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Current State and Future Issues of Technology Development Concerned with

Freezing and Thawing of Foods

Yasumasa Ando', Daisuke Nei', Shinji Kono® and Hiroshi Nabetani*

! Food Research Institute, NARQ, 2-1-12 Kannondai, Tsukuba, Ibaraki 305-8642
¢ Research and Development Center, Mayekawa Mfg. Co.,, Ltd., 2000 Tatsuzawa, Moriya, Ibaraki 302-0118

Freezing is one of the most important long-term preservation techniques for foods, and offers a means to
suppress microbial growth and to preserve taste and nutritional value superior to any other method. However,
during freezing, cold storage and thawing, changes in physical and chemical structures due to the formation of ice
crystals, recrystallization or various chemical reactions can affect the quality of foods. The causes, types and degree
of quality loss vary depending on the food items, and scientific reports on the mechanisms responsible for the quality
loss as well as the technical solutions of pretreatment, freezing, storage and thawing technology have accumulated.
Also, various analytical and observational technologies of ice crystal and tissue structure in foods have contributed
to the development of effective freezing, storage and thawing technologies. The purpose of the present paper was to
review the current state of studies on freezing and thawing technologies, and on evaluation technologies of physical
and chemical properties of frozen foods, and to present future issues of the technologies concerned with frozen foods

to enable their further development.

(Accepted Mar. 27, 2017)
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1. BUC®HI

HRIITELDPORAWONTELREFETH Y, FEH
SOEEER/NRIZED RIS, RIFFOFEMEY OB
EERE, ERORTFHHEKIBICERT A I LITE S,
BIE, BPEICBWTIE, BAMOKEROEL b5 <
KOLNTWE, FOHRT, EEEEKEYOBETRIZBIT
BREETYAZHANITADORE LV ESER, %
FIZX ARHBEERL VIFEZEETIE, BNEKE
YR M TEROEINER X5 BIC, EMFEEmE—
DEMETELRZVBL. 2770, FOLDICEEE B
- BB EBAICOEVRESER SN TS T L5k
HHENE, LrLiaYS, #E, HEHES L UBEOE
BT, KEROER - BEPHRERLD 5V ITEEL
FRISZ & o T, WHEK - LFEBEOELIEL, HR
BOFBERTZILOTHEITDSH. B - BEFRICER
HZEROBBEERTORRE, BEBLIUERIX, 20RKHIC

FoTHATHY, BIEETIZ, RERTOREAT =X
L%, BIALEE - BORE - B - EORBIIC X A XRICE T 5
MAPEE CERINTETVRS, iz, ZHEOSNEHM
BTk & - AABBISEHANIZ, BHRE LR - Bk - ##
HEMOBEICEBL T& KRETIE, Thoo
W BRI B L ORERPICBT AWE - (LML E
BEHESA IR AR OTRZBE Y L L L b1, Ei
LREEDIZDIZSHEWM)HENEREZHL T LI L% E
&S5,

2. BROFEEHEE

() SERFERW

IKFERDER - REZBRBROEMOBEZIBL ) £z
FERDO—2THY, ZOIHIIRIRI 2 EEEFZHET
5 ETEELRETH S, KiEmORFEEEICHEEE L
TR 2 ERIREICRET 5. —iRIC, SR Tk
EFHENBIKDOERERDEREENPKREL 2D, FHOK

'T305-8642 B0 (IEHEE S 2-1-12, *T302-0118 KHFEFAMILIR 2000
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(2)

BPERINEZD, BRELTELDOKEDYT A i3,
XL 7h, Lo T, EROBE?2 2FHIVET 3¢ THR
FOKRERERF THLH—1TH S5 -5T 2 RAHICEE S ¥
By, ARNBOKEROBREER/NRIZE ED
LIENTESL., 20720, ERHOGEKTOHK D=0
WCIAREERNSEEL 5.

EREPHEET S EVWIBMER, AREEZNLTESN
OKAKICHENZ R TIROBHS L HERES T
HHT LB EDELBET T EVIABREL TV
BT ENTEDL. ZORESZRRICEY B 72D,
HERANTICBIT ARZE L RSRE BT 2BEEDOEE
FHEIRELENSHDL. LEPLEMWS, EEATIIBIT
LEnEIX, ARMOBEERL L URIRRTF, REZICIE
R 5720, EROBRPCHBIRE > TWBHEIC
i, HHEE R TSNS FOREY M LS5 A
/3%

—F, BREREICSIT2BRERE LT L3512,
OEMLEHRERLOBEESRECLS, Q&RLE
HOBREELEDL, QEMEAREKRELTS, 03
DORERHE. TDI)L, DIV TIE, BRRIDS,
BHLEBEVWREFHT CHATLI L THEERAELZ S
O, HEECTHEETAIENNTEDL. Q2 ERTALDIZ
i AERTHHTIER L FORELEEETLILEND S,
9, JEPEALTIHBEELT BROBFAICLIVE
MERETHLTTIRAMARD DY, CoOFREIRL—
BHLREROFBEFEL L TERLTWS, 775X}
XDO—DTh BHEHEBFHRIL, / AN 5 JEZE 15m/s B
BTREEENL, EMREOEHRERELERBLTS
ET, BOBRHEELBLHFRNTHEHY

F7o, WEREREEAL L2ARE LT, 754 Y EFEN
HY, ThEGHL-nsy / —VRBESOHKIZERER
BERBETAHETHSY —FIC, HHROBZERIIRME
INHBEVD, ARFEHSHEH - BETLZ L0 TE
L. 7, HERICREEREZLZET, BIRENERE XS
CEOAZENTEL, ThEISHLAEFRELT,
“Hydrofluidisation” & BRI 2 HEENH Y, ZITHEME
T/ ANFERTFY 74 AR UTHES L, EACELREE
RITZ & TEFEAICBIT 2BV ERE L2155 HE
TH2Y BEELTTAIART)—%HNWEIETED
CEBWHEBREIELNEY 610, MESEREORILST
ARG ERE TR B EREL LAFRO—2TH
5.

Baai, BAEEatsaFRThHY, HHLL
BRI EE L-AREHRAAD Z & CHEEET 5 F %S
5. BEOBRICHFED Y, FHRRICEETE &M
TZITTFATE WS, B L REEARICITRS L
WIORELH 5.

@ zonTid, RERBOBRE T, AROBREFEZL

T5, HH5VEMAPLTHIET, BizEHEEmMLET S
ZENTESL, Fi, ENNTEE (Individually quick
frozen : IQF) Efid, EGMEEZHOF IHEKETHO T
2, NODOWRECTHEETHI L CEREARTERL
BHREEFZA LS E2EFTHAVTBY, SERTEYED
HBECBOWT—RICAVONE HETH 5.

PER~7 AR, BICEREESERL SN, KLY
BELTWAHDTH AN, ZNENOEEITH L LKL
by, FELBEOWBIK, ##, BEOHE, HDHiIH
EHRBIC L o TEY R EBEINERRING.

(2) EIEHWICHT IHRHEE

I EFCERICERMEN TV B ERE TR DWW TRRT
& 7285, WIEAE O BFREHAM B ¥ 2 BiFe s 2 89 5.
ZITiE, BRSNS, BEREE SEIFA
B BUKERE, REY VNS EORBICEDY, FoER
EERANDIBHIZDOWTHRE,

1) BEROFE

TWOBME LT, BRANOKRERTRET S &
BHLNTWAE? ZOBHRIZOVWTIE, BEEOBEIC
FoTRELZFYEF—Y a VEESBIETARIZ, B
FTHhDBREIC GPa # L2 2 EEREIAEL, Zh
&) PERREREN LR TS 2 L TREARPMEE S b
% & ¥ % Hickling DY 255 HENL Z &S0,
NEBETLIEEILRENTVWEY —FT, FxEy—
Va rRaORERKEEROER LT AERTE, K
DR, EBIOKEERIEE S 2T NE %5 LV,
Zhang 5%, BEEBH D OKEER T TIZ05~1.1 %2
BEOBBENFSH DL vEBRNIIKD, ThiEdFr ¥y —
va rERORETKEEROG &L T AEROBTIE
HHETEZVWERE LAY 2LT, REAEBNOZKRT
BESHOFEMPS, FrEF—Ta VRIADEHICLD
K U703y — ¥ DA O BREN 712 72 5 W gt % R
MBLAY ZoLHic, BEERICE 2KEERORE
DANZRLERZTFHEREN TRV, EEOH
RIZEDHETH AWML H B

ZOKEERAREICEET AHEF L LT, Inada B &
U Zhang 53, BAHIRBOKICBZR*BHTL L
T, K NOHEMIMBEEEINDEZEERLE Ty 5 —
YaviE o THELLRBOEISSLWIIE, Zofkqt
DHEENEZT LI EFHLPICLEY /2, Chow 51,
BEDEL LA O~ ABR L BVIERZITV, —KE
RIS EEBE T, THERBENE T DY

FHEOBAB LT 2—F 1 WOBWIT EBEEREDS
BB EBELAY T/, THRBEREIIBITS
KEROBEERLIY, FrETF— g VikEREok
FERICEETLERFRON, KEROT Y FI4 ME
EPPFEINLZEEWHLPIZ LYY Saclier 55, &8
EREBISEwIZE, KEROFHHESMET, ERES
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ERIBAZEEHEL VL

FHEOFMAIZLE D) —2DFRE LT, EHEED
HEFSZBIFONE, Zhid, YA ZUAMN) =3I V7 LIF
iha, BEEOREICAHLE TR - BIRE D
BT Z LT, RBOFROBMENZRENEELCHH
HOIERLTWwALEEZOLNTEY, TOHRICLST
EWATCORBEEIMET 3290 Z LItk ), B
FEEFET LY L ENTNES.

D &) BREERORKEEICH L - BROBREFEMICD
WTHTIRFED SN TELR FEWED, MELE:
FOEMHBHRORERBOFEICBVTH, BHEIEOFA
BEDLNTEBY, FEEREOmLER, MERAMCBITS
A RRE DL & KO, MEAEAD
WikB L OTTOBEOHERISTRETH S L ENTWED

B R R L7 BB IO 2 B O RHRE O
BERRLVIORLAEYTHY, BRI IV EOBHEM
RETFNREBRESENRE LHBI TR TWE, &
NS ORFFEIZ BV TRE R BFE§ 52, “Power ultra-
sound” & MRIZN %, 20~100kHz BE O BE B OBE
W AEIHEREN, ZFLY ) a-VEDTITL VR
N LBEREZEREETVRE T —AFE N, WFhd 58
AT —=NIZBITLRERTH B, Zheng b DE|EF® o
T, BERBHEE L2 G T 5 8EBOREI L ENTNS,

i) BWEADFH

KEETIZBWTKIZOCTHEET A0, BEHRET
B EMET T 5720, OCUTOREBIELED,
FNEEBRL 2R )EERS L UEEINEZ 52w, H
WL, 210MPa OEATIZB VT, EEESIIH—21T
FCERTT5. 2oL REEARELFMA U -BEHEMN
X, BESWBIER (High pressure assisted freezing), [+
TIBEHE (Pressure shift freezing) B L OBENFEE
1t (High pressure induced crystallization) (243 X
(¥ o) LBENMPERELE —EOBEIRET
IZBWT, ZOENCBTAEFBELT ECHAEIL, M
PRI LABRCENERET S5, —E0BIELIE
TO0 ZOFER, BEIRETICBWOKEENKLY
BEEORERLLZE2HEL, KERORET I
5ZET, EmONHEEHRECKBLHFTLLOTH
2% LaL%DS, BERET L FEE FEEEEITERN
B2 OBREL L UHHOBYREIKET 5720, #E
BEOEMRITIZED T, FROGEFKIBIZEET S L iTE
ZHEW, ’

—F, ENBEHEELX, BREARETICBVWT, BER
D EFoREBANCREZ T, SEHIKELEDY, 208
HErOoENZHRT ABICHEEB LB T#HEr ey, —
iz, EEEPRLET TS 210MPa iz E 450
b, —20CHHBICHEHING, ZOMNEIZLY, F
B CHEALIEITT 2 728, BRI I 2 k& FAs

H— AR TELD EENTWS, Fernandez 513, SE
HHBEE L ENBBEEIC L ) ETF VS VRICEL D
KR OTRERE 1T\, EIBEEETIE, LI
B4 ABEPEREND Z T, AENHICE—L25F %
FOWMRKEENELLZ E2RL, BEIMHBIEE L

DLEFTHD EMELTVEY ZOEBHLS, BEH
FIEIC L 2 EREERMICOWTOMSERET, 20138
AEDRENBEFEEICETAIDOTHY, hsDEIC
DWNTIER2ICT LB,

FRUIOWTE, EAOBBISHEC & 2 k&8 OBl
LA DE—1t, FEBOKIIHENS (HERINTS
D, BRBRFLZHEIMMESNTVA. —FT, ANEPH
LTI, KRBt ss o0, EEHCE
LEBHMESY N BOEE, HHVEIICES EA,
YIHZEALHDE U B & OB|END OO~ FHRIZL o Tk
SUREBWCEZLZET L. I, EOBEBEGEOBRICE
15, BERED DL VEBEFEOMRESRIENST2bh T
BOROW0 I3 FRIZONT D, ENBEERE O AL
Mo R2 B LIZEETHLEENTWVS.

ENSFREER b, MoEmezR22), mELALRE
WKBEAZMAIL, BEORLZIKOREEB IS
283> ZoAFlIE LT, OCUTOREICBITAH
HEYBRE OS2 BB TOREEIZONWTD
WED PR ENT VA,

1987 SFEICEEI O ERINIA~OFFHHHIE® S TLL
sk, BETEFME L 2BEHEMORESED 5T & 7%
BEETIZ, B4 RERIIOWT, BEAFIHEEZO R
BREESHEOMIEN0DH D, SRk, BED T HREE
EDARIZHVADTIE R L, AIE, FAED L IIRES
FHAEDLE, ERENLML 7O AORFLERTH
LeEzohs, T, BETIIIERMIEENEEFT
IHDOEBORRE - LROIEDOLNTEYY SHBOFEL
ZEENFAOERIM/FENS.

i) Ny 87 BOFAH

FRERERICBVT, EARBENTOXKEREEEZHE
BN DFDL, EEBHMETHLAES 378 (Anti-
freeze protein : AFP) 4%, 1969 £ ISR T A/ &
b= TR OMES S BEY SHTUR, ZoHECHEIC
DWT, HL O ESED SN TE

AFP i, ZOBBICBVTHWEVREART2EL
HH, HACEEBRBREVRMFEE L VKRS B A
FUYRARELD) HIIBVWTEENEWETHS. Th
ORI, AFP OXERREANS Z 5 FHICERL T
WhHEEZLNTWS., AFP BKREROEMMICKES L
FORELZMZ B E 2D, AFP BEE L ZWHAC
i, KEREECKSTFIRHET S L TR MR
Zh, ABROKKRISERINSED, AFP OFET TR,
AFP DA D 5 ORENIG S, KERKORREHH
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(4)

®1 BEREAALLREROERBICET 3BEOHR

OE 3

HERGEM

EES

530

ERT NV

Ty HAE

VxHALE

y4ar
(RLERAR)

=

Ty a2 —

Jayay—

Ty al—A

25kHz, % E 0.07, 0.25, 0.42
W/em? —20C

25kHz, 177 7.34, 15.85, 25.89
W, —18 %7:212-20C

25 kHz, 3B 890 W/m?, —20C

35 kHz, 3% 890 W/m?, —20C

40kHz, W 023 W/em? (1
73 131.3W), —25T

25kHz, 1477 175,224, 224,288,
360, 418 W, —20TC

20kHz, 5&F 0.09, 0.17, 0.26,
0.37 W/cm?, —20C

30kHz, B8 0.09, 0.17, 0.28,
042, 051 W/cm?, —25T

20, 30kHz, H77 125, 150, 175,
190W, —25T

40kHz, 388 0.33W/cm?,
—40C

20kHz, & B 013, 0.27, 0.39
W/cm?, —25T

30kHz, #7790, 150, 210W,
—25T

- HEHREORBIC B OKRERBMRES 1, B

HFREPREVIBEKERZINS 2D,

C R B B EROMA SN (R, MES

FUFa—F 1) LABERORE SICHERERS
hizv,

- REOBREBEEL, REE 1585, 2589 W/em? I2B VT

ERT 22, FHAEOBTRIIALRBET S0,
1585 W/cm? I BWTHEDEHL 2 5.

- ERRERIC BT 2 MR S OB IIHI S h B,
- EREBRREEIR ERT A, BREREICRET HED

RSB0, BERT 2 —7 1 HiX30~70% & %
5.

- HEHEO LR, BRHOME OMEERORE) 28

Abons.

- GAERERIASR AT 8% s b,

BRI L 5B M

- BUERHEATRAT 11% EMEh s (7288, 360W).
C R BRBOEBOBIERAIFERICHENT S (HA

288, 360, 418 W).

- KR LS B,

- FHEEEREAR AT 14% S s h b (GREE 026 W/em?).
- B - BEBICE L AL, FU Yy SuABLT

WA BAHEB SN D,

- RERICB T AMEEEoBES TR S (017,

0.26 W/cm?).

- R OKGEA L MIE B & KRB Ok S R A

Rons,

- B HRE O BB 81T B KA O E
- U R ) O e

BRBENBVIZ EBGHREINE 25,

-150W (30kHz) 8L U175 W (20kHz) D&M THE

BHSERES LS.

CTUAF -, BY, HEEEOEL FUvyToR

BLUTRAINVEVBEEFEORIPHFIENG.

CBKEREEBERERHLAAEICLY, FUYy O

ABLUTAINEVEREFREEBRIL, BEBLT
WEOE AT ENG,

- BAERORED X UHFERRN, SRR 08
CFUy FuR0EL, BREL BRSO

BRI

RN T ) WA FV Y —EBLIUNN—FF T —F

EHEORT

- BRI 4
- FU vy TuxoRd, aREf, ERILE L UHE

TR O

Kiani et al. (2013)2%

Li & Sun (2002)29
Sun & Li (2003)%%

Kiani et al. (2015)27

Comandini et al. (2013)%®
Delgado et al. (2009)%%

Hu et al. (2013)%9

Xu et al.
(2015%, 2015%2)

Cheng et al. (2014)%®

Xu et al.
(201439, 2014%)

Xu et al. (2014%%)

Islam et al. (2014)37

Tu et al. (2015)%®

PRIRS NS 7200, KL L ORI KA B % 2 1 %)
E7:, KEROBRE (BMOBBE & bI2, KBS
BONE AR, SBOKE KRR B
B ZEAET BBERD) HIHIS MBS AFP ORRE0—

DTHA. AFPIIERE 2B ChIF TR, XEROK
EX, BRBIUBRELHIHTS2D0THY, “Fi” Of
PRI 2B I END A2, METIE, KEELLS ¥
232 % (Ice structuring protein) &4 5HAdH5HY
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® 2 EROEHBEFREICET 3REOHR

POE 3

AERSM

51 FA TRk

45T

EET Y T—

Jayay—

=Ty

Uy HAE

TxHAE

VYA E

EETED]
#or

AL a7
i

200MPa, —15C

200MPa, —20C

200MPa, —18T

100~700 MPa,
—20~—18TC

180MPa (—16TC)
7013
210MPa (—20C)

210MPa, —205C

100~700 MPa,
—20T

100~400 MPa,
—28~—10T

200MPa, —15T

200MPa, —15T

120MPa (—8T),

150MPa (—127),

180MPa (—16TC)
EFA>e
210MPa (—20T)

240MPa, —22T

100MPa (—847T),

150 MPa (—14TC)
EQAL>s
200MPa (—20TC)

100MPa (—10T)
¥ 7-1% 200MPa
(—18TC)

CHARTE L L THEESRICL )R FUVAFVIRATFT—EB
LU CaCly #%iMNT 2 2 L CHlEOREAMIRERL, E612
ENBEGEE LA B TR IEBBEOREBLIUF 7 A
Fr—DREFRONS.

-G BEMOERETETICBNT, EHBBEERRE-8CUTTTF
TAF v —FREINLD, HoFEHETE, —1SCUT TR

WIEREF SNz,

F =D OBERIKEEAE L 5.
CKEROBRES B VIEEHNIC L RERT2MHTE 5.

- HRERIAAE E LCEABEMA S LT, BEFHEMNT 5.
- BRI & ) B - SRR OB SR S h .

- 200, 340 % 7z13 400MPa THE L2 B R 77 25 v — B L’k

B2,

- 200 F 7213 340 MPa THLE L 72808HE, 7 F ViMES L UM

RGP,

ENBBEEOBBT - XY F—¥, YTz -Vt FY
F—EidlzE ALRE LR,
FEREBCBVCHRAEEOBBI RO NS,

-30 HAE (—20C) FE#ZTHEH, BYOZSERRETTZH/T7 7R
Fy—IRFEINS.

- MIROBHEBE & B L, MgEEORBEB LU N vy Taxps
7L, WEIPHERINS.

- 200~400 MPa THLEL L 72508, 34 - BBBOT 7 AF ¥ —%&
LR sn, ~7FUREBES L UHEBIREI 2.

- 200 ¥ 7743 340MPa CHLE LU /- REHE, HEEFESRICIBTET 2
AF v — B L UCHBIERGOE ISR S n s,

-50MPa (—15C), 100MPa (—15T), 150MPa (—25T) %7212 200
MPa (—28C) D&tETid, KIQERIZHES hREEIZLS, &
LWHEHEOBREIBEI NS,

- BEARERTILEE L LT CaCl 2%MML, 60C (30min) THn#E 7243 300
MPa, 60C (15min) THET S5 Z & T, B - BHEROWI 2R
EL, MBBEoBEYHRTE S,

CRRLEEOLR, BEBOFY y THAORKBB LT 7 A
Fr—DYWENAOLNS,

CENBEEEOBETN—FF VY -EBLURY 7 -G
F I —BldHITRIE L v,

- BEBHEHRTL I LT, BEGHE - BRELR, FUyTOR,
BRELD L HBRSBIERSNS.

CENBEE KSR, KSR oAT 5.
- BAEBOMBEEORBRIEI DR,

FITTIANER LML, AESESELEEREDO P v T

bR,

- ENBEEESRE T, BRTMBICLT IR FEERMLY S
RERBOWSHAHERT 5.
CENBEIEE T, HBEE0RBE VA REIEREEK

%5,

Van Buggenhout et al
(20062, 200843

Otero et al. (2000)*
Castro et al. (2007)%

Fuchigami et al.
(1998)4®

Préstamo et al.
(2004)*”

Fernandez et al.
(2006)*®

Fuchigami et al.
(1997)%®

Fuchigami et al.
(1997)5

Buggenhout et al.
(2005°Y, 200652

Koch et al. (1996)59

Préstamo et al.
(2005)5%

Benet et al. (2006)%

Zhu et al. (2003)%®

Alizadeh et al.
(200757)58)' 200959))
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*z2 (@)
&R AEREH R 51 F 30k
S-SR 200, 400 T2 600 - 3T 0EEE - REERED BoMREYE HRES /P BO  Tironi et al
Zx MPa, —18TC EbB L BB EEE LS. (20079, 20095)
ARKEOET EEL 505, MEFEZ CRMOFSE - HEAB L0

ZIR oA,
cEBROT T AEBEER 15.2C TH 598, 400, 600 MPa O EIE
MHEIZ L YT 7 AERBESD TN AT S,

4YET R 140MPa, —14T CETEES VN BEORPITHEBLUIF Y VEHORED  Chevalier et al.
THROLNS. (20002
CEHOMIMCGERT 234 VB OBREICES EEZONS, A
HOBEDLANRONS.
a4 140MPa, —14T XTI ANERBELEL, S0 — VEEB L OHEBEIREFEE  Sequeira-Munoz et al.
AR 2 5. (2005)

CHREFEIZIETF I AF Yy —OBVIIRONEWVA, KUy TSI XR
DRI EDD .
- HIHPICABDBUEFE L ) DA RS SBE SRS,
g—uav¥7 200MPa, —18TC CEWBES U EEREORTBIUAEBRED LREERONS. Chevalier et al.
ALY AR AL S N B, (2000) 6%

IV7TIE  50MPa (—54T), - #EEEEELIS, CANGE), HEOETBXUOFY vy 7OX4%E Hong et al. (2016)%9
100MPa(—102C), ¥ 3.
150MPa (—157C) - MEEAFENIIY, —EEFEEFBRITS.

F@AL
200MPa (—22.0C)
736 200MPa, —20C CENBEAERICLD, ¥y BENE, BESMELR, FY vy 7 Fernandez-Martin et al
L3S OAB L OEYEIELD. (2000)%®
PR 200MPa, —17C CFY y FEAPERT A%, TEBLUY U EEEEE LS. Hansen et al. (2003)57
- RO FHREFE L UK R L S B DS, BB ORI
DEEHBKE W,
KA 100MPa (—11C), - #HEEBTTITMBAICEBML SN KEERPBESNLS, & Zhuetal
150MPa (—165C)  LHBidMBEAMNCHBIA & ki BB S h B, (20048, 2005%9)
EFAES - 150 3 & UF 200 MPa OB T Bz L% & L 5.
200MPa (—=215C) - FW vy 7OAMMERT 575, HRMHEY VS0 BOoER*E L5,
7] 50MPa (—42T), -150MPallEDEHTIX, ZEBIVFY vy FURRELS. Choi et al. (2016)7

100MPa (—89T), -100MPa DMEENIZBWT, HiEH & RS0 REORARIEDS
150MPa (—14.1C) ha.

EQAL S
200MPa (—21.2T)
vy IY 100MPa (—84T), - MZALICET 2HHEASKIEIEHS LS. Su et al. (2014)7
R L N— 150MPa (—14C) - BICBVWENEBIZB VT, KESOBMILE L B — 2 aA 5
E@A>e EU5.
200MPa (—20TC)
EEXF IV 100~686 MPa, + 200~400MPa 2B WT, HHOBRET—20C  THZEILZ4: U7 Fuchigami & Teramoto
—20T ERFBRT ABICHEELTEY, KESOBMLABESRS.  (2003)™

F AT V- ADFMI L YRBEROKEFEE S LIEHHITE 5.

¥FF V4N 100MPa (—84T), - ENBEIEE TIRERIBMILEh, BVWEHTRET2I1ZY Zhuetal (2005)™
150MPa (—14TC) KEER DL ERANESL % b,
T CHERERBECL2ENEBLOMERICHESEZERZIIA SN2V,
200MPa (—20T)




- BRI B X BRI R RN D WEE R T

(7) LRE M B - BEBIEOBIR L RE 397
#F2 &%)
R REREM R 5 3Tk
H5F¥F—F> 100~686MPa, cH Y N—HFHF—F VAT, 200~400MPa iz BV CEHEE  Jibu et al
b —20T BT 2BICEEE L TR, KGSOMEIML L BEAOBEDOIIHA (201472, 20147)
Aohs.
CO—B AN =V H A, AZO—ABLUF NV a— RN L Dk
BROREZHRITE 5.
cAFIAGTE-F VTR, WTROBRELE T S RESERRA
Boht, RMEDOFNVISEWCRES RS,
SRS v 100~686 MPa, CEERERIZBWT, RN VI 200~400MPa, $ERIIZ )V Teramoto et al. (2006)70
—-20C 13 200~500 MPa T:BAARELED, N5 D&M TIIKERDS
b3, HEWEOELE k.
-EOBFEICLAERIALNZVY, 5% OBERINCE Y SE0R
EAEETE S,
S5 200MPa, —18 72 - EABBEETEIT 75X EELEL, KESKIBMILE Kanda et al. (1992)7
1x—10T ns.
- EHBEFEESEOBERIZBVT, S8 BRBIUERSEONE
AT L ITIIAR L 2 B,
55 100~700 MPa, - 200~400 MPa T L 7- BN S b S, BHEBE OB Fuchigami & Teramoto
—20C BB, BENEILD D, (1997)7®
© AE—Z%— 207MPa, —21T CRBHCERE LB, ESBBEEOBIEICB T, Listeria Picart et al. (2004)™
EV wnnocua B £ U Micrococcus luteus C 1.71log, Pseudomonas fluorescens
T 46log ET ¥ 5.
AE—yF— 20TMPa, —22C - BURHCHEME L7z Listeria innocua DEENE, EHBBHMOMET, Picart et al. (2005)%”
E EH% 23R L2EAIC Lilog, RBICHRLZ235A12 1.910g
BT 5.
T 200MPa, —18C - KESOBMML FY v TUROERFBOLNS. Jibu et al. (2009)V

AFP OBRFOFELLURE, RKAWEHRD AFP OBFERN
ThRBs LRy, HEFTCIL, AFEPY T34V~
THOGHRY EORED® S 4 AFN I U® E
Y HOMEY™ B X OMAEY I &, e hAEYHP DS
AFP SHEEINTW5. 09 H, AEBERD AFP i3,
PEH T ORENESY /32 8 (Antifreeze glycoprotein :
AFGP) CHESHERI- B WAFPIZSEENSE® 205 b
BHEPRLRZVWIONE, FOBECL>TELIZI~IVE
CHEENE, Zoidh, BEBEREO AFP ZAEHER
AFP LD 3 BWHL AT ) Y A%ZRTY® Z L2, EHH
kD AFP X, B A7) VAR, KEROFRS
bEGELHFNT B Z e EPFRESN TN,

AFP # EREME A L-HERETIE, EAND
AFP ORMAS, B - BARBOMGEEB LNy 71
ZAOENZER TH B Z LAREN TV B9

F72, REE 30 BOTMA, 7387 OB I
BEENIBLIUVREOETHEBILEN TH L I EHER
NTWBO® X5 FEYIIOWTS AFP iRIMDO%)
BROBEEIMTHONTEBY, 4 FTI2on, BEEEFRIZE
D AFP & PN —22 NG T TRESE, B -
BEBORETMEITo2E s, FY vy FOABLIOT

7 AF % —EALDHIE STk OHENDH B [,
FGVIHTY (2L Y) R TV EBWTYH, MR
ARIZ AFP 2 BEE WA LT, HEEIC L 2 MEGES
DFEERTZ2BRTEL L INTWAW KT, K&
EHERPHAS 2 RINT 5 2 & T AFP OiEEMEE S LS
CEMHESINTE I 51513 AFP OFRM&HOR
BLLEELEEL LD EEZOLND,

BEICERAMHC BWTEKTME O AFP 8RS h T
BY, BALGEHEESNOFEPED SN TWEN, Z0D
ROV T OEMBE IR ERE IR L v, FERET
ZHD AFP b EINICBVWTHEILERTWEZ Eh D
SHBEVCERNAFP 2 E8HL, 2OREICRITEE
WDOWTOHMAEERL TV LEND L. 4B, AFP
OYELFREERKER L OBEDL N EITOWTOFM
i, TR 2 X KD ST WA,

iv) BiokaH

PRk B 1X, “Dehydrofreezing” & d Hh, B %EH
BT AHEIC, FOERFPICEINLKGEZERTIETH
e TREHCERBETAFETHS. ZOFEICLD
BonsFme LT, KERREOHHIC X 5 AEMFOE
ERBEOMIE, FEREOERE FEEICETLIZ VT —
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ORI FBEToND. BRI X L65E HEVETI,
EETVORTERIONEZE DDA, DI - I -
FEa A P ORI OB B HEMED B 50

ik Bk DR IE T <, 1940 SRR E BB A TR
FICHENED SN ZofETIE, V) -V E—X,
YV VEOBHERR T v A0 REHOFERNIE RN
HEHTILT, FLALORBTRE - BRI A ET S
ZEEBHELTWA® i ZoORFFEEEIZ, Howard
BIZ & o THARBICHET A EFIREE LTS £
D, McGrath b2k » T, HARBERKELAZF) - E—2
BIYY VYIToOEGIIBITAEBRAED, #hth
1956~57 £ 38 £ U 1960~61 £ T bh 52 7
&, ERED SNTE T

BRI T 5 2T TCONRHEOREZ K 3 IR
L7z, KABDZNERYICHT HHMENIILAETHS
B, KEPIZOWTH—HMEDT 2 ENTWE7 ik
FAEIC BT BHAFEL LT, SMTERERICLLHE
e BNTELND EETIE, BERECRETIRE
FERAPTONE Z L2Ew, TOBERBE LT, =2REE
BOSMRKSBENIC L VRESEEEZ ST 2D S
T 5" P8, RIRD R EETH IBK OB Tl
ROBBIEAELLZVETI2HELH D™ BEEHKE &
U= E RSB QR HRBROME 2 LB L T s i
ERBE, T7RAF v —OFLIZ OV T ZNIT EENE
W) TH B B BBEEBKTIIHEETEFOT Ao

VEVEBREORSBIB L EREEMRITE S L O

HEOEND 23, WTROFIETH, ELHORM L
N, KRS B 2 &THE - BRI K ARG S B 98,
MR OB ) EEN R EEOKIBRETIZHZ 5
RIS L ST, E 72, RERE CIREERKE
79 L CLEEEZEHET 2R A LS TS, 7
IAF ¥ —RBRHICEERRITT L OWMEDY 255 5.
512, BEEBRARIC OV A S BRI % i omm =
LT, BUKREMB L OBRERESER SR L L b, B
BNDOBEESA OB —ILIZ X VRBEBRD T 7 AF ¥ —
EEND L OMED 25 5.
FOMDBIATEE LT, <4 7 QEigEEgEOF A
BIRET SN TV BT = i SR HLERD &K
BERETEZ LIS 7 UEORMEANAL, &#iC
HETELRBRBEIIAT 2 ED, BIHESFIR S
SR HLEROKSERERT D2 & T, KRR %
BLAEET 2 CHETH Y, ARAEMEKROBEINT
SEVWME LN TV RIS F 7> KNI OWTIE, $
BET 4 VADOBICSEBEOHEE L RAR %12 S A
K= Mk, FERICAOKDTZHRETSHIELT, &
R BO FY v 70X 0K BEERICHEEZRT
& DEE DD 2109

DL, BFAKBREERIZEE OGRS B L TS

DFHEBRT 2L OHBAMFITE 2. BIZERLLELTY
BEMTIEADAY, HB T EIE LIRS (AN E,
REBHROER, BHAKES) BELRLD, FOERIS
BOMELR D, T/, BAEMIOWTY, BKERO
ERERRIN T 2 EMOERLETH L LEZ LN
5. PIZENRNVABERLBEERKEHAG LY 2H
R D X 912, SHRITEROEMOMAGHLEIZLD,
) A% BT BK B BT ORFZEAED S
BEEZIOLND.

3. BRBOEREN

B L AR OMRBEEZE, B L FARIC, BROKE
A RIRER ICBWOKEROBEHRtIMEES s BN
WD, BEREDOMEZERT 2 -DIITEFIFRE
THIEDEE L. F72, BERE, BEwha, 2
£ 5 RELLEOBE, S, BEPOBETHET LS
EHHEEHTHE, LI LehS, BETHEETLZOI
X, BEBEELROLILENSDY, KRFEREIEIHERT S
Ehld, COEHD>S, E£TOEMBICHEATERBER
BAEOREIGHEETH L L SNTWE. Z0720, BE
DR - &, KEROREBFREICKE(CEETLE
e, BARKEDD LI, KERICLAEEZITE
ALERISIZE WV EERE LR TVWAERLZ Y, EMOEE
RUFEIZIE L TETICRET A2 LENH L. DT, EH
{LENTWBERFED & CHEFMICE T 2 7ERE I
DWTIRR5,

(1) IEEICL 2R

BRI L 2BBEICBWT, BYREREZM LT 5720
12, R L ERE, AREREEAR L OREET KEL
THZEPRDEELRFETHSE. LEPLEDDL, EFEE
BprHi, REEZ2KE{LE)IETHE EREER
fLICBAE 2 NE L VWETH L. BEHRERD L IF
WEREZERICITZAA2DOTHNISHEII WS, &8
A& 5 WIHEHREICEE, AT 2UEDH L ERCKE
Mogs, MEOBRBTERIIHTI LRFIIELY. £
D728, BZREOBHEE TIL, BAEOREIEELDD
BURERLYEO L LRI ENTVS.

R8O X BB, BEEA L FRE, R BB X
UERZ AL LI FENENERFIEINS. ZOR,
fiE OKER) 2R ET2HEL LTI, BREHR (B
BER), KERE G~10CEEDGEERLR L) 555,
T/, BEEEL LTCHHEINLMERNREETIE, ERN
TIEB L UREEIT) 2 & T, BEEDREFOLI L
FHEETHSH. T, MBICL VERBAOFARLEROE
JERIEE Vo 7o R BB L NG, KEROGHER T HE
BRI LK BRABETE, FERXREBERSEDH D, &
EXTREBOFEISKELL 2ED00, ENHEICLS
BEREOHMES L CEREBILOMHXTRTHS.
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AFT

- BBEFRAK 60%w/w SV a—
ABR, 25C, TOEEDN 3%
F Tk

- EKER (60C, 15m/s, TTD
EED50% T THAK)

- BABAK BEERK (1h) %,
ERERTCTOEED 50% T
THEA)

BEREHERIZIBHAK B0% w/w
I—-rvuavyTEiE 3% ww
BAMFVWRZF VT VaY
BANY T A -HABANY T LD
BAH F /- 1A BRESRE ML 72
B, £EiR)

- BEEHK (65°Brix R 7 u—X
wi, 300)

- EEER (45C, 2m/s)

- EABK BEERAR ZERE
1) EIKE 74, 78 £7-1382% %
Tk

- BEERAK L R (69%
w/w A7 U— A/, —19CT
BHE LB

-BEERAK G0%w/w A7 T—
A¥EH, 5C (24h) F 7213 30T
(4n))

CBEZERIZEBHK G50%w/w
A7 a—A¥H, 30C, 4h)

BEEBAK (565%w/w Z I a—
A, FNVITTINT b—ATE<
VEFEFA MY IEALF Y Y
LAF BT AR RIIL
7o¥8¥8, 35C, 150 min)

IF775 A NER
(—48T, 4m/s), Bk
fBH (2T)

IF 75 A MEE
(—23T), BAREH
(20T)

—40CoOF ¥ vI)S—
WCEE, —18C T
(30 7213180 H
B), 8C, 10h T

FSAT74ARAD
BT X ) R,
—18CTH®E (17 A)

LT 75 AR
(—40T), —5, =8,
—12 ¥7213 —16CT
Bk

- BEEFAKTIE, BAOBRKT

KRB OHMBEEBLUTFZ R
F X —DHILPEL S,

- BEAKEERE L3R, RBiko

BB & MR U R DR e
PR,

- BREREB L UTEERKIIBY

T, BEBEDT 7 AF ¥ — D%
b d iz,

ca—viuy TSTREKE

85~86% (RALH I 88.6%) F
THAKINBD, BAMFIV
NRyFUTIRIEEACBAER
B,

ca—-riuy FTHAKLLES

12, FU vy Fazxsi3dizn,

CERCANT T ARRINT B &,

BEZORE OEBALATHH] &
h, FUv7axddin,

CEWICES R RMTS E, B2

EREB LU - BEEOR®
BELTIH SN,

- BAKBEL & UEE - irEaE

BT, HEHE (Frva—2,
TIVZ R—R, AZO—R) O
BABLU I VEREEREDRK
SBRELS.

-BAKREIZL Y, BEBZON

Yy TUAPKRT 5. FiCE
REBRRBETIIFY vy 7aAd
L,

- 5CHOREEBARLTIE, 7=

J = VLR ER BV EETE
AR Y SR PR

- BEEBAKGRICHE LBk

X, =%/ —=NVRT7E ;TN F
v FEOFEELAWAEMT 5.

- ERRBR T SCHABOREEH

KBEBROBEFHED R b=\

- AR SRR B T IR BRI B

HLALBREEBL, S
BITHEYIVCORBIBL
CaFOELEEIVNE 2.

- BOKEE S TR, REEER

DAL S N, BHEED F
Yy SRR,

cFNVITINVI P=RABLU<N D

FEAM) VKL YBEAKLLZE
BHI TV a— AFEE R, G
FEBERICBITAWMEBITF
)y TURBEOEF 2.

Sormani et al.
(1999) 129

Xie & Zhao
(2004) 127

Moraga et al.
(2006) 128
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(2009) 129
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400 HAEMBZE T2 £64% £85 201748HA (10)
£3 &x)
PUE Bk & A - IR - RS rER 51 3Bk
Yy BEEERICEBHA B2% w/w —3BbCTHE (BEE - FKkEERH TR, ELBEE Tregunno & Goff
AZU—R, 5% w/w I—>¥ Y E:i—2~—4C/min), #L, EEBEOHGKHHH (1996)10
Oy 7ERE650% w/w VIVY BRER had, EERRMETIC
b — %W, 50T, 40min, TOE 50C, 40 min PEBLES L7
20 50% F THAK) SAEHIBW TR DE I MRS
na.
CBKE T EE LB TR,
T OMABHED Y v o H
BEIND.
g BEEBK (40~65°Brix A7 00— L7775 A b - B BB X UHFESLMICE  Bunger et al.
AW, 25~45C, 45~90 min)  (—28TC, 055m/s) ¥ W, HHEEEHE, &%, A5EE  (2004) 132
RRER7Y —F— DOFfZ ATV, A7 00— RAEBR
(—63C) THE, & 55°Brix, BKIEE 35T,
—18C i (15 H Bk B3R 60 min 25 B E & &
), BAME (20T) 5.
y oo RAEBK (0, 20,40 7212 60% TT77F X b - REEBAKANCSVABERL Parniakov et al
w/w 7V kT —), 20T, 0~180 (—40T, 2m/s), H ERHETI LT REROEE (2015 2016)
min) SRIRER (20) BRIl kBEEbIZ, B
R R A, AR - RO
FURF v —REETE D,
yr REERK (60% w/w FVva— TF7TIFAL BB IUWEDNZOFHET IV Agnelli et al
ELIAYFY ABWE I 666% A O—RE  (—40T) PHEL, BEERABRICE (20051
W, 30T) I AEEER LUK EELD
ERMEE FRER L —FT 5
ZExRRLT
B OFHETNIEDNT
EHHLA-FHER, FEEAREI
B sEEEB X UBRAREHOH
AL I —%T 5.
t13avFy - BEEBK 60°Brix A7 u— —15CTHME BRE - BEEELT50% I THALAR Bolin & Huxsoll
R, 60T) # (21C) NI BV THESS - RO (1993)1%9
- BREMRE (60T, 3m/s) PEHIE NS,
- BEERE (RELEAR Z=R B BRBOT I AF Y-k
Bl BEIE, BRERLIDDIEEE
BARIzBWT LR sh s,
FoA7V—y - REERK (60 £7:0272°Brix T77I A+ - ERERE L UEEHAKIZRE Robbers et al.
A7 O—Z¥EH, 30C, 40,50 £ (—40T, 65m/s), & JEBiKE HEL, BABMEE (1997)17
7213 60% (wet basis) ¥ THik) EFEHE (4T) WTE5,

- ZeEER (30T, 5m/s, 40, 50 F
721 60% (wet basis) F THiK)

CBEBIK (BREER BEER
7K, 40,50 F 721% 60% (wet basis)
% THiA)

C BREREBROEHATES

P, BEICLBEREELTEL
)

B, BRSO Y . Bk

W OBEBHAOWSIIETL,
BAXE - HASEE OBEMRIT
Rohkwn,
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POE
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oA - I - ek

R

51 F3CHK

FoALTN—

XL TN—=Y

R =Ry
FoATN—Y
at=
yro

=qVs B

< T
FATN—
a=

BEERAE/-IIEZERBICLS
Bisk (35,45,55 %7213 65° Brix A
70— AW, 30C)

BEERA 60% w/w A7 10—
ABHE, 20T, 0,2,6,12 F7-13 24
h)

BEEBAK (69 °Brix A7 a—2X
B, 47 ° Brix 7V 32— A B,
69 °Brix 7}V 7 b —XBW, 69°
Brix B FEHEBWE, 30T, 1~24
h)

BEERIK (10, 20 %7213 30° Brix
A7 \— AW, 20C, 4h)

cBEERAKEZEEERICE
LA (35, 45, 55, 60 F 721t 65
°Brix A 70— A®#E, 30C)

- EREHE (45T)

- BEEBEK 60%w/w A7 00—
AW, 25T, 1h)

- BRI (80T, 15m/s, TP
EED50% ¥ THK)

- APk (REEBAR (1h),
ZEREE GCOEENS0% T
BiAk))

IF7TF AR
(—40C, 4T /min),
—18C TP (U4 B
MEiizly A, &
B#HE (8T, 10h)

A2 DSC ##
M (—40~40TC,
2T /min)

IF77T5A b
(—40TC)

L7 TS5 A MR
—18C T (2 8/)

— 40T THHS
(—4C/min), —18C
THB (24h 721X
17 B), &iBEHE 5T,
8h)

I7 75 A ERE
(—48TC, 4m/s),
—20C CHFE (4% B)

- BETRED X CEBKERER

EBWTERENSER (BEX
&T) §5.

<45 °Brix A7 U —AEBWIZL S

BEEBRT, B - BEED
WHERLE R LI TE S,

- BEERAKIZT AT VEOER,

FATFe FBIT 7T Va— 38
DR EHEL.

- AT P IR A AN,

AF B, BlAGEIZ X Y&
EIHITES.

C Ry 0= ABEWNDOREERIC

v, kRS X UWEEER
Eo&T (24h T 506% (wet
basis), —10.1T) »RRHNB.

-BAENSVIIE, FEEICS

Iy NVE—BIUREE
PMETT 5.

CWFTROEE T FALEIZ X

DK - BEZOFN) y TOR
AR T 5.

< F AL 7N — Y TRBKEREIC

IBF I AF Y —BLUOBRYE
IEDHEEIRENR VY, 70
MORETIEH L BED RER
EPRTEDLNS,

- BREERKBREICE N THER

B, ¥¥Y3IVCE HEBLIUT
WEDETT 5.

CHERICDTHERE, Y3y

CEBIUEIPET 5.

cBHKESEVERTIR, B

DREEL;EH ENS.

CEEERICLAHEAKEXTA T

W=y BLU<T T 0@ -
BB B 2 EEMEICH L
THRERE R,

- A F TONEFETRETE K

LD B EFERIIBVTHERES
oA, i - BEREIZERE
LEBRONY, RALEERRER
BB LB S dHEREND.

- BKEEESE T, FY v 7O
ADEBRB LUBEROFZ A

F ¥ —DYUEFBDLND.

- BEENAK TIEFERERTOE

LR o dhorlzds, ZBRE
BCi 7TV a - VEREINT
%

- REEBKSREE, SHERIC

BWTbTNVI—VEOEINE
£ LT, EREHETd BREHR
B L RBER T T HE.
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402 ARAEMBHETSEEE $£64% £8%5 201748H (12)
£3 @&z
b Bkt R - B - AR &S R 51 FCER
7R CEBERIZE BB 65%w/w IT TSR ERE AR BOSEEEESEVIZE, Forniet al
A7 0—R, 65%w/w=lb— (—40T, 4m/s), BEEEETOT AN VBO  (1997)
AE712 65 %w/w Y IWVE b — —20CTEE 8rH) RBIUVEHIShE.
VBHEIZ1% T AaIVEVEE, cRAZO—ABIUVYNVE b=
0.5% NaCl % ¥, 25T) LB, YN PR LBE
- ERER (65T, 15m/s) FBERASERCIX, BT
DEEEITTFH NS,
NAFy T CREERK 60°Brix A7 u— Fx YON—RWTEE - BAREIC L) BEEREIEHE Ramalo &
AWM, 40T, 30~180 min) (—=315C), HAMBHE sha. Mascheroni
- ZEEEHE (45, 60 7212 75C, (20T, 2h) - BBERATRERERL LN, (2010019
1.5m/s) BABRTOTRAINVECBD
HERENRPRKRE D, BE
BOFYy SRR SHMNT 5.
Fv7—%ry  BEERK G0% w/w A7 10— —40T THH, A7 — AL BEBERAKS Lowithun &
A, 50%w/w Lo —RF72ik —18C CHEEERE (3, BIBW TR D EEETESE (3 Charoenrein
50 %w/w <V F b — VBN, 60 £72i2 120 HE),  BXU60 HE) o#ALEIE  (2000)17
30C) {RiE#E (8T, 5h) n, BREERERICL AEMD E .
AR L EERL, SEEER
KA OF S AEBIBEILE L
75b.
AL H - BEERK 50%w/w V- —40T THEE, - BARSHFEFREHIBERERE L Dermesonlouoglou
R, 50%w/wA Y TTNy b= —20~—5C THER S, FIAFv—BLUKRIC etal (2007)1®
AE R B (IS0 AME ) DWW TERRBROFmATE W
50% w/w IV hFEFXFY Y - BKEA I L ) B oeBEl
WA 1% w/w CaCly % 70, RBATT0% VIV Dk
35C, 45~60 min) % 38%IMHITE 3,
Fay) 80C (40s) TT I v F 7, B —40C THE, - BEAKSLERSRLZ 331F 2 BTl Dermesonlouoglou
BEBK (565%w/wt1) T7V —15~—5C CHEE HOBBOERER, SELE etal (2008)10
M —RFFIE565% wiw 2l B BrHET) B &, 36.7% BT 5.
MFEFA D) VBB 35% wiw BRI XY, R - REE
NaCl, 15% w/w CaCly % i1, DOEHALLIFI SN, FEHICB
15C (360 min), 35C (300 min) WTHES SRS,
%7213 55T (180 min))
b=k 80T (80s) TT S v F U ¥k, B —40C THE, - BKEHE I EME SR L 8 Dermesonlouoglou
BEBA 565% w/w ZVa— —20F723-12CCH L, EEFETICBIFAT7 AT etal (2007)150
A, 565%w/wNbFERAMY BEEE 12-AFT) W VBREREEDRB I &
v, 565%w/w AU TTNY b — na.
R FE AL 565% w/w AU T RNV FEFRANYYBLUAY
Zr—=ZX/Fnu—2 2:1) & TINZ P—R/PLNT—X
2 35% w/w NaCl, 15% w/w TRARESE LB TE RS
CaCl % ¥ B0, 15C (360 min), W EBEEARDE 2B,
35C, 1h)
Fe b 80T (80s) TT IV F 7, i —40C THEE, - BKER CITELEEN & LB Dermesonlouoglou
BEBIK (565%w/w <V b 7% —20~—5CCHER L SEEFETCBT5E%, etal (2007)5Y
A MY VBHIZ35% w/wNaCl, B 1258%7) Ya¥ryBIPT7AaNE VR

1.5% w/w CaCly % &shn, 15T (360
min), 35C, 1h)

EHREPHEIRFING.




(13) THE - BRSO - BEITR OB & BRE 403
£3 \x)
poEd Bk St WA - IR - AR KN FER 513k
F R WEEREE (30C, 25kPa, 60 7= BEBHEA (—40C) ¥ - BALEIC L V) BEREAER Wuet al
13 80% (wet basis) I THAK) 723754 B sh, B BEAEICL BT (2000)19
(—40T), &R (5T) IAF v —BLUBREOELD
F X EHAMHE (25C) Elshs.
< TIA VEKE - ARIRFHLE
BT, RAIF I RAF ¥ —~O
RS,
CWTROERIIBWT Y, B -
BEBZEOMBBEOREFHED S
ha.
2% ZERFEME (40,60 7212 80T, 081 —20C THMS, Bk - 0CEREHRE T, 20 (drybasis)  Ando et al
m/s, 2.0,40 %713 6.0 (dry basis) # (5T) FCBALTY, BA#RTH (2016)1
F TRHK) WBERG A T, ExEko
57 AF v — ISEERE L3I
F#HTH 5.
cWTNOBKEE DA TOFEH
#moMBEIREL ),
HHLREEIREETT 5.
=vvy BBEBA (0% w/w A0~ —18CTHAE, BAM - BUKBE TR, S8 BBICE Andoetal
yIRF AW, 10T, 5h) # (25T) LREOWMHREOET 205 (2008'5, 2012159)
SNBDS, MEEEEITIRE L
BT¥5.
VTR OMEIZ BT b R
DEFIPED KEBBMEED LHH
BEoHbhs.
= - RBERK G0%w/w A7 0— EEHEE (—40T) ¥ - 20CTHWEEBRIC L BHA%ICE  Shizuka et al.
A FdT T A W, BLMMECEGH L (2008)1%0
- 2REE (60T) (—40T), X (0C) W,
- WIEERE (20, 30 F21360C, FAEEAME G0 - BALEC X ) HREREOEE
15~18kPa, 85% (wet basis) T) Ky 7EOKES L U
F THK) BHEBORIIFEISR O NS,
¥A4av - BIEE R (20C, 15~18kPa, 754 vEH -4 7 EBERE T, EE Uemura & Tagawa
85% (wet basis) E THAK) (—40T), BAMBE (5  HMOBRALEXTIETHY, £ (2012)157
- Ay R (629W/gdry, /213 40C) ¥ #BRBEBEOS0% T THAL
40s FEE-900s IRIEDF 4 7 V) {RIBREER (4T) TOHMRREREZE L2\,
247 OFEIREEE (629W/g- - BHEBOTAINY VEBTE
dry, 40s BE-180stk1LDH A A 7 ORI LB
7 V) KB TRIEL, HMBEEED
BED RSN,
- AOCHEFIIBWT, BEERH
LB R EREERT.
x4 E NVABERLERE, BEEBK LT 7T - BEEBKANZ OV AHERL  Ammar et al

(49 NaCl #5#, 25T)

(—80T, 2m/s)

BEAET LT, HERENR
5.

C RREREBRICBIT AR

OLEFALERHORENERE
DELEFTRDLNS.

(2010) 15
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£33 Ewx)
poE 3 A&t wEE - TR - Bt ER 5 FSCHk
=TV BEERAX 0% w/w AZ7u— —10F/4E—18CT vy rBLU7a2vy a3 —|2 Ohnishi & Miyawaki
Juvyay—  AB#E, 10T, 5h) U, MRS (5C) BV UBIAKMELC X 2RO (2005)1
Ty HAE HALIIEI S R ASED 5N B A5,

FY—rv¥—2 90T @2min) TTIVFr 7

YLy

4FT
< ru

<7
x

LA

BEERK G565%w/wAY) IT7
Vo h—2R, 565% w/w < VT
F—=WE 2L 565% w/w )T
INZ F=AR/FLnu—-R (2
1) B2 4% w/w NaCl, 1%
w/w CaClp 2 #h1, 5C (12h) ¥
724 35C (4h))

BEERK (10% w/w NaCl 3,
20C, 30 min)

<4 7 OEBEREEE GkPa, 27C
BT, KDED3E7/2135% T
Bk (=7 D)

10 F 7213 20% % CThik (4 F))

A7 0 ERERR (4kPa,
22~25C, RHE®D 9, 15 F 12k
30% ETHAK (v7no)

5,10 £7:13 156% DEBELET
Bk (7%), 3E7/i35% NHE
ZALE TRAK ($3))

4 7 OEREE®E 100W, 5
kPa, 27CULTF, 219 ¥ 721 212
(dry basis) F THiAK)

AT My FSIR BEERK (3,10, 17% w/w 7z

¥ (52)

1382f0 NaCl %%, 10T, 24h)

—40C THAKE (2h),
—24~—3C THR

T 75 A MRS

(—34T), —17C Tl
B (10 B/), Bk
# (100T, 15 min)

—30T % 721 — 80T
THE (4 F)
—50C % 7213 —150T
THHE (v7a)

—20C % 742 — 80T
QT

—20T (0.26C/min)
F 7213 —80T (0.88T
/min) THE

—40C THE (24h),
—25C CEE (90 A
BE ), wikmEsE (17
T, 20 min)

Ty W4 ETRHRIFRS N
vy,

- TR OEE L HE I B
HERLNS,

- BB SR B R RS &
BB L CHBEORENS L
W,

S FVITTINT =R/ PO —
ATHE L 725 FHC BV THE
B OBBEREDI/NE L
5.

- BkEASRE TR, BAEE K
NFEREFFETEOTRAaNVE VB
BABHF S NG,

- HT AEBIRELT O B
TR, TAIaNVYE YBROEE
EFRIBIET T 5.

W BB O ERRBROSEMIE

W L ARBEAREERETE

&, BABNCTS vFv 7 &t

ZETREERIRSSICALET S,
- BB IR 0 ERB &
OB oKk & ) L RIS
B TH 5.

- BRSSO
LI, S - BB X B AR
BEOWEI L2\,

- BKAEIC LY, HEREOK
TELHEBREMOEHEI AL
3.
CBRARMEIC LY, KERORE
Wi, AESEEREOMNH L X
Ry 70 ZDEBHFED S
na.

- BRI & D, BRI TER
ENBIKFERDREIHH S
pLEdiz, Py Tuxpik
BEINs.

- 17% % 7= 138870 NaCl B Tl
KUHER, FUy T aX,
BRELIR S, HEICX
LEGEEBTES. /2, &
DMFITHERFEEEICKE L 2

vy,

Giannakourou &
Taaoukis (2003)16%

Biswal et al.
(1991)122)

Tsuruta & Hamidi
(2008) 16V

Hamidi & Tsuruta
(2008) 162

Hamidi & Tsuruta
(2009) 6%

Uchiumi & Suzuki
(2015) 164
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72, REKILEEVR D EVES CERET 5720, BHAL
GHLRVEVIFIEL DB, S5, MMEXEMBEIL,
ERFMEBETOIMPa EEE TIET A FEY THY, &
KOREEDB I UABRSENE VS, BfEEFRET
B I Tn5S,

Wk OK) 2kl LMETIE, KL ABRER
BEWI2D, BEEBHOEHE TR L b, Bb - %%
DR — R L Vo 2R ED RAD B, BEEICE
T BKIRIE, %< DBAKKRERPS ICEREOHTH
D, EROBBISCTCHERESNS. EBEHOMESE
BE LT, WABE (—EHAAERS L CHEERKTER),
TR - BIMER, B L UBKBEBRENFE S TW 57,
NS DKEEEE L7 BREE CIEBEKLE R MBS,
Brib.

TNVIRAT VY VASEOBEGRREAEE LR E L
T, BRBES 25 5. Zhud, BAKERTL-SERIC
FRAEMTRARATHEREITI DOTHY, RRICKE
ENEET Y BEOREIELTNS.

(2) EXHMEEFAL X

i) FEMH

FEMBIEESTF (EROBE, EICKGT) OIRE
WCERTZHCRBEFE LR FETHY), w470
¥ (9152450 MHz) & 5\ 3EE¥% (13.56,27.12MHz £)
DPREASING. FEMBETE, RELME, BAR—X,
REMEH LRV OBKRBIAREL Vo 2R HAH 5 D
DD, KEGEKFFORBEDENPREL, 9V v
A hi# (Run-away heating) &S 2 BETH 280 &
D, MBLTZELRTVD Z0k0, ARTHEEDE
BMRFICB VT, FEMBUC L 2BHEZTIBREIE, &
mE RS AREMETIE R, Ty vy (B
H& DD RN RER THAIIOIKORS LRAUIREIC T
LEAE) CHWBEAYE .

Bl A 70l BvWTid, BEBRICARERTORE
LB 0E L BALREET 2L 20, WhIRT
MBZET 2PN EEE 25, BETE, <4 270%D
BRES, &ELY Y 2ECRERNN SRL NP
LD, MELSOBRBIITORTNS,. F72, BESMS
TovAf 7 ulz L, BRHE KGO THAL
BALREL, BEOFRLIHTLIEEBIEMALINT
WB™ —% BEREEBETIR, TRAVEF-0RBIEES
K&L, KEKORBRBREDENTA 7 0ELID /AEV
O, BIMBEEENECIZL WEEINE™ FEMEE
R LZEBROMAEEY LT, Ny FRB L oEER
DEBIFBICERLLINTWE,

i) ¥a—ningk

FREL-ERCERZEMSY, BEEXEMLABICE
MOBREMICL o THELE V2 — VEEFE L FET
5. EEFOBMBRSOBESCERIFERT L DK

&, BREIKEW, #£-T, MEOETIIHEY, BFE
BAODREISEESERICET LD, AT OMEL
FRELRTV. AT, BELEROBEMSEEOHK,
FU v 7L B REOERER ED S, Ya—VingER
HLHEEBRBETRIZE AEFEHIN TV,

(3) BREMICET IWMEHE

i) BEHORA

BED %R L7 dEHR L Rk, BEHEET TR
HEPETTAHK L EROBHEICHELZDDTH
57 BENEFEL-BEBN I, BEDHBRE
(High pressure-assisted thawing, HPAT) B X UBENH
FEMAH (High pressure-induced thawing, HPIT) #%&% § ™
MBI, BREREEME LRI, BEY ERSELE
CRUEASEER . —F, BB EEESENET BRI
RifgrzELSY, BER LRSS, BEOZHKT S
BETH L. BHERHAFEDL LOLGTHESNS 2T,
FERROMBIRE L MBENC L > THRES. £ 0
4, HPAT & HPIT OB LR S TE 59, LITL
ITERBASNTHENER SR TV A, BHEERICBITA
BROBEBENS L5 5 O&MGTHREIN TS PHET
THIERTESL., Tibb, HPAT T, IMERIZBIT
HPRELAL BENERBLZSOIMETAEIZEL A
FREPE OB ) RURE—EHE R ™ —
75 HPIT Tid, MIERICB W CHEFRB OG0 %2 B
LBRERTERON, EARFHBICBWT, &) OM
BRI BV RE—CHH, BIUHEMKRTHROAR
RERE LA E B

EE %R U 7B L Cid, A0 2
HE™ SOKEYSB L UER™ IZ0WTOHRENDH Y,
0T LT DRI T CAMRIIEI T & 5100 35 F
)y 70 R DR g N OMEBKLORED L
HIFEAIBONDL L ENTWS, —T, #Ii2 200MPa bL
EosEHICBVT ¥ s BEROY BEE
ALTONNE I3 & O IEAE OB HIES O B LA
LaEENTEY, 1I50MPa LT TRETEZLPEFL
wedhs®

i) BEEBBOANA

FELABEMICEBELENML, EEMCELLEE
JEE3 (High voltage electric field) 12 & o THERBOBE
e BESTLIFETHE. <7/ KA B X UgR™
DOEFE~NBERAINTBY, BEEEOM.L, HAeYEEO
#Hl, 77 2AF v —BLOMHIEIRRIEH L & ShTw
5. LaLahs, BEEERTFA L EREw oW

CTOBRERIHAEDO L ZHH %L, 5%, BEEED LA

mER LR E B FERIIOWT, TCREEY 2 LEYD
5.
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4. EBROKEZEE

(1) FERHOILER - BENZEL
FEARIE—IRICK T 2 S BT 720, BERIZBWT
KERMMAR LR, MBIl BETZ TR TVwEEh
%, BEOWERRE T, FHEEIE L L MBHEEOEE
B &L FE L WEBRILESS (RINTWS, EERICE
ARG SBRT A ODMRAEOBRET O EL SR
TBY, FFAICTFORKT 5 Z & THBIES © HH5 5
FkaE CESE) 2, 50~60CHEENREMBUZLY,
BERYWHBAONRS F U AFNVIAT T —BEEEILE
&, MBBEZ R T ARy F v OBEELRRL, Hk%
i A2 LT, WEROBGEIHTLFHRLMESN
TR0 | Lad s, HEEICBWTE, ohbd
OFFEICLY, MRECRBIINTEL 0D, MK
DEBEWET LI L IF® LY, CTOHEBELT,
Ishikawa &% 1%, HEHERLIZ BT 2 HIBEOKEE L,
WAL L R TE LA DAZ I LR BITTCWS, T4b
b, WEYWHE CTIEEEROBKEEIMEV -0, MiEN
HAREVRI D23 <, HRERGOREICZ>TWwAEEE
ZONTVBE®E ZOL) REMEIC X MEEOEE,S
EUBBEOERTICLD, FRABOEMEN 2 MEITK
ELEMTAZLFHESNTBY=® ZoHICEL
TIRRZIZAZHER IR OP o TN

(2) KEHOILER - BENZEE
AHEEOKEMIERN L B LKGENE L, B - #
HBOMBERE. T, ARLELRD, £EHE
LTHETAHEHE L, GHRREBORLELSR-ER
R, EREICLVEENICEETS. Chs0BEARS,
KREWOGEHEIZBW TR, L VBB ENLEL ENS.
B - B - BEBRIC BT A RS O EEE Y
UNRTBOREL, FORBIIKRESEEYSILERL
B, FREMOAMMERTIE, M OKS T8 R
WCRRF STV LN, BESND LHEMEESY >~ Eh
Do LK R ERT A, BERIIIKS FAF U R
WMy 2 Bt S R, TEOMBRIEVWIREICETT T
2% L LAds, ARAOHGEEE Tk, pH DIETH
BVIIHEERIC L o CA LI BBEDERE LS URE
R DML L, BROBERIC X o THEMHESY >3
BoER ELD2BE¥H 1Y EEFETICBIILS
Ny EEWICE, FEREESKE(ES L, mBENSEVIZ
EEMEENERT A FEEES N BEhENE
BT, BAEMETT 5720, BEEHNIBWTHAR
BIIEEIETET, BRNEN 2o kFE ) v 7
ELTHIL, REIELIETTS. 7, HETESD
DEEEENC LY, AREETDS V37 BOEW MR
SNBLOMEDLH L™

CHE T, SHHREIC XD AR Ok AY

ILENBT LIS HBMEEINTE. L L, BEEED
B D&M TEELARIIBWT, KEROKESDE
WA LN 00, BEBOETTIREICIIHEESR N
T, BEREEICL2RENOBBELEWETIHEDLH
D OkEEROKRE & BESEREDMEIIRIZTRE
MEVEEZ LNTWES,

T/, BRI/ uESOAROREARETIE, FHEEE
HBLIMEo—2 L7 5b. EES7OBRETIE, SREH
BOLOCHERE D ICHMMLEE LTy, EehIicHE
i REIND. BEEOHEANTIE, TAVF—-BE
WETH 577/ =" B (Adenosine triphosphate
ATP) HEEIZEFTSH. ATPIIEBMESY Vs 2 B0
EHEIEITARREFOLTIHREDH DS L0k
BEORECHAESNANIE, $EFEIE MEFRY
EEINTWE, LPLARPS, ATP 24 BIZELHEA
Az EoRICHET L, MAEARCEERSR (BREE) 28
HEZ. BEBESREILELEZEDOR) vy TORARAED
WLEAL, WERTCOLYLE4YH L. BHEEEE
WikT 3720121, @EEEP (—10~-2C) T—EHER
HL, ATPEE* R EEBIURLSHBATLIEDHE
Bdp B J272L, ZORBEBIIBERO X MU E
BEECRLTWRER T H A0, MR, BELN
WEEZET 5.

2 ruReh Y A EOFRFALETRAOHATIZETNG 3
7R T BICEINETRAY 3T U F VIR
BoOBFE2HoTBY, ThOoORSPBILINEZ LT
BarELAD 7Ol VA EORFACEITNLILE
YUNRTZTHHIF IOV L, BUbshaZ e TA RS
Fruv ELL, AROEE BRI LEEE®
CORGIE A MEETN, AROFERICAL L HEK
THO—DEENTWD., X MUIEBEREFICBWTHE
T3 5720, ~7uEOHE, —40~—70C OBEIRIET
BFEL, 20ETEHHELTYS. /2, BHEPIZBNT,
—10~0C DIREE BB T LT, A MEBSETLER
AL LW ik, BEFORRMBRICBNTEER
LRANLZERED LAFEE L TWwEEEZLRTY
2

HETIE, YO ErBREOBRENAFET CHET
HZ LT, BEBIF o rhoRETRTAFVI
7Oy ~OFELEREL, RRIAMIFIOE A
OHBBILZIIET A2 LT, BEBROMEEE RO
WMEBRINTVDE, T/, S 7UARORERICBITS
EEEEEE A MEDORISEED S ARNTICBITS A b
LT OF % B A7 MG B dH 5205

—F, P rBoOBRRe< ¥ 1 E0ReAEORAREITIE,
FTAZXYF L EOHTT /) { FRENESEN, Kdb
WiERBEOBRAERT. A5/ A FIZhBeEbL %
TWEEEZ OO, BREERTICBW T BILRISANE
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e - M BRI - FERPTZE OB & 3RE 407

7L, BEOREE 7 599 BaoIEcid-30C U To
RIS, 7D/ TAaNE VB Y Y ASOEBL
BB DTS BV id T L — Y Y S EOMESENTH B
L ENT 51

(3) BRADIEZEE - BEVZE(L

BRI OFRE - Ik - BEBECBWTE, FYy7sox
WY, B, BEBRLH LIS VT EOEY - 45
BESHEETELTRIY S 5.

ZDIHL, FUvTORICBELTE, BAKERLERT
DBBEEAEL 2 21TE, WINTAIEAREESATY
00 CoREE LT, BERICERENLKEZOKR
EZLGHMPEELTHBEEENTWE, FREERICBITS
M oK RAERICIE, HIEAMCBIT 2 BEEREED
M53 5. MEFoOBRERE X, MEACBWTEL, M
Az BV TR, 20720, BREENMEVEES, Mk
NOBEITBICHE Y MDD 5. MRS BWTER SN
KR, BT AN OKRGZRIL, E5ICRET 5.
ZOBRBITLY, MBPUIFK - DRES B LRI, Kk
EPRECHRT 5. —F, BHERESEVEE, MW
B DEHEEDZEI/N S VT, IKEEER O & B ILH
JarER L SRS CITIZEERICREES 2. /., ARcEEsSh
7BAEE, KEROBEELIF SN A0, MM
MR KERPOH/THI LD, ZOD, FYyoa
AE LW B DI EERBFEPIRETH S &L EhTw
520 fERIT, MBEA~OKRSBEIZHE S MBERNA 4+ 5
BEOLRICEoTHELD Y VXY BOEMER, FkEET
DEETHHEEZbNTW, BAETER, FUy &
ICEbH 5T, FEERTY UNZEERIIIIZEALESS
VI EPEHS P ENTE ™™ B - BERECBT
By FHBIE, KEROERICED BB 5%
BREREVEEZOLNTVS.

T/, BERICBNCD, FRHTRETHZIETIN) v
TURADPERT 5 Z L ME SN TN LD SHFET
1&, HEREAVEIBIC BV TR L 7RSI IEA L
A SNI-HBE~NERNENE-DTHEEEINTY
5™

BEAOHEBEEAETIE, XKFOREHRZE L 56
BHb, BEELLZERAOEREICBWT, KOVFELLE
FTIEERPOBRE L BT 2 ERSENT 5720, B
OBALICEI BRI L, WhWwa “WHEET 24T
5% ChEF DI EN IR LEEEEET L
Ehd 5.

BERICEEINLBEOBLC Y V87 BOGRIE, B
THIETHARBEIGIT S LATE WU js —p
B - FRALE LB, ROUEDL 0L, JREERL
BLUY Uy B REOBRENERTHI EBRESINT
b)Z)ZIZ)ZBE

EROBREIE, FEBREI VNI THEIF IO

CUAEETS. HAROIF I nE Y IERTBTCHELEL
TWAEY, BBEICMNWLI LT, +F V34 7ureh
h, ELPLFREEsET. 0% BEMNGAT S LBRE
PETL, BBE2RTAMIF IO ICELL, HRM
EIMET 35, 8 - BT FEAaE T, 347
YUOEMBELZ™ -0, BBtz LA
hEOne BEBOBRRITEBRE LR TV L s T
W5, :

T/, BERGTI, A PIF U E2IF Ol
BILTOIBRRVEEL, ZOHERHEIA NI IuErE
JeiEME (Metmyoglobin reducing activity : MRA) & FEIZh
B2 FREBEICLY) MRAJIETL, AMIFTnEy
PERARATER SN T 252 LD, BRSEVEE
THEOEHO—DEEZ LN TNE™

5. RERAOMKEFME

(1) EFE B DR

FAECIREEIC B 2 AR OREEMIL, dREas
BEHORESLHEET L L THROTEERBRE 2 5.
BEOHZEFEICIERHEENZH-FESL LN, &
YHESEREHCEAT AT OBMBBETH LD, B
MOFIR, Ly FOBEERLHAMESE, £ OEZNE
BECEETAZ LIS, EBEUEICEZIINLOERZS
FHIEBRE LR TER v, /2, AIEEOFEREE
R T 57012, FERFASLTHREICOWT S REIC
RETHLEFD L. HASOHE? Oof Tk, ©EMN
B OTIK, WEGHAL, SHEHWEHE— © WHERE K
—, @ty FOBABLOF—, @ ABREME, wEHF
HzHF—, ©BHOABNOER (£ +hsDEROE
BEENE), 2179 2 LICk W EEROERZEEONE
iToTnh,

(2) HIBH - {LeMESHE

i) Bk ‘

A - BEBORM T, CESFEICL ) BFROEL
BEUALEERHH. Hl2E, ERWCBI 0T /A
Ferun 74 Voo, <7o0fRRERRICEEND
37V X ML, S ERLHRAARICETNET R
SXFVFUEOHITT ) A FOMEEPEBOERE L
TEITLND, — i, BEIEEROFE, HH0E7
VI NH AT L VIRE L EGS L OBBIEROMIC
IhyEEMLENE. AEFEZAATIHAICE, BRI
La'b* RBERICIL VHESNBHEDEL, LY, aBLV
b EOEPEME, »5VITHIEE,SCEHR L, BE,
BA%IC L Y i IThS. T, BRELOERE R
L, NABE, HOF/AF, runvi VEQOEROE
BEMIibITbh T 5.

i) J1%WHE

BEROFRBEFIZIE, RRAIICBWOKERIFER S,
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Wit EZ 2L €5, EEMROSEIL, HRMERE A
JafEd 2 VITMRES OMBEESBE LT, DFEYHE
ST 5. HEWHEE TR, EIoTF s AF v —HER
BEAEH L -EWRRENTON, EMREOFELRILRH
BEEOMEL, SEHR NS, BERPLEMTIEHED/(T
A— ¥ PLEMIMTPIT VS, T2, BRTIE, ®HH
& (Tenderness) F"MBEDFFHEBE O—0o L %25, EHO
WERBE T, MEFEZEOFEB IO W T, Warner
Bratzler ¥ AWIIMETSE & H v 72 AR Tb 535
ENE. LHPLERS, ThoosBickoT, 1EY
HE2EEMATEILEITELLOD, BONLWUEELE
BERABRIC L B RFEEIC AT L A BB R LS biF Tk
2 ZEROADPKLLEREERICEELTAZ L
BRETH 5.

i) HEFBREOIRG

MR OBEFMICIE, BRA Y E—F Y AOFENE
K ofrhbhT& 7 EFEBOMBE T, # 100
Hz~1MHz O M O EEBCFIBIC BV THEBEOEEICE
SLBEBNPELL, ZOBRAVE—F Y AOBEE
ek, HEERFHEECHIUROEH (Cole-Cole 7T v 1)
L. MBRESESEEZT L, ZOMISINHET S S
Ehs, FOMMMOKE Eh LMEOCBEE % 51 5
TENTEDS Fi, BRASMERE H2HBT LT
bTEY, HROEEEICES SMERE TNV ENE
THZIET, EFAMNRG A ThHLIMEENEREE,
MRRNB L IR OB EE M LoEE LTER
L, ThHDEDE, SMBREDKELHEET S L28
TX LW X 5|2, BETIZ/ OV ARSHE NMR &%
W7l OKEEEOFEMAITONRTEBY, Koz
M O R OKIBRE L b, MBEEOEEW L EE
AT T\ %1501

iv) ATP B & UB:EWE
BHEYOMBHAICESFET AT T /v V=) VB
(Adenosine triphosphate : ATP) %, £#fRIZBITE TR
NWE—(mEERE LTOREZHE, FrhAROREREL
LTHWwWONZBEDH 5. ATP REFOERE, WNENK
BFEIZEY) ATP>T7F /vy VBT Fo VR4
I VB T Y YR REY T U OB T EIEST
T5. Z03L, LEO ATPHEDEOLSEE NS S
A7V BLUTLEEFFUFUEBDESIIKEEERS
N, AROBEREL LTHLPOHWLRTEL® F
7, BAB X URATIZ, ATP OV Y BRREA 5% Ko 17
3% ATPase DIEM D FEMIRIE L SN b, E 51T, ATP
DHRIZE BKREAF VOB, HEVIIEAFTOS)
aA—7 VOB ABOERIZE > T, pHPMET T
4. pHDETE S 37 BOEBEOMEETICT D42
L5720, AR, AROFEREZEL LT pH 0lE» T2 b
NEBELH 5.

(3) MR CkES - HBEERE

BEmARRICAE U DK RIL, MEBEoBELELS
¥, REICEBEYEXLEELRTTHE. Z0120, &
NFE T4 BB L ICH LR ok s L O
BIREIHE SN TE. BEONRFEMELTBW-HE
OBz, BB L S - BRBEOREOEEN R %
BB T 5L THBOEBOREZBETH. £/,
FREABOBEIZE, BHAT—VENE L/ REEME
RS BRD L VIR ESICTHET 2 8EBER
B R RESOBMBHSEINA SN, EHETRE
TRXBMCT2AVAZETIRTHEEDEBITHRT
HHE h KEREICLERCHAELERIEL TS
ETAH/ELH B Fo, REHBEREEDIGHTSH S,
Kawamoto & D¥E T — 7% AWV EBREBEEE %, X
RRESISH LTRSS 0B E™ I, siLERH % KIE
AT A LR MEETH D, S5, ESENETH
WSRO LA T b Tu 52929

BEESMmRom LI, EBEETEMSE (TEM) 5
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Appendix
Table 1 Published studies related to food freezing using ultrasound
Substance Conditions Results Reference
Agar gel 25kHz, Intensity 0.07, 0.25, - Ice nucleation is triggered in the supercooled agar gel and Kiani et al.
042 W/cm? —20C deeper. degree of supercooling leads smaller size of Ice (2013)2%
crystals.
- No regular relationship between irradiation conditions
(intensity, durationand duty cycle) and crystal sizes is
observed.
Potato 25kHz, Power 7.34, 15.85, - Although freezing rate of potatoes is increased at power of Li& Sun (2002)%
2589 W, —18 or —20T 15.85 and 25.89 W/cm?, the highest rate is observed at 15.85 Sun & Li (2003)%
W/cm? because too high ultrasound power leads heating.
— Destruction of cell structure during freezing is inhibited.
Potato 25kHz, Intensity 890 W/m?, - Optimum duty cycle of irradiation to promote freezing is Kiani et al.
—20T 30~70% because too high duty cycle leads heating on the (2015)%”
sample surface
Potato 35kHz, Intensity 890 W/m?, - Increase in freezing rate and inhibition of supercooling Comandini et al
—20C (promotion of ice nucleation) are observed. (2013)%®
Apple 40kHz, Intensity 0.23W/cm? - Freezing time decreases at a maximum of 8 %. Delgado et al.
(Power 131.3W), —25TC - Inhibition of supercooling due to ultrasound irradiation is (2009)%®
observed.
Dough 25kHz, Power 175, 224, 224, - Freezing time decreases at a maximum of 11 % at ultrasound Hu et al. (2013) 30
288, 360, 418 W, —20TC powers of 288 and 360 W.
- Elastic modulus of frozen-thawed sample is significantly
increased at ultrasound powers of 288, 360 and 418 W.
- Size of ice crystals is decreased.
Red radish 20kHz, Intensity 0.09, 0.17, - Freezing time decreases at maximum of 14 % at an intensity Xu et al.
0.26, 0.37 W/cm? —20C of 0.26 W/cm® (2015%Y, 2015%%)
~ Softening, drip loss and phytonutrients loss of frozen-thawed
sample are reduced.
- Destruction of cell structure during freezing is inhibited at
intensitiesof 0.17 and 0.26 W/cm?
- Vacuole water decreases while relative cytoplasm and
intercellular space water increased.
Strawberry 30kHz, Intensity 0.09, 0.17, - Ice nucleation is triggered in the supercooled strawberry Cheng et al
0.28, 042, 0.51 W/cm? —25T sample. (2014)3®
- Shorter freezing time
- Higher ultrasound intensity shows smaller supercooling
degree.
Broccoli 20, 30kHz, Power 125, 150, - Freezing time decreases at powers of 150 W (30kHz) and Xu et al.
175,190 W, —25C 175W (20kHz). (201432, 2014%)
- Changes in texture, color and tissue structure, drip loss and
ascorbic acidloss are inhibited.
Brocceoli 40kHz, Intensity 0.33 W/em? - Drip loss, ascorbic acid loss and changes in color and Xu et al. (201436))

—40C

firmness are inhibited by ultrasound-assisted osmodehydro
freezing treatment.
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Table 1 (Continued)

Substance Conditions Results Reference
Mushroom 20kHz, Intensity 0.13, 0.27, - Ice nucleation is triggered and freezing and thawing times Islam etal. (2014)37
0.39W/cm? —25C are reduced.
- Drip loss, color change, softening and tissue destruction are
inhibited.
- Polyphenol oxidase and peroxidase enzyme activities are
reduced.
Lotus root 30kHz, Power 90, 150, 210W, - Shorter freezing time Tu et al. (2015)%®
—25T ~ Drip loss, color change, softening and tissue destruction are

inhibited.
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Table 2 Published studies related to high pressure shift freezing

Substance Conditions Results Reference
Strawberry  200MPa,—15TC - Strawberry sample vacuum infused with pectinmethylesterase and Van Buggenhout et al.
CaCl, shows stabilization of cell walls and cell-cell contact and (20067, 20084
minimization of structural damage and texture change during high
pressure shift freezing.
- During frozen storage for 6 weeks, textural quality of high pressure
frozenstrawberries is maintained below —8TC, while strawberries
frozen under cryogenic freezing is only preserved below —18T.
Peach 200 MPa,—20C - Uniform and rapid ice nucleation are observed. Otero et al. (2000)*
Mango ~ Quality losses due to freeze-cracking or large ice crystal presence
areprevented.
Green bell 200 MPa,—18TC - Firmness of tissues increases by the high pressure treatment Castro et al. (2007) 45)
pepper before freezing.
- Loss of firmness is inhibited in the high pressure shift freezing.
Chinese 100-700MPa, —20- - Textural changes of samples frozen at 200, 340 or 400 MPa are Fuchigami et al.
cabbage —18TC comparatively intact. (1998)%®
- Frozen by pressure shift freezing at pressures of 200 or 340 MPa
shows less release of pectin and histological damage of tissues than
the samples frozen by other conditions.
Brocceoli 180MPa (—16C) - The pressure shift freezing is not enough to inactivate the Préstamo et al
or peroxidase and polyphenoloxidase. (2004)*7
210MPa (—20TC) enzymes in broccoli
- Destruction of cellular structure after thawing is observed.
- After frozen storage of 30 days (— 20T), acceptability of the
flavour decreased but texture is maintained.
Broccoli 210 MPa,—20.5C - Pressure shift frozen samples show less cell damage, lower drip loss Fernandez et al.
and better texture than the market frozen sample. (2006)%®
Carrot 100-700 MPa,—20C - Changes in texture, release of pectin and histological damage are Fuchigami et al
decreased in the samples frozen at pressures of 200-400 MPa. (1997)4
- Changes in textural values and histological structure during frozen
storage at 30C are inhibited in the samples frozen at pressures of
200 or 400 MPa.
Carrot 100-400 MPa, —28- - Tissue of samples frozen at conditions of 50 MPa (—15TC), 100 Fuchigami et al.
—10C MPa (—15T), 150MPa (—25C) or 200MPa (—28T) are extreme- (1997)5%
ly damaged due to volume expansion by the formation of ice L
Carrot 200MPa, —15T - Texture change and cell wall damage during freezing-thawing are Buggenhout et al.
improved in the sample preheated at 60°C for 30 min with CaClz or  (2005%Y, 20065?)
the sample applied pressure of 300 MPa at 60C for 15 min.
Potato 200MPa, —15T - Increase in nucleation rate, decrease in drip loss and texture Koch et al. (1996) 53)
improvement are observed.
Potato 120MPa (—87T), - Process of high pressure shift freezing is not enough to inactivate Préstamo et al.
150MPa (—12TC), polyphenoloxidase and peroxidase in potato samples. (2005) %%
180MPa (—16T)
or 210MPa (—20C)
Potato 240MPa, —22T - Less drip loss, color change and histological damage are observedin Benet et al. (2006) 55)
the samples treated by pressure shift freezing and high pressure
thawing than the conventionally frozen and thawed sample.
Atlantic 100MPa (—84TC), - Finer ice crystals those are homogeneously distributed are Zhu etal. (2003)%
salmon 150MPa (—14T) observed at higher pressure.

or 200MPa (—20C) -

Structure of tissue are well maintained.
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Table 2 (Continued)

Substance

Conditions

Results

Reference

Atlantic
salmon

Sea bass

Turbot

Carp

Norway
lobster

Abalone

Pork muscle
Beef muscle

Pork muscle

Pork muscle

Pork muscle

100MPa (—10T) -
or 200 MPa (—18T)

200, 400 or 600MPa, -
—18C

140MPa, —14T -

140MPa, —14T -

200MPa, —18C -

50MPa (—54C), -
100MPa(—10.2C),
150MPa (—157C) -
or

200MPa (—22.0T)

200 MPa, —20C -

200MPa, —17C -

100MPa (—11T), -
150MPa (—165T)

or

200MPa (—215C) -

50MPa (—42C), -
100MPa (—89TC), -
150MPa (—14.1C)

or

200MPa (—21.2C)

Finer ice crystals and less drip loss after thawing are observed in
the high pressure frozen sample than those in the air blast frozen
sample.

Firmness of tissue is increased for the samples frozen by pressure
shiftfreezing compare to the unfrozen or air blast frozen sample.
Less tissue damage and higher mass diffusivity are observed for the
highpressure shift frozen sample.

Partial denaturation with aggregation and insolubilization of
myosin, alterations of the sarcoplasmic protein and change in color
are occurred during pressure shift freezing.

High pressure freezing leads to a decrease of water holding
capacity, but differences between high pressure

and conventional freezing disappears after cooking.

Glass transition temperature of non-treated sample (15.2C) is
shifted toslightly increased after high pressure shift treatment at
400 and 600 MPa.

Decrease in the apparent viscosity of the salt soluble protein extract
of pressure shift

frozen samples and decrease in the intensity of the myosin heavy
chain areoccurred.

Increase in toughness of tissues caused by aggregation of
myofibrillarproteins due to pressurization is occurred.

Thiobarbituric acid values and free fatty acid content are relatively
lower in the pressure shift frozen sample than in air blast frozen
sample.

Pressure shift freezing has no significant effect on the texture, but
moreeffective in reducing drip losses compared to air blast freezing.
Finer ice crystals are observed in the intracellular space than
otherfreezing method.

The pressure shift frozen sample shows lower salt soluble protein,
higher toughness and finer ice crystals than the air frozen sample.

Drip loss, decreases in shear force and lightness during freezing-
thawing are reduced compared to non-pressure freezing.
Increasing pressure levels tend to decrease the aerobic colony
count.

Protein denaturation, drip loss and changes in tissue structure and
color are occurred during pressure shift freezing.

Drip loss is reduced but changes in color and protein denaturation
are occurred.

Finer ice crystals are observed compared to other freezing method
buttissue structure is greatly changed.

Small ice crystals are observed on the surface location of sample
while comparatively large size of extracellular ice crystals are
observed in the center location of sample.

Treatment at pressures of 150 and 200 MPa leads color change.
Pressure shift freezing reduces drip loss but leads denaturation
ofmyofibrillary protein.

Pressure condition above 150 MPa leads color change and drip loss.
Sample treated by pressure shift freezing at 100 MPa shows an
equivalent quality of non-frozen sample.

Alizadeh et al.
(200757) 58), 200959))

Tironi et al.
(20079, 200980)

Chevalier et al.
(2000)62

Sequeira-Munoz et al.
(2005) 6

Chevalier et al.
(2000)%%

Hong et al. (2016)%9

Fernandez-Martin et al.
(2000) %

Hansen et al. (2003)67

Zhu et al.
(200468, 20056%)

Choi et al. (2016)7




(31)

A B ER - FREUTIE O BN & BRE

421

Table 2 (Continued)

Substance Conditions Results Reference
Shrimp 100MPa (—84TC), - Times required for the phase transition are greatly reduced. Suet al. (2014)7V
Pork liver 150MPa (—14C) - Fine and homogeneously distributed ice crystals are observed at a

or higherpressure conditions.
200MPa (—20T)
Agar gel 100-686 MPa, - At pressure conditions of 200 to 400 MPa, gels are not frozen during Fuchigami & Teramoto
—20T cooling until —20C but frozen during pressure release. (2003)7
- Sucrose addition inhibits growth of ice crystals.
Gelatin gel 100MPa (—84C), - Fine ice crystals are observed in the pressure shift frozen sample Zhu et al. (2005)7®
150 MPa (—14TC) and higher pressure condition leads lower equivalent diameter of
or the ice crystals.
200MPa (—20C) - Roundness and elongation don't show a clear trend with the
differentfreezing techniques.
Carrageenan 100-686 MPa, - At pressure conditions of 200 to 400 MPa, x-carrageenan gels are Jibu et al.
gel —20C frozen when pressures are released, and fine ice crystals in the (20147, 20147
frozen sample and inhibition of syneresis after thawing are
observed.
- Addition of locust bean gum, sucrose and glucose inhibit growth of
ice crystals.
- In the frozen ¢-carrageenan gels, marks of ice crystals are not
observed inany freezing conditions and the quality of non-frozen gel
is maintained.
Egg custard  100-686 MPa, - At pressure conditions of 200 to 400 for non-sugar added gels, and Teramoto et al.
gel —20C 200 to 500MPa for the sugar added gels, the samples maintain (2006)7®
supercooling state during pressurization and show fine ice crystals
after freezing and less change in textural quality after thawing.
- Although there is no influence of sugar types, improvement of
quality is obtained by 5% addition of sugar
Tofu 200MPa, —18 or - Finer ice crystals are observed in the pressure shift frozen sample Kanda et al. (1992)7"
—10T than the air blast frozen sample.
- Quality such as appearance, taste and texture of the pressure. shift
frozensamples after thawing is about the same as those before
freezing.
Tofu 100-700 MPa, - The sample frozen at 200 to 400 MPa shows fine ice crystals and Fuchigami & Teramoto
—20T small changes in rupture stress and strain. (1997)7®
Smoked 207 MPa, —21T ~ Pressure shift freezing induced 1.7 or 4.6log cycle reduction of Picart et al. (2004)7®
salmon Listeria. innocua and Microcuccus luteus, respectively.
mince
Smoked 207 MPa, —22TC - Pressure shift freezing induced 14 or 1.9log cycle reduction of Picart et al. (2005)%®
salmon Listeria. innocua, depending on whether pressure was released
mince rapidly or slowly respectively.
Boiled egg 200MPa, —18T - Miniaturization of ice crystals and reduction of drip loss are Jibu et al. (2009)8V

obtained.
Rupture stress and strain of pressure shift frozen sample shows
almostequal to those of non-frozen sample.
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Table 3 Published studies related to dehydrofreezing
Substance Condition of dehydration Ct%ndltlons of freezing, Results Reference
awing and storage
Strawberry - Osmotic dehydration (60% Air blast (— 48T, 4 - Tissue damage and texture loss occur Sormani et al.
w/w glucose solution at m/s), Thawed in water during osmotic dehydration. (1999) 120
25C) at 2T ~ Less tissue structural damage is ob-
Air drying (60C, 15m/s, served in dehydrofrozen and thawed
dehydrated to 50% weight sample than non-dehydrated and
reduction) thawed sample.
Combined (Osmotic dehydra- - Air drying and combined dehydra-
tion (1h) +air drying to 50 tion give the highest texture im-
% weight reduction) provement ofthe fruit after thawing.
Strawberry Vacuum impregnation (50 Air blast (—23T), - The sample moisture content de- Xie & Zhao
% w/w corn syrup or 3% Thawed at room tem- creases from 88.6% to 85-86% dur- (2004)%”
w/w high methoxyl pectin perature (20C) ing the vacuum impregnation with
solution containing mixture corn syrup while hardly decreases
of calcium gluconate and during vacuum impregnation with
calcium lactate and/or zinc high methoxyl pectin solution.
lactate, room temperature) - The sample dehydrated with corn
syrup shows less drip loss after
thawing.
- Addition of calcium lactate improves
texture change and drip loss after
thawing.
- Addition of zinc lactate improves
color change during vacuum impreg-
nation and freezing-thawing.
Strawberry Osmotic dehydration (65 ° Frozen in a chamber - Dehydration treatments and frozen Moraga et al.
Brix sucrose solution, 30C) (—40TC), storage cause change in sugar com- (2006) %%
Air drying (45T, 2m/s) Stored for 30 or 180  position and loss of citric acid
Combined (Air drying after days at —18TC, content.
osmotic dehydration) Dehy- Thawed at 8T - Dehydration treatments, especially
drated to moisture content air drying, reduce drip loss after
from 70 to 85% wet basis. thawing.
Strawberry Immersion frozen (69% w/w Frozen in direct con- - Osmotically dehydrated sample at Blanda et al
sucrose solution, —19C) tact with dry ice pellet,  5C showed higher polyphenolic con- (2009) 12
Osmotic dehydration (50% Stored for 1 month at tent than that of fresh sample.
w/w sucrose solution, 5C —18C - Aromatic compounds (e.g. ethanol
(24h) or 30T (4h)) and acetaldehyde) of osmotically
Vacuum impregnation (50 dehydrated sample are increased
% w/w sucrose solution, after freezing.
30C (4h)) - Osmotic dehydrated sample at 5C
shows the highest consumer acceptance.
Strawberry Osmotic dehydration (56.5% Air blast (—40T), - The lower rates of decrease in Dermesonlouoglou

w/w glucose, oligofructose
and maltodextrin contain-
ing NaCl or CaCl2, 35T, 150
min)

Stored at —5, —8,
~12 or —16T

vitamin C content and color change
during frozen storage are obtained in
the dehydrofrozen samples than those
of non-dehydrated-frozen sample.

- Dehydrofrozen samples show less

texture loss and drip loss after frozen-
storage.

- The change in texture ‘and drip loss

of the sample dehydrated with oligo-
fructose and maltodextrin are smaller
than those of the sampledehydrated
with glucose.

et al. (2016130
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Table 3 (Continued)
Substance Condition of dehydration CondiFions of freezing, Results Reference
thawing and storage

Apple Vacuum impregnation (52 Frozen at —35T - Dehydrofrozen samples show less Tregunno & Goff
% w/w sucrose, 75% w/w (freezing rate : — 2- texture loss after thawing than non- (1996) 130
corn syrup or 50% w/w —4TC/min), dehydrated frozen sample, and the
sorbitol solution, 50C, 40 Thawed in water highest retention of texture is ob-
min, dehydrated to 50% tained in the sample blanched at
weight reduction) 50T for 40 min without sugar ad-

' dition.
- Cracking in the middle lamella is
observed in the non-treated and
frozensample.

Apple Osmotic dehydration Air blast (—28T, - From the results of sensory evalua- Bunger et al.
(40-65 ° Brix sucrose solu- 0.55m/s) or tion, color, texture, water activity (2004)%%?
tion, 25-45C, 45-90 min) Frozen in a cryogenic measurement, the optimum condi-

freezer (—63T), tions is obtained from the sample
Stored for 15 days at dehydrated with 55 ° Brix of sucrose
—18T, solution at 35T for 60 min.

Thawed at room tem-

perature (20C)

Apple Osmotic dehydration (0,20, Air blast (—40T, 2 - Pulsed electric field treatment before Parniakov et al.
40 or 60% w/w glycerol- m/s), dehydration leads homogeneous distri-  (20153% 2016'3%)
juice solution, 20C, 0-180 Thawed at 20T bution of sugar in the sample, less
min) after pulsed electric freezing time and retention of tex-
field treatment ture after freezing-thawing.

Apple Osmotic dehydration (50% Air blast (—40C), - Kinetic equation of heat and mass Agnelli et al.

Pear w/w glucose solution or 66.6 Stored at —5, —8, balances are established, and it is (2005)3%

% sucrose solution, 30C) —12 or —16T shown that the experimental values
of freezing curve, changes in sugar
and moisture content during osmotic
dehydration are well matched with
the predicted values.

Pear Osmotic dehydration (60 ° Frozen at —15TC, - The sample dehydrated to weight Bolin & Huxsoll
Brix sucrose solution, 60C) Thawed at 21C reduction of 50% inhibits softening (1993)1%®
Air drying (60T, 3m/s) after freezing-thawing.

Combined (Osmotic dehydra- - Higher retention of texture and color

tion after air drying) are obtained in the osmotically dehy-
drated sample than those of air dried
sample.

Kiwifruit Osmotic dehydration (60or Air blast (—40C, 65 - Dehydrated sample by air drying Robbers et al.

72 ° Brix sucrose containing
1% w/w ascorbic acid and
0.2% w/w citric acid solu-
tion, 30C, dehydrated to
moisture content of 40, 50
or 60% wet basis)

Air drying (30T, 5m/s, dried
to moisture content of 40,
50 or 60% wetbasis)
Combined (Osmotic dehydra-
tion after air drying, dehy-
drated to moisturecontent
of 40, 50 or 60% wet basis)

m/s),
Thawed at 4C

and combined method requires less
time for dehydration than that of
osmotically dehydrated sample.

The fastest dehydration is attained
at the air dried sample but it shows
browning,

Firmness of the samples after dehy-
drofreezing and thawing is decreased
compare to the fresh and dehydrated
samples regardless of the amount
ofremoved moisture and dehydra-
tion method.

(1997) 137)
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Table 3 (Continued)
. . Conditions of freezing,
Substance Condition of dehydration thawi d storage Results Reference
awing and storag

Kiwifruit - Osmotic dehydration or vac- Air blast (—40T, 4C - Sample transparency is increased Talens et al.
uum pulse osmotic dehydra- /min), and chroma is decreased after vacuum (200113, 2003129
tion (35, 45, 55 or 65 ° Brix Stored for 24h or 1 pulse osmotic dehydration and dehy-
sucrose, 30TC) month at —18T, drofreezing at each conditions.

Thawed at 8C —~ The highest retention of mechanical
properties after freezing-thawing are
obtained by the osmotic dehydration
with 45 ° Brix sucrose solution.

- Osmotic dehydration leads forma-
tion of esters and a decrease in
aldehydesand alcohols.

~ Reduction of volatile compounds oc-
curred during frozen storage is inhib-
itedby dehydration before freezing.

Kiwifruit - Osmotic dehydration (60% DSC analysis of mashed - Moisture content and initial freezing Tocci & Mascheroni
w/w sucrose solution, 20C, sample temperature is decreased with im- (2008) 140)
0,2 6,12 or 24h) (—40-40C, 2C /min) mersion times of sucrose solution

(Decreased to 50.6% wet basis for
24h and —10.1C).

- Enthalpy and heat capacity are de-
creased with the increase in the
amount of removed moisture.

Pear ~ Osmotic dehydration (69 Air blast (—40T) - Drip losses after freezingthawing Marani et al.

Kiwifruit ‘Brix sucrose solution, 47 are decreased at each dehydrated (2007)'*V

Strawberry ‘Brix glucose solution, 69 samples.

Apple “Brix fructose solution or 69 - Improvements of texture and color
“Brix high molecular weight changes during dehydrofreezing pro-
sugar solution, 30C, 1-24h) cessare obtained in the fruits sam-

ples except kiwifruits.

Mango ~ Osmotic dehydration (10,20 Air blast, - Titratable acidity, vitamin C content Rincon & Kerr
or 30 ° Brix sucrose solution, Stored for 2 weeks at lightness and firmness are decreased  (2009) 12)
20T, 4h) —18C during the dehydration processes.

- Titratable acidity, vitamin C content
and firmness are decreased after
freezing.

- Removals of high amounts of mois-
ture inhibit the quality changes
during freezing.

Mango - Osmotic dehydration or vac- Frozen at —40C - Application of vacuum pulse dehy- Chiralt et al.

Kiwifruit uum pulse osmotic dehydra- (—4C /min), dration shows no effect on the (2001)1®

Strawberry tion (35, 45, 55, 60 or 65 ° Stored for 24h or 1 mechanical properties after freezing-

Brix sucrose solution, 30C) month at —18T, thawing of kiwifruit and mango.

- Air drying (45C)

Thawed at 5C

- Higher retention of mechanical prop-
erties of strawberries is obtained
inthe air dried sample than osmotic
dehydrated sample.

~ Higher retention of firmness after
freezing-thawing of strawberries iso-
btained in the dehydrated samples
regardless of dehydrated conditions.
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Table 3 (Continued)
.. . Conditions of freezing, :
Substance Condition of dehydration . Results Reference
thawing and storage

Melon Osmotic dehydration (60% Air blast (—48C, 4 - Improvement of texture and de- Maestrelli et al.
w/w sucrose solution, 25C, m/s), crease in drip loss after thawing are  (2001) 4
1h) Stored for 4 monthsat  obtained in the dehydrofrozen sam-

Air drying (80C, 15m/s, —20T ples.

dried to 50 % weight reduc- - Aroma composition does not change

tion) in the osmotic dehydration while

Combined (Air dried to 50 alcoholsare increased in air drying.

% reduction after osmotic - Alcohols are not increased during

dehydration (1h)) freezing in the osmotically dehy-
drated samples, and the samples
show higher sensory acceptability
than air driedsample.

Apricot Vacuum impregnation (65 Air blast (— 40T, 4 - High sugar content of the samples Forni et al.

% w/w sucrose, 65% w/w m/s), after dehydration inhibits loss of (1997)1%

maltose or 65% w/w sor- Stored for 8 months at ascorbic acid content during frozen

bitol solution containing 1% —20T storage.

w/w ascorbic acid and 0.5 - The sample dehydrated with maltose

% w/w NaCl, 25C) shows higher retention of color dur-

Air drying (65T, 1.5m/s) ing frozen storage than those of the
samples dehydrated with sucrose
andsorbitol.

Pineapple Osmotic dehydration (60 ° Frozen in a chamber - Freezing times are shortened by Ramallo &
Brix sucrose solution, 40C, (—315TC), dehydrations. Mascheroni
30-180 min) Thawed at room tem- - The osmotically dehydrated samples  (2010) 14®
Air drying (45,60 or 75C, perature (20C) show higher loss of ascorbic acid
1.5m/s) content and drip loss after. thawing

than those of air dried samples.

Rambutan Osmotic dehydration (50% Frozen at —40T, - The sample dehydrated with sucrose Lowithun &
w/w sucrose, 50% w/w tre- Stored for 3, 60 or 120 shows the highest retention of firm- Charoenrein
halose or 509% w/w maltitol days at —18C, ness and of sensory scores after (2009)%7
solutions, 30C) Thawed at 8C frozen storage for 3 or 60 days.

- Glass transition temperatures of the
dehydrated samples are higher than
that of fresh sample.

Watermelon Osmotic dehydration (50% Frozen at —40T, - Dehydrofrozen samples show higher Dermesonlouoglou
w/w glucose, 50% w/w Stored for 180 daysat  sensory scores of texture and taste et al. (2007)1®
oligofructose or 50% w/w —20- —5C than those of non-treated-frozen sam-
maltodextrin solutions con- ple.
taining 1% w/w CaCly, 35 - Dehydration before freezing reduces
T, 45-60 min) change in color up to 70% and loss

oflycopene content up to 38%.
Cucumber Osmotic dehydration after Frozen at —40T, - Dehydrated samples reduce the rate Dermesonlouoglou

blanching at 80C for 40s
(56.5% w/w oligofructose
or 56.5 % w/w maltodextrin
solutions containing 3.5%
w/w NaCl and 1.5% w/w
CaClg, 15T (360 min), 35T
(300 min) or 55C (180 min)

Stored for 3 months at
—15- —5T

of color change during frozen stor-
age up to 36.7%.

- Dehydration inhibits softening after
freezing-thawing and firmness is
maintained during frozen storage.

et al. (2008)149
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Table 3 (Continued)
Substance Condition of dehydration Cond1pons of freezing, Results Reference
thawing and storage

Tomato - Osmotic dehydration after Frozen at —40T, - Dehydration before freezing inhibits Dermesonlouoglou
blanching at 80C for 80s Stored for 12 months the loss of ascorbic acid contents et al. (2007)2%
(56.5% w/w glucose, 56.5% at —20 or —12C during frozen storage.

w/w maltodextrin, - The highest sensory scores after
56.5% w/w oligofructose or freezing-thawing are obtained from
56.5% w/w oligofructose/ thesample dehydrated with malto-
trehalose (2 : 1) solutions dextrin and oligofructose/trehalose
containing 3.5% w/w NaCl, solutions.

1.5% w/w CaCly, 15C (360

min), 35T, 1h)

Tomato - Osmotic dehydration after Frozen at —40TC, ~ Dehydrated samples shows higher Dermesonlouoglou
blanching at 80C for 80s Stored for 12 months retention of color, lycopene and etal (2007)0
(56.5% w/w maltodextrin at —20 or —12C ascorbic acid contents during frozen
solution containing 3.5% storage than the non-treated sample.

w/w NaCl, 1.5% w/w CaCl,,
15C (360 min, 35C, 1h)

Eggplant - Vacuum drying (30C, 25 Frozen in a chamber - Freezing times are shortened, Wu et al
kPa, dried to moisture con- at —40C or changes in texture and color during (2009) %%
tents of 60 or 80% wet brine freezing at freezing-thawing are inhibited by
basis) —407C, dehydration before freezing.

Thawed at 5 or 26C - The least influence on texture is
obtained from the sample treated by
brinefreezing and thawed at low
temperature.

- Cell membranes are damaged after
freezing-thawing at each conditions.

Carrot - Air drying (40, 60 or 80C, Frozen at —207T, - In the air drying at 40T, cell Ando et al
0.81m/s, dried to moisture Thawed in water (5  membranes are not damaged, and (2016)%®
content of 2.0,4.00or 6.0dry T) texture after rehydration is almost
basis) same as that of fresh sample.

- Cell membranes in each dehydro-
frozen samples are damaged and
elasticproperties are decreased.
Carrot - Osmotic dehydration (50% Frozen at —18TC, - Decrease in fracture stress is inhib- Ando et al.
Onion w/w sucrose solution, 10C, Thawed at room tem- ited by dehydration before freezing, (2008 154), 2012155))

Japanese radish

5h)

Osmotic dehydration (50%
w/w sucrose solution)

Air drying (60T)
Vacuum drying (20, 30 or
60T, 1.5~1.8kPa, dried to
moisture content of 85%
wet basis)

perature (25T)

Frozen in a chamber
at —40T or

brine freezing at
—40T,

Thawed in iced water
or room temperature

(30T)

but instantaneous elasticity is great-
ly decreased.

- Increases in water permeability due
to damages of cell
areobserved at each samples.

membranes

- Least damage of cell membranes is
shown in the vacuum dried sample
at 20C.

- Dehydration before freezing leads
less freezing time and drip loss after
thawing, and inhibition of softening
during freezing.

Shizuka et al.
(2008) 159
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Table 3 (Continued)
Substance Condition of dehydration Conditions of freezing, Results Reference

thawing and storage

Japanese radish

Potato

Carrot
Broccoli
Potato

Green pea

Green bean

Vacuum drying (20C, 1.5-
1.8kPa, dried to moisture
content of 85% wet basis)
Microwave drying (62.9
W/g-dry, cycle of irradia-
tion for 40s+ pause of 900
s)

Vacuum-microwave drying
(629W/gdry, cycle of
irradiation for 40s + pause
of 180s)

Osmotic dehydration after
pulsed electric field treat-
ment (4% NaCl solution,
25C)

Osmotic dehydration (50%
w/w sucrose solution, 10T,
5h)

Osmotic dehydration after
blanching at 90C for 2 min
(56.5% w/w oligofructose,
56.5% w/w maltitol or 56.5
% w/w oligofructose/ treha-
lose (2:1) solutions con-
taining 4 % w/w NaCl and 1
% w/w CaClz, 5C (12h) or
35C (4h))

Osmotic dehydration (10%
w/w NaCl solution, 20T,
30 min)

Brine freezing at

— 40T, Thawed in
water (5 or 40C) or
thawed in air (4C)

Air blast (—80TC, 2
m/s)

Frozen at —10 or
—18T,

Thawed at room tem-
perature (25TC)

Frozen at — 40T for
2h,
Stored at —24- —3T

Air blast (—34C),
Stored for 10 days at
—-17TC,

Thawed in boiled water
for 15 min

- Vacuum-microwave drying leads the
shortest time for dehydration and no
damage of cell membrane when the
sample dried to 80% weight reduc-
tion.

-~ Vacuum-microwave drying shows
the highest ascorbic acid content and
less damage of cellular structure
after freezing-thawing.

- Rapid thawing and high rehydration
ratio are obtained by the thawing in
water at 40C.

- Pulsed electric field treatment before
osmotic dehydration increases the
freezing rate.

- Combined treatment of pulsed elec-
tric field and osmotic dehydration
increase drying rate during freeze
drying process and visual quality of
driedsample

- Dehydration before freezing inhibits
softening after freezing-thawing of
carrots and broccol, but the effect is
not found in dehydrofrozen potatoes.

- There is a relationship between dam-
ages of cell membrane and mecha-
nical properties.

- less damage of cellular structure is
obtained in the dehydrofrozen sam-
ple than that of non-treated-frozen
sample.

- Dehydration with oligofructose/tre-
halose solution decreases the rate of
color change during frozen storage.

- Higher retention of ascorbic acid
content after frozen storage is ob-
tainedin the dehydrofrozen sample
than that of non-treated-frozen sam-
ple.

- The rate of decrease in ascorbic acid
is greatly lowered during frozen
storage below glass transition tem-
perature,

- Scores of sensory evaluation of the

dehydrofrozen samples are higher
than non-treated-frozen sample, and
blanching before dehydration increases
acceptability.

Uemura & Tagawa
(2012) 157)

Ammar et al.
(2010)15®

Ohnishi &
Miyawaki
(2005) 159)

Giannakourou &
Taaoukis
( 2003) 160)

Biswal et al.
(1991) 122)
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Table 3 {(Continued)
Substance Condition of dehydration Condl’gons of freezing, Results Reference
thawing and storage
Strawberry - Microwave-vacuum drying Frozen in a chamber - Dehydration before freezing is effec- Tsuruta & Hamidi
Tuna (5kPa, below 27°C, dried to at —30 or —80T tive to shorten freezing time and (2008)6Y
moisture reduction of 3or 5 (strawberry), inhibit the growth of ice crystals in
% for tuna, 10 or 20% for at —50 or —150TC sample tissues.
strawberry) (tuna) - Less damages of tissue structure
after freezing-thawing are observed
in the dehydrofrozen samples than
that of non-treated-frozen sample.
Tuna - Microwave-vacuum drying Frozen at —20C or - Decrease in freezing temperature Hamidi & Tsuruta
Oyster (4kPa, below 25T, dried to  —80C and short freezing time are obtained  (2008) 6%
Mackerel moisture reduction of 9, 15 by dehydration before freezing.
or 30% for tuna, 5, 10 or 15 ~ Dehydration before freezing inhibits
% for oyster, 3 or 5% for growth of ice crystals, damage to
mackerel) tissue structure and drip loss.
Mackerel - Microwave-vacuum drying Frozen at —20C - Dehydration before freezing inhibits Hamidi & Tsuruta
(100 W, 5kPa, below 27C, (0.26C/min) growth of ice crystals formed in (2009)'¢%
dried to moisture content of or intercellular space and drip loss after
2.19 or 2.12 dry basis) —80C (0.88C /min) thawing.
Walleye pollock - Osmotic dehydration (3,10, Frozen at —40TC for - Dehydration with 17% or saturated Uchiumi & Suzuki
ovary 17% w/w or saturated NaCl 24 h, Stored for 90 days NaCl solutions inhibits drip loss and  (2015) 164)
(Tarako) solution, 10T, 24h) at —25C, Thawed in  color change, and prevents freezing

running water (17C)

damage in roes. Also this effect is
independent of the freezing speed.
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