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Sulfur-like off-aromas (SLOs) ameportedly responsible farearly 30%of the

faults identified in premium wines in competitidlydrogen sulfide (S, fAr ot t en

aromao) is most fr eqssensorythreshol p~d pug/Leid i n
wines with SLOs. KIS can be produced during fermentation through several pathways
but is sufficiently volatile such that the majority formed during fermentation will be
lost to CQ entrainment. After fermentation, winemagenay attempt to remove8

by inert gas spargingeration to oxidize k$ or other VSCsor addition of cupric

(Cu[ll]) salts to form norvolatile complexes.

A convenient and inexpensive approach for analysis8fillwine sarples
was developedsing common winery laboratory glassware and disposable,
colorimetric, gas detection tubes. Excellent linearity is achieved using both proposed
methods of operation, the.lMethod and the Aspiration Method. Limits of detection

are comparable to thosehieved using conventional analytical techniques.

Recent work hafurtherestablished that soluble copgseifhydryl complexes
can serve as precursors for SLO development during wine st@@ageersulfhydryl
complexes are disrupted in the presence of strond bla@. The quantity of k5

released in this manner is correlated wids Hormation during bottle storagéhe
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factors affecting the stability of these copgeifhydryl complexes and the release of
H>S during storage aexplored in this worland abrine dilution assapas been
optimizedfor releasing HS from coppessulfhydryl complexesModel and

commercial wines were treated with copper, sulfide, and glutathione to form
metastable coppeulfhydryl complexes. In wines prepanedh theaddition of
glutathione along with copper and$j up to 4fold increase in recovery of28 by
brine dilutionwas &hieved, compared tthe control Only a small portion of added
H>S could by detected following addition of disulfide bond reducing agent (TCEP)
suggesting that most of threcovered>S likely formed more stable copper
sulfhydryl complexes.

A growing concern for HS formationis in canned wineandthe phenomenon
is creditedo thereaction of S@in wine with aluminum metaEvidence sggests this
canoccur even in the presence of a polymeric linghe canConsiderable variation
is observed in b5 production among canned wines with similar free SO
concentrations, such that predicting the suitability of a givieie foraluminum
packagingemainschallenging.Theinitial development of an accelerated bene$t
for predicting HS formationis described, as well as italidation against realanned
wine storagdor up toeight months In accelerated agingegligible formation of HS
was observeth red wines (<10 pg/L), and up to 65 pg/L ofFlvas observeth
white and rosé wines, even with the best performing lilmeinitial experiments, b5
is bes correlated with molecular SObut theeffectsof ethanolcontentand pHcannot

yetbe fully decoupledo ddermire the elative roles oflifferent SQ species.
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CHAPTER 1

INTRODUCTION

Overview

With hundreds of possible aroma compouhdajoying wine is a complex
sensory experience. Many factors can contribute to the perceived characteristics of a
wine, including geographical and geological place of origin, viticultural practices,
winemakingtechniqus, climate, and aging condition&/ine is a complex chemical
systemwhere flavor, aroma, and textu@mpounds participate in myriad
interdependent chemicalagtionsand create@iniqueand changeablerganoleptic
characteristics over the lifespahthe productUnfortunately, even the most
conscientious winemaking can still result in the developmeuahdésirable
characteristics andff-aromas are segularissue in wine, even at the highest price and
quality level’Among the most common faults are
charaterized by the presence wfpleasantolatile sulfur compounds (VSCSs) in

excess of their odor thresholds.

There are different types of VSCs present in wine. Some VSCs can contribute
desirable aromas at appropriate concentrations and are considered iatégra
varietal character of a wine. For example, varietal thiols likeeBcaptohexai-ol
(3MH) and 4mercapted-methylpetar2-one (4MMP) are part of the typical aroma of

Sauvignon blanc winesHowever, other VSCs contribute to suHike off-aromas

(SLOs) ucerd fare®dnaso. SLOs are reportedly

the faults identified in premium wines in competitfodydrogen sulfide (HS) is the
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most common VSC associated with SLOs and it produces a characteristic aroma of
rotten eggs. With its low aroma detection threshold (~ 1 pg/L) inikeematrices, it
usually presents at suprathreshold levels in wine (Siebert 20aD)* H.S isuseful

as a marker for SLOs due to its ubiquity in reduced wines and its potential to interact
with wine components and produce additional SLOs. Other VSCs that contribute to
SLOs in wine include various low molecular weight sulthysighd disulfides

producing a range of aromas from onion, cooked cabbage, and garlic to burned rubber,
sewage, and putresceridé/hile SLOs can be remediated when they are formed

during winemaking and prior toottling, these aromas can also reappear in bottle

during wine storage, posing a challenge to winemakers.

Copper fining is a welestablished and widely used technique which has only
recently been identified as a source of the very problem it is inteadethediate.
Though there are other recommended approaches to remediate high lew&l§ of H
they are not practical substitutions for copper fining and many wines will still develop
commercially unacceptable levels of reduced arohTamre is a need for mechanistic
understanding of £8 release from coppsulfhydryl complexes, shown to account for
the majority of bound kS in wines’ to develop more effective remediation
techniques. Quality control for wine as it relates to interactions with aluminum cans is
not widely addressed outside the patent literature, though mechanical quality control
of metal beverage cans has been demdssitzased on their widespread use for many
products. With the use of aluminum cans for wine increammigxpectations of

continuedcategoryg r o wt h coupled with winebs uni

gue



winemaking parameters must be adapted to the specific chemicalrenent of cans

to provide appropriate quality control.

A growing area of concern for28 formation in wine is in the use of aluminum
cans for packaging, and the tendency for canned wines to develop SLOs. Records of
commercial canned wines date back torttie-1930¢ and though canned wines make
up less than 1% of the market today, the growth of this packaging vastly outpaces
traditional glassmd other alternative packaging (Tetra Pak,-lmagox) in recent
years’ Aluminum cans offer convenience to consun{ptable, different serving
sizeg, inexpensive lightweight shipping, and lmest materials. Additionally, the
relatively high rate of recycling for aluminum, atie rising costs and challenges of
paper and plastic recycli§offers significant sustainability advantages compared to
other alternative packaging. The global canned wine market is predicted to reach $350
M by 205;! again, there is a need for a stronger mechanistic understanding of H

formation in canned wines so that appropriate preventative measures can be identified.

The goal of this dissertation is to shed light on cema@chanisms of +$
formation in wines during storage, all towards the goal of improving quality control

tools for winemakers.

H2S Analysis

H>S is challenging to measure in wine due to its low concentration and high
reactivityandvolatility. HoS isreported to be in the range 620 pg/L in wines at the
end of fermentatiof the lower end of which is around the odor detection threshold,
depending on the matrix. In addition to research applications, enologists in the winery

may wish to quantify &5 not only to determine its potential contribution to faulty
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wines, but also to evaluate different winemaking paramékergeas selection,
fermentation conditions, remediation treatments, and packaging options. These
evaluations would be facilitated by convenient, quantitative approaches for sensitive

H>S analysis.

Conventional approaches foe$&lanalysis require the use of sjdized
analytical approaches. Early reports afsHjuantitation in wines mainly relied on
wet-chemical approaches, e.g. capturing sparg&iwith a Cd(OH solution,
followed by redox titration with methylene blé&Modern approaches use gas
chromatography (GC) cougd with a range of specialized detectors, including pulsed
flame photometric detection (PFPDand sulfur chemiluminescence detection
(SCDY. While these methods offer excellent detection limits (< 1 pug/L) and high
selectivity, the equipment and skilled operation is costly, andhtematography step
can be timeconsuming. These drawbacks make conventional approaches
inappropriate for use in any modest commercial winery setting. Historically, wineries
who wished to quantify }$ have had to adopt these cumbersome approaches or send
their samples for analysis by an external lab (which at the time of this work was
>$100/sample for a sulfide panel analysis). An additional consideration with external
analysis is that as#3 is highly volatile and easily oxidized, there can be significant

risk of losses during sample preparation and handling.

A modern version of classic colorimetric approaches utilizes gas detection
tubes (GDT) for selective 23 quantification. Originally developed for the mining
industries, GDTs for k6 are composed ofags tubes filled with an inert packing

coated with an appropriate indicator compound, e.g., lead acetateSAkwWs
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through the tube, it reacts irreversibly and causes a discoloration such that the length
of the stain is proportional to the mass efipassing through the tube. The use of
GDTs for measurement of.H in enological studies was first reported for
measurement of totalJd3 produced by yeast strains during srsahle

fermentations? ®These reports use the e@oduced during fermentation to force

H>S through the GDT, an approach that is not viable forfgostentation wines

without CQ. For postfermentation HS analgis, we previously reported that €0

could be generatdd situthrough addition of carbonat®ntaining antacid tablets to a
flask containing a wine sample and fitted with a G®However, this approach

results in a shift of the pH to ~6, which could potentially releag&:fidbm known

precursors/

Since various winemaking decisions can influence the developmenSof H
during and after fermentatioa,simple approach suitable for both research and
industry would be useful. Winery labs are often equipped with modest glassware,
which when coupled with adapted GDT approaches, have been developed into a rapid

H>S analysis method for wine samples, as diesdrin Chapter 2.

Development of BS and related reductive offaromas in wine

H>S is produced by yeast during fermentation as an intermediary step in amino
acid synthesigparticularly in fermentations with insufficient yeast assimilable
nitrogen (YAN)!® Naturally occurring sulfates and added sulfites are converted to
sulfide as part of the sulfate reduction pathway, but in thegbwwenvironment of

wine, excess sulfide can be converted $8 H Yeast can also form43$ from &



fungicide residue& 2°Degradation of amino acids, such as cysteine and methionine,

have also ben identified as a source of various SLOs in viine.

The phenomenon of reappearing SLOs has led to various theories on the
precursors and formation ok and related VSCs duringpsage. Wines stored under
low-oxygen or anoxic conditions produce morgSHiuring storage than those stored
under higher oxygen conditio$2® The total content of ¥ and methanethiol
(MeSH) is strongly correlated to the amino acid and metal content of ines.
Glutathione, particularlyn combination with copper, induces conditions favorable to
the accumulation of % and MeSH in storadg@ Sulfhydryl concentration is further
affected by quinones,which have been demonstrated to be responsible for VSC loss,
including loss of varietal thiol€ Various transition metals, notabGu(ll), can form
complexes with S and MeSH, whickan subsequently be released when the
complexes are disrupted by dilution with NaCl brirkhe release of ¥ and MeSH
from complexes can be promoted under accelerated anoxic storage at 50°C, where
over 90% of the increase in freeFwas attributable to release from bound precursors
in red wines, with a 58% increase observed in&ftosé wines? The correlation is
much weaker between brine dilution angielar of room temperature storade,
suggesting that both brine dilution and accelerated anoxic are more forcing conditions
that typical wine storage. The mechanism of brine dilution is not fully understood, and
Chapter 3 will evaluate some of the factors that determmeffectiveness of
different brine dilution conditions to release boundHndirectly comparing the

stability of coppetsulfhydryl complexes.



Wines packaged aluminum cans can also releaSe€rdm bound copper
sulfhydryl precursoré! butit appears that other chemical pathways may be involved.
Aluminum is a highly reducing metal and forms an aluminum oxide coatin@{Al
Aal uminao) on surfaces exposed to oxygen,
supposed to prevent wine fromnsimg into direct contact with metal beverage cans.
However, if the liner and alumina layer can be permeated or damaged, undesirable
interactions between the metal and wine components can occur. Evidence suggests
that this is likely the case. Alumina is saptible to dissolution in aqueous media of
pH < 4.5%%2° Corrosion can be further facilitated in the presence of halide, sulfate, and
copper ions$%3 The polymer liner, typichf epoxy-based resin, is also susceptible to
degradation from actdand ethanot® There are welkstablished reports
demonstrating that #$ is generated when wine is exposed to aluminum alloy turnings,
but not when exposed to pure alumintfrspggesting that neAl components either
interact directly with wine or facilitate metal/wine interactions. Several transition
metals, including Cu, Fe, Mn, Zn, and Al, have been shown to have synergistic effects
on VSC evolution’’ Beverage cans are typically manufactured from aluminum alloys
of the 3xxx series for the body and the 5xxx series for th& Titke main alloying
metals are Mn and Mgespectively, but other trace metals relevant to wine systems
may also be presefitimpurities in aluminum can affect the integrity of the oxide
coating and the interaction of the metal with the bulk solufidmterms of damage to
the aluninum can by pitting and corrosion,amtmodel beverage solution, several wine
components are known to contribute, including copper, chloride and bistilfite.

Chapter 4 will address the need for a batteterstanding of how some characteristic



chemical properties of wine (low pH, presence of 8@ Cu) in the presence of
aluminum, have the potential to create new pathways f8rfetmation during anoxic

storage.

Effect of copper fining on H:S formation in wine

Prior to bottling, winemakers have several options for remediating SLOs, with
the two most common being aeration and copper fining. Aeration involves techniques
such as splash racking and sparging to volatilize and oxidize malodorous VSCs.
However,oxidation of VSCs can lead to the formation of nafatile
polysulfides/polysulfanes, precursors which have been shown to relgasy H
chemical reducing agents and under reductive stéfatfén copper fining, Ct in
the form of CuS®is added to wine to produce nwaolatile and ododss complexes
with H>S and other thiols. The reaction between copper and free sulfhydryl groups is
rapid, though not selectivi Due to the low solubility of these complexes, the added
copper was previously presumed to form a precipitate that could be removed by
racking or filtration!® as coppesulfhydryl precipitation occurs readily in other
aqueous model solutiofisIn the United States, up to 6.0 ppm of copper can be added
to wine, but the residual copper at bottling cannot exceed 0.5 ppm, or 8.3% of the
maximum additiorf> However, there is now clear evidence to suggest that only a
small fraction of the copper added to wines is precipitated and removed as copper
sulfhydryl complexes. Over a range of sulfide to copper ratios, it has been shown that
79% or more othe added copper remains in the wine following racking/filtration,

including filtration at pore sizes smaller than those typically use in wine m&Kirge



ineffectiveness of racking and filtration for removing coppeafhydryl complexes

highlights a need for improved remediation techniques for SLOs prior to bottling.

Interestingly, in model systems, only ~1% of added coppeaireed following
racking/filtration using high sulfide: copper ratitsSThe authors suggest that rather
than a precipitate, coppsulfhydryl nanoclusters are formed in real wine, and do not
necesarily aggregate or grow to a sufficient size for precipitatfdrurther,
aggregation in real wines is thought to be inhibiby competing copper complexing
ligands or other crystal growth inhibitdf$More recently, it has been suggested that
thesenhibitors may be organic thiols native to the wine, such as cysteine, which
interrupt the regular polymerization and condensation of the bulk copper $filfide.
Chapter 3escribs differences in the stability of coppsulfhydryl complexes during
brine dilution between different commercial and model wines, using different brine
solutions, and undevarying temperature and incubation times. Brine dilution was
most effective with a halide salt brine, though some variation was observed for wine
analysis, addition experiments yielded no significant differences between bries. H
release also increasatihigher temperatures. Notably, coppatfhydryl complexes in
model wine appear to be more stable than those formed in real wine, after just 20
minutes of incubation. If particle size is analogous to its stability during brine dilution,
this is consistet with relatively rapid rate of precipitate formation in model wine
solutions containing a single sulfhydryl{&or Cys$eing, compared to mixed
sulfhydryls?® The brine dilution results for model wine could be made to more closely
resemble those for real wine when model wine was first treated with an addition of

glutathione. Fom this, | hypothesized that the incorporation of organic sulfhydryls



into coppersulfhydryl complexes is related to the observed decrease in their stability
during brine dilution, both in real wine and glutathierehanced model wine. To
investigate thisyypothesis, model winderived coppesulfhydryl complexes were
produced, with different ratios of copper, sulfide, and glutathione. Validation was also
carried out against commercial wines, which were evaluated for free sulfhydryls and
copper content, ahthen analyzed by brine dilution, to see how native copper and

organic sulfhydryl content influence the stability of coppelfhydryl complexes.

Currently, there are general recommendations to address the proble& of H
formation during storage. Recembrk has shown the effectiveness of (1) aerative
instead of reductive winemaking techniques, (2) careful yeast nutrient and
fermentation management to avoid stuck and sluggish fermentations that are prone to
excess S production, and (3) early rather tHate copper treatments for limiting
H.S reappearand&The current recommendations mediate the severity SLO issues but
do not solve them completely or address the individual qualities of different wines.
While fermentation and nutrient management is generally recommended in
winemaking (excluding natural fermi&tions and other minimal intervention
approaches), the timing of copper additions depends on the timing of SLO
development, and aerative winemaking techniques are not a realistic option for all
wine styles. The latter is particularly true when it is e to preserve varietal thiols
and other favorable qualities of reductive winemaking. Thus, current
recommendations are not practical substitutions for copper fining and many wines can

develop commercially unacceptable levels of reduced ardmas.

Effect of aluminum cans on HS formation in wine

10



When HS is formed in canned wines, wbserve that is can appear more
quickly and at higher levels during storage than in bottled wines. When screw cap
closures were first introduced, more reduction issues were initially noticed with the
lower & ingress closures, compared to cork. By comparisans have a theoretically
lower & ingress rate than bottle closures or alternative packéfjohgg to the
effectively hermetic douklseam. While this anoxic environment undoubtedly
contributes to the incidence of reduction in canned wines, we hypothesize that there
are mechanisms of23 formation unique to canned wines. In the patent literatuf®, H
generation in canned wines repotjecbrrelates with S@content*>4® Total SQ in
wine consists of bound forms and free forms, the latter of which further comprises
dissolved bisulfite (HS€) and molecular Sgractions. While HS®@ is about 95% of
the free S@in solution at wine pH, molecular S@an permeate polymer filntéand
potentially participaten reactions at the alumina or aluminum surfaces. The
maximum levels of S@are regulated by the TTB, and general guidelines are used by
winemakers to achieve the desired level of antioxidant and antimicrobial power.
Aluminum can producers also provide gexdguidelines for S@in canned wines but
fail to distinguish between recommended levels within the fregpB@l. Quality
control measures for wine packaged in cans has not kept pace with the growing use of
this packaging and there is a need for moreifipesO; limits, recognizing the
different roles that played by the H®@nd molecular Sg¥ractions. In Chapter 5, we
have begun to evaluate the correlation between differenfr&&ions and the

generation of b5 in canned wine model systems, andnyyeothesis that despite the

11



relative abundance of HSQthe molecular S&fraction could be most strongly

predicveof HS due to the formerdés transport

The discussion in Chapter 4 provides the basis for several subsequent
experiments on thiactors influencing BES formation in canned wines, some of which
is presented in Chapter 5. In summary, this work aims to identify the factors driving
H>S appearance in wines stored in a variety of real and model anoxic environments,
provide a basis forrpcise and individualizedomponentimits (SO, Cu) for canned
wines and, ultimately, refine predictive tests for assessing the risiSofidrimation

during storage.
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CHAPTER 2

ANALYSIS OF FREE HYDROGEN SULFIDE IN WINES USING
GAS DETECTION TUBE S

Abstract

Reduction in wines, characterized by sulilse off-aromas (SLOs), is a commonly
reported fault. In such wines, hydrogen sulfideHs likely to be present above its
odor detection threshold (~g/L), presenting a marker for reductive charadi#es
formation in wines during fermentation and ppatkaging can be influenced by
various winemaking decisions, including yeast stralection, nutrient additions,
remediation treatments, packaging type, and storage conditions. Currently,
winemakers do not have convenient methods of measusiagrnHhe winery, to assist
with these winemaking decisions. Conventional methodslfSranalysis involve the
use of gas chromatography coupled with specialized detectors and are inappropriate
for most wineries. We propose a hew approach using selective, colorimetric gas
detection tubes (GDTSs) for quantification of fidgS in still wines. The apmach has
been developed by adapting common winery glassware from an Ae@atidation
unit for an apparatus, through which a gas stream is used tdHg8de the wine
sample through the GDT. The approach has been validated using eitiees f§ push
the gas stream (NMethod), or vacuurgenerated air to pull the gas stream

(Aspiration Method). Excellent linearity and-liab reproducibility were achieved
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using both methods%P 0.99; mean %CV < 5%), and limits of detection are

comparable to more expemsiand cumbersome conventional approaches.
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Summary

Goals:Hydrogen sulfide (5, fAr otten eggo aroma) concern
contribution to sulfuike off-aromas (SLOs). However, there are a lack of

inexpensive, convenient methods fprantitation of HS in wines at or below its

reported odor threshold. The use of selective, colorimetric gas detection tubes (GDT)

for measurement of 4 during fermentation has been previously described, but this

approach has not been adapted and vatidatefinished wines. We developed and

validated protocols for rapid, inexpensive analysis £8 Hsing GDTs and Aeratien

Oxidation (AO) glassware commonly available in wineries. Video demonstration of

the approaches is also provided.

Key Findings

1 Two gproaches were validated for GEBbased quantitation of33 in wine. In
the first approach, # was sparged from the sample withdds, analogous to
Monier-Williams analyses of SOIn the second approach;$was sparged by
a vacuurgenerated air strearmnalogous to AO analyses of SO

1 Both approaches require <15 min/sample and achieve excellent linearity. The
calibration curve for the NMethod was identical to the curve predicted from
t he manufacturerds mar ki ngs. eTikely Aspi r e
because of oxidative losses. However, the Aspiration Method was simpler to

set up, operate, and adapt to higher concentration samples.
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1 The limits of detection were 123 ng HS for the methods, or ~0.2 pg/L using
a 60 mL sample. The mean coeféicts of variance (%CV) were <5% for both
approaches.

1 Using the new method, we observed that commercially purchased wines stored
in aluminum cans have significantly highex3than commercial wines in

glass packaging.

Significance

The novel methods carelused for routine # analysis in wineries without the need

for significant investment in new equipment. In addition to cost savings, the ability to
test BS onsite rather than send samples to an external lab decreases the &k of H
losses through oxidi@an or volatilization. These new analytical tools can be used for
benchmarking, diagnosing faulty wines, or evaluating the effects of winemaking
parameters, such as yeast selection, remediation treatments, and packaging options on

H2S.
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Overview

Sulfur-like off-aromas (SLOs) are one of the most common faults observed in
commercial wines Although several sulfhydryls can contribute to SLOs, hydrogen
sulfide (HbS) is reported to be tif&compound most frequently in excess of its sensory
threshold (~1 pg/din wines with this fault. L5 may contribute directly to SLOs due
to its rotten egg aroma and/or its presence could serve as a marker for other related
maladorous sulfhydryls. &6 can be produced during fermentation through several
pathways, including as an intermediary stef-amino acid biosynthesi$;as a
degradation product ofS$ungicide residue$® ?°and through catabolism &amino
acids, especially cysteifie H.S formed during fermentation will be partially lost due

to CQ entrainmerf and can be further diminished pdetmentation by winemaking
approaches like copper addition or aerdfloHowever, these approaches can generate
precursor compounds (copper sulfide complexes; organopolysulfanes) capable of
releasing HS during the reductive storage conditions typical of bottled wine, i.e. low
oxygen in the presence of §G&* ¢ Finally, HS is anecdotally reported to form
through storage of wine in aluminum cans, pgaysilue to reaction of SQwith the
aluminum metal as well as the previously described precursors. Thus, enologists may
wish to quantify HS not only to determine its potential contribution to faulty wines,
but also to evaluate winemaking parameters sagleast selection, fermentation

conditions, remediation treatments, and packaging options.

H.S is reported to be in the range 20 pg/L in wines at the end of fermentafign

and its low concentration and high reactivity requiresitbe of specialized analytical
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approaches. Early reports oaSHquantification in wines generally relied on laborious
wet-chemical approaches, e.g. capturing sparg&ivith a Cd(OH solution,

followed by redox titration with methylene bfifeMore recent reportsilize gas
chromatography (GC) coupled with a range of detectors, including pildsed
photometric detection (PFPB)and sulfur chemiluminescence detection (STD)

These methods offer excellent detection limits (< 1 pg/L) and high selectivity but are
inappropriate for use in mosbmmercial wineries due to the expense of the
equipment and specialized skill necessary for their operation. AdditionatyisH

highly volatile and readily oxidized, which necessitates considerable precautions

during sample handling.

A modern version oflassic colorimetric approaches utilizes gas detection tubes
(GDT) for selective KIS quantification. Originally developed for the mining

industries, GDTs for k6 are composed of glass tubes filled with an inert packing
coated with an appropriate indicatmmpound, e.g., lead acetate. AsSHlows

through the tube, it reacts irreversibly and causes a discoloration such that the length
of the stain is proportional to the mass eSHpassing through the tube. An example of

discoloration in different GDTs isrpvided in the Supplemental Information.

The use of GDTs for measurement @BHN enological studies was first reported for
measurement of totalJd3 produced by yeast strains during srsalle

fermentation¥> 1% These reports use the €@oduced during fermentation to force
H>S through the GDT, an approach that is not viable forfgostentation wines
without CQ. For postfermentation HS anaysis, our group previously reported that

COz could be generatad situthrough addition of carbonat®ntaining antacid
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tablets to a flask containing a wine sample and fitted with a GDT. However, this
approach results in a shift of the pH to ~6, whichld¢qotentially release ¥$ from
known precursord. Additionally, the rapid generation of G@as can occasionally

result in dislodging the detection tube or another connection.

In this work, we describe a rapid, inexpensive method for deteatidguantifying
H>S in still wine samples using a GDT and the widely available Aer@adation
(A-O) apparatus. We report figures of merit, apply the assay to commercial wines, and

provide a detailed video description of the protocol.

Major Observations and Interpretations

Apparatus and Materials. The principle for the proposédS method is based on the
GDT protocols previously developed for measuremenf oéSdues in grape mudst

or H>S formed following release from wine precursors or during the course of
fermentatiof® °2 The current appach used either inert gasz(Method) or vacuum
aspiration (Aspiration Method) to spargeSHrom the sample and through the GDT
(Figs 1a and 1b)rhe flask and tubes areratected in series through PVC tubing. A
sufficient length of PVC tubing (15 cm orore)between sample flask and the first

GDT is recommended tprevent splashing of water droplets and fouling of the GDT
inlet. A demonstration of these approaches can be found in the accompanying video
(see Supplementary Video). In contrast toghdier works which relied on antacid

tablets to evolve Cgpasin situ, these new approaches did not cause pH changes or
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dilution of the sample which could have risked release-8ffrbom precursors like
coppersulfhydryl complexe¥. The antaciebased approaches also required the
opening and resealing of the apparatus to sequentially add tablets, which risked losses

of H2S due to volatilization.

| (E) 41T H,5 detection tube

(D) 5L SO, detection
tube as afilter

(A) Sample flask

27



(b)

(D) 5L SO, detection
tube as a filter

(E) 4LT H,S detection tube |

(F) VACUUM SOURCE

Figure2.1. Apparatus for measuringz8 using (a) inert gas egNsparging and (b)
vacuum aspiration. The sample flask is connected to an impinger and the gas detection
tubes (GDTs) are connected to the outlet, in series.

As described in more detail below, both theaNd Aspiration Methods yield

satisfactory results. However, the Aspiration Method is easier to use in practice, as the
N2 Method can overpressure and dislodge the GDT or other components, resulting in
leaks. Additionally, the Aspiration Method allows easglacement of the GDT if the

tube becomes saturated during a run. However, tiddthod produced a calibration
curve identical to the curve calcul ated

thus may require less frequent calibration (Fig 2).

GDT selection and interferences from SQ and other sourcesThe Gastec 4LL and
4L T GDTs are not susceptible to interferences from most wine components, including

sulfate, acetic acid, or water vagérSeveral other compounds listed by the
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specification sheets for these GDTs (e.g. ozone, nitrogen dioxide, nitric acid, hydrogen
chloride, hydrogen fluoridgmmonia®® are unlikely to be important to wine analyses.
However, there are two potentially relevant interferences: thiols (mercaptans) and
SO. Thiols are reprted to be an interference for the more sensitive 4LT tubes (which
contain HgC4) and not for the 4LL tubes (which contain PbgCi@O)). Although

the response of 4LT tubes to thiols is greater thaklf6t2, thiols are also less volatile
and are typicallyat lower concentrations in winéWe had previously estimated that
interference from methanethiol (the thiol of greatest concern due to volatility and
concentration) in a typical wine would be only 25% of th& signaP?. However, in
situations where interferences fronetimanethiol or other thiols are of concern, 4LL
tubes can substituted at the expense efotBlower sensitivity?®.

SO is described as an interference fotthdLL and 4LT tube¥. Earlier reports by

our group using GDTSs relied on antacid tablets to gémergas stream, which

buffered the pH to ~6 and strongly favored +varatile forms of SQ(i.e. bisulfite,
sulfite). However, in initial studies at native pH, we observed considerable
interferences from model solutions containing $data not shown). Teemove SQ

from the gas stream, we investigated three approachedition of HO> or

acetaldehyde directly to the sample; using an inline & to scrub the gas stream;
and using an inline acetaldehyde solution.

Direct addition of acetaldehyde wad dfective at eliminating the interference (data
not shown). Addition of £ to the wine sample was effective at removing the SO
interference for additions of 0.18% and 0.35% by volume but was not pursued further

due to concerns aboub8l oxidation.
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SO GDTs were effective in eliminating interferences frompSIhe Gastec 5Lb and

5L SO tubes were both tested, and the 5L was ultimately selected for its higher
capacity. We also evaluated the use of an inline solution of acetaldehyde (1.5% v/v;
Fig 1(b),Item C). By itself, the inline acetaldehyde solution was unable to fully
remove SQinterferences but including the acetaldehyde trap before th6B50 had

the advantage of preserving the lifetime of the SOT. If this approach is used, then

the acetaldhyde solution should be replenished when the&OT is replaced.

Calibration and Figures of Merit for H2S GDTs. Figures of merit for the Nand
Aspiration Methods are summarized in Tabl&\k observed a linear relationship (r
> 0.99) between the length of color change orH®GDT and the nominal

concentration of the calibration standards for both methods (Fig 2).

0] N2 Method Length of color change (mm) = 0.100HxS (in ng)

(i) Aspiration Method Length of color change (mm) = 0.0684S (in ng)

Theoretical calibration curves based on the manufaepumetided markings (see
Supplementary Information) were also plotted, along with a curve from a previous
report which used antacid tablets asrasitugas source (Fig 2 The slope of the
theoretical curve based on manufacturers markings (dotted line) was identical to the
slope observed for tHe> Method. However, the slope of the Aspiration Method was
about 30% lower than the theoretical slope, with a similar value reported for the earlier

antacid tablet method (dashed line).
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Table2.1. Figures of merit foH>S GDT N2 and AspiratiorMethods

. b LODP®
Mean %C\? Ll?:zalr_'rg? ge r? (rlw_ol—[|) S (Mg/L H2S for 60
gr g2 mL sampl@
N2 Method 4.5 0-307 0.9991 13 0.2
Aspiration 4.1 0-875 0.9993 12 0.2
Method

(a) Mean and range for % coefficient of variation (CV), where %CV for each wine
was calculated as (standard deviation / mean).
(b) Limit of detection (LOD) is calculated as 3.3 x standard deviation of the lowest
concentration standard divided by the slope.
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Figure2.2. Calibration curves for b6 [mass of S (y, ng) vs. staifength (x, mm)]

on Gastec 4LT gas detection tubes: (i) Aspiration Method from the current study,
regression equation is 'y = 14.7x, (ii) Method from the current study, y = 10.0x, (iii)
Alka-Seltzer tablet sparging, with regression equation calculatedriported values

(Chenetal, 2017),y=149x. TManuf act ur er 6 s

t heor &t i

c al

vs. stain length) calculated from tube markings, y = 10.0x, labeled as (iv). For all
regressions, the intercept was not significantly different frern and was omitted
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The close agreement between fheMethod slope and the theoretical slope based on
manufacturer markings is a potential advantage for this method over the Aspiration
Method, as th&l> method could potentially be used with less extensive calibration.
The lower sensitivity of the Aspiratidviethod could be due to partial losses from
oxidation ofH>S during analyses, as the sample is not protected from air in this
analysis. The reason for the lonwteantheoretical sensitivity of the antacid method is
less clear, as the evolved €@as shouldhave created an anoxic environment.
However, the earlier method required the opening and closing of the reaction flask to

add additional tablets, which could have introduced air.

Coefficients of variance (%CV) were calculated for each of the five catibrat

standards for each method (n=3 replicates for each standard), and the repeatability
calculated as the mean %CV. We observed excellent repeatability (%CV <5%; Table
1). We also observed excellent withab reproducibility (Fig 3). Two standard

solutiors (n=16 total) were run at regular intervals over a-feeek period without
recalibrating the tubes. Data were normalized to the expected value. We observed 95%
confidence interval of 997% recovery (ideal = 100%) of the expected signal over the

four week experiment.
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Figure2.3. In-lab reproducibility of N Method measured over 4 weeks with higher
concentration (@) = 3.10 Og/L (n=7) or
standards. Sample measurements are normalized to the expected value (% Recovery
H>S = S measured /4% added). The 95% Cl is shows | = 94.4 £+ 2.9%.

Based on noise calculations for the lowest calibration standard on the 4LT GDTs, we
calculated that a limit of detection of 13 ngS+Hor the N Method and 12 ng #$ for

the Aspiration Method. As previously reported for GDT methtus)imit of

detection is primarily determined by the smallest observable change.Q0ndm) in

stain length®. This can be more challenging for the 4fLibes than other tubes due to
the subtle color change (yellow to pinkkDTs respond to the initial mass of34 and

not the initial concentration, and we were able to vary sample vaséimedel wine

or Milli -Q waterover a wide range (5 to 66 mL) withaaffectingthe relative

responséseeSupdementallnformatior). Initially, calibration solutions of k6 were
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measuredn samplevolumesof 6, 10, and 50 mLusing the N Method and 5 min of
sparging with inert ga8Vhen lower relative signal was observed for the 50 mL
samplesanalysis time was increased to 10 n8ampe volumes of 30, 60, and 66 mL
weremeasuredor 10 min using the N Method, and sampheolume of 5 mL was
measured for 1@in using the Aspiration Method. THectionalrecovery (Free
H>S/Added HS)was not significantly different between the sample volumes and
analysis time combinations listédT u k e y G=8.05)}wathstiie 50 nb/ 5 min

sample excluded. From this, we recommend uaif@ min analysis timér both
method for sample volumes thereportedrange A shorter analysis time of 5 min

may be appropriate for samplelumesof 10 mL or lessUsing a 60 mLsample

volume, we could achieve a detection limit of 0.2 pug/L. This value is below the
reported odor threshold for.8 in win€ and compares favorably to detection limits
reported with more expensive technologies. For example, an LOD of 0.2 pg/L has
been reported for #$ using GESCD®, while quantitation limits of 1.0 and 1.7 pg/L
were reported using GBFPD* >4

As mentioned above, 4LT tubes achieve the best sensitivity and detection limits but
suffer frominterferences from thiot§ and the use of the lessnsitive Gastec 4LL

tube may be prudent when thiol interferences are suspected. Furthermore, the cost of a
box of 10 GDTs is ~ $70 USD, and tubes cannot be regenerated. Although multiple
samples can be analyzed on one GDT until the tube is exhausteH8ig

concentration samples caguickly exhaust the capacity of a Gastec 4LT (~500 ng of
H>S). In practice, we typically used a GDT only oncedvefdisposal, particularly

when handling samples with unknowaS-Hconcentration when we did not want to

34



risk saturating the GDT. However, reuse of tubes that are not yet saturated was
practiced when the expected concentration is known (such as with calibration
standardg In general, we recommend using the 4LT tube and 60 mL sampl®size

low concentration samples (less than ~5 pg/L), and to use a 4LL tube when measuring

higher concentration samples or when high levels of thiol interferences are expected.

Analysis of commercial winesA convenient sample of twelve commeraiahes (6
bottled, 6 canned) were purchased from local stores, and were evaluated using the
GDT methods (Fig 4). We observed an average ¢bncentration in the bottled wines
of 1.1 + 0.9 ug/L, a range consistent with values reported elseiitemean b5

in the canned wines was 13.5 £ 9.9 ug/L significantly higher than the bottled win
(p<0.05). The highest concentration afHn the canned wines was nearly 30 pg/L,
comparable to the highest values observed in a survey of commercial wines described
as fr & @Theseeldayvations concur with recent anecdotal observations that
wines stored in aluminum cans will developS-luring storage due to i) anoxic
conditiors and degradation of28 precursors, and ii) reaction of S@ith the

aluminum metal to form p5>°. As a caveat, the effects of packaging may have been
confounded with other variables, epgoduction practicegsed for wines destined for

cans, and the higher levelBH,S in canned wine are not necessarily due to

interactions between the can and wine.
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Figure2.4. Quantitation of free b6 in a selection of commercial bottled (n=6) and
canned wines (n=6).

Broader Impact

We have described and validated two convenient, inexpensive approaches to

measuring free t6 in commercial wine samples using selective GDTs and glassware

from an AeratiorOxidation unit. With 60 mL sample volumes, limitsd#tection

below the sensory threshold in wine could be achieved. The calibration produced
usingtheNMet hod i s identical to the calibratic
markings on the 4LT GDT, suggesting that the method could be used withoatthe n

for regular calibrationThe alternative Aspiration Method was easier to operate,
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making it more practical in winery settindsut should be regularly calibrated with
standard solution®8y allowing for onsite measurement with minimal researdoth
methods avoid risks of4% loss associated with sending samples to offsite liabs.
addition to diagnosing faulty wines, these analytical tools can be used for
benchmarking and evaluating the effects of winemaking choices (e.g. packaging,
fining trials). Finally, although not the subject of the current investigation, the method
could also likely be adapted for analysis eSHbrecursor forms by appropriate pre
treatment of the wine, e.g. addition of brine to releag® frbom coppessulfhydryl

comgexes”’.

Experimental Design

Chemical ReagentsEthanol (EtOH) at 140and 196proof was from Koptec (King

of Prussia, PA). L(+}artaric acid (99%) and hydrogen peroxitle@., 35% w/w)

were purchased from Acr@rganics (Morris Plains, NJ). Sodium hydroxide solution

(NaOH, 50% wi/w) was purchased from Fisher Chemical (Fair Lawn, NJ). Sodium

sulfide nonahydrate (N& AO,®8%) was purchased from Beantown Chemical

(Hudson, NH). Silicone oil was purchased fromgi8a&Aldrich (St. Louis, MO).

Acetaldehyde (CECHO, 99%) was purchased from Alfa Aesar (Ward Hill, MA).
Deionized, distilled water wit hroveledr esi st ar
by a Milli-Q system (Millipore Sigma; Burlington, MA) was used for all experiments.

Nitrogen gas (N UHP) cylinders were supplied from Airgas USA LLC (Elmira, NY).

Samples were held in a temperataomtrolled incubator at 10 °C until use.

37



Gas deection tubes (GDT).Commercially available gas detection tubes (Gastec
International, San Diego, CA) used for analyses 8 tGastec 4LT) and SQGastec

5L) were purchased from Airgas (Radnor, PA) and W. W. Grainger (Lake Forest, IL),
respectively. ThéloS 4LT tubes rely on the reaction of$with an HgCl, resulting

in a color change from yellow to pink. The £8b tubesrely on the reaction of

SO with BaCb to generatédCl, resulting in the appearance of a yellow color. In this
method,SO; GDTs are used only for filtering the gas stream of any volatil&@g to
prevent interferences in th&S tube. Gastec 5L GDT in this method are not
appropriate for qudiication of SG;. GDTs should be stored at cool temperature,
refrigerated at 10 °C or below, or as indicated on the package. After opening, GDTs
may be used reliably for several sequential analyses within one day (data not shown)

but should be replaced thia new tube each day.

Quantitation of free H2S in wines using GDT with N sparging (\e Method). The

N2 Method is depicted in Figure 1(a). For an analysis, a volume of wine sample (up to
60 mL) is added to a 100 mL roubdttom flask (A). For red wines;8 drops of

silicone oil were added to decrease foaming. One neck of the flask was fitted with a
fritted impinger (B) from an Aeratici®xidation unit (Adams & Chittenden Scientific
Glass Coop, Berkeley, CA) and the impinger connected topaglidder on the inlet

side (C). The outlet side was connected by PVC tubing to ars@0bber (see next
subsection) e,g. an SE@GDT (D), followed by an &5 GDT (E). The sample was

sparged with Nfor 10 min at ambient temperature (~ 20 °C), and the length of color
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change on the 4LT tube measured. The flow rate was ~100 mL/min, as faster flow
rates would occasionallyislodge the GDT. Under these conditions, negligible change

to the GDT stain length was observed after 10 min.

Quantitation of free Hz2S in wines using GDT with vacuum aspiration (Aspiration
Method). In the Aspiration MethoflFig 1(b), winesamples are added to a 100 mL
pear shaped flask (A) and attached to a fritted impinger (B) left open to atmosphere.
The outlet side was connected by PVC tubing to ans8fbber (see next sub

section), e,g. a flask containing a 1.5% by volume acetaldedojdigon (C) and S©

GDT (D), followed by an &5 GDT (E). The outlet of thed3 GDT is attached by

PVC tubing to a vacuum source (F). The sample is vacuum aspirate@ fanand
analyses were carried out at room temperature (~ 2@h@)the lengtiof color

change on the 4LT tube measurddlike the N method, ve encountered ngsues

with dislodging the tubes, as the highest gas flow rate we colbievacwas < 100

mL/min.

Removal of SOz interferences inN2 and Aspiration Methods. Three strategies were
evaluated for preventing interferencesSa@) on the Gastec 4LL and 4LT tubes: i)
inserting arSO, GDT in series before thd,S GDT, as shown in Fig 1(a), Item D or

Fig 1(b), Item D; ii)pre-treating the samplwith hydrogen peroxide or acetaldehyde;
iii) inserting al00-mL pearshaped flask containing 10 mL of 1.5% by volume
acetaldehyde solution between the sample flask and the GDT, as shown in Fig 1(b),

Item C. In evaluations, i) and iii) were carried outlascribed in the methods above.
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For pretreatment of the samples in ii), an aliquot of the oxidizing agent was added
directly to 60 mL of a commercial white wine which was previously observed to cause
an interference in the 4LT GDT .82 solution was pregred at 3.5% and added at 1,

3, and 6 mL, corresponding to 0.06.35% by volume. Acetaldehyde was added at 5

pL, 25 uL, 50 pL and 100 pL, corresponding to 0-0117% by volume.

Effects of sample volume and analysis tim&.he sample volume was variewin 5

mL to 66 mL, to accommodate for higher and lower concentration samples,
respectively With high concentration samples, lower sample volumestéipavoid
saturating the GDT before the analysis was complete. Analysis time was initially
determined ¥ recordingthe point when the color change ceased omit#®GDT for

6 and10 mL samples of model wine or Mi#Q water spiked withd2S. Aliquots of

H>S standard solutions were added to the selected sample volume andlyises of
Free HSwas carried out as previously describéathen sampleolumeswere

increased t®0 or66 mL, andwhenthe sample matrix was changed to real or treated
winesof greater density, the analysis time virsreased to 10 minalysis time up

to 15 minwas recordetbut no additionatolor change was observed (data not shown)
so analysis time was standardized to 10 min for all sample voldinesecorded
response on the GDTs in mm was compared to the mas§Saiddied, and four

replicates were carried out for each sample vol(see Supplementéhformation).

Method Calibration. NS AO @drking solution (50 uM) was freshly diluted

from astandardized stock solution (5 mM) every 48 h, and the stock solution was
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newly prepared every 2 weeks. Stock solutions were stored in the refrigerator when

not in use. Calibration standards of 0.017, 0.025, 0.050, 0.100, and 0.150 48 as H
were preparedth model wine (12% ABV, 5 g/L tartaric acid, pH adjusted to 3.5 by
dropwi se addition of NaOH). Calibration
stain (mm)&s (sng)fdmass H

The observed slopes from each approach were compared against thendioptesd

by the manufacturerds markings on the GDT

L

reported in units of ppm (v/v)S0thsesiwngl ues

the |1 deal Gas Law and the manufacturerds
samping®. Details of the conversion calculation are provided in the Supplementary

Information.

Reproducibility . In-lab reproducibility was assessed for theNMethod where an
addition of NaS A0 @arking solution (50 uM) was measured in Mil)i water at

two concentrations, 1.55 pg/L (n=9) and 3.10 pg/L (n=7), over the courseediks.

Figures of Merit

Calibration curves were used to determine the linear range. The limit of detection
(LOD) was calculated as 3.3 x standard deviation for the lowest concentration
standard (0.6 pg/L or 34 ng using 60 mL sample volume) within tearirange (0
5.1 pg/L, or Gi 307 ng using 60 mL sample volume). Standard deviations were
determined for each calibration standards, and the coefficient of variance was

calculated as the mean of these values.
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Evaluation of Commercial Wines.A conveniensample oicommercial bottled (n=6

2 red, 4 whitg and canned (n5& white, 2 rosé, 2 ros@arkling) wines was

purchased from local retailers (Ithaca, NY) and represented a range of regions and

cultivars. Vintages ranged from3lyears old, although & products were labeled as

Anen nt ageo. Bottl ed 528 mpuplese andecaneed anal yzed

samples were analyzed in triplicate.

Statistical Analysis.JMP Pro 14 (SAS Institute Inc., Cary, NC) was used for

statistical analysis.
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CHAPTER 3

BRINE-RELEASABLE HYDROGEN SULFIDE IN WINE:
MECHANISM OF RELEASE FROM COPPER COMPLEXES
AND EFFECTS OF GLUTATHIONE

Abstract

Coppersulfhydryl complexes in wine can be disrupted by addition of brine to
release fredydrogen sulfide (kB), and t he #etegsabléhSon g sfAbri ne
reported to correlate with formation ES during bottle storage. However, both the
mechanism of the brineelease assay and factors affecting the stability of cepper
sulfhydryls under brine release conditions are not well understood. By varying brine
composition and concentratiahjs showntha release of coppesomplexed HS
requires the presence ofa halide(8r) , and is not d-oetbHo a ge
effect. Release of coppeomplexedH>S by the brine dilution assay is highly
temperature dependent. Whidss and Cu(ll) are added ®model wine, brine
releasabléH,S decreases markedly (—10ld) after a 20 min incubation period prior to
performing the bringelease assay. In commercial winteg fraction of addedH.>S
recovered through the bristelease assay was correlated withittigal GSH
concentratior{r?> = 0.58) but not with initial CuNegligible additional release 6f.S
from organopolysulfanes was observed following addition of a disulfide reducing
agent (TCEP)As previousstudieshavereported a correlation betweehS formed

through brinerelease conditions ambrmal storagethese results suggest that the
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susceptibility of a wine to forming latent copgmrfhydryl precursors dfl>S

following copper addition islependent othe concatration of sulfhydryls like GSH.

Introduction

Sulfur-like off-aromas (SLOsarereportedlyresponsible fojust under 30%f the
faults identified in premium wines in competitié@f the manyvolatile sulfur
compounds (VSC) reported in wingjdrogen sulfide,S, fAr ot t enisegg arorm
most frequently reported to be in excess of its sertboeghold (~ 1 pg/Ljn wines
with SLOs? H,S can beproducedduring fermentationthrough several pathways,
including an intermediary step i8-amino acicbiosynthesis® a degradation product
of S fungicide residue&® 2°and through catabolisof S-amino acidsespecially
cysteine’! H,Sis sufficiently volatile that thenajority formed during fermentation
will be lost toCO; entrainnent® After fermentation, winemakers may attertpt
removeH:S by inert gas sparging, by aeration to oxidiS or other VSCS® or by
addition ofCu(ll) salts toform nonvolatile complexed® As discussed below, these
last two approaches (aerati@mopperaddition)may yield products capable of
reformingH2S during dorage.

Recent reviews have highlighted that sulfhydiyfsarticularlyH>ST canincrease
during abiotic storage, especially in wirgteredin nearanoxic conditionge.g. under
a screwcap'’ 2223. 5759 There is considerable interestdaerminingthe likely
precursors ofatentH>S in wines and developing appropriate strategies for their
control®® Severaklasses ofatentH.S precursors have been suggestettincluding
i) polysulfides and organopolysulfanegjich form by reaction of &residues with

glutathione (GSH) or oxidation ¢f>S and other sulfhydryls the presence of
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[Cu(ID)] ;2% %%ii) degradation of cysteine, GSH, or related aminotHi®dpsssibly
catalyzed by Cu(ll)] or other trangion metals; andiii) reduction oftransitionmetat

sulfhydryl complexes, especially those contaircogper’

Evidence supportingoppersulfhydryl complexessan important latensource of
H>S (and possibly other VSCs, such as methanettiging wine storage is indirect
but convincingCu is often present at high concentrations (> 1 mg/L) in grape musts
but will decrease markedly (to <0.1 mg/L) following fermentatioe to lees
binding®? Cu concentrabns in finished wine aabe higher (up to 0.8 mg/L) due to
leaching from brass fittings @y intentionaladdition ofCu(ll) saltsto wine to
remediateSLOs*> ®3as mentioned earlieHistorically, it was believed th&u(ll)
addition wauld resultin formation of insoluble precipitates wiHpS and other
sulfhydryls whichwould largely be removed from wirtay filtration or racking®
However, recent work demonstrated tfwiowing Cu(ll) addition to wines with free
H>S, no more thar21%of the Cu could be removed using standard practices,
including sterile filtratiorf® In contrast, avisible andreadily removable precipitate
was formed following C(il) addition to model wine solutiorntainingH2S.*3
Electron paramagnetic resonanE® R studies have demonstrated tha{lCus
rapidly reduced to Qi) following addition tosulfhydrylcontaining model winesand
stable [Cu(l)Sy] complexef varying stoichiometriemay remain dispersed in
solution**4! Severawine componentsan reportedly contribuie preventing copper
sulfide precipitationsupporting the persistence of complexes in solutiohithough
Cu(ll) salt addition results in an immediate decrease inHpSeit may alsaresult in

greaterformation ofH,S during storagé* again suggesting that copgarlfhydryl
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complexes may be a sourcettS. The extento which complexedH>Sis reformed
during storage may be further affecteddblgerwine compositionabarameters

including GSH??3 SO;*° and elevated pf

CoppercomplexedHzS can be recovered through addition of concentrated NaCl
brine (secalledfi b r-lieleasabléd,S0 .J: 2 Although other transition metals (e.g. Zn)
can also form brineeleasable complexes wiHpS, the concentratiorof brine-
releasabléH>S (BR H2S) in commercial wines is best correlated with their
concentration of CABR H;Sis also correlated with frad,S formation following
accelerated anoxic storage at®8Dand, to a lesser extefdllowing extendedoom
temperature storage bottle®* 26The mechanism through whi¢hS is released from
copper-sulfhydryl complexes during wine storage is unknown; however, it has been
demonstrated that reducing agents like dithiothreitol (DTT) andris(2
carboxyethyl)phosphine (TCEP) will partially reled$£S from coppersulfhydryl
complexes? and anoxically stored wine is characterized by a low redox potential and

the presence of many reducing speétes.

One challenge with understanding factors affecting formation and stability of
coppersulfhydryl complexes is that their siz€)(200nm)*3 and low concentrations
make them inappropriate for direct chemiaadlgsis by techniques like mass
spectrometry, and instead are typically only characterized by size using physical
techniques, e.g. Nanoparticle tracking anal§&sinowledgeof the chemical
composition of theseoppersulfhydryl complexess typically from measurement of
H.S and other species following their disruption with brine additfor? However,

there is litle understanding of the mechanism of brine releaskewhat chemical
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factors would affect the stability of complexes under bralease (and, by extension,

wine storage) conditions

In this work,it is demonstrate that brinerelease oH.S from copper
sulfhydryl complexes wine is due to the halide groupis also show that the
stability of coppersulfhydryl complexesn the presence of brine varies considerably
among wines, and that the presence of GSH will encourage formation of less stable

andmorebrinereleasableoppersulfhydryl complexes.

Materials and Methods

Materials and Chemical Reagents.

Gasteqgas detedbn tubes Gastec International, San Diego, JO#ere used
for analyses oH>S (Gastec 4LT) and S(JJGastec 5L)were purchased from Airgas
(Radnor, PAandW. W. Grainger (Lake Forest, IL)espectively Ethanol(EtOH) at
140 and 196proof wasfrom Koptec (King of Prussia, PA).-(+)-tartaric acid99%)
was purchaseftom Acros OrganicsMorris PlainsNJ). Sodium hydroxidesolution
(NaOH,50% w/w)was purchaseftom Fisher Chemical (Fair Lawn, NBodium
sulfide nonahydratéNa,SA 0,H98% was purchaseflom Beantown Chemical
(Hudson, NH) Sodium chloride (NaClandammonium sulfate (NB.SQu) were
purchasedrom VWR (Solon, OH)L-glutathione(GSH; 97%)was purchased from
Alfa Aesar Tewksbury, MA. Isotopically bbeled glutathionéglycine-*3C, 98%;
15N, 96-99%; 6570% net peptidel(*3Cz,1°N)-GSH)was purchased from Cambridge
Isotope Laboratories, Inc. (Andover, MAodium bromide (NaBr)anhydrouscopper
sulfate (CuS@ 99%) tris(2carboxyethyl)phosphine hydrochloride (TCEB%, N-

ethylmaleimide (NEM, >99%Ylacialacetic acid>99.7%),ammonium bicarbonate
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(NH4HCO3, >99%),and silicone oilvere purchaseftom SigmaAldrich (St. Louis,

MO). Calcium chloride (CaG) was purchaseftom Allied Chemicals (Morristown,

NJ). Ammonium chloride (NHCI) was purchaseftom Macron FineChemicals

(Center Valley, PApndammonium nitratéNH4NOz) from Merck (Darmstadt,
Germany)Deionized, dstiledwat er wi t h a r exscmatm’Gwae of 18
provided by aMilli -Q systemMillipore Sigma Burlington, MA) andused for all
experimentsNitrogen gagN2, Ultra High Purity)cylinderswere suppliedrom

AirgasUSA LLC (Elmira, NY).

Commercial wines and initial chemical analysis.

Wines representing a range of styles were purchfaseda local retailer in
Ithaca, NY(USA). All wines had screw cap closures. Subsequently, the wines will be
designated PG (Pinot Grigio), SB (Sauvignon Blanc), VV (Vinho Verde), MA
(Malbec), PR (Primitivy RO (Rosé)and FS (Fino Sherrydnce opened and samples
removedwines weresparged with Wand placed imefrigerated storage for up to one
week for reuse, after which they were discarded and replaced with a fresh bottle.
Details on provenance, wirstyle, vintage, and basic wine chemistry analyses are
listedin Table 1 Basicwine chemistrywasdetermined bystablisheanethodsatthe
Cornell Craft Beverage Analytical Laboratory (Geneva, Ndtohol by volume
(ABV) was analyzed using tHeossOenoFosgHill ernaed, Denmark¥ree andotal
SO analy®s werecarried out byflow injection analysi®n theFoss FIAstab000
Analyzer(Hilleroaed, Denmark titratable acidity (TA) was measured by titration
with the Metrohm 862 Compact Titratdtdérisay, Switzerlang, pH was measured on

the Fisher ScientifidccumetExcel XL 25 Dual Channel pH/ ion meteP{tsburgh,
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PA), andglucose and fructose (Glu/Fru) weneasure@nzymatially (RandoxRX
Monacq Crumlin, UK). Copper was analyzeat a local facility DairyOneForage
Laboratory, Ithaca, NYYyisinga Thermo iCARG300 ICP Radial Spectrometer

(Waltham, MA).

Table 3.1Wine provenance and chemistry foommercial wines used in this study.

. Free Total
Cod Region . ABV Glu/Fru Cu GSH
Vintage SO SO TA H

e | (style) 9€ 1 (%) o) | (mail) PP @) | (mglL) | (um)

PG Italy 2018 |12.34| 25 104 |6.26|3.15| 1.77 | 022 | 0.74
(white)

sp |Austalia )\ 4170 25 135 | 7.46|3.35| 4.75 0.62 | 2.21
(white)

vy | Porwaal |\l 999 | 26 158 |8.41|328| 1152 | 014 | 0.67
(white)

MA Aa:g(fe”;)'” 2019 | 13.49| 20 71 |6.18|3.46| 157 | 013 | 0.94

PR gzg 2018 | 13.60| 14 90 |597|351| 315 | 037 | 0.47

RO 'zrrg‘:ge 2018 | 12.29| 16 79 |565|347| 069 | 030 | 027
Spain

FS | ortfieny | NV | 1560 <5 12 |4.89|321| <009 | 015 | 0.25

aThe2017 vintage was used in initial exploratory experiments, as described in the text.

The derivatization and easurement d6SH wasadapted frona protocol
describedby Roland and Schneid®rCalibration standards for GSH (0, 0.1, 0.5,0.
1.0, 2.0, 5.0, 8.0, 10 uM) were prepared in model wine. For derivatization, samples
andstandards¥ mL) were adjustedb neutralpH (6.57 7) with NaOH dropwiseand
vortexed Labeled GSH20 uM) was added as an internal standard. The sample was
then derivatized witlhufferedNEM solution(0.5 mM), stirredwith a magnetic stir

barat room temperatuder 15 min, andhe reactiomquenched with glacial acetic acid

(5 pL).
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LC-MS/MS analyses werearried out at the Proteomics and Metabolomics
Facility (Cornell University, Ithaca, NY)he instrument used was a 8&cX500B
QTOFmass spectrometer (Scigxamingham, MA, couplal to an ExiohC HPLC
system §cieX, operated in positive ion modéhe sample injection volume was 5 L.
The column was AunaHILIC 3 um, 200 Acolumn (100 mm x 2 mm inside
diameter, Phenomenex, Inc., Torrance, CA). Mobile phase A was 0.1% formic acid in
5 mM aqueousmmonium formate andebile phase B was 0.1% formic acid in
methanol. The flow rate was 200 uL/mifhe gradient was as followstarting
solvent90% B, held for 1 mindecreasetb 50% Bover6 min, held at 50% B for 1
min, and returned to 90% B, followed by a 1.5 min equalilen The MS was
operated in ESI positive ion mode, scanning frarm100 to 1000followed by MRM
scars. Conditions were optimized using a 100@/L GSH standardlhefollowing
optimized operating conditiongere usedvoltage of 5.5 kVnebulizer gasndheater
gasof 20 psi, curtain gas 20pllisiongas 7, source temperature of 325 DP 20 V,
andaccumulation time 0.15 sdeor NEM-derivatizedsamples,lte MS/MS transitions
used for quantitation wera/z433A 304and 4367 307 for derivatized GSH and

derivatized labeled internal standard, respectively.

Quantitation of freeand BR H2S in winesusing gas detection tubes (GDT)
FreeH>S in model and real wines were quantitated usi®&Pa method described

elsewheré? Briefly, a 60 mLwine samplavasadded taa 100 mL rounebottom

flask, and fredH>S is sparged from the flask into commercial colorimetric gas

detection tubes for quantitation
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Measurement dBR H.S involved modification of the freEl>S protocol. Asample
(6 mL) wasdiluted with 60 mL ofdeaeratd brine (35% w/WNacCl, unless otherwise
specifed) in a 100 mLroundbottomflask. The 1:10dilution ratio was selected based
on an earlier study? Immediately after brine additiothe BR H2Swas sparged into
the GDTfor 10 min where signal is observed to plateas,described elsewhéfe.
Reagents were held at 10 °C until immediately prior to use and therblease

analysiswascarried outatroomtemperatur¢a 1 2C).

In experiments involving addition of copper argS to commercialvines, it was
necessary to distinguish thel n i Free antl BRH2S present in theinadjustedvine
from theil F i rrrad a0OBR H»S present after Qll) andH-S additions as described
in equdions :3.

(Eq)  Total Initial H2S = Initial FreeH»S + Initial BR H>S

(Eq2  Total FinalH>S = Final FreeH»S + FinalBR H2S
Upon treatment with Cu(ll) in exceswy) detectable Findfree HS was observeth
any samplédata not shown) and the Total Final3Hs ecqual to the Final BR b5.
One assumption ihat hie contribution of Inial Free HS which could be converted
to BRH2Sis negligible, based aimeincomplete conversion of boumtS and Cu to
brinereleasable formd he increase in brineeleasablecp BHRS) can then be
calculated as follows:

(Eq3) o BRS=FinalBRH>ST Initial BR H>S
The steps used to calculape BHRS are depicted in Figure Recovery of adde#i>S
present in the brine releasable fonas calculated asllows:

(Eq4) %BRH2SRecovered- (p BHRS/ AddedH>S) x 100%
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NaCl
W .

Add brine
(1:10 dilution)

Measure Free H,S
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Total Initial H,S

v

Wine
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Cu(ll) NaCl
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Measure Free
Add H,S/GSH | Add CuSQ, to _ Add brine | H,SbyGDTs
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P y W_/ Total Final H,S
Measure Free H,S
by GDTs to obtain ¥ Incubation
Initial Free HZS Measure Free = 0.5min
~ H,S by GDTs to . 5min
ensure it is fully = 10 min
bound to Cu = 20min

Figure 31. Outline of method for Free and BriReleasable (BR) # measurements.

Formation of copper-complexedH2S in model and commercial wines
Coppersulfhydryl complexes were prepared in model and real wines by adding

H>S and Cu(ll) prior to brine dilution. Cu(ll) waaddedas CuS@solution (1 mM)

freshly prepare@very48 h.H.S standards were first prepared as aiNaHO

working solution (50 uM), freshly diluted every 48 h from a stock solution (5 mM).

The 5 mM stock solution of N&-9HO was discarded and prepared fresh every 2

weeks. Stock solutions were stored in the refrigerator when not in use.
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Effects of salttype, ionic strength, and temperatureon brine-release ofH2S from
copper-sulfhydryl complexes

Effect of Salt Type and lonic Strengtfihe effects bchanging the composition of the

saltsolutionused for the brineelease protocavasinvestigated by comparing.S
released fromvine (PG 2017)with varying salt solution composition. Eight different
salt solutions were evaluated, including four halide $Bl&CI, NaBr, CaGl NH4Cl)

and two norhalide salts (NENOs and(NH4)2.SQs). CaCk and(NH4)2SQs solutions

were also prepared at different molarities to allow for comparison of different salts at
the same ionic strengtBetailed information on brine compositiongsovidedin
Supporting Information Thedifferent salt solutions were used with tiinerelease
protocolonwine (PG 2017)with addedH»S and Cu(ll)(final concentrations = 1 pM

and 10 pM, respective)yo determindnitial Total H2Sandg BHRS. Eachtreatment
was prepared andeasured in triplicate

Effect of TemperatureA 35% w/v NaCl brine wakeld atone of three temperatures

(21 °C(room temperatures °C, 50 °C) prior to additiorto thewine (PG2017)
sampleto which BS andCu(ll) had been added h& temperaturef the samplend
brinewasmaintainedoy submerging the flask awater battduring theH>S analysis
The brine dilution assay was otherwise carried out as described abovevingiigG

2017) with each conditioprepared antheasured in triplicate.
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Recovery of coppercomplexedH2S under brine-release conditionsn model and
commercial wines

BR H2Srecovery experiments were performed usirgdel wine (MW) (12%
ABV, 5 g/L tartaric acid, pH to 3.5 with NaOtdnhd commercial wines €7, Table 1)
atroomtemperaturg21 °C). An outline of the recovery experimengsshown in
Error! Reference source not found. Briefly, a 6 mL wine sample waglded to a
100 mL rouneébottom flaskfollowed by sequential additions bES and CuSQ@to
final concentrations af uM and 10 puM, respectivelyi he flask waghen lightly
swirledandanalyzedfor free or BRH2S nearimmediately(t = 0.5 min)following
addition of reagent®r afterstoppeing andincubation atLO °C foratime. In
preliminary experiments with MW and PZB17samplesthe complexforming
reagentsvere incubated for t 8.5,5, 10, and 20 min prior to analysis. Based on
preliminary observations, the wind3®,SB, VV, MA, PR, RO, Fswereincubated

for 0.5 or20 min only. All analyses wer@erformedn triplicate.

Recovery of coppercomplexedH2S under brine-release conditions in the
presence of added GSH

GSH stock solution (19.5 mM) was prepared fresh every 2 weeks and stored in
the refrigerator when not in use. Wine samples were prepared as described for the
previousH2S recovery experiments, except that for each wine (model and seven
commercial) an aliqot of GSH (final concentration = 300 uM) was added
immediately afteH>S addition and prior to CuS{addition. BRH>S was then

measured as described earlier followingubation times of t=0.5 and 20 min.
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Quantitation of TCEP-releasable precursors oH2Sin commercial wines
remaining following the brine-release assay

TCEP solution (0.9 M) was prepared and refrigerated untilAfser. a wine
sample underwent the previouslgscribed brine dilution assay, the round bottom
flask was disconnected from the apparatus and an aliquot of TCEP wagfadded

concentratiorr 1.5 mM andHS quantitated by the fred.S protocol

Statistical analyses.
JMP Pro 14 (SAS Institute IncCary, NC) was used for statisticatalysis
ANOVA (U=0.05) was used difecent teatmgneslipearBR H2 S 1
mixed effects modekas used to evalua¥# BR H2S Recoverediata(fixed effects of
GSH Addition,Incubation Timeand their crosserm; random effect oWine Type
random coefficients of GSH Addition, Incubation Time, and their etesg Native

GSH as a covariant

Results and Discussion

Measurement ofBR H2Sin wine samples

The approach for measuriBR H>S in wineswith commercially availablgas
detection tubewas adapted from a method recently reported for measurement of free
H.Sin wines® The previous method was validated for sample sizes up to 66 mL, and
could achieve limits of detection (LOD) of ~0.2 pugithebrine dilution assay
requires at least a 1:10 dilution ratio to maximize recove®@% of maximum
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value,>? necessitating a smaller sample size (6 mL), and resulting in a proportionally
higher LOD @.7 ug/L, data not showntherwise, calibration and reproducibility of

theBR H.S assay wrecomparable to the frdd.S assay.

Brine-release ofH2S from wine is a function ofhalide concentration rather than
ionic strength.

The initial discovery of théBR HS fraction in wines was serendipitous; the
authorsobservedhatH>S measured by soliphase microextraction (SPME) prior to
chromatography yielded consistently high6 values than measurements by static
headspacéSHS)sampling’' 1 The authors also presented evidence that thesd;BR
precursors were primarily composed-dfS complexed to coppeA key difference
betweerthe SPME and SH®xtraction methods is that the SPME approach involved
the addition okaturatedNaCl brine, which is commonly used to increase the ionic
strength of the sample and the volatility
the case oBR H:S, it is unclear if tle release ofi.S from copper complexes was
related tathe increase ifonic strength, oif a specific mechanism related to NaCl was

involved.

To understand brine-release oH.>S s solely due to the ionic strength of the salt,
the extent oH2S release followinglilution of a commercial winéPG 2017)vas
compared amongrinesolutions containing different saltsdifferentionic strengths.
Results are shown iarror! Reference source not founda. Significant differences in
H>Sreleasavere observedmongdifferentsaltéi oni ¢ strengths (Tukey
For exampleaddition ofconcentrated NaCl bringM) generated BRI2S of 3.9

ug/L, comparableo values previously reported iealwine.>> Comparable
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concentrations of BRI>S were observedhen using halide salts at approximately the
same ionic strength (CazNaBr, NH,CI), but nearly undetectablé>S was observed
when usingorineswith non-halide anionsNOs,, SO:%). A subsequenpost hoc

analysis determined that halide salts released significantly ia&than norhalide
salts (ANOVA, p<0.05). Interestingfighe BR H2S (9.2 pg/Lvs. 5.8 pg/L) was

observed foBM CaCk than for 6M CaGl, but the reason for this was unclear.

To confirm that thgreateBR H-S releasewith halide vs. norhalide salts &s
due tocoppersulfide complexes as opposed to another precursor, thebsamae
dilution trials were performedn wine (PG 2017)with addel H>S (34 pg/L) and
CuSQ. Again, significantly higher concentrations ©btal FinalBR H2S was
observedvhen the assay was performed with halide $AROVA , U=0.05 Figure
2b). AverageTotal FinalBR H2Swas10.2 pg/Lfor the halide salts, antl3 pg/L for
the nonhalide saltsThe limited ability of a nothalide brine to releadd.S again
indicates that the halide (and not ionic strength) is responsibt&Erelease from
coppersulfhydryl complexesinterestingly inconpleteH.S recoverywas observed
for all brine release assafdlowing addition of BS andCu(ll) for both halide and
nonhalidesalts.The highest recovery (~7 ug/L, or 20% of adde&Hvas observed
for 6M NaCl, and lowerecoveriesobserved for other salts. Similar behavior was
observed for other wines, as discussed in later sections. Additiohallgrésence of
BR H2Sin the nonhalide treatments in wine with added(@uandH2S but not in the
original winesuggests thatespitetheir incomplete recovergat least some of the

newly formed complexes are less stable than those in the original wine
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These results indicate that brirdease ofH2S from coppersulfhydryl complexes
is a result of displacemeat sulfides by halideios r at her than a gener
mechanism. Similar displacement reactibase been reported the mining
literature,where Ci can displace sulfhydryis copper sulfideso yield CuCk?> and
related specie® Additionally, dl halide brines released similar amountd-g$,
suggesting an ugp limit to the amount dfl>S that can be recovered by brine dilution
in this wine sampleThis further suggests that the ratio of halide ions to cepper
sulfhydryl complexes may have a limit past whi¢is released byrine dilution is no

longer proportioal to latentH2S.
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Figure 32. BR H>S measuredug/L) from brine dilutionof wine (PG 2017at room
temperaturg€21 °C), using various salt®r a) untreated wine and b) wine spiked with
1 puM H2S (34 pg/L) and 10 uM CuS©OError bars represent 1 standard deviation
from the meanThebrineconcentrations and ionic strengths are summarizétein
supplementary material

Brine-release ofH2S from wine istemperature dependent

Initial reports on bringelease with SPME extraction were performe@%tC.” A
GDT based approach that was performed at room tempevesrsubsequently
described? To determine if temperature affectB® H.S, brine release experiments
usingNaCl were performed at three temperaturds 8% and 50 °Cdn wine(PG
2017) It wasobservedhat temperature hasignificant effect (ANOVA, p<0.05),
with a2-fold increase irH>S releasedt 50°C as compared 1 °C (Figure 3) This
greater releasis presumably due to thermodynamic effects, i.e. at higher
temperatures, coppsulfhydryl complexes are less stable and more susceptible to
halide displacement. Kinetic effects arkess likelyexplanatiorbecause increasing
sparging time did not furtméncreaseéH.S release (data not showihe effect of
temperature may explain wiBR H>S values measured in one report at room
temperature3.4i 4.9 ug/L, n=3red wine3®* were generally lower than values
measured elsewhere at elevated temperat@r2s ¢1.5ug/L, n=16 red wineg?* A
kinetic effect could theoretically accelerate release & ttomother putative
precursors, such as disulfides, polysulfanesrdanopolysulfanes, but this seems
unlikely to occur within the course of this rapid analy$i¢’Based on this result,
cautionis recommendeavhen comparin@®R H>S valuesamongprotocols that use
different temperatures during analyster further experiments, 21 as selectetbr

the assayemperatureéo better mimic ordinary wine storage conditions.
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Figure 33. BR H>Srecovered (ug/L) byrine dilutionof wine (PG 2017yvith NaCl
brine at room temperature21°C, 35°C and 5C0°C. Error bars represent 1 standard
deviation from the mean.

Following addition of Cu(ll) and sulfide to winesthe recovery of BR H2S
decreases within minutesbut recovery can bencreasedif GSH is present

Using a commercial win@G 2017 and a model win@W), the time
dependence @R HaSrecoveryfollowing addition of Cu(ll) (at 10 uM) an#i.S (at 1
MM) was evaluatedAfter addition,the brine dilution assay waerformed at 0.5
(immediately after sample preparation), 5, 10, and 20 Recent work has
demonstrated that Qi) addition to model wine solutions containiHgS both with
and withoutcysteing(as a model thiol) results in rapieduction of Cu(ll) to Cu(l),
with concurrent oxidation dfl>Sto yield putativecoppersulfhydryl complexes; in
experiments where cysteine wadded H>S could also form organopolysulfanes-fR
S+S-R) A% Experiments to determine the extémivhichorganopolysulfanéormation

couldaccountor releasabléd,S are described in more detail below.
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Measurements of BR2S for both samplesfter different incubation timesere
also performedin MW, adecrease dd5% inBR H>S was observebdetween 0.5 and
20 min A likely interpretation is that the coppsulfhydryl complexes in model wine
rapidly increased in stability, possibly through coalescence of smaller fitialed
thus became #s amenable to disruption by addition of halide g&ltsor! Reference
source not found). However,no significant changm BR H>S was observebtetween
0.5 and 20 mirfior the PG2017wine, sugyesting that the components of real wines
inhibited stabilization of coppesulfhydryl complexegError! Reference source not

found.).

20 ~MW

Recovered H,S (pg/L)

0 5 10 15 20

Incubation Time (min)

Figure 34. BR H>Sreleased by brine dilution (temperature =€) after t=0.5, 5, 10,

20 min predilution incubation at 10C. Solutions investigated were wine (PG 2017),
model wine (MW) and model wine with 325 uM GSH (MBSH), all spiked with 1

MM HoSand 10 uM CuS@ Error bars represent 1 standard deviation from the mean.

Interestingly when theM\W was preparedith 325 uM of GSH addedMW -
GSH), no significant decrease in BR.S was observetletween 0.5 and 20 min,

comparable to real win@gigure 4) Brine dilutioncontrolsof MW-GSH without HS
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or Cu addegbroduced no detectable$i(data not shown)naking GSH itself an
unlikely source of KS. Although copper sulfide will readily precipitate from simple
model wine systems once Cu(ll) anti&ceed teir solubility product, solubleopper
sulfidecomplexes caexistin wine at concentrations well in excesdluse
maximumCu(ll) and $ concentrationsand the presence of thiols like GSH in real
wines are hypothesized to contribute to this phenom&hRacent studies of
nanoscale particle distributions in wifelowing Cu(ll) addition have reported larger
particles in real wing which the authors hypothesize is a result of incorporation of
thiols ( fi ecnadp p iinto ¢hé growing coppesulfhydryl complexe$® Presumably,
the presence of thiolacreases the critical nuclei radii of tbeppersulfhydryl

compkxesand allows them to grow without precipitation.

In real wine it washypothesized that the amountBR H.S would correlate with
the native GSH content of the wine, as GSH is the most abundant sulfhydryl present in
wine. Further, GSHhvas useds a pray for investigating the effect of adding a high
level of free sulfhydryls, along with thid>S, during the formation and subsequent

brinereleasef coppersulthydryl complexes in different real wines.

To confirm that effect of5SH in promoting formationfdrine-releasable copper
sulfhydryl complexedH.S, GSH, andCu(ll) spiking experimenta/ere performean
additional commercial wines &0 incubation times (&5, t=20 min) and two GSH
levels (0, 300 uM) for each win&igure 5) Because wines started with different
levels oflnitial Freeand BRH2S (seeSupporting Informatioable S2, values for
BR H:Sarereported a8 % BifSRecover edo, backgroumdc count f or

concentrationsThe PGwine used in this study was of a diffetanntage than for the
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initial experiments shown in Figure kh. all wines, o freeH>S was detected
following Cu(ll) addition.Using amixed effects modeit wasdeterminedhatGSH
Addition andIncubation Timesignificanty affected% BR H.>S RecoveredNotably,
in 7 of 8wines(FS,MA, MW, RO, PG, PR, VYlower % BRH>S Recovered at=20
min was observeth the GSH addition treatmenihcluding a 1Zold differencein BR
H>Sin MW-GSH vs.MW. Only the SB wine did not show a significant in@ean
BR H.Swith GSH addition at either t=0.5 or 20 miks discussed in the next
paragraphSB has the highest concentration of native G8kch may have liméd
the impact of an exogenous GSH addition.thewhole, theseesults supportihe
previous observation th#te concentration of brineleasableomplexedollowing
Cu(ll) andH2S additiondecreasewith longer incubatiotime, buthigher

concentrations dbrine-releasable formsan bepreservedy GSH.
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Figure 35. BR HaSreleased byrine dilution in wine and MW (temperature = 2C)
after t=0.5 and 20 min pr@ilution incubation at 10C, with and without an addition
of [GSH]=300uM (for MW, [GSH] = 325 uM. All wines are spiked with 1 uMi2S
and 10 uM CuS@ Error bars represent 1 standard deviation from the mean.
Significant variation(p<0.05, way ANOVA) was also observad % BR
H>S Recoveredt t=20 minamong the originatommerciawinesin the absence of
added GSH, ranging fro®16%(in the PR) to 28.8% (in theSB). The lowest % BR
H>S Recovered for any experiment wasnodel wine.These differences were not
easily explained by differences in wine style (e.g. red vs. white wihegs
hypothesized thatigher % BRH>S Recovered in the original winegslikely due to

differences in native concentrations of GSH, cysteine, and other sulfhydryls among the

wines.Measurement c6SHby LC-MS-MS was selecteds a proxy for total
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sulfhydryl contentThe native concentration of GSH in tb@mmerciawines rangd

from 0.25i 2.21 pM, within the rangereviously reported for win€s As a caveat,

these GSH concentrations are ~X0l@ lower than the GSH concentian added in

the earlier model system study. However, GSH is expected to serve as a proxy for total
sulfhydryl content, which would also include species such as cysteine and
homocysteine, either free or as part of soluble proteirthe absence of add&SH,

the native GSH concentratigs correlatedR? = 0.58 p<0.00) with % Recovered BR

H>S at t=20 min(Error! Reference source not founda). This is consistent with the
observatiorthat alded GSHwill reduce the stability of newly formed copper

sulfhydryl complexes, resulting in moB&R HS.

I nitial copper contentis not significantly correlated with formation of brine-
releasablecopper-sulfhydryl complexes

The concentration of Cu in tlewmmercial wines(Q.13 to 0.62 mg/L) was
within the range typically reported in win&sHowever, in contrast toativeGSH, the
concentration of native Cu was not significarttyrelated witithe concentration of
% BRH2S RecoveredError! Reference source not foundb). This was surprising,
asit wasexpectedhatwines withhigh concentrations of native @ould more readily
form stable complexes witH>S. However,recent workhas observed that the majority
of Cu in wineg(in contrast to exogenously added @ux i st s -lianb ial efion ofnor m,
presumably as coppsulfhydryl complexes, and thus would not be reaaigilable

to bind freeH»S.”?
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Figure 36. Correlation of BRH>S and (a) Native GSH and (b) Native Cu among
wines. Error bars represent 1 standard deviation from the mean.

~

Organopolysulfanesaccount for only a small fractiono f i mi HeSfollowmng
addition of Cu(ll) and H2Sto commercial wines.

Even in the presence of added G8tdpmpleterecoveries oH2S (54-7%%)
by the brinerelease assaynmediately following Cu(ll) additionvere observeth
commercial winesand even lower recoveries following 20 min incuba{i&rror!
Reference source not found. An explanation for this incomplete recovemesented
in the previous section is thedmecoppersulfhydryl complexes araot amenable to
brine releaseyut this phenomenorouldalso be becaudé,Sis lost through other
oxidative reactions. Recent work demonstrated that incubation of Cu(ll) with cysteine
andH>S in model systems producedt only coppessulfhydryl complexes, but also
di- and moneorganopolysulfanefRS-S,-SRand RSS,-SH) through Cu(llymediated
oxidation® H2S can be released from these precursor§®gPor otherdisulfide
bond reduaig agend,'® butnot by brine To determine ithe missingH2S could be
accounted for by organopolysulfanassubset ofommercial winesvas selecte¢?

white, 1 red, 1 fortifiefifor treatment withT CEP followingH>S/GSH/ICuSQ addition
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andthe brinedilution assayln theoriginal wines prior to treatmentjttle endogenous
TCEPRreleasabléd,S was observed (d. 7 1.5 pg/L, data not shownBR H.S and
subsequent TCEReleasable b5 arepresented irError! Reference source not

found.. In wines withaddedGSH, TCEPR-releasabléd,S accounted for only a small
portion of addedH.S immediately after addition (t=01%in),1.0to 4.7 ug/L, or 17

14%of addedH>S. After 20 min incupation TCERreleasabléd>S could only account
for 07 5%. These values werever 5fold lowerthan those observed fBR HS.
Potentially, this is because of the high ratio of G&Htompared to Qi) andH.Sin
thecurrent study (30Q0:1 molarratio), which would favor formation of glutathione
disulfide over organopolysulfandtevious work on reactions of Cu(ll), cysteine, and
H>Sin model wine systems had all components at roughly equimolar concentrations
(50 or 100 uM for Cu(ll), 300 uM foH.S and other slifihydryls),*® which would

favor greater formation afrganopolysulfanedVines are typically reported to have
higher thiol concentratiorthian copper oH,S.” Therefore theseexperimental

results which showlow levels of organopolysudhes following Cu(ll) addition to a

wine with freeH.S, are more likely to occur in real wines.

An additionalalternative hypothesihatwasnot teseédis if H2Sis lost not only by
reaction with Cu(ll), but alsby reactionwith o-quinonesor H>O, formed through-e-
catalyzed oxidation af-diphenols®® If substantial S was | ost- via this
phenol i co pat hwa y-mediatédipahwaythetraerof GSH erotkeo pp e r
sulfhydryls could be toeact preferentially witle-quinonesor H.O», allowing HS to
be preserved for reaction with Cu(ll). However, to@sumption of oxygen through

the ironphenolic pathway is very slow (on the order of hours or days) as compared to
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the reaction of Cu(ll) witlsulfhydryls (on the order of secondégnd thus this
scenarioisunlikelyT hus, t he most | i kelHySfokowipgi anati on
Cu(ll) addition is thatncorporation of GSH or other sulfhydryls itomplexesf

H>S and coppemakes these complexes maraenable to brineelease.
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Figure 37. HoS releaedby brine dilution (temperature = 231C), followedby TCEP
addition Wines(n=4) were commercial wines with added GSA{uM). Error bars
represent ktandard deviation from the mean.
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One question that cannot be answerethiegurrent work igf variation inHzS
brine release after 20 misireflected in variation ifd>S releasdor these same wines
during long term storagélowever, other authors have reported BRtH>S in wines
is reported to correlate strongly with frileS formation under accelerated aging
conditions, and moderately with freS during longterm roomtemperature
storage’* ?The pathway by which.S would be released from coppsulfhydryl
complexes in real wine is uncle&tzS release by nucleophilic substitution as occurs
with halides seems unlikely, but reduction ofi§ucomplexedy HSQ' to yield new

complexes with lower Cu:S stoichiometry ajowith freeH2S seems plausibl¥

In conclusion it has beernlemonstrated thérine treatment of wines results in
release oH>S from coppersulfhydryl complexes due to halide displacement, and not
due to the increase in ionic strengadition of Cu(ll) andH2Sto wines forms brine
releasable complexes, as previously reported, but recovehBa$ incomplete and
decreases with incubation tim&R H.S recoverywas greater in wines with higher
native GSH or in wines with added GSkhdwas lowest in a model wine lacking
GSH Theseresuls suggest that thiols like GSH are importanttfog formation oBR
H>S complexesOther work has shown that BR-&lcorrelates with b8 release during
long term storagé However the pathways foH.,S release under brirgelease and
ordinary bottle storage may diffdfuture studies can evaluate the hypothesis that the
presence oGSH (or related sulfhydrylswill not only increase BR 8 but will also
increaseherisk of H;S formation during longerm storagelf the hypothesis is

correct, it would indicate the BR2Sassay is not only useful for winemakers
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predicting inbottle H2S formation, but also can be used to evaluate the role of GSH

and other sulfhydryls in forming these complexes.
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Abbreviations Used

BR H:S, brinereleasable hydrogen sulfide; GDT, gas deévactube; GSH,
glutathione; HS, hydrogen sulfide; MW, model wine; MMBSH, model wine with
added glutathione; N&-9H0, sodium sulfide nonahydrate; NEMsethylmaleimide;
QTOF, quadrupole timef-flight; SLO, sulfurlike off-aroma; TCEP, Tris2
carboxyetlgl)phosphine hydrochloride; VSCs, volatile sulfur compounds; wine
samplenames: PGPinot Grigig SB, Sauvignon BlancvV, Vinho Verde MA,

Malbeg PR, Primitivo; RO, Rosé FS, Fino Sherry
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CHAPTER4

THE CHEMISTRY OF CANNED WINES

Abstract

An emergingarea of concern fowine quality isin wine packaged in aluminum

b ever agamnnedavimas,)a(cdiegory whose growttaseclipsel other wine
packaging formats recent yearsSalesof canned wines have grown significantly

over thelast decade, likelgue to considerabkedvantages in their consunegpeal,

light weight,strength, andecyclability. Canned wines consist of a metal can with a
polymeric liner on thénside surface, to protect the wine from the metaterms of
packaging #ects on winequality, these can generally be classifieceakerflavor
degradationscalping,or tainting. While thelikelihood of the firstand second are
negligible, given the sealing capability and materials present in a standard beverage
can, issues of tainting have beepore d . Il n particular, hydroge
aroma)is reported to develop icanned winesespeciallywhites and rosesesulting is
unacceptable short shdives. This phenomenon has beeominallyattributed to

reaction of sulfites in wine with aluminum metaut little work has been done to
elucidate the factors that influence this interacititooanned winedn this work we
discuss the current understandofghe cannedwvine systemandpresentiypotheses
andpreliminary evidence of the role of $@nd can linergn the formationof

hydrogen sulfide.
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Canned wine- Moving fast and notbreaking things

Commercial examples of wine in metal cans dates to attempts with tinplate steel in
1930s’4, but the modern history of wine in alumindraverage dates only to the last
two decade$’. In the US, the value of wines packaged in aluminum cans grew from
$2 million in 2012 to $69 million in 2018. The appeal of candevines has several
explanationg’. For consumers, cans are more convenient than conventional 750 mL
glass packaging no corkscrews required, single portion (187 mL, 250 mL) or double
portion (375 mL) packaging is common, and there are no worries about lglaksn

at pools, concerts, or backpacking trips. Cans also lend themselves to distinctive
designs and are less expensive to ship due to their light weight and ruggedness.
Finally, from an environmental perspective, wine in cans are an attractive alernativ
to glass as well as less conventional plastic packaging likenbagx, due the well

established domestic recycling stream for aluminum.

The challenges of packaging wines in caespecially in contrast to packaging in

glass bottle$ have been recdgtreported’” "8, These articles highlight important
considerations surrounding logistical aspects of canning winedalest design,
headspace and fill level control, can sizes), yet only briefly mention the importance of
wine chemistry in determining the shelf life of a canned wine. Here, we summarize
our state of knowledge regarding the chemistry of wine in cans, adheintafy

opportunities and needs for future research.
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What is an aluminum beverage can?

A cartoon depiction of an aluminum beverage can esesfion is shown in Figure 1a.
Bare aluminum metal is highly reactive but will also rapidly form a very thin
(nanometer scalgyassive layeof alumina oxide when exposed to air or watehe

low reactivity of the passive layer is the reason why aluminum foil and other common
aluminumbased materials are relatively inert. Even with the passive layer,eekpos
aluminum will corrode slowly in acidic media. Therefore, the can interior must be
protected from direct contact with wine and other low pH beverages by coating it with
a thin layer (typically 110 um) of a polymer, referred to ag@ating, liner or laguer

80 The liner is typically invisible to the consumer but can be seen by chemically
etching away the outer aluminum layer (e.g. Issdiving it in a caustic solution, see
Figure 1). From this perspective, an aluminum can is better thought of as a plastic
bottle, with an aluminum can surrounding the bottle for mechanical support

however, the plastic liner of a can is about 10® thickness of a typical plastic

bottle, and thus creates much less waste.
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Figure4.1. (A) Anatomy of an aluminum beverage can. The body and lid are formed
from aluminum alloys. The aluminum metal surface rapidly and spontaneously

oxidizes in the presence op@nd/orHO t o produce a |l ess reacti
aluminum

Can liners ee considered food contact substances, and their composition must be

approved by the FDAL In the US, most beverage can liners were historically

composed of bisphenol A (BPA) based epoxy resins. However, due to the introduction

of Californiads Prop 65, -basddipackaging engterialsr es t I
as suspected endocrine disruptanany producers are utilizing alternative liner

materials, including neBPA epoxies, acrylic and polyestér

Finally, cans are not produced from pure alunm, but rather fromalloys of

aluminum mixed with small amounts of other metals. For example, can bodies are
usually produced from aluminum alloy 3004, which contains ~1% each of Mn and Mg
® The use of alloy improves the formability and strength of the metal for the rolling
and extrusion steps necessary for can body prodyesowell increasing resistance to

corrosion’®.
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The Three Demons of Storage Degradation, Scalping, Tainting

In the absence of microbial spoilage, the detrimental sensory changes that occur
during the shelf storage of foods and beverages can be classified as either flavor

degradation, scalping, or taintif

Degradatiorrefers to odinary chemical processes that occur during product storage
that result in a loss of quality, e.g. the staling of bread as moisture is lost. In the case of
wine, the most important staling reaction is typically oxidation, and most table wines
are packageaith 20-40 mg/L free sulfur dioxide (S£pto limit the effects of

oxidation. Exposure of wines to oxygen results in formation of oxidation products
(quinones and hydrogen peroxide), which will react with total sulfur dioxide) (@@
ratio of 4:1 on a wight-by-weight basis. Oxidized aromas, brown color formation and
other signs of quality deterioration are reported to start appearing at fseel®O

mg/L. Oxygen introduced during or after the packaging step may arise from several
sources: oxygen initipl present in the wine or headspace (also called total package
oxygen, TPO), external diffusion from the environment, and diffusion from the

packaging materidf.

i) Ozmay ingress into the package from the external environnmeatsound

aluminum can with a wellormed double seanexternal oxygen ingress

should be negligible Although no data exist for ingress into canned wine,
research on 2z (355 mL) beer cans refted 0.04 mL of air ingress over a
12-week perio. This equates to 0.1 mgAD per year, comparable of less

than what has been reported for wines stored in glass bottles under screwcaps

86 Using the 4:1 ratio described above, thisant of @ would result in the
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ii)

n

loss of 0.4 mg S€L per year. Considering that most canned wines are
consumed within a year of release, this amount ofl&8€3 is unlikely to affect
quality.

0O, may diffuse from the packaging materials into the wiktgs effect can be

important to traditional corkinished wines due to the presence of voids in the
cork. However, even for a relatively thick can liner (10 um) and an
implausibly high void percentag10%) the can liner could contain only trace
amounts of @(<.1 mg per can). Thus, diffusion @ from the can materials is

likely to be negligible.

02 may be present in the headspace or dissolved in the wine at the time of

packagingThe beer industrgtandard for fill height of a 355 mL (12 o0z) can is
12 mm of headspace, which equates to about 10 mL. If this headspace is
composed entirely of air, the oxygen present in this headspace of 375 mL can
(~5 mg Q/L) would be enough to consume 20 mg/L of,%Q During

canning of beer and sparkling wines, this headspace oxygen is largely limited
by the CQ gas expelled following fillingand in still wines can be controlled
with inertgasedike nitrogen.Canningoperatorgypically target< 1 mg/L

total pa&kage oxygen (TPO) for 375 mL camgjich would result in a loss of 4

mg/L SOp.

t he aut horasn@aneed \pire will dgecrease $n,the Sveeks

following canning as oxygen present at packaging is consumed, after which tptal SO
typically decreases <5 mg/L over the subsequeat Although this indicates that

SO loss due to reaction with the can liner or ingressings@egligible, we have
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occasionally worked with winemakers who have observed dramatic losses iof SO
canned wines (up to 70 mg/L over several months) duringtienmg storage for
unknown reasons. Potentially, this 86@ss could be due to its reactioftiwthe can

liner, although further investigation is warranted.

Scalpingrefers to the loss of compounds from a food or beverage by its migration into
the packaging material. Typically, the compounds of greatest concern for scalping are
nonpolar flavorsand odorants, which can be absorbed intopaar polymer

packaging materials. Scalping has not been studied in canned wine but has been
studied with hop constituents in canned B&ein this wok, scalping was only

detected for highly nopolar odorants, like limonene. Similar observations have been
made for wines stored in the presence of other polymeric packaging materials, such as
synthetic cork$®, although these would have much greater absorptive volumes than
can liners. Although limonene is found in ssiénsory thresholds in wine, there are

other odorants with similar greater log P values to limonene (approximate log P of
4)1, Using log P > 4 as a criterion, the impact odorants in wine at risk for scalping in

wine include:

T 1,16tri methyl di hydronaphthal ene (TDN, #dAp:
T Rotundone plefiwl adlorpeg Syrah and ot her

T 246trichloroanisole (TCA, fAcork tainto)

Presumably, winemakers would not be opposed to the scalping of TCA from their

wines, if present! Many other important wine odorants like dioB¢jeraniol, most

! Log P is a measure of the relative solubility of a compound in water vs-pat@nsolvent. A higher
log P indicates a moreon-polar compound
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esters, oaklerived volatiles, and volatile thiols have log P values < 4 and their

scalping is expected to be negligible in canned wines.

Taintingrefers to introduction of undesirable flavor compounds into the food or
beverage due thé packaging. Often, tainting is due to the migration of odorants from
the packaging into the product, as can occur in thekmeNvn phenomenon of TCA

introduction from contaminated corks.

A less common type of tainting involves the reaction of foodstufiponents with the

packaging to produce tainting compounds, but examples exist in the literature. For

example, coatings on steel food cans may contain trace amounts of mesityl oxide

impurities, which can react with hydrogen sulfide$jinaturally presenn foods to

generate the potentmercapte4-methytpentan2-one 4MMP, dAcatt®ty t ai nt o
These types of taints (which we wil!/ refer
chalenging to predict because they will form only with certain combinations of foods

(or beverages) and packaging materiatg] therefore may be overlooked during

initial testing with simple models like water.

In canned wine, an occasional bump or t ant tai nt appears to b
odor brought about by43. HS has a sensory threshold of around 1 ng/mL (1 ppb) in

wine* and is most often experienced by winemakers during fertiemts a

byproduct of yeast metabolism . The formation ebHuring storage of wines in

aluminum cans has not yet been described in@s@ewed papers, but has been

reported in multiple patent§®?, and more recently at conferenéé¥. In these

reports and in conversations with winemakers, the time necessary to form detectable

H>S or reduced amas can vary considerably among both wines and canitypasy
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canned wines experience no issues after a year of storage, while others develop
detectable BBS within several months. Importantly, the existing reports all point to
SO as a likely source dfioS, thus tainting presents a potential technical challenge to

canned wine quality.

SOz as an HS precursor - Not the Usual HS-uspect

The phenomenon of wines developing sulfurousaoff o mas (al so cal | ed
aromas) during anoxic storage has been well reported in recent years. At the
International Wine Challenge in London, a competition that draws over 10,000 entries
from prestigios wineries from around the world, reductive-afbmas accounted for

25-30% of all reported wine faults, comparable to the incidence of cork taint and
oxidation®®. A survey of commerciakines with reduced aromas reported thg® H

was the volatile sulfur compounds most often found in excess of its sensory threshold
%_Several latent precursors of$in finished wine have been identified, including

copper sulfide complexes (¢3) and organopolysulfanes (R&-S R &)

Could these same-8 precursors be responsible for formingSHn canned wines,

too? As mentioned above, cans allow less oxygen ingress than screwcaps, and the
resulting anoxic environment will certainly favimrmation and preservation ob8

from any precursors in the wine. However, the anoxic environment appears to be only
a partial explanation for the incidence ofSHn canned wines. Anecdotally,

winemakers have reported that wines storemluminum cans are more likely to

produce detectable-8 than the same wines stored under screwcap. Beyonthdhis,
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are several pieces of evidence that point te &a key source ofJ8 during canned

wine storage

A Model wines composed of S@ buffered solutions of 10% ethanol in water
will produce detectable 43 within weeks when stored in commercial, lined
aluminum cans (Figure 2). These model solutions genep&enHhe absence
of any winederived latent &S precursors, and28 is not observed vem SQ
is omitted from the model solution.

A Real wines (as well as model $€vntaining solutions) will rapidly generate
H>S when exposed to aluminum and its alloys. Formatione8fisireported to

increase in dosdependent manner withcreasing S@?

Figure4.2. H,S formed in model wine (pH 3.5, 50 mg/L free SO2, 12% EtOH) following 2 weeks of
storage at room temperature. Cans were classified as high or®wéducers (n=4 for each) based on
previous observations with commercial wines. N& vas observed in cans stored without.SO

2 An additional piece of circumstantial evidence is that canned beer (which usually has no agded SO
not reported to develop28 during storage, but canned cider (which does have addgaviiO
occasionally develop 13$.
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