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mg ¥ TR - 7B FHw7e.
mp, BB X OREHAROMEIE, LERERE Q0mL AR 7T A3) T3 EHA -
FERy F— (R VFENRY b Xstream (T v <Y FLV78), 10 mL (PSS £ 04%), 1~5mL
(D& £ 05%)) &7z,

3. gNMR HIFRH#EHR RS
1,4-BTMSB-d, 1.1055 mg % &2 & D ELY, acetonitrile-d; 20 mL IZEA L, Z D% gNMR H
ME#EE (1,4-BTMSB-d, i BL{E = 55.275 pg/mL) & L 7-.

4, gNMR 2 X BEFEFMIC b L= 7V BRI E
BERMPICHE U e, v A4 2 b F Y IR S 6 B (DON, 3-Ac-DON_A, 3-Ac-DON_B,
15-Ac-DON_B, NIV, T-2) % ZNZFNK 1~2mg EHITE DY, FOFEL 72 gNMR HEREER 1.0
mL [ L7z, B, 15-Ac-DON_A i, [100.0 pg/mL 10.0 mL in Methanol ] & %30 & fL7-BRHER
WVERAOREL LTHBEEINT V2720, THIZOWTIEBELHEZT) 28k <, (NMRH
HEHEH 1.0 mL TYAM L 1.0 mg/mL (B L7z, K 0.6 mL % NMR REE (5 mm ¢ x 200 mm,
S-type, FIYEHIZE THEMASHE) CHALZ 02 BERE L, ZORARET Table 1 IZR T
LMD gNMR 12 L, 78 &7z Free Induction Decay (FID) 857 — % ZEEWTY 7 b7 =
7 Alice2 for gNMR (H A T4kl (B @ #kaU&tt JEOL RESONANCE) ) IZHA L CHEL
Bl $&bb, ZOV7IYx7 BT, gNMR 77— 5% 7 — Y T4 B LU HBAHREZ 1T
v, L4-BTMSB-d; B L URE ¥ 7 F VoG HMRES etk 7oA L7z 1L4-BTMSB-d, B
LU A T b E Y Y OEOAYIERS & E BRI R 1T\, 14-BTMSB-d, ® 3 7 Vi T
T, AT bF Y VICHRTAFNENOEE Y 7 VoM, 5T8, BE fFekoso
MEEER (@) ITRAL, AT MNFTUOERME ME®) 2HB L.
1,/H, M, W,
P e Homms Mo oy 7058 (@)
72751, Wermss W = LA-BTMSB-d, BL <4 I bF ¥V DEE (ng/ml), Manss My =
1,4-BTMSB-d, BL U"v 1 2 b F ¥ v D4 & (1,4-BTMSB-d,, DON, 3-Ac-DON, 15-Ac-DON, NIV

Table 1. Instruments and acquisition parameters

Spectrometer ECA600 (JEOL)

Probe 5 mm broadband autotune probe

BC decoupling Multi pulse decoupling with Phase and
Frequency switching (MPF-8)

Spectral width —5—15 ppm

Data points 64000

Auto filter on (8 times)

Flip angle 90°

Pulse delay 60 s

Scan times 8

Sample spin no spin

Probe temperature room temperature

Sample solvent acetonitrile-ds

gNMR reference material ~ 1,4-BTMSB-d,
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B X O T2 N Z 11 226.49832, 296.3157, 338.3524, 338.3524, 312.3151, 466.5214 ), Tymvss: =
1,4-BTMSB-d, BL <A 2 N F L VORBEREDO Y 7 F VIBEEME, Harmss, Ho= 1,4-BTMSB-d, B
UL bF TV OBEREDOTT N U, Parues P = 1,4-BTMSB-d, DFEE (99.8%w/iw) B L
A2 NFETUOOHE (%Bwiw).

BREIUEE

1. fBGRER G OME O T E

NMR (&, {LEYOEEREDLDOREN L EESTEDO—2THEH. INETTHOETH
PEIPNTBILFNERRICL o THRB T2 EEESRELZ L, ABECHLIMOREFHEEDAY
YA VMBI EL DV ETORIEDLLZE, RAULBEOBETRELWEFTHMEEL LTEENIZE
2 -WENETHLZEZFAMHL TS, HiEsEHeE2BHICRENL QNMR T, HENS
CEWDODFREEICED 5T, "HNMR AXZ VRIS 7 bORZ2E& 72 by 7 FIVE
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Fig.1 Chemical structures of trichothecenes a~f : target functional groups to determine the purities using gNMR
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BAERBBEICBNTAZ EATRTH L. AEHERPIC 2 DOMLEMHRFICAFTEL, —HDLaWw
DRLE L BERH L2 THIL, BIEIRL V7 P VERL S BREFAREOLFABRER2S, 1)
FHOILEMOEERCHEZRD D ZERHERSL (X (a). ThbhH, QNMR I, HENSREF
—{tEMoEEFEEYE L LE LT, HOBEYEL FUBEE LTH L0 5HENRILEY
DERSWAREREREIETH D, STIC M L —F 7 V% —REEEIEED S b, — R SR )
HEOREL L LHOILEWE Z AV, TNEDBICBWTHNOILEWEOWERZ NS F
] OBKEFERBNICET S, /2, NMRIZEDFOLNHEMEITECEREZRL, HERER
DAFED S 1ZHER 1% LINAGER STy 5121580
ABFFETIE, ETRFMICHENG S iz 14-BIMSB-d, v, M) aFkryRvfabdd
v 57 (DON, 3-Ac-DON, 15-Ac-DON, NIV, T-2 (Fig. 1)) 7 B OMEDHE 247\, 1,4-BTMSB-d,
B EIBEEE L TEONIEDOSIND FL—F ) 7 1 ZHERLZ. Thbb, 1,4-BTMSB-4,
TAEEICFEE L, EIBE acetonitrile-d; 12 & U A L72 QqNMR BEEERIC TN ZNEM L, gNMR #l
EZITo72. gNMR AT MV EIZBIEE S N7 1,4-BTMSB-d \CHET BV 7 Vv a RS 79,
V4n%#yy%ﬂ%hrm%ﬁéﬁﬁm&yﬁ+w% EEMY 7 vEL, FHEE STE,
BRIV 7o b Y EBLUOBESEREERN @ KRAL, ThthofiErEH L7

ed

w T "b//f/// TRy ¥ T
Jraceasas: ‘b/ aiiEy = A
o (LT A w (T T R T LT
,,,,,,, Lt R RNl aaaeN
15-Ac-DON ///////// i /// 1S ACDON // / / / / /HV / /? / / ///
Vel L)

La Lo ) ffill /////
/

wweson (T TTT T T T8 IBInEBIES;
//////// ///// 3‘AC-D0N////// //f////////

, /’///M//////
”"N/ / /////,//1// !/// / f // / J/ / / /f / / / / / J;/

ppm 2.0 175

11111

ppm

1 NMR s f DON -Ac-DON, 13- - 1V and T-2 . .
) a speetra o ON, 3-Ac ’ Ac-DON, N Hn 3) Magnified region 1.45 - 2.05 ppm

o TTTTTTTT T ///// y f 7
//// ////// / _/L// / / //z //// 1177 ////g//////
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2) Magnified region 5.0 ~ 6.5 ppm 4} Magnifiedm:‘;gionojo - 1.7 ppm0

Fig. 2 gNMR spectra of commercial reagent products of trichothecenes 1,4 -BTMSB-d, was used as a reference material for
gNMR analysis. gNMR spectra of 3-Ac-DON and 15-Ac-DON are measured from the commercial reagent product A,
respectively.
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Fig. 2121E, <4 I bF ¥ v 5ff (DON, 3-Ac-DON, 15-Ac-DON, NIV, T-2) DfLFEKAI 72 gNMR A X
7 MNVERLE, EREFROXA T bFT 0 L EREYE 14-BTMSB-d, \(CHET 5 ¥ 7 F IV sEiEE
SNTA, Y, WIERD S5 CIZEERBOAMWICHRT L EZELONENE R TF VY
0.79-5.10 ppm OFEFICL HBE SNz, 22T, Y/ MFVUVOEER Y 7V E LTH,
SERCAMP O Y 7 FVHBREN VI E, BREMVEE SN TSI 2 EHICEREN 10
ff (c), AMBICI6MD Mek (a,b), TEFLVEDMeE (de), SHDA VRV T VBT R
FIETD2oDMeds () T by FLOhhs 30D EOY I FUERIRL. T,
EROSTEE T, KERYEOBELRILEWICOWT, BAKLEE ORI EBOKS B 2T
R B LIFELWY, REROFTRMELMEE FEEZEKIWOER:L LTHELTYS
ORBRZEEZEZONE. ZOZ b, NIV OMEIZEKY (anhydrate) & L CTEH L7,
ZOFER, DONA$88.1% (RSD 1.9%), 3-Ac-DON A 28 89.8% (RSD 1.1%), 3-Ac-DON B 2%
93.5% (RSD 1.1%), 15-Ac-DON_A 7589.5% (RSD 2.0%), 15-Ac-DON B 7590.2% (RSD 1.3%),
NIV %¥82.9% (RSD 0.6%) (KM E LT), T-22598.7% (RSD 1.4%) OMEMER 5 % 72 (Table 2).
DON B X U 15-Ac-DON A IZ2WTid, KEE L 7T UL/ LNIZHEHED RSD 23 2% & &
TRECHEESIN 0D, BRY 7T VIIRFMERD Y 7 FIVHEL - T B IR TRE
ANz, X oT, DONB XU 15-Ac-DON A IZ2WTIE, TRTCOEEY 7 F A0 RDFY
MAMEEE ST, RBOAWEELZL VWY ZF IV (FRFNaB L) 2HV-HMEMEE
AT RETHY, DON B LU 15-Ac-DON_A OFLEMEL, ZNEN 865, 7T.7%H L DHENS L
WeEZ b/ ’ '
WIZ, QNMR IZ& DS NA-FHEZIIC b L —H 7V ftiE & REHFORN BEE CE&RD
HPLC F 721 GC M E I & 2 FOoREME & kB L7z (Table 3). X — & — OMEFRE
PIFIFT100% THADITHH LT, gNMRIZK DRD HN-HEL, 82.9-987% &t BIC X o TKRE
BRI hh ol gNMRICE - TRSO7- T2 DAL, 98.7% (RSD 1.4%) & #R{E
99.5% (GC) &IFIZF UME% R L7245 DON, 3-Ac-DON, 15-Ac-DON, NIV OFEIZOW T, &K
AEL O 10% TR AEE S5 272, P ILTVRYA I MFT 55 (DON, 3-Ac-DON, 15-Ac-
DON, NIV, T-2) OWHAEHRZEIHEFIIEMTH 5720, BREZEL L TURATLILIEITE
oz, LL, INORRAMIVEERELZ-30THAUL, ERozZE, iy, HEETRE

Table 2. Sumumary of the determined purities of commercial reagent products by using gNMR

DON 3-Ac-DON 15-Ac-DON NIV T-2

Tareet sienl Chemical shift Purity Chemical shift Purity (%) Chemical shift Purity (%) Chemical shift Purity Chemical shift Purity
arget signa.

(ppm) (%) (ppm) A” BY (ppm) A” B {(ppm) (%) {(ppm) (%)

a 0.79 86.5 0.83 83.1 91.8 0.77 88.3 88.3 0.73 82.2 0.44 97.5

b 1.56 875 157 90.2 94.2 1.59 89.8 90.6 1.56 83.2 1.46 99.0

¢ 6.32 90.2 6.34 90.3 937 6.35 922 91.0 6.32 83.4 5.46 99.7

d — — 1.85 90.6 94.2 157 87.7 91.1 — — 1.67 98.4

e — — — - = e - — — - 180 1008

£ — — - — = — —_ = — — 0.68 96.8
Average (%) 83.1 89.8 935 89.5 90.2 82.9 98.7
RSD (%) 1.9 11 11 20 13 0.6 14

a) The purity was calculated as NIV anhydrate.
b) The capital A and B are the commercial reagent products, respectively.
¢) RSD: relative standard deviation
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DOEIZLY, Ty FPEEBEIAKE L, MEOHIMEISHE Table 3. Comparison between the purities deter-
WThHDEFEINLIEDD, ERIZHEBELTVS mined by gNMR and those described as

catalog specification of the commercial

TIRAERAFOMEMIZEREL DK, HEHVITH trichothecenes
mEEDFENBETERVEEZ OND. ERIZ, partey (%)
gNMR DIEHIZ L D B S RRBROMOILEY Compound
ORI O FHEA I b L —F 7 b R 1 - g?‘ giif;
— - = o s DON . X PL
O;:g’ig FRICERE L DEVERIRE ST 3-A.DON_A” 208 00.7(HPLC)
& 3-Ac-DON_B” 935 99.4”
15-Ac-DON_AY 89.5 —
2. QNMRICX BEEFWIZ L= 7N MERE 15-Ac-DON_B” 90.2 98.8"
DEZE NIV 82.9° 99.7(HPLC)
T-2 98.7 99.5(GC)

RSN TIE, HEORE, AR, €8HRE

BOAF, F— Y EFEI NS S IRED TN T OB a) :j(l; ;:t};ftis?e:gge}; ‘are the commercial reagent
BAELEMIIT ORI, JoNI BN {[‘é@{%‘ b) The values are based upon the results from several
TR CE v, BRI, S8 HEERICOWTIE, analytical techniques. ’
FOFEOBENEESHOENE L SN DFFERD ¢) The purity was calculated as NIV anhydrate.
SR ECHBRE 257209, MEREEIUEEC
BTSN ERHABERDOATF, oV, AFLAEERREMOMEOHILNERTH 5.
2L, A3 b3V VEHIZOWTER, FFEFNIOBRICER U o g HREROMEE - AF
DPHIRTEARTRERTH L. ZOLI2ERDIL, DONRKEIETHZITHAH L)L, TLETH
ECHIEICHEEEZ NS T 6 HENEE Lo 72720102, THRERGZ EERFERORH &
G5 ENR—HIELIN TS,

gNMR 12X B~ A 2 b F ¥ YEHOTRAERGOMEMEDORER LY, IS IS HHEAEER
DEBELBOMEMBZEMH, L ITME 100% & LTrux b7 7HI X DVIREREZER L,
ERIMZiTol2 %6, TOERDWIEIZEMBID 0.8-168% DRENELTVELE I LIZRAB.
DON ERIESF O N 2 REIE T, BONCEESVEIZENRWRITSH 5720, TOEEME
IR RS KO 5B, gNMR X, SO AR 2 RERE OGO % f#E12 B0 A#
2, WENRWE RO LEREENEEZZRT A I LTSI L= 7 VITEHICRO 5N 5
TEhh, SBREELY-VD1IDELELEELLND.

b

ﬂlg

DON #BEEZRELTH IS T b F Y VY HORREEESIVHIR SIS 7ux 574 —
i, B EEEAERT 57010 ENR EF—-OERHEERINETH L. BRI
HEOLK BESNEOEEEMMRIZE, EEHFEERORH L 22 TRAERFIIOVWTSI ML —
PINWGRMEORENPREETH L. AFREIZBVWT, gNMRIZE D<A 2 b F ¥ VHEOHIRRASE
57 (DON, 3-Ac-DON, 15-Ac-DON, N1V, T-2) 7 B OMERE 217 o 724558, T-2 AN RES
BOMBMHE O 10% BN EDHLEE o7z

WAB L CENERBOME, WA COERE - T, BREZEOEBLICHE:, BRAEES
HEICTOVRIERPEEL 2o TWD. 5%, MEXEDODON T T, MOBRESLER
Ho<Aa b3y VEOBBHEPRBBCEL TEERIN, TNOODHEEMRREIFICERE L%
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25N 5. DONREBZEBEKICHEIZ 2w, TEHAEEFOMEZIHT 5 FEICOWTIZEYD
AR, D EO ERR 2 B AR R T A 720108, QNMR 2 X 5 E 8§ o EH
ERSIND ML —HEY 74 OAEHNEGHREETHALEDND.

B B

AHFZEIE [MEREEERO D OWFEE ERMRSIC L 2RBEEEHILICLEREERE (F
) OEfiE oATICET AR5 12X o TITbNZ.
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1. FUSHIC

HBLSWOEEMTICE, EiZ, MAorEosa~
I EPHEISNTVED, BIENSYWEEICRELS
DEREFRELZ DS, EHREEHERELDIC
i, TRTOWESEWEIZOWTENE Fl—DEEYR
EFAFLTHEBREZERL, ThE22BRITH4LEFHLD
RESETbhv. —7, WENERWEE LY S 2ERIL
AW ERIZHENT AEmCH B, EBIL, ERSHTOS
FioBWTik, EREEEOREICHE Y, FRI8ELD
BRYEBERICHT AR T4 70 A MIEXSHITS N, H
PISHD 800 TSR o BB O I B L RIS & T
W5, Mz T, POPs¥, RoHS#54, REACH#HIZ &
BRI HBR E 2B baWFE LML TR Y, K
fEdH B VITHEFMEDSRE SN2 S ONEWEICDOWT
b, BICEHZRENRD SN T WA, HEMED L VITHE
HMEZ B2 2 BRBEREMEON L &, HEIHEBISh S
&, MHIIRELHEELEZ AEH»N TR, BEOS
0 =SV, AL o CTIIEBRMEICRET AT
FEEDBESN, EBEOREDCREL & 2 EEYEOM
BFEOBBEEOHREIED CTEEHINTE TS,

REBRBICBY TR, HOELREFROGSEE#HER
TAHIDI, REZOZYEMREZT TR, HENEY
BOMBEOWRE -5 A2BEE LTWaD, RENEY
BITKBIZHEMLRT 2> TEEYEOAFDH S LI
WL 720, RICRIER — 7 — WM % 8 Uit
BONEYEEEGHLVEIREL L TAFTERLELT
b, MERINSNTWREVWEBENEZNI LDV L VT

fGoTWwhaEEbNAE ZHIIHLT, REA-H—ITB
* S

D ES RS NR AR A AR AL F158-8501 K
WEMHASX EAE 1-18-1

2 $k R4 # JEOL RESONANCEY Y2 —Ya v - =754
Y TE: T196-8558 REANE BT REE 3-1-2

POAeAE TERR A RIEN R T350-1101 HEEIR
ih9%5 1633

Wi, INLOREICHhDbLEHEOERIIE L BN
, WHhOBHREBEERFOWAICBDTEY, &%, GC
RHPLCZ WM THEE SR CHESLEREZMNEST
ZHFEIZID I NOWHEEEROREAREL T TV 5.
L L%dS, ZOAETHS LEIR, RS &MY
DVARY AT 775 —DEBREOHBNP L, FHEFMIC
EHTHDHEEEZLVHEENLZVEW) HELHRLZ T
b, ZOX) RIS 57210, RARBRLRE
A—H =TT TR EERL ThEITLEIE(RLALE
BIZET S EEGIEOHAM R L EEEO S WMERES
FEENTE SN FEYR OB AT OBEL RORT
Twab.

B, BREECEVERET IMEEZ RO LI LM
TEBMPEY—NE LT, ZEENMR (quantitative
NMR (gNMR)) 25EHZE£DHBH T A, Rk, Th
FCOBRMTEL ZEBNICER MR ETE, £
72, HOWASHLZEOFEICHESICIICHTRETSH ), K
EEMETAILICL T, Bl LB BRI R
TELEHEIATVE VY, REETIE, BRSITICHEE
3% I B R IR o Ao el BE I B~ D gNMR D IS
BO7 EBREBAL% (International System of Units; SI)
ANDERB M- E YT 4 OBROEERLZRELT, 55
FRENDBERMRIZOVTHENT S,

2. qNMR DERE

NMRZ—#87%2 7 a< b 7S5 7EICHTHEMY 25
BHZUTNITHE - M CTERVEVIA XI=TUh b, K
AFOEESHEEL L COEBERLTAEI D TR R
MmEN, RLTEAEOFEVLOTIE AL o7 LaL,
W4E, NMRWELMB I UBIMEHEFEMICEREL T,
7u< NS 7EEREL ERoTMEELET 54 OW
ERNROBEYEF —PLEL L2 WEBEOEREMME
ELTogNMRAFFEE N, 22T, oNMRIZEBE
EOMOERN R FEHE L SWREELHRT 5 -000ES
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HaRT. MO E S HIUE, WENZWEOMESLEHRE % 5l

"H-NMR Z %7 bV EICiE, MENRobEE
Lo TBL b YT MIRBY VY FURBESNE S
&, ALEREEEBLTHET 2 REICHEET 2 HEOHK
BRECBUTCY TR ERT L, BEHE (H
) PEBTAHMOBICLEATAZ E R EDOERILE
WOSTHEEE R THRIEONS.

FA—5FRORZLBECH L HEIL, KBEERC
WU TERLZLIEEL 7 VERFODH L2 7V E LTH
WISz, (LFY 7 VPR RE200Y 7P VHIES
B2 LA 2B, FNFRD Y ZFIVOHRS,
&, T3 HEOMN, BWEREY, HEBO™-Em, 7
T2 M ESE P, B SVAS B, 55 %5 2 B OREE
W Ty, M0 RUBEZIT) BORBERME T, & Pt
M, TRENLZEIZHDE R (1))., ZTIC, BAFOI
WBRLZBYZFVERL, BRI HORE LT
B4, HNMRIZ—BIZIRBEESER LW L0 b
AT P VERSRT ABICEBOEE L CTREME (S
Nit) #mbEsgs. T4bb, @EO HNMROEE
121E, THE O BN, DB TR T & s T 12
BTH B, BEHT.ZHHE L THMRR Y
DORMEBMBEEHRCILICED, BBBESNO®EE
ERHLTEBE2BEICLANELREEZoTWE, 2O
o, HFROY S FVEES L HEOKN OMIZKE
BIBIBRIEE L Twhv, —F, NEWEOHRTED
BT XY +HEVCELRBT. CHETL &, MR
ERBIBYWDOTRTOYZF VIR LT1—e "=l D
FEMFmI-EN, FTFRNOY ZF VRS & THEO N,
DEICEE R WAIBRIRL LZBES RIS, &5
12, EEMERHER LT T FRORE 2% 7 b
FRTHBY — 7 OHKE LET 2 &R (2) ST S
COEE, VIFNVEMS & THEOBN,O LG AR,
B b 00FRICHETLY 7T VIO BEHT A 25T
5. ZOHA, BARBWEETNET B0 OV 2[R
BROBRRIEDICL LT —ELEZONLDT, 155
NAHEHSHTMENROSTOMEPL, S TEM, HEm
HEWET HILEWORIRFET AEICHHIL 7258 (3)
BHILT 5 (a,sid, TREFNNESEDE L MAPE
(MAZHEWE), 1, I3 FNEFNOWEDRL B Y — 7 &R
F). £oT, gNMRIZE 2EESHTIE (3) (T A
MEHINTNE Y,

1_2—’1’,/7},

m .
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ABSTRACT

An analytical method using solvent extraction and quantitative proton nuclear magnetic resonance
(qHNMR) spectroscopy was applied and validated for the absolute quantification of sorbic acid (SA) in
processed foods. The proposed method showed good linearity. The recoveries for samples spiked at the
maximum usage level specified for food in Japan and at 0.13 gkg~! (beverage: 0.013gkg~!) were larger
than 80%, whereas those for samples spiked at 0.063gkg~! (beverage: 0.0063 gkg~!) were between
56.9 and 83.5%. The limit of quantification was 0.063 gkg~! for foods (and 0.0063 gkg~' for beverages
containing Lactobacillus species). Analysis of the SA content of commercial processed foods revealed
quantities equal to or greater than those measured using conventional steam-distillation extraction and
high-performance liquid chromatography quantification. The proposed method was rapid, simple, accu-
rate, and precise, and provided International System of Units traceability without the need for authentic
analyte standards. It could therefore be used as an alternative to the quantification of SA in processed
foods using conventional method.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Sorbic acid (SA) and its potassium and calcium salts are exten-
sively used as food preservatives to prevent the alteration of foods
by microorganisms, as they inhibit the growth of fungi, yeasts,
molds, and bacteria [1-3]. The toxicology of these compounds has
been studied and they are classified as generally recognized as safe
in the US [4]. For these reasons, they have been the leading preser-
vatives in the global food sector over the past 30 years [5-7]. The
acceptable daily intake value for SA and sorbate salts is 25 mgkg™!
body weight, accessed by the Joint US Food and Agriculture Orga-
nization/World Health Organization Expert Committee on Food
Additives [8]. The Codex Committee has set maximum usage lev-
els of these preservatives for specific foods, and many countries
regulate them according to specific legislation. However, a reliable
analytical method is required to determine their levels in processed
foods and to ensure that they remain within permitted ranges.

Several analytical methods, including high-performance liquid
chromatography (HPLC) [9-13], gas chromatography [1,14-16],
thin-layer chromatography [17], and capillary electrophoresis
[18,19], have been developed for the determination of SA in various
processed foods. These methods require complicated and time-
consuming pre-treatments to extract and/or clean-up SA from

* Corresponding author. Tel.: +81 3 3700 9403; fax: +81 3 3700 9403.
E-mail address: ohtsuki@nihs.go.jp (T. Ohtsuki).

0003-2670/$ ~ see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.aca.2012.04.033

processed foods, such as steam distillation [9,10,18], liquid extrac-
tion {12,16,17], solid-phase extraction [11,13,15,19], headspace
solid-phase micro extraction {14], and headspace liquid-phase
micro extraction [1]. In addition, for accurate relative quantifica-
tion, the methods require the use of an authentic standard, such
as a certified reference material (CRM), which might be difficult to
obtain and can be of questionable accuracy.

Quantitative nuclear magnetic resonance (QNMR) spectroscopy
can analyze the absolute concentration of a substance without the
need to use a reference material to quantify the analyte itself [20].
This method has additional advantages in terms of simple sam-
ple preparation, reduced sample consumption, rapid measurement,
provisional qualification data, involved structural information,
and non-destructive analysis [21-23]. Quantitative proton NMR
(gqHNMR) is the most commonly used approach because of its high
sensitivity and the widespread presence of this hydrogen isotope
in organic molecules, although most other NMR active nuclei can
also be employed.

In gHNMR, the concentration of the analyte is obtained using
the ratio between the area of a specific signal of the analyte and
that of an accurate internal standard (IS). The intensities of a given
NMR resonance are directly proportional to the molar concentra-
tions of the analyte and the IS, respectively. gHNMR development
has recently been accelerated because of substantial increases in
the sensitivity of high-field NMR spectrometers, and the establish-
ment of accurate and precise data-processing and data-evaluation
methods [21]. gHNMR has consequently been used to study the
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quantities of crude samples such as metabolites in urine or serum
[24,25], naturally occurring compounds in medicinal plants [26,27],
and organic compounds in pharmaceutical samples [28]. These
studies have also used gHNMR to analyze beverages, including
the quantification of organic and amino acids in beer [29], (-)-
epicatechin [30] and formic acid in apple cider [31], malic and citric
acids in fruit juices [32], methanol in a traditional Cypriot spirit {33],
and organic compounds in vinegars [34] and wine [35].

In 2009, Saito et al. reported that using an International System
of Units (SI)-traceable reference material as an IS could improve the
measurement accuracy of gHNMR [20]. Accordingly, we proposed
that gHNMR and an SI-traceable reference material could be used to
determine the absolute content of quercetin in tartary buckwheat
noodle [36]. However, there have been no reports for application
of gHNMR with Sl-traceability in processed foods such as cheese,
sausage, jam, and miso paste.

In this study, we demonstrated about application and valida-
tion of the absolute quantification method of SA in processed foods
using solvent extraction and qHNMR. We also demonstrated that
the proposed method was simple, rapid, selective, accurate, and
precise compared with conventional method using steam distilla-
tion and HPLC.

2. Materials and methods
2.1. Processed food samples

Eleven processed foods without SA (cheese, fish paste, sausage,
dried cuttlefish, syrup, vegetables pickled in soybean sauce, jam,
miso paste, noodle soup, ketchup, and a beverage containing Lac-
tobacillus species) and six processed foods with SA (cheese, fish
paste, sausage, dried cuttlefish, syrup, and jam) were purchased at
markets in Tokyo, Japan.

2.2. Chemicals and reagents

All reagents were purchased from Kanto Chemical Co., Inc.
(Tokyo, Japan), were of HPLC or analytical grade, and were used
without further purification. SA standard and dimethyl sulfoxide
(DMSO)-dg were purchased from Kanto Chemical Co. Inc. 2-
Dimethyl-2-silapentane-5-sulfonate-dg sodium salt (DSS-dg) was
obtained from ISOTEC (Miamisburg, OH). Diethyl phthalate (DEP)
(NMI] CRM 4022-b, purity: 99.74 +0.09%), which was the CRM
standard, was purchased from the National Institute of Advanced
Industrial Science and Technology (Tsukuba, Japan).

2.3. Instruments

The qHNMR spectrum was recorded on JEOL JNM ECA 600
spectrometer (JEOL Ltd., Tokyo, Japan). HPLC was performed on a
Shimadzu HPLC system (LC-10A) equipped with an SPD-M10Avp
diode array detector (Shimazu Corporation, Kyoto, Japan).

2.4. Sample preparation and extraction

2.4.1. Solvent extraction

The solid samples (cheese, fish paste, sausage, and dried cut-
tlefish) were cut into small pieces before weighing. With the
exception of the beverage containing Lactobacillus species, 5g of
each food was accurately weighed in glass centrifuge tubes, Satu-
rated sodium chloride solution (20 mL), 10% sulfuric acid solution
(10mL), and diethyl ether (20 mL) were added, and the tubes were
subjected to high-speed homogenization for approximately 1 min.
The homogenate was centrifuged at 1500 x g for 5min, and the
upper layer was transferred into a clean flask. The residue was
homogenized with 20 mL diethyl ether and centrifuged at 1500 x g

for 5min. The upper-layer solution was again transferred into a
clean flask, and then dried for 2 min to yield the extract for gHNMR
analysis.

For cheese and sausage samples, 10 mL methanol was added to
the extract to remove oil components. Subsequently, the methanol
layer was evaporated to obtain the defatted extract for gHNMR
analysis.

For the beverage containing Lactobacillus species, the quantities
were modified as follows: 50 g of sample, 40 mL of saturated sodium
chloride solution, 10 mL of 10% sulfuric acid solution, and 40 mL of
diethyl ether.

2.4.2. Steam distillation

A5 gsample was weighed into a 1 Ldistillation flask,and 100 mL
ultrapure water, 10 mL of 15% (w/v) tartaric acid solution and 60 g
sodium chloride were added. The mixture was distilled at a flow
rate of 10 mL min~'. When the volume in the flask reached approx-
imately 490 mL, the distillate was transferred to a volumetric flask,
and adjusted to 500 mL by adding ultra-pure water. The final solu-
tion was filtered with a 0.45 wm syringe filter and used for HPLC
analysis.

2.5. gHNMR analysis

2.5.1. Preparation of stock solution and determination of DSS-dg
concentration

DSS-dg (16.92 mg) was dissolved in 100 g DMSO-dg as the stock
solution. The concentration of DSS-dg in the stock solution was
accurately determined by gHNMR analysis using DEP as the CRM
standard. DEP (10mg) was accurately weighed and dissolved in
1 g stock solution. Approximately 600 p.L of the solution was then
introduced into an NMR tube with a 5 mm outer diameter (Kanto
Chemical Co., Inc.) and subjected to qHNMR analysis, which enables
to measure, automatically. The DSS-dg concentration in the stock
solution was calculated using the ratio of the signal integral at 6 0
(DSS-dg) to that at 8y 4.29 (DEP). The concentration of DSS-dg was
0.1560 mg g~ according to the following equation (formula 1):

. M, I H
Concentration(mg g ') = DSL;SSDiSA;DE:T ;;:ZEI; JOPDEP

Here Mpss and Mpgp are the molecular weights of DSS-dg and DEP,
Ipss and Ipgp are the signal integral values of DSS-dg and DEP, Hpss
and Hpgp are the numbers of protons of signal from DSS-dg and DEP,
Woep is the concentration of DEP (mgg~1), and Ppgp is the purity of
DEP (99.74%).

2.5.2. gHNMR analysis of SA standard

A 12mg sample of the SA standard was accurately weighed,
dissolved in 1g stock solution, and subjected to gHNMR analysis
as described in Section 2.5.1. The purity of the SA standard was
calculated using the following equation (formula 2):

[SA X HDSS X MSA X CDSS x 100

Purity () Hsp x Ipss x Csa x Mpss

Here Isp and Ipss are the signal integral values of SA and DSS-dg,
Hgsp and Hpss are the numbers of protons of signal from SA and
DSS-dg, Msp and Mpgg are the molecular weights of SA and DSS-dg,
Csp is the concentration of SA (10mgg~!), and Cpss is the DSS-dg
concentration in the stock solution (0.1560mgg-1).

2.5.3. qHNMR analysis of SA in processed foods
The sample obtained from solvent extraction was dissolved in
1g stock solution and subjected to gHNMR analysis as described
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above. The SA content of the food sample was calculated using the
following equation (formula 3):

- I H; M G
Content (g kg 1) SA X Hpgs X Mgp X Lpss

" Hsa x Ipgs x Wep x Mpgs

Here Wyp is the concentration of the food sample by weight (gg~;
5 or 50 g food sample/1 g stock solution).

2.5.4. gHNMR measurement parameters

qHNMR was carried out with the following optimized param-
eters: irradiation frequency, 600 MHz; probe temperature, 25-C;
spinning, off; number of scans, 8; spectral width, 20 ppm; auto fil-
ter, on (eight times); acquisition time, 4s; relaxation delay, 60s;
pulse angle, 90°; pulse width, 12.2 us; free induction decay (FID)
data points, 64k; and 3C decoupling, multi-pulse decoupling with
phase and frequency switching (MPF-8). The data were processed
with JEOL Alice 2 for gNMR software. The signal integral was used
for quantitative analysis. The chemical shift of all data was refer-
enced to the DSS-dg resonance at O ppm.

2.6. HPLC analysis

The extracted sample solution obtained from steam distillation
was subjected to HPLC analysis on an L-column2 octadecyl silane
column (4.6 mm x 250mm; Chemical Evaluation and Research
Institute, Saitama, Japan) at 40°C and a flow rate of 1.0mLmin~!
using MeOH-H,0-200 mM phosphate buffer (pH 4.0) mixed sol-
vents (36:59:5) as the mobile phase at 260 nm. The content of SA
in the food sample was calculated from the following equation
(formula 4):

CxV
1000 x W
Here C is the content of SA in the sample extract solution, V is

~ the volume of sample extract solution, and W is the weight of the
sample (g).

Content(g kg™ ') =

2.7. Neutralization titration

Before titration, ethanol was neutralized by adding 0.8% (w/v)
sodium hydroxide solution and several drops of phenolphthalein
solution (1% in ethanol). SA standard (250 mg) was accurately
weighed and dissolved in 25mL neutralized ethanol. Subse-
quently, the obtained solution was titrated with 0.1 mol L~ ! sodium
hydroxide solution (factor: 1.003 at 20 -C) after the addition of a
few drops of phenolphthalein solution. In this titration, 1 mL of
0.1 mol L~ 'sodium hydroxide is used to neutralize 11.21 mg of SA.
Therefore, the purity of the SA standard was calculated using the
following equation (formula 5):

11.21 x F x V x 100
w

Here Fis the factor of sodium hydroxide (1.003), V is the volume of
sodium hydroxide solution dropped into the sample solution, and
W is the weight of SA (mg).

Purity (%) =

3. Results and discussion
3.1. gHNMR measurement of SA standard

To determine whether gHNMR could be used for quantifica-
tion of the SA content in the processed foods, the SA standard was
subjected to it and we analyzed the resolution of each individual
signal on the 'H NMR spectrum. As shown in Fig. 1, the 'H NMR
spectrum demonstrated characteristic proton signals: one doublet
signal of methyl proton at §y; 1.84 integrating for three protons (H-1

Table 1
Purity of SA standard determined by gHNMR.

Signal (8, ppm) Number of proton Integral value? Purity (%)°
1.84 3 451.1 992 + 03
5.79 1 150.5 99.3 £ 0.3
6.26 2 302.2 99.7 £ 0.3
7.18 1 150.0 99.0 £ 0.3

12.2 1 139.6 92.1 06

4 Values represent the mean of three independent experiments.
b Values represent the mean + standard deviation of three independent experi-
ments.

position); one doublet signal of olefinic methine proton at 6y 5.79
integrating for one proton (H-5 position); overlapped signal of each
olefinic methine proton at H-2 and H-3 at §y 6.26 integrating for
two protons; one double doublet signal of olefinic methine proton
at 8y 7.18 integrating for one proton (H-4 position); and one broad
singlet of carboxyl proton at §y 12.2 integrating for one proton.
The absolute purity of SA was calibrated from the ratio of the signal
integral values (signal area values) of each signal to that of DSS-dg.
As shown in Table 1, the purities of SA calculated from the three
signals (6y 1.84, 5.79, and 7.18) were similar; however, those cal-
culated from signals at dy 6.26 and 12.2 deviated from these three
signals.

It is generally believed that a desirable signal for gHNMR quan-
tification is well resolved from other intra-molecular signals and
not subjected to exchangeable protons such as hydroxyl groups or
nitrogen-bearing protons [37]. Moreover, accurate quantification
requires a good signal shape and low multiplicity of signal. On this
basis, we confirmed that the three signals observed at 5y 1.84, 5.79,
and 7.18 were suitable for SA quantification by gHNMR.

To determine the linearity and the measuring range of the three
signals, we prepared SA standards at eight different concentrations
including 0.077, 0.16, 0.32, 0.63, 1.3, 2.5, 5.0, and 50mgg~' and
plotted the ratio of the integral value of each individual signal to
that of DSS-dg versus the SA concentration. In all calibration curves,
good linearity was obtained in the range of 0.077-50 mg g~! for the
8y 1.84 signal and 0.32-50mg g~ ! for the other two signals (Fig. 2).
The correlation coefficients of all calibration curves were equal to
0.9999.

3.2. Comparison of gHNMR and neutral titration methods

Next, we compared the purity of SA obtained by gHNMR and
neutral titration methods, to evaluate the precision of absolute
quantification by the former. As shown in Table 2, the purities
were 99.2 +0.3% and 99.4 + 0.1% (mean % standard deviation) from
gHNMR and neutral titration, respectively, indicating that both
methods showed similar accuracy and precision for the absolute
quantification of SA.

3.3. Pre-treatment method of processed foods

Steam distillation is a conventional pre-treatment method for
the quantification of SA in processed foods. However, water in the

Table 2
Comparison of purities determined by qHNMR and neutralization titration methods.
Purity (%)
gHNMR 99.24+0.37
Neutralization titration 99.4+0.1°

2 Values represent the mean + standard deviation of purities obtained from three
signals (8u 1.86,5.79, and 7.18).

b Values represent the mean +standard deviation of three independent experi-
ments.
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Fig. 1. Chemical structure of SA (a) and 'H NMR spectrum of SA standard in DMSO-dg containing DSS-dg (b). IS, internal standard (DSS-dg).

obtained distillation solution degrades the quality of 'H NMR spec-
tra resulting in a low spectrum resolution and an overlap of signals
between water and samples. In addition, the complete evaporation
of water from this solution in vacuo is a time-consuming process.
To avoid these problems, we modified the previously reported sol-
vent extraction method with diethyl ether [16] and used it as a
pre-treatment. SA is quite soluble in diethyl ether. Diethyl ether
does not also mix with water. Therefore, we estimated that diethyl
etheris the best extraction solvent and the proposed pre-treatment
give low intensity of interference water signal following gHNMR
analysis. In addition, this pre-treatment is unnecessary in multi-
step purifications, because the SA content of processed foods can
be readily quantified if the SA signals on the 'H NMR spectrum
are sufficiently separated from interference signals. Moreover, the
number of extraction cycle was optimized two cycles, which could
be efficiency extraction of SAin processed food and save the solvent
and pre-treatment time. Therefore, we estimated that the proposed
pre-treatment is simple and rapid compared with steam distilla-
tion.
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3.4. Recovery test

We investigated whether the proposed method, combined with
solvent extraction and gHNMR, could be used to quantify SA in
processed foods. To assess intra-day accuracy and precision, we
performed the recovery tests at three different concentrations for
11 foods that are permitted to contain SA in Japan. Fig. 3 shows
the 'H NMR spectra of SA-spiked sample extracts and blank sample
extracts. Itis necessary that the overlapped signal for quantification
should not overlap the other signals including those from other
ingredients in processed foods, and that the quantification signal
should show larger intensity and lower multiplicity than other SA
signals.

Although the signal at §y 1.84 had a lower signal multiplicity
and larger signal intensity than the other two signals (8y 5.79 and
7.18), whole and/or partial overlap of signals between it and other
ingredients was observed in some processed foods. These overlap
signals would particularly affect the accurate quantification at low
concentrations of spiked SA. Therefore, the SA content of nine of

// IS() (C) /
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[
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Fig. 2. Relationship between SA concentration and ratio of the integral of SA: DSS-dg signals. (a) 8 7.18, (b) 8y 5.79, (¢) 8 1.84.
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Fig. 3. 'H NMR spectra (0-8 ppm) of each sample solution spiked with SA at the maximum usage level of each processed food (upper), at 0.13 gkg~! (beverage containing
Lactobacillus species, 0.013 gkg~') (middle), and blank (lower). (a) Cheese. (b) Fish paste. (¢) Sausage. (d) Dried cuttlefish. (e) Syrup. (f) Vegetables pickled in soybean sauce.
(g) Jam. (h) Soybean paste. (i) Noodle soup. (j) Ketchup. (k) Beverage containing Lactobacillus species. Signals marked with asterisks were used for quantification and the

recoveries were calculated. IS, internal standard (DSS-dg).
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Fig. 3. (Continued)

the 11 processed foods, excluding dried cuttlefish and the beverage
containing Lactobacillus species, was determined from the signal
at 8y 5.79, which showed relatively low multiplicity. By contrast,
the SA quantities in dried cuttlefish and the beverage containing
Lactobacillus species were determined from the signal at §y 7.18
because increased baseline distortion was observed in the signal at
6y 5.79.

As shown in Table 3, the recoveries of samples spiked at the
maximum usage level ranged from 89.1 to 100.2%, and the rela-
tive standard deviation (RSD) values ranged from 0.5 to 3.1%. At a
concentration of 0.13 gkg *! (beverage, 0.013 gkg~1), the recover-
ies were larger than 80% with an RSD of 0.6-6.8%. At 0.063 gkg!
(beverage, 0.0063 gkg~!), the recoveries were 56.9-83.5% with an
RSD of 0.2-8.9%, which were lower than those at the other two con-
centrations tested. On the basis of these results and the linearity of

Table 3
Recoveries of SA from processed foods.

the quantification signal, we conclude that this method efficiently
quantifies SA in processed foods at concentrations greater than
0.063gkg ! (beverage, 0.0063 gkg 1), which can be taken as the
limit of quantification. As the maximum levels of SA permissible in
processed foods in Japan are 0.050-3.0gkg™!, this method would
be effective in 2.2-12.5% of the maximum allowed concentrations.

3.5. Inter-day precision

To investigate the inter-day precision and accuracy of the pro-
posed method, we performed recovery tests on five different days
using two concentrations: the maximum usage level of each pro-
cessed food and 0.13 gkg 1. We selected two food samples (sausage
and noodle soup), and prepared them for the inter-day precision
test using an extraction method with and without a degreasing step.

Sample 0.063 g kg~! spiked 0.13gkg™! spiked Maximum usage level spiked

(0.0063 gkg ! spiked)' (0.013gkg~! spiked)?

Recovery (%) RSD (%) Recovery (%) RSD (%) Level (gkg 1) Recovery (%) RSD (%)
Cheese 56.9 24 98.8 1.6 3.0 971 3.1
Fish paste 61.7 8.9 84.4 4.0 2.0 100.2 0.5
Sausage 61.2 4.5 81.1 4.3 2.0 89.1 2.1
Dried cuttlefish 60.1 5.8 99.7 0.6 1.5 94.5 0.8
Syrup 83.5 5.9 96.2 1.8 1.0 99.5 0.9
Vegetable pickeled in soybean sauce 59.7 1.2 80.3 1.0 1.0 99.6 0.5
Jam 65.3 8.9 98.9 2.8 1.0 99.2 0.8
Soybean paste 75.0 0.2 90.5 6.7 1.0 92.8 23
Noodle soup 78.5 29 86.3 4.6 0.50 97.7 0.7
Ketchup 79.5 1.2 93.5 6.8 0.50 98.7 1.2
Beverage containing Lactobacillus species 71.2 34 86.4 2.0 0.050 93.3 3.0

Each recovery value represents the mean of three independent experiments on the same day. RSD, intra-day relative standard deviation.

? Beverage containing Lactobacillus species.
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Fig. 4. 'H NMR spectra of each sample solution from commercially produced food with SA. (a) Cheese. (b) Fish paste. (c) Sausage. (d) Dried cuttlefish. (e) Syrup. (f) Jam.
Signals marked with asterisks were used for quantification and the contents were calculated. 1S, internal standard (DSS-ds).

Precise inter-day data were obtained from both spiked samples,
for which the RSD ranged from 3.6 to 6.9% (Table 4). The recov-
ery ranged from 81.3 to 91.7%, indicating that this method is both
highly reliable and reproducible.

3.6. Determination of SA contents in processed foods
To investigate the applicability of the proposed method, we
used it to examine the SA content of six commercial processed

foods containing SA as a food additive, and compared the results
with those obtained using steam distillation extraction and HPLC
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quantification analysis. As shown in Fig. 4, the signals at dy 7.18
for dried cuttlefish and at 8y 5.79 for five other foods (cheese, fish
paste, sausage, syrup, and jam) were clearly separated from those
signals derived from impurities in gHNMR analysis, and so could
be used to determine the SA content of processed food.

As shown in Table 5, the results of the proposed method of
SA content were in good agreement with those of the conven-
tional method for five of the processed foods (cheese, fish paste,
sausage, syrup, and jam), but not for dried cuttlefish. The observed
differences were less than 10%, indicating that the proposed
method was useful for determining the SA content directly in these



