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Detection of Sugar Syrups in Apple Juice by 6°H% and 6*3C%o
Analysis of Hexamethylenetetramine Prepared from Fructose
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An improved procedure for determining 13C and 2H isotope ratios, using gas chromatography—isotope
ratio mass spectrometry (GC—IRMS), has been developed for identifying the addition of low cost
commercial sugar syrups to apple juices and related products. Isotopic techniques are commonly
used to identify the addition of low cost sugars to fruit juices and are difficult to circumvent as it is not
economically viable to change the isotopic ratios of the sugars. The procedure utilizes the derivative
hexamethylenetetramine, which is produced through chemical transformation of a sugar degradation
product and provides position-specific 3C and 2H ratios that relate to the parent sugar molecule.
The new procedure has advantages over methods using nitro-sugar derivatives in terms of analysis
time and sensitivity. The differences between the 62H%. and 613C%. values of the 100 authentic apple
juices and beet and cane commercial sugar syrups permit their addition to be reliably detected.
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INTRODUCTION are much more pronounced than for the heavier bio-elements

Stable carbon isotope ratios are used widely for the authen-Carbon, nitrogen, oxygen, and sulfur. Generally, the deuterium
tication of foodstuffs, especially for the detection of added cane content of plant rr_latenal decreases with increasing latitude.
sugar in fruit juices 1, 2), spirits @, 4), and honey%). These Since be_et sugar is normally grown further from t_he equator
methods resulted from the discovery that cane and corn, whichthan tropical frw.ts, beet sugar contains Ies; .deute.rlum than tlhe
are the source materials for many commercial sugar syrups, bothSU92rs present in many fruit crops. In addition, differences in
utilized the Hatch/Slack (§ photosynthetic pathway to fix the relative rates of evapo-transpiration between ground plants
atmospheric C@which results imy13C%o. values betweer 10 such as beet sugar, which has a re_Iatlver small s_urfacg area of
and—12%., whereas the majority of other important agricultural Igaves, anql aerial plants §uch as fruit tregs, results in a significant
crops use the Calvin @ pathway resulting in13C%. values difference in t_héH/lH ratio of these species. These dl_ffere_nces
between—23 and—28%. (6). The addition of added cane or €an be expl_0|_te_d to detect the addition of beet medium invert
corn syrup to fruit juices produces a deviation from the normal SYrup to fruit juices.
013C%o value expected for agplant, which can be detected In the early 1980s, quantitative measurement of D/H ratios
using1C stable isotope ratio analysis (SIRA). using nuclear magnetic resonance (NMR) was develo@ed (

The major deficiency of stable carbon isotope analysis is that 8). In the form of site-specific natural isotope fractionation
it cannot be used to detect the addition of beet sugar syrups tonuclear magnetic resonance (SNIF-NMR), this proved to be a
Cs crops, as the beet plant also uses the Calvin photosyntheticpowerful technique in the field of wine analysis and was adopted
pathway. However, the addition of commercial sweeteners suchby the European Union as the official method for detecting
as beet medium invert syrup can be detected by isotope ratioillegal addition of beet sugar to wine. Subsequently, the approach
mass spectrometry if the abundance of deuterium in the sugarswvas modified to permit the detection of beet sugar in fruit juices
is determined. The natural abundance of deuterium varies widely (9, 10) and to determine the authenticity of flavoddl).
in the biosphere due to its low mass and the large difference  For all of these applications, it is necessary to quantitatively
between the mass of the two stable isotofidsand 'H of extract a marker molecule from the food and to determine the
hydrogen. Physicochemical and biological fractionation effects deuterium/hydrogen ratio (D/H) at specific chemical sites of
this molecule by high-resolution NMR. For example, the D/H

19(*) fggggggnging&uzh%r-lgérgaggzi-?’rgodes@csl-gov.uk- Tek4 (0)- ratio at the methyl site of ethanol extracted from wine, (Q/H)
# University ofxgast A(néna_ ’ is indicative of the botanical origin of the starting sugars (beet
T Central Science Laboratory. or grape). For fruit juices, the sample preparation is more

10.1021/jf021044p CCC: $25.00 © 2003 American Chemical Society
Published on Web 02/21/2003



1802 J. Agric. Food Chem., Vol. 51, No. 7, 2003 Kelly et al.

complicated. Direct analysis of extracted sugars is not possibleand Australia). The majority of the samples were obtained in the UK
due to a poor NMR response. Therefore, it is necessary toas whole fruits from a reputable fruit importer. Additional samples were
ferment the sugars to ethanol under controlled laboratory received via government officials in other countries. Juice samples were
conditions. The resulting ethanol is then quantitatively recovered frozen in solid carbon dioxide directly after collection. Whole fruits
by distillation and the deuterium content at the methyl (Q/H) &"® Saueezed either before transporting to the laboratory or shortly
site determined as for wine. The fermentation procedure makesaﬂer arrival at the laboratory. In all cases, the juice from whole fruits

h I fi latively s| Al hile (D/H was frozen immediately after squeezing (either in cardice or in the
e overall preparation relatively slow. Also, while (DiH) laboratory freezer). Once at the laboratory, all juices were stored frozen

measurements from fruit juice predominantly reflect the botani- (_aec) until thawed before sample preparation. Samples were refrozen
_cal origin of sugar, it is known that this parameter is als_o after subsampling.
mfluenceq by the deuftgngm content of the water present during Semipreparative HPLC of Fructose from Apple Juice and Sugar
fermentation. To minimize the influence of the water, a syrups. Concentrated apple juices and sugar syrups were diluted to
normalization factor has been developed to allow all (/H) approximately 12°Brix with deionized water. Single strength apple
results to be normalized to a nominal mean water D/H value of juices and diluted concentrates (20 mL) were passed through:a0.7
~156 ppm. To apply the normalization, the D/H ratio of the filter. Fruit acids and minerals were removed by passing 10 mL of the
residual water after ethanol extraction must be measured. filtered juice through a column of AG 1-X8, 16@00 mesh, chloride
The determination of théH/ H ratio of the nonexchangeable ~ form, anion-exchange resin (Bio-Rad) followed by a column of AG
hydrogen atoms in sugars, after conversion to the nitro-ester 2018, 20—50 mesh mixed-bed resin. Both columns were washed
derivative, has also been used to authenticate Wi} &nd with aliquots of water (3x 10 mL). The eluant was collected and its

e 4 volume was reduced to approximately 5 mL by rotary evaporation.
fruit juices (13, 14). Although these methods are effective, they The concentrated and deionized juice was transferce@d t5 mL

have not been widely adopted because measuring stable,q)ymetric flask and diluted to volume with water. This solution (500
hydrogen isotope ratios of nitro-sugar derivatives poses certainy,| ) was injected onto a 258 21 mm i.d. YMC polyamine I column
technical problems. The methods tend to be time-consuming, 5 yum 120 A eluted at 12 mL/min with mobile phase containing 82%
potentially hazardous, and do not readily lend themselves to acetonitrile and 18% water. The column eluant was monitored with a
high sample throughput on a routine basis. Some preliminary refractive index detector to ensure baseline resolution of fructose,
data have been reported on the use of calcium formate as arglucose, and sucrose. The retention times of fructose, glucose, and
alternative derivative, produced by oxidative cleavage of sugar Sucrose were 25, 34, and 70 min, respectively. An automated fraction
molecules by cerium saltd), which obviate the need to use collector (Superfrac, Pharmacia LKB Bl_otechno_logy, Uppsala, Sweden)
explosive nitro-sugar derivatives. Nevertheless, this method still Was used o collect the fructose fraction eluting between 23 and 31

. . - . L min. Two to three injections per sample were normally required to
|nvolves.the difficult manlpulatlon Of. small quantities of water recover approximately 100 mg of fructose. The collected fractions were
and off-line combustion and reduction stages.

- i . combined and transferred to a round-bottomed flask and dried by rotary
Recent instrumental developments which proceed by high- evaporation.

temperature pyrolysis (Py) of organic material and measurement  preparation of Hexamethylenetetramine from FructoseThe dried

of the resulting hydrogen gas by continuous-flow isotope ratio fryctose fraction or 100 mg of fructose standard material was dissolved

mass spectrometry (CF—IRMS) have, to a large extent, over-in deionized water (5 mL). A solution contaimjr8 g of potassium

come these difficulties and greatly increased the applicability hydrogen carbonate dissolved in 10 mL of water was added to the

of this technique. In addition, the availability of commercial fructose solution and stirred. A 15% wi/v periodic acid solution was

GC—Py—IRMS systems capable of measurthtf'H ratios in then added slowly with stirring. After reaction for 45 min at 20,

the presence of a helium carrier gas, means that it is now the fructose was quantitatively degraded to formaldehydea(@d G)

possible to routinely measure compound-speéfi@bundances ~ and formic acid (G to G). A total of 5 mL of a 35% w/v ammonia

in organic molecules after chromatographic separation. solution was added to the reaction mixture. Afieh at 20°C, the

In this stud . tioated the chemical t f i f reaction of formaldehyde with ammonia produced the 6:4 tricyclic
n this study, we investigate € chemical transtormation o complex hexamethylenetetramine. The reaction mixture was filtered

fructose, present in 100 authentic apple juice samples, into tyrough a Whatman GF/F filter using vacuum filtration equipment and

hexamethylenetetramine which retains position-speti@cand rotary evaporated to dryness. The hexamethylenetetramine was extracted
2H isotopic information from the carbon and nonexchangeable from the reaction residue by shaking with>3 10 mL portions of
hydrogen atoms in the parent sugar. Th#'H and 3C/*2C chloroform. The three chloroform extracts were combined and rotary

ratios of the hexamethylenetetramine were determined by GC evaporated to recover the hexamethylenetetramine, which was dissolved
Py—IRMS and GC-—combustion—IRMS, respectively. This in a chloroform solution containing-hexadecane internal standard (2.5
method enables the addition of commercial sugar syrups to appleMd/mL) to give a concentration of hexamethylenetetramine of 10 mg/
juice to be reliably detected. mL. This solution was used for isotopic analysis.

Hydrogen Isotope Analysis of HexamethylenetetramineThe
separation of the hexamethylenetetramine from the chloroform solvent
MATERIALS AND METHODS andn-hexadecane internal standard was achieved using a HP5890, series

Chenmicals and Isotopic Reference MaterialsHexamethylenetet- |l gas chromatograph (Hewlett-Packard, Palo Alto, CA). The GC was
ramine standard material (99.5% purity), fructose standard material fitted with a SGE BPX5 wide-bore capillary column (25 m 0.53
(99.5% purity), andh-hexadecane (C16) (99.5% purity) were obtained mm i.d.) of fused silica coated with 95% dimethyi% diphenyl
from the Sigma-Aldrich Chemical Co. Thehexadecane was used as  Polysiloxane (film thickness 0.km). Helium was used as a carrier
an isotopic reference and was calibrated1%. analysis by elemental ~ gas and injection was in splitless mode, to avoid isotopomer discrimina-
analyzer-pyrolysis—IRMS (16) andd3C%. analysis by EA-combus- tion in the injector. The split valve was closed for 0.75 min following
tion—IRMS, against NBS22 mineral oil. The NBS22 was obtained from injection, and then purged at 100 mL/min. Injection was via an
the International Atomic Energy Agency, Vienna, Austria. The NBS22 automatic sampler (Eurovector, Milan, Italy). The GC oven was

had an assigned?H%. value of —118.5 4+ 2.8%o versus Vienna- temperature programmed to obtain optimum resolution between the
Standard Mean Ocean Water (V-SMOW) and an assigi#bo value hexamethylenetetramine aneéhexadecane internal standard.
of —29.7+ 0.2%. versus Pee Dee Belemnite (PDB). The GC column effluent was passed into the pyrolysis interface

Authentic Apple Juice Samples.Samples were obtained from a  coupled to the IRMS (PDZ-Europa, Crewe, UK). The pyrolysis interface
wide range of geographical locations including the major apple juice and mass spectrometer have previously been described in détail (
producing countries (Germany, England, United States, New Zealand, 18). The manufacturer’'s proprietary software (PDZ-Europa, Orchid
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Postprocessor) was used for peak identification, ratio calculation, and (SD 0.5%o). These data clearly demonstrated that any isotope
Hs* correction. The hydrogen isotope ratios of hexamethylenetetramine effects associated with the periodate degradation of fructose and
were calculated with reference to the assigned value af-thexadecane formation of hexamethylenetetramine were sufficiently well
(C16) internal standard and reported in %o relative to the V-SMOW controlled to obtain repeatabli?H%o and 613C%. results. In
standard. ) . addition, thed?H%o SD was of the same order of magnitude as

Carbon Isotope Analysis of HexamethylenetetramineThe separa- previously reported for repeat analysis of sucrose as its nitro-
tion and carbon isotopic analysis of the hexamethylenetetramine andderivative using off-line preparation . The long-term preci-

n-hexadecane internal standard were carried out with & &@@bus- . ; h .
tion—IRMS (GC—C—IRMS) continuous-flow system consisting of a Sion Of the periodate degradation was also monitored to ensure

HP5890, series Il gas chromatograph fitted with a SGE BPX5 capillary that it remained under control. Hexamethylenetetramine was
column (0.32 mm i.dx 25 m length) of fused silica coated with 95%  produced from the fructose standard with each batch of authentic

dimethyl—5% diphenyl polysiloxane (film thickness Quin); a GC- apple juice samples over a two-and-a-half-month period. The
combustion interface Il and a delta S IRMS (Finnigan MAT, Bremen, meand?H%. andd13C%. values of 33 hexamethylenetetramine
FRG). The carbon isotope ratios of hexamethylenetetramine were samples prepared from the fructose standard-#28&7.4%o. (SD
calculated with referen_ce to the _assigned value of the C16 internal 4.8%0) and—37.2%o (SD 0.7%o), respectively. As expected, the
standard and reported in % relative to the PDB standard. inter-batch results were less precise than those under repeat-
ability conditions. However the mean values-6237.4%o for
RESULTS AND DISCUSSION 0%H%o analysis and—37.2%o for 513C%. analysis agree well

The formation of hexamethylenetetramine requires a vigorous with those obtained from the initial repeatability studies for the

oxidative cleavage of the fructose molecul®), Many (bio)- fructose standard material 6f238.8%. and—37.2%. respec-
chemical reactions have associated kinetic isotope effects whicht'vely' . . )

lead to a fractionation of the isotopomers of the reaction product, _Effect of the Semipreparative Isolation of Sugars on the

if the conversion is not quantitative@). However, this does ~ 9°H% Measurement Precision. High performance liquid

not necessarily preclude isotopic analysis of the reaction productchromatography can produce fractionation effects if the recovery
if the reaction proceeds in a controlled and repeatable manner,0f the analyte is not quantitative. By analyzing hexamethyl-
or the isotope effect is negligible. Furthermore, physical enetetramine samples produced from the fructose standard before
processes such as distillation and chromatography can alsc@nd after being subjected to the semipreparative chromatographic
produce fractionation effects if they are not quantitative. Process, it was possible to establish whether significant frac-
Chromatography produces a separation of the isotopomers of dionation was occurring during automated fraction collection.
given compound that results in the relative depletion of the “tail” The mean value for six samples without chromatography was
of a chromatographic pealk2]). To establish whether the —232.2%. (SD 2.3%.). The mean value for six samples after
hexamethylenetetramine preparation and analysis were proceedchromatography was-234.2%. (SD 3.6%.). The difference

ing in a controlled and repeatable manner, the following between the two mean values was within the limits of
validation experiments were performed to optimize method €xperimental error. These experiments demonstrated that there

conditions and determine the limits of repeatability of the was no significant fractionation introduced by the chromato-
method. graphic separation of the fructose prior to conversion to

Precision of the GC=IRMS 82H%o and d13C%. Measure- hexamethylenetetramine. In addition, the introduction of the

ments. The first experiment was designed to establish whether chromatographic step did not significantly affect the overall
the GC separation, pyrolysis, and subsequent MS measuremenf?”H% measurement precision.
could be performed in a repeatable manner. A solution of Effect of the Entire Procedure on thed?H%o. and 6*3C%o
hexamethylenetetramine was prepared using chloroform con-Measurement Precision of Apple JuiceReplicate preparations
taining C16 internal standard. It was analyzed by-&%— of hexamethylenetetramine were made from subsamples of an
IRMS to determine the “internal precision” of thé?H%o apple juice in-house reference material prepared from bulked
measurement. The standard hexamethylenetetramine solutiorretail apple juice. These experiments were conducted to establish
was analyzed five times and had a mean value @.4%. (SD the short-term?H%. and d13C%. measurement precision for a
2.4%0). The hexamethylenetetramine solution was also analyzed‘real” apple juice sample and to monitor the long-term measure-
five times by GC-C—IRMS to determine the repeatability of ment stability of the entire procedure. The mean value of five
013C%o measurements. A me@h3C%. value of—47.3%. with hexamethylenetetramine samples, prepared from apple juice
a SD of 0.2%. was obtained. These data demonstrated that bothunder repeatability conditions, was192.4%. (SD 2.7%.) for
the GC—Py—IRMS and GC—C—IRMS systems achieved ac- 62H%o. analysis and-36.9%o (SD 0.9%o) ford13C%. analysis.
ceptable precision for repeat measurement of a standard hexThe short-term repeatability of the reference material showed
amethylenetetramine solution. In particular, the precision of the good precision, and the SDs were comparable to those obtained
hydrogen isotope measurement compared favorably with otherfor 62H%. andd13C%. measurements of hexamethylenetetramine
reported values ofH GC—Py—IRMS measurement precision prepared from standard fructose. The ion-exchange step, to
at natural abundance levels (22) remove the fruit acids, therefore had a negligible effect on the
Effect of the Periodate Degradation Reaction on thé?H%o overall °H%. andd'3C%. measurement precision. In addition,
and 8'3C%. Measurement Precision.The mean?H%o result there were no other significant “matrix effects” introduced by
for six preparations of hexamethylenetetramine from standard analyzing a “genuine” apple juice. The mean hexamethylene-
fructose was—238.8%. (SD 2.5%c). The inclusion of the tetramine 0°H%. and 0'3C%. results obtained from seven
degradation step did not lead to a significant increase in the subsequent preparations of the reference material prepared over
SD of hexamethylenetetramid@H%. measurements compared a two-and-a-half-month period werel90.0%0 (SD 5.7%.) and
to those obtained for a standard hexamethylenetetramine solution—36.6%o (SD 1.0%o), respectively. The mean values of the long-
under repeatability conditions (SD 2.4%o0). Similarly, the mean term analyses agree well with the values obtained from the initial
013C%o value determined from the same set of six hexameth- repeatability study of-192.4%. for 2H%. and —36.9% for
ylenetetramine samples prepared from fructose wag.2%o 013C%o. The long-term variability 062H%. measurements was
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Table 1. Summary of 62H%. and 013C%. Values of Hexamethylenetetramine Prepared from Authentic Apple Juices and Sugar Syrups

hexamethylenetetramine $?H%o hexamethylenetetramine 6*3C%o
country/ies of origin analysis (% V-SMOW) analysis (%. V-PDB)
of apple juice n mean SD max min n mean SD max min
England 25 -183.4 9.9 -167.9 -210.1 24 -33.9 29 -25.8 -37.8
Germany 23 -181.9 8.6 -159.6 -196.9 23 -34.8 2.8 -28.8 —-41.1
Ukraine 11 -195.7 153 -162.7 -215.3 11 -34.3 11 -31.8 -36.3
France, Italy, Belgium, and Austria 10 =175 8.2 -161.5 -189.2 10 -33.6 5.0 -27.8 -43.9
New Zealand and Australia 9 -171.9 6.1 -158.7 -179.7 9 -38.0 3.1 -31.8 —42.6
South Africa 8 -157.9 135 -143.9 -180.5 8 -37.0 37 -31.0 -41.9
United States and Canada 6 -199.9 7.8 -187 —209.6 6 -33.9 33 -27.8 -43.9
Brazil and Chile 3 -192.8 95 -186.6 —-203.8 3 -33.7 45 -29.2 -38.2
Czech Republic, Hungary, 5 -188.2 12.3 -167.1 -199.3 5 -33.2 3.4 -27.8 -36.0
and Poland
overall statistics 100 -182.0 143 -143.9 -215.3 99 -34.6 36 -25.8 -43.9
for apple juice
beet medium invert 6 —258.1 41 -250.5 —261.7 6 -325 1.8 -30.9 -35.7
syrup (BMIS)
high fructose 3 —-49.4 5.8 —-44.0 -55.6 3 -16.3 2.1 -14.8 -18.7
corn syrup (HFCS)

3.3%0 higher than the repeatability study; however, this vari- the Western European countries. Juice from Eastern European
ability was less than two times the standard deviatio&2bf%o apples produced in the Ukraine, Poland, Hungary, and the Czech
repeatability measurements and so was deemed to be acceptabl®epublic had similar values, tending toward the minimum
Exchange of Carbon-Bound Hydrogen during Synthesis ~ observed, at about200%.. The results for North and South
of Hexamethylenetetramine.Due to the aggressive reaction America were also similar. These values were depleted in
conditions used to prepare hexamethylenetetramine from fruc- deuterium in comparison to the Western European apples. This
tose, the possibility of exchange between the carbon-boundhas previously been observed for apples from the Washington
hydrogen and the water in the reaction medium was considered state area of the United States (unpublished data) and is thought
A sample of hexamethylenetetramine was prepared from theto be due to irrigation with depleted water from the Cascade
fructose standard using groundwater withd#H%. value of mountain range. Although hydrogen atoms from the juice water
—44.3%0 and a second sample of hexamethylenetetramine wasare not incorporated into hexamethylenetetramine, the depleted
prepared from the fructose standard using deuterium enrichedirrigation water remains the starting point for leaf water, and
water with a calculated?H%o value of 31000%.. The mean  subsequent evapo-transpiration, before inclusion in sugars during
02H%o results obtained for the groundwater prepared sample photosynthesis. South African samples had the high#4%o
and deuterium enriched water prepared sample w&&8.8%o values. These ranged between approximatefi40%. and
and—235.6%o, respectively. The final results differ by 3.2%., a —160%.. These samples were enriched with deuterium in
difference less than two times the standard deviatiodPbiPéo comparison to the Western European apples. This is due to the
repeatability measurements. Therefore, no significant difference warmer, dryer climate, which increases the rate of evapo-
is seen between the two samples, and no enrichment in thetranspiration and thus enrichment of the leaf water in deuterium
hexamethylenetetramine has occurred during the synthesis dugorior to inclusion into plant carbohydrate.
to exchange of hydrogen with deuterium in the reaction medium.  Generally, thed?H%o. values for hexamethylenetetramine,
0°H%. and 6%3C%. Values of Hexamethylenetetramine derived from apple juice sugars, were very different from those

Derived from Authentic Apple Juice. The 62H%o and63C%o published for the nitrate esters of apple sugars. The overall mean
values of the hexamethylenetetramine prepared from the fructosehexamethylenetetramin®H%. value was—182%. compared
of 100 authentic apple juices are summarizedrable 1. In to —69%o. obtained from the analyses of 15 nitro-sugar deriva-

addition, Table 1 contains the data obtained from commercial tives produced from different apple juice44]. A similar
sugar syrups derived from beet and cane sucrose. The applebservation was made previously (15) and may be explained
juice 6?H%0 ando*3C%. results are grouped by country of origin  in terms of the different carbon-bound hydrogens being mea-
and include the “individual country” and “all countries”; mean, sured in the two types of derivative. All of the nonexchangeable
SD, maximum and minimum values. Each country exhibited a hydrogen atoms in a sugar molecule contribute to the D/H ratio
different range ofd?H%. values as expected, due to the of the corresponding nitrate ester. However, periodic acid
“geographical influence” on the D/H ratio of agricultural cleaves the diol functions of sugars, to produce formic acid and
products. As a result, there was a correlation between the latitudeformaldehyde. One mole of periodate is consumed for each pair
of European, New Zealand, Australian, and South African of adjacent hydroxyl groups. For fructose, there are two possible
growing locations and the D/H ratio of the apple juices. A pathways. When fructose is in aqueous solution, it equilibrates
general increase in the D/H ratio was observed with decreasingto both pyranose and furanose forms. The predominant confir-
latitude of the country of origin. This confirms similar observa- mation,p-fructopyranose (60%), yields one mole of formalde-
tions made previously on the nitrate esters of orange juice sugarshyde and four moles of formic acid and the other conformation,
(23). p-fructofuranose (40%), gives two moles of formaldehyde and
Juice from apples cultivated in Western European countries three moles of formic acid2d). The D/H ratio of hexameth-
exhibited similard2H%o and were located in the middle of the ylenetetramine therefore relates to a mixture of the carbon-bound
overall spread of results at approximatett80%o.. Australian hydrogens attached to the C1 positionoefructopyranose or
and New Zealand apple juices possessed simifebéo values C1 and C6 ob-fructofuranose. Through the validation experi-
that were relatively enriched, at aboul70%., compared with ments described above, the fructose equilibrium has been shown
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OH - samples was-34.6%. (SD 3.6%). The¥'3C%. values of 40
4 HCOOH  {C; to Cs, formic acid} . . .
g 2 co, (Ca, carbon dioxide) American apple juices have previously been reported I
5 QOZ ™ CH,0H 5H5l06 H,CO (Cs. formaldahycle) this c'ase, the mean vqlue obtaingd wa:SS.A%?o. (SD 1:2%0).
e oH ’ As_ with the hydrogen isotope ratios, a S|gn|f|cant d|ffer.ence
) NH; exists between the results from the two different techniques.
D-fructopyranose (60%) The data reported by Doner were obtained from the total organic
(CHa)oNs carbon present in the apple, which is predominantly sugars. As
examethylene- 3 A
T tetramine mentioned above, th&'3C%. value of hexamethylenetetramine
mutarotation relates specifically to the £and G positions of apple juice
NH5 fructose only. It has been reported that a depletion of about
l five d-units exists at the £position of glucose arising from
HOCH, _o OH sHio,  2HCO  (Ciand Co, formaldehyde) isotope effects during carbohydrate biosynthed&s).( It is
o HOS — oo, (Ca. carbon dioxide) therefore reasonable to expect differéfC%o results from bulk
H ;‘/—\C{S CH,OH 3HCOOH  (Cs to Cs, formic acid) and position-specific isotope analysis.

Ho H Detection of Sugar Syrup Addition to Apple Juice.
D-fructofuranose (40%) Significant differences in thé?H%. values of hexamethylene-
Figure 1. Schematic representation of the periodate degradation of tetramine synthesized from beet medium invert syrup and apple
fructose — the periodioc acid cleaves the diol functions of sugars, to fructose exist. The difference between the observed values for
produce formic acid and formaldehyde. One mole of periodate is required beet medium invert syrup and the minimum apple juice values,
for each pair of adjacent hydroxyl groups. In aqueous solution, fructose from the different geographical locations, ranged from 40 and
equilibrates to both pyranose and furanose forms. The predominant 70 %o. Of the 17 countries considered, the smallest differences
confirmation p-fructopyranose yields one mole of formaldehyde and four were associated with the Ukranian, Canadian, American, and
moles of formic acid, and the other conformation, p-fructofuranose, gives South American samples, as these populations contained apple

two moles of formaldehyde and three moles of formic acid. The 2H juices with the lowesb2H%o values. This compares favorably
abundance of hexamethylenetetramine relates to a mixture of the carbon- with the previously reported difference between apple and beet
bound hydrogens attached to the C; and Cg positions of fructose only. sugar nitro-ester derivatives of about 50%é). As expected,

the average carbon isotope ratios of the hexamethylenetetramine
derived from high fructose corn syrup were relatively enriched
compared to those from the apple juice, by approximately 18%o.

A “controlled adulteration” of apple juice with beet medium

to be sufficiently repeatable, under the specified reaction
conditions, to obtain precisé?H%. and 61°C%. data. Conse-
quently, hexamethylenetetramine only contains between two and

four of the seven available carbon-bound hydrogens present in, ,
fructose. Due to the nonstatistical distribution of isotopes in invert syrup (BMIS) was performed to confirm that théH%o

natural products the difference #7H%o values can therefore values varied linearly with increasing concentrations of BMIS.

be explainedZ5). A schematic representation of the degradation Nin€ calibration solutions were produced using the apple juice
of fructose to formaldehyde and subsequent conversion to reference material and a diluted BMIS solution of the same Brix

hexamethylenetetramine is shownFigure 1. value. The solutions were prepared as % w/w of total sugars
The d13C value of the hexamethylenetetramine results ranged Present, equivalent to 0, 5, 25, 40, 65, 80, 90, 95, and 100%
between—25.8%. and—43.9%.. The apple juice samples from BMIS. The fructose was isolated, converted to hexamethylene-
South Africa, New Zealand, and Australia were relatively tetramine, and th@2H%. value was measured by G®y—
depleted int3C compared to the remaining samples. This may IRMS. The 6?°H%. values corresponding to the calibration
be a result of local climatic or altitude effects despite the fact solutions were—192.5, —191.4, —202.9, —210.0, —222.5,
that G plants tend to possess a narrow range of carbon isotope—244.7, —251.3, —254.6, and—250.5%o, respectively. The
ratios. The mea13C%o. value obtained for all the apple juice sensitivity of the method was calculated as the rate of change
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Figure 2. X-Y scatter plot of hexamethylenetetramine 2H% and 013C%. data from authentic apple juice and commercial sugar syrups. The 99.9%
confidence limit of the apple juice data is shown as an ellipse described by the equation in the text.
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in the 2H%. value with increasing BMIS concentration and (8) Martin, G. J.; Martin, M. L. The site-specific natural isotope

was found to be-0.66%. per unit BMIS (%w/w) added. fractionation-NMR method applied to the study of wines. In
To quantify the discrimination between the apple juices and Modern Methods in Plant Analysikinskens, H. F., Jackson J.

the two types of sugar syrup investigated, the following formula F., Eds.; Springer-Verlag: Berlin, 1988; Vol 6, 258—266.

was derived describing the 99.9% confidence ellipse around the (%) Martin, M. L., Martin, G. J.; Guillou, C. A site-specific and
multielement isotopic approach to origin inference of sugars in

authentic apple juicé?H%. and 613C%. data points. foods and beverageslikro Acta 1991, 2, 8191,
2 2 13 2 (10) Martin, G. J. SNIF-NMR, a new method to detect added beet
0"H%o + 182'0%‘1 + [6 C%o + 34'6%'1 <9 sugar to fruit juices and characterize their authentidiguit
14.3%o 3.6%o Process1992,8, 123—128.

. . - . L (11) Remaud, R.; Denon, A. A.; Martin, Y.-L.; Martin, G. G.; Martin,
This approach to defining the Ilmlts of authenFIC fruit juice G. J. 1997, Authentication of bitter almond oil and cinnamon
samples has been employed previoudl§) (Assuming that the oil: Application of the SNIF-NMR method to benzaldehyde.
entire apple juice population follows a normal distribution, then Agric Food Chem1997,45, 4042—4048.
authentic samples should generate a vakued from this (12) Dunbar, J.; Schmidt, H.-L. Measurement of th#H ratios of
equation.Figure 2 shows an X—Y scatter plot generated from the carbon bound hydrogen-atoms in sug@ressenius’ J. Anal.

the 100 authentic apple juice and sugar syrup data points. The Chem.1984,317, 853—-857.

99.9% confidence ellipse is also shown. Theoretically, only one (13) Doner, L.; Ajie, H.; Sternberg, L. Detecting sugar-beet syrups
in 1000 authentic apple juices will lie outside the ellipse. in orange juice by D/H an#O/°O analysis of sucrose. Agric.
However, the sensitivity of the method for detecting adulteration Food Chem1987,35, 610—612.

ultimatelv depends on the difference in deuterium content of (14) Rossmann, A.; Rieth, W.; Schmidt, H.-L. Possibilities and results
y dep of the combination of hydrogen and carbon stable isotope ratio

apple and beet and is more pronounced for Western European determination with results of conventional analyses (RSK-values)
and South African samples. This in effect increases the for the proof of sugar addition to fruit juice&. Lebensm. Unters.
sensitivity of the technique for detecting the presence of beet Forsch.1990,191, 259—264.

sugar in these products. In its current stage of development, (15) Krueger, D. Detection of added sugar to fruit juices using carbon
the methodology offers an alternative and reliable means of and hydrogen stable isotope analysis. Niethods to Detect
detecting adulteration of apple juice with commercial beet and Adulteration of Fruit Juice Beerages; Nagy, S., Wade, R., Eds.;
cane sugar syrups. To further improve the detection of the AGScience, Inc: Auburndale, Florida, 1995; pp 41—51.

¢ (16) Kelly, S. D.; Parker, I.; Sharman, M.; Dennis, M. On-line
quantitative determination 8H/*H isotope ratios in organic and
water samples using an elemental analyser coupled to an isotope

quantity of added sugar an internal, or intermolecular, isotopi
reference may be used to improve the sensitivity of the

technique. This potenthl improvement in the met.hodology is ratio mass spectrometer. Mass Spectroni998 33, 735-738.

analogoqs to that ysed in the det'ectlon Qfsﬁ?gars in honey, (17) Begley, I. S.; Scrimgeour, C. M.; High precisiofH and$1f0

by exploiting the internal isotopic correlations between the measurement for water and volatile organic compounds by

01C%o value of the honey protein and sugab$. ( continuous flow pyrolysis isotope ratio mass spectromenal.
Chem.1997,69, 1530—1535.
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