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Abstract

The aim of this study was to develop a methodology for the analysis of volatile sulfur compounds (VSCs) in Cheddar cheese. Solid-phase
microextraction (SPME) was employed to extract VSCs from the cheese matrix using a CAR-PDMS fiber. This extraction method was
combined with gas chromatography—pulsed flame photometric detection (GC—-PFPD) to achieve high sensitivity for sulfur compounds. The
impact of extraction parameters, including time, temperature and sample size, was evaluated to determine the best conditions to analyze
sulfur compounds in Cheddar cheese. Hydrogen sulfide, methanethiol, and dimethyl sulfide were found to constitute the majority of the
overall sulfur profile while dimethyl disulfide and dimethyl trisulfide were present in lesser amounts. Artifact formation of volatile sulfur
compounds was found to be minimal. Two commercial cheese samples were analyzed and differences in sulfur content were observed. Overall,
SPME-GC-PFPD was found to be a highly sensitive technique for the analysis of sulfur compounds in Cheddar cheese.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction disulfide, dimethyl trisulfide and other sulfur compounds
[13,14]

Volatile sulfur compounds (VSCs), most with low odor While there is definite evidence that various sulfur com-
thresholds, are considered important flavor contributors to pounds are present in Cheddar cheese, their significances to
cheesefl-6]. Methanethiol, hydrogen sulfide, and dimethyl Cheddar cheese flavor are still poorly understood. This con-
sulfide have all been found to be significant to the flavor tributes to the fact that the volatile sulfur profile of Ched-
of Cheddar cheesg—11]. The ripening process of Ched- dar cheese highly relies on the specific method used for ex-
dar cheese involves, in part, the decomposition of sulfur- traction and/or concentration techniques. Many conventional
containing amino acids, cysteine and methionine. An in- techniquesincluding solvent extraction, static headspace, and
crease in the concentration of methanethiol as Cheddarpurge-and-trap are not quite suitable for the analysis of VSCs
cheese ages has been reporfe®] and that it is postu- in cheese. Each of these techniques has associated problems
lated that other sulfur-containing compounds may also fol- when it comes to extracting highly volatile sulfur compounds
low a similar trend with aging. Methanethiol not only con- from cheese matrices including, respectively, the loss of ana-
tributes to Cheddar cheese flavor but also is a precursor forlytes during the concentration stage, particularly compounds
several other sulfur compounds. Once formed, methanethiolwith high volatility; insufficient sensitivity for trace com-
can be readily oxidized to create dimethyl sulfide, dimethyl ponents; and great potential of thermal artifact formation

[15-17]
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high sensitivity with minimum artifact formation. With the to the method described in Metrohm Informati@7] with
use of SPME fibers, there is no requirement for organic sol- some modifications: concentrated sulfuric acid was added
vents, and sample preparation can be completed in minimaldropwise from a dropping funnel to potassium thiocyanate
time. In addition, SPME equipment can be automated. While (both from Mallinckrodt/J.T. Baker Inc, Phillipsburg, KY,
there are a growing number of available fiber coatings, the USA) in a stoppered Erlenmeyer flask; the generated COS
Carboxen-polydimethylsiloxane (CAR-PDMS) fiber has re- (g) was passed through a small diameter glass transfer-line
peatedly demonstrated its exceptional ability to extract sul- immersed in a cold water bath (for exothermic nature of reac-
fur compounds including methanethiol and dimethyl sul- tion) and the COS (g) was trapped by bubbling into a separate
fide from food[18—25] The process of concentration with  flask containing distilled water.
the CAR-PDMS fiber isadsorptionof small molecules into
micro-pores by the Carboxen phase in additioalieorption 2.2. Equipment
by the PDMS coatingP?], lending to its greater capacity for
extracting highly volatile, low molecular weight molecules, 2.2.1. GC-PFPD analysis
which includes most VSCs. A Varian CP-3800 gas chromatograph (Varian, Walnut

Pulsed flame photometric detection (PFPD) is a very sen- Creek, CA, USA) equipped with a 1077/1079 split/splitless
sitive sulfur-specific method of detection that uses a pulsed injector port and a pulsed flame photometric detector was
flame for the generation of flame chemiluminescence. Unlike used for this study. The volatile compounds extracted by the
traditional flame photometric detection (FPD), which uses a SPME fiber were thermally desorbed in the 3@Jinjector
continuous flame, the PFPD utilizes low gas rates so that theport for 10 min. The injector was in splitless mode for the
flame is ignited, propagated and self-terminated 2—4 timesfirst four minutes, after which the split valve was opened.
per second. Specific elements have their own emission pro-Separation of the analytes was performed using a DB-FFAP
file: hydrocarbons will complete emission early while sulfur fused silica capillary column (30 x 0.32 mm, 1.Qum film;
emissions begin at a relatively later time after combustion. Agilent, Palo Alto, CA, USA), with nitrogen as the carrier
Therefore, a timed “gate delay” can selectively allow for gas (constantflow at2.0 mL/min). The oventemperature pro-
only emissions due to sulfur to be integrated, producing a gram was as follows: 35 held for 5min, heated to 15
clean chromatogram. This timed “gate delay” greatly im- atarate of 10C/min, held for 1 min, then heated to 220 at
proves the sensitivity; the PFPD can detect sulfur-containing a rate of 20 C/min with a final hold time of 5 min. The PFPD
compounds at a much lower detection limit than nearly all was held at 300C and 450 V with the following flow rates:
other methods of detectid@6]. The combination of SPME  Airl at17 mL/min, B at 14 mL/min, and Air2 at 10 mL/min.
with GC-PFPD greatly enhances the ability to successfully The detector response signals were integrated using computer
extract and detect VSCs in cheese at low concentrations.software (Star Workstation 6.2, Varian). Statistical analyses
The objective of this study was to develop a methodology were performed with STATGRAPHIC$ussoftware (ver-
using SPME-GC-PFPD to analyze the overall sulfur profile sion 5.0, Manugistics Inc., Rockville, MD, USA).
of Cheddar cheese.

2.2.2. SPME extraction
A Stableflex 85um CAR-PDMS fiber (Supelco, Belle-

2. Experimental fonte, PA, USA) was used in this study. Prior to use, the
fiber was conditioned at 30@ for 90 min. The fiber was
2.1. Chemicals then placed into the SPME adapter of a CombiPAL autosam-

pler (CTC Analytics AG, Zwingen, Switzerland) fitted with
Pure standards were obtained for proper identification a vial heater/agitator. For all analyses, agitation during equi-
of chromatographic peaks: dimethyl sulfide was purchasedlibration (10 min prior to fiber exposure) was set to 500 rpm
from TCI America (Portland, OR, USA); dimethyl disul-  while agitation during extraction was held at 250 rpm.
fide, dimethyl trisulfide, dimethyl sulfoxide, and dimethyl
sulfone were all obtained from Aldrich (Milwaukee, WI, 2.3. Initial sample preparation
USA). Carbon disulfide was obtained from EMD Chemi-
calsInc. (Gibbstown, NJ, USA) and methional (3-methylthio- Cheddar cheeses with varying ages (“medium”, “sharp”,
propionaldehyde) was purchased from Sigma (St Louis, MO, and “extra sharp” of two different commercial brands) were
USA). Ethyl methyl sulfide (TCI-EP, Tokyo, Japan) was used purchased from a supermarket and were refrigerated@t 3
as an internal standard for the analysis of VSCs in cheesesSamples were used within one month from purchase date.
with various aging levels (Sectidh4.3. For each cheese sample, a layer of 2cm was removed from
Gaseous methanethiol was purchased in a cylinder fromthe surface in order to eliminate any possible fluctuations
Aldrich (St Louis, MO, USA) and a solution was prepared by in volatile composition and contamination from packaging.
bubbling into methanol. Hydrogen sulfide was prepared by The cheese was then cut into small cubes, measuring approx-
dissolving NaS-9H,0 (Sigma, St Louis, MO, USA)inacidic  imately 0.5 cm on each side. All vials used in this study were
water (pH 3). Carbonyl sulfide (COS) was prepared according flushed with argon prior to the addition of sample. Following
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the addition of samples, the vials were immediately sealed the emission of two excited sulfur atoms{$corresponding
with Teflon-lined silicone caps (8 mm hole). Allsampleswere to a second-order, or quadratic, response.

analyzed in triplicate.

3.1.1. Evaluation of time parameter
For the time trials, a fixed temperature was chosern (§0

and the time of extraction was varied. The results, as shown in
Fig. 1, demonstrated that as time increased so did the amount
of volatiles extracted by the SPME fiber, as seen from the
PFPD response, but the relationship was not the same for all
sulfur compounds. While most sulfur compounds, such as
methanethiol, hydrogen sulfide and dimethyl sulfide, seemed

bration/extraction temperature was held constant atC50 ]E%follov(\j/3!ogezgtr|1rtn_ic-tl¥ge trendétrlf d?.ttafci;]dimethyl ?iSUI'
while the following lengths of time for fiber exposure to Ide and aimethyltnsuilide was better fit with a power func-

the headspace were evaluated: 5, 15, 30, 45, 60, 90 andion. In all cases, adsorption rates progressively decreased
120 min. For the temperature trials,, thé fibér ex,pos,ure Eime with no immediate evidence of reaching equilibrium within
was held constant at 30 min while the following equilibra- the tested time range (up to 2h).

tion/extraction temperature range was evaluated: 30€70 The volatile composmqn of Cheddar cheese 1S comple>_<
in 5°C increments. therefore numerous volatile compounds can be in competi-

tion for the adsorption sites of the fiber. Although the PFPD

2:4.2. Sample size parameter éeé’&résf%fryi?ﬁg? !ssmfwr.?amys :lefrerc;?/re]t;nc;nvgu|(|:ce)xmtfa?clir;d\?vu§re]e
The indicated sample sizes (0.5, 1, 2, 3, 4, and 59 of . .

P ( g range of volatile compounds. When using a CAR-PDMS

“sharp” cheese cubes) were prepared with the addition of fiber © tract Vies f | ix. th
vegetable (100% soybean) oil, rather than water as above,I er o extract analyles from a complex matrix, the porous

at 10% of the sample weight (for example, 0.05g oil was structure of the fiber can easily become saturated when us-
added to the 0.5g cheese sample while O.A’,g oil was addecjng prolonged gxtraction t'ime[§8]. Opce this oceurs, com-

to the 4 g cheese sample). Using a Teflon resin-coated Spatpounds with a higher affmltyfortheﬂbe_rv_wll essentially dis-
ula, samples were ground directly in the vial using caution place those compounds with lower affinity. The occurrence

to keep all samples in the bottom of the vial. For the sample ?f thljtphenomeno?t!s we(;l knot\{\{lil,_?gj and ISb ofte.n re- d
size trials, the vials were held at a constant6dor equili- erred 1o as competitive adsorption. This can be minimize

bration/extraction and the fiber was exposed to the headspact¥\{?e.rt1 ghorter e”xtrdactlon tm:jes.are u@ﬁ’zgg’ aghougf; senl— ¢
over the varying sample sizes for 30 min. sitivity is usually decreased since concentrations of analytes

will not have approached their maximum levels within the
fiber.

In this study, the detector response for most VSCs of in-
terest was found to be sufficient with extraction times as low
as 5 min due to the enhanced sensitivity of the PFPD toward
detecting sulfur compounds. One-way analysis of variation
(ANOVA) and Tukey's multiple-range tests demonstrated
that, for many VSCs, significant improvement for extraction
efficiency p < 0.05) was observed when the fiber exposure
time was increased from 5 to 30 min. The extraction effi-
ciency improved less significantly with further increases in
exposure time. For practical reasons, the shortest successful
extraction time was desired, therefore, 30 min was chosen as
a good compromise between overall sensitivity and runtime
efficiency for the instrument.

2.4. Preparation for parameter evaluation and
extraction methods

2.4.1. Time and temperature parameters

For the analysis of the time and temperature parame-
ters, 59 of “sharp” cheese cubes were individually weighed
into 20 mL headspace vials with the addition of 0.5g wa-
ter to improve agitation. For the time trials, the equili-

2.4.3. Cheese at various aging levels

Sulfur contents of two commercial brands of cheeses at
different levels of aging (“medium”=60 days, “sharp”=9
months, “extra sharp” =15 months) were analyzed. For each
aged sample, 2 g cheese cubes with the addition of 0.2 g veg
etable oil containing the internal standard, ethyl methyl sul-
fide, was ground as described previously in the evaluation
for sample size. These samples were analyzed using an equi
libration/extraction temperature of 3¢ and an extraction
time of 30 min.

3. Results and discussion

3.1. Evaluation of SPME extraction parameters: time,
temperature, sample size 3.1.2. Evaluation of temperature parameter
A relationship between temperature and extraction effi-

Parameters for SPME extraction were evaluated to de-ciency was not easy to establish for all sulfur compounds.
termine the best conditions to use for the extraction of VSCs Fig. 2 illustrates the outcome from changing the temper-
from the cheese sample matrix. Extraction time, temperature,ature of extraction. Higher temperatures typically increase
and sample size were all taken into consideration for over- the volatility of volatile compounds, thus increasing their
all extraction efficiency. The values for peak area (arbitrary concentrations in the headspace. However, for some highly
units) were square-rooted because the PFPD response is fromolatile compounds, further increases in temperature are
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Fig. 1. Effect of time on SPME extraction of VSCs from Cheddar cheese with temperature hefCa{&Phydrogen sulfide, methanethiol, dimethyl sulfide,
dimethyl sulfoxide; (b) dimethyl disulfide, dimethyl trisulfide, dimethyl sulfone.

expected to have minimal impact on their concentra- released from the cheese matrix, this should theoretically in-
tions in the headspace. This hypothesis was confirmed forcrease the extraction efficiency of these compounds. The re-
methanethiol, dimethyl disulfide and dimethyl trisulfide. As sults inFig. 2b showed that a definite increase in response
temperature increased from 30 to °) the responses for  occurred for dimethyl sulfone and methional when higher
these compounds stayed almost the same. Since higher temtemperatures were used. The presence of methional in the
peratures generally allow less volatile compounds, such asoverall sulfur profile chromatogram was only observed when
the larger molecular weight compounds, to be more easily the extraction temperature was raised aboveGWith sat-



H.M. Burbank, M.C. Qian / J. Chromatogr. A 1066 (2005) 149-157 153

1600 -
—— dimethyl sulfide
—&— hydrogen sulfide
—0— methanethiol

1400 -

1000

800+

600

400+

Square root of PFPD response (arbitrary units)

200

25 30 35 40 45 50 55 60 65 70 75

(a) Extraction temperature (°C)

140 4

~—&— dimethyl sulfone
—0— dimethyl disulfide
120 4 —A— dimethyl trisulfide
—&—methional

100 4
80
60 4

40 1

Square root of PFPD response (arbitrary units)

0 * + + + * *

25 30 35 40 45 50 55 60 65 70 75

(b) Extraction temperature (°C)

Fig. 2. Effect of temperature on SPME extraction of VSCs from Cheddar cheese with extraction time set at 30 min: (a) hydrogen sulfide, methagigtyliol, dim
sulfide; (b) dimethyl disulfide, dimethyl trisulfide, methional, dimethyl sulfone.

isfactory peak shape only seen with the highest temperaturenegative effect on extraction efficiency for some sulfur com-
tested (70C). pounds, namely dimethyl sulfone, since the presence of lipids
For many of the higher molecular weight VSCs, an in- can slow certain volatiles from volatizing into the headspace.
crease in PFPD response was observed with correspondingdecause the lipid content of Cheddar cheese is about one-
increases in temperature, however it was interesting to notethird of its total mas$30], distinct interactions can occur be-
that a decreased response occurred a&tCAfor dimethyl tween VSCs and the lipid phase, depending on the partition
sulfone. When the cheese samples were heated at tempecoefficient Koj.-headspack Of the moleculg31,32] When the
atures around 35-40the physical state of the cheese began temperature was further increased, the energy became high
to change causing fats in the cheese to exude from the matrixenough for these molecules to overcome any energy barriers
to form an oily layer that covered the surface of the sample. that had kept them within the matii&3]. Therefore, the suc-
It is possible that, at this temperature, the oily layer had a cessful extraction of dimethyl sulfone and methional from
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the cheese matrix is highly temperature dependent as seemnd headspace of the sampgider-neadspade May decrease
from the results. with higher temperature84] so that analytes with higher
Uniquely, dimethyl sulfide was observed to have a con- Kfiper-headspac¥@lues would essentially push dimethyl sulfide
tinuous decrease in response with increasing temperatureout of the fiber, a good example of competitive adsorption.
Although the actual mechanism is still not clear, it has been Because higher temperatures generally cause an escalation in
reported that high temperature can have undesirable effectshe headspace concentrations of many compounds, such as
on the extraction efficiency of SPME fibers for some low free fatty acids, the increased abundance of those compounds
molecular weight analytes with higher volatilif¥5,34,35] in the headspace could progressively exclude dimethyl sul-
This could be related to the exothermic nature of adsorption fide from the fiber.
of analytes onto the fiber, where higher temperatures may ac- In general, increasing the extraction temperature allowed
tually decrease the adsorptif@®,35] It could also be thatthe ~ for most VSCs to be effectively extracted from the cheese
distribution coefficient for dimethyl sulfide, between the fiber matrix. However, when the extraction temperature was raised
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Fig. 3. Effect of sample size on SPME extraction of VSCs from Cheddar cheese, extraction perform&d fair3D min: (a) hydrogen sulfide, methanethiol,
dimethyl sulfide, and total PFPD response (peak areas of all VSCs of interest combined, then square rooted); (b) dimethyl disulfide, dime¢hgditrietHfitl
sulfoxide.
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above 55C, there was observed to be anincrease in the num-ficult [32,33], especially from Cheddar cheese, which con-
ber and/or size of unknown peaks, presumably the result oftains lipids and proteins that can slow the diffusion of some
thermally generated compounds. Because of this, temperavolatiles. Large variations were observed with 5g sample
tures above 55C were deemed unacceptable whereas tem- size (CV range = 14-48%), which may be related to the fact
peratures of 48C and below were not able to evenly melt that some molecules must diffuse a relatively long distance
the cheese samples, resulting in higher coefficients of vari- through the softened cheese mass, where many molecular
ance (CV), where the average CV values ranged from 10 tointeractions can take place, before reaching the headspace.
32% for all extractions below 45C. Inthe end, a satisfactory  Ultimately, because the PFPD responses for dimethyl disul-
extraction temperature of 3C was selected, where mostsul-  fide and dimethyl trisulfide were generally low throughout
fur compounds of interest gave relatively high responses with the study, the 2 g sample size was chosen so that detection of
low CV values (CV range = 2—9%, for extraction at&D). these VSCs could be most successful with lesser variability
overall.

3.1.3. Evaluation of sample size parameter

Extraction of specific analytes from the headspace of a 3.2. Possible injector artifact formation
sample using SPME depends on numerous factors. In addi-
tion to time, temperature, and distribution coefficients (such  Literature has suggested that the extreme temperatures of-
asKsample-headspacKfiber-headspade the amount of sample and  ten used with the GC injector port can lead to artifact forma-
the headspace volume are also impor{@a{. Since more tion so this possibility was investigated for the VSCs involved
sample can contribute more volatiles to the headspace, thdn this study. Pure standards of methanethiol and dimethyl
total amount of analytes that can be adsorbed by the fiber carsulfide were injected at 30@ where their oxidation prod-
be directly related to the sample s[38]. In this study, it was ucts (dimethyl disulfide and dimethyl sulfoxide, respectively)
observed, as illustrated Fig. 3, that sensitivity improved as  were not generated to any degree of significance. This re-
the sample size increased from 0.5 to 2 g. Beyond that, fur- sult agrees with a previous study that sulfur compounds un-
ther increase in sample size did not significantly increase dergo minimal thermal conversion in the injection port by
overall sensitivity. For some compounds, such as dimethyl SPME fiber[37]. While this evidence was initially promis-
sulfide, dimethyl disulfide and dimethyl trisulfide, increas- ing, the inconsistent presence of a compound, which eluted
ing the sample size beyond 2 g actually decreased sensitivity.after methanethiol but prior to dimethyl sulfide, was not
Since agitation is not easy with a solid-type matrix, a uniform anticipated. Retention times from pure standards suggested it
release of volatiles from larger sample sizes will be more dif- to be carbon disulfide. It was found that the addition of water,
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T T
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Fig. 4. Chromatogram of sulfur profile for Cheddar cheese obtained using developed SPME-GC—-PFPD technique (2 g sample extracted for 30)min at 50
(a) overall sulfur profile where (1) = carbonyl sulfide, (2) = hydrogen sulfide, (3) = methanethiol, (4) = carbon disulfide, (5) = dimethyl sulfideyl(6)etlegh

sulfide [internal standard, 6.5 ppld/L)], (7) = dimethyl disulfide, (8) = dimethyl trisulfide, (9) = dimethyl sulfoxide, (10) = dimethyl sulfone and (b) magnified
portion of chromatogram.
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Fig. 5. Representation of sulfur content of two commercial Cheddar cheese brands, each with three levels of agingxfuiapeoiresponds to VSCs as
listed inFig. 4and height of bar is equal to the square root of area ratio (peak area of VSC/peak area of internal standard, ethyl methyl sulfide at 6.5 ppb).

as used in the time and temperature trials to improve stirring, tent of Cheddar cheeses. An example chromatogram for the
facilitated the generation of carbon disulfide in some cheesesulfur profile of Cheddar cheese is showrrig. 4. The main
samples. However, when the water was replaced with veg-sulfur compounds were identified, in order of retention time,
etable oil, the amount of carbon disulfide detected was greatlyas: carbonyl sulfide, hydrogen sulfide, methanethiol, carbon
reduced therefore, vegetable oil was used for the remainderdisulfide, dimethyl sulfide, dimethyl disulfide, dimethyl

of the experiment as a means to minimize artifacts. Also, nu- trisulfide, methional, dimethyl sulfoxide, and dimethyl
merous GC-PFPD chromatograms for “blanks” that were run sulfone. The lower molecular weight VSCs (namely hy-
between actual extractions (to ensure complete desorption ofdrogen sulfide, methanethiol, dimethyl sulfide) constituted
analytes) confirmed that this compound was almost alwaysthe majority of total peak area while the contribution from
present in the fiber to some degree, i.e. “carryover”. While the later-eluting VSCs to total peak area was minimal, with
the possibility of this compound, carbon disulfide, being a the exception of the peak for dimethyl sulfone which can
result of artifact formation is highly likely due to supporting be relatively large in some aged cheeses. However, since
evidence, further studies are still necessary to determine itsdimethyl sulfone is essentially odorless, its presence does not

source of origin. directly affect the aroma or flavor of aged Cheddar cheese.
Two different commercial Cheddar cheese samples (la-
3.3. Sulfur profile for aged cheddar cheese beled A and B, each with three levels of aging: medium,

sharp, and extra-sharp) were analyzed and the overall sulfur
The developed headspace SPME extraction and content of each is representedrig. 5 Since the presence
GC—-PFPD methodology was used to analyze the sulfur con-of carbon disulfide was highly variable in all samples and
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