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In the above case the sungle exponential (one componeat) with tme constant T2 approximates to the double
exponentil (two components) with time constants Thand Tr. The approxumation becomes more vald if Th s very
similac to T,

Fitting to 2 double exponential can only be valid 1f Th and Tr can be resolved gen the spnal to noise ratio of the
data (if Thand Teare sindlar the duffecence between the double and the single exponential may be obscured by the
nosse preseant i the data set). Thos principle may be extended to multple exponentials (. a tple exponential
fosction may be well approximated by 2 double esponental function)
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The basic question is: i multiple exponential components are present, are they resalvable given the single to noise rati of the data et}

We need to define criteria that enable us to establish when it 15 approprate to fit to 2 single (or
double/taple/ greater) exponential. One way is to look for a decrease in the standard error (monitonng
coherence in the residnals).

To establish whether a data set should be fitted to a single o multiple exponential first fit the data wsing a
single exponentul

Plot the residuals on screen. If the fit is appropeiate no coherence should be seen in the residuals (Le, the
residuals should not form a smooth function but should be 3 madom distebation about zero)

On mncreasing the number of exponentials the standard error should decrease, the residuals should tend to 2
random scatter about zego.

1f the standacd ecor does not reduce g i on g the number of exp s thas 15 normally
1 pood indication that the data has been “over-fitted” - Le. that number of exponentuls either do not exist
i the data set of that number of exponentials may not be resolved grven the ugnal to noise ratio of the data
set. Note that over-fitting nearly always results in meaningless fitting parameters.

To summanse, mereasing the number of Gtting ¢ (number of exponentils) will always resultina
better fit, but not necessanly cesult in meaniogful cesults
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: / © (180 £5) C 36 h (AV) | (V).
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LF - NMR . : . TPC S,
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: 0657.3; R136.33 '\ : 1004 —4957(2013) 06 — 0653 - 08

doi: 10.3969/j. issn. 1004 —4957.2013. 06. 001

Relationship between Analytical Indicators of Soybean Oil and LF — NMR

Characteristics During Frying Process

SHI Ran WANG Xin" LIU Baodin LU Hai-yan ZHAO Ting-ing
( Institute of Food Safety and Quality ~University of Shanghai for Science and Technology ~Shanghai 200093  China)

Abstract: The development of rapid and simple test is needed in order to capably monitor the frying
oil quality and ensure the fried food safety. In this paper the evolution of several analytical indica—
tors( e. g. acid value viscosity absorbance values and TPC content) and the low field Nuclear
Magnetic Resonance( LF — NMR) T, relaxation characteristics ( the relaxation time: T,, T,, T,

the corresponding peak area: S, S,, S,; and the single component relaxation time: T,y) of soy—
bean oil were studied during the frying process of no foodstuff or potato chips( 180 =5 °C for 36 h) .
The multiple regression analysis method was used to establish the correlation model between LF —
NMR results and the analytical indicators. At last the developed models were experimentally veri—
fied. The results indicated that the acid value TPC content and S,, increased linearly ~while T,

T,, and T,y decreased linearly as the frying process prolonged. And a good binomial relationship
was obtained between the viscosity or absorbance values and the frying time( r* >0. 90) . No obvious
relationship was found between frying time and T, S, or S,;. Compared with no foodstuff frying

the acid value viscosity TPC content absorbance values and S,, during potato chip frying process
increased significantly ~while T,, T,, and T,y obviously shortened ( P <0.05) . Multiple regression
analysis showed that both acid value and TPC content had a good relationship with T,y and T,, and

2013 =01 - 11; : 2013 -02-10
( NSFC31201365) ; (11142200403) ; (11YZ109)
: Tel: 18918629281 E —mail: wx0426951@ 126. com
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viscosity had a good linear relationship with T,y, while absorbance had a good logarithmic relationship
with S,,(7* >0.93) . These models were successfully verified and could be used to predict the varia—
tions of physical and chemical indicators by the LF — NMR characteristics of the frying oil.

Key words: soybean oil; frying duration; analytical indicator; LF —NMR; relaxation characteristic
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2.2.2 (Tyy)
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Ty
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2.3 LF - NMR
LF - NMR
LF - NMR
LF - NMR 0
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LF - NMR (T, ~ Ty Ty ~ Sos Sy~ Sus Tow) 1 o
1 LF-NMR
Table 1  Correlation models between LF — NMR results and the analytical indicators
Dependent variable Independent variable Regression equation” ) Level of significance
( ) ( ) ( ) ' ( )
Acid value( AV) o1 AV, =5.536 +0. 038T,, —0. 045T,y 0.965 0. 000
e AV, =3.477 —0.028T,, —0.019T,y 0. 962 0. 000
Viscosity( V) - V) =391. 84 —4. 134T,y +0.0121( Ty) 2 0.939 0. 000
v V, =826.79 —10. 71T,y +0. 0368( T,y ) 2 0. 992 0. 000
Absorbance( A) . A, =2.97 -3.60S,, —0.544 (S,,) > 0.952 0. 000
o A, =2.93 —1.82S,, -0. 149 (S,,) 2 0.978 0. 000
Total polar compounds T T TPC, =92.392 -0. 250T,; —0. 601 T,y 0.993 0. 000
( TPC) e TPC, =116. 955 +0. 490T,; —0. 895T,y 0.987 0. 000
* 1. oil samples without foodstuff; 2. oil samples with potato chips
1 TPC . Ty~ Ty, r 0.96 ;
Ty~ S, (r* =0.939 ~0.992) .,
LF - NMR 1
7 7
r 0.938 ~0. 996 1
LF - NMR ( Tow~s Tys Sy )
3
/ ( A)
TPC ) LF - NMR o :
2
. TPC S, Ty~ Ty T,y (r" >
0. 90) . (r>0.90) T, Sy~ Sy
. . L TPC S,,
(P <0.05) T, ~ T, T,y 0 TPC
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Application of Low-Field Nuclear Magnetic Resonance (LF-NMR) to Analyze Frying Oil Quality

WANG Yong-wei’

WANG Xint*

LIU Bao-lin* SHI Ran' YANG Pei-giang?

(1. Institute of Food Quality and Safty, University of Shanghai for Science and Technology, Shanghai 200093, China

2. Shanghai Niumag Corporation, Shangha 200333, China)

Abstract Low-fidd nuclear magnetic resonance (LF-NMR) was used to analyze soybean oil without objectsinit during frying.

Multi-component T relaxation spectra, pesk arearatio S21 and single component relaxation time 7w were determined. An obvious
characteristic pesk gppeared at 10 msin the multi-component 7> relaxation spectrum after 4 h of frying. Sz1 and Taw were correl ated

with frying time, acid value, viscosity, absorbance and polar component content with acorrelaion coefficient between 0.941 and
0.997. Thus, S21 and T2w could effectively reflect the quality of frying oil. However, they had no obvious corrdation with peroxide
value. These results will be very helpful for the application of LF-NMR to rapidly detect frying oil quality.

Key words low-field nuclear magnetic resonance (LF-NMR) frying oil rapid detection 7> relaxation spectrum
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Crpr FE AR 22 e AR 7 it I RIS i/ A AR 7= il I L2 5 P T i S0 %, Bt 100193)

W OE: NUIRRASRE COH FMERTIURL 48 (myofibrillar protein, MP) A4 K LB RFF I 1AL 4K,
R T F B B SRR R R ] HaO, WS 0] B 1 A AR 52 S MIP 8% 11 82 L Rf 7K g« TiRe 12 Ctexture profiles
analysis, TPA) HifPEBIRSEEFRIRINENT . 45 REY: B HO WREEIIBY M, MP PlIAE BTF, B4R
FEDRE, B ERE . CRAKYE BEEE . WHIBPE RS R Y H0, T B B DG, HXRZIAELL, 4 HO, 3K
FEBEINE 20 mmol/L i, BRFIES EHINE 2.82 nmol/mg TH (p<0.05), #E AL R R Al M43 73 R % T
2.83%. 14.65%}% 52.77% (p<<0.05). #3ti4% (scanning electron micrograph, SEM) WEZLHKA], MP &L 520kt
RO EE MR, T BB K H A A 24 AR HEIL R T (nuclear magnetic resonance, NMR) 453
IR, B H0, IEERIBIN, MP B 10— AR S sl /K &40 H K, BEREK K. % LAk, -OH

AR R TR LT YRR A A LR TG L, WA B RS, BRI Zh e, 1K A i L

wEALERR IS S .

KEER: Bam, HEkRR A, ZOOERMIKER, WRFLEG, MLEH

doi: 10.3969/j.issn.1002-6819.2013.12.036
RESES: TS251.571 XRAPRESAD: A
= 4R, T %, kEE, &
29(12): 286—292.

XEHS: 1002-6819(2013)-12-0286-07

EEHEASHALNFEFESAR UMMMV, R TEFR, 2013,

Li Yin, Li Xia, Zhang Chunhui, et al. Oxidation and decrease of gelling properties for meat myofibrillar protein induced
by hydroxyl radical[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions of the CSAE), 2013,

29(12): 286—292. (in Chinese with English abstract)
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0 31 &

HEY R ML R )E e
T D N SR A A 5 DR R AR s B o0 P 5 A o
Hh (1) 2 1 i A AR T R Ak S S EUL A
HOimem BB, MRASTHE S FEiR 2 ik
MR 5 1y 5 2 23 T3 A A N 2 3l PAY i 95
UK, PRKS DRANTERRAR, 520 T A i T 4%
e, AR TSI SRR . LR R 4 R
(myofibrillar protein, MP) & /JL 1A 15 HE 22 (1] —K 1)
RetktE e, TEASENEREA. UshEA. sk
HEL FBREOMIESESS, EREIERT
KR W LB R = YE M 28 454, REIR T A I T
A o R (R Tt B AR i R

Weks H e 2013-02-03 BT H: 2013-05-15

HETH: FEKAKRRERES (31271902); A&l ik A 7880
H (200903012, 201303083, 201303082)

i 28 A (1988—), &, WHLEIT A, dbat HERR:
B A% 7 ity 10 L ATE S /AR b B A 7= il 0 L 45 1 TR S B %, 100193
Email: yin198802@163.com

KM KB (1971—), B, WG, BT, W5 T
SRR bRt P ERERR BEAR P I RIS R AR =
N2 PR 5 5280 %8, 100193 Email: dr_zch@yahoo.com.cn
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JLPA R BRI R PR S TR 5 A i o T e o
MIhBeRrtE e —, RIS T WUR T 4E B By
PEREMDR RO 2 AR A AE pH AR 219 S ANA] )
AINFVE T, ST WUR LT 4R A Ak HLk
R RS VT 5T B AE [ AT SE A SRS, (HSE
PURIT AN G A, T A 203 7 T I F ST 0F A
Z, Gt ER (low-field, nuclear
magnetic resonance, NMR) T4 A% 8 K5 )
SEM SO BEIE K 53 AN Zrim sl K i) B KR “ 3
A7 WL o ARG E R IR F
R, Wi (G SFEIRFERa bR, FEEBIH
T LB SR I ISR B 3 B S8 A B IOU 4
K R IR S o3 AT s, 2 Mo A
H COHD AR FRH-OH /- F IR EF 4 x4 AL
FOR HBEIRRF R I 52 2N, 2R 1-OH /3R A
AL BN B BB R R AR S R

A WF 5T AT B B - BRI R - A &
(Fe*"-Ve-Hy0,) Z IIIAEE RN, Fgtfedit | ihidk
FULBAR . B TR RS T HO, 3K
FEXT WU £ 4 2 B R RS, 2R3 P A
A I A b AR RN, DU R 2R A
IR R AR IR 2% .
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1 REMR 5% EDTA) EDTA) % 1b. DL b % 4L I B ¥ 78
15 /L WK ANN- W C2- 4 il R

11 RIS R mmol/L._ I 1k " &

UG H RN A6 R A R A F AL, )5
0~4°Clsh 24h M3 A A A MY &KL
(Longissmus) , 20l WA 4123 & 45 45 23 5
TR LT 4E R

WIS I A & RE-X- (2-F 2 ) P
LR (ethylene glycol bis(2-aminoethyl) tetraacetic
acid, EGTA) T K[ sigma A w]; 2P IMLiEE &
(albumin from bovine serum, BSA) W T It i FE/R
WAYHEARA A HABKGRE I T E 255 H4
FRFIE AT, Bh o Hrat.

1.2 EEUHE

CR22GII =i ¥ 2 O LCH 24 Hitachi 2 7] );
T6 A eV (bt S HA R AR 5
TR (FEZAREEAE b FRAFD
TXF200-S12 A gmFEfE iR G KiG 45 (9E[E Grant
AW)D s TA-XT2i ik 73 A (9£[E Stable Micro
System A7) ; Physica MCR 301 JiAZ{% (B4 F]
Anton Paar H[R/AH]) ; CR-400 {624 (b g K%
feik (HA) A7) 5 Eiko IB . 5 B 1k 515 4
X CHA Hitachi 24%]) ; H-7500 B 4idHs: (H
& Hitachi A7) ; NM-2011 R RSERIC (-
AT REEARARD .

1.3 WRIAZE
1.3.1 PURHA4EG IR

%7 Xiong 2K 59 WIERS e KWL 3 B4R
DVUR AT 1, U RS 4 AT 50 5
22 (0.1 mol/L NaCl, 10 mmol/L NasPO,,
2 mmol/L MgCl,, 1 mmol/L EGTA, pH 1 7.0) &
EBAM L (4T, 2000xg, 15min) , FTfRUL
VETFE VRS, B0 2 IR BEG % FIREAER] 4
AR 0.1 mol/L NaCl ¥liEsk, &0 2K, IHE
a1 REORTH 2 E2A0dsE, 4 0.1 mol/L
HCl #%0E H: pH A ZE 6.0, o328 E E & H
TR ) b2 AR R . i R B AL
MRy, R A 35 2 AR ER
1.3.2 FeCls/Ve/H:0, (4k/3F AR /i FALE) &
AR R A

%% Xiong! V(M L AR R: R
I iFE N VetFe'"—Fe?', Fe?'+H,0,—-OH, FeCls
WS4 0.01 mmol/L, Ve i#&JE4 0.1 mmol/L, H,0,
WRESY 90 0.54 1. 54 10, 20 mmol/L. L5 T 4
TS T ERANMKERT (AT EIREN
40 mg/mL) , & 4°C&AF N4k 24 h J5H 1 mmol/L
L&Y 418 (ethylene diamine tetraacetic acid,

38

(piperazine-1,4-bisethanesulfonic acid, PIPES) 4 %2%
MR (pH {H 6.0, & T-91% 0.6 mol/L) HHikAT,
28 6 R BT Y S KL R IO R 5, A A
I H BT 4°CHCE 24 h UURAF 45 A (EAR
ol HoOp B2 LR 0D
1.3.3  BAAEMZ

%% Levine! SEMlEBIL K )57, 16 1.5 mL
(BSOS, N 0.1 mL [ %R S 0.5 mL 2,4-
TREELZE Y 2 mol/L HCI ¥, 1& 25°C KRN
40 min, ZAHFETTPAE 2,4- AR 2 mol/L
HCl. #RJ5 I 0.5 mL i 75 £ 20%1 =5 L
(trichloroacetic acid, TCA) , &% i 5L (11 000xg,
5min) FF B3, SEAVOEH 1 mL 1) LRE- LR LB
W ARFIEEA 1:1) PRk 3 K, HEREHFG#
EEFEFT | mL 6 mol/L hIAw T, 7 37
CHAF R AR 30 mine BLAF M B 370 nm
NI SEAE, & A FORIERTAEY 17 (nmol/mg- 5
F1) i R RO 250 22 000 L/(mol-cm)it-44. .
1.3.4 ZahisFaRs s

KA MNIRT 4 E A & 0.6 mol/L
NaCl , 15mmol/L Wk BE -14- — 24 [ &
(piperazine-1,4-bisethanesulfonic acid, PIPES) [}
M (pH H 6.0) K H TS AL & 30 mg/mL )5,
SMFREL 5.0 g AR AR NE T HAZ) 25 mm, &
FEZ) 55 mm [R)H7 55 B , 2ERR P THEL K AR
PL 1°C/min ZePETHEE I 20°C g 75°C, 3+ F
75°C AR 20 min Ji5, SCEPHUHEA KB G, T 4°CiK
FATPTBCE 24 h J5, HIARE BRI 12 mm Ao
A, FHFMeE AR, fRRYE. T, T 4 i
FARIALHE K 53«37 53T
1.3.5 BIARARKM R Z

2:7% Kocher 25031y 8800 1 I i 8 e 5 7K 1k
(water holding capacity, WHC) , #4458 H
B HERI R IL B S, T 4CF 6000xg 2L
15 min, 053¢ B0V B0V IR R DL R 25 A iR
WHC (%) 5~

WHC (%) =

m, —m

x100%

m, —m
A, my B AR B SRR R, g
my N ELETEOE SERIRI R, g m NE R
o, g
1.3.6 Hthé EnE

% 2 it 1) R S UV G O 3 DN 2 R 1 B ) 1
fi (whiteness, W) o F{0 2= € 85 H B4
ZelH, RS E LY AEAH o QEEERWLL,
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Ak TREA AR

2013 4F

RN MEE) 5 P b* CE R ST, il
LoD o M7 bRAE AAR (L*=25.60, a*=-0.30,
b*=0.27) KEIE 2. Bk A BT A

W =100 —/(100 - L*)} +a* +b*
1.3.7 BEJRAMM

MR B N 4°COKMEC, S0 i
30 min Ji5, 2% e 0 05 ARORS g ek
AT BRI HI 53471 (texture profile analysis, TPA) ,
WS HEE: Rk PSR, MIFTF R A
1.0 mm/s, PR 0.5 mm/s, W53 Z 1.0 mm/s,
E4E L 50%, fe/NEEN T 0.05 N, ol iR AE A%
MR RAE 50 AN F s AR TR A A A AT )
TPAFRAC.MAC Rt FE3EAT 4347
1.3.8 BBURE MM

%% Li SUrdrms s, A E L
JRET4E T H PIPES 22 (pH {H 6.0) W H i
WA 30 mg/mL JE AT E . WESHCh: i
FEAE 25 mm [FARIEE, BL1°C/min (TR AR
M 20°CH#AE 75°C, IR A 1 Hz, SR4Eh
I mm. 7E AR FaH Ry a5 )5, WhnaE, Bk
FE K53 28R 2 E 45 R
1.3.9 1244 AL E B IR AL LE ) & (scanning
electron micrograph, SEM)

B W &5 Ky 52 2% Palka 25U K7
s, B AXT . 5 & 20 mmol/L H,0,
g4 B FE W, BT RO Y
3 mmx3 mmx5 mm /N5, HARFIE0Ch 3%1
IR A, A 0.1 mol/L pH fH 7.2
(1B P 2 PP % 3 s ARG im0 0 1%k R i
5E 2h, FHAERIDE30%. 50%. 70% 90%-
95% &% 100% L BEREAT /K, AKX 10 min 2R
ZRES PR Rk, R 100% O REE R K 3
o ARUEFE S0 ToK s TRE SR e IR 4 )
28 CO, IIfi &80T, B2 B8 1 D O st 4 3 4 I
HEAT TR 25 R WL 5% o
1.3.10 EIRAKHpaHS5EmnE (low-field
NMR )

% 2 SRS 7 PR R NMR b
W 5E 2 A% 4H . 5 mmol/L H,O, M2 20 mmol/L
H,0, 41L& I HE i K 73 o0 A S A e, W e 454
i AL A Z Sk 22.6 MHz, W& JE K 32°C.
BRL 1.0 g FEMN 15 mm S, BE)G
SEEPFCN NM-2011 £ AL 3z s 5 A 2347 43
Mr. K H Carr-Purcell-Meiboom-Gill (CPMG)
J7 500 52 K S st P R T . MRS ECN: -
fHC90° ik v 55 180° ik w2z [H] T 1 i) D2k 100 s,

39

HEEHH 16 Ik, FEKENER 3000 ms 73
# 15000 /11138, T4 CPMG & 803 i i 2 K
FAX# H 47 1 MultiExp Inv Analysis #3847
S, 133 T {E .
1.3.11  HdEn#r

ARE PR E RIS, AR R RE
3 /NEH . H SAS 9.2 (statistic analysis system, SAS)
X R AT 7 22 00 A, AT B/ W3 25 Sk (LSD)
AT BEVEST (P<0.05) o JfF SAS 9.2 4T %%
FLEVAGIIEEPS R

2 FER5SH

H0, iKEXMAEAEEEPHRES SN

A R B 1 AR AT AR O R AR A ) R
fabrz —, Ak R B AR INEE GHF A 5% H
BB R A7 NH B0 NH, 2R IR AR Ik
SRR e A, B B B i R W AR R
PR 20 1 o ER H e COHD bk &R
H HyOp WX LR T 4l £ BRI B B 1R, H
KI5, BEAE HO, WREERIHGIN, A Pkt & &
W2 BT, A 0] B U 2T 2 o A Bk
A 1.17nmol/mg & 1, M H,0, K & iX 3
20 mmol/L I, FiIL B3804 2.82 nmol/mg (P<
0.05) o B BT IN T BE 2 i T3 A H1 5 (COHD
SN P M KA ) A B e Yo AR
RERT, H0, IRIE M, -OH IR, SERIE
R AW N, AT R DU M B it 2 1 ) AR AL
PR

2.1

— 30
Ly L&
T i
E o~
[t _'-"f
@8 = /J"
' EN
o=
o |5
]
Lo
o Ldp
A 1.0 [} i i i
L] 0 1 £ 1o 0
HAFR I
emeemiraivem af H O ool

B 1 HO0 REMEAS W%

Fig.1 Concentration effect of H,O, on carbonyl content

2.2 BEHSEMMERBE. RERAKENZIE

BRI 1 RE SO, TR R IR A PR
R BRAG, 26 W1 2R 1 AU ph A P s s i i 220,
Xia % PSR E 2 B (B 10 F B ol fA
1T 540 7 W 5 1 ) e A TR ) A A 1 AR
B ARG M. R 14Uk ER, B Hy00 W%
(KIS0, H FLRER 10 A S 2 1 B, SRR
IR, 5 A B LR 2T 4 s A B, HoO5 K
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B4 20 mmol/L B, &% 1 &k B 1 BEAE FRAR T S PR RS Y i
2.83% (P<<0.05) , XKW H0, KM &E, &
K1 HOREMAIBRAHERRKAE. RAKMERREEER
Table 1 Effect of H,O, concentration on whiteness, water holding capacity and texture of gel
N PE (=] |
i i e HHE Bt L PRAKTE
oncentration of Whiteness Hardness/! Gumminess Springiness Chewiness/| Water holding
H,0,/(mmol L") g pring g capacity/%
0 89.89+0.16" 226.16+9.22° 0.59+0.02° 0.730.02° 96.92+4.55° 64.17+0.93"
0.5 89.03+0.07% 191.00+14.9° 0.55+0.01° 0.67£0.04° 65.32+4.19° 62.7840.85%
1.0 88.410.84% 152.35+12.58° 0.54+0.03" 0.68+0.02% 55.78+2.24° 62.49+1.19°
5.0 87.84+1.37% 137.43+7.88% 0.42+0.03° 0.66+0.03" 40.79+5.31° 58.17+0.59°
10.0 87.81+1.13" 116.03+6.3% 0.41+0.05° 0.58+0.05" 27.89+6.36% 54.72+0.38"
20.0 87.35+0.22° 106.89+23.29° 0.39+0.10° 0.60+£0.03% 25.07+9.87¢ 54.77+1.18¢

H: F—FIAR AR R 7B (P<0.05), FF

Note: Different letters in the same column indicate significant differences (P<<0.05). The same as below.

Bk 55 e A B B L D RERE PR 2 —, IR
(R L R0 SR R ML G P AR 55 i o TR A 1) T e R
B, g 1 MG, BRI TR R AR (i
JEs BREME. SR ) ARBE HyO, YR E R34 N
M B Hodr, BEERHIRERE M 226.16 g (45 XD
PGS 106.89 g (H,0, W 20 mmol/L) , (KT
52.7% (P<<0.05) , 4EJEMSEMIBFFHRISH TR
Zhp), ST RS SRR R R R, b S
5 R R, AT R s R R, [N AR
J5 R e PR BRI, th s T BRI R B

LI AR PR 5 AR, B R I PR K P
BIE HOp W FE G 225 R (R 1« H52A
KHEAILE, 24 HyOp W EHEINE] 20 mmol/L I, 4
HBER AR K TE N 64.17% R %% 54.77%, KRBT
14.65% (P<<0.05) . HxA&ER IR T2 20
ok 8 1K AR R B 405 A R 2 A 2 R X 48
(1), FEASIEE RSB BIRIR, (R Rk
REZB, FEEARMKGERMEBAEEHT
B, Bl eI I g B BRI IS 22, BRI PR 7K
B RRARE,

2.3 ERSHITRKRTEFENE

TR A TR T i RE DT I s, A
TRIGI 2 T A5 WU LT 4 8 (1 i AR 24 v (K
2) o GRAFMERE, &R A EHRPUE
ARRE L, RENE S WA TS T, L
R ORI A AR IR R ) Gl i W B e
jni, WUSEF4EER A K G AR FHE B B
HBOFR GRBERT 45°C) 5 MFRE T,
G' 2 EKE, ME2R IR (50°CHITA KN
W, %I R LR (AR PR D . BE G
BEE R T SR B, HAami& s (75C)
X5 Liu 25PN 2T 4 0 A 22 e A
— 3. 45~55CHARIEN I T BE TR %S

40

W, EOSWITIE, EOTHEER R, &
FL T AR SR AR TR st e B HL0, W 4
I, WURLTHER A G (45~55°C) I B R
(E2) , XU Z 0 T WS A4 8 B
P, B R AR EE R0, R SRR
FNFE, X AR TR AR DS AV

II_.f.'l_.'.'I;".‘;'._' Cneentralion of B, sl L)

1 A

1 206
I [ -
A -

I

Flasneity modulusTa

b

et

=
T

T

2=

L ol 11

4 Tewperatues’'C

B2 H0, REAIUR S 4t % & BB HALZ 690
Fig.2 Effect of H;O, concentration on G' of gel

2.4 FEHEFNUI RS HI SN

B 3 FFBRs T, ARSACFEE LR
YR BN S AR 22 7. 2 N R
A TE U B PR S5 B0 . TEARFN 25 B
N HAoAiths) (B 3a) 5 mE bR R4S A
W g kAR, BN, HAr A ANSSA] R
M2 (B 3by 3¢) 5 AT B 0T B 2B I (1) Ao
SMATIRRRIRE N, AFSEAFEEE MP BN 45
MW ENZES, 5 5 mmol/L HUE H0, W JE
AL (K 3b) , 20 mmol/L & H,0, S4Bt
MEEHIIMFLE 2 HALRTE R, KInA R fLEE & AR
Wrad, 2 SRR T T, AR IR I SR AR G
HEALE] (K 3¢) o IXAIRERH TR HO0, R
PIBER, WURET e AR BE T B, AT 5 3R
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SR HOL R (LR, HLIETEESDRESE
AP 4, BRI RO T,

> Ry

N

4 -
b |

a.0 b. 5.0 mmol/L H,0,

e 2 FEARBER K FE (B 2D, ASERIRnR

ST

. &

SEMRER (VI DR PE SRS PE (R 1) o

L
b

¢.20.0 mn&ol/L sz

B3 ILRAHEEORREMEIREUER (FRAZH 500%)

Fig.3 Scanning electron microscope of myofibrillar protein gel (magnification 500x)

2.5 TBASMKITERKD S RARR M

MK 12k NMR T, S o] DUE H (B 4)
LR £T 4 25 (1 Bt IS To 2E 1~10 000 ms f) 5l 7 1) 7]
WA 3 AN, iX 5 GoetzPOH] NMR 5T 3L
00 1 R ARSI S A JULER B P
MIEE R Ty (EXT I 3 AN 43 9 %o B 5t fie v
3 FORERIAK: 46K Ty, AGHBIK Tn & H
FHIK Tz, 06 5 B AR BR TR F1 43 LU BRI 25 41 73 7K
T e, 98N Py Py Pro MSIE
IR FR 3 (K 45 AT 40, HoO, WX 45 B K& &
Py WA K (P>0.05) 3 ANBRSIKSE Py
BE H,Op W BESE I T P, S AXNKA Py
(94.03%) ALk, H,O, #E N 5mmol/L X
20 mmol/L I, Py 437 R BE T 2.87% (p<<0.05) .
5.89% (p<<0.05) ; HHIKEE Py bl Hy0, RSE
B w85, AN B AR 1.37% 488 &
5 mmol/L I} ] 4.25% (p<<0.05) 120 mmol/L i
1 7.56% (p<<0.05) . XK, BiFE HO00 WSE 1
WK, BERPM—HaAgishK “&E” A
HH7K, T H K S &R T 45 & AR K, W
RO A BURIIK, Tk, H0p IR, H
H7K S sk ey, BER R KRG, X5 AR5 ¢
T U B AR K P PR AIF 9% &5 SR AT — 3

(M

W42 3 I
FIF Copgeniration of
2R H.OAmmel-L-7)
= lp  —]
=
O
A —— 10
= o
- 4k 'I:F-
2 ty
il

1 171 1o 1 0
MEEL ) Rolaxatian timeims
s Tors Toon Tos 0 AR S5 57K, AT alizk X 19 K b Tl o
Note: T»1, T2y, To3represent relaxation time of bound water, immobile water
and free water of gel.

B 4 Hy0p REAT IR & € BUR T, SR 0T 18] 49 %) 0%
Fig.4 Effect of HyO, concentration on 7 of myofibrillar
protein gel

1o

2.6 tHXMSH

AL M 45 S B, HaO, MRS S5 LR 2T 4 2
H o 1 R IE ARG (=0.832, p<<0.05) ,
5B 4R K M (=0.884, p<<0.05) M fifl JiF
(r=0.819, P<<0.05) RFEHMAHN; BILEESIRK
PE 2 U 9% (=0.906, p<<0.05), 5 1% (=0.969,
p<<0.01) , T (=0.996, p<<0.01) , KNHMEFHE:
(r=0.970, p<<0.01) B Z& MK, KLY H,0,
W, AR E, B aR. (R
KPR B SR (K2 .

F2 BIEMEXESNT

Table 2 Correlation analysis between indexes of gel

H,0, )% Bk M (YN T NE A
Concentration of H;O,  Carbonyl content Whiteness Water holding capacity Hardness Chewiness

Conceﬁégé;ﬂifim 0, 1.000 0.832%* -0.781 -0.884* -0.819* -0.783
PHEE L Carbonyl content 1.000 -0.969%* -0.906* -0.996** -0.970%**
FIE Whiteness 1.000 0.889* 0.956%* -0.979%*
fR7K1E Water holding capacity 1.000 0.906* 0.920%*
i Hardness 1.000 0.975%*

MM E  Chewiness 1.000

Wi * oK p<0.05 /KPZER B *FRR p<0.01 K P ZERTE,

Note: *represents significantly different at p<<0.05; ** represents significantly different at p<<0.01.
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. membrane type[J]. Journal of Food Engineering, 2011,
3 &% 106(4): 318—324.

EF2 H R AA R, H0, E (0~
20.0 mmol/L) K, WURLT4Es AN B™E, B
TE AR I RE . AHPE . Bk BHERIME . MELIE I A
PR AR s A2 5 M B e 1R T R RE 0 I A 1)
O LR, T BN 22 FL HLAS K ) 38 i 9 5% 1) T2
B RIS B H 2R3 00 A At 2t e i
— W GEES BB EK R AR
K, T B PR K T o

g Pk, 752 H REAA R T, H0, M E
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Oxidation and decrease of gelling properties for meat myofibrillar
protein induced by hydroxyl radical

Li Yin, Li Xia, Zhang Chunhui™, Sun Hongmei, Dong Xianbing
(Comprehensive Key Laboratory of Agro-Products Processing, Ministry of Agriculture, Institute of Agro-Products Processing Science
and Technology, Chinese Academy of Agricultural Sciences, Beijing 100193, China)

Abstract: Oxidation and changes of gelling properties of myofibrillar protein (MP) induced by the hydroxyl
radical (-OH) were studied in this paper. Pork myofibrillar protein was suspended in 15 mmol/L piperazine-N,
N-bis(2-ethane sulfonic acid) (PIPES) buffer (pH 6.0), and 0.6 mol/L NaCl, and incubated at 4°C for 24 h with
ferric ion (Fe*") and ascorbic acid (Vc) at six concentrations of hydrogen peroxide (0, 0.5, 1.0, 5.0, 10.0, 20.0
mmol/L H,0,). The indexes including protein carbonyl content and whiteness, water-holding capacity (WHC),
and texture profile analysis (TPA) of MP gel were measured. The ability of MP to form a fine gel network was
described in terms of shear storage modulus (G'), and it was analyzed by small strain oscillatory rheological
testing. The microstructure of MP gel was observed by scanning electric microscopy (SEM). The transverse
relaxation time (73) and water distribution of MP gel were analyzed by low-field nuclear magnetic resonance
(low-field NMR). Correlation analysis between indexes of MP gel was also performed to establish possible
linkages between concentration of H,O, and different parameters of MP gel in this study. The results showed that
carbonyl content steadily increased with H,O, concentration, increased from 1.17 nmol/mg protein (non-oxidized
MP) to 2.82 nmol/mg protein (20.0 mmol/L H,0O;). With increasing H,O, concentration, the whiteness and WHC
of MP gel decreased significantly (p<0.05) (89.89, 64.17% respectively for non-oxidized MP gel, 87.35, 54.77%
respectively for 20.0 mmol/L H,0,). The texture (hardness, springiness, cohesiveness and chewiness) and shear
storage modulus (G') also attenuated with increasing H,O, concentration. The SEM results demonstrated that
oxidation of protein could significantly affect the microstructure of MP gel. The non-oxidized MP gel exhibited a
compact and homogeneous fine network microstructure, whereas the oxidation process produced empty spaces
and changed the compact and fine gel structure to a coarser network, and the effect increased with higher H,O,
concentration. The low-field NMR relaxation measurement results indicated that the oxidation degree of protein
had no effect on the bound water (7,;) of MP gel but had significant effects on immobile water (7,;) and free
water (7T,3) of MP gel. T,, water content (Pp) decreased with increasing H,O, concentration (94.03% for
non-oxidized MP gel, 91.16% for 5 mmol/L H,0,, 88.14% for 20 mmol/L H,0;). T»; water content (P53)
increased with H,O, concentration (1.37% for non-oxidized MP gel, 4.25% for 5 mmol/L H,0,, 7.56% for
20 mmol/L H,0,). Taken together, these results demonstrate that with increasing HO, concentration, some part of
the immobile water of MP gel shifts to free water, and the free water would become the potential centrifuge drip
loss. Correlation analysis results showed that concentration of H,O, was highly negatively correlated with
whiteness, WHC, hardness and chewiness (p<0.05). Based on the synthetic evaluation on the testing results of the
MP gel, it can be concluded that the -OH will result in oxidation of MP, and have detrimental effects on the gelling
property of porcine MP. Therefore, it is imperative to inhibit the oxidation of MP during storage and processing of
meat to avoid losing the functional properties of porcine MP.

Key words: proteins, nuclear magnetic resonance (NMR), meats, hydroxyl radical (-OH) oxidizing system,
myofibrillar protein (MP), microstructure
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An ultrasensitive method for DNA detection based on magnetic
assembly induced by polymerase chain reaction (PCR) was developed.
The sensor showed a low limit of detection (LOD) of 4.26 aM with a
wide range of target DNA from 0.01 fVl to 10 000 fM.

Highly sensitive and selective sequence-specific DNA detection has
become increasingly important in a wide range of applications, and is
mainly used for clinical diagnostics,' detection of pathogenic diseases
and the detection of genetically modified organisms (GMOs).>”
Furthermore, there is also enormous potential for this technique to
be used in new drug research and development, gene therapy, food
safety testing and detecting environmental contamination.®*® There-
fore, a simple and ultrasensitive detection method for extremely low
concentrations of nucleic acids seems to be essential to meet the
above increasing demands.

Numerous methods for the analysis and quantification of specific
DNA sequences in a large number of organisms have been developed.
Quantitative PCR is a powerful conventional tool for the detection of
trace amounts of DNA due to its excellent amplification and quanti-
tative properties, while the post-analysis of PCR products using gel
electrophoresis is time-consuming.""'® Meanwhile, nonspecific PCR
products are very easily generated in SYBR Green real-time PCR due to
the non-selective combination of dyes and double-stranded DNA,
which has an influence on the accurate quantification. In recent
years, various DNA biosensors based on oligonucleotide functiona-
lized nanoparticles have continued to attract considerable research
attention, because of the specific properties of nanomaterials, includ-
ing optical, electrochemical, thermometric, piezoelectric, magnetic,
fluorescent or micromechanical, all of which can be magnified and
used as detection signals for qualitative and quantitative analysis."” >
PCR, as a useful tool with the excellent exponential amplification
power, could be combined with nanoparticles. The assembled nano-
particle superstructures induced by PCR could re-generate special
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properties.”” > PCR-based gold nanoparticle assembly also provides a
novel technique for signal magnification, which could be used in the
field of sensitive DNA detection with 0.1 fM sensitivity.>*"

As an important nanomaterial, well-established MNPs have been
widely studied in nanotechnology. MNPs have the properties of high
magnetization, super paramagnetism, a wide range of magnetic
anisotropy and can easily be functionalized and modified with other
molecules due to the presence of various groups on their surface.*>*
Thus, the multifunctional MNPs have many applications in biology
and biomedicine, including bioseparation, detection, drug delivery
and in magnetic resonance imaging (MRI).***° MRI is a powerful
technique for the analysis of the location and type of nucleus in
some substances, and the internal images of objects can be drawn.
Nowadays, this technique is being widely used in clinical diagnosis
and biodetection. In particular, super paramagnetic nanoparticles
have been utilized for the detection of harmful elements and other
substances as contrast agents in MRI and fabricated NMR sensors,
which have made significant contributions to food safety, environ-
mental protection and many other fields.*>**

In this communication, we report a new strategy for the ultra-
sensitive detection of target DNA based on the magnetic relaxation
switch produced by the aggregation of MNPs. Following the hybridi-
zation of DNA-labeled monodisperse nanoparticles, it is difficult to
achieve an ultrasensitive detection level without further signal ampli-
fication. In order to improve the sensitivity of the method, PCR was
introduced to assist in the assembly of MNPs and amplify the degree
of assembly due to the exponential amplification of target DNA
(Scheme 1). The primer-modified nanoparticles were hybridized with
a DNA template in the same system imitating the reaction procedures
of a conventional PCR. Under different concentrations of target DNA,
MNPs displayed different aggregation states. When target DNA was
increased exponentially, the aggregation of MNPs increased. There-
fore, the transverse relaxation time (T2) of the surrounding water
protons in the solution was different. The greater the degree of
aggregation of the MNPs, the longer the T2 relaxation time. Further-
more, the signal intensity of MRI varied accordingly.

The magnetic nanoparticles used in our assay were
Fe;0, nanoparticles bearing carboxyl groups with a mean dia-
meter of 8-10 nm, which were purchased from Gao’s group.*’

Chem. Commun.
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Scheme 1 The scheme of the method for DNA detection based on MNP
assembly induced by PCR.

Fig. 1 Representative TEM images of MNP assembly for different cycle numbers
under 10000 fM of target DNA: (a) 0 cycle, (a) 5 cycles, (a) 10 cycles, (a) 20 cycles,
(a) 30 cycles.

Their dispersibility in solution was excellent, as shown in Fig. 1(A).
The original concentration of MNPs was 1.3 mg mL ™', while the
actual amount was diluted 20 times in PBS solution containing
0.01 M sodium phosphate and 137 mM NacCl. In order to activate
the carboxyl group-modified MNPs and enhance the combination of
carboxyl groups of MNPs and amino groups of DNA, 0.2 mg EDC
and 0.2 mg NHS were added to 1 mL of the above MNP solution
diluted with PBS. After reacting for approximately 15 min, the
amino-modified upstream and downstream primers at a final
concentration of 4 uM, respectively, were introduced and incubated
with MNPs at room temperature with a slow shake. After six hours,
excess primers were removed by ultrafiltration (3000 MW cutoff
membrane; Millipore) for 3 min at 10000 r min~". Ultrafiltration
was performed five times with ultrapure water to ensure that the
unbound primers were entirely removed. The residual MNPs were
re-suspended in ultrapure water and then stored at 4 °C until use.
After ultrafiltration, the zeta potential of primer-modified MNPs was
measured to ensure the successful combination of MNPs and DNA
fragments. The original MNPs carried negative charge owing to the
presence of carboxyl groups. When DNA possessing negative charge
was anchored on the MNPs, the total negative charge of the complex
increased on the surface of MNPs with the surrounding DNA. By
comparing the variation in zeta potential of MNPs before and
after conjugation with DNA, a 2 mV enhancement from —2.68 mV
to —4.96 mV was observed. Meanwhile, the size of MNPs after DNA
conjugation showed an obvious shift as observed from measuring the
size change (ESLT Fig. S1). This confirmed that DNA was successfully
conjugated with MNPs through carboxyl groups and amino groups.
The whole process of MNP assembly was carried out in PCR tubes
according to the procedures of a conventional PCR. The PCR mixture
was reacted in a final volume of 50 pL. The selected target DNA was
from a specific DNA fragment of genetically modified corn MON 810.
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To ensure close assembly of MNPs, oligonucleotides with 41 nucleo-
tides in length were selected as target DNA. The specificity was
confirmed by standard nucleotide BLAST on NCBI. Before PCR on
the surface of MNPs was carried out, conventional PCR was conducted
to identify the optimal PCR cycling parameters. Under the following
conditions: an initial denaturation of 2 min at 94 °C, followed by
30 cycles at 94 °C for 30 s, 60 °C for 30 s, 72 °C for 1 min, and a final
extension of 7 min at 72 °C, the PCR products showed a single target
band on agarose gel electrophoresis in the third lane (ESLT Fig. S2).
Due to the use of amino-modified primers, the band was located at a
position above the 50 bp marker. As a result, the above PCR cycling
parameters were employed in the assembly of MNPs.

Under optimized conditions and different concentrations of
target DNA, the aggregation states of MNPs varied. At the same
time, the degree of MNP assembly displayed an increasing trend
under a certain DNA concentration during the process of MNP
PCR. With an increase in PCR cycles, the aggregation of MNPs was
greater. In Fig. 1, typical transmission electron microscopy (TEM)
images of MNP assembly for 0, 5, 10, 20, 30 cycle numbers show
the change in each assembled structure under 10 000 fM of target
DNA. Primer-modified monodisperse MNPs gradually aggregated
due to amplification of the DNA template.

To estimate the alteration in diameter of the assembled MNPs,
the sizes of the formed MNPs under different concentrations of
target DNA were measured using dynamic light scattering (DLS). The
typical size distributions of the MNP aggregates are shown in Fig. S3
(ESIY). Following the addition of different concentrations of target
DNA to the PCR system, the size of MNPs gradually increased with
increasing target DNA 30 cycles later. The change in MNP size
distributions shown by DLS strongly indicated that the assembly of
MNPs took place through PCR and the degree of MNP aggregation
was diverse corresponding to the concentrations of target DNA.

Fig. 2(A) shows the MR images of the final PCR products at
different concentrations of target DNA. It is clear that the brightness
of the MR image gradually increased from top to bottom. This color
change can be explained by the assembly of MNPs with the aid of PCR
amplification which induced a change in T2 relaxation time. Higher
concentrations of DNA led to the formation of more MNP aggregates,
which resulted in an increase in T2 relaxation time. Therefore, the
negative control without target DNA was dark blue and the sample

Fig. 2 The T2 value image (a) and MR image (b). (A) The detection of target
DNA: from top to bottom, the concentrations of target DNA were 0 fM, 0.01 fM,
0.1fM, 1 fM, 10 fM, 100 fM, 1000 fM, 10 000 fM. (B) The detection of nonspecific
DNA: from top to bottom, the concentrations of nonspecific DNA were 0 fM,
0.01 fM, 0.1 fM, 1 fM, 10 fM, 100 fM, 1000 fM, 10 000 fM.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 The standard curve of the determination of target DNA.

with the highest concentration of target DNA was bright red in color.
The DNA concentration range varied from 0 to 10 000 fM.

For the quantification of original DNA concentrations, these
were calculated according to the T2 values of different concen-
trations of target DNA. The standard curve of these determina-
tions was obtained by the T2 values of target DNA which ranged
from 0.01 fM to 10 000 fM. As a result, a low limit of detection of
4.26 aM was obtained in this target DNA range of 0.01 fM to
10000 fM with an excellent correlation R* = 0.9905 (Fig. 3).

A specificity test was performed using another type of nonspecific
DNA fragment as a template. The detected T2 values were not obviously
different from those of the negative control without the DNA template,
and the color of the MR image is shown in Fig. 2(B). This was due to
the fact that the primers did not recognize and hybridize with the
nonspecific DNA, therefore the DNA template was not amplified and
the primer-modified MNPs were not assembled under any of the DNA
concentrations. Thus, this method indicated that the test had perfect
specificity for detecting specific DNA fragments.

The reproducibility and reliability of this sensor were evaluated by
determining the recovery ratio of target DNA in the detection system
with ADNA. ADNA has a large and complex DNA sequence, and the
specificity of the used target DNA in this assay was compared with
ADNA from standard nucleotide BLAST on NCBI, which showed a
perfect result without repeated fragments. Therefore, ADNA could be
used to imitate a complicated environment to assess the accuracy of
this method. The target DNA was added to 10 pM of ADNA at
concentrations ranging from 0.01 fM to 10000 fM. The results, which
are shown in Table S1 (ESIT), indicated that the recovery was satisfactory
in the range of 96.8-106%. Thus, matrix interference was negligible for
the detection of target DNA, which demonstrated the capacity of this
sensor in the analysis of real samples.

Using MRI as a detection signal, an ultrasensitive magnetic
relaxation switch sensor was developed to detect and quantify target
DNA. With the aid of PCR on the surface of MNPs, MNPs were
assembled and aggregation was different when DNA concentrations
were changed. Due to exponential amplification of the DNA template,
the sensitivity of this method was significantly improved. This sensor
is simple, highly sensitive, specific and has an extremely low LOD of
4.26 aM. In addition, a high-throughput detection level can also be
realized using a nuclear magnetic resonance spectrometer.

This work is financially supported by the National Natural
Science Foundation of China (21071066, 20835006, 91027038,
21101079, 21175034).
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Abstract Pleasant flavor and nutritional benefits of vegeta-
ble oils lead to an increase in their consumption amount. In
addition, due to being apparently similar to commercially
qualified vegetable oils (QVOs), used frying oil (UFO) is
added into it to seek high profit by the unscrupulous traders.
Thus, the authenticity assurance of commercial oil and fat
products remains a challenge to scientists both in terms of its
health and commercial perspectives. This work focused on
using low field nuclear magnetic resonance (LF-NMR) to
discriminate the adulteration of commercial corn, peanut,
rapeseed, and soybean oils with two kinds of UFOs. The
differences between the transverse relaxation distributions
(T, distributions) of qualified oil and UFO were in the
appearance of the third peak (A), which could be assigned
to polymer products that were produced during the deep-fat
frying process and the shift of 7, value of the peaks. In
addition, the A peak area accounted for the whole area of
peaks linearly increasing along with the increase in adulter-
ation proportion. Based on the changes of peak area, a
simple linear equation was built and the determination coef-
ficients (R?) were all higher than 0.93. Therefore, as a rapid,
convenient, and nondestructive method, LF-NMR applica-
tion could be used to detect adulteration of vegetable oils
with UFO.
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Introduction

Adulteration of edible oil is a common phenomenon in
market trade resulting from unscrupulous traders seeking
to make exorbitant profits and difficulty in detection of
mixed oils and fats (Tay et al. 2002). Due to its pleasant
flavor and nutritional benefits, the amount of vegetable oil
consumption has expanded rapidly in the last years.
Consequently, there has been a significant increase in quan-
tity of UFO yearly. As a potential adulterant to edible
vegetable oil, its determination has been an interesting study
for considerations of health hazards and market order. Many
complex physical and chemical reactions have been tak-
ing place in the UFO during the longtime high-
temperature treatment, so the physical and chemical
properties are significantly different compared to fresh
oils and fats. However, once the UFO undergoes some
refining processes such as absorption and membrane
filtration, the differences between the UFO and fresh oils
and fats are not easy to discriminate (Bhattacharya et al.
2008; Miyagi et al. 2003).

Many instrumental detection methods based on the
chemical components or physical properties of oils and fats
have been developed and applied to assess the adulteration
of oils and fats. These methods are gas chromatography
(GC) (Hajimahmoodi et al. 2005), headspace mass spec-
trometry (Lorenzo et al. 2002), high-performance liquid
chromatography (HPLC) (Cunha and Oliveira 2006), differ-
ential scanning calorimetry (DSC) (Chiavaro et al. 2008),
Fourier transform infrared spectroscopy (FTIR) (Lerma-
Garcia et al. 2010; Zhang et al. 2012), synchronous fluores-
cence (Poulli et al. 2006), nuclear magnet resonance (NMR)
(Smejkalova and Piccolo 2010), dielectric spectroscopy
(Cataldo et al. 2010), and electronic nose (Gan et al.
2005). In addition, the combination of instrumental analysis
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with chemometrics (Zhang et al. 2006) enriched the data
processing ways and got more convincing consequences.
All of these methodologies obtained satisfactory results
and could be used to a practical situation. However, labori-
ous, time-consuming, sample devastation and expensive
instrument exist in these methods. Along with quick ad-
vancement in the development of instrument about edible
oil quality, the detection of adulteration technologies have
been progressing towards the characteristics of fastness,
convenience, simplicity, and objectiveness which are low
field nuclear magnetic resonance's (LF-NMR) advantages.

From general NMR theory (Slichter 1990; Price 1997,
Bliimich et al. 2008), when a hydrogen-containing material
is placed in a uniform magnetic field and then an RF pulse is
offered, the H proton resonates and absorbs the RF pulse
energy. When the RF pulse is terminated, the H proton will
release the absorbed energy to get back to the thermal
equilibrium, and this energy liberation course is the so-
called NMR signal which can be detected by a dedicated
coil. There are two relaxation times named as longitudinal
relaxation (7;) and transverse relaxation (73) to characterize
the time of the recovery process of energy equilibrium. 7}
relaxation is also called spin—lattice relaxation which corre-
sponds to the energetic exchange between excited nuclear
spins and lattice and refers to the total energy reduction. 7,
relaxation is also called spin—spin relaxation which is the
interaction among the nuclear magnetic moments (spins)
and refers to the total energy of the nuclear system that
remains unchanged (Bakhmutov 2004). Commonly, the 7,
value is lower than the T value of the same material. For
samples with different chemical properties, such as hydro-
gen content and chemical structure of hydrogen-containing
compound, the relaxation times are different.

As a rapid, convenient, and nondestructive method, LF-
NMR has been abundantly used in food material property
measurements and quality control (Todt et al. 2001;
Micklander et al. 2002; Todt et al. 2006a) based upon
detection of the mobility and distribution of water and fat
hydrogen protons (Bliimich et al. 2009) which extensively
exist in food matrix. Different kinds of protons, e.g., those
bound in free water or in more structured water or even
protons attached to lipids, proteins, and carbohydrates, can
be distinguished by LF-NMR (Pedersen et al. 2000). The
proton mobility and distribution in different compounds in
the food matrix decide the relaxation time. Therefore, meas-
urements of water content and its existing forms in food
tissue and oil content of food materials by LF-NMR were
the most interesting research items and have obtained cer-
tain consistency compared to the traditionally proposed
content test methods (Thybo et al. 2003; Serland et al.
2004; Todt et al. 2006b).

Chemometric methods such as principal component analy-
sis (PCA) and partial least squares (PLS) have been also
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successfully used to process data obtained to optimize large
and highly colinear datasets of multiecho pulse sequences from
LF-NMR (Viereck et al. 2008). PLS combined with linear
discriminate analysis (LDA) to exploit invisible changes of
the internal characteristics of blanched sweet corn yielded a
satisfactory classification rate of 94.3 % and performed well in
firmness prediction of processed sweet con (Shao and Li
2010). Therefore, the application of chemometric methods is
a common and effective way to classify food materials.

The main objective of this study was to detect the adul-
teration of edible vegetable oil with UFO by LF-NMR
application. In addition, conventional chemical indices of
oils and fats were measured to estimate the authenticity of
the studied oils and to find the differences between the fresh
edible vegetable oils and the UFO.

Materials and Methods
Samples

Due to being commonly consumed by people, commercial
corn oil (CO), peanut oil (PO), rapeseed oil (RO), and
soybean oil (SO) were purchased from a local supermarket;
they were all pure and qualified products. Used frying oil;
(UFO;) was collected from a sales stand of twisted cruller at
the local street. Used frying oil, (UFO,) was obtained from
local KFC stores.

Due to the deeply dark color, the raw UFO samples were
discolored by activated clay. The discoloration procedure
was conducted as follows: during the heating of raw UFO
held at 100 °C, 5—10 % activated clay was added and stirred
slowly for 30 min. Then, the mix was filtered by gauze, and
the filtrate was centrifuged at 9,000 r/min for 5 min, and the
supernatant was collected. All the oil samples were pre-
served in a refrigerator at 4 °C until analysis.

Chemicals

Activated clay, diethyl ether, ethanol, glacial acetic acid,
isooctane, cyclohexane, potassium hydroxide, phenolphtha-
lein, potassium iodide, sodium thiosulfate, starch, iodine
monochloride, and all the other chemicals used in the study
were purchased from Beijing Chemical Works Company.
All the reagents and chemicals were of analytical grade.

Instruments

An electronic analytical balance (Acculab, Sartorius, ALC-
110.4, Goettingen, Germany) was used to accurately weigh
the oil samples. A high-speed refrigerated centrifuge (GL-
20 G-II, Shanghai Anke Centrifuge, Shanghai, China) was used
to help the discoloration procedure. Transverse relaxation
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measurement was performed by an NMI20-Analyst (Niumag
Electric Corporation, Shanghai, China) equipped with a perma-
nent magnet with field strength of 0.53 T and a probe head with
RF coil of 18 mm diameter, combined with a windows analysis
platform and integrated with an inversion of a multiexponential
fitting analysis (T-invfit) program (Wang et al. 2004).

Analysis of Chemical Indices

The three most conventional chemical indices to evaluate the
quality alteration of the studied oil samples were determined.
Acid values (AV) of the oil samples were conducted according
to the AOCS Official Method Cd 3 d-63: Acid Value (AOCS
2009a). Peroxide value (POV) of the oil samples was conducted
according to the AOCS Official Method Cd 8b-90: Peroxide
Value, Acetic Acid-Isooctane Method (AOCS 2003). lodine
value (IV) of the oil samples was conducted according to the
AOCS Official Method Cd 1 d-92: Todine Value of Fats and Oils
Cyclohexane—Acetic Acid Method (AOCS 2009b).

Measurement of Transverse Relaxation

UFO, and UFO, were proportionally added into the four
commercially QVOs, respectively. Four QVOs were set as
control, and the additional ratio between UFO and qualified
oil was set as follows: 0.5, 1, 2, 5, 10, 20, 50, and 100 %.
Each oil sample was loaded into a 1.8-ml screw-capped
plastic vial and then stored in a refrigerator set up at 4 °C
before relaxation measurement.

The plastic vial contained oil sample that was put into an
18-mm diameter glass test tube and then the tube that
contained oil sample was placed in the center of the RF coil.
The LF-NMR relaxation times were measured using the Carr—
Purcell-Meiboom-Gill (CPMG) (Carr and Purcell 1954;
Meiboom and Gill 1958) pulse sequence on the NMI20-
Analyst operating at a resonance frequency for protons of
22 MHz. The frequency offset of RF pulse was 623.29 kHz.
The relaxation measurements were carried with an 7 value
(time between 90° and 180° pulses) of 200 us. The pulse
width of 90° and 180° pulses were 24.50 and 49.00 us,

Table 1 Chemical indices of the studied oil samples

respectively. Data from 5,000 echoes was acquired as four
scan repetitions at 31.99-32.00 °C. The repetition time be-
tween subsequent scans was 1.5 s. The dead time between the
end of the RF pulse and the beginning of sampling was 50 ps.
The received signal frequency range of the receiver was
250 kHz. The first and second signal gain adjustments were
20 and 3, respectively. After acquiring the CPMG sequence of
the oil sample, the T-invfit software was used to inverse the
obtained CPMG sequence into a spin—spin relaxation time
(T3) distribution.

Data Processing

All experiments were carried out in triplicate. A two-factor
(adulteration proportion and QVO oil variety) analysis of var-
iance (ANOVA) which was achieved by SPSS 17.0 (SPSS
Corporation, Chicago, USA) was used to analyze the data,
and linear regression analysis (LRA) and graph drawings were
conducted by origin 7.5 (OriginLab Corporation,
Northampton, England).

Results and Discussion

Chemical Index Analysis and 75 Distribution of the Oil
Samples

Chemical Indices of the Studied Oil Samples

Edible oil quality is closely related to the consumer's health
and can be showed by the conventional chemical indices.
The AVs, POVs, and Vs of the oil samples are shown in
Table 1. By means of ANOVA, there were significant differ-
ences among the AVs, POVs, and IVs of six oil samples,
respectively, except AVs between CO and SO, POVs be-
tween CO and RO, and POVs between CO and SO.
According to Codex Stan (1999), the AVs of all four
QVOs were less than 0.6 mg KOH/g oil, indicating that
they were all in the required quality limit except for PO, and
the AVs of two UFOs were higher than 0.6 mg KOH/g oil,

Indices CO PO

RO

SO UFO, UFO,

AV (mg/g)
POV (mmol/kg)
IV (g/100 g)

0.124+0.007e
3.704+0.141 d,e
120.3+1.729b

0.731+0.005¢
5.914+0.113¢
101.3+1.307 d

0.261+0.006 d
3.579+0.154¢
112.7+1.307¢

0.116+0.004¢
4.029+0.156 d
125.7+1.729a

1.568+0.021b
7.507+0.188b
92.67+0.653¢

4.300+0.064a
8.306+0.234a
44.33+0.653

Each data was expressed as the mean of three measurements + standard deviation. Different letters in the same row of different oil

samples do significantly differ (p<0.05)

CO corn oil, PO peanut oil, RO rapeseed oil, SO soybean oil, UFO; used frying oil 1, UFO, used frying oil 2, AV acid value, POV peroxide value,

IV iodine value
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explaining that their quality had deteriorated. POVs of all
studied oil samples were less than 10 mEq of active oxygen
per kilogram of oil, indicating that all four QVOs were
qualified because they were kept in good reservation con-
ditions before the experimental analysis, and the two UFOs
were in bad quality because they had undergone longtime
deep-frying before the experiment. It is well known that the
POV increased at the beginning and decreased after deep
oxidation (Gray 1978). IVs of all four QVOs were in the
range required by the codex standard which could state that
the unsaturated compounds have not severely degraded, and
IVs of two UFOs were much lower because the carbon—
carbon double bond broke during the deep-frying course.
All of these parameters could demonstrate that the quality
of UFOs overstepped the continued utilization range, and all
of them were the expression of the complex chemical reac-
tion products produced during the thermal treatment. As
reported by Choe and Min (2007), hydrolysis, oxidation,
and polymerization reactions were the main alterations that
occurred during the deep-frying process and result in a lot of
complex products which contribute to the bad quality of

frying oil.

T, Distributions of the Studied Oil Samples and Theory
Analysis

T, distributions of six unitary oil samples were measured
before the adulteration experiment, and the spectra are dis-
played in Figs. 1 and 2. According to the spectra, four
QVOs showed the same peak distribution (two peaks),
indicating that the amplitude and 7, values of the peaks

Fig. 1 T; distributions of CO 1400

are similar. This might attribute to the resemblance of the
main triacylglycerol (TAG) component existing in oils and
fats. Nevertheless, the 75 distribution of UFO was signifi-
cantly different with that of the qualified oils which embod-
ied that the amplitude value decreased and 7, value of the
peaks shifted towards the left. Most important of all, a third
peak marked as A in the little value area of 7, clearly
appeared compared with the 7, distribution of QVO. It is
worth mentioning that the overlap among the three peaks
which indicated that the complex constituents of the oils and
fats could be attributed to the low sensitivity of LF-NMR.
However, this did not influence the detection efficiency of
LF-NMR on QVOs adulterated with UFO from the adulter-
ation detection point of view.

T, distribution mainly depends on the homogeneity of
the magnetic field where the hydrogen proton locates,
and the homogeneity of the magnet field is mainly
determined by the main magnetic field (magnet) and
the local magnetic field (precessional motion of hydro-
gen proton) of the internal composition of the measured
material (Bliimich et al. 2008; Fukui 2008). Therefore,
when the main magnetic field's intensity is stabilized, the
factor influencing 7, distribution is the research object's
constituents or the interior chemical structure of the
components in detail. For a mixture, if the molecular
sizes of the constituents are uniform, the internal mag-
netic fields where the hydrogen proton locates made by
these molecules are relatively uniform. As a result, when
the RF is withdrawn, the losing speed in coherence of
the processional motion frequency (in phase) is slow, 7,
value is relatively long, and vice versa.

14001
-0 ——0
1
(@), PO (b), RO (), and SO (@) | 0% ) 05w
adulterated with proportioned o 1% & 1%
UFO,. (The abbreviations are 1000+ e 2% 1000 —ve 2%
the same as shown in Table 1. 3 —=5% 3 5%
£ 800+ s 10% S 800 —x- 10%
The three peaks that appeared 3 e 20% = —o—20%
were marked as 4, B, and C, Z 600 o 50% £ 6001 o 50%
; —— 100% —— 100%
respectively) 400 o 400
200 200
0 . 0
T T . T T " : :
0.01 0.1 1 10 100 1000 10000 0.01 1000 10000
T2 (ms)
1400 1400+
0 —=0
1200 °—0.5% 12004 0 0.5%
2 1% 2 1%
,, 1000 - 2% 1000+ o 2%
= 4 5% -] 4 5%
= 800+ -3 10% = 800+ 3 10%
£ —o20% g —o 20%
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Fig. 2 T, distributions of CO

14004
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T, distribution of oils and fats shows the spin—spin relax-
ation profile of hydrogen protons, which lie in the different
chemical structural environments of oil and fat components.
This profile reflects the speed of energy equilibrium recov-
ery process. 7, and amplitude values represent the speed and
strength of spin—spin relaxation, respectively. Generally,
hydrogen protons of different structural positions in the
same molecule have different 7, and amplitude values.
However, due to the assembly of hydrogen protons in a
similar chemical environment and the low magnetic field
strength of LF-NMR, the obtained 7, distribution of oil
sample just showed several peaks. Therefore, 7> distribution
of qualified oil had two peaks which could be assumed that
there were two types of hydrogen protons existing in differ-
ent chemical environments in the qualified oil composition.
Three peaks appeared in the 7 distribution of UFO account-
ing for three types of hydrogen protons. Thus, the appear-
ance of the A peak indicated that there was a third type of
hydrogen protons existing in UFO.

The qualified edible oil (refined) has approximately 99 %
of TAGs, and these TAGs are mainly composed of glycerol
combined with C16 or C18 of fatty acids. That's to say, the
components have good homogeneity of molecular size. Thus,
hydrogen protons have relatively similar chemical environ-
ments. UFO had undergone many complicated chemical reac-
tions and a lot of products were produced. These products
could be separated into three kinds: (i) decomposition prod-
ucts with molecular weight were less than 600 Das such as
free fatty acids, diglycerides, monoglycerides, little molecule

53

T2 (ms)

of alcohols, aldehydes, ketones, hydrocarbons, lactones, cy-
clic monomers, etc.; (ii) oxidized TAGs which had hydroxyl,
keto, and epoxy groups in the fatty acyl chains with molecular
weight between 900 and 1,000 Da and similar to the molecular
weight of original TAGs; and (iii) polymers with molecular
weight higher than 1,800 Da such as highly polymerized
compounds, oligomers, trimers, dimers, etc. (Paul and Mittal
1997; Sahin and Sumnu 2009). Based on the discrepancies of
the constituents and their molecular weight and the 7, distri-
bution between qualified edible oil and UFO, the A peak
could be supposed to the decomposition products or the
polymers.

On one hand, a lot of hydrogen-containing products
increased the frequency of the hydrogen protons' chemical
exchanges between the products as a result of the increase of
transverse relaxation and a lower 7, value. However, many
of these decomposition products were volatile and were lost
during the deep-fat frying course. Therefore, the appearance
of the A peak resulting in these decomposition products was
not observed. On the other hand, the most possible products
for A peak were polymer compounds like TAG dimers,
oligomers, and cyclic polymers. Due to the large molecular
structure, the free motion of hydrogen proton linked to the
polymers' molecular backbone was restricted by the effect of
steric hindrance, which made the motion degree or the
motion free path decrease. As a result, the time which was
taken by the hydrogen protons to recover the energy equi-
librium after the impact of RF was reduced, i.e., the 7, value
of the A peak was lower.

@ Springer
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Fig. 3 The change profiles of
the QVOs adulterated with 250 CO+UFO
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Discrimination of Adulteration

On the grounds of the above-mentioned 7, distribution
differences among the oil samples, the UFOs were propor-
tionally added into the qualified oils to conduct an adulter-
ation determination test. As shown in Figs. 1 and 2, 7,
distributions of the two adulteration methods had the same
variation tendency. After amplifying the 7, distribution,

Fig. 4 The change profiles of

the QVOs adulterated with 250
UFO, along with the increase in

adulteration proportion. (7,A, 200 4
T,B, and 7,C represented the
weighted 7, distribution values
of A peak, B peak, and C peak,
respectively. The abbreviations
are the same as shown in 50+

CO+UFO5

along with the increase of adulteration proportion, the am-
plitude values of the B peak and C peak decreased, while the
amplitude values of the A peak increased. 75 values of the A
peak, B peak, and C peak shifted left when the adulteration
proportion increased. By observation of a peaks' area, the ratio
of the A peak's area accounted for the whole area of peaks
increased along with the increase of adulteration proportion.
Along with the increase of adulteration proportion, 75 values

250

0 T2A PO+UFO 7 o0 TZA

—o— TZB

A TZC

T2 (ms)
T2 (ms)
2

Table 1)
0 ?@‘H— —

}

T T T T

0 20 40 60

- - T T T T

80 100 0 20 40 60 80 100

Adulteration proportion (%) Adulteration proportion (%)

RO+UFO 5

SO+UFO» 0 T2A
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A T2C 200 A TZC

T T
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Table 2 Tests of between-subjects effects. Dependent variable: area ratio

Source QVO + UFO, QVO + UFO,
Type Il sum df Mean F Signifance Type Ill sum df Mean F Significance
of squares square of squares square
Corrected model 143.443* 35 4.098  20,300.131 0.000 130.709* 35 3.735 10,210.925  0.000
Intercept 119.297 1 119.297 59,0903.782 0.000 120.397 1 120.397 32,9185.846 0.000
QVO variety 4.064 3 17.124  84,820.831  0.000 2.476 0.825  2,256.381 0.000
Adulteration proportion 136.995 8 1.355  6,709.912  0.000 124.663 15.583  42,606.177  0.000
QVO variety * adulteration 2.384 24 0.099  492.008 0.000 3.571 24 0.149  406.826 0.000
proportion®
Error 0.015 72 0.000 0.026 72 0.000
Total 262.754 108 251.132 108
Corrected total 143.458 107 130.736 107

QVO qualified vegetable oils
# R square=1.000 (adjusted R square=1.000)

" QVO variety * adulteration proportion means the interaction effect between QVO variety and adulteration proportion

of the peaks gradually decreased until they reached the min-
imum value of the whole UFO. Therefore, if the UFO was
blended into QVO, the peaks' amplitude value and 75 values
of the adulteration samples were lower than that of QVOs.

The decrease in amplitude values of the B peak and C
peak stated that the contents of hydrogen proton which
contributed to the peaks were decreased after adding UFO
into QVOs. This was consistent with decrease in TAGs
content of UFO undergoing many chemical reactions. It
was interesting that the significant decrease in the amplitude
of the B peak and C peak appeared when the UFO was
added into QVOs by a very small proportion. This might
relate to the constituent term fluctuation between QVO and
QVO adulterated with UFO, and there might be a gradient
descent of amplitude values of the B peak and C peak when
UFO was added into QVOs by a very small quantity. The
experiment of UFO quantity lower than 0.5 % had not been
referred to for the consideration of unapplicable adulteration
practice. However, as the adulteration proportion increased,
this variation tendency in the amplitude of the B peak and C
peak became slow. This might be attributed to the linear
detection range of LF-NMR which could affect the decreasing
span of amplitude values of the B peak and C peak.

Fig. 5 The relationship

Based on the above-mentioned discussions and ampli-
tude values of peak of the ith relaxation time and the ith
relaxation times of the peak by means of a spectrum analysis
software, T, values of the A peak, B peak, and C peak were
calculated. For the objectivity of the 7, value, weighted
means of each peak's 7, value were calculated according
to the following equation:

" Ai

n-y A

Ty,

n

=1 > Ai
i=1

where T2 = geometric weighted average transverse relaxa-
tion time, 4i = the amplitude value of peak of the ith
relaxation time, and 72i = the ith relaxation time of the
peak. The adulteration proportion was set as abscissa, and
the weighted 7> value was set as ordinate (Figs. 3 and 4). As
shown in the graphs, 7, values of the three peaks fluctuated
under the lower adulteration proportion. However, there was
a same decrease phenomenon of the 7, values when the
adulteration proportion was higher than 10 %. 75 value of
peaks was decreased in the wake of adulteration proportion
increase. The extent of the decrease of 7,C was highest; 7,B
takes second place and T»A was the lowest, which estimated

1 4 % 4 'y
between area ratio of A peak
accounted for the whole peaks 3] . 3 i
and adulteration proportion of S s S -
N2 o ~ e
. o 2/ B g 24 o’
E}ﬁleQ;}g(t?rSea?;ie;:tzi [till:: C;ame k= 2 TCO+UFO|:y = 0.0302x + 04894, R2= 09465 'F 2 ©CO+UFO,: y = 0.0295x + 0.4131, R2= 0.9703
v g
. 3 - PO+UFO[: y = 0.038x + 0.1388, R?= 0.9908 3 < PO+UFOy: y = 0.0342x + 0.125, R2= 0.9864
as shown in Table 1) E 14 ! & 1 2y )
| RO+UFO{:y = 0.0374x + 0.5465, R2=0.9634 2.0 RO+UFO,: y = 0.0376x + 0.4776, R2=0.9358
0+ ~—SO+UFO;: y = 0.035x + 0.0863, R?= 0.9879 0?@, ——SO+UFOy: y = 0.0328x + 0.3984, R%= 0.9689
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the relaxation time to be significantly shift left to the 7,
distribution of the adulterated oil samples.

The results of the ANOVA analysis were shown in Table 2.
QVO + UFO, was taken as an example, and the significant
probabilities of QVO variety, adulteration proportion, and
QVO variety * adulteration proportion were all 0.000 which
was less than 0.05, indicating that all the QVO varieties,
adulteration proportions, and interaction effects between them
had significant influence on the area ratios. In addition, the
annotation of the corrected model showed that the multiple
correlation coefficient was 1.000, indicating that there was a
significant correlation relationship between the area ratios and
the factors. Similar ANOVA results were also seen for QVO +
UFO,. Therefore, a simple linear equation between the arca
ratios and adulteration proportions was built to illustrate the
relationship (Fig. 5). As shown in the linearity curves, when
the adulteration proportions were lower than 10 %, the area
ratios had a certain fluctuation. However, in terms of the total
situation, the linearity of each curve was very clear, and the
determination coefficients (R%) of the linear equations were all
above 0.93.

The limit of detection (LOD) was calculated from the data
330

S
was the standard deviation of the response, i.c., the standard

error of the regression statistics; S was the slope of the cali-
bration curve (ICH Q2B 1996). After the calculations, the
LOD values were 28 % for CO + UFO,, 11 % for PO +
UFOy, 23 % for RO + UFO,, and 13 % for SO + UFO, and
were 21 % for CO + UFO,, 14 % for PO + UFO,, 31 % for
RO + UFO,, and 21 % for SO + UFO,. From these values, it
can be seen that LODs of the applied adulterations of QVOs
were all greater than 10 %, and even the LOD of RO + UFO,
was 31 %. This might be attributed to the complex component
of the studied sample and the lower sensitivity of the LF-
NMR. However, the appearance of the A peak and the extent
of the increase of the area of the A peak could be used to
conduct qualitative and quantitative analyses for the authenti-
cation of QVOs adulterated with UFO.

of Fig. 5 using the following formula: LOD = , where o

Conclusions

Chemical parameters of the studied oil samples indicated
that the UFOs were deeply deteriorated which could reflect
many complex chemical reactions taking place during the
deep-fat frying process according to previous studies. By
adopting the LF-NMR to measure the transverse relaxation
profiles of QVOs adulterated with UFOs and analyzing the
measured 7, distributions, the third peak, named as the A
peak, which could be ascribed to the polymers produced
during the longtime deep-fat frying procedure, appeared in
UFO's T, distribution, and its area increased along with
adulteration proportion increase. Meanwhile, the weighted
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T, values of the spectrum peaks were also calculated and
had a certain relationship with the adulteration proportion. A
simple linear equation was built to explain the positive
correlation between the area ratio and the adulteration pro-
portion, and R? values were all higher than 0.93. The results
stated that the A peak and its area variation in the wake of
adulteration proportion could supply the basis for the qual-
itative and quantitative analyses of QVOs mixed with UFO.
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ABSTRACT: A new method, a magnetic resonance imaging (MRI) technique characterized by T, relaxation time, was
developed to study the water migration mechanism between arabinoxylan (AX) gels and gluten matrix in a whole wheat dough
(WWD) system prepared from whole wheat flour (WWF) of different particle sizes. The water sequestration of AX gels in wheat
bran was verified by the bran fortification test. The evaluations of baking quality of whole wheat bread (WWB) made from WWF
with different particle sizes were performed by using SEM, FT-IR, and RP-HPLC techniques. Results showed that the WWB
made from WWF of average particle size of 96.99 ym had better baking quality than those of the breads made from WWF of two
other particle sizes, 50.21 and 235.40 um. T, relaxation time testing indicated that the decreased particle size of WWF increased
the water absorption of AX gels, which led to water migration from the gluten network to the AX gels and resulted in inferior

baking quality of WWB.

KEYWORDS: magnetic resonance imaging (MRI), arabinoxylan (AX), gluten, water migration, whole wheat bread

B INTRODUCTION

Whole wheat bread (WWB) is one of the fastest-growing staple
foods in Western countries.'" Many scientific studies have
confirmed its antioxidative activity and other nutritional
functions in epidemiology.” > However, due to the less
cohesive (also water partitioning during mixing and baking)
property of whole wheat dough (WWD) compared with that of
white dough, the baking qualities of WWB, including loaf
volume, specific volume, and interior structure (the porosity of
bread), are inferior to those of white bread,® which has
restricted a wider acceptance of WWB by consumers.” In Asian
countries, there are many fewer whole wheat products and a
lower market shares, leading to increased incidence rates of
chronic diseases and reduced value of grains (more grain
components go to feed).8

The relationship between the particle size of wheat bran and
the volume of bread has been investigated, but the results were
inconclusive and controversial. Some studies have shown that
the wheat bran has a negative effect on bread volume,™°
especially small bran particles."'> Wheat bran particles can
deleteriously affect the gluten network, decrease dough
resilience, and impair the framework of gas cells and, thus,
gas retention. These effects can lead to low bread specific
volume and inferior baking quality."* However, other research
has shown that bread made from smaller bran particle size flour
had a larger volume than bread made with coarser bran flour."*
Meanwhile, there were some results suggesting that bread with
the medium particle size (415 um) of wheat bran had larger
volume than either the refined (278 um) or the coarse group
(609 pm).” More studies are still needed to investigate the
effect of whole wheat flour (WWF) particle size on its baking

quality.

-4 ACS Publications  © 2012 American Chemical Society
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Arabinoxylans (AX) are important nonstarch polysaccharides
that form the cell walls of cereal endosperm and bran.'® Ferulic
acid (FA) is a major phenolic acid in wheat, where it is mainly
esterified to the arabinose backbone of AX.'*'” In wheat bran,
it is concentrated in cell walls. Incorporation of ferulic acid into
arabinose residues enhances the formation of intermolecular
cross-links of AX, leading to gel formation.'® Previous research
reported that the AX gels can inhibit the formation of gluten
network by changing water distribution among gluten and
other macromolecules and result in a less extensible gluten.'
This is especially true when AX gels compete with the gluten
network for water during mixing, restraining the gluten network
from water uptake.”® Gill*' proposed the redistribution of water
from nonstarch polysaccharides to gluten during fermentation.
Jacobs” theorized that AX tightly binds water in the dough
system, reducing the availability of water for developing the
gluten network. Roman-Gutierrez et al.>> compared the water
vapor adsorption properties of wheat flour and flour
components (pentosans, gluten, and starch) using a controlled
atmosphere microbalance, and the theoretical distribution of
water between the flour components was determined under a
water vapor environment. Roman-Gutierrez et al. demonstrated
that the water vapor adsorption properties of wheat flour
depended only on the ability of the flour components to
interact directly with the water molecules, which may not apply
to the bread dough system that traps a large amount of water
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inside macromolecular complexes formed by the swollen
components.

The magnetic resonance imaging (MRI) technique is a tool
for the noninvasive determination of moisture distribution in
high-moisture samples, including grain kernels.”* Traditionally,
MRI was applied to examine macro-water distribution and
migration in grain, such as water migration in single rice kernels
during the tempering g)rocess,24 water penetration into rice
grains during soaking, > and water redistribution in grain
kernels during drying. ® Moreover, MRI techniques have been
developed to show the internal structure of bread, which can
simplify the complicated and time-consuming process of
sensory and visual instrumental evaluation and reduce
costs.””*® MRI has been considered to be an accurate and
nondestructive method for visualizing the internal network
structure of bread”” and calculating the porosity of air
cells.**3?

The present work was undertaken to evaluate the effect of
WWE particle size on bread-baking performances that were
characterized by loaf volume and crumb porosity. To gain more
insight into relationships between particle size and bread
quality, a MRI technique was applied to examine the water
migration between macromolecules (AX gels and gluten). To
the best of our knowledge, despite the plenitude of hypotheses
that have been proposed concerning water migration and
competitive water absorption between AX gels and the gluten
network, no definitive evidence has been presented to support
these mechanisms. The present study’s goal was to verify the
water migration pattern and competitive water absorption
mechanism between AX gels and gluten through the MRI
technique and to confirm that it was the mechanism of inferior
loaf volume of WWB caused by refined particle size flour.

B MATERIALS AND METHODS

Wheat Grain. Wheat grain (Zheng 9023 cultivar, harvested in
2008) was obtained from Jin Lenong Agriculture Development Co.,
Ltd. (Henan Province, China).

WWF Analysis. Ash content (12% moisture basis) was 1.60% and
protein content (12% moisture basis, N X 5.7) was 13.0%, as reported
by the supplier. Farinograph curves were obtained according to AACC
International Approved Method 54-21.

Chemicals. Bakery sugar, salt, shortening, and instant dry yeast
were purchased from a local supermarket. The chemicals used for
preparing scanning electron microscopy (SEM) samples and testing
the content of FA were of analytical grade and purchased from
Sinopharm Chemical Regent Co. (Shanghai, China).

WWF Milling. The WWF was milled from intact wheat kernel
samples using a Waring blender (DFY-400, Wenling Dade Traditional
Chinese Medicine Machinery Co., Ltd., Zhejiang Province, China) by
grinding for 5 min. The coarse flour was superfine ground by the
ultramicro pulverizer (MZF-4, Hengtai Dongqi Powder and Equip-
ment Co., Ltd,, China) for 15, 25, and 35 min, respectively to achieve
the desired particle sizes. Four hundred grams WWFEF of each particle
size group was prepared each time. All experiments were repeated
three times.

Particle Size Analysis. The particle size distributions of WWF
obtained from different milling times were measured by the Laser
Particle Size Analyzer (S3500, Microtrac Inc, USA), and the
measurements were triplicates. The data were fitted by Origin
(version 8.5), and the average particle size was obtained from the
fitted curve.

Breadmaking. Bread loaves (each made from 150 g of dough)
were made in duplicate using AACC Approved Method 10-10B
(optimized straight-dough; AACC International, 2000) with some
adjustments. Formulation was as follows: WWE, 500 g; sugar, 30 g;
salt, 7.5 g; shortening, 15 g; and instant dry yeast, 15 g. Control bread
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was prepared from a commercial white bread flour (China Oil and
Foodstuffs Corp., Qinhuangdao, Hebei, China). Commercial bread
flour quality parameters were as follows: ash content, 0.40% (14% mb)
and protein content, 14.0% (14% mb). Yeast was dissolved in water
containing 0.1% sugar at 30 °C before use. Optimum absorption of
68% was acquired from the Farinogram data (11.3% mb). Dough was
mixed in a bread mixer (hook-mixer with a 1 kg mixing bowl;
Guangzhou Chenggong Baking Machinery Co., Ltd. China).
Ingredients were mixed at speed 2 for 5—8 min (optimized in
preliminary assays). Then the dough was divided into 150 g per piece,
placed into a rectangular baking pan (10 X 5 X 3 cm), and fermented
at 27 °C for 30 min, which was adjusted from the 90 min adopted in
AACC International Approved Method 10-10B (2000) to avoid dough
collapse after a long fermentation time. Then, the dough was punched
down and proofed for 90 min (increased from 33 min, because this
was found to greatly improve the volume of WWB) at 38 °C with 85%
relative humidity in a proofing cabinet. Baking was conducted in an
oven (HXM-CS11-10, Shanghai Qingyou Industrial Co., Ltd., China)
for 25 min at 170 °C upper temperature and 210 °C bottom
temperature. After cooling for 1 h, bread samples were placed into
plastic bags and stored in a freezer at —18 °C until analyses. Bread
slices (1.0 cm) were cut by an electronic bread cutter for MRI analysis.

Evaluation of Bread Quality. Determination of Bread Specific
Volume. After cooling for 1 h at room temperature on metal grids, the
bread weight and volume were measured in triplicates. Bread volume
was determined by the rapeseed displacement method (AACC
International Approved Method 10-05). The specific volume (cm?®
g™") of bread was calculated by dividing the volume by the weight.

Calculation of the Bread Porosity from MR Images. The crumb
structure of the WWB slices was evaluated for porosity, as observed
with an MRI system (Mini MR-60, Shanghai Niumag Electronics
Technology Co., Ltd,, Shanghai, China). Image analysis was performed
by the spin—echo 2D-FT method using an echo time of 0.1 ms and a
repetition time of 0.5 s according to the testing parameters provided
by the instrument manufacturer (Shanghai Niumag Electronics
Technology Co. Ltd.). The images were recreated on a 192 X 192
matrix for 2D images, which were scanned for three layers with a 4.9
mm thickness of each layer. The porosity was calculated by the image
twice-threshold segmentation method*? using Matlab (version
R2010a) to offset the variation error caused by the signal-to-noise
ratio of the scanned images. The gray value range of image was 0—255.
The contrast of the images was adjusted and selected from the gray
value for detecting the rim of the bread sample; the pixel amount of
bread sample was designated N;. The threshold value was adjusted and
selected again for testing the internal gas cell of the bread; the pixels
lower than the threshold were counted and designated N,
representing the gas cells of the bread crumb. Therefore, the pixels
that were higher than the threshold represented the backbone
structure of the bread. The porosity can be calculated from eq 1
provided by the instrument manufacturer (Shanghai Niumag
Electronics Technology Co. Ltd.). N is the number of pixels, Spixel 18
the physical area of a single pixel, and h is the thickness of a bread
cross section. V... is the total volume of the gas cells, and Vi, is the
total volume of the bread, including the gas cell volume and the
volume of bread crumb.

pore lepixelh

NZ
X 100% = — X 100%
19 pixel 1

Byri = X 100% =

total
(1)

Evaluation of Effect of WWF Particle Size on Bread-Baking
Quality. SEM. The interaction between the wheat bran and gluten
matrix was observed by scanning electron microscope (Quanta-200,
FEI Co., Ltd., USA). The WWD (dough samples were taken after they
were properly mixed during the bread-baking process) was fixed with
aqueous 3.0% (v/v) glutaraldehyde for 72 h and washed six times with
0.1 M sodium phosphate buffer (pH 7.2) followed by aqueous 1.0%
(w/v) 0sO, for 2 h at 4 °C. Samples were then rinsed for 1 h in
distilled water and dehydrated in a graded acetone series in five steps.
After drying with a critical point dryer, the samples were mounted on
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bronze stubs and sputter-coated with gold (S0 A thick). Then
specimens were observed and photographed with an accelerating
voltage of 5.0 kV and viewed at magnification levels of 1200X.

Fourier Transform Infrared Spectroscopy (FT-IR). Three doughs
(100 g/each) were produced by mixing three different particle sizes of
WWF with 68% D,O (w/w) (for deducting the background of the
pure water) for 3 min using the same bread mixer as described
previously. The secondary structure of gluten protein in WWD was
determined in triplicates by FT-IR (NEXUS, Nicolet Co., Ltd., USA).
The dﬁta were processed by Omnic and Peak Fit software (version
4.12).

Determination of FA Content by Reversed Phase High-
Performance Liquid Chromatography (RP-HPLC). Extraction of
FA from WWF. WWF (2 g) and distilled water (11.3 g) were weighed
into a 250 mL shake flask, and the mass fraction of WWF was 15% (w/
w). Thermostable a-amylase (0.002 g; 30 U/mg, Novozyme,
Denmark) was added. The starch component in WWF was hydrolyzed
in ab 84 °C thermostatic water bath for 40 min. The a-amylase was
inactivated in a 100 °C boiling water bath for 10 min. After the
samples were hydrolyzed, alkali protease (0.001 g 100 U/mg,
Novozyme) was added to the solution, the pH value was adjusted
to 8.0 with sodium hydroxide (1.5% w/v), and the mixture was shaken
in a water bath (55 °C) for 120 min. After hydrolysis by alkali
protease, the enzyme was inactivated by a 100 °C boiling water bath
for 10 min. Glucoamylase (0.5 mg; 100 U/mg, Novozyme) was added,
and the pH of the solution was adjusted to 4.5 with 2 mol/L
hydrochloric acid. The samples were shaken in a water bath (60 °C)
for 120 min, after which the glucoamylase was inactivated in a boiling
water bath for 10 min. The suspension was centrifuged at 4 °C for 15
min at 5000 rpm, and the residue was decanted into another 250 mL
shake flask. Finally, 150 mL of sodium hydroxide (1.5% w/v) was
added for alkali hydrolyzation in a water bath (85 °C) for 2 h. The
suspension was centrifuged for 15 min at 8000 rpm. The pH of the
supernatant (S mL) was adjusted to 2.5 with 2 mol/L hydrochloric
acid. The FA was extracted by 10 mL of diethyl ether for S min, and
the diethyl ether was evaporated using a rotary evaporator (RV 10
basic, IKA, Germany) at 45 °C. The FA extract was dissolved by 2 mL
of methanol. All of the experiments were conducted in three replicates.

RP-HPLC Analysis of FA. The FA extract was identified and
quantified in triplicate by RP-HPLC (Agilent Technologies, Palo Alto,
CA, USA) with UV—diode array absorption. The samples were eluted
using a Lichrosphere C-18 (2.1 X 250 mm) column at 30 °C. The
mobile phase was 70:30 (v/v) acetonitrile/water with 0.05%
trifluoroacetic acid (TFA). The flow rate was 0.8 mL/min, and the
detection wavelength was 320 nm. The concentration of FA standard
(HPLC > 98%; supplied by Shanghai Yuanye Biotechnology Co., Ltd.,
Shanghai, China) was 1 mg/mlL, and the injection volume was 1 uL.
All solvents were of HPLC grade and filtered through a 045 um
memslgrane. The FA content of samples was calculated from the peak
area.

Determination of T, Relaxation Time by NMR. The relaxation
measurements were performed on a Niumag Desktop Pulsed NMR
Analyzer (Shanghai Niumag Electronics Technology Co. Ltd.) with a
magnetic field strength of 0.54 T and a corresponding resonance
frequency for protons of 23.01 MHz. The NMR instrument was
equipped with a 60 mm probe. Transverse relaxation (T,) was
measured using the Carr—Purcell-Meiboom—Gill (CPMG) pulse
sequence, with a 7 value (time between the 90° and 180° pulses) of 75
us. Data from 2000 echoes were acquired as eight-scanned repetitions.
The repetition time between two successive scans was 2 s. All
relaxation measurements were performed at 25 °C. The T, relaxation
time was analyzed by the distributed exponential fitting analysis using
the Multi Exp Inv Analysis Software developed by Niumag Co., Ltd,,
China. A continuous exponentials distribution of the CPMG
experiment was defined by eq 2

gi=/0 A(T) T aT 2)

where g is the intensity of the decay at time 7; and A (T) is the
amplitude of the component with transverse relaxation time T.
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Equation 2 was solved using Multi Exp Inv Analysis software by
minimizing the function 3

(gi - f : f e % dT)2 +2 Zi:l £ o

In formula 3, 1 is the weighting and 4Y.,” \f2 is a linear combination of
functions added to the equation to perform a zero-order
regularization.®® The data were pruned from 2000 to 200 points
using sampling pruning. This analysis resulted in a plot of relaxation
amplitude for individual relaxation processes versus relaxation time.
The time constant for each peak was calculated from the peak position,
and the corresponding water contents were determined by cumulative
integration. All calculations were measured using an in-house program
written in combination of Matlab (Mathworks Inc., Natick, MA, USA)
and Delphi (Borland, USA).

Three grams of bread dough prepared as described under
Breadmaking was taken and placed into a test tube immediately
after mixing. The water migration between AX gels and gluten in
WWD systems with different particle size flours was observed using
the NMR system that is represented by spin—spin relaxation times
(T).

B RESULTS AND DISCUSSION

Effects of WWF Granulation on Bread Volume and
Specific Volume. Generally, flour particle size that was
measured by the laser particle size analyzer was a multipeak
distribution. To obtain the average particle size of flour, the
normal multipeak data were further processed with Origin
software to fit a Gaussian distribution curve. The average
particle sizes of the flour were the peak values of the fitted
curves (Figure 1). The average particle sizes of three types of
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Figure 1. Fitted particle size distribution curves of whole wheat flour
(WWF): (A) WWF with an average particle size of 50.21 pm, which
was superfine ground by the ultramicro pulverizer for 15 min; (B)
superfine ground for 25 min, average particle size of 96.99 um; (C)
superfine ground for 35 min, average particle size of 235.40 um. The
average particle size of the control flour (commercial flour) was 91.20
pum.

WWF from the milling experiment were 50.21 um (A), 96.99
pm (B), and 235.40 um (C), respectively. The average particle
size of commercial bread flour (control) was 91.20 ym.

In the baking experiment, the effect of WWEF of different
particle sizes on baking quality was investigated. The results
showed that the volume and specific volume of bread from
WWF were lower than those of the white bread (Table 1). In
addition, the WWB made from a medium particle size (96.99
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um) WWF had larger volume and specific volume than those of
the coarse (235.40 ym) or refined groups (50.21 pm).

Table 1. Volume and Specific Volume of Whole Wheat
Bread Baked from Whole Wheat Flour of Different Particle
Sizes”

particle size specific volume

(um) volume (cm®) weight (g) (cm®/g)
control® 311.7 + 16.1a 612 + 1.8a 51 +02a
50.21 1933 + 7.6¢ 571 £ 08¢ 34+02c¢
96.99 250.0 + 132b 59.2 £ 0.6b 42 +02b
235.40 2233 + 5.8b $9.7 £2.0b 37+01b

“Data are the mean value + standard deviation. Values in the same
column with the same letters are not significantly different (P < 0.05).
®The control groups were made with commercial white flour. The
average particle size of the control flour was 91.20 pm.

Effect of WWF Granulation on the Porosity of WWB.
Three-layer scanned images (Figure 2) of WWB cross sections

Figure 2. Weighted density of proton images scanned for three layers
by the MRI system and processed using the threshold segmentation
method: (A, B, C, D) scanned images of longitudinal sections of bread
baked from whole wheat flour of particle sizes of 50.21, 96.99, 235.40,
and 91.20 um (control), respectively. The bright area of the scanned
images is gas cells, and the dark part represents the bread skeleton.

were examined by the MRI system. The breads were baked
from WWF of particle sizes of 50.21 ym (Figure 2A), 96.99 ym
(Figure 2B), 235.40 um (Figure 2C), and the control group
(made from the commercial white flour) (Figure 2D),
respectively. The bright areas of the images were gas cells,
whereas the dark parts were bread skeleton. The greatest
number and best distribution of gas cells were observed in the
control group (Figure 2D) due to noninterference of wheat
bran in the structure of the gluten network. Figure 2B shows
more gas cells and better gas cell distribution than Figure 2A,C,
especially on the second scanned layer, but slightly fewer than
the control group. Although the differences of bright area
between panels A and C of Figure 2 were not significant, the
distribution of gas cells can still be observed. Also, the
calculation of porosity can give secondary proof of the
differences more precisely. The porosity (Table 2) calculated
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by the twice-threshold segmentation method also showed a
similar trend. The breads made with WWF of particle size of
96.99 um had a better crumb structure and baking performance
than the other two WWF with larger or smaller bran particle
sizes, but was second to the control group. The large particle
wheat bran in WWF (235.40 ym) caused shearing and diluted
the gluten matrix, inhibiting the formation of the gluten
network and the structure and integrity of gas cells, which led
to reduced gas retention by gluten protein membrane.*” Thus,
an uneven distribution of gas cells was formed during the
releasing process of CO, gas in the early stage of baking. Small
particles of wheat bran had a less destructive effect on the
formation of the gluten network. However, Figure 2C also
shows that the WWB with the smallest bran particle size had
less porosity than the medium bran size group. To explain this
phenomenon, we tentatively proposed that the dispersion of
certain active compounds increased with the refinement of
WWE particle size, especially the FA (a component of the AX
gels), which has the ability to strengthen the AX gels.*® Due to
the better water sequestering capability of the AX gels than of
the gluten matrix, the AX gels competed for water with the
gluten network in WWD.?° Thus, the formation of gluten was
inhibited, because sufficient water for adequate protein
hydration is a prerequisite for the development of gluten
network. The quality of the gluten network determines the
baking performance, so the fine particle size WWF (50.21 pm)
led to less porosity than the medium particle size groups.

The competitive water sequestering between the AX gels and
gluten network in the dough system was confirmed by the
measurement of T, relaxation time using the MRI technique as
detailed under Determination of T2 Relaxation Time by NMR.

Effect of WWF Granulation on the Gluten Network.
Wheat bran can dilute and disrupt the gluten network, impair
gas retention and bread texture and appearance,” and decrease
the degree of softening and loaf volume.” Figure 3 shows
various effects on the gluten network by wheat bran of various
particle sizes: 50.21 ym (A), 96.99 um (B), 235.40 um (C),
and 91.20 pm (control, D), respectively. In Figure 34, a
continuous and compact gluten network was observed resulting
from the small particle size of the wheat bran. The continuous
gluten matrix provided the precondition for superior baking
quality, but an excessively compact gluten matrix was
detrimental in obtaining good loaf volume.** In Figure 3B,
the particle size of the bran was increased (indicated by the
arrow), the shearing effect on the gluten matrix was increased,
and the gas retention ability was weakened. In Figure 3C, the
large particle size of wheat bran (indicated by the arrow) was
present in the dough system; it sheared the gluten matrix
significantly. The internal structure of the gluten network was
fractured, discontinuous, and full of “clutter holes”. During the
fermentation and proofing stages of the baking process, the gas
cells expand into an open network of pores.*’ The fragmented
gluten network was unable to retain the CO, gas, and the gas
was released in the early stages of breadmaking,* leading to
small bread volume and inferior baking results.

Effect of WWF Granulation on the Secondary
Structures of Gluten Protein. Seyer and Gelinas proposed
that the deleterious effect on the gluten matrix of large wheat
bran particles could be attributed to the breakage of secondary
structure of gluten macropolymer during dough kneading.** To
confirm this hypothesis, the dough system was investigated by
FT-IR. The secondary structures of gluten protein (Table 3)
are the a-helix, f-sheet, f-turn, random coil, and f-antiparallel.
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Table 2. Calculation of the Porosity of Whole Wheat Bread Cross Section, Scanned by Magnetic Resonance Imaging, Processed
Using the Threshold Segmentation Method”

particle size (ym) scanned layers threshold value 1 N, threshold value 2 N, porosityb (%)
control (91.20) 1 30 134290 S 58218 37.74 £ 5.25
2 40 128756 S 64332
3 40 128096 S 48364
50.21 1 S0 208517 10 37163 33.35 £ 9.32
2 40 217024 10 56776
3 40 211807 10 36215
96.99 1 50 123669 S 88162 38.21 +£9.22
50 136608 S 60010
3 N 125912 S 94685
235.40 1 80 154704 80 43971 29.96 + 5.08
2 70 149476 S0 39200
3 80 148623 80 32288

“The pixels of twice threshold segmentation are represented by N; and N,. Each bread sample was scanned for three layers. “Data are the mean
value + standard deviation.

Figure 3. SEM images of whole wheat dough prepared with flour particle sizes of 50.21 ym (A), 96.99 ym (B), 235.40 ym (C), and 91.20 ym
(control) (D), respectively. The arrows point to the wheat bran particles.

Table 3. Content of Secondary Structure (a-Helix, #-Sheet, f-Turn, Random Coil, and f-Antiparallel)® of Gluten Protein in
Whole Wheat Dough Prepared with Flour of Different Particle Sizes

peak frequency (cm™) percentage® (%)
flour particle size: 50.21 ym 96.99 ym 23540 ym 50.21 ym 96.99 ym 23540 um
a-helix 1655.8 1656.7 1657 26.74 + 2.75 26.60 + 2.03 24.08 £ 1.21
P-sheet 1617.2/1632 1617/1631.7 1617.1/1630.2 23.60 + 2.66 23.18 + 1.92 21.32 + 1.07
f-turn 1668.9 1669.5 1668.2 19.21 + 1.37 18.70 + 1.46 17.19 + 0.86
random coil 1644.5 1644.7 1648.6 20.10 + 1.40 2141 £+ 2.05 28.14 £ 1.15
P-antiparallel 1681.5 1682 1681 10.35 + 0.79 10.11 + 0.89 9.27 + 0.54

“The content of secondary structure of gluten protein was determined by FT-IR, represented by the percentage of peak area calculated from the
fitted infrared spectrum. “Mean + standard deviation (three replications).

Table 4. Content of Ferulic Acid Determined by RP-HPLC in Whole Wheat Flour of Different Particle Sizes

particle size”

50.21 pm 96.99 pum 235.40 pm standard sample
peak area 6691.6 + 6.4 2870.0 + 5.7 1816.7 + 4.4 7293.8 + 0.5
FA content (mg/mL) 0.9200 + 0.0010 03900 + 0.0008 0.2500 + 0.0006 1.00

“Mean =+ standard deviation (three replications).

The content of a-helix, S-sheet, f-turn, and pS-antiparallel weak and strong physical linkages, hydrogen bond, hydro-

increased with the refinement of bran (reduction in particle phobic interactions, electrostatic forces, covalent bonds, and
size) contained in the WWEF, while the content of random coil disulfide bonds in dough system.** The secondary structures of
showed the opposite trend. Textural properties of gluten gluten protein play an important role in forming the gluten
protein are mainly determined by the amount and balance of network structure. Hydrogen bonds can be broken easily by
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Table 5. T, Relaxation Time Distribution of Whole Wheat Dough of Different Flour Particle Sizes

particle size

50.21 ym 96.99 um 235.40 um
TZI T22 T23 T21 T22 T23 TZI T22 T23
percentage 0.0891 0.9042 0.0071 0.0563 0.9180 0.0123 /¢ 0.9880 0.0122
ke 0.0011 0.0020 0.0005 0.0008 0.0020 0.0008 / 0.0030 0.0007
?/ indicates that no signal was detected. bSD, standard deviation.
Table 6. T, Relaxation Time Distribution of Whole Wheat Dough with Added Wheat Bran
bran addition
control® 20% 40% 60%
T21 TZZ T23 TZI TZZ T23 TZI TZZ T23 TZI TZZ T23
%P /€ 0.9981 0.0020 / 0.9892 0.0111 0.0274 0.9590 0.0143 0.0293 0.9571 0.0142
SDd 0.0028 0.0001 0.0030 0.0002 0.0001 0.0022 0.0001 0.0006 0.0025 0.0001

“The control groups were made with commercial white flour. bPercentage of each peak area in total areas (T, Ty, and T;). “/ indicates that no

signal was detected. dSD, standard deviation.

wheat bran during kneading,'® so the orderly secondary
structures of proteins can be split into disordered structures
like random coils. The higher content of a-helix, S-sheet, f-turn
and f-antiparallel structures in the refined particle size of
WWD, compared to the coarse group, suggested the
conformation of gluten structure of refined particle size was
more stable.*® These results indicate that the large particle size
of WWE, especially the wheat bran with hard texture, had more
severe shearing effect on gluten proteins.

Effect of WWF Granulation on the Content of Ferulic
Acid. To investigate the mechanism through which WWF of
refined particle sizes had a destructive effect on the volume of
bread, the content of FA (Table 4) was determined by RP-
HPLC. Results showed that with the decreasing particle size of
WWE, more FA was released from the wheat bran to
participate in oxidative gelation. This can be attributed to the
disruption of cells and the increased specific surface area of
wheat bran.>” Considering this theory, we confirmed that the
strength of AX gels would increase with reducing particle size of
WWE. This observation confirmed the hypothesis of
competitive water sequestration between the AX gels and the
gluten network, which verified that the bread made with refined
particle size WWF had less porosity.

Demonstration of Water Migration between AX Gels
and Gluten by T, Relaxation Time. To confirm that water
migration and competitive water sequestration between the AX
gels and gluten matrix were the primary causes for the inferior
baking quality of WWEF, the T, relaxation times of WWD with
different particle size flours (Table 5) and wheat bran additions
(Table 6) were examined by MRI.

The T, relaxation time graph includes three peaks: T,; (0—1
ms), Ty, (1—-100 ms), and T,; (100—1000 ms), which
represent bound water, immobilized water, and free water,
respectively. The X-axis of the T, relaxation time represents the
water activity in the food system. A longer T, relaxation time
indicates a higher degree of water freedom. The Y-axis in the T,
graph represents the signal amplitude of protons. The peak area
of T, represents the relative content of hydrogen protons and
the water absorption by hydrophilic components. The data
(Table S) show that the proportion of T, peak area percentage
had a negative correlation (r = —0.991) with the decrease in
particle size of the WWEF. A positive correlation (r = 0.996) was
found between the proportion of T, peak area percentage and
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the average particle size of WWF. There was no change in the
peak area proportion of T,;. On the basis of the measurement
of T, relaxation time from MRI, we inferred that the T,, peak
area may represent the amount of water bound by the esterified
AX, essentially the cell wall material. The AX gels sequester
water and make it unavailable to migrate freely,* but there is
no effect on water activity (free water). These results implied
that the content of FA that participated in an oxidative gelation
reaction increased with the decrease in particle size of the
WWE. The AX gel strength was reported to have a positive
correlation with the content of FA;> therefore, as the particle
size of the WWF decreases, the AX gels will be strengthened
because of increased unesterified FA. In addition, AX gels
contain many hydrophilic groups such as hydroxyl groups,
which bond with water molecules through hydrogen bonds.*’
Although the porous structure of the gluten network also had
strong water absorption ability,** the water retention ability of
the gluten network is weaker than that of the AX gels, and the
AX has much greater water-holding capacity than gluten
proteins;49 therefore, water tends to move from the gluten
matrix to AX gels. It was hypothesized that the AX gels
sequestered water, limiting the amount of water available to
participate in gluten formation in the bread dough,®® and the
amount of AX gel influenced dough stickiness and water
retention capacity.51

T,, may represent the water trapped in the gluten network
(immobilized water), which was the major existing form of
water. T,; may represent the free water distributed in the matrix
between the AX gels and the gluten network in the WWD
system. The amount of free water remained constant during the
entire water migration process between the AX gels and the
gluten network, which indicated that the amount of water lost
from the gluten network was similar to the amount of the water
obtained by the AX gels. This observation was in agreement
with the fact that the AX gels only sequester water and do not
affect water activity. This form of free water may be thought of
as “water migration channels” between the AX gels and the
gluten matrix.

The water sequestration competition mechanism between
the AX gels and the gluten matrix, as well as the identification
of each peak in the T, relaxation time experiment, was
confirmed by the study of wheat bran addition (Table 6). The
proportion of T, peak area percentage had a positive
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correlation (r = 0.888) with the increase in wheat bran addition
in white flour dough (Table 6); a negative correlation (r =
—0.893) was shown in the proportion of T,, peak area
percentage. However, T, and T3 had strong signals in dough
systems that contained additional wheat bran. In the control
group and the dough with 20% wheat bran added, no T, peak
was detected due to its weak signal. When the addition of wheat
bran was increased to 40%, T, signals were detected.

In conclusion, the water migration from the gluten network
to AX gels as determined by the MRI technique confirmed that
it was the main cause leading to the inferior baking quality of
whole grain bread made with the refined particle size WWEF.
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In order to ensure the safety of infant formula powder in China, a rapid and sensitive detection method
for food-borne bacteria is urgently needed. We have developed a reliable immunoassay based on nuclear
magnetic resonance for the specific detection of Enterobacter sakazakii in dairy samples with bio-
functionalized magnetic nanoparticles. This method is able to detect Cronobacter sakazakii in milk
powder and cheese samples at 1.1 to 11 MPN using the most-probable-number (MPN) assay, within an
incubation period of less than 2 h. Longer incubation time (>4 h) or higher pH (>7) will decrease the
sensitivity of this method. This method does not fit for the detection of bacteria at higher concentrations
(>1100 MPN). This method has great potential to becomea useful tool for the rapid detection of bacterial
contaminations in food, environmental and agricultural samples.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cronobacter sakazakii, which was formerly known as “yellow-
pigmented Enterobacter cloacae”, is a motile, peritrichous, Gram-
negative food-borne pathogen. Since its first report in 1958, this
bacteria has been shown to be responsible for severe necrotizing
enterocolitis (Klostranec & Chan) (NEC), bacteraemia and menin-
gitis, with case fatality rates ranging between 40 and 80% as re-
ported (Bowen & Braden, 2006; Friedemann, 2009; Yan et al., 2012).
This bacteria has also been reported to associate with life-
threatening infections in low-birth-weight babies (Farmer Iii,
Asbury, Hickman, & Brenner, 1980). Traditional methods for the
identification and quantification of C. sakazakii generally require
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Shanghai Normal University, 100 Guiling Road, Shanghai 200234, People’s Republic
of China. Tel.: +86 21 64321033; fax: +86 21 64322933.
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0956-7135/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.foodcont.2013.05.004

multiple steps of enrichment and biological tests, which can take as
many as 6—7 days to finish. In recent years, a number of rapid
methods have been developed to detect C. sakazakii (Almeida et al.,
2009; Iversen, Lancashire, Waddington, Forsythe, & Ball, 2006; Liu
et al., 2012), such as multiplex polymerase chain reaction (PCR)
assay (Chen, Song, Brown, & Lampel, 2010; Hassan et al., 2007),
infrared spectroscopy (Lin et al., 2009), fluorescence in situ hy-
bridization (Almeida et al., 2009), DNA microarray (Wang et al.,
2009), and sandwich enzyme-linked immunosorbent assay (Park
et al., 2012). Although these methods can achieve high specificity
and low minimum detection limit for the detection of C. sakazakii,
they are excessively expensive and complicated to be utilized in
industrial settings. Therefore, it is necessary to develop a rapid,
sensitive, accurate, and cost-efficient detection assay in the dairy
industry.

With the development of nanotechnology, superparamagnetic
nanoparticles, conjugated with oligonucleotides, small molecules,
peptides and antibodies, have been attracting attention because of
their inherent magnetic features and potential applications in the
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medical, environmental and food sciences (Kaittanis, Nath, & Perez,
2008; Merkoci, 2010; Yang et al., 2011). Noticeably, the utilization of
these nanoparticles also offers a unique alternative for the detec-
tion of bacterial targets to improve detection sensitivity, and
reduced preparation time with smaller samples (Esteban-
Fernindez de Avila, Pedrero, Campuzano, Escamilla-Gémez, &
Pingarrén, 2012; Kim, Josephson, Langer, & Cima, 2007; Perez,
Josephson, O’Loughlin, Hogemann, & Weissleder, 2002; Perez,
Simeone, Saeki, Josephson, & Weissleder, 2003). Mechanistically,
this technology is based on nuclear magnetic resonance-based
magnetic relaxation switches (MRSw). In the presence of molecu-
lar targets with changes in the spin—spin relaxation time of water
(T2), magnetic nanoparticles (NPs) are switched from a dispersed
state to a clustered state. This switch (MRSw) has been shown to be
able to detect nucleic acid and protein targets with high sensitivity
(Josephson, Perez, & Weissleder, 2001; Josephson, Tung, Moore, &
Weissleder, 1999; Kaittanis, Naser, & Perez, 2007; Kaittanis,
Santra, Asati, & Perez, 2012).

The utilization of MRSw biosensor has been explored in a series
of practical applications, including the detection of viruses and
bacteria. A report on the detection of microcystin-LR in the water of
Tai Lake (Jiangsu Province, China) based on the relaxation of mag-
netic nanoparticles has achieved a detection range of 1-18 ng/g
(Ma et al., 2009). Koh and his colleagues demonstrated that the
limit value of “projected sensitivity concentration” could be
significantly reduced to 1.4 x 10~% nm when using a high-
sensitivity MRSw biosensor to detect the influenza antibodies
(Koh, Hong, Weissleder, & Josephson, 2008). Kaittanis and col-
leagues established immuned magnetic beads probes to identify
Mycobacterium avium spp. Paratuberculosis in milk and blood
samples and demonstrated that the detect limit reached as low as
15.5 MPN (Kaittanis et al., 2007). Using cationic-magnetic beads as
sensors, C. sakazakii can be detected at 1-5 MPN/500 g of infant
milk formula in less than 24 h (Mullane et al., 2006).

In this paper, we report a novel method for the rapid detection
of C. sakazakii in dairy products with high sensitivity. We con-
structed a C. sakazakii specific NMR biosensor by coupling a poly-
clonal rabbit anti-C. sakazakii antibody to superparamagnetic iron
oxide nanoparticles. We found that as the number of bacteria
increased in the solution, the increased C. sakazakii epitopes
interacted with more magnetic nanoparticles in the solution,
therefore causing substantial changes in the T2 value. This simple
method has yielded high detection sensitivity for C. sakazakii and
thus can potentially be developed into a rapid detection tool for
infectious food-borne bacteria.

2. Materials and methods
2.1. Reagents

Polyclonal rabbit anti-C. sakazakii antibody (6.82 mg/mL) was
prepared by Shanghai Youke Biotechnology Co. Limited. 1-[3-
(dimethylamino)-propy-3-ethylcarbodiimide HCL (EDC-HCL) and
N-hydroxy-succinimide (NHS) were purchased from SinopHarm.
Nutrient broth medium (Restaino, Frampton, Lionberg, & Becker,
2006) and blood agar were provided from Beijing Land Bridge
Technology Co. Ltd. Chemical reagents and salts were supplied by
Shanghai Ling Feng Chemical reagent Co. Ltd.

2.2. Synthesis of magnetic beads

The synthesis of superparamagnetic nanoparticals (Fe304) was
implemented by a previously reported method (Ma et al., 2009).
Synthesis of Fe(acac)s Precursor: according to literature, Ferrum (a)
acetylaceton ate was synthesized. A 20 mL aqueous solution of
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FeCls (3.25 g, 20 mmol) was added with 2, 4-pentanedione
(12.3 mL, 120 mmol) under magnetic stirring. After 15 min, trie-
thylamine (6.0 mL) was added to the above mixture. Red pre-
cipitates were filtered off to give a crude product. The product was
recrystallized in a mixture of ethanol and water to yield pure
Fe(acac)s crystals. The crystals were dried at 80 °C under vacuum
and then stored at a desiccator before use.

Preparation of Fe304 nanoparticles: A slurry of Fe(acac)s (1.06 g)
was dissolved in 15 mL oleylaminein and 15 mL phenylate in a
100 mL three-neck flask. The mixture solution was heated at 110 °C
for 1 h, then was refluxed at 210 °C for 30 min, thereafter was
continued to be heated to 300 °C and maintain 1 h. The above steps
were all under a nitrogen atmosphere. The resulting mixture was
cooled down to room temperature to form a black suspension. After
centrifugation at 12,000 rpm for 10 min, the supernatant was
removed and a black precipitate was obtained. The resulting black
precipitate was washed with ethanol three times to acquire pure
Fe304 NPs. Finally, the Fe304 NPs were dried in vacuum at 120 °C
before use.

To empower the magnetic beads with broad compatibility to
biomacromolecules, formation and functionalization of Fe304@SiO-
nanocomposite particles steps were carried out. Igepal CO-520
(2.0 g, 4.75 mmol) was dispersed in cyclohexane (35 mL) by soni-
cation until the mixture turned to limpidity. Dry Fe3O04 NPs (10 mg)
were added to the above solution. The resulting mixture was stirred
vigorously to disperse the NPs, and ammonium hydroxide (29.4%,
0.35 mL) was added to form a transparent and black solution of
reverse microemulsion. TEOS (0.2 mL) and APS (35uL) were added,
and the mixture was gently stirred. The reaction was continued for
48 h at room temperature. The resulting Fe30,@SiO,-NH; NPs were
precipitated by addition of acetone and were collected by centri-
fugation at 12,000 rpm for 10 min. The collected Fe304@SiO,-NH;
NPs were dispersed in ethanol or water and purified by repeating
the centrifugation and redispersion process. The size, distribution
and morphology of the amino-modified silica-coated Fe304 were
characterized by atomic force microscope (AFM).

2.3. Coupling the antibodies to the magnetic beads

The amino-modified silica-coated Fe304 was used to conjugate
the antibody. According to a previous report (Ma et al., 2009), 1-p-
3-ethylcarbodiimide HCL (EDC-HCL) and N-hydroxy-succinimide
(NHS) were used to activate the carboxyl of the antibody. In
particular, 200 mg EDC-HCL and 250 mg NHS were added into
0.1 mL anti- C. sakazakii -antibody (6.82 mg/mL). Then the mixture
was diluted into 5 mL PBS (pH 7.4). After incubation at 4 °C over-
night, 10 mg amino-modified silica-coated Fe304 was dispersed in
5 mL PBS (pH 7.4). Subsequently, 5 mL activated anti- C. sakazakii
-antibody was poured into the upper mixture and left to react for
4 h at room temperature. Finally, the products were separated by
magnetic separators and washed by PBS (pH 7.4) for three times,
then suspended in PBS (pH 7.4) and kept at 0—4 °C.

In order to further estimate the protein immobilization capacity
of the functional Fe304@SiO,-NH; NPs, the bovine serum albumin
(BSA) was taken as a control sample. A series of known concen-
trations of BSA were measured with ultraviolet spectrophotometer
to get the OD,gg values. A standard curve between known con-
centrations and ODygg values of BSA was obtained. 10 mg functional
Fe304@Si0,-NH; NPs were poured into a 5 mL system with BSA of
unknown concentration activated by EDC-HCL and NHS. Then, the
mixed solutions were left at room temperature for 4 h. The BSA
immobilized by the magnetic beads was separated by magnetic
separators. The amount of the BSA proteins immobilized by the
magnetic beads was determined by measuring the absorption at
280 nm of the initial and the final supernatant.
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2.4. Bacterial culture

C. sakazakii (ATCC 29544) was used throughout this study for all
optimization and sensitivity experiments. In addition, Escherichia
coli 0157 (ATCC 25922), Shigella flexneri (ATCC 51081), Salmonella
typhimurium (ATCC 14028), Vibrio parahemolyticus (ATCC 17802)
and Staphylococcus aureus (ATCC 12600) were used in competition
experiments to determine the specificity of the biofunctionized
nanoparticles. All bacterial strains were cultured in nutrient broth
(Restaino, et al. 2006). V. parahemolyticus was cultured in NB con-
taining 3% NaCl. All the bacterium were incubated at 36 + 1 °C for
18—24 h in an orbital shaker. The number of C. sakazakii, E. coil
0157, S. flexneri, S. typhimurium and S. aureus were determined by
aerobic plate count method (GB 4789.2-2010) (National food safety
standard Food microbiological examination: Enterobacter sakazakii,
2010) with plate count agar (PCA) V. parahemolyticus was cultured
on PCA containing 3% NaCl. One sample containing mixed culture
broth (1 mL of C. sakazakii, E. coil 0157, S. flexneri, S. typhimurium
and S. aureus. at dilution of 10°) is named cocktail culture. For safety
and controlling the number of bacteria, all the bacterial samples
were placed in an autoclave at 100 °C for 20 min after tested. 0.5%
formaldehyde was applied to inactivate bacteria in some special
tests.

2.5. Counting of bacteria

The number of bacteria was determined by the most-probable-
number (MPN) assay, using serial dilutions in Buffer peptone water
(BPW). Based on the growth observed at higher dilutions, the MPN
of survivors was calculated using a “nine-tube” technique accord-
ing to China national food safety standard (GB 4789.40-2010) (GB
4789.2-2010). The lowest bacteria concentration detected by MPN
is 1.1. And the higher concentrations were confirmed by the same
way.

2.6. MR relaxometry measurements

MR relaxometry were performed using an NMI20-Analyst
(Shanghai Niumag Corporation, Shanghai, PRC). The instrumental
parameters were set as follows: a 0.5 T magnet, point
resolution = 156 x 156 pum, section thickness = 0.6 mm, TE = 60 ms,
TR = 4000 ms, number of acquisitions = 1. The whole detection
procedure is shown in Fig. 1. Self-assemble of the antibody-modified
magnetic beads which can serve as magnetic relaxation switches on
the surface of a bacterial target inducing large changes in T2. As the
number of bacteria increases, the ratio of available nanopaticles that
self-assemble on the surface of one bacterium decreases, causing a

Fig. 1. Schematic illustration of the detection based on the forming of the magnetic
aggregates.

quasi-dispersed state and low values of AT2. In this procedure,
0.15 mL inactivated target bacterial sample (C. sakazakii) (having
been properly diluted) and 0.15 mL antibody-modified magnetic
bead solution (having been properly diluted) were added into the
centrifuge tube and mixed for 30 min. Then 2.7 mL 2% milk (stabi-
lizer) was poured into the mixture and mixed for 30 min. Finally, the
matrix was incubated at 37 °C for 1 h and determined by NMR. To
investigate the specificity of this method, E. coil 0157, S. flexneri,
S. typhimurium, V. parahemolyticus, S. aureus and mixed bacterial
samples were used as contrast strains. The sample that did not
contain bacterial sample was set as a blank control.

2.7. Optimization of components ratio

In order to investigate the optimized concentration of magnetic
beads, magnetic bead titration experiment was carried out. The
density of C. sakazakii was fixed at 1.1 MPN and 11 MPN, whereas
the bead concentration was varied (0.06 mg/mL, 0.08 mg/mL,
0.10 mg/mL, 0.12 mg/mL, 0.14 mg/mL and 0.16 mg/mL). After the
incubation at 37 °C for 1 h, each sample was detected by NMR. The
value of AT2 was determined by 3 averages.

2.8. Optimization of the stabilizers and reaction conditions

To investigate the effect of stabilizer for AT2 value, four different
materials and concentrations, such as 0.05% agar, 2% milk, 0.5%
sodium carboxy Methyl Cellulose (CMC) and 0.1% Xanthan, were
used as stabilizers in NMR detection. According to the ordinary food
pH value, seven different pH gradients (pH 6—9) were set in the
experimental systems. Seven different incubation time gradients
(15 min—105 min) were also carried out. All the test samples
contained 0.15 mL antibody-modified magnetic, 0.15 mL inacti-
vated target bacterial sample and 2.7 mL stabilizer agent .The ex-
periments were carried out in triplicate.

In order to investigate the detection limit of this method, ac-
cording to the results of optimization experiments, the optimal
experiment parameters were adopted, while the concentration of
C. sakazakii was varied (1.1 MPN, 10 MPN, and 24 MPN, 48 MPN,
110 MPN, 1100 MPN and 11,000 MPN). Each sample was detected by
NMR. The value of AT2 was determined by 3 averages.

2.9. Dairy sample preparation

This procedure was used to determine the presence of
C. sakazakii in milk powder (Light, Bright Dairy & Food Co., Ltd) and
cheese (Light, Bright Dairy & Food Co., Ltd) which were purchased
in Shanghai. C. sakazakii and two control strains (S. typhimurium
and S. aureus) were cultured overnight in a flask with 100 mL NB
broth medium at 37 °C and shaken at 100 rpm. According to the
protocol of China national standard of microbiology examination of
food hygienic determination (GB 4789.40-2010), the diluted
C. sakazakii and control strains were separately added into these
food samples to obtain microorganism-in-food samples at the
concentration level of 110 MPN. Then 100 g mixed samples were
separately diluted into 900 mL buffered peptone water (BPW) to
prepare the first concentration levels (107! g/mL). After that, the
liquid sample was also diluted with BPW and two other concen-
trations were 102 g/mL and 1073 g/mL. And then antibody-
modified magnetic beads and stabilizer were mixed, added to
these dairy samples and incubated for 45 min, 2 h,4 h, 8 h, 22 h and
24 h, respectively. 1.5 mL sample was used for NMR method, and
confirmed by streak inoculation on DFI agar (Druggan-Forsythe-
Iversen formulation). The complex matrix also test for C. sakazakii
according to the procedure of GB 4789.40-2010. The AT2 value was
determined by three groups of parallel samples.
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2.10. Statistical analysis

All the data was statistical by SPSS (Version 11.0.1 for windows.
SPSS Inc, 2002).

3. Results and discussion

3.1. Synthesis and characterization of functionalized magnetic
beads

The Fe304 magnetic nanoparticles used in this experiment tend
to aggregate into large clusters. According to a previous report
(Weissleder et al., 2000), silica-coated magnetic particles were
shown to have good dispersibility in organic and aqueous solutions.
Therefore, in this study, silica was used to coat the Fe304 magnetic
beads to empower the particles with a high dispersibility and broad
compatibility to biomacromolecules. The amino-silane-modified
Fe304 particles are ideally mono-dispersed and the average diam-
eter of the nanoparticles is about 60 nm (Fig. 2). In addition, the
shape and size of the coated nanoparticles are uniform.

To investigate the immobilization ability of magnetic particles to
protein molecules, BSA was used as the control sample. We first
established a standard curve for a series of known concentrations of
BSA and their correlated OD280 values (Fig. 3). The correlation
coefficient of the standard curve is 0.9945. We next measured the
0D280 values in the supernatant before and after immobilization
(Fig. 4), and the BSA concentrations in these samples are extrapo-
lated to the standard curve. The difference in the BSA concentra-
tions in the supernatant before and after immobilization would
represent BSA immobilized to the beads, and we determined that
the immobilization ability of the functional Fe304@SiO,-NH; NPs is
estimated to be 0.1571 mg/mL.

3.2. The properties of NMR method

In this study, we used five other bacteria strains (E. coil 0157,
S. flexneri, S. typhimurium, V. parahemolyticus and S. aureus) to test
the specificity of our technique. We found that the sample with
C. sakazakii alone showed the highest change in T2, which allows us
to differentiate C. sakazakii from the samples containing other
bacteria strains (Fig. 5). More importantly, the sample contained
C. sakazakii mixed with other bacteria also showed a substantial
change in the T2 value. These results indicate that the magnetic
beads used in this study can detect the bacterial target (C. sakazakii)
with high specificity, despite of the presence of interference from
other microbes.
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Fig. 3. Standard curve of bovine serum albumin (BSA) density and OD-g.

To investigate the effects of different concentrations of magnetic
beads in the NMR method, we tested eight different concentrations
(0.06—0.19 mg/mL). The results revealed that the highest AT2 value
was detected at a magnetic bead concentration of 0.14 mg/mL for
both 1.1 and 11 MPN (Fig. 6). However, there is no significant
change of AT2 values when the concentration of magnetic beads
increased from 0.08 to 0.18 mg/mL. At the lowest magnetic bead
concentration of 0.06 mg/mL, the value of AT2 is about 60% lower
than the average AT2 value of the other six magnetic concentra-
tions (0.08—0.18 mg/mL). To ensure the optimal performance, the
concentration (0.14 mg/mL) of magnetic beads was adopted in the
subsequent experiments.

Interestingly, we were able to detect background AT2 values of
5—12 counts in the background sample consisting of magnetic
beads with no bacterial cells or unspecified strains (Fig. 5). This
result suggests that we can not rule out the possibility that there
are non-specific bindings between magnetic beads. Furthermore,
there may also be the cross reactivity between bacterial cells and
antibodies on the magnetic beads (Perez et al., 2003). To eliminate
the influence of these nonspecific signals, a threshold that AT2
counts are less than 12 ms was set assuming that the value below
the threshold is undetectable. It is worth noting that the AT2 value
of magnetic beads with Cronobacter muytjensii was about 14.3 ms,
which indicated there was a slight cross reactivity between
C. sakazakii and other Cronobacter strains in this method.

3.3. Selection of optimal stabilizer

To optimize the test conditions for this NMR detection method,
it is important to improve the dispersion of magnetic beads and
magnetic beads—bacterial complex before and after the treatment
with the magnetic field. Four different kinds of materials: 0.05%

Fig. 2. AFM micrograph of amino-silane-modified Fe304 beads. (A) Planar graph of AFM micrograph. (B) Three-dimension stereo of AFM micrograph.
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agar, 2% milk, 0.1% xanthan and 0.5% Sodium carboxy methyl cel-
lulose (CMC), were adopted in this study as stabilizers. We found
that regardless of the stabilizer agents used, the AT2 values
decreased while the concentration increased from 10° to 10%
(Fig. 7) All the stabilizers showed low AT2 values at a bacterial
concentration of 1.1 MPN: 65 ms for 2% milk, 45 ms for 0.05% agar,
58 ms for 0.1% xanthan and 46 ms in 0.5% CMC. However, increasing
the bacteria concentrations from 1.1 to 1100 MPN resulted in a
dramatic AT2 change from 20 to 55 ms, therefore demonstrating a
significant influence of the stabilizers on NMR detection. The in-
cubation time required to reach minimum detection limit for each
stabilizer tested varies. Low fat (2%) milk required the least amount
of incubation time (45 min), while the 0.1% xanthan and 0.5% CMC
required overnight incubation; 0.05% Agar required 2 h hr incu-
bation. Thus, low fat (2%) milk was adopted as the preferred sta-
bilizer agent by considering the detection limit, range and
preparation time.

3.4. Reaction conditions (pH and incubation period)

In this study, two important reaction conditions (pH and incu-
bation time) affecting AT2 values were studied. In terms of the
effects of pH (6—9) on AT2 values, we found that the highest AT2
value was detected at pH 6.5. However, AT2 values sharply
decreased from 90 ms to 2 ms as pH increased from 6.5 to 9.0
(Fig. 8a).

We also investigated the effects of the incubation period on AT2
(Fig. 8b). During the first 30 min (15—45 min), the AT2 value

AT2{ms)

o

G o

o _,n:l.‘l Bﬂ,t"- ub gt
anﬁlaﬁ:ﬂjﬂ ?:ﬁ':uu‘*‘
ol

Fig. 5. Specificity of the detection method using C. sakazakii and five control strains.
Error bars = +SD (n = 3).

I

0.06 008 010 042 014 046 018
Magnetic Beads{mg/mL)

Fig. 6. The concentration of C. sakazakii was fixed at 1.1 and 11 MPN. Error bars = £SD
(n=23).

increased from 40 to 50 ms. We believe that this phenomenon
reflects the stronger binding capacity and hybridization of the
magnetic bead—bacterium complex. However, after the AT2 value
reached a peak of 50 ms, the value rapidly decreased from 50 to 20
with an extended incubation period of 45—90 min. It appears that
with the binary fission of the tagged bacteria, the size of the
nanoparticle—bacterium complex becomes smaller which could
therefore decrease the AT2 value. Interestingly, during the last
15 min of this test, AT2 value increased. We speculate that the long
incubation time causes the deliquescence of bacteria cells resulting
in a discharge of magnetic nano-particles thereby causing a AT2
increase.

3.5. The sensitivity and detection limit of NMR method

To examine the sensitivity of this detection assay, seven
different concentrations of C. sakazakii (from 10° to 10%) were
applied as targets for detection. When the concentrations of
C. sakazakii increased from 11 MPN to 11,000 MPN, the AT2 value
reduced from 82 ms to 10 ms. We observed a strong correlation
between the bacteria concentration and the AT2 value
(R?> = 0.9958) (Fig. 9). Interestingly, when the concentration of
C. sakazakii was as low as 1.1 MPN, the value of AT2 could still be
detected with high changes (AT2 = 75 ms). This result demon-
strates that C. sakazakii could be detected at very low concentra-
tions in our method.

The linear range of detection is estimated to range from 1 to
1100 MPN. At the lower limit of detection, the concentration of
C. sakazakii is estimated at 1.1 MPN (Point A; AT2 = 75 ms). At the
upper limit of detection, the bacterial concentration is at 1100 MPN
(Point B; AT2 < 12 ms). The real-time PCR assay is the most popular
method to detect C. sakazakii. In previous reports, C. sakazakii could
be detected at 100 CFU/mL in pure culture in (Seo & Brackett, 2005),
and the quantitative detection range for pure cultures was 10°—
108 CFU/ml, which were evidently higher than our values (Hyeon,
Park, Choi, Holt, & Seo, 2010). Therefore, it was supposed that us-
ing biofunctionalized MNPs based on NMR was a sensitive method
for the detection of C. sakazakii.

3.6. Results of tests on dairy samples

To examine the effectiveness of our method in practical appli-
cations, we measured the concentrations of C. sakazakii in two dairy
samples, milk powder and cheese. The results are shown in Table 1.
It is important to notice that the samples contaminated with
S. typhimurium and S. aureus were not detected (AT2 < 12 ms) in
any of the tested dilution levels, which proved the specificity of this
method only to C. sakazakii and not to any other bacterium.
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While it was at lower diluted of 107! and 1072 in milk powder
samples, C. sakazakii was optimally detected with an incubation
period of 45 min. And it was not detected at a higher dilution of
103 or with an increasing incubation period more than 4—8 h.

For cheese samples, the optimal detection of C. sakazakii was
similar to the milk powder samples. However, incubation periods
over 2 h led to a non-detect response to C. sakazakii, which sug-
gested that longer incubation periods might lower the sensitivity of
the NMR method.

Comparing detection results between NMR method and na-
tional standard procedure, the data indicated that the dilution rate
of sample would have no effect on the result obtained according to
GB 4789.40-2010, but greatly influence the stability and detectable
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rate of NMR method. It is implied that pretreatment of sample is
important in the testing procedure. The standard procedure lasts at
least 24 h to obtain the result while NMR method only needs 1 h.

In addition, the result showed that high concentration
(>1100 MPN) of target bacteria induced low AT2 value. We reason
that the more bacteria exists in the solution means the higher
number of multiple bacterial epitopes compete with the available
number of nanoparticles. Consequently, the lower ratio of nano-
paticles bind to the bacteria causing that the quasi-dispersed state
and the lower changes of T2 are not detectable (AT2 < 20 ms).

In conclusion, we have demonstrated a highly specific, sensitive
and fast method for the detection of C. sakazakii. In this method,
biofunctionalized nano-magnetic beads were used for efficient
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a100 s Table 1
Results of C. sakazakii detection in dairy samples.
Its of C. sakazakii d ion in dai 1
: I Dairy Dilution  AT2 (ms) GB 4789.40-2010°
804 =t samples of sample /" % T 4h 8h 22h24h
Milk powder 10! 4955 51,5 47.6 ND’ ND 21.02 +¢
60 102 21.79 307 328 436 ND ND +
> 1073 ND ND ND ND ND ND +
E Cheese 10! 37.07 2173 ND ND ND ND +
— 1072 21.90 22.12ND ND ND ND +
o 40 - -3
- I 10 ND ND ND ND ND ND +
-
) 2 AT2 value is the average of triplicate measurements.
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Fig. 8. Effects of (a) pH and (b) incubation period on the reaction between antibody
immobilized magnetic beads and C. sakazakii by NMR assays. Error bars = £-SD (n = 3).

target capture. C. sakazakii can be quickly detected in dairy samples
through nuclear magnetic resonance analysis. Although the
detection limit for this method could reach as low as 1.1 MPN, we
have set a limit of AT2 value at 12 ms and a concentration of 11 MPN
in consideration of the reliability and efficiency of this method.
Evidently, this method provides a rapid and simple approach for
the detection of food-borne bacteria in different food matrices.
Moreover, the established detection system could be widely used in
a broad range of fields including the medical, environment and
agricultural sectors.

Fig. 9. The detection limit of NMR method. Error = +SD (n = 3).

> ND: not detected at AT2 < 12 ms; AT2 value was shown in bracket.

¢ Diluted samples contained 10~ target bacteria.
4 4 Means there is target bacterial showed on Cronobacter sakazakii Chromogenic
media.
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BB IER 7 TR RN A REICIR BRI, 48 17 70 7 0 R B I R
FIE R 1/3 5Un] DUA RabR B IR 443, JeHRE REs A bR th i o iR s AL
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High-Performance Iron-oxide-based MRI Contrast Agents

Zijian Zhou, Zhenghuan Zhao, Guoming Huang, and Jinhao Gao”

State Key Laboratory of Physical Chemistry of Solid Surfaces, The Key Laboratory for Chemical
Biology of Fujian Province, and Department of Chemical Biology, College of Chemistry and
Chemical Engineering, Xiamen University, Xiamen 361005, P.R. China.

*Email: jhgao@xmu.edu.cn

Magnetic nanoparticles are attracting extensive interest for their ability to enhance the
magnetic resonance contrast effect.’® Spherical superparamagnetic iron oxide (SPIO)
nanoparticles (e.g., Feridex and Resovist) have been developed as T, negative
contrast agents for magnetic resonance imaging (MRI) in clinical use due to their
biocompatibility and ease of synthesis. However, the relatively low transverse
relaxivity (r,) and poor performance of spherical SPIO nanoparticles as T, contrast
agents has hampered their clinical applications. In this presentation, we report the
rational design strategies to achieve high MR contrast sensitivity by controlling the
composition and morphology, including gadolinium-embedded iron oxide (GdIO)
nanoparticles as synergistically enhanced Ti-T, dual-modal contrast agent and
octapod SPIO nanoparticles.* ® The octapod SP1O nanoparticles (edge length of 30
nm) exhibit an ultrahigh r, value (~679.3 mM™S™), which is approximately 5.4 times
larger than that of spherical SPIO nanoparticles.® Compared to conventional SPIO
nanoparticles, these high-performance iron oxide based nanoparticles are much more
effective contrast agents for in vivo MRI and small tumor detection, which holds great
promise for highly sensitive, early stage and accurate detection of cancer in the clinic.

Keywords: MRI, Contrast agents, High performance, Molecular imaging, Cancer
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CaP/PL-mPEG hybrid porous nanospheres for drug/gene delivery

Calcium  phosphate/Phospholipid  (PL)-mPEG  hybrid porous nanospheres
(CaP/PL-mPEG NSs) were prepared by a facile room-temperature method and
employed as carriers to deliver drug/gene. As the polymer segments adsorb on the CaP
surface, the rapid growth of CaP can be controlled and the size of the precipitates will
be reduced to nanometre scale. Furthermore, the CaP/PL-mPEG nanocomposite can be
stable in agueous solution for a relatively long period, because the polymer can act as a
stabilizer and hamper the transformation from ACP to hydroxyapatite (HAp). The BET
specific surface area of the CaP/PL-mPEG hybrid porous nanospheres was 136.4 m%/g.
The relatively large specific surface area is highly advanta-geous for the loading or
adsorbing of drugs or genes. Additionally, both CaP and PL-mPEG are biocompatible
and biodegradable thus the as-prepared CaP/PL-mPEG hybrid porous nanospheres are
promising for drug/gene delivery.
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WATER IN WOOD STUDIED BY TIME - INTRODUCTION

Traditional methods cannot solve the relation between wood
and water in micro-scale.

Minghui Zhang >  Question

1. Is there a special way to probe wood and water
relationships without destruction and how?
College of Material Science and Art Design 2. Is that possible to study water molecular dynamics in

Inner Mongolia Agricultural University Wood_ and thereafter to explain water transportation during
sorption process in molecular level?

METHODOLOGY
INTRODUCTION
1. Samples are from fresh cut trees: Ash, Red oak,

Walnut and Poplar.
»  Objectives P

1. The water content in wood investigated quantitatively
through the difference of proton sensor's concentration.

2. The water states in wood according to relaxation time.

3. Water transportation process in wood during drying and
its mathematical model .

. . Samples Positions from Wood Disk
2. Insert sample into bench top NMR for time

relaxation and FID measure.
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RESULTS & DISCUSSION

) i T2 relaxation profile during
H Yellow poplar drying at
1 H MC112.02%

bz T2 relaxation profile during
Yellow poplar drying at
MC 7.10%

Spin-spin relaxation time for different moisture
content of yellow poplar.

T2 relaxation profile during drying at different MC

A typical FID curve for the yellow poplar with
MC =4.03%

A. The first part of signal (intensity) is directly related to
the number of nuclei in the sample (more NMR signal
means more nuclei in the sample);

B. The rate of decay (T,) is related to mobility of molecules
(liquids have longer decay time than solids).

Relation between MC determined gravimetrically
and NMR signal amplitude

Yellow poplar MC changes with drying time

Yellow poplar MC changes with drying time
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Yellow poplar MC changes with drying time

Free and bound water changes with MC during drying

CONCLUSIONS

1.Yellow poplar has at least 4 water states according to T2 values
at moisture content above 100%.

2.Water states in wood will change with drying time. The T2
value will get shorter with MC decreasing.

3. Water migration in yellow poplar drying can be divided into
two phase — one is following linear function and the other is
exponential function.

4. It is apparent that bound water does not change too much
above 50% MC.

5. Both free and bound water in yellow poplar drying happen to
lose above fiber saturation point.

ACKNOWLEDGMENTS

This research is supported by the National Natural Science
Foundation of China (30800866/ C1603 & 31160141/ C1603)

Wood Research Lab of Purdue University
Dr. Daniel L. Cassens

Dr. Eva Haviarova

THANK YOU !

QUESTIONS
COMMENTS

88




$ R ARG B EREARLE B AT e—b XL E

LR R REOR 5 R BT 4 jz%??ﬁ%?
R Rk T AR R B 3Rk E
5 Wmm vd A SR A SR 5T > e
i # A "f_ N N
» > SEER T
> ZiR50HR
> 45
B A TR I, TR, XA R, TR B+
M K A 2240 T2 B YT 55 470
1. B 1. B
L‘ A)
KM HeARHIE G
)ﬁlﬁ%ﬂé‘%\}\ﬂ]E‘J&?L%XL%‘ZK@' BRI BRI FATERGSKBO9f,  ihs, FEMREENE, B RIA%.

B AR AR EAK.

P B, BRI A AN S R 1/4 .
B R A H A

R, (S .
EPTERBRE o eepyrih, S, A

SeRaEETR A

AT, MR, R,
WaR B HARMA, Rk, B

FEEFIA PRIARG I — A B B R R TR, TR ARRRHE A .
SRl EAEIRBE R R KI5 e

FEAs A7 A [ i

3 R DR A S IR A A
MERHT, R R A
PERIENE, —RAEITRE
. AP R AE
B, A0 AT
etk

1. H

il

JER S 20 B A S ST i, AR
BRI EAR LS S 1053 WU
Pk THE. "R BT,

i TR BLERARXX
BEAT ST B, X
JEs BEAT U 14K

FE

THENL

89




$ R ARG B EREARLE B AT e—b XL E

1. H

il

MU A A B R R AL A R A T A o, A2 — e A T il
MU TR 535, Rk o S BT P A S Ao ) — 5 9
H R (e e 2R AT 20, SR SRR A A A e,
[iTpe:IReERe ol G

~— T~
=TT S Su Sp
LY T Tk b
NP o
~— T~
- ~ T T—T—
O a ks T LT N
R-S%)
S~ T T T ~— T T — T — A/\'/\'/\
$  Sxn Spa Syn Sxn
@ ¢ T e TR P i3
S O S S B
Re  RR R, R :

BUB AP 27 PRI 1 I HLER

1. H

il

FENU ) e A A, AR T L A K
ﬁﬁgam%%WE%%W%%%§T%%W,ﬁﬁ%%%

R Y e L«

FRAR S P I A P O 5 28 I R, AT R AR 52 Tk
WL, WA B0 ok 3 AL et o

TR H -

FENUBR AR HY IR A, 38 o SR s 28 P9 1 Eh Bk JEE Fp e
THIE ST AE DS IR v 1 v S 5 5 o e i £ K
PR, FREER A REIREEHITT5S LE%M.

2. SEET

KA URE

TR
[ omew | | e |

[ RIS |

HUB f e
SRR S0, BRALRE
I B it

HUB P2 e BRI e HL I T2

2. SISt
SEIG IR

SUMERS AT s JCBAR, A R A R P E B R R 1 BhF ke 3
AT O .

AL ALy TERER 2; Efbsr 45 (EEFIDM 0.4; {25
CZ1.0; Fif 1.5

SOHE I R ) 45 BT LR PR BT B BN, R =R
724 %7580, 30, 60, 90. 120. 150. 1807K.

AR IR ) 2 AT TR LOURBR S, SO 2L TT
P EENEHOR, FPIMAIRER . AEEERIA, R,
Th B,

3. ZREWHE
BCRE RS 1 e e

3 iE
$ 7
g &
© #

3495 3500 305 3510 3515 320 W25 B3 353
Applied field H,

AN IFIHEE R BB R FESRIE

3. ZREWHE
B R Sk

aMrl ¢ *1E6(s-2))
< —
BERA

0 20 60 %0 120 10 180
LA IRVE Y

AN I BB A S IR 5 P

90




% o jm A BARG EEERBA S MR AT A —— i XA

3. &R 51

JEAR BRI Sk o P

aqMrl (*1E6 (s-2) )

MR A

T r T T T T T
o 30 60 90 120 150 180
WOm M

AN 7 3 R B T P e S W s

3. #5550

75 2L - &b
AR J1 71tk B
—e— R
e WK %
84 2 - 200
¢ A
g |/
E=d =4 E-
4 108 >

T T T T T T T T T
20 0 20 40 60 8 100 120 140 160 180 200
LB iRl

ANIFIHEE BB R B 73 2 e

a. FEALI I/ R Ry R R P, R R 9 A ER 2R (R
W8 R B i B, IR B R e KR BRI
A, HIEREEL80RIN, ok S T [413.05%;

b. L WU 1F T RIS R AL I L T 2 R A W B3R
T, TETEE R BONA80VKIN,  HLd (5 R A b A KR 4y
IR 7 69.89%71137.3%.

ot

L) = VA by N A &
> [H 5 HRE ¥4 (NO. 51273172)
> B R kA B A 7]

AR RS

i EE

£

I

&

Email: Dongz1988@126.com

91




%A RARKG B ERZIARL B RAFiITA—R L E

T

BT RBOR D 1L TR AT 5T

CIRA: A
E I XA IE
B . PERFERSRETIEFR

20134104128

(LG G (&l [

mEILHE:

I AR 6/1 75% 0
I AR 6/1 75% 0.4%

7K HFEFNFLBR BN -
1% FACPMGIELESRAE, 18T 18] 1 30min, B TLERE 18] A 5d

bzl 2R
—ERFRAFIF S S —LERINO. RIS b, REER S
AL, B7d

IS TR S B E R
A7, 0747, 0T, ARP—ERBENA—K, BNETH
BRI R R T

92

(RO CH g U SLfR ]

O FmEnx

O zur%
O zmuz

Q =+

o MR AL PR (7K 201
FENFLBRTE AL

* WRAKFFDGT FE BV K S FE K M

o R RFLBREE 5 B U R

AR

gL O G (40 gl ]

O k& HFENM

LMY -6-TE%

ERERRN

B T ]
[ER LT -3 K F 3 3 5 3 00 ¢ F 4
o

L EKBER BT LR




%A RARKG B ERZIARL B RAFiITA—R L E

(RO G (U SLfR |

O FEEBRPKERES

130
1400
1300

1200
1900 —3h
10004

= [l

s

Intonsity / a.u
B¥558388

2Bl

] ' n 100 T
T2ims

FLERHIAR AL

—0d
—

[}
om o1 1 "0 100 1000 10000

FITHM1-6-75% (FIE10077:0)

LG G (N &l |

PRI T B 5

LAV RE Sy

I:: ;:

et e
LR EIKBER B LR

xR, AR FIRFEEBRAK S EIShZETT
R AZE. —.

BN VR TN 300050 48 00 00 00 08 70 90 08 0 90100
et e {0

93

(RO CH g U SLfR ]

=, SEIG4ER
O FRRASKIFLBRRTE L

Iedensty {2

PERERERERER

i

T, T BERHEI I LR
TRKETARER: MEREAEM, WRHKETH, FLBRAKERRE, B
FHK BN fE T B
ALBREL: FLREURMRE, REZT2E
REEKRIH

-y —1= (
1 L1
-l o} Lo i
e ik
| - | 4
1o + —_—m
4 n - e - 1on
- W0 = “on
e p o —
z-ua
o
F o
o
m
- an @ ]
o . R
e

ZiL#1-6-75% R 1-3-56%

ig: KRKEFMFEEIL, EHILRRNERZRE, K
RERMS, MLRES

(LG G (N &l B |

] N ey P
R R w ot e e R R w ot e e
T2ima T2ima

AR AT 0. 4%
TS faRE A 2 L 1R




%A BB KG B ERBAS BRI E—R LR

(RO G (U SLfR | (RO CH g U SLfR ]

FIEKRFLIRE 5 B EEE FEKRFLIRE 5 B EEE

FHEIFAE

] = tHARALAN . FHARN P MERAY

BETRBRIER LR, ES0hE, KBRS HIHMEOWR, T R R A TR, 3 B
ARKRIES RIEER TSR —8, Hit, OEFQRREN ARRFARATE S, BRI
$eiR? RitR N ETE R R A7

| = :
A BN i =
iz S .8 — I:: i I
i -] b ) i -: v !
= LY - me 1 S, S A LY )
iR 10wk 100wk
y -
—

_____________________________________________

94



%A RARKG B ERZIARL B RAFiITA—R L E

'\__-._‘,IF_;"nu.'l‘i.n ‘
HRAREZBILRBRBEILIR (NMR or MRD
F—mREIR. ... i
NMRS 3R AL MRI B3ER R

G i Al s e s BERIERRE— — R ANEERWTE, RN
GRS e s s G s ATRERRE. B RGBSR SRR Ol R

ATEMNT. ke, REER. SEHM. R RBISH SR
TALE TR TR AR
KFBHILR, CAESEBETHRN...... . K
) HIUMAG ) b —o HIUMAG
H \\ \\\
- AsEm - @_ P e et e
N g YN
BN S RHTFS FEDENERT
. ARSI WL |
R Oy~
@ CH, H
. BB 5
- HRFHRE BRI 3 g
. BRESLIRBEAHX A -
. WHEBERRGRE N
T, (microseconds)
ot 20 )
BT ; , -
[C4 iz ) HIUMAG
1H. 13CHF& I Ii)
31P, 15N, 29Sz A 5 i
DEPT. HSQC. =
YEPERK, IR AR
ZLHBSL ; _ T
WG . A% : Mxy =Mxyo €

EZ 2 2

i
i
i
|
d
i

95




%A BB KG B ERBAS BRI E—R LR

RIS TR P 45 45 H OB S5 44 A

Juii:K e o

1500 SIS FB
400 - crossink chains ﬁ
ol Rl 5.
o) pre— J—
400 -*\ \
wf Ny fod
(a) inter-cross-link chains v 100 -2‘““- 5 300 400 500 &
(b) dangling chain ends decay time {ms)
(c)  sol molecules.
ﬁ: b TR AR AT
Ikt P, [ lisrdisd P,
HIUMAG
Sali | Hs
TERE AL IR H LB K Ve SLIRE Y
[ fl g 5 WEREE TR K LA A e 43 T A
Ko RAAS K o3 A [ &S HIBIER PO A
ek e H0SLRR A § IRIBTIRE
KRR B R 5 BT PR EAE
""" SAMEZ AR
AR
4B 1%
RA L MR FE
B FRAE
BisHahFEeH A B REYI I SRR A B
HIUMAG HIUMAD
90°CUi &4 TR 60°CrEiRm% TR
2500 | Z ::: r’:/\/'/\\//—\\- [ NREEAL. HEm
2000 | - 060 | 1]
o0 30 15.00 MR
) 0 1000 040 Haly e
1000 - KA % ——fLI5 38 /MPa

A A, 30OWLI M. IEAT. R, WaTnS T
A R B T R

96




s

EN

BRI R RBEAR S B AT 2— XL E

EHTIBATIERBREETN S [vizzEriag T,
NIUMAG NIUMAG
60°Ci5 l:%fbdhﬁ
i e
B 7J<$ VIR O FLBREE A
R AL SR B I A J iy Vﬁiﬁ)ﬁ%fﬂﬂ?ﬁ FL R AP o
700604 HARL 7k§:‘$ﬁ%§&§:‘ﬁ LN &S FBIER R
aston seaEos PRSI e EevEiivizin BRI RAE
P e ik EE e HAEMEZHER
£ oo s%: | s
& P1=3, P2=6; AN NF
§ssni—o« DL1=005 ; BB LR SRR
R oocos FARAE
5 10 Mn'ﬂlﬁ(*n) 20 25 30
RamisBHIEmR o, RaEMIEEHL I TR T,
NIUMAG NIUMAG
*UmFID%&Uﬁ”ﬁEHﬂ% ' TZ*EH&E%HSJE*E 1550c%w *UFECPMGJ%?U ' Tzﬁﬁﬁ@“ﬁllﬁi goocw
EfbRELIEHT S B FHHBEECEEEENT T,
NIUMAG NIUMAG
AT R R M E R R A R RO 72 = T1, 2B AEB AT RENNER SDSCERYS PN
WEmiE Hoa=tv)]
2N I / /L
. ~ g 1 3" ST —
e - fmd ol £ Yo — \/ o
% :i -. o : g !E o o Taose Tg=155C e Tg=155°C
=] Vs . | i
- 1 1

T230 F B o) R T A 06 W3R SR F AT OO IR YL, 5 SR TR RA A R A b AR

Kk, @ AR TFHRARELEHBGNREMAERT o R R, SR FLRARRKA Y

AR, T2RRFRF AT . RS b IR A T A MUA B, B4R T 00 R E 69550 3
Jo, HBOEF KGR TN, FHETALT R ATIAT2RN F.

97




%A BB KG B ERBAS BRI E—R LR

TR SRS EHAR i,

FRSES T 2RIIMENESER NR

TS0 PR AR ) E
TOM: ERERMMEER, WK, W
*

T GSErTE AEULEE BRI E, MRS
G (ELFTR)
T HHIRIRS T (A ELRR

FRKIE TS IZHAR

AR

HSEE MR ASFEEKIERERL

HIUMAD

A

# #E K T2=2600ms

# HMACaT, NargiA i iy
KRBT et iR R
* H

s LT 2708 (e TIE S R R e 1T
AR

HRMHF T, ERERILERYIER ERIEER L Bt T
HIUMAG HIUMAD
HSERENPPERISEIEED TN Bk R ERERHBRIEEUEH T 25 2 SRAEES
L
- A, 30835 26727
B dhstmelt-like i P U T LE ARG e T 0.154 0472
Km ry e
s BR AN MR T T SR T b i :_g; i & e L
i 24 e A ¥ Ta 0.355 0.427
BT M L O SR O T A B — Ay 234.994 400.350
18X ’:}rigid-amurphf:.lls- TR & R=AS (A+AD 48.74% 44.80%
amorphous phaseffifff . SS: Soft Segment KEAER=AS (A+A) 51.26% 55.20%
HS: Hard Segment
i =] - BEAAH, BE
BoFRIgTNE SN T, FEREEE T
HIUMAG HIUMAD
R =y TERR RIR TTHR
TR SR Ea RIRE

| |
P FANRG TG R || | | s e | ene | 5es
PETERAS > ’ g ' mrEEe

e

ESE-FRRTFHEXR
&,
v

98




%A RARKG B ERZIARL B RAFiITA—R L E

SIiSIES IR !

2013-10-12

99



% h BB ERBARE B AT —— R LR

BRESERORTEARM WK BB S P BN DR S R R
Rl A

(R MME R SRR 5 TREAERE, A

WE HIREORIEARM AR AU R T BB, AEN—FhEEH AT BRI
b TTIEATT EEINRIA 3, AR S AN AR WK T TR AT S IR, JF i — P e
BT HOR R N R S

R MHEIIRBA AN K 70378 N BUIR 5 i 5%

Abstract NMR the incomparable superiorities to other methods, has become a powerful analytical
tool for wood science research. In this paper its application in wood moisture migration are
summarized, and its future development is prospected.

Key woods : NMR technology; wood; moisture migration; application and prospect
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ABSTRACT: Internal contact angle is an important param-
eter for internal wettability characterization. However, due to
the limitation of optical imaging, methods available for contact
angle measurement are only suitable for transparent or open
systems. For most of the practical situations that require
contact angle measurement in opaque or enclosed systems, the
traditional methods are not effective. Based upon the
requirement, a method suitable for contact angle measurement
in nontransparent systems is developed by employing MRI
technology. In the Article, the method is demonstrated by
measuring internal contact angles in opaque cylindrical tubes.
It proves that the method also shows great feasibility in

transparent situations and opaque capillary systems. By using the method, contact angle in opaque systems could be measured
successfully, which is significant in understanding the wetting behaviors in nontransparent systems and calculating interfacial

parameters in enclosed systems.

B INTRODUCTION

Contact angle is an important parameter in wettability
characterization.'™® During the past decades, a number of
approaches have been developed to measure the liquid contact
angle on solid surfaces, such as Wilhelmy plate method,” drop
shape analysis method,*” and tip-based method for micro-/
nanoscale wettability characterization.'’”'* However, limited by
the imaging and analyzing processes, the methods are only
suitable for transparent or open systems. For many practical
situations in which contact angle measurements in opaque or
enclosed systems are required, these methods are not effective.
For instance, in the pipeline drag-reducing research, the contact
angle of the liquid flow that is closely related to the drag
reduction efficiency is hard to calculate due to the difficulty of
fluid imaging in nontransparent pipelines,"* or in the blood
transportation researches, the blood contact angle in the vessels
that gives knowledge about the blood—vessel interaction is
difficult to measure due to the noninvasive property of blood
vessels,'* likewise for the internal contact angle measurement in
Lab-on-a-chip systems'>'® and fuel cell systems.'” Therefore,
the presentation of a method that is available for the liquid
contact angle measurement in opaque systems is necessary.
Magnetic resonance imaging (MRI) is a technology that
outputs images by collecting the MR signals emitted from the
irradiated 'H nucleus in gradient magnetic fields."®~>° Because
of the special sensitivity to hydrogen nucleus, MRI technology
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has been widely used in internal body structure imaging,”'
fluidic research,”>*® oil—water content analysis in rock cores,
and also proved effective in interfacial researches.”>* Because
no optical transparency is required during the imaging process,
MRI technology provides a great opportunity for liquid imaging
in opaque systems. In this Article, the technology is employed
to image the liquid profiles in opaque cylindrical tubes,and a
method suitable for internal contact angle measurement in
opaque systems is presented. It is indicated that the MRI
method is highly feasible for contact angle measurement,
especially suitable for opaque or enclosed systems. The method
also shows great feasibility in transparent situations and opaque
capillary systems. The research is expected significant in
developing new ways to understand wetting behaviors in
nontransparent systems, such as fluid control in lab-on-a-chip
systems and interfacial parameter measurement in inaccessible
systems.

B EXPERIMENTAL SECTION

Materials. Distilled water, dodetane (99%, Ourchem, Sinopharm
Chemical Reagent Co. Ltd.), poly tetrafluoroethylene (PTFE), and
polyamide (PA) tubes with inner diameters of 4, 6, 8, and 10 mm and
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wall thickness of 1 mm were used, as well as a glass tube with an inner
diameter of 5 mm.

Equipment. MRI measurements were performed on a 0.5 T MRI
system (NMI20-Analyst, Niumag, China). Snapshots of the samples
were taken by a digital camera (Canon Lunix 1860). The transmitting
optical images of the liquid-glass systems were taken by a high
resolution optical camera equipped on a contact angle measurement
device (OCA20, Dataphysics, Germany). The interfacial curve fitting
and contact angle computation was accomplished by using the
software of SCA20 (Dataphysics, Germany).

Sample Preparation. Two types of opaque cylindrical tubes were
employed for the opaque system construction. For hydrophobic
systems, PTFE tubes were used; for hydrophilic systems, PA tubes
were used. In the experiment, the tubes were cut into small pieces with
the length of 25—30 mm, and the small pieces were plugged with
PTFE plugs at one end, leaving the other end open. The liquid then
was injected into the small tubules by a syringe from the open end.
The volume of the liquid was carefully controlled according to the
internal diameter of the tubes, making sure that the height of liquid
column inside the tubes is less than 20 mm (equipment limitation).
The open end of the tubule then was enclosed by PTFE tapes. The
liquid-tube systems were placed vertically into a 15 mm glass tube and
positioned using PTFE O-rings so that the cross-section to be imaged
was through the central axis of the probe coil. Finally, the glass tube
was inserted into the MRI coil probe for MRI measurement.

MRI Measurement. MR images were achieved at a nominal
proton resonance frequency of 23 MHz using the multispin echo
(MSE) sequence, the timing diagram of which was shown in Figure
Sla (Supporting Information). The echo time (TE) for the MR
imaging is 10.6 ms. The repetition times (TR) of 1028.6 and 528.6 ms
were used for water and dodecane imaging, respectively. 128 phase
encodes were used during the imaging process. The image slice and its
correlation with the gradient fields were schematically shown in Figure
S1b (Supporting Information). For the MRI measurement, the image
slice could be located vertically either to the X axis or to the Z axis due
to the symmetry of the tubing systems. In this study, the Z axis was
used as the imaging direction. The results obtained by the X axis are
similar. The temperature of the MRI probe is 32 °C.

Contact Angle Measurement. The MR images were enlarged 5—
10 times to their original sizes for contact angle measurement. The
contact angles of the liquid inside the tubes then were measured by
three steps: baseline determination, circle fitting, and contact angle
measurement. In the experiments, the contact angles on the left and
right side were measured three times, respectively, and the average
value was used as the internal contact angle value.

B RESULTS AND DISCUSSION

MR Images of Liquid in Opaque Systems. Shown in
Figure 1 are the optical and MR images of the liquid/opaque-
tube systems, in which the water/PTFE-tube, dodecane/PTFE-
tube, water/PA-tube, and dodecane/PA-tube systems are
included. The internal diameters of the opaque tubes are 4
mm. Figure la—d shows the optical images of the liquid-tube
systems, in which all of the opaque systems appear similar and
the liquid profile inside the tubes cannot be viewed. Figure le—
h exhibits the MR images of the liquid-tube systems. According
to the imaging mechanism of MRI, the white areas in the
images represent the distribution of protons in the systems.
Because no hydrogen nuclei were contained in the PTFE tubes,
the white areas in Figure le and f are only attributed to water
and dodecane. In the liquid-PA tube systems, although the PA
tubes are H-contained, the MR signals of protons in PA tubes
cannot be collected by the MSE imaging method because the
relaxation time of the hydrogen nucleus of the PA materials is
much shorter than that of protons in the water and dodecane.
Therefore, the protons in PA tubes do not show up in the MR
images, and the white areas in Figure 1g and h only present the
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Figure 1. Liquid profiles in 4 mm opaque cylindrical tubes, where the
water/PTFE-tube, dodecane/PTFE-tube, water/PA-tube, and dodec-
ane/PA-tube systems are included. (a—d) Optical images of the
opaque liquid-tube systems, in which the appearances of the systems
are similar and the liquid profiles inside the tubes are invisible due to
the nontransparency. (e—h) MR images of the liquid-tube systems.
The white areas in the MR images represent the liquid profiles inside
the opaque tubes. The air—liquid and liquid—solid interfaces are
clearly exhibited in the MR images, which makes it feasible to measure
contact angles.

proton distribution in water and dodecane. The images prove
that, by MR imaging, the liquid profiles that are invisible
optically can be imaged clearly and the curvature of the air—
liquid interfaces and the straight line of the liquid—solid
interfaces could be observed distinctively.

MRI-Based Contact Angle Measurement. MR images of
the liquid profiles were amplified, and the contrast and
brightness of the images were adjusted carefully so that the
liquid boundaries were exhibited clearly. In the experiments, the
baseline was determined by drawing a straight line at the solid—
liquid boundary, and a circle was fitted to the air—liquid
interface by picking plenty of air—liquid boundary points. The
contact angles were then measured between the baseline and
the line tangent to the air—liquid circle at the three-phase
contact angle. On the basis of the MR images in Figure le—h,
the values measured are 110.7° + 2.0°, 35.3° + 2.5°% 61.8° +
3.1°, and 33.3° + 2.8°, respectively, which correspond to the
systems of water/PTFE-tube, dodecane/PTFE-tube, water/PA-
tube, and dodecane/PA-tube, respectively. The results indicate
that the inner surfaces of the PTFE tubes are hydrophobic and
oleophilic, while the inner surfaces of PA tubes are hydrophilic
and oleophilic. As compared to the value of 108° on the flat
PTEFE surfaces, the internal contact angle of water inside the 4
mm PTFE tube is a little higher, which might be caused by the
capillary effect of the hydrophobic tube.””*® The process for
the contact angle measurement is schematically shown in
Figure 2, in which the circular fit, baseline determination, and
contact angle measurement were illustrated.

Tube Diameter Dependence. An important observation
is that, unlike a constant value on flat surfaces, the liquid
contact angles inside cylindrical tubes vary slightly with the tube
diameter increasing. Figure 3 exhibits the MR images of water
and dodecane in the PTFE (Figure 3a) and PA (Figure 3b)
tubes with tube diameters of 6, 8, and 10 mm, respectively.
With the tube diameter increasing from 6 to 10 mm, the air—
liquid interfaces are flattened slightly and the contact angle
measurement is subsequently influenced. Figure 4a plots the
diameter dependence of water and dodecane contact angle in
PTFE tubes. It is indicated that, with the tube diameter
increasing, the water contact angles inside the PTFE tubes
decrease slightly, while the dodecane contact angles increase

slightly. Figure 4b exhibits that both the water and the
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Figure 2. Process of the contact angle measurement based upon MR
images. (a) Contact angle measurement on a convex air—liquid
interface. (b) Contact angle measurement on a concave air—liquid
interface. For the contact angle measurement, the areas of the air—
liquid interfaces, together with the solid—liquid interfaces, are
amplified S times to their original sizes. A circle is then fitted to the
air—liquid interface, and the baseline is determined by drawing a
straight line along the liquid—solid interface. By measuring the angle
between the baseline and the line tangent to the circle at the three-
phase contact point, the value of the internal contact angle is obtained.

Figure 3. Variation of the MR images of liquid profiles in opaque
tubes with the tube diameter increasing. (a) Water (upper part) and
dodecane (lower part) in PTFE tubes; (b) water (upper part) and
dodecane (lower part) in PA tubes. With the tube diameter increasing,
the air—liquid interfaces tend to be flattened by the gravity of the
liquid.

dodecane contact angle inside PA tubes increase slightly with
the tube diameter increasing. The phenomenon is believed
induced by the competition between the nonignorable gravity
of the liquid and capillary pressure.”” With the tube diameter
increasing, the effect of capillary pressure that keeps the air—
liquid interfaces spherical decreases, and the effect of liquid
gravity that tends to flatten the air—liquid interfaces increases.
Therefore, the curvatures of the air—liquid interfaces tend to be
flattened, and a deviation from spherical cap is formed, which
induces the slight variation of the contact angle values.’**"
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Figure 4. Tube diameter dependence of the internal contact angles.
(a) Variations of water and dodecane contact angles against the PTFE
tube diameters. With the tube diameter increasing, the water contact
angle inside PTFE tubes decreases slightly and the dodecane contact
angle increases. (b) Variations of water and dodecane contact angle
against PA tube diameters. Both the water and the dodecane contact
angle increase slightly with tube diameter increasing.

Influence of MRI Parameters. MRI method for contact
angle measurement is based upon the MR image of liquid
profile. Therefore, the acquisition of MR images with clear
boundaries is of special importance. During the MR imaging
procedures, a number of MRI parameters have an influence on
the image quality.*> For specific equipment and samples,
however, TR and the slice thickness play the main role. Figure
5 shows the effect of TR on the appearance of the MR images
of water. Shown in Figure Sa is the MR image of water profile
inside a 10 mm PTFE tube, which is collected by using the TR
of 128.6 ms. The image has a mottled appearance due to the
low signal/noise (S/N) ratio. By increasing the TR to 828.6 ms,
the image appearance is smoothed dramatically, as shown in
Figure Sb. The standard deviation of the contact angle value
measured based upon the magnified liquid boundary in Figure
Sc is 4.8%, while that measured by Figure 5d is 1.7%, which
indicated that, for contact angle measurement, longer TR is
preferred. However, it should be noted that the increase of TR
is at the expense of imaging time. In this study, the TR of
1028.6 ms for water samples and 528.6 ms for dodecane
samples proves suitable. The slice thickness also has an
influence on image quality. Because of the insufficient MR
signals, MR image collected by a thin slice has a speckled

dx.doi.org/10.1021/1a304936a | Langmuir 2013, 29, 9057—9062
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Figure S. (a,b) MR images of water inside 10 mm PTFE tubes that
were collected by using the TR of 128.6 and 828.6 ms, respectively.
(¢,d) Amplifications of the air—water interfaces in (a) and (b),
respectively. The image acquired by short TR has a mottled
appearance, and the appearance of the image collected by long TR
is much smoother. The amplified liquid boundaries in (c) and (d)
indicated that long TR was preferred for contact angle measurement.

appearance and low S/N ratio. Comparatively, that obtained by
a thick slice appears much smoother. The MR images of water
in PTFE tubes, which are collected by 2 and 10 mm slice
thickness, are shown in Figure S2a and b (Supporting
Information), respectively. The standard deviations of the
contact angle measured based on the images are 2.8% and 0.7%,
corresponding to the slice thicknesses of 2 and 10 mm,
respectively.

Application in Transparent Systems. Even in trans-
parent systems, the MRI method exhibits a distinct advantage
in internal contact angle measurement. Shown in Figure 6a and

Figure 6. Optical and MR images of liquid profiles in 5 mm glass
tubes. (a) Optical image of water/glass-tube system; (b) optical image
of dodecane/glass-tube system; (c) MR image of water profile in the
glass tube; and (d) MR image of dodecane profile in the glass tube.
Although the liquid profiles can be viewed by optical imaging, the
accurate cross-section of the liquid boundaries is difficult to be imaged.
By MR imaging, the cross-section of the liquid boundaries is imaged
clearly, and contact angle measurement can be performed easily. The
contact angles measured on the basis of MR images are 24.5° + 2.8°
for the water/glass-tube system and 24.3° & 2.7° for the dodecane/
glass-tube system.

b are the optical images of water and dodecane in 5 mm glass
tubes. In the glass tubes, although the liquid profile can be
imaged optically, the air—liquid interfaces, the liquid—solid
boundaries, and the three phase contact points, which are the
key factors for contact angle measurement, are difficult to
locate. Thus, it is hard to measure the contact angle accurately.
Contrastively, by the MRI technology, the images of liquid
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profiles were obtained with clear boundaries and contact points.
As shown in Figure 6¢ and d, the concave air—liquid interfaces,
straight liquid—solid interfaces, and the three-phase contact
points were clearly exhibited, which made it easy to fit the
interface curves and measure contact angle values. The values
of internal contact angles measured based on the MR images
are 24.5° + 2.8° for water and 24.3° + 2.7° for dodecane with
the standard deviations of 11.4% and 11.1%, respectively. The
standard deviations of contact angle values measured based on
the optical images are 17% for water/glass-tube system and
20% for dodecane/glass-tube system, which is caused by the
uncertainty in locating the interface curves and three-phase
contact points during the contact angle measurement
procedure.

Capillary Effect in Opaque Systems. By optical methods,
the capillary effect in a nontransparent system is difficult to
observe. As shown in the optical images in Figure 7, the water

Figure 7. Visualization of the capillary effect in an opaque 4 mm PTFE
tube, which is placed vertically into a water reservoir. By MR imaging,
the capillary effect inside the opaque hydrophobic tube was exhibited
clearly, which is significant in driving force calculation and fluid
manipulation.

profile inside a PTFE cylindrical tube (d = 4 mm) placed
vertically in a water reservoir is hard to view by optical imaging.
With the immersion depth increasing from 2 to 10 mm, no
difference inside the PTFE tube could be observed. In contrast,
in the MR images, the variation of water column inside the
PTFE tube is exhibited clearly. It is shown that, when the
immersion depth of the PTFE tube is lower than 4 mm, no
water enters the PTFE tube, which indicates that the hydraulic
pressure is not large enough to overcome the water surface
tension at the entrance of the hydrophobic tube and thus drive
water into the PTFE tube.*> With the immersion depth
approaching 6 mm, a water column with a convex meniscus
emerges inside the PTFE tube, indicating that the capillary
pressure is overcome by the hydraulic pressure and water is
driven into the PTFE tube.***> When the immersion depth
increases from 6 to 10 mm, the height of water column inside
the PTFE tube increases, while the relative height of the water
column (difference between the top of the water column and
the outer water level) remains constant, implying that the force
equilibrium between the hydraulic pressure and capillary
pressure is reached.*® Thus, the capillary pressure in the
opaque hydrophobic tube could be calculated by measuring the
height of the water column. Combined with the internal
contact angle measurement, the method is promising in
developing new ways to calculate fluid driving forces, which
is of great significance in fluid manipulation.

Bl CONCLUSIONS

In summary, a method that allows contact angle measurement
in opaque systems was presented by employing MR imaging.
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The basic principle of the method was demonstrated by
measuring the internal contact angle of liquid in opaque
cylindrical tubes. It is indicated that the value of the internal
contact angle was slightly influenced by the tube diameters and
MRI parameters. The method also exhibits feasibility in
transparent systems and shows great potential in opaque
capillary effect investigation. It should be noted that, although
the MRI method was herein demonstrated by using the circle
fitting process, other approaches based upon the liquid-profile
analysis are also applicable to the method. For example, when
the tube diameter is sufficiently small and the liquid gravity is
ignorable in the systems, the contact angle can be calculated by
measuring the meniscus height and the tube diameter; when
the tube diameter increases to such a large size that the liquid
gravity flattens the liquid meniscus dramatically, the contact
angle can be computed by the measurement of the height of the
meniscus on the tube wall. Another point that needs to be
mentioned is that, for liquid with extremely high or low internal
contact angle values, measurement error might be increased
because of the increase of the operator bias,”® the difficulties in
locating the contact point and liquid boundaries,* as well as
the insufficient MR signals of liquid adhered to the tube walls.
The research reported in this Article proved that the MRI
method is highly feasible in contact angle measurement in
opaque systems, which is significant in understanding the
wetting behaviors in nontransparent systems and calculating
interfacial parameters in enclosed systems.

B ASSOCIATED CONTENT

© Supporting Information

MRI experiment and influence of the slice thickness. This
material is available free of charge via the Internet at http://
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Fig.1 NMR technology applications in

00000

unconventional reservoir evaluation.
(a) Effect of TE on the nanoscale pore
measurements; (b) the oil layer
identification under oil based drilling
fluid; (c) using multiple dimensional
NMR to fast detect the pore fluids; (d)

NMR imaaina of cores.
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NMR technology applications in unconventional reservoir
evaluation

Zhizhan Wang %, Liming Qin*, Huangsheng Lu, Qing Cai?, Peigiang Yang?
(1. SINOPEC Research Institute of Petroleum Engineering, Beijing 100101, China;
2. Niumai Electronic Technology Limited Company, Suzhou 215163, China.)

Unconventional reservoir is prominently characterized by nanoscale pores and non-Darcy flow,
which determines its differences compared with the conventional reservoir, such as oil or gas
distribution, accumulation mechanism, and drilling or production technology, etc. So, the
conventional NMR technology can not satisfy with the reservoir demands. Combining with the
current technology in the world and some experiment results, some applications by NMR method
have been investigated: (1) the petrophysical evaluation in nanoscale pore reservoir (Fig.1a); (2)
the oil layer identification under oil based drilling fluids(Fig.1b); (3) fast identification of pore
fluids by multiple dimensional NMR method(Fig.1c); (4) reservoir structure imaging by
NMR(Fig.1d). Meanwhile, some challenges to NMR software and hardware technology in
unconventional reservoir evaluation have been analyzed.

Fig.1a shows the effect of different TE values on the nanoscale pore measurements. The more
TE value increasing, the more information loss in small pores. Compared with the Mercury
Intrusion, Nano CT and Focused lon Beam methods, NMR has higher resolution and can detect
approximately 8nm scale pores. Fig. 1b displays the T, spectrum of the oil layer under oil based
drilling fluid by NMR method, whose quantified accuracy is superior to gas logging and 3D
quantitative fluorescence technique; Fig. 1c reveals the multiple dimensional spectrums of
different pore fluids. For conventional reservoirs, using relaxation reagent to soak samples by
NMR method cannot distinguish the oil and gas signals; Fig.1d indicates the NMR imaging of the
full hole cores. The pores and fractures can be obtained and random slices can be cutted.

References:

[1] Martinez G A and Davis L A. Petrophysical Measurements on Shales Using NMR[J]. SPE
62851, 2000.

[2] Arns C H, Washburn K E, and Callaghan P T. Multidimensional NMR Inverse Laplace
Spectroscopy in Petrophysics[J]. Petrophysics, 2007,48(5): 380-392.

[3] Arns C H, Sheppard A P, Sok R M, et al. NMR petrophysical predictions on digitized core
images[J]. SPWLA 46th Annual Logging Symposium, 2005.
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WE: AWITCE ARG E T OS5 R LRRAE , SR IEIX TR A IR, ARG —40 °C, Flifg
WA 20 CHAF R 35IEAT 0, 10, 20, 30 Fl 40 IRVRRMEFA RS, I RGN 5 KA FEREA T X AL IR (NMR)
W, 13 BUA R RGP UG A R AR 1) s IR B ) T, A SAZ R IR BAR EG . A5 R I: JERET Ty o040
TR 3 AN, R ANERIEE AN AL N e B TR 98% A b, RIMALEE A K28 R4 10,
20, 30 F 40 AFEVRRIGIHXEUG, A0 0 Tk MUK AT R, FLBRES KT 14.0%, 0.9%, 16.2%
M 1.6%. SR UG B MBI S B FEIFUR R M AT O e RRMIEER S T AR SRR AE 1 AR A,
hE A R R A LA S A T S R e B

KEER: A0 RRMEIR, R AR FUBREE; dbIRI [E]

hESHS: TU 458 XEKFRIRAD: A XEHS: 1000 - 6915(2012)04 - 0731 - 07

EXPERIMENTAL STUDY OF NMR CHARACTERISTICS IN ROCK UNDER
FREEZING AND THAWING CYCLES

ZHOU Keping', LI Jielin', XU Yujuan', ZHANG Yaming', YANG Peiqiang’, CHEN Luping’
(1. School of Resources and Safety Engineering, Central South University, Changsha, Hunan 410083, China;
2. Shanghai Niumag Electronic Technology Co., Ltd., Shanghai 200062, China)

Abstract: For knowing the variation characteristic of rock microstructure under freezing and thawing cycles, the
experimental study on granite sample is conducted under different freezing and thawing cycles of 0 time, 10, 20,
30 and 40 times with the freezing temperature of —40 °C and thawing temperature of 20 ‘C. The nuclear
magnetic resonance(NMR) is used to test the samples after freezing and thawing cycles; and the crosswise
relaxation time T, distribution and NMR imaging are obtained. The results show that: T, distribution of granite
exhibits three peaks and the subtotal spectrum area between the first peak and second peak occupies more than
98% of the total area, which means the micro pores are in the majority. After different freezing-thawing cycles of
10, 20, 30 and 40 times, the T, spectrum area has changed obviously; and the porosity has increased by 14%,
0.9%, 16.2% and 1.6% respectively. Also, the space distributions of pores have been visually shown by the NMR
imaging. The variation law of NMR characteristics in rock under freezing-thawing cycles has provided the reliable
experimental results for the research works of rock damage mechanism under freezing and thawing cycles.

Key words: rock mechanics; freezing and thawing cycles; nuclear magnetic resonance(NMR); granite; porosity;

relaxation time

Wrrs A H: 2011-10-09; ¥EEB#A: 2011 -12-04
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Table 1 Physical parameters of granite samples

R e
W e WR/ B WRIET RS VRRERET. SRR
mm  mm /g /g B %

N-1 9632 48.62 448.69 - 0.00

0 N-2 9682 48.56 454.54 - 0.00

N-3 98.64 48.44 475.10 - 0.00

N-4 9884 48.52 45752  463.09 1.22

10 N-5 99.72 48.56 463.72  468.08 0.94

N-6 9732 4844 46032  462.67 0.51

N-7 9828 48.62 461.82  464.53 0.59

20 N-8 9576 48.59 456.42  460.24 0.84

N-9 98.12 48.52 470.12  472.76 0.56

N-10 98.16 48.50 464.12  469.41 1.14

30 N-11 9830 48.54 465.82  470.16 0.93

N-12 100.74 48.45 480.02  482.38 0.49

N-13 95.60 48.61 45792 46730 2.05

40 N-14 98.72 4847 478.82  481.06 0.47

N -15 100.00 48.53 478.52  480.54 0.42
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Fig.3 MiniMR - 60 type of NMR imaging analysis system
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Table 1 Basic properties of coal samples

E Q#HE, L BiER TAAHT (%)

i = (mD) Marl Aarl Vad

1 SJ-3 5.06 0.043 0.61 11.18 11.63

2 XS-5 5.35 0.091 0.92 9.72 10.49

3 YC-11 4.09 0.019 0.43 12.54 10.38
0.5 T, IR Z21~23 MHz, WiFa TR

32°C, MRRZ&MR: TAREMI#E23.354 MHz, RIS
[B]175 ps, PREWFE]1500 ms, [A1%%8195, 1M
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TR SRR SR T, TR B B S R e, 4%
SIFEBLOHE 22000 t/min 14000 r/min, 32°CIERAS
FFE.01.5 h, “WﬁﬁuF%F#ﬂi%ﬂ%
AR, FRMNAT B A K IERE 8 T3 5 o 7]

Kigr (R2, K1) .
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Table 2 NMR characteristic parameters of coal samples with various bound water content

SRR Xof L KA E B (o) 5 B (H) T U (ms) T 1E{H (ms)
TFIK 0.0193 16498.37 2.81 —
SJ-3 2000 r/min#.C> 0.0158 7854.37 1.80 222
4000 r/minfZ5 L 0.0062 6044.98 1.55 1.25
Tk 0.0155 9222.67 6.99 —
XS-5 2000 r/minE5» 0.0121 5227.56 2.01 12.68
4000 t/min 50> 0.0105 4215.26 1.29 5.90
K 0.0140 8393.70 69.31 —
YC-11 2000 r/min#.L> 0.0099 7962.15 52.17 368.98
4000 t/min 50> 0.0059 423825 16.42 95.06
900 SJ-3 XS-5 YC-11
1 400 700
T FIK
750 + 600 1 — — 2000r/min
—~ —~ 300 —~ i
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Fig.1

NMR specira of coal samples before and after centrifugation
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Fig. 2 Plots of bound water content to NMR parameters of coal samples
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