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MR M=Er HEKRTE
MR IR

BE D v Frr 2NEERCEE) EBREREE (EMRKE) B20, U85 aEBIKEER (TRIKE) % ER
L, %57 v{thh4 4 iR (0 ppmF, 01 ppmF, 1ppmF) OFAKILERIZ 15 HHEBRNL, FRKIEOARRE QLF
(quantitative light-induced fluorescence} ¥C X DEAMICERE L. TOR, BAKLEERE 15 HBCE, ERIK
BRioBWwWT 0ppmF #i3 47%, 0.1 ppmF #iX 43%, ! ppmF &t 89% OEMGEE, BEBRKIECEVT 0ppmEF #id 33%,
0.1 ppmF ##ik 39%, 1ppmF 33 52% QEERCEEELF LA, SE® invire FRICBWTE, BAKLLERTO 1
ppmF 7 w4 4 YHAERBRIKEOL P2+ A NEAHIBICH LT, HFioBRER{AEEFEELTWA I ESbLID, QLF
B> A VERBICBY D BRIK/ BEREBEICEETHL I Eibho .

FRAE S8, B, BAKIE, QLF (quantitative light-induced fluorescence)
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(B FRI6ESALOA/SE  FH16E11 15 8)
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ME, HFEBICBWTHTRCETETZ S0
BAEMIIHLH00, HWeEbivot A NADH
St (LT, #MA5 fhlmg) IXNEmIZH 2 Lvbh
TwaY?, 208, 21 O EFHRIEEINE S t2ioy
L—EodEd RO TwiONRRIRTHE.

MES D FERIK(LIZ T vkl 4 & 45 2 BEEE
HE L ORI TR S, KIBET vt 4 F v OfFE
TTHEOKMEREEESRL EBEFs R TWEY T, B
T, M M LTy vbE AR Lo e v AR
HKALTRTEDTONL TV 00, HEEICWE ) s
ERRBIITCHEL b ot v HE RS WY,
ZHEWE S BRFRKETA2BEIIBVWT, WS’
FBOIF A VISR HEOEBENSNEE LAGIK
{b¥szsicdky, HESOBRARMMICLELRZZ A0
ORI LLVREDHEEZONRTEYY, 7y
2T LI L CERBESPERB~NET LS T,
H, FRLUERFKRSLBERIKILAEST LV EIEEON
HHE LI EMMENTWELY S, S HIZHED

i

BICBH ZMEREOREILIATIVEEEYY, I
MHfEEoIF A VERRYPEFERRCEICENES
AAbwIiHELHh, U AOBEAR{LEEIIOW
TRWELRFHZEALS V. TR 2P BE0FAK
{EBIfc BT, IV ECEEREFFEIOWTIR
U HFRAPELNTBEVOSERTH 5.

Invivo TELYD bLB ) ST HEAIBSY, EFRE,
OFERREICI ) SFSTRMEERTYC LA MbR
TWaY, BREE5 2520 O ot RE
FTAEFRIEELN TV, 1S o HIKREE  JeaiE
BNCiAE3 2 PR E LT QLF (guantitative lightindu-
ced fluorescence) %8 5™, QLF BT =4 2 V&HF
B S L HEET A L bR B FAEL, W
CEREE RS LTEOhABRELED I b, Beife
IS MO NFAEEEF L LI MEREBL, =
Y2 —FITHYRAALSD L CHEHGEMEEITY, WS
thEERMICON T A2 HETH S, 1) SR EEs
GHBIIBILI—-VF AFy¥F—-FELTTA %
o-3Y47957 (MR) BEddha®. 20 MREIREG
DI EEEO I A7 NMRERE, QLF BIlBiT L2
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IR & FED ) e ES O ELIRAEE LI, W AHM (R=097) 21
HAEZESRMESNTWVAS®, MRETH, BTN E
LiczF A VHARIIRXBEBRTZECT 40
LEFEONA XERIH{ES SRS L ) B /iy
TR - BIKBOEREEET 5. MRETRESON
PERLBELZGT) 20, BROLSWEFRLIES
Ny, BohaHBRIEIZAXNTH S, L Lads,
QLF ETIE LR L 9 I8 S 8hER Iz 354 2 Bobaa
DBRILECIDVHABELZIE TS0, BohsiE8
SIS EROHER S RITMICIELA I LA TE
5,57, QLFRCHIHEZHVI MR EL Y LRV
HItRBTHKEBE CELE0MELH LY, s
MIC=RIT 2 5 SR E OB RBIE N TSR QLF
BRERDOHE ST, invivo BT%E, BREEEMLREIC
BWTLHFALZEZOLNAD., LA Lids, QLFERH
WEIH ) B B A AR 17 - F- 0
MEPIE T2 EIN TRV ERTH S,

AR TIE, TAKIEBETD 7 v L4 & iR
invitro I THER LABRKEBEORL A LS A LT
W) BRBLIKEE (MUF, M) eitELm) oBRK
TEICRIZTREEL QLF BRIcL VBB L.

HHE LU HE

1. SHEMETF A LEEHOER

b hRBEEE TIPS 30 R (HIRMIZED SR
KEGENHE, 7V A4 20 08, 7y EE, 545,
BIER, IM0b5L0EERALE) oEMAIL S 4
T € ¥ F F Y & (Continental Diamond Tool, New
Heaven, 7AW H) 2Fv:, AT CHEZE4Amm O
AVETFTAAZZWMOB LI, T FANEF 1 A2
ZOTZIV)yr0y F (FRars, KE) RIS
BELV(TOEFA A, B3R, B EHAWCEEL,
AR A—28— 581000 (74 »T—E, KE) I2T15
50, 7VIRBTER] (Gamma Alumina, 0.05pm, Bue-
hler, 72U #) ([T THE%: 90 517V, 200~400 um
DER[IFANTERELAHIL, BEERSETEDK
T 15 S RETWHIENIE T > 2 VEERA L LA,

2, TFAIEATI D BB OER

ERTEE A W ERAB ORI S b % fE R
T5z0, 2x2mm OBRKFEBLSAZ R L Lrt—2y
PaTHEELLODL, BUKIFR (100mMEELF U
L, 10mM Y >E—AYwLh, SmMIE{ED LYY L,
100 mM #.B%, pH . 45) I2FhFh 12, 48RO,
J7C TCRIGL,2HEADCHKIEE® b0 %2 15 %%
FOofERE U, FRLE S A 3B K T
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Lizob, TEFIRZIDIANSA—Zy P akBRRL
A

3. QLFAICE 24088 5 BB IRI2 BT DETE

QLT @2 (QLF™ Clin System, Inspektor Research
Systems, # Z ¥ )L DS A E OBUKEE O
BriTol. BIZEEABREIIOWAKEZEEICITR
Wweo:mbhiz, 25T OERREHEIZT 1S FHARES
SO HITTo R,

QLF #142 & D15 - BRIEEEAR Y 7 b (QLF™ Clin
Soft ware Ver 200 f, Inspektor Research Systems) i2 X
DT L.

QLF B2 & 2808 ) i IRIZE OZFITIE, AF (%)
UELEicH T 508 ) RESNOEHH B ERD
¥, Area(mm®) (W L7911 5 S/ 8RO EHT™),
AQ (AF % Area ICR U O THH ) SR EREED
HABABLTRTY] L) 300BESHVLERATY -
b, GEEMRKREBEOIRIEL LTAF 3 HWRITE T -
7z, 723, QLF RIS X BB EIE L 2 VERE
YeSte B X UWH S BREHERZITT o 72,

4. BRAREBRENOEH

SHEORLZ 7 w4 + Y (0, 01, 1ppmF)
OFOFALER (100 mM EEF U T A, 5mM Y VB
~# Yok, 15 mMBE(LA VY T4, 20ppm HEAL >,
02% 7 bF Y oL, 7o+ U oA, pH;65)12
A EE T 37C LTS L HEMBHELA. BRI
LEMIZ 3 H S E /s LA L 7.

5. QLF EiIC & 2 BRRALEE O

BOI{tEODER ) BEROREL QLF I THE
L7-. Eﬁ%liﬁﬁﬁ‘flﬁ_?ﬁﬁiﬁiﬁ%ﬂ# (3, 6, 9, 128E) B
JUBORIEARETR (15 08) O& 5 @iF- 7.
FRKALEEORIES LT AT 5T I w7,

6. QLF EIC &2 BAKLERICE T 2 BEFEOTFHE

BARIKLE L BORKEEOEMIZ, KIRTEES
EWIHIREELIEL, FEEiTok. AEFRIRDLS
IZERE L7

.

BRERREED AFE-ERRtn BH O AF {5

FIK BB B O AF i - BUKETRE SR 0 AF {8
(n=3, 6, 9, 12, 15)

%100

7. FiEt - WA

AF i REBNEAB L FELFRETO AF B I
BT BRI ENG T —TRER S RS o
72D 1T, Scheffe®FHIEZ L D 9% Fo 7=, #EAlE
Zp=005BXTF001 & LA, 2, S4ricidgsty 7 +
(SPSS*100] for Windows) w7,
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(ppm) ~ BH TAILH S gpg 6 HH 9BH 12BH 1580
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BEHXE 01 —31 07 -181=x22 -124 % 12** ~117 £ 19** —118 = 16" -121 = 20** —114 = 1.7**

1 —32+07 -124+42 -57x09"" 45 13** -51+22%* —47+ 14** -—43 % 15**
0 —30+12 -350=72 ~-313+74 -270:+54 —-258=*43 -250=x48 -—-245%45
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1. 35 e R B IR S OO SF{A

QLF EIC X B 6 h -85 5 8 o AF fE DO 2 1L,
TLbbRIKEENERERLIIRT. 12 EEEKRAN
(LT, EEIKTEERE) B X 48 BFEBKEEREE (UL
T, MBRIKEEERE) OFHAFEITFh £ -149,
—-324% TH Yy, BIKERIZfEY, v AP % R4 T
MERE SR

2. AFEEBRRIEBHEIO7 vt 4 BES

SUREEECREE

BaRR{EGRICRTRLA%0, KEEAHES LS
BERSABEII B 5 ATEOT 2R 2IZRT. |21z
AT EIERRBEI B2 TOMERIIBVT,
R 2T A4 ERB LT AF i3 BERGEERTTEI
MATFEBNCHBERIMER L (p<005), 4512 0.1 ppmF
L lppmF I BWTRENMPEETH - 70 (p<
001). £72,376 6 H OB B CEEICEH IS TS
BFd o bhs, BRIKETIRVWThO 7 v{king +

. p <001

VIBERIIBWTLREMICET2Z 42, bThl
AF iR LR THHEMABRE L LR, "= 54 L i
LTHELZHEMY 1 ppmF BiZBWTOAIL LN (L
001).
BAKRMVBHERBEARI &I 7 vk 4 3 viBRER
MITAFfEIZ BV TEMRE LT (R3).
HIXFTLICEMNO AFEOoRBIZS VT, &
BE: OppmF BF & 1 ppmF £/ (p<005) (6 BB DA
p<001), 01 ppmF & 1 ppmF B/ (p<0.01) THEHA
LA 3, 6, 9, 12, 15 AEOTRTOHEIZBWT
A FRIC AR EZPRES R, OppmF # & 0.1 ppmF
BHMTIEARLERS, 12 0B0OBEBwTHRESE
ENCHT B ZPRB SR (p<005). —F, BEHIKET
(£ 0ppmF, 01 ppmY¥ &, 1ppmF EEO IHBICHEL
ERDH LI o7 (p>0.05).
3. MEHREET vt 4 BES LU REROBEE
BAKLBEEICRE L0, BRKEICBITIZ2H
FEOFABIUEBRRELS T 2EEEOR{LE:2h
TREL 2R T. BRIV CHERIEI» 56
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33 PAARCEHEREANSOE? {64 & Y RERRTO AFEOLE

TER HLBR BEAk{tE~0RiKEH
0HEH 3BHBE 6HE 9HH 12HE 15HH
0 ppmF ¥ 0.1 ppmF #£RS * *
{EBIKBENTOLE 01 ppmPF EL 1 ppmE B4R % % * % * ¥ * % ¥
0 ppmF # & 1 ppmF £RT % * % ¥ * *

0 ppmF & & 0.1 ppmF E N
BEKEATOLRE 01 ppmF #& 1 ppmF #HH
0 ppmF £ & 1 ppmF FRH

* 1p<005 **x:p<001

BEIZFEIELAOICR L, BRKETREAIKRL 15
B#ICPEICET oL (HERDO LR T BHFT
BETAl. EEKECBWT ] ppmF BOREEIZO
ppmF, Ol ppmF #O2HOREEI N LBk, &
B, BRKEIZBWY T 0 ppmF, 01 ppmF &, 1 ppmF
EosBEIByREESIREA2EVIEEESINE
oz,

Z &

1. 815 BEAOERIC>WT

EFATER L) ARG R ISR T LI ICE
CRERKEICEELTD, #BohBKARO AR
fEickaziEsoahohi, ThIZEREICHW
LFIFAABCBAEEZEICLZbOLELTY
5. bhbhiZBEOHERIIBVT, BRI F A L0
BEfORLAIFANVEAFT Y IV ERGFORL LET
BIRKIBILICERTTT 5 &, AF O EE & AFfDE 6
DEREIENAEONAZEEFRELTWEE®, KIF
I, BEOMEIBCTEIGD R0 hd - 280
MELFAVERBZH, KFELBIKEENELL
LSRIRKBHEEZ AV, T FAMVEICERESKEWT E
BilmohTHsn®, Lz FrANEEAFIHES
L, FENLER>GEAESSL L, BRERDLE
BTHLEMITANVEEZRAL LTHWHREDLEL
H LGB I T o X L invitro TORE
R/BAREMFEIZTe FIITB LS AEE X (U
HEERL-EOBELH O, FETEBEIKE b
W EBRBIICAELAZDHEFATH LV EOHEDL H
5. 5%3F8L LTHEEARTS I L LHIFICAR,
AFEDIEHDEDP LR WER TR T L L bERED
DE2THHEELTVE,

2. BRREEEDNE 7 w1 F BB >0T
B E AR ORI T v bl A A AL
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NI MOFARILERET D LIS L OWE D
5, BIK/BAREIE B ARIEE 7 v U4 4 O
DEBERIEHINTETWS, LILE456, BAK
AT Z 7 vt ViIREOERMAD S HEA
¥R, RALAEIUIHE ) WyEs pH O T EOE W
I REREPEOHMENLINTE), BRIRILOEEI
BE 7z 7 v A4 A CREIL oW TH—LRANEL
NTHWRVOMNERTHZ™.

T ok A F VEFOBAKILHER L BV invitro
i, BT vt 4 & EEY 1 ppmF THAE
RIEZRET L Z EMNPESRTBHET RIFEO
HRERChooHEE I35, LEL, FFRICBY
T3 01 ppmF &5 T CHAKLIMEE S B HFFIiLER
mENlhoiz, THITIZ, 003 ppmF £4ETTHAK
{EMEM S NP EORENDH S5 —F, 02ppml &HT
TIREFAKRIIEEES W oL DHEED H 225,
Thbb, KREDT vt 4 F » OHEENFARILIZ
BB ow TR s b2 RFORBIEH S,

AR CHRA LB RIALERO 7 v {tip £ 4 Y iRE
EFNVIE, B NERFO7 v 4 VRELDWTO
PELOBRERRIE LTS, ThbLDOBMEIIAEKX
7oAt ERE L EOERMII 7 v R InE L
OEEFREF 7 v4tih A F ViREICHET 2 0L, 7o
BT/ 7 v AL B/ 7 v bR E O BITBIG
FEOEER 7 b4+ CBRECET 2 DIz EL
SiFehs. b rOmEER T vk 4 FIEEIRABRE
B B2 —EOEERTHITTid v b ookEK
7 v LR ENEAT T W VI TEERR T v
L34 Vi 002 ppmF BT & OREEH B, +
Hicx Utk 7 » b R AT b T v 2 il
T2 00 ppmF EELHRES R TWEY, —F, 71k
ToBFHEHE 2 OERICT o 22B8, ERfo7 vk
94 4 rIRERCHEE» CEEBEENLE L wELE
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B2 BLARAEHETARICE 2800 DEEOEL (EEKENE)

RTLENHEEINTWALY, 79 kEHF A TR
TR TIIN & A B O 7 v ki 4 4 Vi
H10 57T 1/10 B2EEIS, 3~6 B¥II T % E TR - T
LEDEHMELTVEY. 7y tEBEEELNHWT
T3y vy ToBOBRE G 7 vt A 4 Vit
B, 77y Y IB3050 0 1 ER%IZIE | ppmF ARRE
TaHh, 2EMBICRIZIETEEOEIIE S 2 L s s

RTw2Y 7yt i—zv 2 a/7 v e imEs/
7 vALRO O 1 BB ORI T 7 v b4 L REL
FREFH 20 ppmF, 10 ppmF, 3ppmF T 242, I6H
#IEH TN S 1ppmF BEF T v{biy 4 4 »
A ALTLESY, £ Privatecare i B W T
7oALY S HEEROER A RET S EQERD 7 v 1L
WA VIRES 0l ppmFREEIZROI LB TE 24
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EDHEELH B,

ELE X B, bt Private care, Professional care
EREL, BAKMBEED 7 v b4 + v ifEs 2z
101ppmF, 1ppmF &RREL 7. & invitro BTG O
RTREBIRM 3 #4312 359 T 0.1 ppmF D7 » b4
AF Y HEET TERRLIEE SN do ot~
1ppmF @7 vt 4 + Y FHET CHRAKRMEIMEE S R
2728, SIS /AR R £ 412t Pr-
vate care (28 X T Professional care % 1T 9 EEH AR
BINzbDEFELITHE,

3. RS MBI B 2 EERILIEORERIZOWT

WS AR EFR L invitro, insitu BETHELIK
L2 BB LAMREE WY, 015 AR OFEKRIL
L LRIKTEDEAIZL R 54T - f/NEES - MR
E-QLFEREICIVEFB I D, LA Lads, S5
FRICHVWLNZEEREhENEL Y, BohiHE
CHETHENEEE LT, W05 ki B 2 K
BECHL, BAKLZIVAELABEL ST EES
EVIEENAVLILYITE XL EERE WS
EREHVWDILILLY, MEOKE SHRLLBET
LEARLICE 2BIREEOTL4 BIST 5 2 L AH i
Thd, 2B, D) BRHOBRREOKRE SHHAK
LB E 5L OW|ELH D™, M3 8iz4
BAKEEFET L) A CTHERE W HEL WL
ERBEHEThHBEELTHE,

Pretty 613, muitn BT A0S0 EEE %
QLFERTHELTEY, RAMBRKLAELFALE
KETHKEE% 54 H, 02ppmF O 7 v{bin4 4+ %
SUBRKEICRIE LB, 58% OEELFEES h
TEHELTWA, REE TR0l ppmF it BT 2 E
I B BUKERC T 39%, IRBUKENIZC 43% &, Pretty
LOBRHELEBEWTI I HVEERAREShTWE, =
Nixbhbhd7 v {4 + Vi 01 ppmF OFEIK
EBEBISRITL T A DIIH LT, Pretty 5L T
WAHFIRIZ02ppmF TEBLTWA I &, bhbhi
AAIKLEE~ 15 BEFLTWA0II# LT 54 AME
MLTWBILFFEREELTWE,

Mellberg“i3 8 F & F R HKBEAHT LI ANE
AEEE POMIZERRL, 7 v ibimaemEs L 7y
CAEEREPFH 87 in situ BIFRICT, BURIEREO)
SVEATRBRRKLLGHEBE ST ISR h,
RIKEEEOREWEATIERRIENHES hi- b g
LT 3. Mellberg iX BRI DRV (BIRIERE DY)
WETIE, HIKREEDOERIDIIILES 5 8~
FET HDITHA, BREBEOR G (BIKEEOEW) 5
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ZTRBURFA BRI O BEE A8 LT L8R & %/F
ETOREFRWOEDICZNTICEESTIT, 2
TRRNICHEEBHITENT 28ETH B L RERIC
DWTERLTWA, AIETI, BARLEET7 v
6% 4 2 i B 1 ppmF BiZ B CE R RALIE I 1%
15SHRBICERRET2% OREEREC DI
L, BRKE T 89% LB EER 2 B, LRKE
KTHIIRVRESENAS IR, T4bb, AFRET
HHHRKEEOD 2 WEFIIBWT L ) BuREESRs
HOOLN TOX ) ITARPE T Mellberg O8E >
2 FH ORIEER T U2, invitro TS & in situ (in vivo)
MADHRIIAKELTNARELL 2 LizownT i,
Arends L¥AERELTwa, TOERIZDWTIE invio
KBWTHEPO pH BATOERZLICL highE<
DXL, invitro TRREEL TV ABHERKRILEED pH
V= THEDIL, IVEELFAGIRILAES Y,
MEREZLTEVEARENE L0 THIEE LT
L. 7, invivo BIHITIZMER AR OGS A S L 4
EHEL, BAKILOEED invitro B L b LIE T+
A%, Fhb LRSI ERRILE S LT AT
BEMVEZ LR D™, BETRO Y V32K, BEL YD
AWML F A VAOBRIK, BAKILEEICS 2 510
SRFPENLEVET, SHOTERREEEEZLCY
A,

ERXSHABOVTRAO 7 v ZiREAL + VBEL 3R
L6 BEREOHTEHICELA. —F, SRRAHTHAE
RO EABEIERKEL D L5 va5 Bty
B LHWINERIEEIETLI RS bR LE
o CREBEBRAEHIBWTIREEEIEEIET S
ETIS AU LOMEBE L0 EEL TS, BEL
LREFANVERMERLORILU AR, Bakibic:2mE
FERFILBRICPAICEL T LTV, S4%EE.
Bohdbo s BREIF 2 VEFICESETITET 2
ZETHREIF ANAOBIREREECTLE Y, 3
B9 B~ D I 2 7 VB AEES a8y
EEZTVD, EBERBIFANVESBLETLZ iz
0, ANIBCEBIFANEOMN RS mns
THAREZIT o 1283, BAE L2 WiES I8
ERITBVEEREERL-EOREDH Y, WSt
AHREOREZ SO LS zay b u—V LTERRIE
NEARVCHEHERLER T 0P SROEETH .

B

1. QLF BRI ATRE b =9 2 LEBIR
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The QLF Observation of Remineralization on Artificial Enamel Lesions
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Abstract * The purpose of this study is to investigate the remineralization process with QLF (qua'ntitative
light-induced fluorescence ; Inspektor Research Systems, The Netherlands) method on artificial enamel le-
sions. 30 human enamel specimens (4 mm in diameter) were mounted on an acrylic rod and polished. Lesions
(low demineralization and high demineralization) were formed in specimens by immersion for 12 and 48 hours
respectively in demineralizing solution (Lactic acid ; 100 mM, CaCl ; 3 mM, KH:PO, ; 10 raM, NaCl ; 100 mM,
pH 4.5). Lesion severity in the two groups were measurad by the QLF method. QLF is a method to quantify
the severity of incipient caries lesions in the smooth tooth surface without affecting the tooth. It is based on
the decrease in the intensity of Enamel-Dentin auto-fluorescence as lesions are formed. The specimens were
irmrmersed for 15 days in remineralizing solution (CaCl; ; 1.5 mM, KH:PO, ; 5 mM, NaCl ; 100 mM, casein ; 20
ppm, NaNO; | 0.2%, sodium fluoride, pH 6.5) which contained 0, 0.1 and 1 ppr fluoride (renewed every 3
days). The surface images of the specimens were recorded with QLF on days 3, 6, 8, 12 and 15 during the
remineralizing process, and the remineralization rate was calculated from the variations in the fluorescence
intensity. A high remineralization rate was observed in the 1 ppm F group (low demineralized specimens ;
89%, high derineralized specimens ; 52%). For the low demineralized specimens, the remineralization rate
at 1 ppm I was higher than the rates at 0 and 0.1 ppm F. In contrast, the high demineralized specimens
showed no sigrificant difference between the remineralization rates in each of the 0, 0.1 and 1 ppm F groups.
The remineralization rate at 0 ppm F was not different from 0.1 ppm F in both the low and high demineralized
spectmens. It was concluded that the 1 ppm fluoride ion works as an accelerator of remineralization in rela-
tively low demineralized enamel lesions in this in vitro study.

J Dent Hlth 55 : 41 — 48, 2005

Key words : Incipient caries, Demineralization, Remineralization, QLF (quantitative light-induced fluores-
cence)
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We investigated the use of two types of digital image analysis to objectively evaluate gingival condition. Digitaf im-
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ages were faken of gingiva using two special CCD camera systems. The subjects were requested not to brush for 7
days. Analysis of the gingival images stiowed that changes in the surface form and color could be objectively ex-
pressed. We found that this apparatus could be useful for the objective evafuation of gingivitis because changes could
be expressed quantitatively.
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Abstract

Phospholipid liposomes that contain Ca ions in inside compartment were subjected to external alternating electric fields of square wave
form at several frequencies: 10, 100 Hz, 1, 10, 100 kHz. The leakage of Ca ions from inside to bulk solution caused by the electric fields was
detected by the fluorescence change due to Ca-Quin 2 (fluorescent dye) complex formation in the bulk aqueous solution. The temperature
increments of the sample solution in the chamber were also measured. The amplitude of the electric field and time interval between application
of the electric ficld were varied. The frequency dependency of both the leakage of Ca ion and the temperature increments was observed. It
was observed that the efficiency of the leakage had a minimum at 1 kHz. The erigin of the frequency dependency of the leakage is discussed,
and it is concluded that the energy consumption on a microscopic scale in the liposome membrane zone can be the reason for membrane

permeation in this experimental system,
© 2003 Elsevier B.V. All rights reserved.

Keywords: Electropermiabilization; Electroporation; Liposome; Electric field; Permeation; Membrane

1. Introduction

Until now a number of researchers have studied electro-
poration or electropermiabilization of biological cells and
model lipid vesicles (or black lipid membranes), both ex-
perimentally and theoretically {1-5]. The generally accepted
concept of permeation in lipid membranes caused by ex-
ternally applied electric fields is based on stochastic pore
formation in the membranes followed by a molecular trans-
port through the pores by diffusion, electromigration, and/or
electroosmosis {6]. The pore formation is reversible, i.e. the
pore is sealed again in some time elapsed after switching
off the external fields. It has been shown that the electric
field intensity and its duration are crucial factors for electro-
poration by pulse application. The critical voltage between
the membranes (the transmembrane potential), 200mV to
1V depending on the sample, is lower than that of dielec-
tric break drown of the lipid bilayer membranes. Electric
field applied for microseconds to milliseconds is needed for

* Corresponding author. Tel.: +81-298-61-5534;
fax: +81.298-61-5540.
E-mail address: hideo-matsumura@aist.go.jp (H. Matsumura).

0927-7765/3 - see front matter © 2003 Elsevier B.V. All rights reserved.

doi: 10.1016/j.colsurfb.2003.10.011

sufficient transport of some molecules through the mem-
brane pore. When 2 pulse electric field is applied to the
sample, the wave form and the number of pulse are also
important factors [7-9]. Another factor is the solution con-
dition [10,11]. Deformation of membrane particle has been
reported connected with the electroporation [12,13]. Also,
some endocytotic-like process has been observed in connec-
tion with electric incorporation of molecules into cells and
vesicles at low electric fields [14]. However, the detailed
mechanism of electroporation has not yet completely under-
stood, and various extensive studies have been made until
now.

Besides the fundamental studies aimed to elucidate the
physicochemical mechanism of electroporation, the effect of
electric fields on membrane systems finds applications such
as in electrochemotherapy [15-17] or electric gene insertion
into cells [18]. Another promising field nowadays is the
sterilization of various substances [19,20].

Liposomes have been studied to utilize as drug delivery
capsules. We have tried to combine the electric treatment
with the drug delivery concept. That is, it is valuable that
we can release pharmacies when we need them in a certain
location at a certain time by application of electric fields, for
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example just before the treatment of electrochemotherapy.
The purpose of present study is how the applied electric filed
releases molecules from the inside of liposomes. We have
already reported the release of fluorescent molecules from
liposomes [21]. Here, Ca ion release from the liposomes at
different values of the parameters such as frequency of the
alternating square wave electric fields is reported.

2. Materials and methods
2.1. Materials

Egg yolk phosphatidylcholine (PC) which was purchased
from Sigma Chemical Co. Ltd., was used as liposome form-
ing lipid without further purification. The lipid was dissolved
in ethanol and then the solvent was removed by N5 gas blow-
ing and the lipid thick membrane was deposited on the wall
of glass test tube, Liposomes were prepared by using the
vortex mixing with a CaCl» aqueous solution (0.2 M) and the
resulting dispersion produced was treated with the extruder
apparatus, i.e. it was filtrated repeatedly four times through
1 and 0.2 pm pore nuclear pore membrane filters by using
high pressure of N3 gas. The sample dispersion was then di-
alyzed against NaCl aqueous solution (typically 0.2 M) by
semi-permeable tube (cut off M.W.: 10,000, Spectra Pore
Co.) to remove Ca ions outside of liposome particles. The
size of liposome particles produced was measured by a dy-
namic light scattering apparatus (Photal Otsuka, LPA 3000)
and the diameter was around 200 nm. The lipid content in
the dispersion was about 10 mg/ml. Fluorescent dye, Quin
2, was purchased from Dojindo (Fapan) and used for the de-
tection of Ca ions. All inorganic chemicals were analytical
grade purchased from Wake Chemical, Co. (Japan). All of
the aqueous solutions were prepared by using deionized and
distilled water produced by the Autostill system (WG 240,
Yamato Co., Japan).

2.2. Apparatus of electropermealization

A synthesized functional generator (WAVETEK model
23), was used as a signal source to produce 10-100k Hz
square wave alternating electric fields. The signal was ampli-
fied by a high speed-bipolar amplifier (NF ELECTRONIC
INSTRUMENTS, Japan, HSA4014). Typically the voltage
used was up to 140 V peak to peak (abbreviated as 140 Vpp).
The duration of electric field application was controlled by a
timer system, and was usually 1s. The voltage was applied
between two Pt-wire electrodes 1 mm apart, 1 mm & x 5 mm
length. Because ofthis electrode configuration, electric fields
are inhomogeneous. Therefore, in this report the “filed” is
usually represented by the applied voltage. In some case the
filed intensity is formally calculated as (Vpp/2) divided by
the electrode separation (1 mm). The sample chamber con-
tained 2-3m) of sample sclution that was stirred contin-
uously by a magnetic bar. The chamber was immersed in

water bath which was temperature controlled by a cooled
water circulating system (LAUDA RC6). The temperature
of the sample solution was measured with a thermometer of
thermocouple type (Sato Keiryoki, Japan, Delta). The tem-
perature of the sample before application of the voltage was
controlled to be 7 or 25°C.

2.3. Protocol of electropermealization

Generally, the liposome membrane does not show per-
meation for metal cation like Ca ion, but the application of
electric fields results in membrane permeation for Ca ion.
This can be detected by measuring Ca ion leakage from li-
posome utilizing Quin 2. The content of the Ca-Quin 2 com-
plex was measured with a spectrofluorimeter (Jasco, Japan,
FP-550A) by exciting it at light wavelength of 339 nm and
detecting at 492 nm.

The regular electropermealization protocol in this study
was as follows: 0.2 ml dispersion of the liposome which con-
tains 0.2M CaCly aqueous solution inside liposomes was
mixed with 1 ml of NaCl aqueous solution and 1 ml of Quin
2 aqueous solution (8 x 10~* M). Upon mixing, the fluores-
cent intensity (FI} was measured and set as the reference in-
tensity of FI. The mixed sample dispersion was poured into
a small glass test tube in the water bath and the temperature
of the sample was measured with the thermometer, After a
few minutes, the Pt electrodes were immersed in the dis-
persion and the electric voltage was applied to the sample.
During the experiments, the sample solution in the tube was
continuously stirred with a small magnetic bar. The temper-
ature and FI were then measured. The differences of FI and
those of temperature before and after the application of elec-
tric voltage, AEy, and AT were calculated, respectively. The
values of FI approached a stationary level afier several tens
minutes, because the FI had a temperature dependency. The
experiments were conducted at least two times. Some con-
trol experiments were made such as the electric effects on
Quin 2 molecule itself. There showed no detectable effects
on FL.

2.4. Impedance measurements

The impedance of the system of two Pt wire electrodes
with salt aqueous selution was measured by changing the
applied voltage with a frequency response analyzer (So-
lartron, 1260) through an impedance interface (Solartron,
1294), which was controlled and the data were collected by
a computer system (IBM PC).

3. Results
3.1. Time dependency of the leakage of Ca ions

Liposome membranes make a barrier against the ion per-
meation through the membranes because of hydrophobic
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Fig. 1. Time dependency of Ca ion leakage from PC liposome inside to
bulk aqueous solution.

nature of hydrocarbon chains of lipid molecules. However,
its ability depends on their contents of molecule species
in the membranes. PC membranes utilized in this study
showed small leakage for Ca ions. Fig. 1 shows a typical
time dependence of the leakage of Ca ions through the
membranes, The increase in fluorescence intensity caused
by the complex formation of leaked Ca ions from the lipo-
somes with Q2 was observed. However, the electric filed
effects on Ca ion permeation could be observed at each
point of the time course. This means the natural leakage
can be ignored in electro-permeation experiments.

3.2. Frequency dependency of electropermeabilization

To observe the effects of frequency of electric fields
and compare the results with the previous report, we have
conducted experiments at similar experimental condition to
those we have already reported [21]. The situation is now
reversed in that the liposomes contain Ca ions inside them
(the concentration is 0.1 M), while in [21] the liposomes
contained Quin 2 molecules inside. Fig. 2 shows the typical
frequency dependencies of FI (AEp). In these experiments,
the applied voltage was 125V peak to peak. The salt condi-
tion of outside solution was 0.02M NaCl. The duration of
the electric field application was 30s. Initial temperature of
the samples was 25°C. We can see a minimum efficiency
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Fig. 2. Frequency dependency of electropermeation efficiency.
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Fig. 3. Voltage dependency of (a) electropermeation efficiency and (b)
temperature increment,

of electropermeabilization at 1 kHz. Similar tendency with
a minimum was previously reported.

3.3, Scheme of application of electric fields

The frequency of electric filed was selected to be 100 kHz
to diminish any electrode reaction and to increase perme-
ation effects. The applied voltage was 140V peak to peak.
The duration of electric field application was 1s (ON time)
followed by a pause (zero electric field) of 5s (OFF time).
This sequence was repeated N times within the same exper-
iment. The sample was immersed in water bath controlled at
7 °C. The sample was the mixture of 0.2 ml of the liposomes
which contains 0.2 M CaCl; aqueous solution in inside and
are dispersed in 0.2 M NaCl solution, ! ml of NaCl aque-
ous solution (0.2 M), and 1 ml of Quin 2 aqueous solution
(8 x 1074 M).

3.3.1. Effect of the intensity of electric fields

Fig. 3a and b show the effect of intensity of electric
field on AEy, and AT, respectively. Above 75 Vpp (peak
to peak) the effect was significant for the both quantities,
AEp and AT. This corresponds to the field intensity of 375
(750/2) V/em. The both quantities have a similar tendency
for the intensity of the fields.

3.3.2. Effect of the OFF time

Fig. 42 and b show the dependency of AE,, and AT on the
switch off time between two ON times of the electric fields.
The number of the sequence of the electric fields was 7.
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Fig. 4. (a) Electropermeation efficiency vs. time interval between two applied square wave voltages. (b) Temperature increment vs. time interval between

two applied square wave voltages.

There was almost no effect on AEy, but AT decreases with
the increase in OFF time. No relationship between AE, and
AT was observed.

3.4. Effect of the solution condition

Ionic condition can alter the feature of electropermealiza-
tion, We tried to conduct experiments with changing ionic
concentration of ambient solution. Fig. 5a and b show the
dependency of concentration of NaCl in ambient solution
on AEn and AT, respectively. In this case, the liposomes
contain 0.1 M CaCl; and are dispersed in 0.01 M sucrose
aqueous solution to reduce osmotic pressure effect on per-
meation. Various concentrations of NaCl in 0.01 M sucrose
aqueous solutions were utilized. The electric voltage was
125V peak to peak and the frequency was 100k Hz. The
duration of electric field application was 30min. The ex-
periments were conducted at 25 °C. The most concentrated
condition in this experiment showed drastic increase in both
AEy and AT. The features of the both dependencies were
similar. To avoid such greater increase in sample tempera-
ture at higher ionic conditions, additional experiments were

conducted by the set of ON-OFF sequence of the electric
fields at 7°C. The voltage was 140 V peak to peak, the fre-
quency was 100kHz, ON time 1 s, OFF time 5sand N = 7.
Again, AEy, and AT clearly increased with the increase in
NaCl concentration in a similar manner.

3.5. Electrode reaction

It has been reported that even short high pulse application
causes the dissolution of ferrous ions from stainless steel
electrodes [22,23]. Therefore, to observe the effect of elec-
trode reaction, impedance measurements at various voltages
applied between the two Pt electrodes in the same salt condi-
tion for electropermealization experiments were conducted.
Fig. 6 shows the impedance of the ¢lectrode—solution sys-
tem versus frequency at various voltages (0.01, 1, 2, and
3V peak to peak) of sinusoidal signal and 0.01 M aqueous
solution of NaCl. The impedance decreased greatly in the
lower frequency region. These data imply that some elec-
trolysis occurred both in electrodes and electrolytes and the
resulted ionic compounds were dissolved in the sample so-
lution, which increased the conductivity of the samples.



H. Matsumura et al./Colloids and Surfaces B: Biointerfaces 33 (2004) 243-249 247

1
0.9
08
0.7
0.6
0.5
0.4
03}
02}
C1}

Oe — . :

0.00001  0.0001 0.001 0.01 0.1
(@) NaCl /M

T

AEm /fau

oe —e -
0.00001  0.0001 0.001 0.01 0.1
(b) NaCl /M

Fig. 5. Effects of salt concentration on (a) electropermeation efficiency
and (b) temperature increment.

4. Discussion

Fig. 2 shows a frequency dependency of the electrop-
ermealization similar to the results of our previous report
[21] with @ minimum effect at 1kHz, In our experiments,
square wave voltage of 125 or 140V peak to peak (Vpp)
was applied between the two Pt electrodes placed 1 mm
apart. This corresponds to about 62.5 or 75V dc (effective)
voltage, on about 10mV of the trans-membrane potential

0.8

4] 0.2 0.4 0.8 0.8 1 1.2
(@) Vpp® ix(140v)*

0 0.2 0.4 4K 3] 0.8 1 1.2
(b) Vpp? ix(140V)?

Fig. 7. Quadratic dependency of (a) electropermeation efficiency and (b)
temperature increment on applied voltage.

(V) at maximum. This value is estimated by the equation:
Vm = —1.5aEcosd, where a is the radius of the liposome
(a = 100nm), E is the intensity of external electric field
(E = 625 or 750 V/cm), and # is the angle between vec-
tor E and radius vector @ [1,2,24]. The experimental data
obtained here clearly show that lower intensity of electric
field than the critical trans-membrane electric potential in the
usual pulse application (ranging from about 200-1000 mV of
trans-membrane potential) can cause membrane permeation
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)
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Fig. 6. Frequency dependency of impedance of the system of electrodes with solution for various applied voltages.
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Table 1

Salt concentration effect on permeation and temperature

NaCl (M) AEm (an) AT (°C)
0.02 0.1 7

c1 04 35

[1,2]. This is two-orders of magnitude smaller than the volt-
age of dielectric break drown of lipid bilayer membranes.,
Such tow level electric field induced permeation was also
observed in the case of fluorescent molecules (Quin 2) in
our previous report. When we change the intensity of the
applied field, the similar dependency of both AEy, and AT
on the Vpp was observed. This feature indicates that the
mechanism of the permeation can be closely related with the
energy dissipation by the sample dispersion. If we re-plot
these data to the quadratic value of Vpp, we see that AE,
roughly depends on the quadratic value of Vpp. It is much
clear in the plot of AT versus (Vpp)? (Fig. 7a and b). The
deviation of the line from the graph origin in Fig. 7a can be
due to the bias leakage of Ca ions without electric fields. It
is likely that the permeation has a close relationship with the
macroscopic temperature increase, therefore Joule-heating
of the sample sclution can be important, The energy absorp-
tion of electric fields by medium is described by using the
specific absorption rate (SAR) defined as;

2
SAR(W /kg) = ZIE

0]

for the case of square wave electric field [25]. Here, o
is effective conductivity (S/m), E the electric field intensity
(V/m), and p the mass density in kg/m3. The quadratic de-
pendency on the electric field in Fig. 7a and b can be ex-
plained by Eq. (1). The NaCl concentration dependency also
gives the similar feature in AE, and AT (Fig. 3aand b, or
Table 1). It confirms that the Joule-heating of the sample
solution through changing o and E is truly important for
electropermilization.

The mechanism of the electropermealization is based on
the ¢lectroporation of lipid bilayer membranes, which as-
sumes that the applied electric field facilitates pore forma-
tion in the membrane. The reaction between production and
extinction (resealing) of pore is continuous and is a ther-
mally activated stochastic process. The electric fields render
alonger-life time of pore in the membrane. Monte Carlo sim-
ulation of thermally induced pore generation in the model
membrane has been reported [26).

Although there observed some relationship between AEp,
and AT in the frequency dependency (Fig. 2), it is not so
good correlated, especially in the lower frequency range. We
think the frequency dependency consists of two phenomena
separated by the border at 1kHz. In real, we found a gas
production in the sample solution at the lowest frequency
condition, which comes from the electrode reaction. To clar-
ify this phenomenon, the experiments shown in Fig. 6 were
conducted. The results showed that the Pt electrodes easily

produce ionic carrier by electrolysis of salt, water, or, Pt it-
self even at low voltage shown in Fig. 6. The impedance in
the low frequency region largely reduced already at Vpp =
3V. This shows that such ionic species are produced. At
voltage needed for electropermealization 125 or 140 Vpp, Pt
ion can be dissolved into the sample solution. This explains
the great increase of the optical density of the solution at
10 Hz. The increased ionic components increase the energy
absorption by the sample, on the other hand the gas produc-
tion can release the thermal energy out to the ambient. They
can be the origin of the discrepancy between the feature be-
tween AEn and AT in low frequency region. The feature of
AE and AT in the high frequency region above 1 kHz can
be explained by SAR without significant electrode reaction,
since, the effective conductivity (o) of the liposome dis-
persion increases with the increase in the frequency. In gen-
eral, the conductivity of colloidal dispersion sample (radius
a) is a function of the ratio &/aX, where k is the surface con-
ductivity around the particle and X is the conductivity of the
bulk solution. And it has a frequency dependency, because
of the relaxation phenomenon due to the concentration po-
larization process caused by the electric polarization on the
particles. That is, the electric polarization on the particle is
based on the ionic concentration polarization. The effective
conductivity of the colloid dispersion sample increases with
the frequency of electric field, even in the case that the sur-
face conductivity in the electrical double layer around col-
loid particle is lower than the conductivity of the bulk solu-
tion [27,28]). The energy absorption of the liposome sample
is higher at higher frequency, hence AE,, and AT increases
with frequency.

The temperature increase AT measured by us is practi-
cally macroscopic temperature of the sample solution. It is
determined by the balance between two processes, i.e. heat
generation by the electric energy absorption and heat trans-
portation from the sample to the ambient by conduction, dif-
fusion, convection, or evaporation, etc. Therefore, the exper-
imental factors such as the volume of the sample solution,
the electrode configuration, water bath volume, etc. are all
responsible for the temperature increase. The macroscopic
temperature measured depends on the time course of the
electric field application. When we apply the electric field of
ON-OFF sequence by changing the length of OFF time, the
heat transportation effect on the permeation and temperature
increase can be observed. When OFF time was changed from
5 to 208, AEy, is almost constant, but AT decreases con-
siderably with longer OFF time (Fig. 4a and b). The longer
OFF time gives sufficient time for the generated heat to be
transported to the ambient. From these results, we can say
that the microscopic (local) heating of the liposome particle
or membrane is a source for the electropermealization. Of
course, the macroscopic temperature is related with the lo-
cal heating but it is not directly the same one and depends
on experimental configurations. The microscopic tempera-
ture distribution, especially around the liposome particle and
between liposome membranes may cause instability of the
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membrane by the motive force of the temperature gradient.
This can be a subject of future research. Studies have already
been attempted with focusing on local heating [29].

8. Conclusions

It is demonstrated that the electropermealization by the
low electric fields shown here is related to the heat genera-
tion. Also, we have shown here and in the previous report
that the liposome particles can easily release some chem-
icals from inside of liposomes to the outer space by us-
ing common electric equipments with controlled thermal
conditions. We believe this approach can be utilized in the
electrochemotherapy with liposomes systems as drug carrier
capsules.
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