 
rate for riboflavin in the coloured bottles was best modelled by second 
order decay (R2 = 0.969–0.993) (Table 2) and this order of decay was 
similar to that observed for the flint bottle with low oxygen conditions 
(Table 2, Section 3.1). 

The half-life for riboflavin decay was approximately 150-fold higher 
when wine was stored in brown (B) bottles compared to flint (F) bottles. 
The lower decay rate for riboflavin upon light exposure in the coloured 
bottles with less light transmission below 440 nm was consistent with 
the previously reported delayed onset of light stuck aroma in wines in 
more intensely coloured wine bottles. For example, Dozon and Noble 
(1989) reported that Chardonnay wine exposed to fluorescent light 
showed undesirable aromas after 3 h in flint bottles and after 18 h in 
green bottles. The kinetic data shown in Table 2 is the first report that 
models the impact of different coloured bottles for riboflavin 
photodegradation. 

It is interesting that Cu fractions I and II decayed more quickly in the 
control Chardonnay than has been reported for other wines in previous 
studies. For example, the two white wines reported by Zhang et al. 
(2022) had average half-lives for Cu fraction I of 90 ± 30 days, while in 
the current study, a half-life of 7-days was observed (Table 3). The half- 
lives for the combined Cu fractions I and II decay were 95 ± 7 days in the 
Zhang et al. (2022) study, but only approximately 32 days in the current 
study (Table 3). However, the storage temperature used in this current 
study (20 ± 2 ◦C) was higher than the 14 ◦C used by Zhang et al. (2022), 
and temperature is known to accelerate the production of copper sul-
fides in wine (i.e., Cu fraction III) (Ferreira, Franco-Luesma, Vela, López, 
& Hernández-Orte, 2018). 

For samples exposed to light, the bottles with less light transmission 
below 440 nm (i.e., brown) also slowed the observed changes for pro-
tective Cu fractions (Fig. 3B,C and Fig. S7B,C) and decreased the decay 
rate of both Cu fraction I and the combined Cu I and II fractions 
(Table 3). The decrease in Cu fraction I concentrations were best 
modelled by second order decay for all samples, whereas the decrease in 
the combined Cu fractions I and II were best modelled by first order 
decay in the lighter coloured bottles (i.e., flint, arctic blue, French green 
and antique green), and second order for the more intensely coloured 
bottles (i.e., brown) at 370–440 nm. That is, first order for faster decay 
(i.e., half-life <7 days), and second order for the slower decay (i.e., half- 
life >7 days). Brown bottles extended the half-life of Cu fraction I by 
approximately 30 times, and the combined fraction I and II by approx-
imately 15-fold, compared with flint bottles. However, even brown 
bottles could not provide full protection from the effects of light, with 
significant differences evident between samples in brown bottles (B) 
compared to those stored in darkness (D2) (Table 3). 

4. Conclusions 

This study has established the rates of change for Cu fractions and 
riboflavin during light exposure to a Chardonnay wine. The influence of 
different initial wine dissolved oxygen concentrations and bottle colour 
were investigated. The half-lives for Cu fractions I and II provided some 
insight on the length of time that Cu(II) can offer protection from light- Ta
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induced spoilage in each of the different coloured wine bottles. At 
typical oxygen concentrations of bottled wine (i.e., at low oxygen), light 
exposure in the presence of riboflavin had a significant impact, accel-
erating the loss of the Cu I and II fractions, particularly in the flint bottle. 
Light exposure also increased the procurement of sulfide by Cu(II), as 
seen by the increase in Cu fraction III in the flint bottle within one day. 
As expected, coloured bottles with lower light transmission at 370–440 
nm wavelengths mitigated the impact of light on the decay of both 
riboflavin and the protective Cu fractions, however, it could not 
completely prevent the effect of light exposure. 

Winemakers, retailers and consumers should be aware that short- 
term light exposure can induce undesirable compositional changes in 
white wine, beyond that of light struck aroma, that may have ramifi-
cations for wine shelf-life. That is, protective Cu fractions are rapidly 
depleted upon light exposure thereby increasing the risk of sulfidic-off 
odour emergence during subsequent bottle aging. Furthermore, the 
inherent variability of light exposure of wines in retail settings, 
including the different intensities of light exposure by bottles on 
different shelves, may induce variability in the loss of protective Cu 
fractions and thus, seemingly random emergence of sulfidic-off odours. 
Although winemakers are often constrained by marketing consider-
ations in their choice of bottle colour for white wine, this work dem-
onstrates that such a choice may have significant implications for the 
compositional changes of wine during storage and aging. Future work 
could assess the extent of variation in the riboflavin and Cu fractions 

decay rates in different white wines exposed to light. Other valuable 
future work would be to investigate the impact of different Cu fractions 
on the occurrence of light struck aromas in bottle aged white wine with 
variable riboflavin concentrations. 
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Fig. 3. The changes in concentration (mg/L) of riboflavin (A), Cu fraction I (B), fraction II (C) and fraction III (D) for Chardonnay wine in different coloured bottles in 
low oxygen concentrations over the first 10-days of the experiment. For the entire experimental data set, refer to Fig. S7. Error bars represent the standard deviation 
(n = 3) for the measurement of triplicate samples within each treatment. F: flint; AB: arctic blue; FG: French green; AG: antique green; B: brown; D2: dark. 
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