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Pulsed Field Gradient NMR

Young-Shick Hong and Cherl-Ho Lee

Graduate School of Biotechnology, Korea University

Abstract

Pulsed-field gradient NMR (PFG-NMR) is being widely applied to probe living tissues and biological cells
structure for measurement of thermodynamic binding constants, membrane permeability and rates of trans-
membrane exchange processes. Water movements in biological systems and food matrices are important
in the engineering aspect such as quality manipulation in food processing. The measurement of diffusion
properties of water molecules in food systems is now possible using PFG-NMR, and the hydration prop-
erties and hydrodynamic properties of food materials can be accurately evaluated by this method. In this
paper, we reviewed the theoretical basis and the applications of PFG-NMR spectroscopy in measurement

of water movements in food systems.
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9} o] YA (nucleusyS 7HX L dLoH, o] Uzt
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Fig. 1. Two energy levels by Zeeman effect with magnetic
field B,.
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Fig. 2. A spinning charge with angular momentum J,
such as a proton, gives rise to a magnetic moment p(=yJ).
In a magnetic field its axis of rotation precesses around
the direction of the field, like a gyroscope.
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(Derome, 1989).
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M2 etk A &3 YL rotational
correlation time(t)ol &3 FAHHAW, o|A& & &
247} & ettikradian)s FAskedl Al Az
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Fig. 3. A rotational and translational movements of water
molecules with macromolecules: (A) Upper water rotates
freely and down water represents hindered rotation with
macromolecules, (B) The translational movement means
diffusion.
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th e B2k e ¥ Ie o2 gE
o FakAlE AdEHoez 24} Stokes-Einstein
A& Bale] olFA A4 (translational diffusion
coefficient)E AWsl= BHH, Deybe-Stokes-Einstein
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z = (6Dp)"” @)

EE 3 Al2duyelMe BE 78 AEe] 9]
AL HEAE 9] Wi BE UxEY] it
Al o)gshe Aele Ha#olsA@E AvlslE root
mean square (RMS) AZlZ A<}

B Eabe] 3t A2 HHIFDE RdHH,
Tt 58 A= pulsed-field gradient NMR(PFG-
NMR)Z $3% + k.

PFG-NMR S&&i2|

PFG NMRZ Stejska®} Tanner(1965)7} ¥#le] &
2HAI (molecular  self-diffusion coefficient, D)E
437 Qlsted M-S st AHE el &
2ke] A4 Z42 PFG(pulsed-field gradient)2}
pulse sequence® HE AlZO2ZH shea|zith
Magnetic field gradient, g = NMRS F 8271731
Bohe 973 TEEe ASEN EHsh= Aol
A Uee 235 wold HAFER Kl receiver
coil HPERE] HXE gradient coilllX Bt 7+
Wl 23Ee 2 FolXtkFg. 4). F Ar1FEe
A & 2o ti$ 2b7) % (magnetic field, B2l 9
-2 ollzl=dl Bad TE AR FHo|EL
Larmor equation(?] 1) olARE Azt

Larmor freqyencey(®,, rad/s)*] ©igF PFG-NMR®]|
219] magnetic field gradient, g, &= o34
Zro] Mt

©, = YBy+7vg,2 (8)

Recetver coil NMR tube

Gradient coil

Fig. 4. A schematic depiction of a gradient coil for
producing z-axis field gradient in superconducting
magnets. This gradient field allows molecules to diffuse
to the z axis and the receiver coil receive the signal as a
voltage and then send to computer.
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A7 B 28R FolAe 95 A7),
g 282 Fo|A = magnetic field gradient(T/
m), z= 3 239 $X|(m), 2B|3 = gyromagnetic
ratio (rad T/s)eict, & 2] Ao o]&3l=
phase angle, @ (rad),> Thx3} Zo] E@EH)

¢, = dyg,z 9

o7)1A &= ZEEE gradient pulse®] XE5A17K(s)
o]t}

PFG-NMROIA £}e] &1k F4shar] Hasdt
A signa)E e HH-L Fig 59 Zrh ARA
909} rf(radio frequency)’} 5~JAH net magnetiza-
tion xy HH| FAAA =M, & AWEe f44
(phase)°] ZH4 oA Hrh 2 oh2 3HA gradient
pulse= & AHES Y33 encode)3T}, ©] ‘encode’
2= @2 gradient’} phase angle(2] 9) 2la] o
2HE9 9xg AAAeZ FA(labehFthe RS
ojmgte}, 433td 3 AWELS AT I
(diffusion time, A)°lE FHA gradient pulsed] <]

8 As7t AAHA s @3, B4 AEg 724
o), b AT gradient®] Z7]9F R EA]
ZHO)R YAl HH, 4189 Z7](Attenuation, A)EF
B} At Fg 5A9] A89E Stejska®l Tanner
(1965 &l 7WH=JA  Stejska-Tanner sequence
% Hahn's spin echo?} E2]™, PFG-NMRE ©]&
gt B Ao s 71Eo] HE sequence= A,
PGSE®] oFxlZ 291t}, o] sequenceol| 2J& AAIH
2359 A7l(Aye thr Al 9six m@dch

AQ21,8) = A(21,0) exp(-21/T,)expl(-Y g°5")
(A-8/3)D]
(10)

o714 De X9 A7 &AA F(mYs), ge
gradient®] Z7](g=g,), A(21, g)= gradient’} FoH
S o Al%9 A7), A= sequencedl A 5 gradients
Z+ N 7ol(sy™, A-83% EtAlZH(diffusion time, )
olt}. T, £W-2¥ o]FAZH A(21, 0)% gradient

A Encode Decode
| < > | < >
90, 180,

I<———— T2 ———>I<———rz———>

rf
b}
% %
82 |
B
Encode Decode

| ¢——————>| | ————»|

90, 90, 90,

I(——- T2 ——>I<-— Tl——VIQ— T2 —P
rf

A

. %

Y,

“«—— A —»

Fig. 5. The standard pulsed-gradient spin echo sequence (PGSE) (A) and stimulated echo sequence (STE) used for
diffusion measurements (B). The back bars show the radio frequency (rf) and diagonal bars represent the gradient pulses

(g,=g). The parameters are described throughout the text.
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7 “0"d W A3 A7RA AR vEve, §
o] o]ghr|7he) FAZIT}. F gradient pulses?] F7)
U AEAIZHE) FY3lok gt

PFG-NMRel| 9% Al 24L& dwizew
gradient®] I7)(9)E S7MIIIEA QAR =FID(Free
Induction Decay)?] #ollA A&l A7|7} Albg).
ol Mzl Fhe § Es Aol 95t FIE W=
t}. 23} Fig. 5A°l4 HeFE PGSE sequencel]
93 Al 2L 2 7 SAAES TR A
t}. Magnetization (2] 217170l 25 7] (Rhke)E
A7\ (iR EHES] S AFde] g My xyH
WA T, o]$AIZF wjio] A EAES] A$ o]
4 dodle 2o FHFA #Aadt AEE
o]R7 Qe AWEQ] A3 xyHHNM Fur)
¥ 2 (modulation)¥] 7] #j o] 2HEH0] F()9]
< /M # ok o]#jg PGSE Wyel EAINE
A5, Fig. SBOIA A  stimulated echo
sequence (STE)E ©|-83ld xy HHA Aol &
83t AZHE 7H4AAFIE "o} o] STE sequence
t 180% rf pulse’t 51X PGSE sequenceti)
o 90% rf pulse® AMS-3t magnetization®] xy 3
oA 28 Al7HS #48) A1) STE sequence
= k&3 o] AF 7] (Attenuation, A)7F AlAkE ™,
o|REE] R}7)8AHA| F(self-diffusion coefficient, D)E
AL 4 Ao

AQ2T,+ 1, 8) = AQ2Ty + 7y, 0)exp[(-27,/T,)
~(1,/T)) lexpl(-v'g*8°) (A~ 8/3)D]
(11)

Aq71A AQ21,+1,,0) & gradientZt “0"Y w2
A% gko)t}h. T, longitudinal relaxation time©]|™,
T, transverse relaxation time®|T}.

E9| grET2 population A4

Gradient(g)E 37H171HA] dojA)= PFG-NMR
9} AttenuationZ (&) 104 110 AEH EHEHT,
2 FZe AE2aE FAFH A |FdHAFD)R]
71&717F F3izth

Fig. 6A% gradien’} 5715l W} &8 £9
Attenuation®] 743} signal decay®: HAF =
stack plot®]t}. Fig. 6B+ (3]) 119 2314 mono-
exponential fittingg ¢ Azolrt. ojH BUEZ]

Chemicat shift

Afg)

1€-3 T T T —T T T T 1
0.0 2.0010° 4.0x10" 6.0x10* B.0x10" 1.0x10° 1.2x10" 1 4x10" 1.6x10° 1.6x10°
2 2
('8'g" ) (a-8/3)(s/m’)

B

Fig. 6. Effect of gradient amplitude on "H NMR resonances
in a diffusion experiment. (A) As the gradient amplitude
is increased, the attenuation of free water is decreased.
(B) The data on a natural log scale (y-axis) to show the
NMR data fit to the linear version of Eq.11. The self-
diffusion coefficient of bulk or free water has value of 2.7
X 10° m¥/s at 30°C. :

AAe B wEt F 7R ol gAAIFE
7 & Atk dE S, AX R E3 AE
o] EAgle B AR 2 HHAIFE 7HE
ATt

Aol AFE o]2FQ AMAES E83t A
e} FE o5& Yele E9 A|FHAS
D)% Fi&zrt g ' Y 48 Jehle
population(p)atS AAFE 4 Ut}

Cho et al.(2003)2 Fig. SBolA] &/¥ STE
sequences o|&3la] Fzda} AE U9 F£E 3
AAFE 245T) Fig. AR S AT
7S 48 ExEe] uiEAQ] diffusional decay curve
& BHAFI §th o] AEE successive residual
method= 348k A3} (2]) 128 384 X F2o=m
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A - — -
1 «  Original diffusion decay
e 1stresidual
4 2nd residual(exponential)
Bitet aenen o o ]
AR
=]
2
0.01 4
T T T T T ml
0.0 50x10°  1.0x10°  1.5x10°  20x10°  285x10°  3.0x10"
&g 1,sm*
B = curve 1-5ms

1E-3 —r — T

T T L) T
0.0 50010°  10x10® 15107  20x10°  25x10"

8fd’ t,sm”

Fig. 7. The diffusion decay of water molecules in
Chlorella sp. (A) Diffusion decay when td is 100ms, § is
210ms and g, is 9.65 T/m. (B) Diffusion decay obtained
at different diffusion time: t;; 1~Sms (=900 ps, g,.=
9.65 T/m), 2~100 ms (=201 ps, g, =9.65T/m), 3~200 ms
(&= 250 ps, g,,,=9.65T/m). Measurement temperature is
30 °C.

fitingd  Jon, o|2RE 3F7Fo| A|FIAT
D,, D, D, population 3 p,, p,, ;5 & F
Atk Do e 2.7 x 10°m¥sE 30°ColM Afr5=
(bulk water)®] 2}7]&AHAIS Zhs) A x) g

A®) = Y p;- expl-v'g 6% (A~ 8/3)D;]

i=1

S p =1 12)

i=1

714 Dy 1 €] A& ol pie &

» D, -curvel
® D, -curve?
J PV 4 D,,-curved

1E-9

1E-10

D, m¥s

1E-11

t,ms

Fig. 8. The experimental dependence of self-diffusion
coefficients D, D, D; on the diffusion time t, of water
molecules in Chlorella sp. The temperature of
measurements is 30°C.

Mg D2 BAS= ¥ EFE Y9 i
F2+2] populationo]Bt & st

A ZHe) S 23S 9 diffusional decay
curveE E43ld B Fig. 7BoIA <} o] 27)E
24 D,,, D9 population 3t pl, p2e EHHAZE
of wzt ¥isl= Y-S o + Ut Fig 8 93t
W D3 D= AR 7] SRR AER|RE
AE8re] bulk waterell e AT AT D
 FT E3R] S 9§ Y. Popula-
tion %t p, & p,= A7t we} ZFAdH ot
pe A8 4ATE ¢ F AUtk o]RALE AXYHF
(D)%t AELF(D Yol AXF B2 1 o]F°] Al
g e A A3 S onEtH, o)et 7ol
kA 7boll 2] &3]=(diffusion time dependent) |3k
E2Hrestricted diffusion)© ZHE] A XU A g7 o]
o542 (restricted region distance)g T3t AHE
WREAS 458 & UchFig 9). XS (extracellular)
YF FH9 FARATELL Ho[2E YH9 &
Zda} MEARl clusterdl] A2 82 271 EAH
T2 Y & 5 ok

Fig. 10014 HAFE= A3 70o] &8 A FoAx
Zzdael FAFS diffusional decay curveZ} o
Ak, A28 A5 8} population # p,, p, @°l
iAol w2} WA THSuh er al, 2003). AR
A Z (intracellular) T82] 7] EFHAlTE= §5 9
H FA 7ol e} ¥ERTE & A FE F4)
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k
q D
X

Restricted diffusion

Free/obstructed diffusion

Fig. 9. Transmembrane exchange and diffusion of a
diffusing molecule in a cell. The intra- and extracellular
diffusion coefficients of the molecule are denoted by D,
and De, and the influx and efflux rate constants for
exchange of the molecule through the membrane denoted

by k; and k,, respectively.

(exponential growth phase, EGP)8] A X9} A7)
(stationary growth phase, SGP) A|¥9] M X +&
FAAFD, )= FIHR AolE Ho] AFH F2
71 = AR AE FRFAATIE A A
3ol Hlat] EA debdth WhH A EQ]o] A
o] A= clusterd] 8 FAAFDE Al By
WA ozl F3A] #ekA] $E-S ¢ 5 Uck(Table
1).

X P§L“Oﬂ o8t MEZ=V| 4

AEHS Foste £ A7 A D)%
population(p)°l LA M EAY o] o] A7 3HHA
4%} population M X2] F7|(cell size, a), A XU}

A curve t - Shours
® curve 2 - 24hours
B curve 3 - 48hours

———&——a—aaa-123 D,

1E-9
] L,
1 » D,

1E-10 o

D, mis

1E-11 o 3 D

1E-12 r

Fig. 10. The experimental dependences of water self-
diffusion coefficients D, D, and D, on diffusion time td
for the yeast harvested after 9 h (MGP), 24 h (EGP) and
48 (SGP) incubation curves 1, 2 and 3, respectively. The
strajght line shows dependence D,t,". The insertion in
figure 11 is ideal dependence of self-diffusion coefficient
on t, in pore system (Suh et al., 2003; Hong et al., 2004).
The intracellular diffusion of water indicates the restric-
tion diffusion having size of 2.3, 3.0 and 2.7 pm at MGP,
EGP and SGP, respectively. The extracellular diffusion of
water also indicate the restriction diffusion for dense
yeast suspension and the restricted size was 17, 20, 15 pm
at MGP, EGP and SGP, respectively.

F8-9] A FAZHresidence time, 1) ¥ ABEE A
4*(exchange rate constant, k) 18] M ¥ FEI
(membrane permeability, P)2] Alxte] 7Fs31A 3t

a7k o) F7stel wet 7)1 AIG 7 7E
A28 d|& A 4ik(restriction diffusion)oletsty &

Table 1. The values of yeast cell size 4" obtained from PFG-NMR, cell sizes 2" and volume-to-surface ratio V/S
determined by electron microscopy, residence time 7, exchange rate constant k, and cell wall permeability P* determined

by eq. (16) from dependence D¥(t,),

and permeability P¥ calculated using k from p(z,) by eq. (15) and V/S from electron

microscopic data. These data correspond to not extracellular but intracellular diffusion (Suh et al., 2003)

I{ﬁ:ﬁf& a (um) @ (um) V/S(m) T (ms) k(s P (m/s) P4 (mls)

9 23102 41+ 1=a 17x10° 240225 42404 (707X 10° (6.3+0.6)x 10°
294 I=b
3.5+ 1=(a+b)2

24 3402 49+05=a 54x 107 450440 22402 (12£1)x10° (84+0.8)x 107
3.6+0.3=b
42%04=(a+b)2

48 27402  44+08=a 73107 400140 25103 (16£02)x 10° (1.5£02)x 10°
33+08=b

3.1£0.8=(a+b)/2

*a™ was calculated as average cell size (a+b)/2 where a is cell size in longitudial direction, b is the cell size in transveral direction.
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AA ko] B3] A uje A7 84S <077kl
24 & ZAo|tk(Callaghan, 1991). o] BAkA7bo) €]
Z(diffusion time dependent)dte= A|$HEHARS E-3l
TRAHLE Hl {83 HHE 5T F AUt 4
FoAM dE EREH, ARRANA pored] Z7]9}
AtspzA el Hoo tfd W3 ©]&(Reiger er dl.,
2004), M Ee] B ER}9] restricted diffusion2 5
stod W Az & AR FE 2oz AR
(Saccharomyces cerevisiag)®] A X8t FI =9 A X
A7]E PFG-NMRZ ©]&3td &4 + Shk(Suh
et al., 2003; Hongs Lee, 2004). Fig. 91+ A
ZUjRoMe] AEats dydte BHRE HY
F3 Yk AE R ot ME 9 RME
A gretato] Hztrjo] M ETLRAM AFtE Hio
A717} AAYETHSuh et al, 2003; Hong Lee,
2004). ole TFEE F=H AEEo] oM cluster
& olR7] ujFolr, o) AstEite HYP e
Beor TEER FEo] HAS w(pelletFE) Al
E oAt opel M EQFeA BHEI|E F
TH(Waldek et al., 1997).

A 7ol FoHstel wiE Eo] it St
Zradhs A (restricted diffusion region)$]
A7e Aoz E2HE A|FHFDOEYE
Fig. 1194 HoFE MAYGM UA = effective
self-diffusion coefficient(D)ol 2l3jA A AtHE T}
Effective self-diffusion coefficient(DF)= self-diffusion
coefficient(D)7} 13! o HlAE o offe] (&) 13&
scaling approach¥ S 24 Aojd 4 Qi)

e _ [P =Dy Dy

= T D,-D(1) (13)

| -Free
Di(ta} | Diffusion |

Dy

1} -Restricted
Diftusion

11l -Hindered
Diffusion

Dyl

tg

Fig. 11. Idealized dependence of water self-diffusion
coefficient on diffusion time in the pore systems with
permeable walls (Valiullin et al., 1997).

A71M Dye 7 G M S &7 Ea
A, DE FAAD0) Faez F71E He 27
Al 225 Die Aol «0nde e 27
iAol (3) 130 2JsiA Aldtd Al
(DHE 2] 79 HYSR restriction size = M E9]
WREA A @°] AAED ATEge] =7 (restriction
sizeye (2]) 79l o8] PP zb kA
At Z7)7F dASA ALER FAR, (2]
14914 dojA = AFAYI7E 7 Fir7kelA
A 3HA ARt HulH FEA DR & size
o ul-g- AL HAE F ATt

1/2
a = (6Dt (14)

Cho er al(2003)2 PFG-NMRE o| &3} Z=d
gt MX¥e] =7l 33103 umE Fig. 12A9) TEM
ARIOA EAE 27 SumEu thd ZA e
g B3t TEMARIS M 29] 9)7S el
e v Al FEELHEFD,)0 Qi ALk
" Alxe] Ve AE WRFFBR o] F 39
ztol AEH ] FA7F Ao}, Fig. 12B= 89 £
A 22 AE gojg(clusten)®] o)t} o]
A golgle MxEe FREIFMHFD, )N 3td
AArEn @ MEI7|HT= o sH) 2 AR
AL AT, Suh er al. (2003} WPAI 7] WE A
2 AZIZNE AN An FH F2A7AM 23
umel|d Zo| A3 FA7]7} il 2447 vl
oNMe 3.0um= F7HHATIEL B3 3% THTable
1). Hong et al(2004)2 3.0um=7]9] ARAMEE
50°C, 60°C, 70°ColA 7tE=ElE &< 22 2.5 um,
23um, 2.1ume2 7482 PFG-NMRS %319
337 |= st

M|ZSf E3teof AlAt

M ¥8 T3} (membrane permeability, PYE A4t
ge S F 7HE Ye F Ut AdAs Al
XA BitEe B HFE2E A 7Hresidence
time, )3} Al X2 THFH(S)ol g £H(V)e &
o) 9af Fa=phH7t ALETh 15).

S A
S (15)

p = p(0) - (-15/7)
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Fig. 12. Photography of Chlorella cell by TEM (A) and SEM (B). Scale bar corresponds to 1 um for TEM and 9.7 pm
for SEM. C.W: Cell Wall, D.B: Dense Body, St: Starch (Cho ef al., 2003).

A1 pE (3) 12914 e FeA ol g
she 22 Foln, pOy= FIZHe7E “07d o
sjgale EdE ol

FHAE 4 13004 49¥E D, D, 223 ad
FHAAE o188t FH=(PYE AT (A 16).

1
= (16)
D, D, pi.

Suh er al(2003y Fig. 4Boll 2271% STE sequence
£ ol g3l AR 7t AAGANA ME W9
BAEE 2 G o83l Mol AV Y Eo A

o B3} (permeability)S AT AR A
Z7|(mid exponential growth phase, MGP)*IA 6.3
$0.6x 10° m/se] MET FRert 4ol ¢ o

i

Alend of exponential growth phase, EGP)ol A<
84+08%x10°m/s2 F7Fslal, A A 7)(stationary
growth phase, SGP)IM = 1.5+£02% 10° m/sZ &
o] XY Faimrt 4AaFEE & & AT ol%
Zo] PFG-NMRZ v|E9] A% dAPd o& A
¥ Bixo] WIts A& 7HsdAl st
Hong#} Lee(2004)= 712 wWiell & SRAA &
o] NEY 3% E PFG-NMRE o] 83t A
Az 7} =71 F7Hdel ot £ AXd B2
=7t F71sta, 87183 Fd(ohmicy 7FEe] &
Gg AEY F3=g olgste] vuwek A3 ohmic
7tgo]l Ao}t AE & & UV, 78 7t
€7 FH(ohmic)7tE Fetoll AE ez &2H
© ol 2 FH(Yoon et al, 2002)% Wl

Aol AAFHE B FATHTable 2).

Table 2. The water permeabilities calculated and the amount of released cellular materials determined (Hong et al., 2004)

p! Exuded cellular materials
Samples p
(m/s) protein (ug/ml)  total sugar contents (mg/ml)

Fresh yeast cell(SC)

27°C 6.7+0.7%x 107 91+1.0x 107 357 8.5
Water bath heating(CH)

50°C 2.4+03x 10° 95+ 1.0x 107 60.7 18.7
70°C 48+0.5x 10° 29+0.3x10° 135.7 33.6

Ohmic heating(OH)
50°C 2.1£03x% 10° 1.2+0.1 x 10° 714 22.1
70°C 83+ 1.0x 10° 19+0.2x 10° 185.7 485
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PFG-NMR¥H-2  porous media (Stallmach$}
Karger, 1999; Menzel er al, 2000; Song, 2003;
Karger e al, 2003)4+ biological membrane
(Trampel et al., 2002; Xia et al, 1995)°1A4 2] &
At B BREE FA3ks AR opl 2
Z9] wheat starch A, X2 28|31 ®H(Ohtsuka et
al., 1994; Callaghan et al., 1983; Umbach er al.,
1992; Ohtsuka et al, 1996; Callaghan et al,
1983, Roudaut et al., 1998)% & ZAUA
AW = 93 22 £33 3Ede 24
stedl 2 AR SIZE SdlEa ok

2 53] 59 7] FHAIFE B3, Kuo e
al.2003)y2 WEEHA %e Xz e £ i
F WeE A=A E9 A o), pasta
filata®] 7} o Fo wWE B2 AL AolE
Z2Rgo N X2 FRE o Z3T} Ae] A
7tEo] A & @A AHEQ casein? casein
geldlA 9] B9 LA = AF-(free water)oll H]
st} Zhaatd o), A7) EAAISe Ak Al
22 el Wk o] gAE &L confined
restricted=| %] 94371 4 AE AFEHA olFF
o}l A3l thMariette er al., 2003; Metais et
al., 2002). Reiger et al.2004)S AZE Alz}oll A
o ghHAFE ST A3 Ak oAy A
28 37T A8 2 Al Solkle E
AEo] 71Z7t AYHUA T2t FtE B9
7] FAHAFE F4 ARdE RS B 9L
o, porous apple matrix®|A] restricted waterc] <]
3] pore size$} F-¥ol| i WAHIE AilstATh
Glycerolol H71gl oMz 7hAd E9o| Al
& ol whe| R g AL o AT
(Baik et al., 2003).

#H< Benga et al(2000, 2003)2 PFG-NMRZ

oI7ke TS o7 7] FEEY HYT FEF
FE 24 vjustdon], Waldeck er al.(1995)
H

5
e dyoz ¥9% FY L ESo] YT AlEute
T Bl vAE FES ZARISIC). Zakharichenko
et al(1998)< PFG-NMRZ ©o]&-3ld BHFoxe] &
I de A AT E A, 2Y9)
restricted diffusion®l] F3He wEUZ BF AX
oA R Mol e #o e ool AHAH
= cavity Z717F 1.2pum 23 5 ME=] &
2 #o e B9 restricted diffuson®] ]3] 3.0

Ao FRolF 73

=

me] BF MEe] A7E Ao, BF AlxEq}

B BT 2de B3R Eite
£ #AsA T Schoberth er al. (20002 Coryne-
bacterium glutamicum®] R4 BT E =33}
o 1ume|ste] M#Fa 2 ol A2 My ¥
ZHlxe RG] SAE 7HeES BT

! rle

gtozo| Hat

PFG-NMRZ 348 §iA7]= gradient A&
low-resolution NMR (LR-NMR)e|| #a}sl= Hb4| o
2 AF AW, HIZo = high-resolution NMR
(HR-NMRYI % ©]2|3} gradient 2A=x]|7} F=7}x]o] o}
T A3 AxE g 7 WA =HAH AR
HR-NMRIA 9] gradient 7] (g=~1.5 T/m)= LR-
NMRoIA 2] Ml7)(g=10~200 T/m)ell B)&l o}F oFat
Holt}. o]& HR-NMReIA| LR-NMRYl| ¢} L3¢
A719) gradient/t &2 749 LR-NMROIAMHY
AA3 271 FA7E FE7) otk ofF A4
o Husl= HR-NMRE ©Hol7le s &
22 HRNMRIAME E& F71E THAI=
gradient F X7} JiEE Holgl i) 73
gradient= ¥2} Z7)7} & EFuHve di¥e
2 FEET) olF (K101 m¥s) TEAHpolymer)
B9 3t &= ZHFo| d3FolthHGalvosas et
al., 2001; Trampel et al, 2002; Fischer et al, 2004).
HR-NMR #21¢] 84t 4 Al 22 gradient 2
7= 7Y B A= AHL ol4sld
Hwd B4 SErb & 010 mYs) EFES] &
2EE EFA o AREE X 9t} High-resolution®l] 2|
3t EEo 9] 7+ BAEY chemical shiftll W3t
¥& 7EE 7FXE HR-NMRE 7z EZE9] 4%
& 7] djell FAlel 7+ BEAES] A
FE TN £3¥ 4 Arh. HR-NMRE o] &8
Fake] b A3 Aldl= LR-NMROA 9 7o)
pulse sequencesE°| FA3A 2oy, 7t AH =
olv} 243z} gt EFQ EXA HEE pulse
sequencesE MH e sidsled Bk &k g
AFE SAs ok FTHPelta et al., 1998). H2ol=
PFG-NMRe|2t= ©]F°| DOSY(diffusion ordered
spectroscopy) NMReol&} & 7% Ftl. o] dh
DOSY H3E AFROINME 2857 A23te,
Fig. 139149} B wpeh 7ol t-carrageenan oA
g7)459] ethyl butanocate®} linalool®] #}7] &Hat
AE 7431 o] 37| AEE°] tcarageenane| A

H

it
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2 Water

Ethyl Butanoate

Diffusion coefficient (um?/s)

-carrageenan gel
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Chemical shift (ppm)

Fig. 13. 'H DOSY spectrum of ethyl butanoate in T-carrageenan (1%, w/w) matrix with 0.3% (w/w) NaCl at 303 K
(Gostan et al., 2004). PGSE experiments were measured using BPPLED sequence at frequency of 600 MHz for proton.

The gradient was calibrated to 0.475 T/m.

Aol mX= F3S BT L O™ (Gostan et
al, 2004), A F29} WA A Frt thE
BEHAES EYPIE A(Gil et al, 2004), OB
AEFEIME DOSYE o83 AEFHEESY &
MAFEE 2o 2N Bl 583 ARE AT
£ Jg Aoz siYHAn
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